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CONICAL LIMIT SETS AND CONTINUED FRACTIONS

EDWARD CRANE AND IAN SHORT

ABSTRACT. Inspired by questions of convergence in continued fraction theory,
Erdés, Piranian and Thron studied the possible sets of divergence for arbitrary
sequences of M&bius maps acting on the Riemann sphere, S2. By identifying
52 with the boundary of three-dimensional hyperbolic space, H?, we show that
these sets of divergence are precisely the sets that arise as conical limit sets
of subsets of H3. Using hyperbolic geometry, we give simple geometric proofs
of the theorems of Erdds, Piranian and Thron that generalise to arbitrary
dimensions. New results are also obtained about the class of conical limit
sets; for example, it is closed under locally quasisymmetric homeomorphisms.
Applications are given to continued fractions.

1. INTRODUCTION

In [11] George Piranian and Wolfgang Thron defined a class of subsets of the
Riemann sphere C,, which they called sets of divergence. A set A C Cy, is a set
of divergence if and only if there exists a sequence (G,,) of Mébius transformations
such that the sequence (G, (z)) diverges for each z € A and converges for each
z ¢ A. Paul Erdds and Piranian continued the study of these sets in [9], giving a
geometric characterisation of the countable sets of divergence. The motivation for
these papers was the theory of real and complex continued fractions. Associated
to each complex continued fraction is a sequence of Md&bius transformations, and
convergence of the continued fraction is equivalent to convergence of this sequence at
z = 0. For each m > 1, let H™*! denote (m + 1)-dimensional hyperbolic space and
S™ denote its ideal boundary sphere. Mobius maps acting on S™ extend uniquely
to isometries of hyperbolic space H™+!. Alan Beardon and others have exploited
this isometric action to give simple geometric proofs of various classical results
about convergence of complex continued fractions, avoiding explicit estimates on
coefficients in matrix products. These proofs still apply in higher dimensions.

Suppose that a sequence (z,,) in H™*! converges ideally to a limit point z in
S™. The sequence is said to converge conically if there is a geodesic ray v in H™+!,
landing at x, such that the points z,, are all within a bounded hyperbolic distance
from 7. For any subset E C H™*! the conical limit set of E, denoted A.(FE),
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consists of those points  in S™ for which there is a sequence of points in E that
converges conically to z.

Proposition 1.1. A subset of S™ is a set of divergence for some sequence of
orientation preserving Mdbius maps acting on S™ if and only if it is the conical
limit set of some subset of H™1.

Proposition 1.1 enables us to give purely geometric proofs of the known results
about sets of divergence, and also some new results about these sets, without ref-
erence to explicit sequences of Mébius maps. Most of the proofs of [9, 11] involve
explicit sequences of Mdbius transformations, hence these proofs are valid only in
two-dimensions. In contrast, our geometric proofs are valid in all dimensions. Our
first main result consists of generalisations of the topological results of [9, 11] to
arbitrary dimensions. Let CL(m) be the class of all subsets of S™ that arise as
conical limit sets of subsets of H™*1.

Theorem 1.2. The following hold for each m > 1.

(i) CL(m) is contained in, but not equal to the class of G5, subsets of S™.
(ii) The class of G5 subsets of S™ is contained in, but not equal to CL(m).
(iii) Let Y be a sphere of codimension one in S™. Then CL(m) contains all

G5 subsets of Y.
(iv) CL(m) is not invariant under homeomorphisms of S™.

The geometrical point of view suggested a number of new results about conical
limit sets. They are simple to prove, given the geometrical machinery available,
but if the proofs were written in terms of sets of divergence of Md&bius sequences,
they would seem less transparent.

Theorem 1.3. (1) If{U; :i € I} is a cover of X by open subsets of S™, then
X € CL(m) if and only if X NU; € CL(m) for eachi € I.
(ii) Two subsets E and F of S™ are, respectively, the conical limit set and the
limit set of some subset of H™ ! if and only if E € CL(m), F is closed, E
is contained in F', and the interior of F' is contained in the closure of E.
(iii) CL(m) is preserved under quasiconformal homeomorphisms of S™ form >
2, and under quasisymmetric homeomorphisms in the case m = 1.

Our final theorem is the generalisation to arbitrary dimensions of Erdés and
Piranian’s characterisation of the countable sets of divergence of Mobius sequences
acting on C,,. The new feature of our work is the geometrical interpretation of
their theorem and proof; the generalisation to arbitrary dimension is a consequence.
For any subset E C S™, let co(E) denote the hyperbolic convex hull of E in H™ 1.
Then we define inductively a set EX for each ordinal y, as follows:

E'=E,
EXtL = X\ A (H™!\ ©o(EX)),
and

EX = ﬂ EY, for a limit ordinal .
P<x

Theorem 1.4. For m > 1, a countable set E C S™ is in CL(m) if and only if
there exists an ordinal x such that EX = ).
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2. BACKGROUND AND DEFINITIONS

2.1. Mobius maps and hyperbolic space. Much of this paper will be con-
cerned with groups of Mobius maps and with the geometry of H™ (m > 2), the
m-~dimensional hyperbolic space. In this section we set out some basic facts about
Mobius maps and models of H™, in order to establish notation. We will use stan-
dard properties of hyperbolic geometry without comment, and for more detail the
reader may wish to consult [3] or [12].

The hyperbolic space H™ has a Riemannian metric ds? with distance func-
tion p(x,y). The space H™ is the unique connected and simply-connected m-
dimensional Riemannian manifold of constant curvature —1. The full group of
isometries of H™ is denoted Isom (H™). The subgroup of orientation-preserving
isometries is denoted Isom™ (H™).

We will use two standard conformal models of the metric space (H™,p): the
ball model and the upper half-space model. In both models we will denote the
hyperbolic distance by p, but we will always make it clear which model we are
using when giving explicit constructions. Before introducing these two models of
H'™ | it is necessary to define Mobius transformations in several dimensions.

The space R7 is the one-point compactification of Euclidean space R™; it con-
sists of R™ together with a single extra point co. The Mobius group Mob(m) is
the full group of conformal homeomorphisms of R7.. It is generated by reflections
in planes and spherical inversions.

The Poincaré ball model consists of the open unit ball

B™ ={x e R™ : |z| < 1},
equipped with the hyperbolic metric given by the Riemannian metric
2 _ 4|dz|?
(1= |z

The geodesics in the ball model are arcs of lines and circles in R™ that cut the
boundary sphere orthogonally. The group Isom (B™) of hyperbolic isometries of
B™ is the subgroup of M6b(m) consisting of maps that preserve B™. This group
is generated by reflections that fix 0 and spherical inversions in hyperspheres that
meet the unit sphere orthogonally.

Note that for m < n the inclusion of R™ as R™ x {0} C R™ xR"*~™ = R" induces
an isometric embedding of hyperbolic metrics, B™ < B™. Any isometric embedding
of H™ into H™ can be mapped to this standard one by a suitable identification of
H™ with B". Each isometry of H™ can be extended to an isometry of H", though
not in a unique way.

The ideal boundary of H™ is a sphere S™~! which we sometimes denote as
OH™. It can be defined intrinsically in terms of equivalence classes of geodesic
rays, but it is easiest to explain using the ball model, where it is represented by
the unit sphere S™~! which is the boundary in R™ of B™. A sequence of points
(zn) in H™ converges ideally to a point 2 in OH™ if the representative points in
B™ converge in the Euclidean topology to a point of S™~!; we write this simply as
zZn — T as m — 00, even though (z,) does not converge in the hyperbolic metric.
The isometries of H™ extend to homeomorphisms of H™ UJH™.

We use the notation j to a refer to a distinguished point in H™; in the ball
model of hyperbolic space, we always choose j to be the origin in R™. Let v be a
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hyperbolic geodesic in B™ with endpoints ,y € S™~!, and let p(3,7) denote the
hyperbolic distance of j from . The next equation provides a useful link between
the hyperbolic metric in B" and the restriction of Euclidean distance in R™ to the
unit sphere S™1:

(2.1) |z —yl = 2/coshp(3,7).

In B™, a horoball based at x € S™~! is an open Euclidean ball of radius less than
1 which is internally tangent to S™~! at . The boundary of a horoball is called a
horosphere.

