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Abstract

We prove a Koebe distortion theorem for the average derivative of a quasiconformal mapping
between domains in the sub-Riemannian Heisenberg group H'. Several auxiliary properties of
quasiconformal mappings between subdomains of H! are proven, including BMO estimates
for the logarithm of the Jacobian. Applications of the Koebe theorem include diameter bounds
for images of curves, comparison of integrals of the average derivative and the operator norm
of the horizontal differential, as well as the study of quasiconformal densities and metrics
in domains in H'. The theorems are discussed for the sub-Riemannian and the Kordnyi
distances. This extends results due to Astala—Gehring, Astala—Koskela, Koskela and Bonk—
Koskela—Rohde.
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1 Introduction

The Koebe distortion theorem is a classical result in complex analysis that provides control
over the absolute value of the derivative of a conformal function between domains in the
complex plane [35, Corollary 1.4], see also [1, Theorem 1.6]. Astala and Gehring [1, Theorem
1.8] extended this result to the class of quasiconformal maps in R", n > 2.

Theorem 1.1 (Astala, Gehring) Let n > 2. For every K > 1, there exists a constant 1 <
ckx < 00 such that for every K -quasiconformal map f : Q — Q' between domains in R"
with Q C R”, it holds

Ld(f(0,02) _ d(f(x), 99)
ok dio S UWSKT g fordlies b

Here,

1 1
ay(x) = exp (;m BW)

and L" denotes Lebesgue measure on R”".

log J¢ dL”) , B(x):=B(x,d(x,0RQ)),

Quasiconformal mappings are not necessarily differentiable everywhere, but they belong
to the Sobolev class WIL’C”. Consequently, Theorem 1.1 is formulated not for the pointwise
derivative, but for a ¢. This is a natural geometric quantity which, forn = 2 and f conformal,
agrees with | f'(z)|. Both a s and Theorem 1.1 have found various applications, for instance
in connection with the global distortion properties of quasiconformal mappings [3], diameter
bounds for images of curves [29], in the studies of conformal metrics [9], and more recently
related to harmonic quasiconformal mappings [4]. We address counterparts of some of these
results as well as their generalizations.

More precisely, the goal of this paper is to prove a Koebe distortion theorem for quasi-
conformal mappings in the Heisenberg group and to study several applications thereof. The
Heisenberg group H' endowed with a left-invariant sub-Riemannian metric d; has played an
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important role as a testing ground and motivational example for the extension of the theory
of quasiconformal maps from Euclidean to more abstract metric spaces. This development
can be seen from a series of papers and notes [18,21,22,28,34]. Given the role of the sub-
Riemannian Heisenberg group in the development of the theory of quasiconformality, and
the wealth of quasiconformal mappings which can be constructed in this particular space by
methods described in [5-7,13,28], we consider H! a natural non-Euclidean setting where it
is worthwhile to study counterparts for a s and Koebe’s theorem.

Definition 1.2 For a quasiconformal map f: Q@ — €' between domains Q, Q" C H', we
define

ay(x) :=exp (% (log Jf)B(x)) (1.2)
with B(x) := B(x,d(x,0Q)) and up := ;g5 [ u dm.

Here and in the following, B = B(x, r) denotes an open ball with center x and radius» > 0
with respect to a metric d which will depend on the context. Moreover, AB := B(x, Ar).

The measure m is a bi-invariant Haar measure on H' as defined in Sect. 2.2. A domain is
an open connected set. The constant 4 which appears in (1.2) is unrelated to the factor 4 in
Koebe’s distortion theorem for conformal functions in the plane, but instead agrees with the
Hausdorff dimension of the sub-Riemannian Heisenberg group. The following is the main
theorem of this paper.

Theorem 1.3 For every K > 1, there exists a constant 1 < cg < 00 such that for every
K -quasiconformal mapping f : Q — Q' between domains in H' with Q C H!, it holds
/ /
é%gaf(x)ch% forall x € Q. (1.3)
Theorem 1.3 is flexible with respect to the choice of the underlying distance in H!. In
the Heisenberg group, one often considers two bi-Lipschitz equivalent distances: the sub-
Riemannian distance dy and the Kordnyi distance dy, see Sect. 2.2 for the definitions. Our
results apply both tod = d; and d = dp1. Since the two distances are bi-Lipschitz equivalent,
a homeomorphism f : @ — @ is quasiconformal with respect to dyp if and only if it is
quasiconformal with respect to dy. More is true: as explained in [28, §1.1], one obtains
the same class of K-quasiconformal mappings, K > 1, with respect to either metric. The
definition of a as given in Definition 1.2 depends on the metric d used to define the ball

B(x) = B(x,d(x, 9R2)); let us momentarily denote a®' and a’, to indicate dependence on
dyp or dg, respectively. Using Theorems 3.10, 1.4, and (3.3), we deduce by a similar argument
as in the proof of Lemma 4.2 that for every K > 1, there exists a constant 0 < Agx < oo
such that

A}lalﬁll (x) < ajc(x) < AKanIl(x), forall x € Q.

It follows that once we have established Theorem 1.3 for either the Kordnyi or the sub-
Riemannian distance, then it also holds for the other one.

Proof and applications of the main result A crucial ingredient in the proof of Theorem
1.3 is the following result, which we establish both with respect to the Kordnyi distance dy1
and the sub-Riemannian distance ds. The necessary concepts, in particular BMO spaces and
BMO seminorms || - |5 on open sets & C H', are introduced in Sect. 3.

Theorem 1.4 Let f : Q — Q' be a K -quasiconformal map between domains in H'. Then
log Jy belongs to BMO(S2) with a bound for || log J 7 ||« in terms of K.
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As far as we know, a direct proof of this result in the case €2 is a domain, not the whole
space, does not appear explicitly in the literature, even in the Euclidean setting (cf. [36,
Remark 2]). One way to obtain the result is by first proving that log J; belongs to some
local BMO space BMOjo.(€2) and then using the identity BMO(2) = BMOj(£2). This
is the approach which we pursue here. In the case of the sub-Riemannian distance d;, the
equality of BMO and BMOj,. goes back to work of S. Buckley and O. Maasalo [11,32].
We employ results by S. Staples [39] in order to deduce the corresponding identity for the
Kordnyi distance dyi in place of d. To be precise, Staples’ result is used to establish the
following.

Theorem 1.5 For every open set @ C H',
BMO' (@) = BMO™' ()
with
el I <1 < el
for constants 0 < ¢1 < ¢y < o0 that do not depend on Q.

The equivalence of various BMO spaces is used in the proof of Theorem 1.4 together with
distortion estimates that we deduce from the local quasisymmetry property of quasiconformal
mappings.

The proof of our main result, Theorem 1.3, utilizes the auxiliary results established in
Sect. 3, Theorem 1.4, quantitative control over the local quasisymmetry data of quasiconfor-
mal mappings, as well as other observations such as the distance estimate in Proposition 4.4.
The latter extends [2, Lemma 5.15] from planar disks to arbitrary domains in H'.

We also discuss various applications of Theorem 1.3, both for the sub-Riemannian and
the Kordnyi distance:

e Coupled with ball estimates and covering arguments, the Koebe theorem yields qua-
siconformal versions of results established in [31] for quasisymmetries in an abstract
setting. In Proposition 5.1 we extend a diameter estimate for images of curves under
quasiconformal mappings by Koskela, [29, Lemma 2.6], to the setting of H' and we use
an H' version of the radial stretch mapping to show the sharpness of this result.

e Section 5.2 is devoted to proving the comparability relation between the L?”-operator
norm of the horizontal differential of a quasiconformal mapping and the L”-integral of
ay, see Theorem 5.3. This extends a result by Astala and Koskela [3] to the Heisenberg
setting, and it shows how the global integrability properties of the horizontal derivative
of a quasiconformal map on a domain in H' depend on the distortion properties encoded
by a r. Among others, our proof requires a specific Whitney decomposition, Lemma 5.5,
which we believe to be of independent interest.

e Finally, in Sect. 5.3, we apply several of the mentioned results together with Theorem
1.3 to extend a result of Bonk—Koskela—Rohde [9] regarding conformal metrics and
quasiconformal mappings on the unit ball to general domains in the Heisenberg group,
equipped with either di or dg. Namely, we prove the following result (see Proposition 5.7
for the precise statement):

Theorem 1.6 If f : Q — Q' is a K-quasiconformal map between domains Q, Q' ¢ H',
then ay satisfies

(1) a Harnack inequality,
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(2) a growth condition for volume:

/ a‘;cdmgr4 forallx € Q, r >0,
Bayp(rr)

where Ba,(x,r) = {y e Q: inf fy ay ds < r} with the infimum taken over all locally
rectifiable curves in Q that connect x and y.

The implicit multiplicative constants in (1) and (2) depend only on K and the properties of
the metric space (Hl, d), d € {dy, dg }.

For quasiconformal maps defined on the entire space H!, the results mentioned above are

either meaningless or already known. We consider it one of the contributions of the present
paper to provide appropriate localizations and to handle the technical difficulties that arise
when dealing with maps defined on subdomains 2 C H'. Our work is inspired by results for
quasiconformal maps on disks in the plane, and more generally on domains in R”. Several
tools available in the Euclidean setting, such as the Teichmiiller rings used in [36, Lemma
4], an extension results for quasiconformal mappings or the Mori distortion theorem used in
[2], are not available in the Heisenberg group. We show that the local n-quasisymmetry of
quasiconformal maps with a good control over 7 can be used as a substitute for these missing
tools.
Structure of the paper In Sect. 2 we introduce the most important notions used throughout
this paper. We recall some basic information about the Heisenberg group and discuss quasi-
conformal and quasisymmetric mappings in H'. Section 3 is devoted to the proof of Theorem
1.4, along the way we also establish Theorem 1.5. In Sect. 4, we prove our main result, The-
orem 1.3. We conclude the paper with Sect. 5, in which we discuss various applications of
Theorem 1.3 that culminate in Theorem 1.6.

2 Definitions and preliminaries

The purpose of this section is to introduce concepts appearing in this paper: Loewner spaces,
the Heisenberg group, and quasiconformal mappings (in the Heisenberg group). The defini-
tions given here are standard, and a reader who is familiar with the subject may wish to go
directly to Sect. 3.

2.1 Curves and Loewner spaces

An important tool in the theory of quasiconformal mappings is the modulus of curve families,
discussed in detail for instance in [22] and in the monographs [33,42]. Crucial properties of
quasiconformal mappings that will be used in this paper, for instance Propositions 2.6 and
3.12, are ultimately based on modulus estimates.

By a curve in a metric space (X, d) we mean a continuous map y : I — X of an interval
I C R. A Borel function p : X — [0, 400] can be integrated with respect to arc length
along rectifiable curves. For a locally rectifiable curve y : I — X, we set

/pds::sup/ p ds,
14 y Iy

where the supremum is taken over all rectifiable subcurves y’ of y.
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Definition 2.1 Let (X, d) be ametric space and let u be a Borel measure on X . The admissible
densities of a family I' of curves in X are defined as

adm(I') := {p : X — [0, +o0] Borel: / pds > 1forall y € I' locally rectiﬁable} .
y
The p-modulus of T for p > 1, of I is given by
mod,, (T") := inf {/ pPdu: pe adm(F)}.
X

The family of all curves in X connecting two sets E and F is denoted by I'(E, F, X).

Definition 2.2 Let (X, d) be a rectifiably connected metric space of Hausdorff dimension

Q > 1 and assume that X is endowed with a locally finite Borel regular measure p with

dense support. Then X is said to be a (Q-)Loewner space if for all t € (0, co) one has
dist(E, F)

t) := inf dol'(E, F,X): A(E,F) .= —— - <t 0, 2.1
v =i {mo ol'( ): A ) min{diamE, diam F'} }> @D

where the infimum is taken over disjoint nondegenerate continua (compact and connected
sets) E and F in X. We call the function ¢ the Loewner function of (X, d, ).

2.2 The Heisenberg group

The first Heisenberg group H! is a noncommutative nilpotent Lie group homeomorphic to
R3. It can be endowed with a left-invariant distance d such that (H!, d) does not biLips-
chitzly embed into any Euclidean space, yet exhibits a rich and interesting geometry. For an
introduction to the subject, we refer the interested reader to the monograph [12].

