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1. INTRODUCTION

Quasiconformal mappings are generalizations of conformal mappings. They con-
stitute a standard tool in a number of areas of complex analysis such as Teichmiiller
theory, Kleinian groups and complex dynamics. They also appear in various con-
texts in other parts of mathematics, including connections to elliptic partial differ-
ential equations, differential geometry and calculus of variations. As for their role
in geometric function theory we refer to [18|.

Quasiconformal maps in the plane were introduced by Grotzsch in 1928 and their
importance in complex analysis was soon realized by Ahlfors and Teichmiiller [1].
Higher dimensional quasiconformal mappings were already considered by Lavrentiev
in the 1930’s, while their systematic study began with the work of Gehring and
Viisala in the 1960’s. Then in the late 1960’s, Reshetnyak and the Finnish school,
Martio, Rickman and Viiséla initiated the theory of quasiregular mappings, the
non-injective counterpart of quasiconformal mappings. This framework offers an
extension of complex analysis to R™ from the viewpoint of real analysis. Recent
developments include extension of quasiconformal analysis to general metric measure
space setting [14| and the theory of mappings of finite distortion [17]. We refer to
the survey of Gehring [12| for an overview of the topic.

Basic pointwise distortion results were established at an early stage of the theory.
Much harder is to find precise bounds how quasiconformal maps distort dimension.
A complete solution is known only in the plane. In this thesis we are concerned with
some aspects of distortion of Hausdorff dimension under quasiconformal mappings
both in the two-dimensional and higher dimensional Euclidean setting.

1.1. An example. Quasiconformal mappings constitute a class interpolating
between bilipschitz maps and homeomorphisms. Most of the questions we consider
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are straightforward for the bilipschitz class; bilipschitz maps preserve dimension and
rectifiability. Different phenomena occur in the quasiconformal setting, since qua-
siconformal curves need not be rectifiable, and moreover, they can have Hausdorff
dimension bigger than one. It is a classical fact that both bilipschitz and quasicon-
formal mappings are differentiable almost everywhere. It is the different nature of
singularities at this exceptional set of measure zero that brings out the difference be-
tween quasiconformal mappings and bilipschitz mappings. The standard von Koch
snowflake curve serves as an illustration. It has Hausdorff dimension log4/log3
while being a quasiconformal image of the unit segment. For more examples of
quasiconformal circles or spheres, see for instance [27].

FIGURE 1. The snowflake, a quasiconformal curve

The snowflake is wiggly in the following sense: it oscillates around every point and
at every scale. Quantitative versions of this property have been studied in [6, 24].
Wiggly or thick sets arise naturally in many parts of analysis, e.g. in connection
with Kleinian groups, harmonic measure or bilipschitz extensions. Observe that if
we replace the angle of 60 degrees in the snowflake construction by an angle close to
180 degrees then the oscillation becomes very small and the curve will also satisfy an
opposite property, a uniform flatness condition, see Section 4.3 for details. Higher
dimensional analogous “snowballs” have been constructed in [8].

2. QUASICONFORMAL MAPS AND HAUSDORFF DIMENSION

2.1. Quasiconformal mappings. According to the analytic definition a (sense
preserving) homeomorphism f: Q — ' between domains in R", n > 2, is called
quasiconformal if f € W,2"(Q) and there exists 1 < K < oo such that

loc

(2.2) El'%}lde(f)ﬂ < K\rﬁr\u}} |IDf(x)¢| ae. z €.

Quantifying this we speak of K-quasiconformal mappings if (2.2) holds. If K =1
we recover conformal maps. According to Liouville’s rigidity theorem it is crucial to
allow the dilatation K > 1 in order to get an interesting theory in higher dimensions.
We refer to [23] for other equivalent definitions and for foundations of quasiconformal
mappings. See also [17, 25] for different approaches.

Condition (2.2) expresses that balls are distorted in a uniform manner on the in-
finitesimal scale. Eventually, this property also leads to global distortion estimates.
The following definition from [22] captures a similar phenomenon globally.
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2.3. Quasisymmetric maps. Let n: [0,00) — [0,00) be an increasing homeo-
morphism. A homeomorphism f: X — Y between metric spaces is n-quasisymmetric

if

- /0 Sl (laal),

£ (b) = f(=)| b — x|
for all a,b,z € X (b # x). The mapping f is called quasisymmetric if it is 7-
quasisymmetric with some function 7.

Quasisymmetric maps (between domains in R") are always quasiconformal. In
the other direction, quasiconformal maps satisfy the quasisymmetry condition semi-
globally, in particular, a K-quasiconformal map of the whole space f: R" — R",
n > 2,18 ng p-quasisymmetric.

In many ways quasiconformal maps interpolate between bilipschitz maps and
homeomorphims. We will see how this is reflected in the way these maps distort
Hausdorff dimension.

2.5. Hausdorff dimension.  Let 0: [0,00) — [0,00) be a continuous non-
decreasing function with 6(0) = 0. We call § a measure function and define the
Hausdorff §-measure for a set E as

H(E) = }:12% infz d(diam(E;)),

where the infimum is taken over all countable coverings of E by sets FE; with
diam(E;) < e. If we set §(r) = r' for some ¢t € (0,00), then we obtain the t-
dimensional Hausdorff measure and denote it simply by H¢. The Hausdorff dimen-
sion of E is given by

dim E = inf{t: H*(E) = 0}.
Hausdorff measures and dimension provide a general way to measure metric size; for

further details see [19]. The term dimension always refers to Hausdorff dimension
in this thesis.

2.6. Higher integrability. It is well known that K-quasiconformal maps are
locally Holder continuous with exponent 1/K, see [9]. The sharpness of the exponent
is seen by considering the radial stretching of the form f(z) = z|z|x . In fact, this
example is believed to be extremal for many problems, providing maximal expansion
at a point. A remarkable result of Bojarski [7| (n = 2) and Gehring [10] (n > 3) is
the higher integrability phenomenon: a K-quasiconformal map f has higher Sobolev
regularity than the natural exponent n, that is f € Wli’f for every p < po where
po = po(K,n) > n. It is an important problem to identify the precise exponent

po(K,n).
2.7. Conjecture (Higher integrability conjecture (Gehring)). We may take

nk
K—-1

po(K,n) =
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Note that the above value of py and the Holder exponent 1/K are related via the
Sobolev embedding theorem. This conjecture has been proved in the case n = 2 by
Astala; for further details see the next section.

Holder continuity implies that sets of zero dimension are preserved, while sets of
dimension n are preserved because of the higher integrability phenomenon. How-
ever, in general, quasiconformal maps can change the Hausdorff dimension, see [13].
Bishop [5] showed that the dimension of any compact set of positive dimension can,
in fact, be raised arbitrarily close to n by a quasiconformal homeomorphism of R™.

We are interested in bounds in terms of the dilatation K. Let us note that the
Higher integrability conjecture would imply the following (see [13, 15]).

2.8. Conjecture. Let f: Q — Q' be K-quasiconformal in R" and suppose E C )
is compact. Then

1 1 1 1 1 1 1
(2.9) — | = —— | < < K| =
K \dim(E) n dim(f(E)) n dim(E) n
Examples built on Cantor sets via iterations of radial stretchings show that we
can have equality on either side.

3. AREA DISTORTION

In this section we confine ourselves to the theory of planar quasiconformal map-
pings in which case one has an essentially complete understanding of the regularity
issues discussed above, due to the work of Astala [2].

In the two dimensional situation there is a strong interaction with elliptic PDE’s
because of the connection to the Beltrami equation

(3.1) Of(2) = w(2)0f(2) ae. z€Q,
which is equivalent to (2.2) if we require ||ullec < (K —1)/(K +1) < 1. One of
the cornerstones of the theory is the measurable Riemann mapping theorem which
asserts that (3.1) has always (an essentially unique) homeomorphic solution when
et

As we remarked earlier the Higher integrability conjecture has been solved in the
plane by Astala. Higher integrability is closely connected with metric distortion
properties of quasiconformal maps, and in fact Astala proved the optimal regularity
via establishing the Gehring-Reich conjecture on area distortion of quasiconformal
maps. Let us record these results.

3.2. Theorem (Area distortion [2]). Let f: D — D be a K-quasiconformal mapping
in the unit disk D C C with f(0) = 0. Then we have

|fE| < C(K)|E|"*,
for all Borel measurable sets E C D.

3.3. Theorem (Higher integrability [2]). Let f: Q — Q' be K-quasiconformal in C.

Then
2K

feWLP(Q) forallp < =T




DISTORTION OF DIMENSION UNDER QUASICONFORMAL MAPPINGS 9

Higher integrability also controls the change of Hausdorff dimension, thus con-
firming Conjecture 2.8 for n = 2.

3.4. Theorem (Dimension distortion [2]). Let f: Q — Q' be K-quasiconformal in
C and suppose £ C §2 is compact. Then

(8:5) % (diml(E) - %) = m - % =K (diml(E) - %) '

This inequality is best possible.

The previous theorem gives a complete description of dimension distortion under
planar quasiconformal mappings. We shall be concerned with two related issues
which remain unsettled: (A) improved distortion on the line, and (B) distortion of
Hausdorff measures.

Let us first discuss (B). It is natural to ask, see [2, 3|, whether the estimates
of (3.5) hold on the level of Hausdorff measures H*. That is, if f is a planar K-

quasiconformal mapping, 0 <t < 2 and d = #Kfl)t, is it true that
(3.6) H(E)=0 = HY(f(E))=0?

In other words, do we have absolute continuity f*H? < H!? It is classical that
quasiconformal mappings are absolutely continuous with respect to the Lebesgue
measure, and the Area distortion theorem proves this in a quantitatively optimal
form. Very recently, the authors of 3| confirmed (3.6) in the case d = 1 and obtained
partial results when d > 1.

3.7. Dimension of quasicircles. In this paragraph we discuss phenomenon (A).
We call a Jordan curve a K-quasicircle if it is the image of the unit circle under
a global K-quasiconformal map of the plane C. Quasicircles and domains they
bound (quasidisks) have been proved to possess many important function theoretic
properties [11|. Here we concentrate on the question on their Hausdorff dimension,
and for convenience we fix the notation k = (K —1)/(K + 1).