Next, we describe the upper half-space model of H™, which is

H™ = {(z0,...,Tm-1) ER™ 1 39 > 0},
equipped with the metric
|dz|?

ds® = 3
T
0

There is a standard isometric mapping B™ — H™ given by a spherical inversion
in the point (—1,0,...,0) in R7; we will not need to use it explicitly. Our distin-
guished point y € H™ is represented in H™ by the point eg = (1,0,...,0).

The geodesics in H™ are arcs of lines and circles in R™ that cut the boundary
plane orthogonally. The ideal boundary H™ is represented by R 1 which is the
boundary of H™ within R™ together with the point at infinity. A sequence (z,) in
H™ converges ideally to a point z in R 1 if and only if (2,,) converges to z in the
topology of the one-point compactification RZ}.

In the special case of H?, using the upper half-plane model, we can identify the
ideal boundary with the Riemann sphere Co, = C U {00}, and the orientation-
preserving Mobius maps act on C., as fractional linear transformations

az+b
cz+d’
Thus Isom™* (H®) = PSL(2,C). The subgroup PSL(2,R) acts as the group of

orientation-preserving isometries of the standard hyperbolic plane H? whose ideal
boundary is Ry, C C.

VA i

ad —bc# 0.

2.2. Conical limits. We denote the hyperbolic distance between a point z and a
set £ in H™ by

p(z, B) = inf p(z,w).
For a > 0, the a-neighbourhood of FE is defined by
No(E)={z€ H™ : p(z,E) < a}.

We denote by [z, z] the geodesic segment from z to z, where « and z may be points
of H™ or of its ideal boundary S™~! = 9H™; any ideal endpoints are not included
in [z, 2], so that [z, z] is a subset of H™.

Definition 2.1. Let (z,) be a sequence of points in H™. For any o > 0, we say
that the ideal boundary point @ € S™~! is the a-conical limit point of (z,) when

(i) 2z, — x as n — o0, and
(il) zn € Nu([y, ]) for all sufficiently large n.
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We say that (z,) converges conically to x if there is a > 0 such that x is the a-
conical limit point of (z,). The boundary point x is an a-conical limit point of a
set E C H™ if and only if z is the a-conical limit of some sequence of points (z,,) in
E. The set of a-conical limit points of E is denoted A% (E). Finally, = is a conical
limit point of F if it is an a-conical limit point of E for some positive «, and the
conical limit set of E is the set of all conical limit points of E:

(2.2 A(B) = | A2(B).
a>0
If E is a bounded subset of hyperbolic space, then A.(E) = (.

Lemma 2.2. Suppose that (z,) converges a-conically to x. Then for each o/ > «
and each geodesic y ending at x, we have z, € Ny (7v) for n sufficiently large.

Proof. This is a simple consequence of the fact that if two geodesics v and +' both
end at x, then p(z,7") — 0 as z — x along 7. a

In Figure 1, a sequence is shown converging conically to a limit .

FIGURE 1

Corollary 2.3. If g € Isom (H™), then
Ac(9(E)) = g(Ac(E)) .
Definition 2.4. For m > 2 we define the class of conical limit sets in the sphere
Sm=1l = gH™ as follows:
CL(m—1) = {ACOH™ : A=A.(E) for some EC H™}.

We use the same notation to refer to the class of conical limit sets in the ideal
boundary in a specific model of hyperbolic space; for example, the class of subsets
of R™~1 that arise as conical limit sets of subsets of H™.

Next, we give an alternative description of A.(E), which will be useful for inves-
tigating the structure of conical limit sets.

Definition 2.5. Let w € H™ and v € H™ UJH™. The a-shadow of w from v is
Shady (w) = {z € 0H™ : p(w,[v,z]) < a} ={x € IH™ : w € Ny([v,z])}.

Imagining that light travels along hyperbolic geodesics, we may think of Shad{ (w)
as the shadow cast on the ideal boundary by the open ball of hyperbolic radius «
centred on w, when illuminated from the point v. The shadow is an open ball in
the spherical metric of OH™.
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Lemma 2.6. Let E be a subset of H™.

(i) Let B,(y,7) denote the closed ball or hyperbolic radius r about 3. Then

AYE)= ) UJ  Shad§(w).
r>av3 weE\B,(3,r)

The shadows in this formula have diameter less than w/3 in the spherical
metric.

(ii) For x € OH™, let HB(z) denote the family of horoballs based at x. For
each € € (0, ),

AT EN{er € () | Shadf(w) € AZT(E)\ {a}.

DeHB(z) weE\D

Proof. The first statement is a simple consequence of the definitions. The second
statement follows from Lemma 2.2. |

We frequently apply Lemma 2.6 (ii) in the upper half-space model of hyperbolic
space, with = oo, because both the neighbourhoods N, (v) and the a-shadows
have simple geometric interpretations in this model. Let J§, be the ‘vertical’ ge-
odesic in H™ with endpoints 2 € R™~! and co. The next lemma says that the
a-neighbourhood N, (d,) is an infinite cone with axis 0, and vertex at x. This
makes the model H™ particularly useful for examining conical limit sets, since it
allows us to describe the conical limit set of a subset of H™ entirely in terms of
Euclidean cones.

Lemma 2.7. [3, §7.20] In the upper half-space model, the a-neighbourhood N (6,)
1s the interior of a cone, rotationally symmetric about the geodesic §,, with vertez at
x. The angle at x between §, and the boundary of the cone is 6, where cos8 cosh a
=1.

Lemma 2.8. Let w = (t,v1,...,0,_1) € H™, where v = (vy,...,vy,_1) € RM™1
and t > 0. Then we have

Shad? (w) = {x € R™"! : |z —v| < tsinha}.

The left hand cone of Figure 2 depicts the neighbourhood N, (d,). Lemma 2.7
says that p(w,d,) < « if and only if u € Shad2 (w). The shaded region of the right
hand cone of Figure 2 depicts the a-shadow from oo of the point w.

The Hausdorff distance pg (E, F) between two subsets E and F of H™ is defined
by the equation

pu(E,F) = o (sup (. ). sup . ))
z€E weF

The Hausdorff distance is not a metric, although its restriction to the set of compact
subsets of H™ is a metric.

Lemma 2.9. Let E,F C H™. If pg(E, F) < 00, then A.(E) = A(F).

Proof. Let M = py(E, F), and suppose z € A (E). Then there exists a sequence
(zn) of points in F that converges to x inside N, (7), for some geodesic v ending at
x and some « > 0. For each n, we can pick w,, € F such that p (z,,w,) < M + 1,
so the sequence (w,,) converges to x, and each w,, lies in Ny prr41(7). Therefore x
is a conical limit point of F'. We have shown that A.(E) C A.(F) and the reverse
inclusion follows by exchanging F and F' in the argument. (]
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3

X

FIGURE 2

A well-known result which is an immediate application of Lemma 2.9 is that the
conical limit set of an orbit of a Kleinian group I' does not depend on the choice
of orbit. The conical limit set plays an important role in the theory of Kleinian
groups, being a natural I'-invariant subset of the limit set of T.

The next few results concern the conical limit sets of countable subsets of H™.
We will use the abbreviation A, (wy,) for A. ({w, : n € N}).

Definition 2.10. A sequence (w,) of points in H™ is an escaping sequence if
p(wp,7) — 00 as n — oco. Equivalently, an escaping sequence is a sequence in H™
that eventually leaves every compact subset of H™. A sequence (w,) of points in
the model H™ is a standard sequence if the xg-co-ordinate of w, converges to 0 as
n — oo. Equivalently, a standard sequence is a sequence in H™ that eventually
leaves every horoball based at oco.

In particular, every standard sequence is an escaping sequence.

Lemma 2.11.

(i) Let E be any subset of H™. Then there ezists an escaping sequence (wy,)
in H™ such that A.(E) = Ac (wy,).

(ii) Let E be any subset of H™. Then there exists a standard sequence (wy,) in
H™ such that R™ 1 NA(E) = A. (wy,).

Proof. First we prove (i). If A.(F) = 0, take (w,) to be an orbit of the group
generated by a parabolic Mébius map M; this converges to the fixed point of
M but no subsequence converges conically. Now suppose A.(E) # (). Take any
tessellation of H™ by a countable sequence of sets (X,,) with uniformly bounded
diameters. For example, we could use the tessellation by translates of a fundamental
polyhedron for some co-compact Kleinian group. Pass to the subsequence of those
X,, which contain a point of E, and for each of these take w, to be an arbitrary
point in X,,. This subsequence is infinite because A.(F) # (. The sequence (wy,)
is escaping because each compact set in H™ meets only finitely many of the X,,.
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The Hausdorff distance between E and {w,, : n € N} is finite because the X,, have
uniformly bounded diameters. Thus, Lemma 2.9 shows that A.(E) = A. (w,).