Our model for H' is the group (R?, %) where the group law is given by

@y, D)y, =@ +x,y+y, e+t —2xy +2xy).

Using this group law, one defines a frame of left-invariant vector fields which agree with the
standard basis at the origin:

X = 8x +2ya[, Y = 8y_2x8[, T = 8[.

The vector fields X and Y, which are called horizontal, have a non-vanishing commutator
[X,Y] = —4T. This ensures that any two points p and ¢ in H' can be connected by an
absolutely continuous curve y : [0, 1] — H! with the property that

y(s) € Hy), ae.s€l0,1], where H, := span{X, ¥}.

Such a y is called a horizontal curve. The sub-Riemannian distance dy is defined by

1
d(p.a) = inf fo S + 72002 ds,

where the infimum is taken over all horizontal curves y = (y1, y2, ¥3): [0, 1] — H! that
connect p and ¢. It is well known that dy defines a left-invariant metric on H! which is
homogeneous under the Heisenberg dilations (5,.),~0, given by

8 H' = H, 8, (x,y,1) = (hx, Ay, A%1) for (x, y,z) € H.
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Any two homogeneous left-invariant metrics on H' are bi-Lipschitz equivalent, and it is
often more convenient to work with a left-invariant metric which is given by an explicitly
computable formula, rather than to use d;. An example of such a metric is the Kordnyi
distance, defined by

din (p.q) = g ' pll,  where [[(x, y, )l =/ (x2 + y2)2 + 12,

For all p, ¢ € H! it holds that

1
ﬁds(p7 q) < dgi(p.q) < ds(p. q), 22

see [8], and the length distance associated to dpi is exactly d;.

In addition to the metric structure, we endow the Heisenberg group with a bi-invariant
Haar measure m which is given by the Lebesgue measure on R3. We recall that this measure
m is Ahlfors 4-regular. It agrees, up to a positive and finite multiplicative factor, with the
four-dimensional Hausdorff measure with respect to a left-invariant homogeneous distance
on H!. Unless otherwise stated, “measurable” and “integrable” will in the following always
mean “m measurable” and “m integrable”. We denote m(A) =: |A| for A € H!, and we
write f fdm= f f(x) dx. Equipped with m and any homogeneous left-invariant distance,
the Heisenberg group becomes a 4-Loewner space, see for instance [19, §9.25].

Convention Whenever we discuss quantitative dependencies of parameters on certain
constants, we will omit information that such constants may also depend on the data
of the metric measure space (H!, dyp1, m) or (Hl, ds, m). For instance, if we say that
“a constant C depends only on the distortion K of the mapping”, the constant C may
depend also on the Loewner function, the quasiconvexity and doubling constants, etc
associated to d € {d;, dyp }.

As remarked in the introduction, Theorem 1.3 for dyy is equivalent to the analogous
statement with respect to d;. The same holds true for the applications (Propositions
5.1, 5.7, Theorem 5.3). For auxiliary results needed in these proofs, we will always
specify whether they hold with respect to ds, dp1, or both.

2.3 Quasiconformal and quasisymmetric mappings

In this section, we collect the relevant facts about quasiconformal mappings in the Heisen-
berg group. Quasiconformal maps can be defined primarily by three definitions, the metric,
analytic and geometric definition, all of which are mutually and quantitatively equivalent on
domains in H!, even though the distortion factor need not be the same for each definition.
The equivalence of these definitions is a central part of the general theory of quasiconformal
maps, and we refer the reader to [18,22,23,41] for details at a general level and [28] for
the specific case of the Heisenberg group. An important feature to note is that the class of
metrically defined quasiconformal maps is the same for any pair of bi-Lipschitz equivalent
metrics with a quantitative control on the distortion. As remarked in the introduction, if the
two metrics are the sub-Riemannian distance d; and the Kordnyi metric dy1, then one gets
even the same class of K-quasiconformal maps. Thus, in our context it often does not mat-
ter if we use the sub-Riemannian metric or the Kordnyi metric and so we leave the metric
unspecified in the respective statements.

In order to state the metric definition of quasiconformal mappings, we introduce the
following notation. Let & C H! be an open set and let further f: Q — f(Q) € H! be a
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homeomorphism. For all p € Q and all » > 0, we define

Ly(p,r):=sup{d(f(p), f(q)):q €2, d(p,q) <r},
Ly(p,r) :=inf{d(f(p), f(q)): q € 2, d(p,q) > r}, and

Ly(p,
Hy¢(p) = limsupM.
r—0 lf(P,r)

Definition 2.3 (Metric definition) We say that a homeomorphism f : Q@ — f(2) € H' of
an open set € H! is quasiconformal, if H ¢ is bounded on 2.

While metric quasiconformality is an infinitesimal property, quasisymmetry is a global
and generally stronger condition.

Definition 2.4 (Quasisymmetric definition) If Qis an open setin H'and 7 : [0, c0) — [0, 00)
is a homeomorphism, then we say that a homeomorphism f : Q — f(Q) € H' is 5-
quasisymmetric if

d(f(p1), f(p2)
7 2.3
dF . fpay =10 (&)

for all + > 0 and all triples of distinct points pi, p2, p3 € 2 satisfying d(p;, p2) <
td(p1, p3)- A map f is said to be quasisymmetric if it is n-quasisymmetric for some 7.
We say that f is (weakly) H-quasisymmetric if there exists a constant H > 1 such that

d(f(p1), f(p2) <
d(f(p1), f(p3) ~

for all triples of distinct points p1, p2, p3 € 2 satisfying d(p1, p2) < d(p1, p3).

2.4)

A quasiconformal map defined on all of H! is -quasisymmetric for some 7 that depends on
the quasiconformal distortion [21]. An analogous statement is not true in general for mappings
defined on a subdomain of H!, but the metric definition still implies a local quasisymmetry
condition in the sense of Theorem 2.5 and Proposition 2.6. This goes back to [28, Proposition
22]. Theorem 2.5 was proven (for Carnot groups of dimension at least 2) by Heinonen and
Koskela [21, Theorem 1.3] for globally defined maps, but Heinonen remarked in [18, p.25]
that the argument can be adapted to mappings between open subsets. The details for the proof
showing that 1 can be chosen independently of the domain €2 are given in [38]; see also the
comment below.

Theorem 2.5 (Heinonen, Koskela) For every K > 1, there exists a homeomorphism n :
[0, o0) — [0, 00) such that the following holds. If f is a K -quasiconformal mapping of an
open set @ C (H', dy) according to Definition 2.3, then for all triples p, q1, q> € 2 with
q1,92 € B(p, %ds(p, 0R2)), the mapping f satisfies:

ds(f(p), f(q1) _ . <ds(p,q1))
ds(f(p). f(q2)) ~— "\ds(p.q2) )~

By the triangle inequality, the “p-centered” quasisymmetry property in Theorem 2.5
implies quasisymmetry of f on the sub-Riemannian ball B(p, %ds( p, 0R2)). Following the
terminology in [19, p. 93], we call this fact an “egg yolk principle”. E. Soultanis and M.
Williams [38, Lemma 5.2] provided a proof for this principle in great generality, and with
a quantitative control both on the size of the “egg yolk” and the n-function in the definition
of local quasisymmetry. See Proposition 4.3 for a related corollary. Naturally, one can also
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establish the local quasisymmetry property for the metric dyy1 instead of dg (with a possibly
different homeomorphism 7). This is because the comparability of the metrics d; and dyg1 as
stated in (2.2) implies that

d ,0Q ds(p, 02
By <P7 %) C By (P, %) 2.5)

for all domains 2 C H' and all p € Q. We record these observations as a proposition, for
which we do not claim any novelty.

Proposition 2.6 Let K > 1 and d € {d;, dy}. Then there exists a homeomorphism n :
[0, +00) — [0, +00) such that every K -quasiconformal map f : Q — Q' between domains
in H' is locally n-quasisymmetric in the following sense. For every p € K, the map f
restricted to the d-ball B(p,d(p, 02)/cq) is n-quasisymmetric, where cq = 5 for d = d;,
and cq = 5/ for d = dp.

Quasiconformal maps also exhibit useful analytic properties. It was shown by G. Mostow
that a quasiconformal map on a domain in H' is absolutely continuous on lines (ACL), see the
discussion in [28]. This property is defined analogously as the ACL property for mappings
on open subsets of R”, but in terms of the fibrations given by the left-invariant horizontal
vector fields X and Y instead of lines parallel to the coordinate axes. Pansu [34] showed that
local quasisymmetry for a map f on an open subset of H! implies further analytic features
similar to those of quasiconformal mappings on domains in R”: for a quasiconformal map
f on Q the horizontal derivatives X f (p) and Y f (p) exist for almost every p € 2, and f is
Pansu differentiable almost everywhere in 2.

We define the Jacobian Jy(p) of a quasiconformal map f at p € Q as the volume
derivative

Jr(p) =lim supM for p € Q.

r—0  |B(p,r)l

According to Lebesgue’s differentiation theorem, the lim sup can be replaced by lim in almost
every point p € Q. If a quasiconformal map f = (fi, f2, f3) is P-differentiable at p, then
J¢(p) = det Dy f(p)?, where

Xfa YhH

The analytic definition of quasiconformal mappings can now be stated as follows.

IJHfom:(Xf1 Yfl).

Definition 2.7 (Analytic definition) If  is an open set in H!, we say that a homeomorphism
f:Q — f(Q c H'is K-quasiconformal if it is ACL, Pansu differentiable almost
everywhere, and satisfies the following distortion condition: there exists 1 < K < oo such
that

||D1.1f(p)||4 < KJy(p) foralmostevery p € €, (2.6)

where

IDn f(p)| = max{| Dy f(p)E| : § € Hp, |§] =1}

and | - | is obtained from the inner product which makes {X, Y} orthonormal. A map f is
said to be quasiconformal if it is K -quasiconformal for some 1 < K < oo.
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Quasiconformal mappings are also absolutely continuous in measure (Proposition 3 in
[28]) with J; > 0 almost everywhere on €2. This allows to show that the metric and analytic
definition for quasiconformal mappings between domains in H! are quantitatively equivalent
to a third condition, the geometric definition, based on the 4-modulus of curve families.
We have decided to define “K-quasiconformal” through the analytic distortion inequality
(2.6). This is a matter of taste, but is convenient due to the following implications for a
homeomorphism f on € C H!:

K-quasiconformal < metrically quasiconformal with esssup ,cq Hy(p) < VK.
2.7)
Finally, we state a theorem due to Kordnyi and Reimann [28, Proposition 20].

Theorem 2.8 (Kordnyi, Reimann) The inverse of a K-quasiconformal mapping between
domains in H' is K -quasiconformal.

In [28], the metric definition was used to define “K -quasiconformal”, but it can be seen
from the proof, or by applying (2.7), that the statement holds equivalently if the distortion is
defined via the analytic definition as done in the present paper.

3 BMO spaces and Jacobians of quasiconformal mappings

Itis well known that the Jacobian J; of a quasiconformal map f : R” — R" is an A-weight
and hence log J; is of bounded mean oscillation (BMO). The situation is more subtle if one
considers quasiconformal maps on a subdomain 2 C R”. As shown in [20], it is not true in
general that J7 is an A-weight on €2, but even so log J lies in the (appropriately defined)
space BMO(S2). The goal of this section is to extend the latter statement from R” to H' by
proving Theorem 1.4. We start with the relevant definitions. For further reading, a classical
reference for BMO spaces on homogeneous groups is [16].

3.1 BMO spaces on domains in H'

Definition 3.1 Let Q be an open subset of H'. We say that a function u € LIIOC(Q) belongs
to BMO® () if there is a constant C such that

][ lu —up|dm < C, foreveryds-ball B C Q.
B

The space BMOE' (2) is defined analogously with “d,” replaced by “dy1”.

Definition 3.2 Foradomain 2 € H' and a functionu € BMO* (2), we define the BMO® (€2)-
(semi)norm as

llully == Sup][ lu—ug|dm,
BJ B

where the supremum is taken over all ds-balls B C €.

The seminorm || - ||IEIl is defined analogously with “d;” replaced by “d1”.

