ANGULAR AND APPROXIMATE LIMITS OF QUASIREGULAR
MAPPINGS

ANTTI RASILA

ABSTRACT. Concepts of angular and approximate limit are introduced. We give
a brief introduction to these and related concepts in the context of quasiregular
mappings of R™. The main goal in the study of this topic is to establish criteria for a
quasiregular mapping to have angular and approximate limits at a given boundary
point. We prove a version of the Schwarz lemma for quasiregular mappings by
using results of P. Jarvi, S. Rickman and M. Vuorinen. In the main result, we give
a criterion for a quasiregular mapping to have a limit through a set of large upper
measure density. In the last section, we study the angular limits of quasiregular
mappings by applying Vuorinen’s results involving the Harnack inequality.

1. INTRODUCTION

A classical result by E. Lindelof states that a conformal mapping of B? having
an asymptotic value o at a boundary point b also has an angular limit o at b. A
similar result for quasiconformal mappings in R® was proved by F. Gehring in [2].
Another classical result, by P. Koebe, shows that if a bounded analytic function f
tends to zero along a sequence of arcs in the unit disk which approach a subarc in
the boundary, then f must be identically zero. Refinements of Koebe’s results were
given by D. Rung in [7].

The theory of quasiregular mappings gives a natural generalization for the geomet-
ric aspects of the theory of analytic functions in the complex plane. On the other
hand, it can also be understood as a generalization of the theory of quasiconformal
mappings. In light of these results, it is natural to ask what results of this type hold
for quasiregular mappings. These topics were studied by M. Vuorinen in [8], [10] and
[11, Chapter 15]. Besides angular limits, other concepts of limit which are useful in
this setting are known. In [9] Vuorinen studied relations between these concepts in
the more general setting of Harnack functions.

The results stated above lead us to the following three questions:

(1) Under which conditions do the limit concepts studied in [9] imply each other?

(2) Can the results concerning angular limits proved in [8] and [10] be improved
with more careful analysis of the mapping involved? In particular, what kind
of role does the local topological index of the mapping play in the boundary
behavior?

(3) What results do we have for quasiregular mappings in the case of the other
limit concepts, such as approximate limits?

In this article we present the notions of angular and approximate limits. Then
we give a brief introduction to the methods used to study questions (2) and (3).
In the main result, Theorem 3.5, we give a condition for a quasiregular mapping
to have a limit through a set of large upper measure density, in terms of the local
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topological index. More results of this type are given in [5, pp. 48-53]. In Section 4
we give an example of how the techniques from [9] can be applied in the context of
quasiregular mappings. A thorough investigation of the question (1) can be found in
5, pp. 36-45].

2. NOTATION AND PRELIMINARIES

We shall follow standard notation and terminology adopted from [6] and [11]. For
r€R" n>2 andr > 0let B (z,r) = {z €e R" : |z — x| < r}, S"(x,r) =
oB"(x,r), B*(r) = B"(0,r), S"*(r) = 6B"(r), B"=B"(1), H" = {z e R" : z,, >
0}, BY = B"NH", and S"! = §B". The standard coordinate unit vectors are
denoted by eq,...,e,. Lebesgue measure on R" is denoted by m.

The hyperbolic metrics in the upper half space H” or the unit ball B" (see [11,
pp. 21, 23.]) are denoted by p(x,y). For the half space H” we have the following
formula for the hyperbolic metric:

lz -yl
2TnYn

For a in H" or in B” and M > 0 the hyperbolic ball {z : p(a,x) < M} is denoted by
D(a,M). It is well known that D(a, M) = B"(z,r) for some z and 7.

(2.1) coshp(z,y) =1+ : x,y € H".