For part (ii), in the case where R™"1NA.(E) # 0, we first choose a sequence (w,)
as above such that A.(E) = A (w,). We express each w,, as (t,,v,) with ¢, > 0
and v, € R™~1 and pass to the subsequence of those w;, for which ¢,, < 1/(1+|v,|).
This yields a standard sequence with the same conical limit set as (w,, ), except that
the point co is removed. (I

Putting together Lemma 2.6 and Lemma 2.11, we can now express arbitrary
conical limit sets in terms of countable unions and intersections of open balls:

Corollary 2.12. For any conical limit set A € CL(m —1), there exists an escaping
sequence (wy) in H™ such that

[o olENNe e lNe o}

A= {J ) U Shad§ (w,).

a=1p=1n=p

For each subset A C R™ ! which is a conical limit set of a subset of H™, there
exists a standard sequence (wy) in H™ such that

oo oo 0

A= U ﬂ U Shadg, (wy,) .

a=1p=1n=p

3. SETS OF DIVERGENCE AND CONICAL LIMIT SETS

3.1. Convergence of sequences of Mdobius transformations. The purpose of
this section is to explain the connection between pointwise convergence of a sequence
of Mébius transformations (G,,) on the interior of hyperbolic space to a limit « in
S™=1 and convergence of (G,) to x on the boundary of hyperbolic space.

Definition 3.1. We say that a sequence of Mobius transformations (G,,) in
Isom(H™) converges generally if the sequence (G, (7)) converges ideally to some
point z in the ideal boundary sphere ™1,

To make this concrete in the ball model of H™, we consider the elements G,, as
Mobius maps acting on the closed unit ball. The sequence (G,,) converges generally
to x if and only if (G,,) converges pointwise and hence locally uniformly to « on the
open unit ball. This implies that the sequence (G,,) leaves every compact subset
of the topological group Isom (H™), so it has no convergent subsequence in the
topology of the group.

The notion of general convergence was introduced to continued fraction theory
by Lisa Jacobsen (now Lisa Lorentzen) in [10, p. 480]. She expressed it in terms of
the action of G,, on the boundary sphere, as we explain in the following proposition.

Proposition 3.2. (Aebischer [1, Theorem 4.3]; see also [4, Theorem 6.6]).
A sequence of maps (Gy,) in Isom (B™) converges generally to a point x in S™~1 if
and only if there exist two sequences of points (uy,) and (v,) in S™1 such that

lim G, (up) = lim Gu(v,) =z, inf (Jun —va]) > 0.

n—oo
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In particular, if there are two distinct points u,v € S™~! such that (Gy,(u)) and
(Gn(v)) converge to the same limit, then the sequence (G,,) converges generally.
The converse is false: (G,) may converge generally yet diverge at every point of
S™=1. To see this, choose any sequence (x,) in B™*! that converges ideally, say
to x € S™, and pick H, € Isom (IBBmH) such that H,(j) = z,. The stabiliser
Stab(z,) acts transitively on S™, and its elements are Lipschitz with respect to the
spherical metric (with a constant that only depends on p(0, z,,)). Therefore we can
find a sequence My 1, ..., M, ) of elements of Stab(x,) with the property that
for each y € S™, the set {M,,;(y) : 1 < i < k(n)} contains a point within spherical
distance 1/n of each point of S™. Now consider the M&bius sequence (G,,) given
explicitly by

My 10Hy,. .., My pyoH1, M2 10Hs, . .., My j2)0H2, M3 10Hs, ..., M3 j(3y0Hs, ... .

This sequence (G,,) converges generally, but for each point y in S™, the sequence
(Grn(y)) is dense in S™, so it certainly diverges.

Proposition 3.3 (Aebischer[l, Theorem 5.2]). Let (G,) be a sequence of Mdbius
maps that converges generally to a point x in S™~ L. Then for each z € S™ !, the
sequence (G (2)) converges to x if and only if = € A. (G, (7).

Proposition 3.3 is well known to Kleinian group theorists. Aebischer’s proof
used Euclidean geometry and a Euclidean definition of the notion of conical limits.
Starting from our hyperbolic definition of conical limits we can give a simple proof
using the fact that j is far from a hyperbolic geodesic if and only if the ideal
endpoints of that geodesic are close together in the spherical metric on the ideal
boundary sphere.

X

— G,(z)

FIGURE 3

Proof of Proposition 3.3. Define d,, = p (3,[Gn(3), Gn(2)]). Since G,(3) — x as
n — 00, equation (2.1) shows that G, (z) — =z if and only if d,, — co. Now we
show that d, /4 oo if and only if z € A, (G:L 1(])). The hypothesis of general
convergence implies that (G; o ])) is an escaping sequence, because p (G; L(y), j) =
p(2,Gn(3)) — o0 as n — oo. Also, since G,, is a hyperbolic isometry, we have

dn:p(G;I(]),[j,Z]). U

Lemma 3.4. Suppose that (G,,) converges generally to a point x. If for some
element u of S™~1 we have G, (u) — y, y # x, then the sequence (G, (7)) converges



CONICAL LIMIT SETS AND CONTINUED FRACTIONS 233

conically to u. In particular, (G, (u)) can converge to a point other than x for at
most one point u in S™1, and if it does so, then G, (z) — x for each z # u.

Proof. Since p(y, [Gn(7), Gn(w)]) — p(3,[z,y]) as n — oo, the sequence with nth

term p(3, [Gr(7), Gn(w)]) is bounded. But p(G},*(7), [2,ul) = p(1,[Gn(1), Gu(u)])
and (G; o ])) is an escaping sequence, therefore (G,‘L 1(])) converges conically to u.

d

3.2. Proof of Proposition 1.1. Piranian and Thron defined sets of divergence
for sequences in PSL(2, C) acting as M6bius maps on the Riemann sphere. We now
extend the definition in the obvious way to arbitrary dimensions. Let m > 2.

Definition 3.5. Let (G,,) be any sequence in Isom™ (H™), considered also to act
on the ideal boundary sphere 9H™ = S™~1. The set of divergence of (G,,) is the
subset of S™~1 consisting of all points z € S™~! such that the sequence G, (2)
does not converge.

Proposition 1.1 states that a subset A of S™~! is a set of divergence for some
sequence of orientation preserving Mdbius maps acting on S™~! if and only if
A e CL(m—1).

Proof. We may assume that S™~1\ A contains at least two points, since it is easy
to check that the entire sphere and the complement of a single point arise both as
sets of divergence and conical limit sets.

Let (G,) be a sequence of Mobius maps in Isom (H™) that diverges only on
the set A. We must show that A is a conical limit set. There are two situations
to consider. The first is that (G,,) converges to a constant z in S™ ! on the
complement of A. In this case, (G,,) converges generally to x by Proposition 3.2.
Then Proposition 3.3 shows that A = A.(G,,*(7)). The second possibility is that
(G,) does not converge to a constant on the complement of A. In this case, it is
known ([5]) that A is equal to either ), a singleton, or the complement of a closed
k-dimensional ball in S™~!, for some k < m — 1. It is straightforward to verify
directly that these sets are all conical limit sets, although this will also follow from
part (iii) of Theorem 1.2.

For the converse we use the ball model of hyperbolic space. Let A be a conical
limit set containing at least two elements. Then there is a sequence (z,) in B™
with |z,| — 1 as n — oo, such that A.(z,) = A. Choose orientation preserving
Mébius transformations (G,,) that satisfy G, 1(j) = 2, and G, () = |2n|eo. Then
(G,,) converges to ey on S™~ 1\ A and (G,,) does not converge to ey on A. By
Lemma 3.4, (G,,) diverges on A. O

Proposition 1.1 is significant because it shows that sets of divergence can be
studied without Moébius transformations. In §5 we investigate the structure of sets
of divergence without using Mébius transformations.

4. APPLICATIONS TO CONTINUED FRACTIONS

Attached to the concept of continued fractions are particular sequences of Mobius
maps, which we describe as continued fraction sequences. We will study both the
limit sets and the conical limit sets of continued fraction sequences.
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An infinite complex continued fraction K(a,|b,,) is a formal expression

(4.1) “ ,

a
by + 2
b +

as
by +---
where the a; and b; are complex numbers and no a; is equal to 0. We define M6bius
transformations

(4.2) tn(2) = an/(bp+2), forn=1,2....