From the inequalities (3.5) we see that one can map a 1-dimensional set to a
set of 1 + k dimension (or 1 — k resp.) under a K-quasiconformal map and these
bounds are optimal. However, the extremal distortion is achieved for sets of highly
irregular character and one can expect better estimates to hold for subsets of rec-
tifiable curves, or more concretely for subsets of the real line. In fact, Becker and
Pommerenke showed that the correct asymptotic behavior of the dimension for qua-
sicircles is quadratic in k as K — 1.

3.8. Theorem ([4|). For every K -quasicircle I, we have
dim " < 1+ 377,

Conversely, for every K > 1, there exists a K-quasicircle with dimension at least
1+ 0.09%2.

Later S. Smirnov improved this to the following.
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3.9. Theorem (Smirnov (2000, unpublished)). For every K-quasicircle I, we have
dimD < 1+ k>

It would be of particular interest to know whether this estimate is sharp. To date,
lower bounds are relatively far from the conjectured value of 1 + k2.

3.10. Higher dimensions. Conjectures 2.7 and 2.8 remain widely open in higher
dimensions, n > 3. The solution in the planar case by Astala is largely based on
the theory of holomorphic motions. As these planar methods do not carry over to
higher dimensions one inevitably needs to find other approaches. See [16, 17| for
developments in this direction.

Somewhat similar remarks apply to the arguments in Theorems 3.8 and 3.9, they
are analytical and not applicable in higher dimensions. Mattila and Vuorinen in
[20] studied related problems from a more geometric point of view and obtained
qualitatively the same estimates as in Theorem 3.8. Their idea is to show that
quasicircles are flat in a weak sense and this in turn implies a bound on their
dimension. For precise definitions, see Subsection 4.3. The advantage is that this
approach generalizes to higher dimensions, that is, we can e.g. study the dimension
of quasispheres (quasiconformal images of a sphere). The drawback is that one
cannot obtain sharp results this way, but nevertheless, it suffices to analyze the
asymptotics as K — 1. Flatness properties of quasispheres constitute question (C)
of our study.

4. MAIN RESULTS

The papers [A], [B] and [C| contribute to the issues (A), (B) and (C) mentioned
above, respectively. We describe the main results in the next three subsections.

4.1. Improved distortion

As we discussed above one expects improved dimension distortion bounds to hold
for subsets of the line. The next theorem expresses this in a special case. Recall
that k= (K —1)/(K +1).

4.1. Theorem (|A, 1.6]). Let f: C — C be a K-quasiconformal map with 0 < k <
1/v/8 and E C R. Then dim fE < 1 provided that dim E < 1 — 8k%. Conversely, if
dim £ =1 then dim fE > 1 — 8k2.

In view of Stoilow factorization, quasiconformal distortion results have immedi-
ate applications to quasiregular removability questions. In fact, the result above
(with unspecified constants in place of 8) is due to [3], where the authors studied
this problem in connection with their improved version of Painlevé removability for
quasiregular mappings. Our approach relies on the area distortion argument from
[2] and the quasicircle dimension estimate of Theorem 3.9.

Under the additional assumption that f fixes the real line, we obtain a refined
estimate, a dual result to Theorem 3.9. The relevance of the refinement is that it
could very well be sharp.
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4.2. Theorem (|A, 3.1], Smirnov (unpublished)). Let f: C — C be a K-quasi-
conformal map for which f(R) = R. Then for a 1-dimensional set E C R,

dim fE > 1 — k2

4.2. Distortion of Hausdorfl measures

The objective of [B] is to point out that the methods of [2] allow to establish Theorem
3.4 in a slightly stronger form, that is, to show absolute continuity as in (3.6) with
respect to some weaker Hausdorfl measures.

We consider measure functions 6(r) = r?s(r) satisfying

Kt d
(4.3) /€(T)m—r < 0.
0 r

We also make the technical assumption that the integrand is decreasing and £(r) is
increasing in (0, ry) for some o > 0. For instance, we can take e(r) = | logr|~* with

s>1— %, so that H° has the right dimension d.

4.4. Theorem (|B, 1.9]). Let E C D be a compact set and let f: C — C be a
K -quasiconformal mapping conformal outside D, normalized by f(z) = z+O(1/|z|)

as z — o00. Lett € (0,2) and d = 2+(2;£1)t. Then we have

H(F(E)) < C (HU(E))™

where the measure function § satisfies (4.3). The constant C' depends only on ¢ and

K.

This is a complementary result to |3, Corollary 2.12| which proves the same result
under the assumption that d > 1 and §(r) = r?e(r) is such that

(4.5) /Oe(r)ulil% < 00.

The two results complement each other in the following way: [3, Corollary 2.12]
gets sharper as d — 1, while Theorem 4.4 improves as K — 1.

4.3. Flatness properties of quasispheres

Although quasispheres need not be rectifiable, they become more and more flat as
K — 1. This flatness property appears uniformly at all scales and locations. We
shall work with the following definition due to Mattila and Vuorinen [20].

4.6. LAP property. Let 0 < < 1. We say that a closed set E in R” satisfies the
d-dimensional §-linear approximation property (6-LAP) if there is an ro > 0 such
that for each x € E and for each 0 < r < rqy there exists a d-dimensional affine
subspace V' through = such that

EnB"(xz,r) C V(r).
Here V(r) denotes the r-neighborhood of V; V(r) = {z : d(x,V) < r}.
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The authors of [20] showed that K-quasispheres satisfy the (n — 1)-dimensional
0-LAP property with 6 = 0(K) — 0 as K tends to 1. In [C] we study this and
related properties, and in particular, we show the following sharp estimate in terms
of the quasisymmetry function 7 in (2.4).

4.7. Theorem (|C, 5.1]). Let 1 < K < Ky and let f: R* — R" be a K-quasi-
conformal homeomorphism of R™. Then the image of a hyperplane H satisfies the
(n — 1)-dimensional 6-LAP property with 6 = 6(K) = O(ngn,(1) —1).

LAP property implies the following bound on the dimension.

4.8. Theorem (|20]). There is a positive number &y depending only on d and n such
that if a set E C R™ has the d-dimensional 0-LAP property and 0 < § < dq, then

dim E < d + ¢(d)é>.

Combining the two previous theorems and the best-known bounds for nk ,, [26, 21],
we obtain the following.

4.9. Corollary (|C, 5.4]). For a K-quasisphere E in R™ with 1 < K < K, we have

mmEzn—1+me4U—m%:n—1+0<m:4ﬁb§%%i)

This result can be considered satisfactory except for the logarithmic term involved,
see Questions [27, 1.41 and 1.42]. Nevertheless, it reveals that we have a phenom-
enon in higher dimensions similar to that of the plane: K-quasispheres have much
smaller dimension than K-quasiconformal images of general (n — 1)-dimensional
sets (in the case K" — 1). Similar results hold for quasiconformal images of lower
dimensional subspaces |C, 5.6 and 5.7].
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Abstract. The general dimension distortion result of Astala says that a one dimensional set
goes to a set of dimension at least 1 — k under a k-quasiconformal mapping. An improved version
for rectifiable sets appears in recent work of Astala, Clop, Mateu, Orobitg and Uriarte-Tuero in
connection with quasiregular removability problems. We give an alternative proof of their result
establishing a bound of the form 1 — ck?, provided that either the initial or the target set lies on
a straight line. The bound 1 — k2 holds under the additional assumption that the line stays fixed.

1. Introduction

A homeomorphism f:  — € between planar domains is called k-quasiconfor-

mal if it lies in the Sobolev class W,-*(€) and satisfies the Beltrami equation

loc
Of(2) = u(2)0f(z) ae. z €9,
with a measurable coefficient ||ul <k < 1.

1.1. Remark. Most commonly, such a map is called a K-quasiconformal map
in the literature, with K = % However, we shall work with the definition above,
since the L*>-norm of the Beltrami coefficient has a natural role in connection with
holomorphic motions. We make an exception in this introductory part and use the
traditional form in Corollaries 1.8 and 1.9. In any case, the reader should think of
both dilatations, 0 < k < 1 and K > 1, simultaneously.

Astala [A1], in his seminal paper, gave a complete description of dimension
distortion of general sets under planar quasiconformal mappings. Here and in the
sequel, dimension always refers to Hausdorff dimension.

1.2. Theorem. ([Al]) Let f: Q — € be k-quasiconformal and suppose E C 2
is compact. Then

1—-k 1 1 1 1 1+k 1 1
L3 T (dim(E) —5) S TIm(f(E) 21—k (dim(E) —5)-

This inequality is best possible.
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It is expected that, say, for subsets of the real line the range for dimension
distortion should be more restrictive. In fact, this is the case for quasicircles, these
are quasiconformal images of the unit circle (or a straight line).

1.4. Theorem. (|BP]|) For every k-quasicircle I' for k close to 0,

dimT < 1+ 37k%

1.5. Remark. Note that (1.3) would give the bound 1 + k. The result above
provides a bound of the form 14-ck?, an improvement for small values of k. We could
choose ¢ = 60 to obtain a valid bound for all values of k. In fact, dimI" < 1+ k2 due
to Smirnov’s unpublished result. This is conjectured to be sharp. The fact, that
the order k? is sharp was proven in [BP].

The (1 + ck?)-type estimate for quasicircles reflects back to the dimension dis-
tortion of subsets of the line, as well, allowing us to improve the general estimate
(1.3) in the case of the jump to dimension one. Throughout these notes ¢ > 1 will
denote a fixed positive absolute constant, such that dimI" < 1+ ck? holds, for every
k-quasicircle T, i.e. we can choose ¢ = 60 or even ¢ = 1 in view of Smirnov’s result.

The following type of result (and in particular Corollary 1.9) is a crucial step
in [ACMOU] for their improved version of Painlevé removability for bounded K-
quasiregular mappings (K > 1): sets of o-finite Hausdorff measure at the critical
dimension are always removable.

