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Abstract

We consider extensions of quasiconformal maps and the uniformization theorem to the
setting of metric spaces X homeomorphic to R?. Given ameasure x on such a space, we
introduce p-quasiconformal maps f : X — R?, whose definition involves deforming
lengths of curves by ©. We show that if u is an infinitesimally metric measure, i.e., it
satisfies an infinitesimal version of the metric doubling measure condition of David
and Semmes, then such a p-quasiconformal map exists. We apply this result to give
a characterization of the metric spaces admitting an infinitesimally quasisymmetric
parametrization.

Keywords Metric doubling measure - Quasiconformal mapping - Quasisymmetric
mapping - Conformal modulus

Mathematics Subject Classification Primary 30110 - Secondary 30C65 - 28A75 -
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1 Introduction

The quasisymmetric uniformization problem asks one to characterize, as meaningfully

as possible, those metric spaces which may be mapped onto a domain in the Euclidean
plane, or the 2-sphere, by a quasisymmetric homeomorphism. Informally, a mapping
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is quasisymmetric if it roughly preserves the relative distance between triples of points.
See Sect. 4 for the precise definition.

Significant results on the uniformization problem, such as the Bonk—KIleiner theo-
rem [4] and its extensions in [21] and [22], have been obtained for surfaces that are
non-fractal, i.e., their 2-dimensional Hausdorff measure is locally finite. These spaces
carry enough rectifiable paths for classical methods such as conformal modulus to be
applicable. By surface, we mean a 2-manifold equipped with a continuous metric.

In contrast, the class of fractal surfaces is too general for the standard methods.
Consequently, understanding the quasisymmetric uniformization of fractal surfaces
has proved extremely difficult. Any progress is desirable, especially due to applications
to geometric group theory (cf. [3,12]) and complex dynamics (cf. [5]).

The usual method for constructing quasisymmetric maps is to first show the
existence of some conformal or quasiconformal map in the spirit of the classical
uniformization theorem. Then, if the underlying surface has good geometric prop-
erties, one can use quasiconformal invariants to show that such a map is actually
quasisymmetric.

A fundamental difficulty in extending this method to fractal surfaces is the lack of
a suitable definition of quasiconformality. The classical metric definition (see Sect. 4)
is too weak to lead to a satisfactory theory in this generality. The geometric definition
(see Sect. 2) requires the existence of many rectifiable paths, which need not be the
case for fractal surfaces.

In Sect. 2, we propose the definition of u-quasiconformality for homeomorphisms
f: X — R?, depending on a measure 4 on X. This is a modification of the geometric
definition: we deform the metric on X using u to obtain the u-length of a curve, and
we define the corresponding pu-modulus of a family of curves in X. A homeomorphism
f is pu-quasiconformal if the p-modulus of every family of curves in X is comparable
to the conformal modulus of its image under f in R2.

A quasisymmetric map f: X — R? is u-quasiconformal when p is the pullback
of the Lebesgue measure on R2. Our goal is to find measures x on a given space X
for which the existence of p-quasiconformal maps can be shown.

In Sect. 3, we introduce the notion of infinitesimally metric measure on X. These
correspond to the metric doubling measures of David and Semmes [6,13], the corre-
spondence being similar to the one between metrically quasiconformal (MQC) maps
and quasisymmetric (QS) maps, where the former is an infinitesimal condition and
the latter is a global condition. Metric doubling measures can be used to produce qua-
sisymmetric maps via deformation of the metric on X. Our first main result shows that
a pu-quasiconformal map exists if u is an infinitesimally metric measure.

Theorem 1.1 Let X be ametric space homeomorphic to R? which supports an infinites-
imally metric measure . Then there exists a ju-quasiconformal map f: X — K,
where @ =D C R? or @ = R>.

To prove Theorem 1.1, we first show that the metric d on X can be deformed using
W to yield a “quasiconformally equivalent” metric g that has locally finite Hausdorff 2-
measure. Then, we apply the uniformization theorem in [ 14] to obtain a quasiconformal
map (X, g) — R?. Composing, we then get the desired z-quasiconformal map.
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Infinitesimally Metric Measures

In view of the correspondence between infinitesimally metric measures and metric
doubling measures, it is natural to attempt to characterize the class of metric spaces
X that admit metrically quasiconformal maps f: X — R? in terms of infinitesimally
metric measures. However, it turns out that the existence of such maps can be rather
arbitrary unless strong conditions are imposed on X.

Instead, we consider the notion of infinitesimally quasisymmetric (I-QS) mapping
(Definition 4.1). Such maps form an intermediate class between those of MQC and QS
maps. In our second main result, we characterize the metric spaces which admit such
maps into R? as the spaces that carry infinitesimally metric measures with suitable
properties.

Theorem 1.2 Let X be a metric space homeomorphic to R2. There exists an infinites-
imally quasisymmetric map f: X — €, where Q@ = D or Q = R?, if and only if
X is infinitesimally linearly locally connected and supports an infinitesimally metric
measure |4 such that (X, ) is infinitesimally Loewner.

See Sect. 4 for definitions. The proof combines Theorem 1.1 with estimates for the
w-modulus that generalize the modulus estimates in [11].

One motivation for our work is to understand the conformal geometry of metric
surfaces in the absence of strong geometric assumptions such as Ahlfors regularity,
linear local connectedness, and the Loewner condition (see Sect. 4). In Sect. 5, we
present four examples to illustrate possible behaviors of metric surfaces under weaker
geometric assumptions. We remark that, while the main theorems of this paper are
applicable to any metric space homeomorphic to R?, including fractal spaces, all
of these examples have locally finite Hausdorff 2-measure. The four examples are
summarized here, listed by section in which they appear.

5.1. A surface that admits an MQC parametrization by R? but not an I-QS parametriza-
tion. This surface is linearly locally connected (LLC) but not Loewner. This
example also illustrates how metric quasiconformality is not preserved under tak-
ing inverses or precomposing with a QS map.

5.2. A surface that admits a geometrically quasiconformal (QC) parametrization by R?
but not a MQC parametrization. This surface is upper Ahlfors 2-regular but not
infinitesimally LLC.

5.3. A surface that admits an I-QS parametrization by R? but not a quasisymmetric
parametrization. This surface is upper Ahlfors 2-regular but not LLC.

5.4. A surface that, despite being a geodesic space of locally finite Hausdorff 2-
measure, violates infinitesimal upper Ahlfors 2-regularity at every point along a
non-degenerate continuum. This surface is LLC, and it admits a QC parametriza-
tion by R? but not a MQC parametrization.

In particular, these examples show that the class of I-QS maps from R? onto a metric
space differs from both the class of QS maps and the class of MQC maps.

2 u-Quasiconformal Maps

We assume throughout the paper that (X, d) is a metric space homeomorphic to the
Euclidean plane R2. We denote B(x,r) = {veX:dx,y) <r}, Blx,r) ={y €

@ Springer



K. Rajala et al.

X:dx,y) <r},and S(x,r) ={y € X : d(x,y) = r}. If B is aball of radius r, we
denote by A B the ball with the same center and radius Ar. A path in X is a continuous
map y : I — X, where [ is an interval. The image of such a path is called a curve in
X.