We write T, = t; o--- ot, for the inner composition of t¢,...,t,. We say that
the continued fraction converges classically if the sequence (T,,(0)) converges. Each
Mébius transformation ¢,, maps oo to 0, therefore T),(c0) = T;,_1(0) forn = 2,3, . ...
We define a continued fraction sequence in m dimensions to be a sequence (Ty,)
of orientation-preserving maps in Isom(H™*!) for which T, (cc) = T,,_1(0) for
every n, with the convention that Tp is the identity transformation. This idea of
generalising continued fractions to m dimensions was first proposed by Beardon in
[4]. The two-dimensional concept of classical convergence extends to all dimensions.
Proposition 3.2 applied with u,, = co and v, = 0 shows that classically convergent
continued fractions converge generally.

4.1. Conical limit sets of continued fractions. In Proposition 1.1 it was shown
that each conical limit set arises as the set of divergence of a sequence of Mobius
transformations. In Proposition 4.2 we will show that each conical limit set arises
as the set of divergence of a continued fraction sequence. Then in Proposition 4.3
we will show that the class of conical limit sets that do not contain the points 0
or oo is equal to the class of conical limit sets of classically convergent continued
fractions.

To prove these results, we move to the ball model of hyperbolic space. In this
model, by a continued fraction sequence we mean a sequence (7,) of hyperbolic
isometries of B! satisfying T, (e) = T;,_1(—e), where T is the identity map and
e =(1,0,...,0). Classical convergence of (T},) means convergence of (T}, (e)) in the
spherical metric.

A preliminary lemma is used in the proofs of Propositions 4.2 and 4.3. In the
lemma we use the notation -y for the oriented hyperbolic geodesic from —e to e
(tracing out a Euclidean diameter of B™+1).

Lemma 4.1. If 2 € B™™! 2,y € S™ and |z — y| = 2/coshp(z,7), then there
is an orientation-preserving Mdbius map U preserving B™Tt such that U(z) = 3,
Ue) =z and U(—e) = y, provided that m > 2. For m = 1 the map exists if z
is on the left (respectively right) of v and 0 is on the left (respectively right) of the
oriented geodesic from y to x.

Proof. Since Isom(H™) acts transitively on H™, we can choose V€ Isom (B™ )
with V=1(5) = z. From equation (2.1) we have

[z —y| = 2/coshp(z,7) = 2/coshp(3,V(y)) = [V(e) = V(—e)|,
so we can choose an orthogonal linear map W with W (V (e)) = x and W(V(—e)) =
y. We can take W to be orientation-preserving if m > 2, but for m = 1 this extra
condition can be satisfied if and only if z is on the same side of v as 0 is of [y, z].
Finally, define U = W o V' to obtain the required map. O
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Proposition 4.2. For any conical limit set A in S™ there is a continued fraction
sequence (Ty,) with A = A(T,;71(7)).

Proof. Choose a sequence (2,) in B™*! with C = A.(z,). Using Lemma 4.1 we may
recursively define a sequence (7},) of Mdbius transformations satisfying T, (z,) = 7
and T, (e) = T,—1(—e). O

The conical limit set of a classically convergent continued fraction sequence can-
not contain either of the points 0 or co by Proposition 3.3. However, this is the
only constraint that need be placed on a conical limit set for it to be the conical
limit set of a classically convergent continued fraction.

Proposition 4.3. Let A be a conical limit set in S™. Then A arises as the set
of divergence of a classically convergent continued fraction sequence if and only if

e,—e ¢ A.

Proof. One implication has been discussed. For the converse, suppose that C' C S™
belongs to CL(m) and does not contain e or —e. We choose an escaping sequence
(2,) in B™*! with A, (2,) = C. Because —e and e do not belong to A. (z,), the
sequence p(zn,y) contains no bounded subsequence, and therefore we can reorder
(zr) so that p(z,,7) is an increasing sequence. In the case m = 1, we select the z,
to be on the right of v for odd n and on the left for even n. (If necessary we may
do this by inserting extra points into the sequence lying on the horocycles through
7 which are tangent to S™ at e and —e; doing this will not enlarge A. (2,).)

Define Ty to be the identity map in Isom (]B%’”*l) and define 8y = 0. Then use
Lemma 4.1 to define inductively for each n > 1 an orientation-preserving map 7T,
in Isom (B™*!) such that

To(e) =Th_1(—€) = (cosby,sinb,,0,...,0) ,

where
on - en—l

1
= (—=1)" si - (-
2 (=1)" sin (Coshp(zmv))’

T (zn) =7.
Here we use the value of sin™" in [0,7/2]. The sequence (6,,) converges since the

differences 6,, — 0,,_1 are alternating in sign and decreasing in modulus. Therefore
(T.(e)) converges. O

and

4.2. Limit sets of continued fractions. The limit set of a continued fraction
is the set of accumulation points in ™! of (T);(7)). In [1] and [4] it is proven
that the complement of the limit set of a Mobius sequence (G,,) that is generally
convergent to x is the largest open set on which (G,,) converges locally uniformly
to x. That observation is inspired by similar results in discrete group theory and
iteration theory. In contrast to the complicated restrictions on the structure of
conical limit sets of continued fractions, the limit sets of continued fractions are
not restricted in any way other than being closed. This is so even if we confine our
attention to classically convergent continued fractions.

Proposition 4.4. Each closed set C in S™ is the limit set of a classically convergent
continued fraction.
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Proof. We use a similar proof to that of Proposition 4.3. The only change required
is that we select an escaping sequence (z,) of points in B™*! whose limit set is
C' and for which p(z,,7) is an unbounded increasing sequence, so that e and —e
do not belong to A.(z,). This is easy to do: simply select a sequence ((,) of
points in C \ {e, —e} so that the accumulation set of (¢,) is C, then inductively
define z,, = r,(, with r, € [0,1) so that r, — 1 as n — oo and p(z,,7) / 00 as
n — Q. (|

5. PROOFS OF THE MAIN THEOREMS

Theorem 1.2 and Theorem 1.4 were proved in the case m = 2 in [9] and [11], in
terms of Mobius maps and sets of divergence. Our proofs are essentially geometric
interpretations of their proofs, written in such a way that the generalisation to
higher dimensions involves no extra work. Some extra work is required for the case
m = 1.

5.1. Basic results on conical limit sets. We first establish some properties of
conical limit sets, some of which are used in the proof of Theorem 1.2. The first
of these is trivial, and may be found in [11] for the case m = 2. Let E and F
be subsets of H™*!. Since any infinite sequence from E U F contains an infinite
subsequence from one of E and F, we have A((EUF) = A(E) U A (F).

Lemma 5.1. The class CL(m) is closed under finite unions.

The class CL(m) is not closed under countable unions, for any m. Indeed, any
singleton is a conical limit set, but we will see in §5.5 that countable dense subsets
of S™ are not conical limit sets. Also, CL(m) is not closed under complements. For
example, the set Q of rational numbers is not in CL(1) but R\Q is in CL(1) because
it is a G5 set. It is not known whether CL(m) is closed under finite intersections.

Lemma 5.2. The class CL(m) is closed under intersection with open sets.

Proof. By Mobius-invariance, it suffices to work in the upper half-space model and
prove that if X C R™ belongs to CL(m) and U C R™ is open, then XNU € CL(m).
Define the dune of U to be the following subset of H™*!:

D(U) = {(t,v) cH™!|t<1,t< d(v,Rm\U)2} .
Here, d refers to Euclidean distance in R™. Choose a subset E of H™*! such that
X = A.(E). Then we claim that
A(ENDU))=XNU.

Indeed, suppose (w,) is a sequence of points of E that converges conically to a
point z € R™. If z € U, then w,, € D(U) for n sufficiently large, but if z & U, then
wy, & D(U) for n sufficiently large. O

Corollary 5.3. The class CL(m) contains all open sets.

Proof. Since S™ = A.(H™T!), we have S™ € CL(m), and the result follows from
Lemma 5.2. 0

The class CL(m) also contains all closed sets, because if X is a closed subset of
S™and E = J,cx 7, 2], then X = A (E).
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5.2. Proof of Theorem 1.3, part (i). In this section we prove that being a
conical limit set is a local property, in the strong sense that in order to check that
X € CL(m), one only needs to check that X agrees with a conical limit set on a
neighbourhood of each point of X. As a corollary we find that the same statement
applies to the complements of conical limit sets.