1.6. Theorem. Let f: C — C be a k-quasiconformal map with 0 < k < 1/+/8c
and E C R. Then dim fE < 1 provided that dim E < 1 — 8ck?. Conversely, if
dim E = 1 then dim fE > 1 — 8ck?.

This result (with unspecified constant) is due to [ACMOU]|. Discussing their
results with the authors I found a more direct proof to this kind of improved quasi-
conformal dimension distortion. The purpose of this paper is to present this alter-
native proof of Theorem 1.6 which has its own interest. Our approach relies on the
area distortion argument of Astala, we shall follow the presentation in [A1l]|. This
approach allows for further generalizations and improvements, see [APS].

1.7. Remark. The borderline dimension for the jump to one dimension is
2/(K +1) = 1— k in the general case. Thus Theorem 1.6 is really an improve-
ment for small values of k£ and then it is easy to establish some improvement for
every k in the sense of Corollary 1.9.

Let us mention two immediate corollaries of Theorem 1.6 from [ACMOUI.

1.8. Corollary. (JACMOU]) Let E C R be a compact set. For every 1 < K <
Ky there exists a positive number £(K), such that if

2
dim E < 7 +e(K),

+1

then F is removable for bounded K -quasiregular mappings.
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1.9. Corollary. (JACMOU|) Let E C R of dimension 1 and K > 1. Then for
any K-quasiconformal map f: C — C,

dim fE > +8(K),

K+1
where §(K') > 0 and depends (continuously) only on K.

Section 2 is devoted to the proof of Theorem 1.6, while in Section 3 we discuss
related results concerning quasisymmetric maps of the line.

Acknowledgement. 1 would like to thank Professor Kari Astala, Albert Clop and
Ignacio Uriarte-Tuero for useful discussions on the topic and the referee for valuable
comments. In particular, I am grateful to Kari Astala for drawing my attention to
the result of Smirnov. I thank Professor Stanislav Smirnov for his kind permission
to include Theorem 3.1 in this note.

2. Improved distortion

The key idea in [A1] was to look at quasiconformal mappings as holomorphic
motions. Recall that a function ®: D x E — C is a holomorphic motion of a set
E cC Cif

e for any fixed z € F, the map A — ®(\, 2) is holomorphic in D (the open
unit disk),

e for any fixed A € D, the map z — ®,(z) = ®(), 2) is an injection, and

e the mapping & is the identity on F.

A fundamental result about holomorphic motions is the extended version of the
A-lemma by Slodkowski [S], which says that every holomorphic motion extends to
a global motion ®: D x C — C and ®,: C — C is a |\|-quasiconformal mapping.

Let us define the dimension ¢(k) for 0 < t < 2 and k < 1/v/4c by the formula

91 1 1 1 1 1 1 — 4ck?

(2.1) t(k) 2_3[<t 2)+1+4m4‘

Recall that ¢ > 0 is an absolute constant. Due to the assumption that k < 1/ Ve,
we see that 0 < #(k) < 2 as 0 < t < 2 and that #(k) is continuous and strictly
increasing in both ¢ and k. We will see that a t-dimensional set on a line goes to a
set of dimension at most ¢(k) under a k-quasiconformal mapping. In the following

theorem we establish the corresponding estimate under conformality assumption on
finite union of disks.

2.2. Theorem. Let f: C — C be a k-quasiconformal homeomorphism of
C (k < ko = 1/\4c), conformal outside D, normalized by f(z) = z + o(1)
(2 — o0). Assume that f is conformal on some finite union of disjoint disks
E =, B(zi,r;) C D, where z; € R. Then for any 0 <t < 2,

(k)

(2.3) S (1 Gl ™ < C (Z Tf) :

i=1 i=1
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where C' is a positive constant (may be chosen to be 64). The exponent 0 < t(k) < 2
is determined by formula (2.1). For the value t = 1 — 8ck?, t(k) < 1, provided that
k is nonzero.

In the other direction, we have

1
n n 3t
(2.4) YoM <c (Z(!f'@@-)m)t) :
i=1 i=1
Proof. We closely follow the ideas of [A1]. There, the author considers invariant
measures on holomorphically moving Cantor sets and applies the Ruelle-Bowen
thermodynamic formalism. The main observation is that we can make use of the
quasicircle dimension estimate of Theorem 1.4 in this framework in a natural way.
Let us discuss the proof in detail.
Embed the map f into a holomorphic motion in a standard manner. Denote by
i the complex dilatation of f and define uy = )‘—k“ for every A € D. This Beltrami
coefficient satisfies ||pa]|lc < |A] < 1 and thus we have a principal solution fy by
the measurable Riemann mapping theorem. Principal solution refers to the unique
homeomorphic solution with asymptotics at infinity fy(z) = z+0(1). By uniqueness,
for A = k, we get back our original map, fr = f and fy =id. Since p and hence pu)
vanish on F, the complex derivatives f3(z;) exist and are nonzero. We shall use the
important fact,

(2.5) the function A — f1(z;) is holomorphic [AB, Theorem 3].
By Koebe’s 1/4-theorem

Di(A) = B(fa(z), 1/4| fA(z0)|ri) € fa(B(zi, 7))
and f\(D) C B(f\(0),4). Here D;(\) — f1(0) = ¢, 2 D;(0), where

bin(z) = fi(z)(z = ) + (fa(z) — f2(0)).

The coeflicients of the similarities 1;  vary holomorphically in A, thus {D;(\) —
£2(0)}71 is a holomorphic family of disjoint disks contained in B(0,4). Choosing
additional similarities ¢;: B(0,4) — D;(0), ¢;(z) = %riz + 2i, set Y = i 0 ¢
These contractions generate a holomorphic family of Cantor sets C), C B(0,4) as
described in [A1]. There is a natural identification of the points of C with sequences
of {1,...,n}N. This correspondence gives a bijective map ®y: C; — C,. Here
®y = id and ®,(z) depends holomorphically on A and thus ®,(z) is a holomorphic
motion. By the extended A-lemma of [S], it extends to a global ®,: C — C |\|-
quasiconformal mapping. Observe that Cy C R since D;(0) = B(z;, 1/4r;)’s are
centered on the real line. This shows that C) is contained in a |A|-quasicircle and
thus has dimension at most 1+ ¢|\|* according to Theorem 1.4. On the other hand
the dimension s of the self-similar Cantor set C) is determined by the formula [H]

n

> (slfialn) =1

=1
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We certainly have
"1, Lc|A2
(26) > () <t
— 16

We are going to use this fact to obtain some improvement on the dimension distor-
tion.
For a probability distribution {p;}? ; define the function

= QZ:pZ log(alf3(zi)|ri) sz log p;,

where we write a for 1/16 for simplicity. This is a harmonic function by (2.5) and
we have the estimate

2
u(A) = T4 N2 [(1 +cAP)Y piloglal f(z:)[r:) = > pi 1ngz]
1—c|)\|2
1
1+ |A|2 Zpl ngl
2 2 C|>\‘2
C 2 (Sl ) + oz
S T e o > (alfi(z)lr) 1+C’A|22p g pi
1 —c|\?
< 1o dAl > pilogpi

1+ AP

in terms of Jensen’s inequality for the concave logarithm function and (2.6).
In order to make use of this estimate for the growth of u, apply Harnack’s
inequality in the disk {|\| < 2k} (k < 1/2),

1 21— Ack?
. <=
(2.7) u(k) < gu(0) + 3 T > pilogpi.

For dimension estimate, write

> piloglalf'(zo)lrs) — szlogpz

= %U(k’) + (5 - t(_k)> sz' log p;

Y é > pilog(ar;) + E 1;—16322 - é % i } > pilogp:
= % <sz log(ar;) — %sz 10gpz‘)

1/1 1 1—4ck? 1
S\ T T 5 " zl 7
* {3 (t 2" 1+4ck2) ]Zp o8P
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In the last step we see that due to the definition of ¢(k) in (2.1), the expression
in the square brackets is zero, while (J) refers to another application of Jensen’s
inequality. With a proper choice of the weights p; we actually have equality in
Jensen’s inequality, namely put p; = (|f/(2:)]r:)!® /S (| f'(z:)|r:)!*) to arrive at the
following form of (2.3)

i o (s 0l @) < 5 os (S (ar).

Our setting is not symmetric with respect to the inverse mapping, however, in-
voking Harnack’s inequality the other way around one obtains (2.4) in an analogous
way. It remains to observe that in case of t(k) = 1, t reads as

1 + 4ck?

2

Our estimates are only interesting as k& — 0. In particular, we often will make
the assumption k < ko with ko = 1/v/4c, this is the range where ¢(k) is defined at
all. We will need the following standard deformation lemma from [A2, Lemma 4.2].
For the sake of completeness we sketch here a short proof based on holomorphic
motions.

2.8. Lemma. Let f be a k-quasiconformal mapping on C fixing 0, 1 and oc.
Then for each € > 0 there is a number ¢ = o(k,¢) € (0,1) and a k.-quasiconformal
mapping ¢ on C such that

(a) @(z) = f(z) il 1 < |z],
(b) ¢(2) =z if |z] < g,

and k. — k ase — 0.

Proof. We consider the associated holomorphic motion {fy(z)} as in Theo-
rem 2.2 with the exception that the homeomorphic solution f) is now normalized
by the condition that it fixes 0, 1 and co. Consider the following modified motion
of the set {|z| < o} U{|z|] > 1} for some 0 < p < 1,

01(2) = {fA(z) if 2] > 1,

z if |z] < po.