If the choice of metric d € {d;, dpy1 } is clear from the context (or irrelevant), we sometimes
omit the superscript simply write BMO(S2) and || - ||«

@ Springer



A Koebe distortion theorem for quasiconformal mappings in the... 157

We will prove Theorem 1.4, which states thatlog J € BMO(S2) for every quasiconformal
map f defined on a domain 2 C H!, and moreover, || log J7 ||« can be bounded in terms of
the distortion constant of f. The outline of the proof follows its Euclidean predecessors in
[36,37]. The main technical difficulty stems from the fact that we consider mappings which
might be defined only on a subdomain of H!, and we work both with the sub-Riemannian
distance and the Kordnyi metric. For mappings of the entire Heisenberg group, it is well known
that J is a Muckenhoupt A ,-weight for some 1 < p < 00, and hence an A-weight. This is
a consequence of a ‘reverse Holder inequality’ due to Kordnyi and Reimann (Theorem 3.11),
see for instance the overview in Section 3 of [5]. In Sect. 3.2, we discuss various local BMO
spaces in the setting of the Heisenberg group H!, based on a characterization of BMO spaces
in doubling length metric spaces due to S. Buckley. Sections 3.3 and 3.4 contain properties
of the Jacobian J¢ of a quasiconformal mapping, which are used to deduce in Sect. 3.5 that
log J 7 belongs to a certain local BMO space. This in turn gives us the proof of Theorem 1.4.

3.2 Local BMO spaces on domains in '

The goal of this section is to study the local BMO spaces defined with respect to distance
functions dy1 and d;. Among the results we show that all the respective spaces agree.

Definition 3.3 Let 2 be an open subset of H!. We say that u € Llloc(Q) belongs to the local
n-BMO space BMO? | (Q2) for n > 1 if there is a constant C such that

n,loc

][ lu —up|dm < C, forevery ds-ball B withnB C Q. 3.1
B

Wessay thatu € L]IOC(SZ) belongs to BMO? (Q)ifthereisn > 1suchthatu € BMO® |, ().}

loc n,loc

The spaces BMO;H&OC(Q) and BMOEé(Q) are defined analogously with “d;” replaced by
66dH1 ”.

As before, we may write BMO,, joc(€2) and BMOj,. without specifying the metric d €
{ds, dip }.

Definition 3.4 For a domain  C H' and a function u € BMO,, 10c(2), we define the
BMOy, 10c (£2)-(semi)norm as

lel BMO,, 10c () := Sup][ lu —up| dm,
BJ B

where the supremum is taken over all d-balls B which satisfy nB C .
The following lemma addresses some of the claims made in the introduction.

Lemma 3.5 For all open sets @ € H', for alln > 1 and for all u € LIIOC(Q)

2 2
u g <2m°||u and |u <2m°||lu g .
lullemor _ @ =277l IIBMO%OC(Q) I IIBMOI%M(Q) < 27 ||ullBmo; . @)

In particular, one has

BMOHE, (Q) c BMO* (Q) and BMO}

1
n,loc Vn,loc () BMOHﬂn’,loc(Q)’ (3-2)

’ ~
Jloc

foralln,n" > 1.

' In our application, the constant n will be determined by the proof. In the standard definition of BMOjq (£2)
one would take n = 2, as for instance in [11].
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Proof We prove the first inclusion in (3.2) and the estimate for the corresponding seminorms.
The proof of the remaining claims follows the same lines. The argument uses the precise
relation between d; and dyi stated in (2.2). Let us denote by B = By (x, r) C 2 aball defined
with respect to the sub-Riemannian distance such that ./7n B C Q, foragivenn > 1. By the
above relation between distances, there exists a ball B’ = By (x, r), defined with respect to
the Korédnyi distance, satisfying B’ C €2 and such that B C B’ and nB’ C Q. We verify by
direct computations that for any function u € BMOH, (£2) it holds that

n,loc

1 c
|uB/—uB|=—‘/.(uB/—u)dm‘57/ |MB’_M| dm,
|B| |/ |B'| /B

where ¢ = 2. From this estimate, we infer the following inequality:

1 1
ﬁ/ lu —upl| dmfﬁ/ lu —up/|+|up —up|dm
B B

C C
< lu —up| dm + / lug: — u| dm
|B'] /B’ |B'| Jpr
Lz / | | d (3.3)
= u—up m. .
|B'| Jp

Applying this reasoning to all sub-Riemannian balls with \/7nB C €, it follows that u €
BMO* (2) provided thatu € BMOH, (€2), with the desired bound for the BMO-norm.

J/7n,loc n,loc
The second inclusion in (3.2) with the corresponding estimate for the BMO norm follows
the same reasoning with B := By (x, r), B’ := By(x, «/7r) and n replaced by n’. ]

Remark 3.6 Lemma 3.5 is a special case of a more general result holding in doubling metric
measure spaces for two given bi-Lipschitz equivalent metrics, as can be seen from the proof.
Our focus here lies on the two metric dy and dyi and the precise relations that can be derived
from (2.2). For more information about BMO spaces in doubling length metric spaces and
their applications, we refer the interested reader to [11] and the references therein.

We will later see that BMO® (R2) = BMOZ,loc
BMOH' (2) € BMO’(£2), but the reverse inclusion does not follow directly from the lemma
since this would require to consider arbitrary balls contained in 2. To discuss this, we follow
Staples [39, Definition 2.1], and introduce the following definition.

(2) for all n > 1. Lemma 3.5 then implies

Definition 3.7 Consider the metric measure space (H!, d;, m). A domain D in this space is
said to be an L'-averaging domain if m(D) < oo and for some n > 1 we have

1 / 1
— lu(x) —up|dm < C sup lu(x) —up,| dm
DI Jp “\us.co 1Bl Jp,

for a constant 0 < Cyye < 00 which does not depend on u. The supremum in this definition
is taken over all sub-Riemannian balls B, for which the enlarged ball n By is contained in D.

Staples defines more generally L?-averaging domains for p > 1 in the setting of homo-
geneous spaces in the sense of Coifman and Weiss, see Section 2 in [39] for details.

We wish to show that all Kordnyi balls D in H' are L!-averaging domains with uniform
constants C,ye and n. To this end we will show that the unit ball is an Ll-averaging domain,
and then conclude by left-invariance and homogeneity. The L'-averaging property of D is a
consequence of the geometric condition we now discuss.
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Following Definition 2.1 in [10] we say that a domain D in (H!, d,, m) satisfies the Boman
chain condition if there exist constants M > 0, A > 1, C» > C| > 1, and, a family F of
dg-balls such that

(1) D =Jper C1B (the domain D is the union of enlarged balls in F).

2) ZBG}- szB(x) < My, (x) for all x € H! (a point in D is covered by at most M
enlarged balls in F).

(3) there exists a so-called “central ball” B, € F such that for each ball B € F there is a
positive integer k = k(B) and a chain of balls By, ..., By such that By = B, By = B
and the following properties hold:

(3.1) forevery j =0, ...,k — 1 there exists a ball D; satisfying
D; Cc Ci1BjNCiBjy1 and m(Bj) ~m(D;j) =~ m(Bjy1).
(32) BCABjforall j =0,...,k(B).
Theorem 3.1 in [10], stated for more general homogeneous metric spaces, in particular

shows that John domains in (]HIl, dy, m) satisfy the Boman chain condition.

Proposition 3.8 The Kordnyi unit ball D = By (0,1) is an L'-averaging domain in
(H', ds, m).

Proof First, D is a John domain in (]I-]I1 , dy). To prove this, it suffices to show that there exists
a point pg (the “John center”) and a constant C > 1 such that every p € D can be connected
to po by a rectifiable curve y with the property that

dy(y (1), 9D) = C~" min{d;(po, ¥ (1)), ds (y (1), p)}

forall y (). Clearly we can take pp = 0. For p € D, welet y be a (sub-Riemannian) geodesic
with ¥ (0) = 0 and y (1) = p. Then, it suffices to observe that for all ¢ € Bs(y(¢), 1 — 1),
one has

dyi(q.0) = dyi(q, y (@) +dy (y(0),0) = ds(q, y (1)) +ds(y(1),0) =1 —1+1=1.

By the discussion preceding the statement of Proposition 3.8, the John domain D satisfies
the Boman chain condition. Theorem 4.2 in [39] implies that every domain which satisfies
the Boman chain condition is an L"-averaging domain for every 1 < r < o0, and thus, in
particular for » = 1. Hence D is an L'-averaging domain as claimed. O

Corollary 3.9 Every Kordnyi ball By (p, r) is an L'-averaging domain with the same con-
stants Cyaye and n.

Proof Denote Do := By (0, 1). By Proposition 3.8, there exist 0 < Cp < oo and ng > 1
such that

1
—_— lu(x) —up,| dm < Co sup
|D0| Dy ! noBsC Do |BS| By

lu(x) —up,| dm) . (3.4)

Consider now an arbitrary Kordnyi ball D := By (p, r). Recall that left translations, denoted
), have Jacobian determinant equal to 1, and dilations by r, denoted §,, are diffeomorphisms
with Jacobian r*. This yields by the transformation formula that

1/ 1 1 / 4
Up ‘= — udm = ——— (Hot,od)rdm=@ot, 08, )p,.
DI Jp r* Dol Jp, " P
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Hence, by (3.4),

1 / 1
— [ ) —upldy = — [ w(x) = vpyl dx
DI Jp P Dol Jpy Do

1
Co sup [v(x) — vp,| dm
noBsC Dy |Bs| By

1
=Cop| sup lu(x) —up,| dm
noBsCD |Bs| By

forv:=uot,od,. O

IA

Theorem 3.10 The following statements hold true for every open set 2 in H' with constants
independent of Q.

(1) BMO*(2) = BMO? | () foralln > 1 with

n,loc

I lemos @ = I+ I3 = el - lBmog, @) 3.5

n,loc

(2) BMO*(Q) = BMO®' (Q) with

1 1
cal - I <115 < el 11 (3.6)
(3) BMO™' () = BMOY, () for all n > 1 with
o' H!
I Mgt @y <1 IE < G gyt o

Proof First, the following holds trivially for any n > 1:

1 1 1
BMO™ (2) € BMO}, (@) and ||~ llyy o o < 11+ I

n,loc

and the same is true for the BMO spaces considered with respect to the sub-Riemannian
distance. Next, as claimed in (1), we note that

BMO*(2) = BMO?! | (Q) foralln > 1, (3.7)

n,loc

where only the inclusion “2” is nontrivial. In the setting of doubling metric measure spaces
with a length metric, the assertion is essentially proven by Buckley in Theorem 0.3 in [11].
However, Buckley’s proof specifically considers balls B such that 2B C 2 and requires
significant effort in its adaptation to the more general condition nB C 2 for some n > 2.
Instead we follow the shorter and more transparent proof of Theorem 2.2 in [32]. As H!
equipped with the sub-Riemannian distance d; is a length space, Theorem 2.2 in [32] can
now be applied with A = n, see the proof of [32, Theorem 2.2]. Since our reasoning is
verbatim the same as in [32] for n = 2, let us focus only on the modifications required for
general n.