Let X C S™ and let U = {U; : i € I} be a cover of X by open sets in S™, for
some indexing set I. Lemma 5.2 shows that if X € CL(m), then X NU; € CL(m)
for each i € I. We have to prove the converse: if U; N X is in CL(m) for all i € I,
then X € CL(m).

Proof. If U has a finite subcover, then the condition is sufficient, by Lemma 5.1.
However, X does not have to be compact. Because | J,;.; U; is an open set in S™,
it is a paracompact metric space. So there is a locally finite open cover V of X
subordinate to /. Lemma 5.2 ensures that if V€ V and U € U satisfy V C U,
then X NV = X NUNYV lies in CL(m). Now V satisfies the same hypotheses as
U, and it is a locally finite open cover of X. So we may assume that U/ is locally
finite (and therefore countable).

We use the upper half-space model: it suffices to deal with the case where X and
all U; are subsets of R™. For each i € I, choose E; C H™! with X NU; = A.(E;).
Recall the definition of the dune D from the proof of Lemma 5.2. Define

F,=E NDU;).

We will show that X = A, (Uiel Fz) Any x € X belongs to some U;, so z € A.(E;)
and therefore © € A.(F;). On the other hand, if z € A, (Uiel FZ—), then for some
a > 0, x is the a-conical limit of some sequence ((t,,v,)) of points in |J;c; F;
(where v, € R™ and ¢, > 0). We claim that there is an infinite subsequence of
points all belonging to one F;, and therefore x € A.(F;) C X. Indeed, there are only
finitely many sets in I/ that contain x, so if there is no such infinite subsequence,
then for each large enough n there exists ¢ € I such that (¢,,v,) € F; but « & U;,
and therefore t,, < d(v,,x)?. Therefore ((t,,v,)) does not converge conically to ,
which is the desired contradiction. O

Corollary 5.4. If{U; : i € I} is an open cover of S™\ X such that U;NX € CL(m)
foralli € I, then X € CL(m).

Proof. The set S™ \ J;c; Ui is a member of CL(m) because it is closed. The set
Uie; (Ui N X) is a member of CL(m) by Theorem 1.3(i). Also, X is a member of
CL(m) because X = (S™\ U;e; Us) U (Ui, (Ui N X)). O

5.3. Proof of Theorem 1.2, parts (i) and (ii).

In this section we prove that the class CL(m) lies strictly between G5 and Gy, .

First we show that CL(m) consists of Gs, sets. This is immediate from Corol-
lary 2.12, since each set UZO:p Shad{’ (wy,) is a union of open balls, therefore it is
open, and so A is a countable union of countable intersections of open sets.

For each m > 1 there are Gs, sets in S™ that do not belong to CL(m). For
example, we will see from Lemma 5.11 that countable dense subsets of S™ are not
conical limit sets, yet they are G, sets.

We move on to Theorem 1.2 (ii). Let B(c,r) denote the open ball in R™ of
radius r > 0, centred on ¢ € R™.
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Lemma 5.5. Suppose that V is an open subset of R™, and let € > 0. Then there
exists a sequence of open balls B; = B;(v;, t;) such that:
() v =Uz, Bi
(11) ti g €;
(iii) for each o > 0, each point in R™ lies in only finitely many of the balls
B(’Ui, Oéti),'
(iv) t;/d(v;, OV) — 0 as i — oo.

Proof. Define
Wo={z e R™ : d(z,R™\V) > ¢}
and, forn=1,2,...,
W, ={z eR™: 27" <d(z,R™\ V) <2 "}.

Each W,, is a closed subset of V', therefore each W, is compact. So W, may
be covered by finitely many open balls of the form B (U, 62_2"), (v eW,). Cal
these balls B,;, j = 1,2,...,k(n). We claim that the countable collection of all
such balls has the required properties (we can order these balls in a sequence in
an arbitrary fashion). First notice that V' is the union of the W, so V is covered
by Bp; (condition (i)). Condition (ii) holds as €272" < e. Next, given a > 0,
we may check that for sufficiently large n, the balls B,;(vy;, €272") are contained
within W, 1 UW,,UW,,,1; hence, condition (iii) is satisfied. Last, t,;/d(vy;,0V) <
€272" /27" = 27" 50 condition (iv) is also satisfied. O

We can now prove that every Gy subset of S™ is a conical limit set. This
generalises [11, Theorem 3] to arbitrary dimensions. In the proof, we make use of
the observation that M&bius transformations preserve the class CL(m).

Proof. We work in the upper half-space model of hyperbolic space. It suffices to
show that any G subset E of R™ is a conical limit set, since R} € CL(m) and all
other G5 sets can be mapped into R™ by a Mébius map. Let

E= (U,
n=1

where each set U,, C R™ is an open subset of R™. Define V,, = ﬂfnzl U,, so
that V,, is a decreasing sequence of open sets whose intersection is E. Cover V,
by a sequence of balls B,;, j = 1,2,... satisfying the conditions of Lemma 5.5
with e = 1/n. Rearrange all these balls into a simple sequence By, Ba, ..., where
B,, = B (vpn,t,). Let w, be the point (t,,v,) in H™*! for n = 1,2,..., so that
B,, = Shadg, (w,), where sinh @ = 1 by Lemma 2.8. Lemma 2.6 (ii) now shows that
E C A% (wy,) for any o > sinh™*(1).

We must also check that A.(w,) € E. We show that if z ¢ E, then for each
a > 0, the point z lies in only finitely many of the balls B (v;, at;). Choose N
large enough that for n > N, we have z ¢ V,, and t,,/d(v,,dV,) < 1/a. For each
n < N, the point z lies in only finitely many B,;(vn;, at,;), by Lemma 5.5. For
each n > N we have that

d(vnj, 2) = d(vnj, 0Vy) > tha,

and therefore z ¢ B(v,j,aty;). So, for each a > 0, z lies in Shady, (w,) for only
finitely many n. This completes the proof. (]



CONICAL LIMIT SETS AND CONTINUED FRACTIONS 239

To finish proving Theorem 1.2(ii) we must show that the class of G5 sets in S™
is not equal to the class CL(m). For m > 2 this will follow from Theorem 1.2(iii),
which says that all G, subsets of a codimension-one sphere in S belong to CL(m);
for m > 2 not every such set is a G5 set. Notice that for a subset A C ™! C §™
we may have A € CL(m) but A ¢ CL(m — 1). In contrast, the Borel hierarchy is
unchanged when we consider subsets of S™~! as being subsets of S™. For m = 1
we give instead an explicit construction of a one-dimensional conical limit set that
is not a Gy set.

Consider the middle-thirds Cantor set C' = (), _, J,, where J; = [0,1], Jo =
[0,1/3]U[2/3,1], J3 = [0,1/9] U [2/9,1/3] U [2/3,7/9] U [8/9,1], and so on. Let A
be the countable set |J)~, .J,, (the accessible points of C'). Since A is contained
in its own derived set, if it were a G5 set, then it would be uncountable. (This
follows from a standard argument, and we will use a similar argument in the proof
of Lemma 5.11.) As A is countable, it is not a Gs set. However, A € CL(1). To
see this, let £ be the graph (shown in Figure 4) of the function f : [0,1]\ C — R*
defined by f(z) = d(z,C)/n when x lies in an open interval of [0,1] \ C of length
3™, Then it is easy to check that A = A.(FE). Theorem 1.4 gives us another way
to check whether a given countable set is a conical limit set.

|

FIGURE 4

5.4. Proof of Theorem 1.2, part (iii). Consider a Gs, set A in R. We have
seen that A is not necessarily a member of CL(1). However, the real line may be
embedded as the real axis of R? and we shall see that it is true that A € CL(2) when
we consider A as a subset of R2. More generally, let Y be a sphere of codimension
one in S™. We will show that all Gs, subsets of Y belong to CL(m).