Classical distortion properties of quasiconformal mappings assure that the image
of the unit circle fy(S!) will remain disjoint from the disk {|z| < p} as long as
Al < Ao = Xo(0) < 1, where A\g(0) — 1 as p — 0. In other words, ®,(z) is a
holomorphic motion parametrized by the disk {|A| < Ao}. The extension of Py
provided by the extended A-lemma gives a (k/\g)-quasiconformal deformation of f
described in the statement of the lemma. 0J

2.9. Lemma. Assume that f: C — C is a k-quasiconformal mapping (k < k)
fixing 0, 1 and co. Let B; = B(z;,1;) (2; € R) disjoint disks in D. Then for every
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sufficiently small ¢ > 0 we have

> _(diam fB;)"*) < O(k,e) (er)é L

with k. — k as ¢ — 0. Similarly, in the other direction

35 < C(k,e) <Z(diam fBi)t>

Proof. Apply Lemma 2.8 to deform f in disks B; and outside D. We obtain a
k.-quasiconformal map ¢: C — C which agrees with f in D\ |J B;, identity outside
B(0,1/p) and a 7; similarity inside B(z;, or;). Here 7; is determined by 7;(z;) = f(2;)
and 7;(z; + r;) = f(z; +1;). Moreover we have a good control on the diameters of
the corresponding sets,

" (z0)|ri = |7ilrs = | f (25 +13) — f(2)]
<diam fB; < |f(zi + 1) — f(z:)] = [ (zi) s,

t(ke)
t

wl=

(2.10)

up to a constant depending only on k, as quasiconformal maps distort circles in a
uniform manner.

Conjugating with an additional similarity u(z) = (1/0)z, (u"'opou) is identical
outside D and similarity in disks B(pz;, 0°r;). We may apply Theorem 2.2 to find

1 t(ke)

S o poweletry® < ¢ (Yianyt)
t(ke)
S (@) < 0 (S o 0w (elen)

Combining with (2.10), the desired estimates follow. 0

W=

Proof of Theorem 1.6. We shall prove the following claim.
Let f: C — C be a k-quasiconformal map with k < kg and E C R. Then

dim F <t=dim fE < t(k),
dim fE <t = dim E < t(k).

Theorem 1.6 follows now from the fact that for ¢ = 1—8ck?, t(k) < 1. The claim
follows from Lemma 2.9 by a standard covering argument. We sketch the proof in
the second case, distorting the dimension downwards. The first case is similar.

First of all, we may clearly assume that £ C [-1/2,1/2] and f fixes 0, 1 and
00. Suppose that dim fE = ¢, what we need to prove is that dim F < t(k). Choose
an exponent t' > t. Making use of a basic covering theorem we can find a countable
family of disjoint disks D; = B(wj, o;) such that fE C |J5D;, and 3" o is arbitrary
small. Furthermore, we may assume that w; € fE. Set z; = f~}(w;) € E and
r; = dist(z;, 0f 1(D;)). In this way B; = B(z;,r;) C f~1(D;), so the disks B; are
disjoint, centered on the real line and UB; C D may be assumed, as well.
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Now the uniform bound of Lemma 2.9 (with a fixed £ > 0) holds for this possibly
infinite family of disks, too

;tl(’fs)

(2.11) S ) < O(kye) (Z(diam fBZ-)t') s

Observe that {f~1(5D;)} gives a cover of E with sets of size
diam 1 (5D;) < 74,

up to a constant depending only on k by distortion properties of quasiconformal
maps. While the right-hand side of (2.11) can be made arbitrary small with a proper
choice of the family {D;}, since diam fB; < 29;. We conclude that dim E < ¢/(k.),
letting ¢ — 0 and ¢’ — ¢, dim £ < ¢(k) follows. O

3. Distortion of quasisymmetric functions

In this section we make the assumption that our map fixes the real line. In
other words, we consider quasisymmetric maps of R, where the quasisymmetricity is
measured by the dilatation of (the best) quasiconformal extension. This assumption
allows us to sharpen our estimates and obtain the aesthetically appealing (and
possibly sharp) bound 1 — k? for distortion of 1-dimensional sets. This is a dual
result to Smirnov’s (1 + k?)-bound on the dimension of quasicircles, apparently
known to him. In fact, we rely on some of the ideas of him developed for the
quasicircle estimate. We are grateful to him for allowing us to include this result
here.

3.1. Theorem. Let f: C — C be a k-quasiconformal map for which f(R) = R.
Then for a 1-dimensional set E C R,

dim fE > 1 — k2

Standard covering arguments reduce the theorem to the following statement.
We sketch the details after the proof of Lemma 3.2.

3.2. Lemma. Let there be given a sequence of finite families of disjoint disks
{B;; = B(zij,ri)}i2, (j =1,2,...) in the unit disk D, such that in every collection
z € R, foranyt < 1> .1l — oo, r; < 0; and 0; — 0 as j — oo. Consider a
sequence of k-quasiconformal maps f;: C — C, f;(2) = m, f; conformal outside
D, normalized by f;(2) = z+ o(1) (2 — o0). Assume that f; is conformal on the
disks B, ; belonging to the level j. Then

n;

1 1—k?—n;
> (glem) =t

Here nj — 0 as j — oo for some subsequence.

Proof. For every j embed the map f = f; into the standard holomorphic motion
r(2) as in Theorem 2.2. In this way fy = id, fi = f(;). Since the level j is fixed
for a while we will not explicitly write the dependence on j. As pu the complex
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dilatation of f is symmetric with respect to the real axis, we have uy(z) = ps(2).
This inherits to the solutions, f\(Z) = f5(z). In particular, for purely imaginary A

(3.3) [fLa(z)l = [ fa (=)l
while for real values of A the map f) is symmetric with respect to the real axis.
Recall from the proof of Theorem 2.2 that the disks

D;i(A) = B(fa(z:), 1/4] fA(z:)[r:)
are disjoint and included in a disk of radius 4. Hence comparing their area gives
(with a = 1/16)
Y (alfi(z)Ir)* < 1.
Moreover if A is real then all the disks D;(\) are centered on the real line as f)
preserves the real axis. In this case, we have

Z(a’f;\(ziﬂri) <1

As before, consider the harmonic function for a given probability distribution {p;}?_,,

u(/\) = uj - 22]91 IOg alf)\ Zz |7nz sz logpz

Jensen’s inequality and the estimates above tell us that u is negative for every A € D
and u(A) < > p;logp; for real valued A. Due to (3.3) u is even on the imaginary
axis, u(—\) = u(A) for A € iR.

Choose a sequence t; — 1— as [ — oco. For a fixed [, ), rffj — 00 as jJ — o0 by
assumption. So there exits a subsequence j; such that > (ar; ;)" > 1 for every [.
For a level j = 7;, set the weights

1

T
Dij =Pi = W
Then
u;,(0) =2 Zpi log(ar;) — Zpi log p;
2
tl (sz log(ar)" = > pilogp;) + (— - 1> > pilogp;
(3.4)

- t_l log (- (ari)") + (— — 1) > pilogp;
> (t% - 1) > pilogpi.

Since the family — Z] L Eg; form a normal family of harmonic functions, there exists
7]

a harmonic function uo such that uj, — ug locally uniformly as j; — oo through a
subsequence. For this limit function we have

e up(\) <0 (A e D),

o up(—A) = up(A) for A € iR,
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e uy(A) < —1for A € R and ug(0) = —1.
The last one follows from (3.4) and the fact that u;(\) <> p;logp; if A € R.
Now the second item tells us that a%uo(O) = 0 and the third one says 2ug(0) =

0. In this case we have a squared-type Harnack inequality (see Lemma 3.6) of the
form

1+ |A]2
A) >
0( ) =1_ |/\|2 0<O)
Put A =k, then
1+ k?
35) wib) = (15 +5 ) o)

with ¢; — 0 (j — oo) for a subsequence.
The usual manipulation with Jensen’s inequality provides the desired estimate
(here j = j; and j(k) denotes an exponent depending on k and j to be chosen later).

ol (Z<a|f;<zi>n>f‘<k>)

> pilog(al f(zi)r:) — E pilogp;
1 1
= (k) + (5 ——— i 1og pi
uh)+ (5 M)zp ou
( 5) 14 k2
> ( k2+sj) (0)+(§—.—>§ pilogp;

[ (1+k2 —|—€j> (%—1) + (———ﬂ Y pilogp; = 0.
)

We define j(k) by the expression in the square brackets, so that it will be zero. Since
g; — 0and t; — 1 as j; — oo (for a subsequence) we see that j(k) = 1 — k? — 1,
where 7; — 0 for some subsequence. O

Proof of Theorem 3.1. Let E C [-1/2,1/2] with dim £ = 1. Assume to the
contrary that dim fE < 1 — k2 for some k-quasiconformal map which is, as we
may assume, symmetric with respect to the real axis. We can find a sequence of
finite families of disjoint disks {B! = B(z;,r;)} such that z; € R, supr; — 0, for
any t < 1, Y. rt — oo (j — o00) and Y (diam fB;)¥ — 0 (j — o00), with a fixed
exponent d < 1 — k%, Choose g9 > 0 so that also d < 1 — k:go. Now deform f
according to the family on the level j to obtain a k. -quasiconformal map ¢; which
is identical outside the unit disk and similarity in B(pz;, 0°r;), here o = o(eq, k).
Moreover, diam fB; < |¢’(0z;)|r;- Apply Lemma 3.2 to the sequence ¢;, we have a
contradiction as j — oo.