We recall the Carathéodory construction of measures, cf. [7, 2.10]. Let F be a
family of subsets of X, and ¢ : F — [0, 00]. For A C X and § > O, the §-content

¢s(A) is

¢5(A) =inf ) ¢(S),

Seg

where the infimum is taken over all countable

G C{SeF: diam(S) <8} suchthat Ac S
Seg

Then, since ¢s(A) is decreasing with respect to §, the limit
Y(A) = lim ¢s(A) € [0, o0]
§—0t

exists. Moreover, if every S € F is a Borel set, then ¥ is a Borel regular measure in
X.

Applying the Carathéodory construction with F all the non-empty subsets of X
and ¢ (S) = a(m)27" diam(S)™ gives the m-dimensional Hausdorff measure H™ in
X, where ¢(1) =2 and ¢ (2) = 7.

Before defining p-quasiconformal maps, we review the classical geometric defini-
tion of quasiconformality. However, we replace the standard modulus of path families
with the modulus of curve families, which lead to equivalent definitions but are easier
to work with in our setting.

Let I" be a family of curves (i.e., images of paths) in X. A Borel function p: X —
[0, o] is admissible for T if fC ,odH1 > 1 for all C € I" with locally finite HL-
measure. The (conformal) modulus of T" is defined as

mod I =inf/ 02 dH?, )
X

where the infimum is taken over all admissible functions p.
Let X, Y be metric spaces homeomorphic toR? and f: X — ¥ ahomeomorphism.
Then f is geometrically quasiconformal (QC), if there exists K > 1 such that
K 'modl <mod fI' < KmodTI'

for all curve families I' in X. In this case, we also say that f is geometrically K-
quasiconformal (K-QC).
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Infinitesimally Metric Measures

We now define p-quasiconformal maps. Let i be a Radon measure in X with no
atoms such that u(B) > 0 for every open ball B C X. Recall that a Borel regular
measure u is Radon if it is finite on compact sets.

We associate with p a collection B of open balls in X such that for every point
x € X there is r, > 0 such that B(x,r) € B for every r < ry. We also make the
requirement that B(x, r,) is compact for all x. We refer to such a collection B as an
admissible cover. From now on we use the convention that every measure © comes
equipped with an admissible cover B.

Definition 2.1 The u-length measure £,, in X is defined by the Carathéodory con-
struction with F = Band ¢: B — [0, o], ¢(B) = 27~ /2 (B)!/2.

The £, is normalized so thatif X = RR? and y the Lebesgue measure, then ¢ u=H!
(for any choice of B).

Definition 2.2 Let I be a family of curves in X. We say that a Borel function p: X —
[0, o0] is p-admissible for T if fC pdt, > 1forall C € ' with locally finite £,,-
measure. We denote the set of such functions by @, (I'). The p-modulus of T is

mod, I' = inf /pzdu.
ped, (1) Jx

Notice that if £,,(C) = 0 for some C € T', then there are no p-admissible functions
for I' and thus mod,, I' = oo. On the other hand, if £, is not locally finite on any
C €T, thenmod, I' = 0. Definition 2.2 coincides with (1) when X = R? and u the
Lebesgue measure.

Definition 2.3 Let f: X — 2 be a homeomorphism, where €2 is a domain in R2. We
say that f and ! are u-quasiconformal, if there exists K > 1 such that

K*ImodMF <mod fT' < Kmod, I

for every curve family I' in X.

Definition 2.3 naturally leads to the following questions:

(1) How to decide if a given metric space X carries a measure u for which there exists
a p-quasiconformal map into R??
(2) How to decide if there exists a u-quasiconformal map for a given (X, u)?

Concerning Question (2), it is reasonable to ask if the reciprocality condition (Def-
inition 3.7 below) can be modified to yield a characterization similar to the one
obtained in [14] for the 2-dimensional Hausdorff measure. In the next section, we
introduce infinitesimally metric measures and show that they lead to the existence of
u-quasiconformal maps.
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3 Infinitesimally Metric Measures

We now define the infinitesimally metric measures. Let X, u, B, and £, be as above.
Moreover, for x, y € X let

q(x,y) =inf £, (C(x, y)),

where the infimum is taken over all curves C(x, y) that join x and y in X. Thus g defines
apseudometric on X. In the following, we use the subscripts d and ¢ to indicate which
(pseudo)metric is being used in our notation for balls, spheres, and diameter.

Definition 3.1 The measure w is infinitesimally metric (I-MM) if there exist A > 1,
C; > 1 such that

Clq(y,2) < n(Ba(x,r)V? < Cig(y, 2) @)
forevery By(x,r) € B,y € Bg(x,r/A),and z € Sg(x, r).

It follows immediately from the definition that if x is [-MM, then ¢ is a metric on
X.

Recall that a metric space X is (Ahlfors) 2-regular if there exists C > 1 such
that C~1r2 < H2(B(x,r)) < Cr2forall x € X, r € (0, diam X). We say that X
is lower or upper 2-regular if, respectively, the first or second of these inequalities
holds. Definition 3.1 imposes a similar infinitesimal condition on the measure p. In
fact, we show in Lemmas 3.4 and 3.5 that (X, ¢) is infinitesimally Ahlfors 2-regular.

The remainder of this section is dedicated to the proof of Theorem 1.1. We first
restate the theorem.

Theorem 3.2 Let X be a metric space homeomorphic to R? which supports an I-MM
w. Then there exists a p-quasiconformal map f: X — S, where @ = D C R? or
Q=R2

As groundwork, we require several lemmas to estimate the 1- and 2-dimensional
Hausdorff measures corresponding to the metric ¢q.

We fix an I-MM u. Let B = {By(x,r) : x € X,r < ry} be the admis-
sible cover associated with w. The assumption that p has no atoms implies that
lim, o u(Bg(x,r)) = 0 for all x € X. Definition 3.1 then implies that the met-
rics d and ¢ are topologically equivalent.

Lemma 3.3 We have

w(Ba(x,r)) < CHu(Ba(x, 1))

for every By(x,r) € B, where C; is the constant in Definition 3.1.
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Proof Since By(x, r) is compact and X homeomorphic to R?, there exists a point
7 € (X \ By(x,r)). Observe that z € Sg(x, 7). Lete > 0, and let w € B,(z, €) such
that r < d(x, w) < ry. Now,

w(Ba(x, rN? < w(Ba(x, d(x, w))'/?
< Ciq(x,w) < Ciq(x,z) + Cie
< C?u(By(x, )2 + Cje.

Letting ¢ — 0 proves the claim. O

Lemma 3.4 We have
C72r% < w(By(x, 1) < C}r?

foreveryball B, (x, r) containedin By(x, ry /2), where C; is the constant in Definition
3.1

Proof Let

s = inf dx,y) and t= sup d(x,2).
YEX\By(x,r) Z€By(x,r)

Clearly By(x,s) C By(x,r). We claim that there exists y € Sy(x,s) such that
q(x,y) > r. If not, then X \ B,(x,r) and Ed(x, s) are disjoint closed sets, with
Ba(x,s) compact. This implies that dist(X \ By (x,r), By(x,s)) > 0, contradict-
ing the definition of s. Since w is assumed to be I-MM, we have (B, (x,7)) >
1(Ba(x,s)) = C; 2.