Consider a ball B(xg, R) that is admissible for || - ||5 and a point x € B(xg, R). The
key part of the proof is to construct a certain chain of balls B;(x;, r;) in €2 centered on a
geodesic and connecting small enough balls B(xg, ro) and B(x, ry) in such a way that for

i=1,...,N—1onehasr, = %. Then one shows that r; = oV ~ry, with & :=
271+1+1

on+l_1°

N —1 <clog, (%). Thus, the counterpart of [32, (2.12)] reads: N — 1 < clog, nk

As in [32, (2.11)], we then obtain the following estimate for the length of the chain:
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if x is at a certain distance of xp, as quantified by k. The rest of the proof follows exactly as
in [32]. This yields (3.7) with the quantitative control on the respective BMO-norms stated
in (3.5) (depending on n and the doubling constant of (H!, d, m)).
We now proceed to part (2) of the theorem. It follows from Lemma 3.5 and (3.7) that
1 1 . ¢
BMO" (2) € BMO},.(?) € BMO’ _ (@) = BMO* ()

foralln > 1, with || - ||3 bounded from above by a universal constant times || - ||IEIl . The goal
now is to show the reverse inclusion. To do so, we use the

fact that all Kordnyi balls are L'-averaging domains with uniform constants, cf. Corol-
lary 3.9. Let Dy denote a Kordnyi ball contained in €2. Then

1
sup

[Jul D
pyice [Pl Jpy,

BMOH' (@) lu—upy, | dm

< sup Caye sup lu(x) —up,| dm
Dy Q2 nB;cDy |Bs| JB,
< Caye SUp [u(x) — MBS| dm

B,cq |Bs| Jg,

= CuvellutllB™MOS (92) -

This concludes the proof of (3.6). Combined with this and (3.7), part (3) of the theorem is
now a direct consequence of Lemma 3.5. O

As mentioned in the introduction to Sect. 3, our goal is to show that log J; belongs to
BMO(£2) (both with respect to dyy1 and dy) for every quasiconformal map f on the domain
Q. In order to complete this goal, we need to recall and show a number of auxiliary results.
This is done in Sects. 3.3 and 3.4.

3.3 Higher integrability and reverse Holder inequality

Quasiconformal mappings between domains in H" satisfy a higher integrability property
analogous to the one established by Gehring in R", see [17]. Specialized to the first Heisenberg
group (endowed with the Koranyi distance), Theorem G in [28] reads as follows.

Theorem 3.11 (Koréanyi, Reimann) For every K > 1, there exist constants ¢ > 1 and k > 0
depending only on K such that the Jacobian of a K -quasiconformal mapping f : Q — €/
between domains in (H', dy) satisfies the inequality

P 5 B

P P K P

J} dm) < <7> ][ J¢ dm, (3.9)
GB(x.r) f 4+K—P B(x,r) 4

o (x,09)
forallp e [4,4+«k)andr < Hf.

In this theorem, balls are defined with respect to digi. The statement of Theorem G in [28]
contains no mean value integrals; however, the proofs of Propositions 19, 21 and 23 in [28]
reveal that assertion (3.8) holds as stated above. The proof is based on a Heisenberg version
of Gehring’s lemma and a reverse Holder inequality for J;.
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3.4 Ap-weights and distortion of balls

In this section, we apply Theorem 3.11 in order to show that the Jacobian of a quasiconformal
map satisfies an A ,-weight condition on balls which lie well inside the domain of the mapping,
see Proposition 3.13 for the precise statement. This is one of the key ingredients in the proof
of the BMO property of the Jacobian (Theorem 1.4).

3.4.1 Distortion of balls

For the proof of Proposition 3.13, we use the following auxiliary observation, which can
be deduced from the local quasisymmetry property of quasiconformal mappings between
domains in H'. In descriptive terms, it says that if a ball B lies well enough inside the domain
of a quasiconformal map f, then also its image lies well inside the image domain € and
moreover one can find an annulus around B whose image looks again like a spherical annulus,
where the statements can be quantified in terms of the quasiconformality constant of f and
the distance of f(B) from 9.

Proposition 3.12 For every K > 1, ¢ > 1, and d € {d;, dy }, there exists a constant k > 1
such that the following holds. Whenever f : Q — Q' is a K-quasiconformal map between
domains in ', and B = B(x,r) is a ball in (H', d) such that B(x, 10kr) C , then there
exists a ball B' = B(f(x), ') in (H', d) such that

(1) f(B)C B'C f(kB),
(2) ¢cB' C .

Moreover, every such ball B’ satisfies

c

diam(f(B)) < c—ild(f(x)’ Q") and d(f(x),0Q) < dist(f(B), 3%"). (3.9)

c—1
Proof Fork > 1tobedetermined,let B = B(x, r) be as in the assumptions of the proposition
and set

r'i= sup  d(f(x), f(u)).

{u:d(x,u)=r}

We will verify that B’ := B(f(x), r) has properties (1) and (2) if k is chosen sufficiently
large (depending on K and c). The inclusion f(B) C B’, and hence one half of the claim
(1), is immediate from the choice of r’ and the path connectedness of H! \B’. Indeed, if there
was w € B with f(w) € H'\B’, then by connecting f(w) with a point in H'\ f (kB) by
a curve in H'\ B’, one could find u’ € 3B with d(f(x), f(«')) > r’, which contradicts the
definition of r’.

Next, since B(x, 10kr) C €2, then by the discussion in Sect. 2.3 we know that f is n-
quasisymmetric on B(x, kr) for a homeomorphism 7 : [0, c0) — [0, co) that depends only
on K. Let y € 9B be such that

d(f), fo) =r
and z € dB(x, kr) be such that

d(f(x), f(z)) = {u:d(il}uf):kr}d(f(x)’ f ().
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Hence, by n-quasisymmetry,
d(f(x), f(») (d(x,y)> _ (l) 310
i@, f@) = "\awa ) ~"\&) G0

Since 7 is an (increasing) homeomorphism, we can choose k > 1 depending on K and
¢ such that n(1/k) < 1/c. Moreover, as kB C 2, we know by the choice of z that
B(f(x),d(f(x), f(z))) C € and hence by (3.10)

cr’ = ed(f(x), f() =d(f(x), f(2)) =d(f(x),92)),

so we have established (2). Since the estimate (3.10) for our choice of k yields in particular
that

r'=d(f(x), f(») <d(f&x). f(2)

and since B(f(x),d(f(x), f(2))) C f(kB), as can be seen by the definition of z and the
path connectedness of B(f(x), d(f(x), f(2))), we have also proven the second part of (1),
namely that B’ C f(kB). The proof of (1) and (2) is complete.

The estimates in (3.9) are a straightforward consequence of (1) and (2). Indeed, given
B’ = B(f(x), r’) as in the first part of the proposition, we find

cr’ <d(f(x),dQ) <r +dist(B’, Q).

Hence,

diam(f(B)) < diamB’ < (c—Dr' <

c—1 c—1

dist(B’, 9Q) < ﬁd(f(x), Q).
Moreover,
d(f(x), ) < dist(f(B), 9Q) +r’ < dist(f(B), ) + %d(f(X), ),

which implies

d(f(x), 09) < — dist(/(B), 02).

c —

3.4.2 A,-weights

With the preliminary ball distortion estimates at hand, we now prove the reverse Holder
property for the Jacobian of quasiconformal mappings on subdomains of the Heisenberg
group endowed with the Kordnyi distance.

Proposition3.13 Let f : Q@ — Q' be a K-quasiconformal map between domains in
(H', dy). Then there exist constants C > 0 and k > 1, depending on K only, such that the

weight condition
4

i
][ Iy dmgc(f J;(P“‘)/“dm) ! 3.11)
B B

holds for all dy1-balls B with 10kB C Q2 and for all p € [4,4 + k).

Here, k denotes the constant from Proposition 3.12 if ¢ is as in Theorem 3.11 applied to
#~1. Moreover,  is as in Theorem 3.11. In particular, the bound for p depends on K only.
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Proof If @ = Q' = H!, the claim follows from Theorem 3.11 by estimates which are
standard in the theory of Muckenhoupt weights, so we concentrate on the case where 2
and €' are strict subdomains in H!. While the proof still follows largely the same steps of
reasoning as given in the proof of Lemma 5 in [36] for a quasiconformal map from R” to
R", we need to employ Proposition 3.12 since our result is localized to sets € and €'

Let ¢ be the constant from Theorem 3.11 (applied to f~!) and B’ C €’ be any ball such
that cB" C Q. Since J-1(y) = Jr(f~1(y)~! for almost every y € Q, Theorem 3.11
applied to f~! shows that

(7[3/ I on dy) T=c ][B, Jr(f 7 on dy, (3.12)

for C = (k/(4 4+ x — p))/P. We are now in a position to apply Proposition 3.12 to f with
constant ¢ as defined in the beginning of the proof. Hence, we find a constant k£ such that
whenever the ball B C € is such that 10k B C €, then there exists a ball B’ C Q' with the
following properties:

¢B'cQ, Bc f'B), f'(B)cCkB. (3.13)

In particular, (3.12) applies to such B’. The inclusions (3.13) and the change of variable
formula, see for instance Theorem 5.4(a) in [15], result in the following estimate:
1
|B'|

P 1 » ,
/ I s / Jf<x)-wf(x>dx=][ Jr(fT N7 dy.
B 1Bl J =18 B

This and (3.12) lead to the inequality

1 i » IR Fat10: 51
I Srmde ) <cb gt on Tty =cl 220 (a4
|B’| /B ’ B |B’|

Since |B'| = ff*l(B/) Jr(x) dx, we obtain from (3.14) that

4
(/ I # dx) "< (/ 5 (x) dx>
B Vi : )

By applying (3.13) we get that | f ~1(B’)| < |kB| = k*|B|. Thus, we arrive at the following
inequality:

4—p
P

4=p

i \7 4 Apd 7
Jr(x)™# dx < Ck*|B|r" » Jy(x)dx .
B B

The above estimate immediately implies

4—p

4—p % 4 P
(][ Jr(x)™ dx) < Ck (7[ Jr(x) dx)
B B

4

][ Jp()dx < (CKH)77 (][ Jr) T dx) o
B B

and hence
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Proposition 3.13 essentially says that w = J¢ is a Muckenhoupt A,-weight in the sense
of [14,27] for g = 1+ 4/(p — 4). This is not quite true, because the A,-weight condition
is verified only for those Kordnyi balls B which lie well inside the domain €2 in the sense
that 10kB C . It is for this reason that one cannot conclude that J¢ is an A-weight if f
is defined on an arbitrarily given domain €2 in H!. This also means that one cannot directly
conclude that log J; € BMO(£2), but as we will see in the next section, the latter statement
still holds true.

3.5 BMO(S) property of log J;

Lemma 3 in [36] characterizes functions whose logarithm lies in BMO(RR") via an integral
inequality. We generalize part of this result to functions defined on a domain  c H'. Since
in our discussion we only need the implication in one direction, and only for functions which
arise as quasiconformal Jacobians, we state the following result.

Proposition 3.14 Let 2 beadomain inH'and f : Q@ — f(Q) € H! be a K -quasiconformal

mapping. Then log J; € BMO10C (2) with || log Jy || bounded by a constant that

BMOT) 1, (2)
depends only on K.

Proof The proof is similar to the one for Lemma 3 in [36] and, therefore, we omit the details.
We start from the inequality

|-

][ Iy dmch o dm> o
B B -

which, by Proposition 3.13, holds for all balls B in €2 such that 10kB C €2, with C and the

bounds for p determined by Theorem 3.11. The crucial estimate, giving the BMO%]C_ 10k (§2)-
norm bound, cf. [36, (2.7)], reads

N

][ |log J5 — (log Jy) 5| dm < élog(Cs +C7)
B

for s = min{1, (p — 4)/4} and the constant C depending on K, see the discussion of the
constants in Theorem 3.11 and Proposition 3.13. O

As a consequence of the above discussion, we deduce the main result of this section.

Proof of Theorem 1.4 By Proposition 3.14, we have that log J € BMO}! (SZ) with a quan-

loc
titative upper bound for its BMO]{%‘,{ 1oc(§2)-norm that depends on K only. Theorem 3.10
allows us to conclude that log Jy € BMO(£2) and to bound its BMO(£2)-norm (both with

respect to the Koranyi and the sub-Riemannian metric) from above in terms of K. O

4 A Koebe theorem

The main purpose of this section is to prove the key result of this work: the Koebe theorem
for quasiconformal mappings between open sets in H', see Theorem 1.3. Before providing
the proof of this result, we need further auxiliary observations.

The following lemma is a counterpart of [2, Lemma 5.10]. For our purposes, it suffices
to consider balls centered at one point, but we consider arbitrary domains in H' instead of
disks in R2. The proof goes the same way, and so we omit it.
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Lemma4.1 The following statement holds both for the Kordnyi distance dy and the sub-
Riemannian distance dg: Let Q be a domain in H! and let u € BMO(S). Then for all balls
By C By C Q centered at a point 7 € 2, one has

e |B1|
lup, —up,| < 3 (log@ + 1) floell . 4.1)

Here and in the following, the logarithm is taken with respect to the basis e.