Note that we have skipped one detail, we need to make sure that the deformation
preserves the symmetry with respect to the line. This is not a serious problem,
e.g. with a little modification in the spirit of the proof of Lemma 2.8 one could omit

I\/,;
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the conformality assumption. On the other hand, it is easy to see that the explicit
deformation described in [A2, Lemma 4.2| provides a symmetric deformation. [

3.6. Lemma. (Squared-type Harnack’s inequality) Suppose that the function
w < 0 is harmonic in D and Vu(0) = 0. Then we have an improved Harnack’s
inequality of the form

1+ |z 1—1z[?
T ||Z|’2u(0) <u(z) < o :Z:2u(0)

Proof. The proof is a slight modification of the complex analytic proof of the
standard Harnack’s inequality. There is a holomorphic function f: D — {w : Rw <
0} such that f = u+iv, where v is real-valued harmonic function. We may assume,
that f(0) = —1, that is u(0) = —1 and v(0) = 0. In virtue of the Cauchy—Riemann
equations f'(0) = 0, since (Vu)(0) = 0. Map the left half-plane onto the unit
disk by the linear fractional transformation “’+1 , this takes —1 to 0. The composed
function maps the unit disk into the unit dlSk and vanishes at the origin with double
multiplicity. We have a squared-type Schwarz lemma in this situation,

‘ ) + 1 ‘ P

(= <

Observe the following geometric fact for u = Rw,
utl _|w+l ‘

u—1"|w—1]|

Combining the two estimates leads us to
1+ |22

> — .
"= p

Noting that u(0) = —1, this is the left hand side of the inequality in (3.6). The
argument for the right hand side follows similar lines, one just needs to replace the
linear fractional transformation w“ 7 by its negative. O

3.7. Remark. The order k2 in Theorem 1.6 and Theorem 3.1 is sharp. Answer-
ing a question of Hayman and Hinkkanen, Tukia |[T| constructed a k-quasisymmetric
map of the unit interval which does not preserve one-dimensional sets. It is actually
even more singular, mapping a set of less-than-one dimensional complement to a
less-than-one dimensional set. Moreover, the quasisymmetricity k£ can be arbitrary

close to 0. An analysis of the example shows that the dimension distortion is of the
type 1 — Ck? as k — 0, with C > 0.
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A note on distortion of Hausdorff measures under
quasiconformal mappings

Istvan Prause

Abstract

Astala [1] gave optimal bounds for the distortion of Hausdorff dimension under
planar quasiconformal maps. The corresponding estimates on the level of Hausdorff
measures remain open. We show that the techniques of [1] allows to establish absolute
continuity for some weaker Hausdorff measures.

1 Introduction

A homeomorphism ¢: Q — €' between planar domains is called K -quasiconformal if it

lies in the Sobolev class Wéf(Q) and satisfies the distortion inequality

max |0p¢| < Kmin[0,¢| a.e. in Q.
« «

Astala [1], in his seminal work, gave a complete description of dimension distortion of
sets under planar quasiconformal mappings.

1.1 Theorem ([1]). Let ¢: Q — Q' be K-quasiconformal and suppose E C Q) is compact.
Then

(12) 7w ~3) = wwmy 2= (@mm 1)

This inequality is best possible.

It is natural then to ask, see [1, 3|, whether these estimates hold on the level of Hausdorff
measures H!. That is, if ¢ is a planar K-quasiconformal mapping, 0 < t < 2 and d =
Tk Cyp+ 18 it true that
(1.3) HY(E) =0 = HY$(F)) = 0?

2000 Mathematics Subject Classification. 30C62.
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In other words, do we have absolute continuity ¢*H? < H!? It is classical that quasi-
conformal mappings are absolutely continuous with respect to the Lebesgue measure, and
Astala [1] proves this in a quantitatively optimal form,

(1.4) 6(E)| < C|E|%,

with a constant that depends only on K and the normalization.

A convenient normalization we shall work with is the following. We call a quasiconfor-
mal map ¢: C — C principal if it is conformal outside a compact set and normalized by
#(z) = z+ 0O(1/]z]) as z — oo.

The question of absolute continuity in (1.3) has recently been studied in [3]. Let us
discuss some of their results in this direction. They reduce the absolute continuity question
to the following (for the complementary part, see Theorem 2.2).

1.5 Conjecture ([3]). For any compact set E C C and for any principal K -quasiconformal
mapping h which is conformal on C\ E, we have for any d € (0, 2]

HL(ME)) ~ H (E)

with constants that depend only on K andd. Here Hgo denotes the d-dimensional Hausdorff
content.

The authors were able to prove this for d = 1, thus confirming absolute continuity for
the special case t = 2/(K + 1) and d = 1. In the case d > 1 they obtained the following
partial result, see Corollary 2.12 of [3].

Given 1 < d < 2 consider a measure function of the form §(r) = r%(r), where

d
(1.6) /E(T)‘ill—r < 00.
0 T
1.7 Theorem ([3]). Let E C D be a compact set and ¢: C — C be a principal K-

quasiconformal mapping conformal outside . Let t € (KLH,Z) and d = #ij Then
we have

d
H2((E)) < C (HL(E)) <,
where the measure function § satisfies (1.6). The constant C' depends only on 6 and K.

Our objective is to present a similar complementary result with different Hausdorff

measures. We consider measure functions §(r) = r9(r) satisfying

(1.8) /Oe(r)zé{fd@ < .

r

We also make the technical assumption that the integrand is decreasing and e(r) is in-
creasing in (0,7¢) for some ¢ > 0.



1.9 Theorem. Let E C D be a compact set and let ¢p: C — C be a principal K-
quasiconformal mapping conformal outside D. Let t € (0,2) and d = #Kfl)t Then
we have .

H($(E)) < C (H'(E)) ™,

where the measure function § satisfies (1.8). The constant C' depends only on 6 and K.

1.10 Remark. Note that Theorem 1.7 gets sharper as d — 1, while Theorem 1.9 improves
as K — 1. Also, Theorem 1.9 is valid for every dimension 0 < ¢ < 2. In fact, it can
be viewed as a result which provides absolute continuity with respect to some Hausdorft
measure of the right dimension. For instance, we can take e(r) = |logr| ™%, with s > 1— %,
and then H° has dimension d.

Let us note that a discrete (stronger) variant of Conjecture 1.5 formulated as Question
2.4 in [3] has recently been disproved by Bishop, see [4]. We shall use the usual convention
that the constant C' may change from line to line, but indicate its dependence on the
parameters.

2 Distortion of Hausdorff measures

We will need two complementary results from [1]. The first one is a counterpart of Con-
jecture 1.5 for the area. See Lemma 3.3 and the remark afterwards in [1].

2.1 Theorem ([1]). Let h: C — C be a principal K -quasiconformal mapping which is
conformal outside a compact set E. Then we have

[h(E)| < K|E.

Another result we need is an optimal discrete version of Theorem 1.1 under conformality
assumption.

2.2 Theorem. Let ¢: C — C be a principal K -quasiconformal mapping which is conformal
outside . Let B be a finite family of disjoint disks in D and assume that ¢ is conformal

in UB. Then for any t € (0,2] and d = #Kfl)t we have

S

<Z diam(¢B)d> ' < C(K) (Z diam(B)t> " :

BeB BeB

This result is implicit in [1], see Corollary 2.3 and the variational principle on p. 48.
It can also be deduced from the improved borderline integrability of the Jacobian under
conformality assumption [2]. For this latter approach see [3, (2.6)].

Proof of Theorem 1.9. In [1] the area distortion, cf. (1.4), is proved via a decomposition
reducing it to the two complementary cases above (with ¢ = d = 2). The difficulty of



establishing absolute continuity for distortion of Hausdorff measures when 0 < ¢ < 2 is
that Conjecture 1.5 is unavailable in general. However, we can still use Theorem 2.1 as a
substitute provided that we are concerned with coverings with disks of the same size.

As in the statement of Theorem 1.9 let ¢ be a principal K-quasiconformal mapping,
conformal outside D. Let B be an arbitrary finite family of disjoint disks in ID. We assume
that the disks have diameter less then a(K), a constant specified later. Define a subfamily
By for k € N by

By, = {B e B: a2~ **VEK < diam B < a27 X},

The constant a = a(K) > 0 is specified as follows. Holder continuity of quasiconformal
mappings, i.e. the area distortion estimate (1.4) for disks, assures that

diam ¢(5B) < 27K,

provided that diam B < a(K)27*X with an appropriate constant a(K).

Decompose the map ¢ = ¢ o h, where both ¢; and h are principal K-quasiconformal
mappings, and h is conformal off UBj while ¢, is conformal in h(UBj). This decomposition
can be done due to the measurable Riemann mapping theorem. We shall frequently use the
fact the quasiconformal maps distort disks in a uniform manner, and thus up to bounded

eccentricity we may consider quasidisks as disks in our arguments. We apply Theorem 2.1
to find

Rl
NI

1

1
— »_diam(hB)" | < | —— > diam(hB)>
‘Bk‘BeBk |Bk|BeBk

(2.3)

=

1
2

1 , 1 .
< | CE) > diam(B)* | < C(K) > diam(B)’
| k\BeBk | k\BeBk

The first inequality holds in view of the convexity of the function r2/t, while in the last
step we used the fact that family By contains disks of essentially the same size (up to a
multiplicative constant depending on K).

For the map ¢1 we may apply the sharp estimate of Theorem 2.2, as ¢ is conformal
in h(B) for every B € By, and outside h(ID). Since we have to take care of normalization,
note that according to Koebe’s 1/4-theorem we have h(D) C B(h(0),4). We obtain

1d
Kt
) diam(¢B)? < C(K) | ) diam(hB)'
BeBy, BeBy
Combining with (2.3), we have
14d
Kt
(2.4) Y diam(¢B)! < C(K,t) | Y diam(B)’
BeBy, BeBy,



We have the same estimate for all By’s with constant independent of the decomposition,
and thus we may combine them to find that

) diam(¢(5B))%(diam ¢(5B)) < C(K) Y e(27%) > diam(¢B)*

BeB k BeBy

sl

L
K

(2.5) <CE, )Y «27F) [ D diam(B)!

k BeBy,

1- 4 +
< O(K, 1) (Zew)%) (Z diam<B>t>

k BeB

R

The first sum is finite by the assumption (1.8) on (r). Since we have uniform bounds for
all families B of disjoint disks, a standard 5r-covering lemma leads to

e

H($(E)) < O(K,6YHH (E) 5.
O

2.6 Remark. The proof shows that (1.3) holds true if the assumption H!(E) = 0 is replaced
by the stronger assumption that F has zero t-dimensional lower Minkowski content.
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FLATNESS PROPERTIES OF QUASISPHERES
ISTVAN PRAUSE

ABSTRACT. We investigate flatness properties of K-quasiconformal spheres in the
euclidean n-dimensional space with the emphasis on the case when K is close
to 1. These also lead to bounds for their Hausdorff dimension showing that
K-quasispheres have much smaller dimension than K-quasiconformal images of
general (n — 1)-dimensional sets (K — 1). The corresponding result in the plane
is well-known.