Likewise, B, (x,r) C By (x, t). Similarly to the first part of the proof, we note that
(X\ Bi(x,1))N Eq (x,r) # @. Thus, there exists z € Sz(x, t) such that g(x, z) <r.
Since p is I-MM, Lemma 3.3 gives

(By(x, 7)) < u(Ba(x, 1)) < C2u(Balx, 1) < C3r.
O

For s,8 > 0, let H; and Hf]’ s denote the s-dimensional Hausdorff measure and
Hausdorff §-content on (X, g), respectively.

Lemma 3.5 We have

T
02 MA) = HG(A) = 1007 CFuu(A)
1

for any Borel set A C X, where C; is the constant in Definition 3.1.
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Proof Let§ > 0, and let U C X be an open set with A C U and n(U) < u(A) + 6.
Using the basic covering theorem (see [9, Thm. 1.2]), choose a sequence of pairwise
disjoint balls Bj = By (xj,rj) with Bj C U, Bj C Bq(xj,rx;/2) and 10r; < § for
all j, suchthat U C U ~5B;. Then

My 5(A) <) (10r))” < C ) u(B)) < Crp(U) < Crr(u(A) +9),
j=I j=1

where C = 100C 12 (the 7 comes from the normalization of #?). The upper bound for
H2(A) follows.
For the lower bound, fix n and define the Borel set

A, ={x € A: By(x, 1/n) C Ba(x,r./2)} N A.

Let {E} be a cover for A, with diam,(E;) < ﬁ for all j. Removing sets from the
cover if necessary, we may assume that for every j there exists x; € A, such that
E; C By(xj,2diam, E;) and B, (x;, 1/n) C By(x;, rxj/2). Since

o0 o0
w(Ay) < Zu(Bq(xj, 2diam, E;)) < 4C? Zdiamq(Ej)2,
j=1 j=l

we get

4’22M<A ) < H2 112 (An) < HE(A).
Since ((A) = lim, o w(Ay), the claim follows. O
Lemma 3.6 We have
—H (A) = £u(A) < 4—7'[ ) (A)
N Nea
for any Borel set A C X, where C; is the constant in Definition 3.1.

Proof Since X is homeomorphic to RR2, it is locally compact and can be exhausted by
compact sets X /. We can also approximate both £,, (A) and H}{ (A) from below with the

measures of the sets A/ = A N X/, and by considering some compact neighborhood
Xtk of A we can assume that

sup diam, (By(x, r)), sup diamgy (B, (x,7)) — 0 asr — 0.
xeX xeX

We first consider Borel sets

Ap={xeA:1/n<rNA nelN.
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Let 0 > 0 be arbitrary and § > 0 small enough so that diamy (B, (x,25)) <
min{o, 1/n} for every x. Fix any cover {E;} of A, with diam,(E;) < ¢ for all j.
Removing sets from the cover if necessary, we may assume that for every j there
exists x; € A, such that dist({x;}, E;) < diam,(E;) and x; > 1/n. Let

tj =inf{t > 0: E; C By(xj,t)}.
Then for every j we have E; C B4(x;, t;). Moreover, since
E; C By(xj,2diam, E;) C B,(x}, 23),

we have 1; < min{o, 1/n}.
For every j, m € N there exists yj, € Ej\ By(xj,t; —1/m), so that

w(Ba(xj, t; — 1/m)? < Ciq(x;, yih).

Since yj € By(x;,2diam, E;), we have u(Bq(x;,1;))"/? < 2C; diam, (E).
Recall that £, is defined by the Carathéodory construction: £, (A,) = limy_0 £, (An),
where £, , is the corresponding o -content. By Lemma 3.3 we get

Cuo(An) <272 " u(Batxj, 1)) < 227 2C7 Y " (Baxj, 1;)'?
J J
<4n~'2C} ) diamg (Ej)
J

(the 27T ~1/2 comes from the normalization of £, )andhence{, ,(A,) < 27 —172 C?H; (Ayp).
This holds for all o > 0 and n € N, so we have £,,(A) < 47~ '2C{H} (A).

The other inequality can be proved more directly, with similar arguments but without
the need to consider the sets A,,. O

We will apply the main result in [14]. It depends on the following definition. A
quadrilateral Q = Q(¢1, &2, €3, {a) is a set homeomorphic to a closed square in R2,
with boundary edges {1, ¢2, ¢3, ¢4 (in cyclic order). For sets E, F C G, '(E, F; G)
denotes the family of curves in G that join E and F. While path families were consid-
ered in [14], the results applied below remain valid when they are replaced with curve
families.

Definition 3.7 Let Y be a metric space homeomorphic to R? with locally finite Haus-
dorff 2-measure. The space Y is reciprocal if there exists k > 1 such that for all
quadrilaterals Q = Q(¢1, 2, 3, {4) in X,

mod I'(¢1, ¢35 Q) mod I'({2, 445 Q) <« 3)
and for all x € X and R > 0 such that X \ B(x, R) # ¢,

lim mod I'(B(x, r). X\ B(x, R): B(x, R)) =0. )
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It was shown in [15] that the inequality opposite to (3) holds in every Y. That is,
there exists a universal constant «” > 0 such that

mod I'(¢1, &3; Q) mod I (&2, &45 Q) > &’

for all quadrilaterals Q C Y.

Theorem 3.8 (Theorem 1.4 [14]) Let Y be a metric space homeomorphic to R?, with
locally finite Hausdorff 2-measure. There exists a QC map h: Y —  C R? if and
only if Y is reciprocal.

The next proposition is a generalization of Theorem 1.6 from [14], where the mass
upper bound is assumed for every radius.

Proposition 3.9 Let Y be a metric space homeomorphic to R?. Suppose there exist
Cy > O and for every y € Y a radius ry > 0 such that

H*(B(y, 1)) < Cyr? Q)

foreveryr < ry. Then'Y is reciprocal.

Proof Condition (4) follows by considering the admissible function

1

P = e R )

To prove (3), we modify the proof of [14, Proposition 15.5]. We give the main steps
and refer to [14] for the missing details. Let O = Q(¢y, &2, ¢3, {4) be a quadrilateral.
Then there exists a p that is weakly admissible (admissible outside an exceptional
curve family of zero modulus) for I'(¢1, ¢3; Q), such that

/ P dH? = mod (¢, &3; Q).
Y

Fix a curve C € I'(¢2, ¢4; Q). We may assume that C is homeomorphic to [0, 1] and
has finite length. Using the basic covering theorem, we find a finite cover {5B;} =
{B(yj,5r;)} of C suchthat y; € C and 36r; < ry for all j, and such that the balls B
are pairwise disjoint. Moreover, let g: QO — [0, oo],

g =Y ri xeB,n0 (). 6)

J

Since every C' in T'(¢1, ¢3; Q) intersects at least one of the balls 5B j, it follows that g
is admissible for I'(¢y, &3; Q). Moreover, since p is a minimizer for mod I'(¢y, &3; Q),
applying the weak admissibility of (1 — #)p + tg and letting t — 0 leads to

modF(Cl,;“s;Q)S/ pgdH* = Zr_lf o dH>. (7

68;NQ
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For the maximal function Mp : Q — [0, oc],

1
Mp(2) = sup 53— Pt
r>g H2(B(z, 5r)) B(z,r)NQ

standard arguments show that
/ (Mp)?dH* <8 / p* dH?. 8)
0 o

Now we apply (5) to estimate the right-hand term of (7) from above by

rj

2

j»36Bj) B(yj,6;)NQ

<1296Cy Y yeicnrljB‘Mp(y).
J !