In the literature, the definition of the quantity ay(x) for a K-quasiconformal map
f Q@ — € between domains 2, Q2" C R” involves taking averages of log Jy over
either B(x, d(x, 0S2)) or over B(x,d(x,d)/2). It turns out that the resulting quantities
are comparable. In H!, it is for technical reasons sometimes more convenient to work with
B(x,d(x,d)/L) for anumber 1 < L < oo which depends only on K (for instance in the
proof of Proposition 4.4). The following lemma shows that this is possible.

Lemma4.2 Let d € {ds,dy} and K > 1. Given 1 < L < oo, there exists a constant
1 < Ck.L < o0, such that for every K-quasiconformal mapping f : Q — Q' between
domains 2, QY C (H', d), one has

Cilpexp (4 (tog /1), ) = exp (4 (o2 /), ) < Creroxp (4 (10g /5, )

where
By := B(x,d(x,0R2)) and B> := B(x,d(x,02)/L).

Proof If u € BMO(X2), then for a given 1 < L < oo, Ahlfors regularity of the measure m
and (4.1) show that

e
lup;, —up,| < ci(L)lullx, where c(L) = 5(410g(L) + 1. (4.2)

By Theorem 1.4, if f is K-quasiconformal, then log J; € BMO(L2) and || log Jr|l4 is
bounded by a constant c2(K) depending on K only. Hence, for u = log J¢, (4.2) gives

exp (§ (1o /1) ,) < exp (5 (log /), +ex.r) = Crrexp (§ (o /) )

and
exp (§ (log /1), ) < exp (5 (log /y), +ex.) = Crrrexp (§ (log /) )

where cx 1 = %cl(L)cz(K) and Cg 1 := exp(ck,r). The statement of the lemma follows.
O

The following proposition is due to Soultanis and Williams [38, Corollary 5.3], for
domains with two-point boundary condition in geodesic metric measure spaces of globally
Q-bounded geometry (Q > 1). (See also [38, p. 627] for a remark on these assumptions.)
Since (Hl, ds, m) is unbounded, of globally 4-bounded geometry and geodesic, their result
applies in our setting. The corresponding result for the metric dy instead of ds then fol-
lows immediately from the comparability of the metrics, more precisely from (2.5). The
constant “10” in the statement of the proposition is not optimal, but convenient since it works
simultaneously for dg and dy .
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Proposition4.3 Let d € {d;,dy} and K > 1. Then there exists a homeomorphism n :
[0, +00) — [0, +00) such that the following holds for all K -quasiconformal maps f : Q —
Q' between domains in H' and for all x € Q. If y € Q satisfies d(y, x) < d(x, 3%2)/10,
then

d(f ), ) _ ( d(x,y) )
d(f),02) ~ "\dx, 09))

The proposition exploits the connectedness and doubling property of balls in (H', d) and
is a stronger statement than what one can derive merely based on local n-quasisymmetry in
arbitrary metric spaces. The local quasisymmetry of quasiconformal maps coupled with the
reverse Holder property for their Jacobians also yields the following distance estimate.

Proposition 4.4 Forevery 1 < K < 00, there exists a constant A > 1 such that the following
holds. If 0 < a < band [ : @ — Q' is a K-quasiconformal mapping between domains
Q, Q' CH!, and | log Jrlls < (2/e)a, then for all 7y, zo € Q such that

din (21, 22) < 57dp (21, 0),

one has
dit (f (1), f(22)) < cap(z1)dg (z1, 0Q2) gt (21, 22)' 7, 4.3)

where the constant ¢ depends only on K and the bound b for a.

The proof of Proposition 4.4 will show that ¢ in the statement can be obtained as a
monotone increasing function of b. Also, for large values of a, the conclusion in (4.3) is not
very informative: assume for illustrative purposes that dyyi (21, z2) = %dHl (z1, 02). Then
the right-hand side of (4.3) is comparable to pa-l dyi (z1, 0€2). If a becomes large, then also
the multiplicative constant in this upper bound tends to infinity. For these reasons, in our
application we will be interested in having a small upper bound b for a.

Proposition 4.4 is a counterpart for Lemma 5.15 in [2], for arbitrary subdomains of H'
instead of disks in R?. A significant difference in the proof arises from the fact that (i) we
do not know whether the map f extends to a K1 (K)-quasiconformal map on the one point
compactification of H', and (ii) we do not have a Mori distortion theorem at our disposal.
We compensate for this by resorting to the local quasisymmetry property of f. This, and
the ball admissibility condition for (3.11), accounts for the presence of the constant A in the
statement of Proposition 4.4. Lemma 5.15 in [2] contains an analogous statement in R? with
A = 1. The weaker formulation of Proposition 4.4 influences the proof of Koebe’s theorem,
where now r, < r1/(2A) has to be used instead of 7, = r1/2. In light of Lemma 4.2, this
change is immaterial. Moreover, working with arbitrary subdomains, rather than just disks
or balls, has the advantage that we only have to define a; and || - ||+ for one domain, namely
Q. Also note that if z € B C 2, then d(z, dB) < d(z, 9€2), and for our purpose an estimate
in terms of d(z, d2) is sufficient.

Proof of Proposition 4.4 Throughout the proof we will work with the Kordnyi distance d =
dyp . The idea is to choose A large enough so that for z; and z; as in the assumptions, we
have that:

(1) f is quasisymmetric on B(z1, d(z1, 22)),
(2) B(z1,2d(z1, z2)) is admissible for the reverse Holder inequality for J¢ (3.11).

The requirements are satisfied under the following assumptions:
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(1) & =5 (egg yolk principle for dyy1),
(2) A > 10k, where £ is as in the admissibility condition for (3.11).

Let us choose A > 1 as the smallest constant for which (1) and (2) hold. Such a A is finite
and depends only on K. We set

ry:=d(z1,90RQ)/A and ry :=d(z1,22)
and denote B; := B(z1, r;) fori € {1, 2}. Moreover, we write

s2:= min Zd(f(z),f(m)).

(z,z1)=r

Since f |m is H-quasisymmetric for a constant H which depends only on K, we
find

d(f(z1), f(22)) = Hss.
This implies

“4.4)
d(z1,22) r |B2|

In order to further estimate this from above, an analog of Lemma 5.14 in [2] would be useful.
We concentrate on a manageable special case, which is sufficient for our application. Namely,
using the same notation as above, we will prove that

B 1
|/ (B2)l < Cexp (—/ log J dm>, 4.5)
| B2l |B2| /B,

where C’ is a constant depending only on K. To show this, we consider the enlarged ball

Q0 :=2B; := B(z1,2d(z1, 22)).

(d(f(zo,f(zz)))“ g (HSz)4 _ sl B

By our choice of A, the ball Q is admissible for (3.11), and we deduce for a suitable constant
c1 > 0 (depending on K), that

If (@I _ 1 / ()4 )4/”"‘” ( / )
- J dm : log J+ d 4.6
ol (IQI saep(jg) [, leelrdm). @0

where we have applied Jensen’s inequality to the convex function ¢(x) = e~ 2* for b =
(p — 4)/4 in the last step. The remaining steps to deduce (4.5) consist of a computations
analogous to the proof of [2, Lemma 5.14]. First, we observe that

1 1
longdmz—][ longdm—i—<1——>][ log Jy dm
][Q 24) 5, 24)) om

24
][ log Jy dm < log (][ Jr dm) = log <47][ Jr dm)
0\By 0\B> =1y

2* /()
<toz (57175 )-

Inserting these estimates in (4.6), we find that

1 og O +1 1 Jrd +24_11 2!
ogc| + — o m+ —— log ——,
2% 8T g =BT, o8 o 185

and
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which yields (4.5) since | f(B2)| < | f(Q)| and |Q| = 2*|B|.
Combining (4.4) with (4.5), we deduce that

(d(f(m), f(z2))
d(z1, 22)
for a constant ¢, depending only on K. The rest of the argument is similar to the proof of [2,

Lemma 5.15], with the factor 1/2 replaced by 1/4. By Lemma 4.1 applied to u = log J,
we have

4
) < caexp ((log Jf)B,) 4.7)

|og J7)m, — (og J7)m,| < (log B 1) a=4alog™ +a.
| B | r
Hence
L log I, < ~(tog J1)p, +alo nyb
4 2 — 4 f Bl gr2 4

Combined with (4.7), this shows that
1/4 1
d(f(z1), f(z2)) < ¢’ " exp Z(log Jp)B, | d(z1, 22)

1/4 1 a 1-a
< ¢, exp(b/4)exp 4(log Jr)p, ) d(z1,0R)"d(z1,22) 7,
which concludes the proof of the proposition. O
Finally we are in a position to prove the Koebe type theorem.

Proof of Theorem 1.3 As remarked in the introduction, it suffices to prove the theorem for the
Koranyi distance d = dpy1, as then the corresponding statement for dg follows.

Let us first observe that the assumption  C H! implies that Q' = f(2) C H'. Indeed,
this is a consequence of the fact that H! is not quasiconformally equivalent to any proper
subdomain of H! by Theorem 13.1 in [41]. The result in [41] is formulated for Q-Loewner
spaces and locally quasisymmetric embeddings, hence it applies in particular in our setting.

We fix an arbitrary point x; € €2 and prove estimate (1.3) for x = x;. To this end, we
define

r1i=d(x1,0RQ) and d; :=d(f(x1), 9.

Note that both r1, dy # 0o, as 2, Q' C H!.
Set further

rpi=ri/m and dyi= ma)xzrzd(f()fl% J @),

(x1,x

where m = max{2A, 10k} with k as in Proposition 3.12 applied with ¢ = 10, and A as in
Proposition 4.4. Let further x € €2 be a point which realizes the maximum in dp, that is

d(x1,x2) = rpand d(f(x1), f(x2)) = d>.
‘We denote

By := B(x1,r1) and Bj:= B(xy, ).

We will show that there exists a positive and finite constant ¢; = ¢ (K) such that

— < — <c. (4.8)
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The first inequality will be obtained by applying Proposition 4.3 to f and for this application

it would suffice to know that m > 10. However, to derive the upper bound in (4.8), we will

have to apply Proposition 4.3 to the inverse map f !, and for this we need to know that the

image of B, is still contained in a ball that is admissible for Proposition 4.3. This is why we

require that m > 10k. The assumption m > 2 is used only in the second part of the theorem.
Proposition 4.3 applied to f, x = x and y = x yields

d(f(Xl),f()Q))<n(d(X1,X2)>
d(f(x1),02) — " \d(x1,0Q)

and hence, by the choice of x7,

d> ) 1
— < — | = — .
d _77<r1> n(’")

To obtain the second bound in (4.8), we apply Proposition 4.3 to the (K -quasiconformal)
map f~!, x = f(x1) and y = f(x). Here we note that m > 10k and k has been chosen
such that

f(x2) € f(By) C B

for some ball B’ centered at f (x]) with the property that 10B” C €. Hence Proposition 4.3
is indeed applicable for the points f(x1) and f(x2) and we find

d(x1, x2) - (d(f(m),f(xz)))
A, 92 — T\ d(fG), 09) )

This yields the following bound:

(1 1 (7 dy
T L W iy (0 W )
! <M) ! (H) —dr

We are now able to deduce an upper bound for a7 (x1), analogously to [1, (2.7)]. Indeed,
since f(B2) C B(f(x1),d>), we find by Jensen’s inequality and (4.8) that

B d d
(log /)5, < 10g<'f|(B 2|)|) <410g 2 54(log mel 1>.
2

r2 8

Combining this with Theorem 1.4 and Lemma 4.1 (applied to u = J), we find

d
(logJyr)p, <4 <10g (mil 1) +cz> s
1

for a constant ¢; which depends on K only. Thus,

mcid

I exp(ca). 4.9)
r

arg(xy) <

The next step is to apply Proposition 4.4 for z; = x1 and zo = x7 in order to find a lower
bound for a ¢ (x1). In this way we obtain, for constants a and ¢ bounded in terms of K, that

1 l1—a
dy = d(f(x1), f(x2)) < cay(x1)d(x1, dQ2)%d(x1, x2)' ™9 < <%> cay(xpry.