1. INTRODUCTION

Quasiconformal homeomorphisms of the Euclidean space R™, n > 2, can distort
the Hausdorff dimension of subsets. While the dimensions of sets of Hausdorff di-
mension zero or n must be preserved, Gehring and Vaiséld [GV] construct Cantor
sets B, C R" with dim E, = « (0 < a < n) and for any «, 8 € (0,n), a quasiconfor-
mal map f: R® — R” such that Eg = fE,. Bishop |Bi| showed that the dimension
of any compact set of positive dimension can, in fact, be raised arbitrarily close
to n by a quasiconformal homeomorphism of R™. However, the distortion of the
Hausdorff dimension is controlled by the maximal dilatation |GV, Ge3|. Optimal
dimension distortion bounds are known in the planar case due to Astala’s result
(see the Appendix).

The above results tell us that a quasisphere, that is, a quasiconformal image of
the unit sphere in R™ need not be rectifiable, and moreover can have Hausdorff
dimension arbitrarily close to n. We are interested in bounds of the dimension
of a K-quasisphere in the limit case when K — 1. The local Hélder continuity
of a quasiconformal mapping [Ge2| — with exponent K/~ — implies that for a
K-quasisphere F,

(1.1) dmE<(n—-1DKY" Y =n -1+ (K-1)+0(K-1)?% (K —1).

It was observed in [BP] that for quasicircles the correct behavior is quadratic
in K — 1 as opposed to the linear bound above (see the Appendix for details).
Their method is highly analytic and does not generalize to higher dimensions. Our
objective is to find a higher dimensional counterpart of this result. The authors of
[MV] established qualitatively the same result using geometric considerations. They
introduced the so-called linear approximation property (LAP), which expresses some
uniform flatness property on every scale and location, which in turn implies a bound
for the dimension.

2000 Mathematics Subject Classification. 30C65.
Keywords and phrases: quasiconformal spheres, uniform flatness, Hausdorff dimension.
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2 ISTVAN PRAUSE

In this paper, we extend their result by refining some of their arguments, and in
particular, we establish LAP property for quasispheres with improved bounds. This
provides an asymptotically nearly sharp bound for their Hausdorff dimension in the
limiting case K — 1.

The organization of the paper is as follows. In the next section we introduce
notation and some preliminaries. In Section 3 we present an explicit bound for the
quasisymmetry function of quasiconformal maps after [Vu2, Se|. In Section 4 we
review flatness and non-flatness conditions and their consequences on the dimension.
In Section 5 we show that quasispheres satisfy the LAP property with essentially
sharp bounds in terms of the quasisymmetry constant 1} (1) (for definition, see
Section 3). Finally, in the Appendix we collect some sharp results on distortion of
dimension by planar quasiconformal mappings.

2. PRELIMINARIES

We shall follow standard notation and terminology adopted from [V&l] and [Vul].
For z € R" and r > 0 let B"(z,r) = {z € R": |z —z| < r}, S" Yz, r) = 0B"(x,r),
B"™ = B"(0,1), S"' = S"71(0,1). Sometimes we also use B(z,r) for B"(z,r) if
the dimension n is clear from the context. The space R" = R™ U {oo} is the one-
point compactification of R™. The standard coordinate unit vectors are denoted by
€1,...,¢e,. The Lebesgue measure on R" is denoted by m. The Hausdorff dimension
of a set E C R" is denoted by dim E. For definition of Hausdorff measures and
dimension we refer to [Ma].

2.1. Modulus of a path family. Let I' be a path family in R", n > 2. We call
a Borel function g: R" — [0, oo] admissible if

/QdSZl
.

for every locally rectifiable path v € . For 1 < p < oo we define the p-modulus of
[' as
M,(T") = inf/ of dm,

e

where the infimum is taken over all admissible functions. The n-modulus possesses
the important property of being conformally invariant, hence it is called conformal
modulus and is denoted simply by M(T").

For sets E,F,G C R", let A(E, F; @) denote the path family of all paths joining
E and F in G. In the case of G = R™ we omit G in the notation. A domain R in
R" is called a ring if its complement has two components. If these are E and F', we
shall write R = R(FE, F). The capacity of a ring R(E, F) is defined by M(A(E, F))
and denoted cap(R). For the definitions and basic properties of these notions we
refer to [Val] and [Vul].

The geometric definition of quasiconformality is the following.
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2.2. Definition. Let K > 1. A homeomorphism f: D — D’ between domains
D,D' c R" is K-quasiconformal if

M(T)/K < M(fT) < KM(T)
for every path family I' in D.

We refer to [Val] for other equivalent definitions and for foundations of quasi-
conformal mappings. Note that the case K = 1 recovers the class of conformal
mappings.

2.3. Extremal rings. The Gritzsch ring in R" is the ring R(B", [se1, 00]) (s > 1)
and its capacity is denoted by 7, (s). The Teichmiller ring is R([—es, 0], [se1, 00])
(s > 0) with capacity 7,(s). Here and later [z, 00] means {tz : t > 1} U {o0},
z € R\ {0}. We identify R with Re; C R” in such notations later. These capacity
functions are decreasing homeomorphisms onto (0, c0). The relevance of these rings
is that they minimize the capacity of certain special ring domains. Their extremality
follows from the symmetrization method of Gehring [Gel].

e Grotzsch extremal problem: Cy = B", sej;,00 € C; (s > 1), minimize
cap(R(C’o, Cl))
e Teichmiiller extremal problem: 0,—e; € Cy, z,00 € (4, where |z] = s

(s > 0), minimize cap(R(Cy, C1)).
The reflection of the Grotzsch ring in the unit sphere gives a Teichmiiller type

ring. This leads to a basic functional identity between their capacities [Vul, Lemma
5.53]

(2.4) Yu(s) =217, (s> — 1) for s > 1.

2.5. Quasispheres. Quasispheres are images of a sphere under a quasiconformal
homeomorphism of R”. If the dimension n = 2, quasispheres are called quasicir-
cles. One can also consider images of lower dimensional subspaces, for instance,
quasiconformal arcs in space.

2.6. Quasisymmetric maps. Let n: [0,00) — [0,00) be an increasing homeo-
morphism which will play a role of a control function. Let D and D’ be arbitrary
sets in R™. A homeomorphism f: D — D’ is n-quasisymmetric if, for all a, b,z € D
(b # x),

70— f@)] ="\ o=l
The mapping f is called quasisymmetric if it is n-quasisymmetric with some function
7.

The definition is purely metric, in fact, quasisymmetry is an important notion in
a general metric space. Most of the time, we shall consider quasisymmetric maps
between domains in R™. It is well-known that quasisymmetric maps (defined on a
domain) constitute a subclass of quasiconformal maps — indeed the linear dilatation
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(as defined in 3.4) is bounded by 7(1). For homeomorphisms of the whole space
these classes are in fact the same:

2.8. Theorem (|Va2|). A K-quasiconformal mapping of the whole space, f: R" —
R™, is Nk n-quasisymmetric with a control function ng, , depending only on K and
n.

We will need explicit estimates with correct limit behavior for the control function
NKn- In order to study this problem, let us introduce some notation. It is readily
seen that the optimal control function is 9y, as defined by the following extremal
problem. Forn > 2,1 < K < oo, t € [0,00), let

N (t) =sup{|f(2)]: [z] <1, f € QUK(R"), f(0) =0, f(e1) = €1, f(o0) = 00)},
where QCk(R™) refers to K-quasiconformal homeomorphisms of R™.
We shall use the following distortion function,
1
P (t) = orall) = — ;
K0 = ereal®) = 230, 7)

The equality (2.4) tells us that

(0<t<1land K >0).

(2.9) KT (s)) = ! 1 (K >0)

T 2
PKn <\/ s+_1)

We recall the well-known estimates for ¢ .

2.10. Lemma ([Vul, 7.47)). For K > 1, let a = K0 and 8 = 1/a. Then for
all t € [0, 1]

At <o (t) <t < p(t) < At
where \, is the so—called Gritzsch ring constant, 4 < )\, < 2e"71.
The constant )\, appears in the limit behavior of the capacity of the Grotzsch
ring v, (s) as s — oo; for details see p. 169 of [AVV].
Vuorinen has shown that one can choose the function of quasisymmetry so that

Nin(t) — t as K — 1, with explicit estimates. The following theorem is a refined
version of [Vu2.

2.11. Theorem. For K < Ky = 4/3 we have the following estimates

1+c (K—1)log ), t=1,
Mien(t) <9 M (Dern(t), 0<t<l,
Nien(1)/01/60(1/1), t>1.

Here cq is a positive constant, e.q. co = 600 will do.

The main part of the previous theorem is to estimate 7}, (1) which we will carry
out in the next section.



FLATNESS PROPERTIES OF QUASISPHERES 5

3. QUASISYMMETRY

The purpose of this section is to present an explicit bound for the quasisym-
metricity of a K-quasiconformal map with the correct limit behavior as K — 1.

The following result is essentially the main result of [Vu2] with the improved esti-
mates of [Se|]. However, our approach is somewhat further improved and simplified
compared to [Se], see the remarks following the proof. The form of 7, (1) implies
the estimate for 9y (1) as stated in Theorem 2.11.

3.1. Theorem.
. exp((4v2 — log(K — 1))(K?—1)), 1<K <2,
3.2 1) < nen(1) =
32 D) < mea(t) = { S22 N
Proof.  Assume that f € QCk(R") with 0 and oo as fixed points. We have to
estimate the ratio [f(z)|/|f(y)| for arbitrary [z| = |y| = 1. Choose z = —t,

where 0 < ¢t < 1. Consider the ring domains R = R([0, z], [y,oc]) and R =
R([0, f(2)],[f(z),00]). The first ring is a Teichmiiller type ring with capacity
cap(R) = 7,(|y|/|z|) = 7.(1/t). The capacity of its image f(R) can be estimated by
Teichmiiller’s extremal problem, cap(f(R)) > 7.(|f(y)|/|f(2)]). Comparing these,
we have

FAC)]

) 2T Kmn).