Since the right-hand term is bounded from above by 1296Cy fc MpdH', we con-
clude that

. 1296Cy Mp(y)
mod I'(¢1, {35 Q)

is admissible for I' (2, {45 Q). Combining the admissibility with (6) and (8), we have

202
8- 1296>C2,

mod I'(¢2, 843 Q) = mod TG 5 )

from which (4) follows. O

Proof of Theorem 1.1 By Lemmas 3.4 and 3.5, the space (X, ¢) satisfies the assumption
of Proposition 3.9. Thus by Theorem 3.8 there existsaQCmap h: (X, ¢) — Q C R2.
By the Riemann mapping theorem, we can choose / such that @ = D or Q = R2.
Moreover, by Lemmas 3.5 and 3.6 the u-modulus mod, (I') and the conformal 2-
modulus mod;(I") in X are comparable for any curve family I", so & precomposed
with the identity map from (X, d) to (X, g) is u-quasiconformal. O

4 Infinitesimally Quasisymmetric Maps

In this section, we introduce the notion of infinitesimally quasisymmetric map and
apply our results on infinitesimally metric measures to give a characterization for the
spaces that admit such a parametrization by a Euclidean planar domain.

Recall that a homeomorphism f: (X,d) — (Y,d") between metric spaces is
quasisymmetric (QS) if there exists a homeomorphism 7: [0, 00) — [0, c0) such
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that

A0 ) e CU@IO) o)

d(x,z) — d'(f(x), f(z)) ~

for all distinct points x, y, z € X. Closely related is the following definition. A home-
omorphism f: (X, d) — (Y, d’) between metric spaces is metrically quasiconformal
(MQC) if there exists H > 1 such that

i sup{d'(f (x), f(»)) :d(x,y) <r}
imsup - <
r—0  f{d"(f(x), f(y) 1 d(x,y) = r}

forall x € X.

Definition 4.1 A homeomorphism f: (X,d) — (Y, d’) is infinitesimally quasisym-
metric (I-QS) if there exists a homeomorphism 7: [0, c0) — [0, co) such that for
every x € X there exists a radius ry > 0 such that (9) holds for all y, z € B(x, ry).

It is a standard exercise to show thatif f: X — Y and g: Y — Z are QS, then
go fand f~! are also QS. These properties also hold for the class of I-QS maps. Note
that both properties may fail for MQC maps, even for metric spaces homeomorphic
to R2. In Sect. 5.1, we give an example of this.

It is immediate from the definitions that any QS map is I-QS, and any I-QS is MQC.
Thus infinitesimal quasisymmetry is an intermediate condition between quasisymme-
try and metric quasiconformality. In Sect. 5.3, we give an example of a map which is
1-QS but not QS.

Recall that a metric space (X, d) is linearly locally connected (LLC) if there exists
A > 1 such that the following properties hold:

(1) Forany x € X,r > 0and y, z € B(x, r) there exists a continuum K C B(x, Ar)
with y,z € K.

(2) Forany x € X,r > 0Oand y,z € X \ B(x,r) there exists a continuum K C
X\ B(x, 2" 'r) with y, z € K.

Definition 4.2 A metric space (X, d) is infinitesimally linearly locally connected (1-
LLC) if there exists A > 1 such that for every x € X there exists a radius 7, > 0 such
that the above properties hold for all » < ry.

It is easy to see that the LLC property is preserved under QS maps. Similarly, I-QS
maps preserve the I-LLC property. Since every planar domain is I-LLC, any metric
space that admits an I-QS map to such a domain must also be I-LLC.

Finally, we introduce a modification of the Loewner condition of Heinonen and
Koskela [11]. We denote by I'(A, B) the family of curves which join sets A and B in
X. Recall that X (equipped with ?) is Loewner if there exists a decreasing function
¢: (0,00) — (0, 00) such that mod I'(E, F) > ¢(t) for all disjoint non-degenerate
continua E, F satisfying

dist(E, F)
min{diam E, diam F} —

(10)
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Also, recall our convention that any measure © comes equipped with an admissible
cover B={B(x,r): 0 <r <ry}.

Definition 4.3 A metric space X equipped with a measure u is infinitesimally Loewner
(I-Loewner) if there exists a decreasing function ¢: (0, 00) — (0, 00) such that
mod, I'(E, F) > ¢ (T) for all disjoint continua E, F such that £ joins x and S(x, 1),
F D S(x,ry) joins S(x,s) and S(x,ry),and 0 < s, <ry/2,s/t <T.

It follows from the Loewner property of R? that every planar domain, equipped
with Lebesgue measure and any admissible cover, is I-Loewner. The remainder of this
section is dedicated to the proof of Theorem 1.2. We first restate the theorem.

Theorem 4.4 Let X be a metric space homeomorphic to R?. There exists an I-QS map
f:X = Q where Q =D or Q = R?, if and only if X is I-LLC and supports an
I-MM 1 such that (X, ) is I-Loewner.

To prove the theorem, we first show in Lemma 4.5 and Proposition 4.7 that if
f: X — QisI-QS, then the pullback of Lebesgue measure satisfies the conditions of
the theorem (we already noticed that the existence of f forces X to be I-LLC). For the
other direction, we show in Proposition 4.8 that p-quasiconformal maps X — Q C
R2, such as the map in Theorem 1.1, are I-QS under these conditions. Proposition 4.8
can be seen as an infinitesimal analog of [11, Theorem 4.7], and it is proved using
similar arguments.

Lemma4.5 Let f: X — Q C R? be an I-QS map, and n = f*L, the pullback
measure of the Lebesgue measure Ly. Equip (w with admissible cover B = {B(x,r) :
0 < r < ry}, where the ry are the radii in Definition 4.1 of I-QS maps. Then

1) 'HY(F(©0) < €,(C) < 4n(5YH ()

for any curve C C X.

Proof We may assume that the curve C is simple and compact. As in Lemma 3.5, it
suffices to prove the claim for sets C for which there exists § > 0 such that the set of
points x satisfying B(x, §) € B is dense in C.

Fix such a § and a sequence (B;) = (B(x;, r;)) of disjoint balls such that x; € C,
5B; € B,5r; < é,andC C U;5Bj,ordered so thatif y is any injective parametrization
of C thens; = y‘l (x) is a monotone sequence.