2.2. Quasiregular mappings. A mapping f: G — R", n > 2, of a domain G in
R" is called quasiregular if f is in AC'L", and there exists a constant K, 1 < K < 0o
such that

|f'(@)|" < KJg(x), [f'(2)] = max|f'(z)h],

|h|=1
a.e. in G, where f'(x) is the formal derivative. The smallest K > 1 for which this
inequality is true is called the outer dilatation of f and denoted by Ko(f). If f is
quasiregular, then the smallest K > 1 for which the inequality
Jp(x) < KI(f'(x)", 1(f'(z)) = min [f'(z)hl,

holds a.e. in G is called the inner dilatation of f and denoted by K;(f). The maximal
dilatation of f is the number K(f) = max{K;(f), Ko(f)}. If K(f) < K, f is said
to be K-quasiregular.

Let f: G — R™ be a quasiregular mapping. We denote by i(z, f) the infimum of
sup, card f~Yy) N U where U runs through the neighborhoods of x. The number
i(z, f) is called the local (topological) index of f at z.

Definition 2.3. Let f: H" — R" be continuous and let b € OH™. The mapping f is
said to have

(1) A sequential limit o € R" at 0 if there exists a sequence (by) in H" with
by — 0 and f(by) — «.

(2) A limit « € R" at 0 through a set E, if 0 € E ¢ H*U{0} and f(z) — o as
r—0andx € E.

(3) An approzimate limit a at 0 if lim,_om((H"\ E.) NB"(r))r~ =0 for every
e >0, where E. ={z e H" : |f(z) — a| < €}.

(4) An angular limit o at O if for each ¢ € (0,7/2), f(x) — o when v — 0 and
reClp)={2=1(z1,...,2,) € H" : 2z, > |z| cos p}.
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Remarks 2.4. (1) Let f: B® — R"™ be continuous, b, € B", by — b € 0B",
f(bg) — B and § € R". Tt is easy to see by continuity that there is an open
set E, such that b, € E, b € E and f(by) — 3, and if x — b for x € E, then
fl) = 5.

(2) If f: (X,dy) — (Y, dy) is uniformly continuous, f has a sequential limit along
(br) and if ry > rpq > 0, limg_oo 7 = 0, then f has a limit along the set
FE = Uzozl B, B, = {Z € X: dl(z, bk) < ’f‘k}.

(3) In (2) it is essential that limy_., % = 0. To see this consider the map f: B* —
B2\ {0} defined by formula f(z) = exp(g(z)), where g(z) = —(1+2)/(1— 2),
z € B? fix B € B2\ {0} and let b, € B?, b, — 1 with f(by) = 3. Then
f:(B%p) — (B?p) is uniformly continuous and there is m > 0 such that
fD(by, m) is a set independent of k.

Let f: G — R™ be continuous. The set C(f,b) of all sequential limits of f at a
boundary point b € G is called the cluster set of f at b. If E C OG is nonempty, we
denote C'(f, E) = Upep C(f,b). It is clear that C(f,b) is always a compact, nonempty

subset of fG. The mapping f is called boundary-preserving if C(f,0G) C fG. Note
that the closures here are taken with respect to R.
Theorem 2.5. If f: B" — R" is K-quasiregular and b, — b € 0B", f(by) — [,
C(f,b) C 0fB™ and E =J;—; D(bx, 1), then lim,_p, ,ep f(x) = 5.
Proof. For C(f,b) # {3}, the claim follows from [11], Lemma 13.21 and Example
13.7.(1). If C(f,b) = {5}, then the claim is clearly true as lim,_, zepn f(z) = 5. O
Corollary 2.6. If f: B" — R" is a boundary preserving quasireqular mapping, by, —
be B, f(by) — B, then lim, .y, yep f(z) = 5, where E = ;- D(by, 1).
Definition 2.7. Let x € R™. If the set A, = {r > 0 : S" Ya,r) N E # 0} is
measurable we define the upper radial density of E at x by

rad dens(E, z) = limsup mq (A, N (0,7))r "

r—0

Corollary 2.8. If f is a boundary preserving quasireqular map, f: B" — fB" and

by — e1, f(bx) — B, bp € [0,e1), then there is a set E C [0, e;) with rad dens(E, ey) >
0 such that im, ., .cp f(z) = p.