For the ring R’ we estimate as in [Vu2|, namely cap(R') < 7,,(|f(z)/|f(2)] — 1) by
a result of Gehring, while cap(f~*(R')) > 7.(|z|/|z]) = 7.(1/t) by Teichmiiller’s
extremal problem. This gives

7)) (L
e St (K ”“/”)'

Combining with the previous bound we have
@) 147 () _ Pren(v/T)?
FWI— it (Km(3)  eyraVr)A(L = era(Vr)?)

where 7 = t/(1 + t) and we have used (2.9). The estimate is valid for all 0 < ¢ < 1,
or equivalently, for all 0 < r < 1/2. We use Lemma 2.10 to conclude that

1
ST
We choose r = (A2 V(K — 1)/K)?, and then

— 18\ "
77}},71(1) < K)\i(ﬂ—a) (/\i(l—ﬁ)%) — /\i(BQ—l)KBQ(K _ 1)1—62'

Use the inequality A1 =% > 21K K=K from [Vul, Lemma 7.50] and the trivial 8 < K
to obtain

77}} (1) < 4K2—1K3K2+2K(K . 1)1—32
=exp ((K? —1)log4 + (3K? + 2K) log K + (1 — %) log(K — 1))

Mign(1) < A7 re?
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To simplify the expression use log K < % and 2K < 3K
Wi (1) < exp ((3K +OVE(K — 1) + 2VE(K - 1)
+ (K2 = 1)log4 + (1 — 8 log(K — 1))
= exp ((K2 —1)(3VEK +log4) + (1 — %) log(K — 1)) .

The desired inequality follows now, since 1 < 8 < K and log4 < /2.

3.3. Remark. We could further improve the estimates, if we choose r in the optimal
way, so that (K — 1)log(1/r) = r. However, we do not include this here, since
it provides only a slight improvement. On the other hand, it is expected that
Nicn(1) =1+ O(K —1) as K — 1. For other open problems on the special function
Nicn> €€ [AVV].

For the rest of the paper, let us fix the notation for g, (1) as in (3.2). Observe
that the bound does not depend on n, and thus we may use the notation 7k (1), as
well.

Seittenranta in [Se| adopted the technique above to estimate the linear dilatation
of a quasiconformal map between subdomains of R™. We show here directly that
it does not exceed nj (1), so automatically the same bound holds for the linear

dilatation, as well. We will follow a normal family argument, closely related to [Se,
Remark 5.2].

3.4. Definition. Let f be a homeomorphism between domains D, D’ C R™. The
linear dilatation of f at a point x € D is

L
H¢(xz) = limsup M
r—0+ f('rv T)

Where
Ly(w,r) = sup{lf(z) = f(@)] : |e = 2| <7},
l(z,r) = wf{|f(2) = f(2)] : |z — 2| = 7},
z € D, and B(z,r) C D.
We introduce the following notation
H(K,D)=sup{Hs(z): 2z € D, f: D — D' C R" is K-quasiconformal }.
3.5. Theorem. With the notation above
H(K,D) < (1)

Proof. Let f: D — D’ be a K-quasiconformal homeomorphism and xzq € D be
arbitrary. We need to show that Hy(z¢) < 7, (1). By definition of Hy(x), there
exists a sequence r; € (0,d(zo,0D)/i) and points y; and z; such that |y; — x| =
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|zi — x| = r; and | f(y;) — f(xo)|/|f(2:) — f(xo)| = Hf(xo). There exist similarities
a; and f3; such that 5;(0) = wo, Bi(e1) = 2z and a;(f(z0)) = 0, as(f(2)) = er.
Then the mapping g; = a; o f o B;: D; — ¢;(D;) C R™, where D; = 5;1(D), is K-
quasiconformal, B"(0,4) C D;, g;(0) = 0, g;(e1) = ey, and for w; = ;7 (y:), |wi| = 1
and |g;(w;)| = | (f(vi))| = Hp(xo). The functions {g;|B"(0,k)}:°, form a normal
family (see [Vil, 19.4, 20.5]) for every k € N, so we can find subsequences {gF} such
that {gF™} is a subsequence of {¢gF} and {¢g*} converges to a K-quasiconformal
map hy in B™(0,k) (see [Val, 21.3, 37.4]). From the construction we see that
hi|B™(0, k) = hy, for i > k. Thus we have a globally defined K-quasiconformal map
h: R™ — R™ and there is a subsequence of {g;} which converges to h uniformly in
B™(0,1). For this subsequence, we conclude that

Hi (o) = limsup [g;(w;)| < limsup [2(w;)] <1z, (1),

1—00 i—00

since h(0) =0, h(e1) = e; and |w;| = 1.

3.6. Remark. The metric definition of quasiconformality (see eg. [V&l]) requires a
uniform bound for the linear dilatation, i.e.

H(x) < H < o0.

Theorem 3.5 provides an explicit, asymptotically sharp bound as K — 1 for this H
in terms of the geometric dilatation K.

4. FLATNESS PROPERTIES

Although quasicircles need not be rectifiable, they become more and more flat as
K — 1. This flatness property appears uniformly at all (small) scales and locations.
There are several concepts in the literature to express this intuitive notion.

4.1. LAP property. Mattila and Vuorinen introduced the linear approximation
property [MV].

Let 0 < 6 < 1. We say that a closed set E in R" satisfies the d-dimensional
d-linear approximation property (6-LAP) if there is an o > 0 such that for each
xr € FE and for each 0 < r < rg there exists a d-dimensional affine subspace V
through x such that

EnB"(x,r) C V(r).
Here V (r) denotes the r-neighborhood of V'; V(1) = {z : d(z, V) < r}.
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FIGURE 1. LAP property.

We will see that K-quasispheres satisfy (n — 1)-dimensional §-LAP property with
parameter 6 = §(K) — 0 as K tends to 1. On the other hand, LAP property implies
a bound on the Hausdorff dimension of the set.

4.2. Theorem ([MV|). There is a positive number 0y depending only on d and n
such that if a set E C R™ has the d-dimensional 6-LAP property and 0 < § < &y,
then

dim E < d + ¢(d)d6”.

Examples of snowflake curves in [MV] show the sharpness of the inequality above
for d = 1.

4.3. Remark. Actually, Theorem 4.2 holds true with Hausdorff dimension replaced
by (upper) Minkowski dimension, where only coverings with sets of equal size are
taken into account. However, we shall formulate our results only for Hausdorff
dimension.

4.4. Thickness. An opposite property to the linear approximation property is
the thickness property of [VVW].

Let ¢ > 0 and 1 < d < n an integer. A closed set E C R" is (¢, d)-thick if there
exists an 7y > 0 such that, for all z € E and 0 < r < rg one can find a d-simplex
with vertices in EN B"(x,r) and with d-volume > ¢r.

As mentioned above, this expresses an opposite property to the LAP property;
the set £/ can be nowhere well approximated by (d — 1)-dimensional planes.

4.5. Jones’ #’s. In the same year as [MV] appeared, P. Jones [Jo| introduced
the so-called B-parameters for the investigation of the “traveling salesman problem”.
We are going to relate the above properties to these (3’s. The definition given here
is from [Dal.
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Let an integer dimension d < n be given, and let V be the set of affine planes of

dimension d. We introduce the following numbers to measure the uniform flatness
of F:

) 1 _
Bralx,r) = ‘}'rg) sup{;d(y, V):ye ENB(z,r)}

for x € R™ and r > 0.

LAP property says that the set is uniformly flat — the (’s are uniformly small,
while thickness says that the set is uniformly non-flat — the 3’s are uniformly big.
More precisely, one can relate the corresponding parameters in the following way.

d-dim 0-LAP «— d-dim 3's < Gy (x € E, 0 < r <7g)

6(fo) = 25 Bo(6) =0
(q,d)-thickness <= (d—1)-dim ’s > o (x € E, 0 <r < rp)
q(Bo) = c(d) B¢ Bolq) = cld)q

As one would naturally expect, uniform non-flatness implies a bound on the
dimension of connected sets. Based on Jones’ “traveling salesman theorem” Bishop
and Jones |BJ| proved the following.

4.6. Theorem ([BJ]). If for a closed, connected set E C R? there exists an o > 0
such that B 1(x,7) > o > 0 for everyx € E and 0 < r < rq, then dim E > 1+¢/32,
where ¢ > 0 1s an absolute constant.

In 2004, David [Da| generalized this result to dimension d in R™. One also needs a
d-dimensional topological nondegeneracy condition, such as connectivity in Bishop
and Jones’ theorem for d = 1. For instance the following Condition B of Semmes
implies such a nondegeneracy condition for the one codimensional case.

4.7. Definition. Let E be a closed set in R™. We say that E satisfies Condition B
(locally) if there are constants 0 < o < 1/2 and ry > 0 such that, for all choices of
r € E and 0 < r < rg, we can find two balls By and B, contained in B(z,r) \ E, of
radius ar, and such that By and By lie in different components of B(z,r) \ E.

In our terminology David’s theorem reads as follows (for d = n — 1).

4.8. Theorem ([Da|). If a closed set E C R™ is (q,n)-thick and satisfies Condition
B, then

dmFE >d" >n—1,

for some d* that depends only on n, q, and c.

It is well-known that quasispheres satisfy Condition B of Semmes, for a quan-
titative statement see [MV, Lemma 5.8]. In fact, Condition B and the (n — 1)-
dimensional LAP property are closely related, when « is close to its maximum
value 1/2. The proof of the LAP property in [MV] is based on this relation, and
the result is the following.
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4.9. Theorem ([MV]). A K-quasisphere satisfies the (n — 1)-dimensional linear
approzimation property with parameter § = 4/1 — 2t, where 2t = ng ,(1)72, for all
1 < K < Ky. Here Ky must be chosen sufficiently close to 1, namely to satisfy

Nron(1) < /16/15.