Let

Tj =sup{t > 0: B(f(Xj),l) - f(B])}

for every j. Then there exists z; € X withd(x;, z;) > rjand | f(x;) — f(z;)| < 27T;.
Using the infinitesimal quasisymmetry of f we find that for any y; € 5B;

[f(xj) = fFODI<nOIf(x) — f(zj)l
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sothat f(5B;) C B(f(x),2n(5)T;). By the choice of T} also B(f(x), T;) C f(B))
and thus

W(5B)) = Lo(f(5B))) < 4mn(5)°T} < 4mn(5)|f (xj) — f o)

for all k # j as the balls B; are disjoint. Now the §-content £, 5 satisfies

0us(©) <217 2N u(SB)'2 < 4n(5) Y I f () — fxj)l.
J J

Since f(C) is the non-overlapping union of the subcurves connecting f(x;) and
f(xjy1), we have £, 5(C) < 4n(SYHY(f(C)) for any § > 0 and thus £,00) <
AnSYH' (f(C)).

To prove the other inequality, fix ¢ > 0 and let B; = B(xj, r;) be a sequence of
balls in B covering C with diam B; < o and B; NC # @ for all j and some o > 0.
Since X is locally compact and C is compact, diam f(B;) < ¢ for all j when o is
sufficiently small.

By the infinitesimal quasisymmetry of f we have

diam f(B;)? < 47~ 'n(D)La(f(B))) = 4m~'n(1)?1u(B;)

for every j, and hence

HUF©) <2n ' Py() Y (B2

J

Thus Hg(f(C)) < n(1)€,.0(C) < n(1)£,(C), and the same upper bound holds for
H! since & was arbitrary. O

Corollary 4.6 Let f and |1 be as in Lemma 4.5. Then f is u-quasiconformal.

Proof Let I" be a curve family in X and ¢ > 0. We choose a p-admissible function p
with fX p2du < mod,, (I") 4+ & and define p = p o f~Vin Q. Ifacurve C € I has
locally finite £,,-measure, then by Lemma 4.5 and a change of variables

1
pdH' > —/pdﬁ ,
/f(C) 4n(5) Je .

so that 4n(5) p is admissible for f(I"). Thus using the definition of 1 and a change of
variables we have

mod(f(I") < 1617(5)2/ prdLly = 16n(5)2f p*dp < 165(5) (mod,, (I) + ¢) .
Q X

The other direction can be proved similarly using the other inequality of Lemma 4.5.
O
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Proposition 4.7 Let f, u, and B be as in Lemma 4.5. Then w is I-MM and satisfies
the I-Loewner condition.

Proof Let A > 1 be large enough so that n(1/A) < 3. Fixx € X and 0 < r < r,/2
so that B(f(x), diam f(B(x, r))) C . In order to prove the I-MM condition (2), fix
y € B(x,r/A) and z € S(x, r). Then the segment [ f(y), f(z)] is contained in €.
LetC = f_1 ([f (), f(@]), which is a curve connecting y and z.

Now let

T =sup{t > 0: B(f(x),1) C f(B(x,r)))}.
Using Lemma 4.5 and infinitesimal quasisymmetry, we have

€,(C) < 4nGYH'(f(©) = 4n(5)| f () — f(2)] < 4n(5) diam fB(x,r)

8n(Hn(s
T L (B

(B (x, r)'2,

=8n(HnST =

 8n(Hn(5)
T

so the first inequality in (2) holds.
For the reverse inequality, notice first that our choice of A implies that | f(x) —

FOI < Hf&) = f(@)]and thus | f(y) — f(2)| > $1f(x) — f(2)]. Let C be any

curve connecting y and z. Now by Lemma 4.5

£,(0) = n()"H Y (F(©))

1
=07 Nf) - @I = mlf(X) - f@I

1 1
-~___ 7 B(x. 12 = (B(x, )2,
2 S L B ) = S (B )
since f(B(x,r)) C B(f(x),n(1)|f(x) — f(z)]). Hence also the second inequality
in (2) holds. We conclude that p is -MM.
Finally, we show the I-Loewner condition. Fix x € X and disjoint continua E and
F as in Definition 4.3, so that there are y € F N S(x,s) and z € E N S(x,t). By

infinitesimal quasisymmetry,

dist(FE, fF) 1) — f0)
GamE = 1f @) = ) =TS

By definition, F contains S(x, ry). In particular, fS(x, ry) surrounds f(x), and we
have dist(fE, fF) < diam fF. Combining the estimates yields

dist(fE, fF)
min{diam E, diam F} < max{n(s/1), 1}.

@ Springer



K. Rajala et al.

Since R? is Loewner, there is ¢’ such that
mod I'(fE, fF) > ¢'(max{n(s/0), 1}).
On the other hand f is p-quasiconformal by Theorem 1.1, so
mod, T'(E, F) > K 'mod ' (fE, fF)

for some K > 1. We conclude that the I-Loewner condition holds with ¢(T) =
K~'¢/ (max{n(T), 1}). O

Proposition 4.8 Let u be an I-MM on X, and f: X — Q a p-quasiconformal home-
omorphism. Suppose that X is I-LLC and p satisfies the I-Loewner condition. Then f
is I-0S.

Proof Let A and A be the constants in Definitions 3.1 and 4.2 of I-MM and I-LLC,
respectively. We will prove the equivalent statement that ¢ = f~! is I-QS. In this
proof, for a pointa € Q and set A C 2, leta’ = g(a) and A’ = g(A).

Fix x € Q and r > 0 so that

B(x,3r) c QN g (B, rv/(102*A%)),

and y,z € B(x,r). By our choice of r, we can choose w € g’lS(x’, ry) so that
the segment [x, w] contains z. Moreover, taking r to be sufficiently small, we can
ensure that the segment [x, w] lies in €. Notice that w ¢ B(x, 3r). Letm = d(x’, y')
and £ = d(x’, 7). Lett > 0. We must find an upper bound 7(¢) on m/£ that holds
whenever [x — y|/|x — z|] < ¢, such that n(t) — 0 as t — 0. Assume then that y, z
satisfy |x — y|/|x —z| < t.

Suppose first that m /£ > A%, Then, by the I-LLC property, we can connect x” to
7' by a continuum E’ contained in B(x’, A£), and y’ to w’ by a continuum F’ contained
in X\ B(x",m/A). Letk = [log, (m/(LA*)],

B; = B(x', AJ¢/x), and A; = B(x', AJe/x)\ B(x', AV71e/0).

Then, by the definition of I-MM,
b 1 Xk: Cixa;
k e n(Bj)1/?
is w-admissible for I'(E’, F'). Thus

CluA) _C} C?
k

mod, I'(E’", F') < / 1Y d,u_ k2 ; 1£(B;) = = logA(m/(Uﬂ))'

Hence mod, I'(E’, F') becomes arbitrarily small as m /¢ increases to infinity.
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Since g is u-quasiconformal, mod I'(E, F) is also small, where E = g Y(E’) and
F = g~ '(F’). But these sets connect x to z and y to w, respectively, and have relative
distance

dist(E, F) _ =yl

AE,F)=—— - < .
min{diam E, diam F'} [x — z|

Thus, by the Loewner property of R?, we have |x — y|/|x — z| — oo as m/{ — oo,
establishing the distortion inequality in this case.