Proof. Inside H™ ! = {(xg,21,...,2m) |20 > 0}, we have H™ isometrically em-
bedded as the hyperplane x,, = 0, and this extends to an embedding of the ideal
boundaries R”~! C R™. By Mébius-invariance of conical limit sets, it suffices to
prove that any Gs, subset X C Rg};l is the conical limit set of some subset of
H™*!, and as usual it suffices to consider X C R™ 1. Express X as U;;O:l X, for
Gs sets X,, C R™~ 1. By Theorem 1.2(ii), X,, = A.(I',) for some subset T, C H™.
Note that A, (J,—, '») may contain points that do not belong to any X,. For
example, some sequence (w,,), where w,, € I',,, may converge conically to a point
not in X. We therefore define sets

F;:{(xosin%,xl,xg,...,xm,l,xocos %) s (zoy ey Tm—1,0) €Ty, 20<2sin T }
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We obtain I'/, by first rotating I',, about R™~! and then truncating the rotated sets
I',, so that all points are contained in a Euclidean cylinder of radius 1, tangent to
R™ along R™~!; see Figure 5. Any sequence from J;-_, I/, that converges conically
to a point of R™ must therefore converge to a point of R™~!, and it may only visit
finitely many of the planes II,,. Therefore its limit is already contained in some
X,,. Conversely, for each conically convergent standard sequence (z,) in T',, (stan-
dard sequences were defined in Definition 2.10), there is a corresponding infinite
subsequence in I/, which converges conically to the same limit point. Therefore

AC(DF;> - GAC(F;)Z GXn:X. O
n=1 n=1

n=1

FIGURE 5

5.5. Proof of Theorem 1.4. Erdds and Piranian [9, Theorem 2] gave a character-
isation of countable sets of divergence in C,,. Our Theorem 1.4 reinterprets their
theorem in terms of conical limit sets and hyperbolic geometry, and generalises it to
arbitrary dimensions. The hyperbolic viewpoint does not simplify the proof much,
but we believe it gives an interesting way of understanding the theorem.

For any subset £ C C, Erdés and Piranian defined a subset of good points of C
with respect to E. Here is their definition, rewritten to allow arbitrary dimension.

Definition 5.6. Let m > 1 and E C R™ be given. Then z € gd(E) if and only
if the following holds. For each € > 0 there exists 6 > 0 such that, whenever
0 < |v — 2| < 4, there exists z € E such that |z —v| < e|v — z|.

The next lemma describes R™\ gd(E) in terms of shadow sets, using Lemma 2.8.
We use the notation §, for the ‘vertical’ geodesic in H™*! between z and co. We
use the notation B(z,r) for the open Euclidean ball of radius r, centred on z.
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Lemma 5.7. A point z lies in R™ \ gd(E) if and only if there exist « > 0 and a
sequence (wy,) in H™Y such that w, — 2 ideally and for each n, p (wy,,d,) < 2a
and Shadl, (w,) N E = 0. Moreover, in this case, such a sequence (wy) exists for
arbitrarily large .

Proof. First observe that z € R™ \ gd(F) if and only if there exists an € > 0 and a
sequence (vy,) in R™ such that v, — z and the balls B(vy, €|v,, — z|) are all disjoint
from E.

Suppose that (w,) and « exist as in the lemma. Writing w, = (tn,v,) €
H™*! we have |v, — 2| — 0 as n — oo, but |v, — 2| < sinh(2a)t, for all n.
Let € = 1/(2cosha). If x € B(vy,€|v, — 2|), then | — v,| < (sinha)t,; that is,
x € Shadg, (wy,), so € E. Hence z ¢ gd(E).

Conversely, suppose z & gd(F). Then there exists € > 0 (which we can choose
to be arbitrarily small) and a sequence of points (v,) in R™ such that v, — z as
n — oo and

(e —vp] <e€lon—z2|) = z&E.

Take o = cosh™'(1/(2¢)) and set t,, = |v, — z|/sinh(2«), and w, = (t,,v,). Then
p (wp,0,) = 2a. If z € Shady, (wy,), then

| — v,| < (sinha)t, = |v, — z|/(2cosh ) = €|v, — 2|,

so z € E. Thus Shadl, (w,)NE = 0. O

We can now give a characterization of gd(F) using hyperbolic geometry.

Lemma 5.8. For any subset E of R™ we have
gd(E) = R™ \ A, (H™ \ ().
where €o(E) is the hyperbolic convex hull of E in H™ L. Thus
Engd(B) = B\ A(H™ \ co(E)).

Proof. A point w € H™*! is not in ¢o(E) if and only if there exists a hyperbolic
hyperplane P separating w from E. If (w,) converges a-conically to z € R™ and
each w, ¢ ¢o(E), then we can choose corresponding hyperbolic hyperplanes P,
so that P, separates w, from E. The (m — 1)-dimensional sphere or hyperplane
in which P, meets R™ separates R™ into two components. One contains E and
the other contains a ball B(ay,,r,) C R™ such that r,, > k|a, — x| and |a, — 2| <
2|w,, — x|, for some k > 0. This can easily be verified by geometric means. It
follows that = ¢ gd(F). For the converse, suppose that « € gd(E). Then we find a
sequence of open balls in R™ that converges to x, and each ball subtends an angle
at x greater than or equal to some 6 > 0. Each such ball is the ideal boundary of
a hyperbolic half-space in H™*! whose distance o from the geodesic joining z and
oo depends only on #. We can then find a sequence of points, one in each of these
half-spaces, that converges (1 4+ «)-conically to x. O



242 EDWARD CRANE AND IAN SHORT

Given E C R™, we define inductively a set EX for each ordinal y, as follows:
E'=F,
EXT! = EX N gd(EX)
and

EX= () EY,
P<x
for a limit ordinal .

Theorem 1.4 states that a countable set E C S™ is in CL(m) if and only if
there exists an ordinal y such that EX = (). Let E be a countable subset of RZ.
Since ¢ < x implies that EX C EY, there must exist a countable ordinal x for
which EX = EX*!: otherwise, there would be an uncountable descending chain of
subsets of F/, and E would therefore be uncountable. In Lemma 5.11, we show that
if E is also a conical limit set, then EX must be empty, thereby establishing one
implication in Theorem 1.4. The converse implication is then established at the
end of this section.

Before we begin the proof of Theorem 1.4, we point out two simple corollaries of
that theorem.

Corollary 5.9. FEvery countable member of CL(m) is nowhere dense.

Proof. If a set E is dense in a ball B, then gd(F) 2 B, hence EX O E N B for
all . O

Corollary 5.10. If E € CL(m) is countable, then every subset of E is also
in CL(m).

Proof. Transfinite induction shows that F' C E implies FX C EX for each ordinal x.
O

Recall the notion of a standard sequence from Definition 2.10.

Lemma 5.11. Suppose that E € CL(m) and that E contains a non-empty subset
F such that F' C gd(F), then E is uncountable.

Proof. If E = S™, then F is indeed uncountable, so we may use the upper half-
space model and suppose that E C R™ and that F = A. (w,), where (w,) is a
standard sequence. The set F is non-empty, so we may choose a point x(1) € F
and a closed ball D(1) C R™ that contains x(1) in its interior. Suppose that points
z(1),...,2(2" — 1) in F and disjoint closed balls D(1),..., D(2™ — 1) have already
been defined for some n > 1, in such a way that x(z) is in D(¢)°, the interior of
D(i), for each i. We will now fix k such that 2"~! < k < 2" and explain how to
define z(2k) and x(2k + 1). Since z(k) € E, there exists a subsequence (wy,,) that
converges a-conically to (k) for some o > 0. Pick a shadowing sequence (z;) such
that p (z;,wn,;) < 3, but (k) & Shad?, (z;). So
w(k) € A2 (2)) \ A2 (2)) -

Consider the balls Shadl, (z;) and Shad®"® (z;) in R™, for each integer j. They
have a common centre v;, and the ratio of their radii does not depend on j. Now,
z(k) € Shad®%t? (z;) for all j, and z(k) € gd(F), so for sufficiently large 7, the ball
Shad’, (z;) also contains a point of F. We can choose two values j and j' large
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enough so that the closed balls D(2k) = Shad’, (z;) and D(2k + 1) = Shad’, (z;/)
are disjoint and both are contained in D (k). Now choose x(2k) € F N D(2k)° and
x(2k+ 1) € FN D(2k 4+ 1)°. Note that

2(2k) € Shadl, (z;) C Shad’l® (wy, ),

and similarly z(2k + 1) € Shad?, (wnj,)
In this way we define z(7) and D(i) inductively for all ¢ € N. Now consider the
set
K ={z € R™ : z € D(i) for infinitely many values of i } .

K is an uncountable Cantor set contained in A2 (w,,), which is a subset of E. O

In Lemma 5.11 we do not assume that the subset F is closed; if we do, then
there is a one-line proof: F'is a perfect set, hence uncountable.