4.10. Remark. Since quasispheres satisfy Condition B with a = a(K), a (g, n)-thick
K-quasisphere has Hausdorff dimension > d*(¢,n, K) > n — 1 by Theorem 4.8.
This result provides an answer to a question by Vuorinen [Vu3, Problem 1.52]. The
existence of thick quasispheres is highly nontrivial, it follows from the work of [DT].

5. QUASISPHERES SATISFY THE LAP PROPERTY

The authors of [MV] proved that K-quasispheres satisfy (n — 1)-dimensional J-
LAP property with § = §(K) — 0 as K tends to 1 (Theorem 4.9). However, in
higher dimensional case (n > 3), this parameter ¢ tends to zero rather slowly, and
cannot be considered satisfactory as it does not allow proving better bounds on the
dimension than the linear one which immediately follows from the Holder continuity
|GV] (cf. (1.1)).

We prove a stronger LAP property in terms of quasisymmetry of f, rather than its
dilatation K. The best-known bound on the quasisymmetry function from Section 3
then gives an almost quadratic asymptotic bound on the dimension of quasispheres.
Our estimates make sense in the limiting case K — 1, and therefore we often will
assume that K is sufficiently close to 1, K < K. One can choose for instance
Ko =4/3 in the rest of this section.

5.1. Theorem. Let 1 < K < Ky be a small dilatation and let f: R — R" be a K-
quasiconformal homeomorphism of R™. Then the image of a hyperplane H satisfies
the (n — 1)-dimensional 6-LAP property with § = §(K) = O(ni(1) — 1).

Proof.  Consider a normalized K-quasiconformal map f: R® — R" f(0) = 0,
f(e1) = e1. Let V' be the hyperplane orthogonal to [0, e;] through e;/2. Let A =
B(e1/2,v/3/2)NV,s0 A = B(0,1)NV. We can see from the quasisymmetry property
that f cannot move A far away from V. A point x € A satisfies 1/2 < |z| =t =
|z — e1] < 1. Thus for the image y = f(x) one has by (2.7)

Uni(1/t) < lyl < me(t),  1/nk(1/t) < |y —ea] < ().
Then by Theorem 2.11 we have

2d(y, V) = |lyl> = ly — er]?| < mic(t) — 1/ (1))
< g (V)i (t) — &t (8) /(1)

The estimates of Lemma 2.10 provide g (t) = t+O(K 1), ¢1/k(t) = t+O(K —1)
uniformly in ¢ € [1/2,1]. Continuing (5.2), we obtain

(5.2)

(5.3) 2d(y, V) < t* (g (1) = 1/ng(1)) + O(K = 1) = O(ni (1) = 1).
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Now we show that the translated hyperplane V! =V + (f(e;/2) — e1/2), which
passes through f(e;/2), approximates the set fV well in the ball B(f(e1/2),v/3/8).
Assuming f(x) € B(f(e1/2),v/3/8) for x € V, we have

f(z) = fer/2)] < V3/8 < V3/2[f(e1/2) — f(0)],
since | f(e1/2)—f(0)| > 1/4 provided that K is close enough to 1. By quasisymmetry,

lz —e1/2| < nx(V/3/2)/2 < V/3/2 for K < K,. This means that 2 € A and from
(5.3) it follows that

d(f(2), V') < d(f(x),V) +d(f(e1/2),V) = 6(K)/(v/3/8) = O(ne(1) = 1),
We obtain the -LAP property of fH by rescaling f at an arbitrary point x of H
for all scales, so that = corresponds to e;/2 and H to V. This yields to a scale-free
LAP property, that is, we can take ry = +oco in the definition.

5.4. Corollary. For a K-quasisphere E in R™ with 1 < K < Ky we have

dmE=n—-1+0(ng(1)=1)*)=n—-1+0 ((K— 1)2log2ﬁ> :

Proof. Combine theorems 2.11, 5.1 and 4.2.

5.5. Remarks. Theorem 5.1 and Corollary 5.4 provide partial answers to questions
[Vu3, 1.41, 1.42]. Note that for n = 2, the optimal quasisymmetry function satisfies
Nic2(1) =1 = O(K — 1), thus Corollary 5.4 gives the correct, quadratic order for
quasicircles in the plane (c.f. Theorem A.4). See [AVV, Theorem 10.33] for an
explicit estimate: 7 5(1) < exp(a(K — 1)), with a constant a < 4.38.

As the above shows, a K-quasiarc in the plane satisfies the §-LAP property with
0 = ¢(K —1), and thus for the thickness parameter the same bound has to hold. For
a (q,2)-thick K-quasiarc in R?, ¢ < ¢(K — 1). This is an improvement of [VVW,
Theorem 5.9], and essentially sharp as it is shown there.

One can prove a similar result for quasiconformal images of lower dimensional
subspaces.

5.6. Theorem. Let f: R" — R"™ be a K-quasiconformal homeomorphism of R"™
with small dilatation (1 < K < Ky). Then the image of a d-dimensional plane H
satisfies the d-dimensional 0-LAP property with 6 = §(K) = O(nk(1) —1).

Proof. Represent H as the intersection of n — d pairwise orthogonal hyperplanes,
H = ﬂ?:_ld Vi. We use the one codimensional linear approximation property (The-
orem 5.1) for the sets fV;, i = 1,...n — d, where the hyperplane V/ approximates
the set fV; in a neighborhood of x € H. The approximating d-plane will be the
intersection ﬂ;:ld V. To assure that this is indeed a d-plane and that the parameter
d(K) can be chosen O(nk(1)—1) note that the hyperplanes V" are almost orthogonal
to each other as K — 1. This is an immediate consequence of the quasisymmetry
property in Theorem 2.11.
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5.7. Corollary. For a d-dimensional K -quasisphere E in R" (1 < K < Kj)

1
dmE =d+ O ((K— 1) log? ﬁ) .

5.8. Remarks. Following an idea in [VVW, p. 141] one can construct a K-quasi-
conformal self-homeomorphism of R"™ which maps a line segment to an arc of Haus-
dorff dimension > 1+c¢, (K —1)?. The construction is given by a polyhedral building
block via an iterative process.

We expect that the optimal quasisymmetry function satisfies 77?{,71(1) =1+
O(K — 1) (as this is the case for n = 2). This would allow us to remove the
log? terms in the dimension estimates of Corollary 5.4 and 5.7.

Although LAP property is not bilipschitz invariant, we do have invariance even
for quasiconformal maps provided the dilatation is close to 1. This kind of quasicon-
formal invariance was studied in [VVW] for the thickness property. In the following
we concentrate on the one codimensional case, d =n — 1.

5.9. Theorem. Assume that a closed set E has the (n — 1)-dimensional 0-LAP
property. Then the image fE under a K-quasiconformal map f: R™ — R™ with
1 < K < Ky, satisfies the d,-LAP property, where 6; = 6,(0, K) — 0 as K — 1.

Proof. The proof will be similar to the proof of Theorem 5.1. Consider a normalized
K-quasiconformal mapping and fix the same notation for the hyperplane V' as in
the proof of Theorem 5.1. Assume that for a point z we have max(|z|, |z —e1|) < 1,
d(z,V) < e. We want to show that y = f(x) is also close to V. We may assume
that |z| < |z — ey|. Then by the ng-quasisymmetry of f,

2d(y,V) = |lyI* =y —el’| < mi(Jw — ex]) — 1/ (1/]2])
< 7Pek(lr —ell) = oF ik (|2) /77,

where 17 = 9 (1). Continuing this by the estimates of ¢y, we have

2d(y,V) < nPlz—e|* = 1/n?|z) + O(K — 1)
1n*(le — e = |2*) + (" = 1/n?) |z — es|* + O(K — 1)
< 2d(z,V)+0(n—1) <2+ 0(n—1).
We obtained that d(y,V) < e, with &1 — ¢ as K — 1. Renormalizing to all

scales as in Theorem 5.1 we get 0;-LAP property in a ball with center e;/2. Here
61 =0+0(n—1).
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APPENDIX A. PLANAR RESULTS

The Beltrami equation and the measurable Riemann mapping theorem lends a
special flavor to the planar theory. Optimal regularity and distortion results are
known in this case. In this section, we record some of these, in order to provide a
comparison to our results discussed earlier.

The celebrated result of Astala provides the optimal higher integrability.

A.1. Theorem ([As]). If [ is a K-quasiconformal mapping in a domain D C C
then f € WP(D) for all p < 25

loc
Closely related to the above, he also gave a description of the distortion of Haus-
dorff dimension.

A.2. Theorem (|As|). Let f: D — D’ be K-quasiconformal in the plane and sup-
pose £ C D is compact. Then

(A3) 1 1 1 < 1 1 <K 1 1
' K\dim(F) 2/~ dim(f(F)) 2~ dim(E) 2)°
This inequality is best possible.

For dimension of quasicircles the following improved bounds hold.

A.4. Theorem ([BP]). For a K-quasicircle E,
dmE <1+ 37(K —1)?/(K +1)> <1+ 10(K — 1)
If K 1s close to one, then there is a K-quasicircle E with
dim £ > 1+ 0.09(K — 1)*/(K + 1)*.

As we noted in Remark 5.5, the qualitative upper bound also follows from our
considerations. Exact bounds for the dimension of quasicircles is of particular im-
portance, and in this direction S. Smirnov proved (unpublished) that the dimension
of a K-quasicircle is less than or equal to 1+ k%, where k = (K — 1)/(K + 1).

Let us mention that the formula A.3 is expected to generalize to higher dimensions
in the following way.

A.5. Conjecture ([IM, 17.4.1]). Let f: D — R" be a quasiconformal mapping and
E a compact subset of D. Then

1 1 1 < 1 1 < K 1 1
Ko\dim(E) n) = dm(f(E)) n = '\dim(E) n)’
where Ko (K7) is the outer (inner) dilatation of f.

Higher dimensional counterparts of the examples of extremal distortion in (A.3)
shows that this would be optimal. This means that, generally, we can distort sets in
linear order of K — 1. Thus Corollaries 5.4 and 5.7 reveal that we have a significant
improvement for distortion of spheres, a similar phenomenon to that of the planar
theory.
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