By (4.8) we can bound d, from below by d;/ci, which yields the desired lower bound for
ay(x1) and thus, together with the upper bound in (4.9), concludes the proof. O
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5 Applications

In this section, we discuss applications of Theorem 1.3. Section 5.2 contains analytic results
regarding the horizontal derivative of a quasiconformal mapping. Results in the spirit of the
ones in Sects. 5.1 and 5.3 have been obtained by H. Len Ruth Jr. in his PhD thesis, [31,
Section 3.7], for quasisymmetric mappings in a more abstract setting and for the quantity
d(f(-),a")/d(-, 92). By our version of the Koebe theorem, d (f (-), dR')/d (-, d82) is com-
parable to a for quasiconformal mappings between domains in H'. In this sense, Lemma
3.7.4 and Proposition 3.7.5 in [31] are quasisymmetric counterparts of our Propositions 5.1
and 5.7, respectively. Since a quasiconformal map f on a subdomain Q@ C H! is in general
only locally quasisymmetric, our results do not follow directly from the ones in [31]. We give
direct proofs in the quasiconformal category, which do not rely on the results in [31], but
on similar proof arguments. The specific setting of the sub-Riemannian Heisenberg group
allows us to illustrate the sharpness of Proposition 5.1 with an example and to formulate
our results with less additional assumptions than in [31, Section 3.7]. In particular, Propo-
sition 5.7 holds for arbitrary, not necessarily Ahlfors regular, domains. It shows that a s is a
conformal density on €2, which is useful information, for instance in light of the results in
[25].

5.1 Diameter bounds for image curves

A quasiconformal map can wildly distort the length of an individual curve. However, Koskela
has shown in [29, Lemma 2.6] for quasiconformal mappings defined on a domain €2 in R",
that it is possible to control the diameter of f oy in terms of f ay ds for all curves y which
are long enough in terms of their distance to the boundary of 2. The goal of this section
is to study similar estimates in the Heisenberg group. Koskela’s proof makes use of the
Besicovitch covering theorem, which does not hold for the Koranyi or the sub-Riemannian
distance on H!. A possible approach would be to use one of the comparable distances with
the Besicovitch covering property that were constructed in [30]. Instead, we will give below
a direct proof using the basic 3r-covering theorem, which can be found for instance in [40,
Theorem 2.1]. Our statement is slightly more flexible than the original version since we allow
for a quantitative control of the lengths of curves in terms of a parameter «; this will prove
useful later in applications.

Proposition 5.1 Ler d denote either the Kordnyi or sub-Riemannian distance on H'. Let
f Q= S be a K -quasiconformal mapping between domains in H' with 2 # H'. Then,
for every a € (0, 1] and for every rectifiable curve y contained in Q2 with

length(y) = ad(y, 3), (5.1)

one has

diam(f o y) EC/af ds
y

for a constant C which depends only on o, d and K. Here f ds denotes integration with
respect to the d-length.

1
7

and a} ~ a]]fﬂl , it suffices therefore to prove Proposition 5.1 for, say, d = dy.

Recall that curves have the same length with respectto ds and dyy1 . Since —=ds < dyp1 < d;
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Proof Let d = dyi. The following abbreviating notation will be used in this proof. For
0 < x < 1, we denote

By (x) = B(x, xd(x, d82))

forx € Q.
Let k = k(2, K) be the constant given by Proposition 3.12 applied to ¢ = 2. Then we fix
A € (0, 1) to be the largest number satisfying

A=<
1+«

1
and 10k < 3 (5.2)

By the second condition, we have that 10k B, (x) C 2 for all x € €, which will be used to
apply Proposition 3.12. Furthermore, since k > 1, we have A < 21W < 21—0. The use of the
first condition in (5.2) will become clear later.

Consider now an arbitrary curve y satisfying the assumptions of the proposition. For
simplicity, we continue to denote the trace of y by the symbol y. Let B* be the cover of y
given by all balls of the form B; /3(p) where p € y. By compactness of y, we may without
loss of generality assume that the family B* contains only finitely many balls.

This allows us to apply the 3r-covering lemma and select a (finite) disjointed subfamily
F* C B* so that the 3-times enlarged balls in F* cover y. More precisely, if we denote by
I the set of centers of the balls in F*, then we have

By3(p) N Byja(q) =90 for p.gel, p#q and y C | Bu(p).
pel

Since 10kB; (p) C 2 for all p € I, we can apply Proposition 3.12 (with ¢ = 2), and we
have that

diam(f o y) <) _diam(f(By(p))) <2 d(f(p),dQ). (5.3)

pel pel

Next we establish an estimate of [, a rds frombelow by amultipleof 3° ., d(f (p), 9R2).
In what follows we employ the family of balls

{Bisz(p) :p el}. (5.4)

Note that the family (5.4) does not necessarily cover y; however, since we are looking
for a lower estimate of f ay ds, and ay > 0, this will not be a problem. Let I(p) =
length(y N B;./3(p)), then we claim that

A
lp) =z gd(l?, 9%2). (5.5)

The bound (5.5) is obvious if y exits B 3 (p); however, the assumption (5.1) implies that
(5.5) is valid even if the entire curve is contained in B x (p). Indeed, if y C B% (p), then

A A
ad(y, IQ) > a (d(p, 09) — Zd(p, am) = 5d(p. 09 (5.6)
where the second inequality is a consequence of the choice of A as in (5.2). The fact that

[(p) = length(y) > ad(y, 0L2), together with (5.6) proves (5.5) in this case.
Our desired estimate will result by approximating

/ aygds
yNBy3(p)
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by ar(p)I(p), thus we require a constant 7, depending on K and the chosen metric only,
such that a(x) > td(f(p), ) /d(p, 3R) for all x € By 3(p). To this end we observe
that Proposition 3.12, applied to B := B, ;3(p) and ¢ = 2, implies

1
d(f(x), 99" = d(f(By/3(p)), 92) = 74(f(p). Q")

for all x € B;/3(p). Moreover,

d(x,0Q) < d(x, p) +d(p,9R) < (% + 1>d(p, 082) < 2d(p, 9%2)

for all x € By 3(p). Using the two inequalities above, together with Theorem 1.3, we have

iy s AU 1 (), 99) 57
P =k A&, 09)  ~ dcx d(p, o) '

forall x € By 3(p). Thus t = ﬁ is sufficient for our needs.

To finish the proof we observe that

d(f(p), ) @3
/afds>2/m ()afds>‘rz 2,35 I(p) = erd(f(p) ).
pel 2/3(p pel
This estimate combined with (5.3) proves the claim with C = 6/At = 24ck /X. O

Remark 5.2 Analogously as in Euclidean spaces, Proposition 5.1 does not hold without the
assumption (5.1) on the length of . To see this, we consider the Heisenberg radial stretch map
f = fi :H' = H',0 < k < 1, discussed in [7]. This is a quasiconformal mapping which on
the (x, y)-plane agrees with the usual planar radial stretch map, thatis f(z, 0) = (z|z[¥~', 0),
and which sends points with Koranyi norm equal to » > 0 onto points of Koranyi norm r*. In
light of Proposition 5.1, let us now consider the map f for k = 1/2, restricted to the Kordnyi
unit ball, 2 = B(0, 1) and let y be a line segment with length(y) = r € (0, 1) on the x-axis
emanating from O (note that restricted to the x-axis, the Kordnyi distance agrees with the
Euclidean distance). Then f(y) is again a line segment on the x-axis starting from 0, but
with diam(f o y) = +/r. For a fixed o, we can choose r > 0 small enough so that y violates
the assumption (5.1), and by letting r tend to 0, we will see that indeed the conclusion of
Proposition 5.1 does not hold in this case since /7 > r for small r, yet f v af ds < cr for
a positive and finite constant ¢ which does not depend on r. To establish the last claim, it
suffices to observe thata s (0) < oo and that there exists ro > O suchthata s (x) < c¢’ay(0) for
all x € B(0, rp) for a constant ¢’ depending on K, and in particular on cg from Theorem 1.3.
This can be seen by an argument as in (5.7). Therefore,

/ agds < c/af(O)r & fr =diam(f oy),
Y

for r < rg small enough, which is impossible.

5.2 Comparison of the average derivative and the operator norm
As an application of the Koebe theorem for quasiconformal mappings in R”, Astala and

Koskela have shown that for a K -quasiconformal map f : Q@ — €/, for Q, Q" C R”, the
integrals

[ IDF)IP dL"(x) and / ay ()P dL"(x).
Q Q
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are quantitatively comparable for p in an appropriate parameter range, see Theorem 3.4 in
[3]. The main goal of this section is to prove a counterpart of the aforementioned theorem,
which is valid for both d = d; and d = dy.

Theorem 5.3 Let f : Q — Q' be a K -quasiconformal mapping between domains in (H', d)
for some K > 1. Moreover, denote by p = p(K) > 4 a higher integrability exponent of the
Jacobian of f as in Theorem 3.11. Then

1
*/ ar(x)?dm < / 1Dy f )7 dm < c/ ar(x)? dm
c Jo Q Q

forall4 — p < q < p, where c depends on K and q.

Theorem 5.3 provides explicit bounds for the admissible exponents ¢ by using the exponent
p from Theorem 3.11 and Proposition 3.13. The R”-counterpart of this statement is [3,
Theorem 3.4], which gives the bounds

—min{po —n,1/(p1 — D} < g <n+min{pg —n, 1/(p1 — D}.

In this formula, py denotes the exponent in Gehring’s reverse Holder’s inequality for | Df]|,
which corresponds to our parameter p, and the parameter p; is obtained from an estimate
which is quantitatively equivalent to the Muckenhoupt weight condition for ||Df]|" on a
cube. Instead of an estimate in the spirit of this latter result, we apply Proposition 3.13,
which provides us with the bounds in terms of p.

Theorem 5.3 is a consequence of our Koebe theorem (Theorem 1.3), auxiliary results
from Sect. 3 as well as the following observation, which is of independent interest. Namely,
it shows that a s as function of a point in the domain, satisfies a Harnack-type inequality. A
similar estimate has already appeared in the proof of Proposition 5.1, but in the following we
need a more general statement which we formulate as follows. Let us also remark that this
result can be deduced from our Koebe theorem, Proposition 3.7.3 in [31] and an appropriate
localization argument. Instead, we give a short direct proof using just the Koebe theorem and
Proposition 3.12.

Lemma 5.4 The following holds with respect to d € {ds,dyp}. Let f : @ — Q' be a K-
quasiconformal map between domains 2, Q' C (H', d). Suppose a ball B C Q satisfies the

condition
diam B < Adist(B, 992), (5.9)

where 0 < A < 2/(10k) for the constant k from Proposition 3.12 applied to ¢ > 1 and the
metric d. Then it holds
ag(x) < Cay(y)

forall x,y € B and a constant C > 1 which depends only ¢ and K.

Proof Let B C 2 be as above and let us fix x, y € B. Then, the Koebe theorem, see
Theorem 1.3, implies
d(f(x),99") . d(f(y),99) d(f(x),02) d(y, d)
d(x,0L) K7d0, 0 d(f(y), 0") d(x, Q)
< 2ap( )d(f(X),afl/) d(y, 08)
= KU GG, 09 dix, 99)

so the task is reduced to bounding the quotient in the last expression.

ar(x) <cg (5.9)
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Letting z be the center of the ball B, we have that

d(f(x),0Q) <d(f(x), f(2))+d(f(z),92)
< diam f(B) +d(f(z), )

< (1 +1)d(/ (), 92 = C'dist(f (B), 02)

with C’ = (C%l + 1) —55- This follows from the last assertion of Proposition 3.12 applied

with c. To justify the application of this proposition, we have to verify that 10k B C Q2 for

the constant k associated to c. This is indeed the case since the choice of A ensures that
diamB

10krad(B) = (10k) >

< dist(B, 0Q) < d(z, 9Q).