In the next lemma, the notation A (w,) is used for the limit set in the ideal
boundary sphere of a sequence (w,) in hyperbolic space. It contains A. (w,,), but
in general is not equal to A. (wy,).

Lemma 5.12. Let (w,) be a standard sequence in H™*1. Then (A (w,))° C
Ac (wy). Moreover, if A (wy,) has non-empty interior, then A. (wy) is uncountable.

Proof. The proof is very similar to that of Lemma 5.11. Let D(1) be any closed ball
contained in A (w,), and pick 1 € D(1)°. We will show that D(1) contains un-
countably many points of A, (w,,). In particular this shows that A, (w,) is dense in
A (w,)°. The construction is inductive. Suppose we have already chosen a closed
ball D(k) and a point z; € D(k)°. We show how to choose D(2k), D(2k + 1)
and points xok,Tog41 in their interiors. We choose a subsequence (wn]) con-
verging to xj, not necessarily conically. Since A(w,) D D(k), we can choose

points x(2k),z(2k + 1) of A(wy) in the interiors of balls D(2k) = Shadéo(wnj)
and D(2k + 1) = Shad})o(wnj,) respectively, so that D(2k) U D(2k + 1) C D(k)
and D(2k) N D(2k + 1) = (. Then each infinite nested sequence of the closed balls

D(i) contains a unique point, and it is the 1-conical limit point of a subsequence of
(wy,). O

Recall from the discussion at the beginning of §4.2 that a sequence of Mobius
transformations that converges generally to a limit = also converges locally uni-
formly to & on the complement of its limit set.

Corollary 5.13. Let (G,,) be a sequence of Mébius maps acting on S™ that con-
verges generally to x, and let U C S™ be a non-empty open set. Fither G, converges
locally uniformly to x on a dense open subset of U or there are uncountably many
points of U at which (Gy,) diverges.

It remains to prove the converse implication in Theorem 1.4. We must show how
to exhibit a given countable set E as a conical limit set, when EX = () for some
countable ordinal x. Since F is countable, we may list E as {z1, 22, 23, ... }. Since
EX = (), to each point z € E we can associate the unique countable ordinal §(k)
such that z, € EP®F) \Eﬂ(k)ﬂ. Let ay > k be a constant that plays the role of «
in Lemma 5.7, corresponding to the statement that z;, ¢ gd (E#(*)).

We will construct a doubly-indexed sequence (wy;) of points in H™*!, where
k and j run over N, such that A (wy;) = E. We write wi; = (tg;,vk;) in the
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usual way, and define the ball Dy; = Shadg, (wy;). Recall from Corollary 2.12 that
z € AY (wy;) if and only if 2 lies in infinitely many of the balls D;. We further
define a ball Ni; in RY for each index pair (k, j), by

Nij = DZ‘J’“ .
Our aim is to construct (wy;) so as to satisfy the following four conditions:

(1) (ws;) converges conically to zj as j — oo, for each fixed k;
(ii) the diameter of Ny, tends to zero as j + k — oo;
(iii) if B(k) = B(n), then Ni; N N,,; = 0 for all 4, j;
(iv) if B(k) < B(n) and Ni; N Nyp; # 0, then Ni; C Np,.

Before giving the construction, we show that these four properties suffice.

Because of conditions (iii) and (iv), the collection of balls Ny; that contain a
given point z is totally ordered by inclusion. Condition (ii) shows that if this
collection is non-empty, then it has a maximal element. By conditions (iii) and
(iv), the corresponding ordinals G(k) form a strictly decreasing sequence, which
therefore has finite length. So each point z € R lies in only finitely many of the
balls Ny;.

Suppose z € AY (wy;). Then z must be a conical limit of {wy; : o < a}, since z
lies in only finitely many of the balls Dy; for which oy > . There are only finitely
many values of k for which ay < «a, so condition (i) implies that z € {z : a < a}.
In particular, z € E. So A. (wg;) € E. On the other hand, condition (i) ensures
that £ C Ac (wy,). Thus A. (wk;) = E, as required.

To construct the double sequence wy;, fix some listing of the ordered pairs
(k,j) € Nx N, say ((k1,71), (k2,J2),...). We construct the sequence wy = wi,
inductively over N, making sure at each step that conditions (ii)—(iv) above and
also the following auxiliary conditions are satisfied:

(v) for each k,j € N, Ni; N EBK) — ().
(Vi) p(wkjs¥z,) < 204 + log 2;

(vil) ENONy; = 0.

Condition (vi) will ensure that condition (i) holds.

Suppose that wq,...,wy_1 have already been chosen, for some N > 1. Write
k = kn, j = jn, so that we now have to choose wy;. The definition of oy, using
Lemma 5.7 tells us that there exist points w = (¢,v) € H™+! with |w—z;| arbitrarily
small, p (w, 7, ) < 2ax and Shad* (w) N EA*) = (). For |w — z;| sufficiently small,
the diameter of ShadS*(w) is less than 1/kj. Only finitely many balls N,,; have
already been defined, and zj is not on the boundary of any of them since 2 € E.
Thus we can take |w — zj| sufficiently small so that ShadS* (w) is contained in those
previously defined balls NV,; that contain z;, and disjoint from those that do not
contain zx. If a ball N,,; contains 2z, then N,; meets ES*) so 3(n) > 3(k). Thus,
if we took wy; = w, then conditions (ii)—-(vi) would be satisfied, but condition
(vii) could fail. Instead we define wy; = (dt,v), where the factor 1/2 < § < 1is
chosen to ensure that condition (vii) holds; a suitable value of § exists since E is
countable and therefore only countably many values of § are unsuitable. Note that
Njj = Shad2¥ (wg;) C Shads! (w), and

Thus all the conditions are satisfied and we have completed the induction step.
This completes the proof of Theorem 1.4.
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5.6. Proof of Theorem 1.2, part (iv). In this section we prove that the class
CL(m) is not topologically defined. We do this using the characterization of count-
able conical limit sets given in Theorem 1.4. Before we begin, we note the following
trivial lemma.

Lemma 5.14. Suppose that E1 C R™ and Ey C R™. Considering E1 X Es as a
subset of R™T"  we have gd (E1 x Eq) = gd (Ey) X gd (Es).

To prove part (iv) of Theorem 1.2, the main task is the one-dimensional case.
We will define an increasing homeomorphism ¢ : R — R, a countable set A C R,
and its image B = p(A), in such a way that A C gd(A4) but BNgd(B) = 0. It will
then follow that A ¢ CL(1) and B € CL(1), as required for the case m = 1. For
the higher-dimensional cases, we observe that applying ¢ co-ordinatewise yields a
homeomorphism of R™, which sends the m-fold Cartesian product A™ onto B™. By
Lemma 5.14, A™ C gd (A™) but gd (B™) = (), so A™ ¢ CL(m) while B™ € CL(m).

For each n € Z \ {0}, we define two affine functions:

1 x
Ine) = 9+ g
and
_sgn(n) x
9n(@) = S F g g

These maps are chosen so that the images f,,([—1, 1]) are disjoint closed intervals for
distinct n, and, likewise, the images g, ([—1, 1]) are disjoint for distinct n. Let F be
the semigroup generated by all the maps of the form f,, (n € Z\{0}) and let G be the
semigroup generated by g,. Define A = {f(0) : f € F} and B = {g(0) : g € G}.
Both A and B are countable sets with self-similar structures:

A= | ).

nezZ\{0}

B={0}u [J g(B).

neZ\{0}

Because 1/2n € A for each n € Z\ {0}, we have 0 € gd(A). Using the self-similarity
of A we deduce that A C gd(A). However, B is disjoint from all intervals of the
form (2/4™,3/4™) and therefore 0 ¢ gd(B). Using the self-similarity of B we find
that BN gd(B) = 0. It remains to construct a homeomorphism of R that maps
A onto B. Note that there is an obvious one-to-one order-preserving correspon-
dence o between the points of A and those of B, that sends fn, fn, -+ fn,(0)
t0 Gni9ns *** gn, (0). It is easy to check that this extends to an order-preserving
homeomorphism ¢, from the closure of A to the closure of B, and that the open
intervals that make up R\ A and R\ B are also naturally in correspondence with
each other, in an order-preserving manner. We can therefore interpolate linearly
on each complementary interval to extend ¢; to a homeomorphism ¢ : R — R.
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5.7. Proof of Theorem 1.3, part (ii). By our usual arguments about Mobius-
invariance, it suffices to deal with the case of subsets £ C F C R™. We have to
show that the following are equivalent:

(i) E € CL(m), F is closed, and
F°CE and ECF;
(ii) there exists a standard sequence (w,,) in H™*! such that
F=A(w,) and E=A.(w,).