Suppose then that 0 < m/¢ < AX>. In this case we choose E = [x, y] and
F=[z,wlUg 'S, ry). We may assume that 2|x — y| < |x — z, since otherwise
there is nothing to prove. Applying the I-Loewner condition to E’ and F’, we have

mod, T'(E', F') > ¢ (¢/m).

Combining with the u-quasiconformality of g, we getmod I'(E, F) > K~ ¢ (¢/m).
On the other hand, by our choice of w we can estimate mod I'(E, F') from above as
follows:

— 7\ -1
modI'(E, F) SmOdF(S(x,|x—z|),S(x,|x_y|)):2n(10g |Ix Z||> '
X—=Yy

Combining the estimates, we see that ¢ (£/m) < 2 K (log(1/t))~!. Observe that this
bound becomes arbitrarily small as # — 0. Since ¢ is decreasing, this yields an upper
bound 7(¢) on m /¢ that goes to zero as t — 0. O

5 Examples

In this section, we work out in detail a number of specific examples of metric spaces
homeomorphic to the plane. All of our examples have locally finite Hausdorff 2-
measure, and we assume throughout this section that a given metric space is equipped
with the Hausdorff 2-measure. We write a point x in coordinates as x = (xp, xp) if
xeR2orx = (x1,x2,x3)if x € R3.

In addition to the examples of this section, we refer the reader to Example 4.7
of [10] for a family of uniformly LLC surfaces in R3, equipped with the ambient
Euclidean metric, that are conformally equivalent but not uniformly QS equivalent
to the Euclidean plane. We also refer to Example 2.1 of [14] for an example of a
non-reciprocal metric on the plane, and to Example 17.1 of [14] for a non-rectifiable
surface in R? that is QC equivalent to the Euclidean plane. Finally, see [17] for the
construction of a surface of locally finite Hausdorff 2-measure that is QS equivalent
to the plane but not QC equivalent.
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5.1 Conformal Weight that Decreases Rapidly Near the Origin
Define a metric d on the Riemann sphere R2=R2uU {oo} via the conformal weight

e VI /1x|? ifx #0
‘”(x)_{ 0 ifx = 0,00

That is, for all x,y € ]I/@, the metric d is given by d(x, y) = inf, fy wds, where

the infimum is taken over all absolutely continuous paths y: [0, 1] — R? such that
y(0)=xand y(1) = y. .

It is easy to check that d(0, x) = e VI for all x € R2\ {0}. In particular,
d(0,00) = 1 and we see that d is finite. Next, let x,y € R? \ {0} and assume
that |x| < |y|. By considering the concatenation of the straight-line path from x to
(J¥l/1x])x and a circular arc from (|y|/|x|)x to y, we obtain the estimate

—1/1yl
d(x,y) < e VWl _g=1/Ixl 4 M.
o i

As a consequence, if (x;) and (y;) are sequences in R? such that x; j—~>ooand y; —
oo, then d(xj, y;) — 0. This is sufficient to conclude that (R2 d) is homeomorphic
to the Riemann sphere.

In fact, by considering the pushforward of w under the inversion map x > x/|x 12,
we see that (]R2 d) is isometric to the metric space (R2 d) where d is the metric
generated by the conformal weight @(x) = e~ ™!, In particular, any ball in (Rz, d)
centered at co not containing the origin is bi-Lipschitz equivalent to a Euclidean disk.

In Fig. 1, a number of geodesics emanating from the point p = (.3, 0) are plotted.
Observe that the length-minimizing path from p to a point ¢ in the upper left region
of the plot is the concatenation of the straight-line path from p to the origin and the
straight-line path from the origin to ¢.

This example illustrates how metric quasiconformality is not preserved in general
under taking inverses or under precomposition with a quasisymmetry, as the following
proposition shows.

Proposition 5.1 Ler: (R2,|-|) — (R2, d) be the identity map, and let h: R?> — R?
be the linear map defined by h(x1, x2) = (x1/2, x2).

(a) tis MOQC with H = 1, as is its inverse.
(b) vis 1-QC.

(c) vis not I-QS.

(d) (toh)~tis MQOC.

(e) tohisnot MOC.

Proof Claim (a) is immediate for all x # 0 by virtue of w being a conformal weight,
and it also holds for x = 0 by the radial symmetry of w.

Claim (b) is also immediate if we exclude x = 0. However, observe that recipro-
cality condition (4) holds for the metric d at the origin. Thus the geometric definition
is unaffected by adding the origin back in, so the claim holds on all of R?.
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For claim (c), let (¢;) be a sequence of positive numbers converging to zero, and let

;= (2t;,0),z; = (t;,0). Then |y; — 0| = 2¢,|z; — 0| = t;, d(y;,0) = Ve /1,

andd(z;,0) = e~'/%. But then |y; — 0|/|z; — 0| = 2 while d(y;, 0)/d(z;,0) — oo,
violating the I-QS condition.

For claim (d), note that (to 7)™ = h= ' ot™1: (R%, d) — (R?, |- ) is the post-
composition of a MQC map by a QS map, which is always MQC.

Claim (e) follows from a variation of the argument for (c). Let (¢;) again be a
sequence of positive numbers converging to zero, and let y; = (¢;,0) and z; = (0, ¢;).
Then h(y;) = (¢;/2,0) and h(z;) = z;. This gives d(h(y;),0) = Ve /' and
d(z;,0) = e~ /1 showing that ¢ o i is not MQC. O

Claim (c) of Proposition 5.1 can be strengthened to the following.
Proposition 5.2 There is no I-QS map f: (R?,|-|) — (R2,d).

Proof Suppose that such an I-QS map f exists. Then f~! is also I-QS. Since metric
quasiconformality is preserved under postcomposition by an I-QS map, it follows that
£~ o is an MQC map of the Euclidean plane. By the equivalence of definitions
of quasiconformality in the Euclidean setting (for example, see [20, Thm. 34.1]), we
conclude that f ~1 51 is QS and thus that ¢ itself is I-QS. This contradicts claim (c) of
Proposition 5.1. O

Note that the claims in Proposition 5.1 all hold if we replace R? with R? equipped
with the spherical metric. We also observe that (R2, d) is not upper 2-regular: The
Hausdorff 2-measure of the ball B, = B(0, r), where r € [0, 1], is given by

R
HZ(B,):/ w2d£2=2n/0 e 23 dr,
B,

where R = —(log r)~L. This evaluates to
1 1 1 logr
H*(B,) = 2me /R ( = =2mr? (= — .
(By) = 2me 1TR)TT N G

Since — logr — oo as r — 0, we see that upper 2-regularity fails.

Proposition 5.3 The space (]@2, d) is linearly locally connected. However, it is not a
Loewner space.

The proof of linear local connectedness uses the following lemma.