Proof. By Corollary 2.6 we may apply Theorem 2.5, to find the set £ = |J;—, D(by, 1)
such that lim, .., yep f(x) = 8. From (2.1) it follows immediately that
rad dens(E, e;) > 0. O

3. MEASURE DENSITIES AND QUASIREGULAR MAPPINGS

In this section we define the upper and lower measure densities and study their
relation to the boundary behavior of quasiregular mappings.

Definition 3.1. Let E C R" be a measurable set and x € R™. The upper measure
density of E at x s defined to be

m(ENB"(z,r
0" (E,x) = limsup ( (z.7)) ,
r—0 Qnrn

where Q, = m(B"), and the lower measure density 07(F,x) is the corresponding
liminf. If " (E,z) = 07(E, ), this common value is the measure density 0"(E, x)
of E at x.
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In order to prove the main result of this section, we need the following lemmas,
first of which is a simple geometric observation.

Lemma 3.2. Let Dy = D(en, M) and Vi = B \ Dy, Then

m(VM) < 2Qn—1 1
m(B%Y) — Q, coshM’

In particular, m(Vas)/m(B}) — 0 as M — oo.
Proof. Let sy = dist(0Dy, N S™~1, 0H™). By [11, 2.11.]
D(ey, M) = B"((cosh M )e,, sinh M).
By similar triangles we obtain the equality
sy = 1/ cosh M.
Because m (Vi) < sp€,—1 and m(B%) = Q,,/2, we have

m(VM) < 2971—1 _ 2Qn—1 1
m(B%) — M, Q, cosh M’

0<

O

The next lemma is a version of the Schwarz lemma for quasiregular mappings in-

volving the local topological index i(0, f). The applications of this result are based

on the fact that the estimate improves when (0, f) grows. The basic geometric intu-

ition behind this phenomenon can be seen by observing the behavior of the mapping
z +— 2P in the complex plane when the exponent p grows to infinity.

Lemma 3.3. Let r € (0,1/2], and let f: B® — B" be a K-quasiregular mapping
with f(0) = 0. Then

IF()] < (4r/3)" A = gr+2aew0) ¢ (0, 1)

fory € B™, where p = c4i(0, f)l/(”_l), co > 0,d > 1 are constants depending only on
n, K and 5 € (0,1) depends only onn, K and r.

Proof. By [4, Corollary 3.9.], |f(z)| < (4]|z|/3)* for x € B™(r) and by [8, Lemma
2.22.] we have |f(y)| < (4r/3)"4 for y € B™. O

Lemma 3.4. Let f: H" — B" be K -quasireqular with f(z) =0, zx = |zk|en, 2e — 0,
co, d, B be as in Lemma 3.8 and let py = coi(z, f)VD — oo, If

_ log pu
* ddlog L

and E = J,2, D(zx, My), then f(x) - 0 asx — 0, z € E.

Proof. Let g be a Mobius transformation with g,(B™) = H™ and ¢x(0) = 2. Let
r =1/2. Then by Lemma 3.3

o ge(y) < (2/3)™,

for y € B", where A is as in Lemma 3.3.
We need to find My, such that for p(y, zx) < My,

14+2dM,
[0 b — o0
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This holds for

Vit

_ log pu
4dlog % '

which is equivalent to

k

g

Theorem 3.5. Let f: H" — B" be a K-quasireqular mapping with f(zx) = 0,
2k € (0,en) for |ze] > |2e41] — 0 and py, = coi(z, £)V™ Y — co. Then there is a set
E such that {z} C E, lim,_o 4ep f(z) =0 and ™ (£,0) = §*(H",0). Furthermore,
rad dens(E, 0) = 1.

Proof. By Lemma 3.4, we may find M such that lim, .o .cp f(x) = 0 for E =
Ui, D(2k, My), and by Lemma 3.2

m(E N B (|2])

lim sup =1.
hooo  M(BL(|24])
It follows from (2.1) that rad dens(F,0) = 1. O

4. HARNACK CONDITION AND UNIFORM HARNACK CONDITION

In this section we show that a quasiregular mapping has an angular limit at the
origin, if it has a limit at the origin through a set with the complement of measure
density zero in the upper half space H". The proof is based on the Harnack inequality
and related results from [9)].