Proof. We saw in Lemma 5.12 that A (w,)° C A. (w,), and the rest of the impli-
cation (ii) = (i) is straightforward.

To prove (i) = (ii) we use the notion of the dune D(U) of an open set U C R™,
that was defined in the proof of Lemma 5.2. It is easy to check that the boundary
of D(R™\ F) in H™*! has limit set equal to OF but has empty conical limit set.
Let W be a subset of H™*! such that E = A.(W). We define

W = (W\DR™\ F))UdD(R™\F).
Then
AW') = (E\ (Rm\F)) UJF = F,
and
Ac(W') = (EAXR™\F))UD = E.
Finally, as in the proof of Lemma 2.11 we can pick a standard sequence (w,,) with
the same conical limit set and limit set as W’. (]

5.8. Proof of Theorem 1.3, part (iii). In this section we prove that the class
CL(m) is invariant under quasiconformal homeomorphisms of S™, for m > 2. The
analogous result for m = 1 is that the class CL(1) is invariant under quasisymmetric
homeomorphisms of S'; the proof is similar and we omit it. For the necessary back-
ground on quasisymmetric and quasiconformal mappings, see [2] or [14]. Because
conical limit sets are locally determined, and locally quasiconformal homeomor-
phisms are locally extensible to globally quasiconformal homeomorphisms, we can
deduce from Theorem 1.3 (iii) that CL(m) is invariant under locally quasiconformal
homeomorphisms.

It is possible to prove Theorem 1.3 (iii) directly from the definition of a locally
quasisymmetric mapping. However, our theme is to think about conical limit sets
as being subsets of the ideal boundary of hyperbolic space, and we therefore choose
to present instead a proof that uses two well-known results about quasiconformal
homeomorphisms of OB™ and quasi-isometric homeomorphisms of B™ with the
hyperbolic metric.

Theorem (Tukia and Vaiséla, [13]). For m > 2, any quasiconformal homeomor-
phism f : S™ — S™ extends continuously to a quasiconformal homeomorphism
f : Bmtl — Bm+l that is bi-Lipschitz with respect to the hyperbolic metric on
B™tL, with a constant that depends only on the constant of quasiconformality of
the mapping f.

Theorem (Efremovic and Tihomirova, [8]). For m > 1, let f : B™+1 — B™+1 pe
a quasi-isometry with respect to the hyperbolic metric, and let x be a point in S™.
The image curve f([3,]) lies within a fized distance of a geodesic ray, and f([y,x])
lands at a unique point of S™.
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Let X C S™ be a conical limit set and suppose that f : S™ — S™ is a quasicon-
formal homeomorphism. We have to show that the image f(X) is also a conical
limit set. We have X = A.(w,,) for some escaping sequence of points (w,,) in B!,
Let f be a bi-Lipschitz extension of f to B™t!, guaranteed to exist by the above
theorem of Tukia and Viisélé, and let k be the bi-Lipschitz constant of f . Note that
f is proper (since f~! exists and is continuous), so that the sequence (f(w,)) is an
escaping sequence. We now claim that if a subsequence (w,, ) converges conically

to z € X, then (f(wy,)) converges conically to f(z) € f(X). Suppose that (wp,,)
converges conically to z € X, so there is some o < oo such that p(wn,,,[7,2]) <
for all k. The image curve f([7, «]) lands at f(z) and remains within some distance
6 > 0 of a geodesic ray v. We have

p(f (W), ) < kplwny, [p.2]) + 6 < ka+ 4.

Thus the sequence ( f (wp,,)) converges conically to f(z). Since f is a bi-Lipschitz
homeomorphism extending f, we can run the same argument with f~! to prove

that (wy, ) converges conically to z only if (f(w,,)) converges conically to f(z).

Hence f(X) = Ac(f(wn))

6. OPEN PROBLEMS

In [11], Piranian and Thron asked whether the intersection of two sets of diver-
gence must also be a set of divergence, and this remains unsolved. We repeat the
problem in general dimension:

Problem 1. Suppose A, B C R™ belong to CL(m). Must AN B belong to CL(m)?
Here are two closely related problems:

Problem 2. Suppose A,B C R™, A € CL(m), and B is a Gs set. Must AN B
belong to CL(m)?

Problem 3. Suppose X CR™ Y C R™2, X € CL(m;) and Y € CL(m3). Must
X XY belong to CL(my + ms2)?

The class CL(m) is not closed under countable intersections, at least when m > 1.
To see this, choose any Gs.5 subset A of a codimension one sphere S~ C S™ such
that A is not a Gs, set. Express A as ﬂff:l A,,, where the A,, are G, subsets of
S™=1. Theorem 1.2(ii) shows that A ¢ CL(m). On the other hand, Theorem 1.2(iv)
shows that A,, € CL(m), for each n.

Our guess for Problem 1 is that AN B need not necessarily belong to CL(m). For
example, consider the following countable subset of H?, where o > 2 is a parameter.

J(a) = {(qia’g) ca,g €N, 0<a<gq, ged(a,q) = 1}.
Then 6 € A.(J(«)) if and only if 6 € [0,1] and 0 can be approximated by rationals
to order «; that is, for some constant ¢ > 0 there exist infinitely many distinct
rational numbers a/q such that |0 —a/q| < ¢/¢*. Let T : z — x + 7 — 3 and
consider the set A.(J(3)) NT (A:(J(3))). This set is uncountable and dense in the
interval [r — 3, 1]. It seems unlikely that this set should belong to CL(1): We see no
reason to expect that both # and # — 7 can be approximated by rationals to order
3 if and only if # can be approximated at a certain rate by real numbers of some
particular form.
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A positive answer to Problem 1 implies a positive answer to Problem 2 since
every G5 set is a conical limit set. Likewise a positive answer to Problem 1 implies
a positive answer to Problem 3. Indeed, suppose X = A.(E) where E C H™ +1,
Then X x R™2 = A (E x R™2), where we identify H™ ! x R™2 with H™1+tm2+1 i
the obvious way. Likewise R™! x Y € CL(m; + mz), so X x Y is the intersection
of two conical limit sets.

All the explicit examples that the authors know of subsets of R” which are G,
but not conical limit sets have been constructed from countable sets that are not
conical limit sets. We have seen that any subset of a countable conical limit set is
again a conical limit set. So we cannot hope to find a counterexample for Problem 1
in which either A or B is countable. We now show that we cannot even hope to
find a counterexample in which A N B is countable: just take Ay = A, A, = B and
Az = As =--- =R"™ in the following lemma.

Lemma 6.1. If Ay, As,--- € CL(m) and ();2, A; is countable, then (o, A; €
CL(m).

Proof. Suppose, for a contradiction, that ﬂfil A; is countable but not a conical
limit set. For each ¢ there is a sequence (wg)) in H™*! such that 4; = Ac(w,(f)).
From the characterisation of conical limit sets among countable sets, we know that
Niz; Ai has a non-empty subset E such that E C gd(E). Now, each A; contains
FE, so we can find an uncountable set contained in the 1-conical limit set of each
sequence (wﬁf )) by modifying the proof of Lemma 5.11. We do this by substituting
the sequence (w,(f(k))), n = 1,2,..., for the sequence (w,) from Lemma 5.11 at
the k*" step of the recursion, where i(k) is a sequence that takes every positive
integer value infinitely often. So each point of the resulting uncountable limit set
is the 1-conical limit of a sequence which contains an infinite subsequence of each
sequence (w,(f )). This means that (-, A; contains E and is therefore uncountable,
which is a contradiction. (]

If X is a countable dense subset of R, then X X R is a not a conical limit set in
R2. However, Lemma 6.1 shows that it is not the intersection of countably many
conical limit sets in R2. If it were, then so would be (X x R)N (R x X) = X x X,
which is a dense countable set in R? and therefore not a conical limit set, contrary
to the lemma. More generally, any set whose intersection with countably many
quasisymmetric images of itself is countable but dense cannot be a conical limit
set. This gives us another way to prove that a set is not a conical limit set, but
it cannot help us to find a counterexample for Problem 1 because no such set can
arise as the intersection of finitely many conical limit sets.
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