Lemma5.4 Let x € R% and r > 0 be such that B(x,r) C B(0, e2). Then B(x,r) is
simply connected.

Proof The claim is obvious when x = 0, so we assume that x # 0. We argue by
contradiction. Suppose that B = B(x, r) is not simply connected. Since (Rz d)isa
geodesic space, all metric balls are connected. Hence the failure of simple connectivity
implies that there exists a component V of R? \ B not containing co.
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Fig.1 Geodesics emanating from the point (.3, 0)

Observe that B(0, e~2) coincides with the Euclidean ball B(0, 1/2). In this region,
w is increasing as a function of the radius. Let L be the Euclidean straight line which
contains x and the origin. The increasing property of w implies that L N B(0, e~2) is
a geodesic segment. Thus L N B(x, r) is connected, and in particular V N L = .

It follows that V is contained in one of the two open half-planes defined by the line
L,denoted by W.Letz € V and let S denote the Euclidean circle of radius |z| centered
at the origin. Let L’ denote the Euclidean straight line containing 0 and z. Then W\ L’
consists of two disjoint open sets Wy, W,, where x € dW;. We observe that there
exists a point y € S N B N W». A length-minimizing curve from x to y must cross L’
at some point v. However, the radial symmetry of w implies that d(v, z) < d(v, y),
and thus that d(x, z) < d(x, y). This gives a contradiction, and we conclude that B is
simply connected. O

Proof of Proposition 5.3 That [R2, d) is linearly locally connected can be shown from
Lemma 5.4 as follows. By Lemma 2.5 in [4], it suffices to show that there exists ro > 0
and A > 1 such that every ball B(x, r) of radius r € (0, ry) is contractible inside the
ball B(x, Ar).

Let s = e 2/4 and let L > 1 be such that (R2 \ B(0, s), d) is L-bi-Lipschitz
equivalent to a Euclidean disk. Let ro = e 2/(4L* and A = L% For any r €
(0,r0) and x € R?, the ball B(x, Ar) is contained in B(0, e~2) or it is contained in
(R%\B(0, 5), d). Inthe first case, B(x, r) is simply connected by Lemma 5.4 and hence
contractible. In the second case, the L-bi-Lispchitz equivalence of (R2 \ B(0, s),d)
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with a Euclidean disk implies that B(x, r) is contractible inside B (x, Ar). We conclude
that (R?, d) is linearly locally connected.

We now show that (R2,d) is not Loewner. Let E = (—o00,0) x {0} and let
F; = [rs, R;] x {0} for t € (0, 1), where r; = —1/log(t/2) and R; = —1/logt.
Then dist(E, F;) = diam(F;) = t, so that A(E, F;) = 1 for all . Observe that
limy—o R;/r; = 1.

Since the identity map ¢: (R?, |- |) — (R?, d) is 1-QC, the modulus of I'(E, F;)
relative to the metric d is the same as the modulus of the same curve family relative
to the Euclidean metric. These curve families arise classically in the Teichmiiller
ring problem [1, Chapter III]. One can give an upper bound on their modulus as
follows. Let I'; denote the family of curves which span the open Euclidean annulus
A, = A((ry,0); Ry — 1y, 1), where ¢t is sufficiently small so that R, < 2r;. For
sufficiently small 7, the annulus A; does not intersect E. The family I'; majorizes
I'(E, F;) and has modulus 277/ log(r:/(R; — 11)).

Ast — 0, we have that mod I'(E, F;) goes to zero. Hence (]R2, d) is not Loewner.

O

The Loewner condition and linear local connectedness are conceptually similar in
that they both rule out the existence of cusps and sequences of bottlenecks that become
arbitrarily thin. In fact, the two properties are equivalent for the class of Ahlfors
2-regular metric spheres. This follows from Theorem 1.1 and Theorem 1.2 in [4]
together with the quasisymmetric invariance of the Loewner condition [19, Cor. 1.6].
This example illustrates how, for metric spheres of finite Hausdorff 2-measure, linear
local connectedness does not imply the Loewner condition without the assumption of
Ahlfors regularity.

5.2 An Accumulation of Spikes, |

The purpose of this example is to give a metric surface X so that the Hausdorff 2-
measure on X is upper 2-regular but X fails to be I-LLC. Upper regularity implies,
by Proposition 3.9, that there is a QC parametrization of X by the Euclidean plane.
However, X does not admit an MQC parametrization by the Euclidean plane, as shown
by the following simple lemma.

Lemma 5.5 Suppose there is an MQC map g: Q — X, where Q is a domain in R2.
Then X is I-LLC.

Proof Let x € X and x’ = g~ '(x). Let R, > 0 be sufficiently small so that
Hy(x’, R) <2H forall R < R,.

For small » > 0, g~ '(B(x,r)) C B(x',Ry). Lety,z € B(x,r), ¥y = g '(y),
7 =g '(z), and R" = sup{|x’ — w'| : w’ € g~'(B(x,r))}. Then there is a curve C
from y’ to z’ which is contained in B(x’, R"). The metric quasiconformality implies
that g(C) is a curve from y to z contained in B(x, 2Hr).

Similarly, let y,z € X \ B(x,r), with y/ = g~!(y) and z = g~ '(z). Now, let
R = inf{lx’ —w'| : w' € Q\ g~ '(B(x,r))}. Connect y’ to 7’ by a curve C in
Q\ B(x', R’). Then metric quasiconformality implies that g(C) is a curve from y to
z contained in X \ B(x,r/(2H)). This establishes that X is I-LLC. O
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We construct this example as a surface in R? containing a sequence of spikes that
become progressively smaller and converge to a point. For all n € N, let £, = 27",
h, =272 and r, = 272 .273/2 The surface X is constructed by removing each
Euclidean disk B((t,, 0), r,) from R2, identified here with R? x {0}, and replacing it
with a cone S, of height /,,. That is, S, has vertex (¢, 0, &,) and joins to R2 along the
circle S((,, 0), r,). We equip X with the ambient Euclidean metric from R3, though
the example works just as well if we were to take the induced length metric.

We check that X is upper 2-regular. Let x € X and r > 0. In the first case,
assume that » < |x|/20, where | - | is the Euclidean norm in R?. A computation
shows that B (x, r) intersects at most one of the cones S,,. It is clear that HZ(B(x, rn
(R% x {0})) < nrl. By the elementary geometry of cones in IR3, it also holds that
H2(B(x,r) N S,) < mr?. We conclude that H>(B(x, r) < 2mr?.

In the second case, assume that » > |x|/20. Then B(x,r) C B(0, 21r), writing 0
to denote the origin in R3. For this, we compute

HA(B(0.27") < w272+ " HA(S,)

k=n
oo
<m2 gy 27 o g o
k=n

oo
E 7_[2—211 + T 22—31’1/2(2—}1/2 + 2—3}1/2) g 2—211.
k=n

We deduce that H2(B(0, 21r)) < r2, and therefore that X is upper 2-regular.
Finally, the point y, = (#,, 0, h;,) lies outside the ball B, = B(0, |y,|/2). Any

continuum connecting y, to the unbounded component of R? \ B, must pass through

the smaller ball X \ B(0, 2¢,). However, lim, . #,/|y,| = 0, violating the I-LLC

property.
5.3 An Accumulation of Spikes, Il

By modifying the previous example, we construct a space which is I-QS equivalent to
the plane but not QS equivalent.