Therefore, the relevant term in (5.9) can be bounded as follows:

d(f(x),09) d(y,0Q) _, ., dist(f(B),0Q) d(y,dQ)
d(f(y),9Q) d(x,98) ~ d(f(y),99)  d(x,082)
,d(y, 982
<20 ———.
d(x,09)

To continue, we observe that (5.8) yields

d(y,99) _ diamB +dist(B, 9%2) _
d(x,dQ) — dist(B, 9Q) =

A+,

where the upper bound depends on ¢ and K via the choice of A. Thus we can find a constant
I < C < oo such that (5.9) reduces to ay(x) < Cay(y), as desired. ]

Toward the proof of Theorem 5.3, we have to carefully choose a Whitney decomposition of
our domain in order to ensure that the relevant balls are small enough so that all the necessary
auxiliary results from Sect. 3 and Lemma 5.4 are applicable. The results existing in the
literature, cf. Proposition 4.1.15 in [24], are not quite sufficient for our purpose since they
state the existence of Whitney balls with a certain specific ratio between radii and distance
to the complement of the domain. Adapting the proof in [24], we show the following result
(both for the sub-Riemannian and the Koranyi distance) which leaves the flexibility to choose
the parameter A.

Lemma 5.5 (Whitney decomposition). Let 2 C H! be an open subset. For any A € (0, 1/2),
there exists a countable collection C = {B(x;, ri)} of balls in Q such that

(1) @=JBxi )
i
@) > xBeiam <C,

where the constant C depends only on the choice of the metric d € {d;, dyp }; and such that
it holds

A
3) 1 dist(B, 02) < diam B < A dist(B, 9€2),

forany ball B = B(x;, r;) inC.
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Proof We fix a metric d € {d;, dy1}. Our goal is to find a collection of balls satisfying (1),
(2), and

(3)  ad(xi, 3Q) <ri < c2(M)d (x;, IQ).

forci(A) == % and c2(A) = 45.
Indeed, assuming (3’), we find

These constants have been chosen so that (3’) implies (3).

A A
Zdist(B, Q) < Zd(xi’ 02) < 2r; = diamB
and

21 21
diamB = 2r; < == d(xi, 9Q) < = (dist(B. Q) +r;)
=173 (dist(B, 3Q) + sdiamB),

which implies the right-hand side of (3). Thus it suffices to verify (1), (2) and (3’). We adapt
the proof of Proposition 4.1.15 in [24] and for any k € Z define

Ly A
Fi= {B <x, gwdu, am) cxeQand 25! <d(x,0Q) < 2"} .

We apply the 5r-covering lemma to find a countable pairwise disjoint family of balls Gy C Fi
so that a family of balls

C = U{SB : B € G}
keZ

satisfies assertion (1) of the lemma. By the definition of the radii r; as the arithmetic averages
of cy(M)d(x;, 0R2) and c2(1)d (x;, 32), we get assertion (3’). In order to show (2) we proceed
as in [24], exploiting the doubling property of the metric d. Suppose that there is x € Q
belonging to M balls of the form 2B, for B € C. We relabel the centers of these balls as
X1,...,Xp in such a way that d(x;, 02) < d(x1,9<) fori = 1,..., M. The radii of the
balls 2B; are given by

a(M)d(x;, 02) 1= (c1(A) + c2(A))d (x;, 0€2).

Note that the function a(-) is increasing on [0, 1/2]. As x lies in the intersection of the balls
2B; centered at x;, we find foralli =1, ..., M that

d(x1,x;) < a(A)(d(x1, 02) +d(x;, 9%2))
and hence
d(x;i, 02) > d(x1,0Q) —d(x1,x;) = (1 —a(r))d(xy, 02) —a(A)d(x;, 0K2).
This implies

0Q) > a(d)
- 1+ )

Moreover, for all i we have 2B; C B(x1, 3Ry), with 3Ry = 3a(A)d(x1, 0R). If x; and x;
are distinct centers of balls in the same family Gx we have, by disjointedness of the balls in
Gy, that

d(x;, ——d(x1, 09).

d(xi, xj) > ,Qmm{d(x,,asz) d(x;,0Q)) > ;”(;)i?“x

5 d(x1,32).
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That is, such points form a § (A)-separated set for

lad)1—al
50 e LAY 1 =a)
52 1+4+al)
and they are all included in a ball of radius R(A) := 3a(A)d(x1, 92). It is important for us

to observe that §(1)/R()\) can be bounded from below by a strictly positive number which
does not depend on A. This is the case since

1—a() _ 1—a(1/2)
I +a(m) — 1+a(1/2)

for all A € (0, 1/2). The doubling property (see Lemma 4.1.12 in [24]) gives us that at most
N’ of the balls 2B; can have their centers in F for a fixed k, where N’ is a constant which
depends only on the doubling constant associated to the metric d and the universal lower
bound for 6 (1)/ R ()). Next we show that the centers of the balls in our family 2By, ..., 2By
can lie in at most two different ‘layers’ F, which will provide the desired universal upper
bound for M. Indeed, assume that x; € Fi,. Then, forevery i € {1, ..., M}, we find

d(xy, 0Q2)

1—a(x)d(x1 1—a(1/2)

d(xy,09) > d(x;, 082) > Trat) 02) > m

1
d(xy,09) > Ed(xl’ 09).
The last estimate finally explains our choice of the bound A < 1/2. This estimate shows that
all centers are contained in F, 1 U Fy, for some k| € Z. m]

Proof of Theorem 5.3 Throughout the proof we work with the metric d = dyy1; the corre-
sponding result for d; can be deduced from the final statement for dyyi. Let A € (0, %) be the
largest number for which the following conditions are satisfied:

(1) A <2/(10k) where k is? as in Proposition 3.12 applied to f and ¢ = 2,
(2) A <2/c,where c is as in Theorem 3.11 applied to f,
(3) A <2/(10k), where k is as in Proposition 3.13 applied to f.

These conditions are such that XA is a positive constant depending on K, and every ball
B := B(xp,r) C Q with diamB < Adist(B, 0€2) satisfies the assumptions of the following
results (applied to the map f):

(1) Proposition 3.12 (ball distortion) and Lemma 5.4 (Harnack-type inequality for a ) for
c=2,

(2) Theorem 3.11 (higher integrability),

(3) Proposition 3.13 (weight property of the Jacobian).

We will prove a statement for such balls which in addition satisfy a lower bound on the
diameter:

A
1 dist(B, 92) < diam B < A dist(B, 02). (5.10)

Following the approach in the proof of [3, Theorem 3.4], our first step is to obtain a double
inequality comparing a s (xo) to a mean value of the appropriate power of || Dy f|| over the
ball B.

By quasiconformality of f, condition (5.10), Proposition 3.12 applied to B, f and ¢ = 2,
and Theorem 1.3, we obtain that

2 The exact value of ¢ is not essential, any constant larger than 1 which depends at most on K would work.
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[fB) _  diam(f(B)* _ (2d(f(x0), 92"
1B diam(B)* 7 (Lgist(B, 09)"
(2d(f (x0). 92)*

3 4

(—2%2)51()«), aQ))

K40+ 2)%
= )L74Ka}1" (x0).

][ 1D fI dm < K
B

<K

Thus, denoting C'(K) := %, we find that

F1Dusit am < ¢'x'aj o). (5.11)
B

We emphasize that C’(K) depends on K only (as A was chosen depending only on K, see
the discussion in the beginning of the proof).

In order to obtain a similar estimate for a(xo) from above, we appeal to a reasoning
similar to the proof of Lemma 4.2. Namely, let By := B(xg, d(xg, 3€2)). Recall that by the
discussion in Sect. 3 we have thatlog Jy € BMO(£2) and || log J ¢ ||+« can be bounded in terms
of K. Consequently

|(log J)5, — (log J7) 5| < Clllog 1L, (5.12)

for a constant C depending on K via the ratio

1B1 _ d(xo. 09)* _ (r+disuB, aQ))* (148 4!
|B| r4 r4

see (5.10). Therefore, since || log J ¢ ||« can be bounded by a constant in terms of K, we have

ar(xo)* = exp ((log Jf)&) < exp((logJr),z + Clilog J7llx)

EC(K)][ Jr deC(K)][ IDw £ dm (5.13)
B B

for a constant C (K) which depends only on K. Here, we have used the Jensen inequality for
the convex function e’ and the Hadamard inequality in order to estimate J; = (det Dy f )2
in terms of || Dy f||*.

So far we have shown that ay(xo) is comparable to the average of | Dy f I* over B =
B(xo, r). The next goal is to replace “4” by a different power. Starting from (5.13), we apply
the Holder inequality, the Gehring-type estimate in Theorem 3.11 (with exponent p > 4)
together with Proposition 3.13 to arrive at the following estimates:

1 1
P

ay(xo) = C(K) (][B 1D fI* 01m>4 = C(K) (][B I Du £ dm)

1

1 1
1/4 7 P 4
< C(K)K Jf dm <c(K) Jr dm
B B

1-2 i-p 4-p
<c(K) J. *dm <c(K) ||DHf||47p dm . (5.14)
(F, 7 o) =, )
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As in the proof of [3, Theorem 3.4] we recall the following inequality for g € L'(B) and
€ > 0, whose proof is a direct consequence of the Holder and the Jensen inequalities:

1
1 e
(7[3 o dm> 5][3 lg| dm. (5.15)

This estimate applied for g := || Dy f|| and € := p — 4, together with the Holder inequality,
gives the following:

1 1

(7[3 1Dy fI4P dm)W 5][3 1Dy £l dm < (7[3 1Dw F1* dm>4 . 6.16)

This combined with (5.11) results in a lower integral estimate for as(xo) in terms of
I Dy fII*7:

1

(][B IDx £1I*P <1m>H < C'(K)ay(xo). (5.17)

At this stage we apply Lemma 5.4 (a Harnack-type inequality) together with estimate (5.14)
(for 0 < g < p) or estimate (5.17) (for 4 — p < g < 0) and obtain that

q

i—
][ a(} dm < C"][ ar(xo)? dm = Clay(x0)? < C(K) (7[ Dy fI*7 dm) "
B B B

where the constant C (K) arises as a product of g-th powers of the constants C in Lemma 5.4
(for ¢ = 2) and ¢(K) in (5.14) (or C’(K) (5.17), depending on the sign of ¢). We wish to
estimate the above integral further from above.

We consider three cases: (1)4 —p <q¢ <0,(2)0 <g < 1,(3) 1 < g < p. In the first
case, the Holder inequality gives us that

1 _1
dm ~ dm P4
Dufl—) = Co= )
B ” H B ||DHf|| 1) =

In the second case a direct application of (5.15) for g := ||Dgy f||9 and € := (p — 4)/q
results in the following estimate:

(][B ||DHf||4_pdm> 5][3 1D f11dm. (5.18)

Finally, in the third case we apply (5.15) and the Holder inequality to obtain the esti-
mate (5.18). Therefore, as a consequence of the above case analysis, we get

][ a;{ dm < c(K)][ 1Dy f117 dm.
B B

By the analogous estimates we obtain the lower bound for the mean value of a? over B.
Thus, it holds that

1 ][ . ][ 9
aldm <4 1Dy fI dmfc(K)][ al dm.
c(K)) 5/ 5 wf B

In the last step we apply the Whitney decomposition argument and show that €2 can be
expressed as a union of balls with controlled overlap satisfying (5.10). That this is indeed the
case, follows from Lemma 5.5. O
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Asin the Euclidean case we have the following consequence of Theorem 5.3, cf. Corollary
3.5in [3].

Corollary 5.6 Let f : 2 — Q' be a K -quasiconformal mapping between domains in H' for
some K > 1. Then for all4 — p < q < p with p = p(K) > 4 and c depending on K and
q, it holds that

1

f/ af_l(x)4_q du < / ar(x)?du < c/ le—l(x)4_q du.

cJo Q @

Proof The proof follows the same lines as the proof of the corresponding result, Corollary
3.5 in [3], and is based on the change of variable formula, see, e.g., Theorem 5.4(a) in [15]
and the proof of Proposition 3.13. O

5.3 Quasiconformal metrics on domains in H'

In [9], the authors study quasiconformal metrics (more precisely, densities) defined on the
unit ball in R”.

The terminology is motivated by the fact that a conformal map from the planar unit disk
into C is, up to post-compositions with isometries, uniquely determined by the absolute value
of its derivative, and hence the latter can be thought of as a ‘density’ on the unit disk.