4.1. Harnack’s inequality. Let G be a proper domain in R, n > 2, and let
u: G — R be a continuous, nonnegative function. Then u is said to be a Harnack
function if there are constants A € (0,1) and C > 1 such that the inequality
(4.2) “max u(z) < Cy min u(z)

B" (z,\r) B" (z,\r)
holds whenever B"(x,r) C G. A continuous, nonnegative function u: G — R is said

to satisfy a uniform Harnack inequality if it satisfies the Harnack inequality (4.2) for
all A € (0,1) and if C, — 1 when A — 0.

4.3. Modulus metric yi. Let I' be a path family in R". We denote by M(T') the
conformal modulus of I". Let G be a proper subdomain of R”. For z,y € G

pe(x,y) = }jnf M(A(ny, 0G; G)),

where the infimum is taken over all continua C,, such that C,, = 7[0,1] and ~ is
a path with 7(0) = 2 and y(1) = y. Here A(Cyy,0G;G) is the family of all closed
non-constant curvers joining C, and 0G in G. The conformal invariant ji is called
the modulus metric or the conformal metric of the domain G.

4.4. Quasihyperbolic metric and metric j;. Let G a proper subdomain of R™.
For z € G let d(x) = dist(z, 0G) € (0,00). We define

ds
k b) =inf | —
o) =inf [ o
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where v runs through all rectifiable curves with a,b € v. It is well-known that kg is
a metric in G. The metric kg is called the quasihyperbolic metric in G. From the
definition it is clear that if G and G’ are are domains with G’ C G, then

(45) kg(l', y) S kG’(‘Ia y)a T,y € G/'
Let

. T —
Ja(w,y)=10g<1+ : k]

min{d(z), d(y)})
for x,y € G. It is well-known (see [11, 2.34.]) that jg(z,y) is also a metric in G.
A useful inequality ([3, Lemma 2.1]) is

(4.6) Ja(x,y) < kalz,y); r,y €G.

A proper subdomain G of R" is called uniform, if there exist a constant A = A(G) > 1
such that

(47) k(;(l",y) < A]G(xay)v T,y € G.

The unit ball B™ and the half space H" are uniform domains with the constant A = 2
(see [1, 7.56] and [11, p.35]).

Lemma 4.8. Let f: H* — B" be K-quasireqular and o € S™'. Then u(x) =
|f(z) — af satisfies the uniform Harnack inequality.

Proof. By [11, Lemma 8.31.] and [11, 10.18.]

where ¢, is a constant depending only on n. Now by uniformity of B™, (4.7), we have
(4.10) ke (f(2), f(y)) < 27Bn (f(2), f(y))-
Furthermore, B" C R™\ {a} and hence by (4.5),
(4.11) krm\fay (f(2), f(y)) < ke (f(2), f(y)).
By [11, 3.5], the following inequality holds:
(4.12) g = < e (1100, 1)
By combining (4.10), (4.11) and (4.12), we obtain
|f(z) —af ‘
o HE= < 2 (0. 1)

and hence by (4.9)
2K
u(z) < exp <C—MHH(~”€,y))U(?J)

n

for all z,y € H". It follows that u satisfies the uniform Harnack inequality. 0J

Theorem 4.13. [9, Theorem 6.13.] Let u: H* — Ry be a continuous function,
E Cc H" with "(H" \ E,0) = 0, and suppose that u(z) — a as x — 0 in the set E.
Then u has an angular limit a at 0 if w: H* — R, satisfies the uniform Harnack
inequality.

Theorem 4.13 together with Lemma 4.8 immediately gives us the following result:

Theorem 4.14. Let f: H* — B" be a quasireqular mapping, o € S"~! and £ C H"
with "(H" \ E,0) = 0. Suppose that f(z) — « as x — 0 in the set E. Then f has
an angular limit o at 0.
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