We carry out the same construction as above, now taking f, = 27", h, = 27", and
rp = 272 .272" TInstead of cones, we replace the Euclidean disks B((t,, 0), r,) with
cylinders C,, of height 4,,. More precisely, C,, = E, U F,,, where E,, = {(x1, x2, x3) :
(x1,x2) € S((t;,0),7,), 0 < x3 < hy}and F,, = B((t,,0),7,) + (0,0, hy). Again,
we equip the resulting space X with the restriction of the ambient Euclidean metric to
X to get (X, d).

The space X is not LLC because the cylinders get progressively narrower; thus X
is not QS equivalent to the Euclidean plane. However, we claim that X equipped with
w = H? satisfies the conditions of Theorem 1.2 and therefore admits an I-QS map
from R2.
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First, notice that for every x € X \ {(0, 0, 0)} there is r, > O so that B(x,r,) C X
is 10-bi-Lipschitz equivalent to a planar disk. In particular, the conditions of Theorem
1.2 hold for all such points x.

We still need to verify the conditions of Theorem 1.2 for x = 0 = (0, 0, 0). Take
ro = 1/2. The I-LLC condition follows from our choices of t,, h,, and r,. Also,
calculating as in Sect. 5.2, we conclude that 7> < H2(B(0,r)) < 2 forall r > 0.
Therefore, the g-metric on X is comparable to the metric d, and p is -MM.

Finally, we show that the I-Loewner condition is satisfied at 0. For a fixed T > 0,
lets, t > O satisfy s/t < T. Letn € N be such that 271=1 < § < 27" Consider two
disjoint continua E, F C X as in Definition 4.3. We make the observation that the
cylinders C,, and C,_1 are separated by a distance of at least 2771 Thus F N (R2 X
{0}) N B(0, 27t1) contains a continuum F’ of diameter at least 2~"~ ! Next, we split
into two cases. If # > s, then by similar reasoning £ N (R2 x {0H N B(0,27™) contains
a continuum E’ of diameter at least 2~"~2. If ¢ < s, then take E’ to be a continuum
in E N (R? x {0}) N B(0, 1) of diameter at least t/16.

Then d(E’, F') <272 and E’ and F’ have relative distance

27n+2

AE F)<S ——F—-<
min{2—"=2,¢/16}

max {1287, 16} .

Let 7/ = max{128T, 16}, so that A(E’, F") < T'. Consider the domain

G= (RZ \ [ Bt 0). rn)> x {0} C X.

n=1

The domain G is Loewner; let ¢ be the associated Loewner function. We have then
the inequality

mod'(E, F) > mod'(E’, F'; G) > ¢(T").
We conclude that the I-Loewner condition is satisfied at 0.

5.4 Gluing a Grushin Half-Plane to a Euclidean Half-Plane

The Grushin plane is a basic example of a sub-Riemannian manifold. See [2, Sect.
3.1] for an overview. One approach to the Grushin plane, studied in [16], is given by
the following definition. For each g € (0, 1), the B-Grushin plane is R? equipped with
the metric d obtained from the singular conformal weight @: R* — [0, oo] defined by
@(x) = |x1|~P. The standard Grushin plane is obtained by taking 8 = 1/2. Note that
the standard Grushin plane does not have locally finite Hausdorff 2-measure. However,
in the case when g € (0, 1/2), it was shown in [18] and [23] that the S-Grushin plane
is bi-Lipschitz equivalent to the Euclidean plane. In particular, the 8-Grushin plane is
Ahlfors 2-regular. Moreover, the identity map R?> — (R?, d) is QS. A proof of this
can be found in [16, Thm. 4.3].
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Here, we present a modified version of the Grushin plane. Let 8 € (0, 1/2). Define
the conformal weight w: R* — [0, 0o] by

1l ifx >0
“’(x)_{l ifx; <0

Let d denote the resulting metric.
First, we establish a ball-box relationship. For all » < 1, let

Dy =[—r, (1 = B)r/I=P Y s [—r, r].

Note that, for all x; € R, the straight-line curve from (0, x3) to ((1 — ﬁ)rl/(l_ﬁ), X2)
has length r. Observe further that w > 1 on D,. From this, it follows that d(x, 0) > r
for all x € dD,. Next, by considering the concatenation of the vertical line segment
from 0 to (0, x) with the horizontal line segment from (0, x3) to x, we see that
d(x,0) < 2r for all x € dD,. We conclude that

B4((0,0),r) C D, C B4((0,0),2r) an

forallr < 1.
Next, observe that H2(B,;(0, 2r)) is bounded from below by

R +(2-38)/(1-p)
/ w?dLr =21 + Zr/ DAL P I R — (12)
: 0 1-28

For B8 € (0, 1/2), the inequality (2—38)/(1 — 8) < 2 holds, from which we conclude
that

H*(Ba(x,r))
— =

lim inf 5

r—0 r
for all x lying on the vertical axis. On the other hand, (12) is an upper bound on
H2(By(x, 1)), showing that (RZ, d) has locally finite Hausdorff 2-measure.

Since w is constant on each vertical line, we see that metric balls are simply con-
nected. In particular, (RZ, d) is LLC.

This example illustrates how a metric surface with locally finite 2-measure can
violate infinitesimal upper 2-regularity at every point in a fairly large set, namely
a non-degenerate continuum. Since any metric surface that is infinitesimally upper
2-regular is reciprocal, this suggests the following question.

Question 5.6 Is there a metric surface for which reciprocality condition (4) fails at
every point on a non-degenerate continuum?

The space (R2, d) in this example is reciprocal and hence does not answer this
question. In fact, the identity map onto the Euclidean plane is 1-QC. This can be
shown by a change of variables argument; see also Proposition 3.5 in [8], where
the corresponding fact is proved for the S-Grushin plane. In contrast, we have the
following.
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Proposition 5.7 There is no MQC map from the Euclidean plane to (R?, d).

Proof Assume there is a MQC map f: R? — (RZ,d). Observe that the identity
map ¢: R? — (R2, d) is locally quasisymmetric outside of the vertical axis Z. This
implies that F =~ o f: R? — R? is MQC outside of the set f~!(Z). By a classical
removability theorem for planar quasiconformal mappings [20, Thm. 35.1], it follows
that F is globally QS; see also Proposition 2.5 of [8].

Let x € f~!(Z). By quasisymmetry, there exists H > 1 such that

Beuc(F(x),5(r)) C F(Bguc(x, 1)) C Bpuc(F(x), Hs(r))

for all r > 0, where s(r) = inf{|F(x) — F(y)| : y € R?\ Bguc(x, r)}. Comparing
this with the ball-box relationship (11), we conclude that f is not MQC. This is a
contradiction. O

A similar argument shows that there is no MQC map from (R2, d) to R2.
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