Let B = B(0, 1) C R” be the unit ball in the Euclidean space R”". Let further o : B —
(0, 00) be a strictly positive continuous function (called a density), satisfying the following
conditions, cf. Section 1 in [9]:

(1) (Harnack-type inequality.) There exist constants A € (0, 1) and ¢ > 1 such that

1
- < @ <c, forallx,y € B(z, d(z,0B)) forz e B.
c oy

(2) (Upper Ahlfors regularity with respect to d,.) There exists a constant A > 0 such that

Mo (Bo(x, 1)) := / o"(y)dL"(y) < Ar", forallx € B,r > 0. (5.19)
By (x,r)

Here B,(x,r) stands for an open ball with respect to the length metric dy(a, b) :=
inf, g l,(y) with weighted length [,(y) = f @ ds and locally rectifiable curves y
joining a, b € B.

It turns out, see [9], that these simple conditions imposed on a density function are enough
to infer several interesting geometric properties of distances defined via such densities.
Among the examples of such densities studied in [9, Section 2.4], is

L

0= (7[ Jy d£”> ,
B (x,dist(x,0B))

where f : B" — Qis a K-quasiconformal mapping from the unit ball in R" into a domain
€ C R”". The purpose of this section is to show a counterpart of this observation for qua-
siconformal mappings between domains in H!. The results of this paper allow us to move
beyond the setting of mappings from a unit ball and study more general domains in H'. The
following holds both for d = d and d = dp1, and the length element ds in the definition of
[, taken with respect to the distance d:
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Proposition 5.7 Let f : Q@ — Q' be a K -quasiconformal map between domains 2, ' C H!.
Then the function ay possesses the following properties:

(1) There exists a constant » € (0, 1) such that for all balls B C Q satisfying diamB <
Adist(B, 3Q), it holds

1
Maf(x) <ay(y) <May(x) forallx,y € B,

with the equivalence constant M depending on K and the choice of d € {ds, d }.
(2) The upper Ahlfors regularity holds for the measure i, asin (5.19) withg = ay, n = 4
and constants depending on K and the choice of d € {ds, dyp }.

Proof Assertion (1) follows from Lemma 5.4 applied to a fixed universal constant c.

In order to prove the second assertion for d = d; (and a posteriori for d = dp1) we follow
the steps of the proof of the corresponding property for quasiconformal mappings from a
unit ball in R” into R", see [9, Section 2.4]. Let x € Q and r > 0. We consider two cases.

CASE 1: Suppose that r < c¢(K)ay(x)ds(x, 0€2) for a constant 0 < ¢(K) < 1 depending
only on K and to be determined later. Let A := 2/(10k) > O be the constant from Lemma
5.4 associated to, say, ¢ = 2. We have the following inclusion of sub-Riemannian balls

Ar A
By <x, —) C By <x, ——=d(x, 39)) .
(A +2)c(K)ay(x) A+2

Here the radius of the smaller ball has been chosen so that it is included in a ball which
satisfies the assumption of Lemma 5.4, so that a Harnack-type inequality for a is valid on
that ball. (Note that the constants given by Lemma 5.4 depend on the choice of the metric
d = dy).

Consider now z € B, (x, ). By definition,

a
dy(x. 2) :inf/ aypds :af(x)inf/ ! _ds <r
x2Sy, ’ ’ Yxz Yz ar (x)
where y, is a an arbitrary (locally rectifiable) curve joining x and z within €. The plan
is to apply Lemma 5.4 in order to bound this quantity from below by éa F(x)ds(x, z) for
a positive and finite constant C > 1, which depends only on K. To justify the application
of Lemma 5.4, it suffices to ensure that we can consider curves y,, which stay inside the
sub-Riemannian ball B, (x, WW). Let us explain why this is the case. First, since

Z € By(x, r), there exists a rectifiable curve y,, which connects x to z and satisfies

/ agds <r. (5.20)
Vxz
In the definition of d, (x, z) we can restrict the infimum to curves satisfying (5.20). Assume
. A .
that such a curve yy, exits By (x, m) Then, by connectedness, there must exist a
(first) point w on the trace of y,, with

AT
weoB; [x, —— ).
( (x +2)C(K)af(X)>

We denote by yy,, the subcurve of y,, which connects x and w inside B (x, W‘W).

Since a is a positive function, we find

J

Ar

1 1
as dsZ/ a dSZEaf(x)/ ds > Eaf(x)ds(x,w)=m.
Yxw Yaw
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We may choose 0 < ¢(K) < 1 such that

A
C(K) < m, (5.21)

which leads to a contradiction to the assumption f ay ds < r. With this choice of ¢(K),
we may restrict the curves in the definition of d, (x z) to those curves y,, along which the
Harnack inequality for a is valid, and we find

1
Eaf(x)ds(xy 7) <dp(x,2) <r.
In particular we have for our choice of ¢(K) that

A
By(x,r) € By (x Caf(x)> C By (x, mds(x, 89)) ,

for 0 < r < cxay(x)ds(x, d€2). Since the Harnack inequality from Lemma 5.4 is valid on
B,(x,r), we find

1o (B (x, 1)) = / ar*dy < Clap(x)*m (By(x,1r)).

By (x,r)

Thus, we obtain:

Mo(Bo(x, 1)) < C4af(x)4m < (x Caf(x)>> <84

and the proposition is proven in this case.

CASE 2: Let us now consider the case r > c¢(K)ay(x)dy(x, 9€2). Then, by Theorem 1.3
we have r > (¢(K)/cx)ds(f(x), 9R'). We will use this estimate below.

STEP 1: THE WHITNEY- TYPE DECOMPOSITION OF 2. By Lemma 5.5 let us decompose
2 as a union of balls satisfying the Whitney condition (5.10) for d; and A > O the largest
number, possibly different from the first part of the proof, for which the following conditions
are satisfied

1
A< —<

= 522
1—-2~5 6:22)

and

A< Tok: (5.23)

The first condition is related to Proposition 2.6 (egg yolk principle for dy) and k is as in
Proposition 3.12 applied to f, ¢ = 2, and d = d,. The value of A thus depends only on
K (and the metric dy). The first condition, (5.22), is to ensure quasisymmetry of f on all
the relevant balls which will appear later in the proof. The second condition, (5.23), is to
guarantee that every ball in the constructed Whitney decomposition satisfies the assumptions
of Lemma 5.4 applied to the map f.

STEP 2. Let C, be the collection of those sub-Riemannian balls B in the chosen Whitney
decomposition for which B N B, (x, r) # . Then, we claim that

F1 U B SBi(f@).cn. (5.24)

BeC,

for some constant ¢ > 0, which can be bounded from above in terms of K.
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In order to show (5.24), let us consider y € B for B € C, and discuss separately the
two cases: (i) y € By(x,r) and (ii)) y € B\B,(x,r). In the first case, by the definition
of d, there exists a rectifiable curve y joining x and y with [,(y) = fy ag(s)ds < r.
Motivated by the egg yolk principle, Proposition 2.6, let o := % Ifd(x,y) > ad(x, 09),
then length(y) > ad(y, dR2) and so Proposition 5.1 allows us to conclude the following
estimate:

A7, F) = diam £ () = € [ ap(ords < cr.

14

From this
f(B NBp(x,r)N{y:dx,y) > ad(x, 39)}> C Bs(f(x),cr)

with ¢ > C follows, which is a first step toward the proof of (5.24).

Ifd(x,y) < ad(x, 02), we will invoke Proposition 2.6, which we may by our choice of
o. Applied to f and €2, this shows that there is a constant H, depending only on K, such that
f is H-quasisymmetric when restricted to B(x, ad(x, 02)) = B(x, @)

Fort > 0 and x¢ € B(x, W), set?

Ly(xg, 1) == sup d(f(x0), f(2)),
{zeB(x, {522 d(xg,2) <t}
ly(xo,1) = inf d(f(x0), f(2)).

{zeB(x, 852 d(x,2)>1)

With this notation, it holds that

CK

d(f(x), f(y) < Lg(x,ad(x,0RQ)) < Hlf(x,ad(x,dR)) < Hd(f(x), Q") < HC(K)”-

In the last step we use the assumption that r > ¢(K)/cxd(f(x), Q). Altogether we have
shown that

J(BNBy(x,r)) € Bg(f(x),cr)

holds with ¢ > max{C, Hcg /c(K)}. This concludes the discussion of (5.24) for case (i).
For (ii), suppose that y € B\B,(x, r) for some ball B € C,. Then, by the definition of
Cy, there is z € B N By (x, r) and it holds that

d(f(x), f(y) =d(f(0), f(2) +d(f (), f(¥).

The first term on the right-hand side above can be estimated by the reasoning of the previous
case, since in particular z € B, (x, r). In order to estimate the second term, we proceed as
follows. Let x5 be the center of B. Then, by Whitney condition (5.10) for 1 we observe that

d(xp,z) < diam B < A dist(B, 92) < Ad(z, 9S2).

Thus, xp € B(z, Ad(z, 92)). Using this observation together with the definition of Whitney-
type decomposition (5.10) with balls satisfying condition (5.22), we see that the conclusion
of the egg yolk principle holds on

B(xp, Ad(xg, 9Q)) 2 B(xg, diamB) D B

3 In the notation from the beginning of Sect. 2.3, the above expressions correspond to Lg (xq, ) and lg (xq, 1)
for g = fIB(x,d(x,89)/5)-
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and on
B(xp,d(xp,38)/5)) 2 B(z, Ad(z, 92)).

Thus, exploiting the quasisymmetry property of f on the respective balls, we get by similar
estimates as in the proof of [31, Proposition 3.7.5] that

d(f(). f() <2HH + 1) (d(f(2), f(x)) +d(f(x), Q)
<2H(H+1) (max{c, H ) + C(K)/CK) r.

In the last step we appeal to the previously discussed case (as z € By(x,r)) and use the
assumption that r > ¢(K)/cxd(f(x), dR’). This completes the proof of this case and the
whole claim (5.24), as well.

STEP 3: THE UPPER AHLFORS REGULARITY. In order complete the proof of the propo-
sition we observe that Lemma 5.4 together with the Jensen inequality for the exponential
function and Lemma 4.2, applied to a suitable L depending on A, allow us to infer that for
B € C, it holds that

/B ar()* dm(y) < C’ /B () dm(y) (5.25)

for a suitable constant C’ > 1 which depends only on K, analogously as in the proof of
Theorem 5.3. Therefore,

Ho(By(x, 1) = C" Y /B Tr(y) dm(y) < Cm (By(f(x), cr)) < C"r,
BeC,

by (5.24) and the controlled overlap in the Whitney decomposition. Here the constants C and
C” depend only on K. This completes the proof of the second assertion. O

Proposition 5.7 shows the upper Ahlfors regularity of j,. More can be said if Q& C H!
equipped with the sub-Riemannian distance d; is L-quasiconvex, that is,

if any two points x, y € €2 can be joined by a curve y such that its trace |y| is in € and
length(y) < Lds(x, y).

For examples of quasiconvex domains in H!, see [26] and references therein.

Proposition 5.8 Let f : Q — Q' be a K-quasiconformal map from a quasiconvex domain
Q # H! onto a domain ' * H!. Then, there exist constants 0 < c¢| < ¢» < 00 and
0 < c(K) < 1 such that forall x € Qand all 0 < r < c(K)ay(x)dg(x, 02) one has

crrt < po(Bx, 1) < cor®.
Proof Let us assume that Q2 is L-quasiconvex for some constant L > 1. By Proposition 5.7,
it suffices to prove the lower bound for i, (B(x,r)). If c¢(K) is chosen as in the proof of
Proposition 5.7, that is, as in (5.21), then we know already that the Harnack inequality for
ay holds on Bg(x, r/(Cay(x)L)). Thus, for all points z in this ball, we find

do(x,z) = inf / ayds < Cay(x) inf/ ds < Cayr(x)Lds(x, 2),
$34 Q Yz : szCQ Yz )

where we have used in the last step the assumption that €2 is L-quasiconvex. The above
estimate shows that

r
By <x, Caf(x)L> C By(x,r)
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and hence
m(BO, ))r*  ap0)* r
= m| Bs | x, m———
c8L4 ct Cays(x)L
=/ ab dm = g (By(x, 1)),
By (x.r/(Cay(x)L))
which concludes the proof. O
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