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Geometric characterizations of freely
quasiconformal mappings in real Banach spaces

Manzi Huang, Xiantao Wang* and Zhiqiang Yang

Abstract. In this paper, we establish a characterization of freely quasiconformal mappings in
real Banach spaces. This characterization is in terms of the geometric moduli of rings which was
introduced by Tukia and Véisald in 2021. As an application, we obtain a generalization of geometric
characterizations of quasiconformal mappings in R™ obtained by Gehring and Vaisila.

Reaalisen Banachin avaruuden vapaasti kvasikonformisten kuvausten
yhtéapitdvid geometrisia miidritelmia

Tiivistelm&. Téssid tyossd 10ydetddn reaalisen Banachin avaruuden vapaasti kvasikonformi-
sille kuvauksille yhtéapitdva madritelma Tukian ja Vaisdlan vuonna 2021 esittelemén geometrisen
rengasvakion avulla. Tdmén sovelluksena yleistetddn Gehringin ja Viisédldn todistamia avaruuden

R™ kvasikonformisten kuvausten yhtéapitdvid geometrisia méaéritelmié.

1. Introduction

A domain (nonempty, open and connected set) A in a normed space X with
dimension at least 2 is called a ring or a ring domain if its complement X \ A has
exactly two components, a bounded Cy and an unbounded C;. Also, we say that A
is a ring with components Cy and C;. For a domain GG in X, a ring A is called a ring
in GG if its closure is contained in G, where the closure of A is taken in X.

For a ring A in R", its modulus is defined as follows:

M<A>:<$(_F1A))l/(n_l),

where w,,_; is the (n — 1)-measure of the unit sphere in R", I'4 denotes the family of
all curves in A joining the two components of its complement, and mod(I"4) stands
for the n-modulus of T'4.

It is known that the modulus M(A) can be estimated by Euclidean quantities
(cf. [11, Lemma 2.1]), and every self-homeomorphism of R" is strictly ring-preserving
(see Appendix for the definition). Based on these facts, in 1997, Rohde obtained
a geometric characterization for bilipschitz self-homeomorphisms of R”. That is, a
self-homeomorphism f of R™ is bilipschitz if and only if there is a constant L such
that |[M(f(A)) — M(A)| < L for all rings A in R" (see [11, Theorem 1.1]). A natural
problem is whether there is an analogue of [11, Theorem 1.1] in the setting of more
general metric spaces. To study this problem, there are at least two difficulties.
First, the moduli of curve families is not well defined even in the setting of Banach
spaces (cf. [22, 1.4]). Second, by [13, Example 2.12], there is a self-homeomorphism
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f of E = {5 which satisfies that for each i > 1 and t > 2, f(t€;) = ite;. By letting
A =1(0,3)\B(0,2), we see that A is aring in E, but f(A) is not a ring in E since the
closures of both f(B(0,2)) and f(E\B(0,3)) are unbounded, and therefore, E\ f(A)
consists of two unbounded component. Thus f is not strictly ring-preserving, even
not ring-preserving (i.e., maps a ring to a ring). To overcome these deficiencies, in
[13], Tukia and Vaisdld raised the concept of the so-called geometric modulus of a
ring (see (1.1) below). The obvious advantage is that this concept does not depend
on the families of curves, and no measure is required either. Also, they focused their
investigation on a special class of self-homeomorphisms of normed spaces, namely
set-bounded self-homeomorphisms (see Appendix for the definition). Based on these
preparations, they established an analogue of [11, Theorem 1.1] in the setting of
normed spaces (see [13, Theorems 2.4 and 2.5]).

From early 1990s onwards, with the help of the quasihyperbolic metric, Vaisala de-
veloped the theory of (dimension) freely quasiconformal (briefly, FQC in the follow-
ing) mappings in real Banach spaces (see [18, 19, 20, 21, 22]) (see Section 2 for the
definition of FQC mappings). It is known that, in R", FQC mappings coincide with
quasiconformal (briefly, QC) mappings (cf. [18, Remark 3.5]). See Section 2 for the
definition of QC mappings, and [1, 10, 17| for the basic properties of QC mappings.

By comparing with the theory of QC mappings, one will realize that still there is
no characterization for FQC mappings like the geometric definition of QC mappings
in R”. In this paper, we consider this problem. Our main purpose is to establish a
characterization of FQC mappings in terms of geometric moduli of rings. The moti-
vation of this study mainly comes from new ideas of Tukia and Véiséla in [13] and the
discussions on the conceptually different but equivalent definitions of quasiconformal
mappings (see, e.g., [3, 7, 15, 16, 17] for the case of R™ and [9, 14, 23] for the case of
metric spaces).

For convenience, in the following, we use £ and E’ to denote real Banach spaces
with dimension at least 2, and G C E and G’ C E’ are domains. It is possible that
G = E and G' = E'. When we require that G or G’ must be a proper subdomain of £/
or F’, we shall use the notation G & FE or G’ & E’. Also, we use B(z,7) to denote the
open ball with center x € E and radius r > 0, that is, B(z,7) = {y € E: |y—z| < r},
and B(x,r) means its closure, where | - | denotes the norm on Banach spaces. Unless
stated otherwise, the notions and notations appeared in the rest of the section will
be defined in Section 2.

As in [13], the geometric modulus of a non-degenerate ring A with components

Cp and (' is defined by the number

(1.1) GM(A):log<1+ 2d(C4, Co) )

min{d(Cy),d(C1)}

where d(C, Cy) denotes the distance between C; and Cy, that is, d(Cy, Cp) = inf{|x—
y|: x € Cy and y € Cp}, and d(C;) stands for the diameter of C; for i € {0,1}, that
is, d(C;) = sup{|z — y|: =,y € C;}. Here a ring with components Cy and C} being
non-degenerate means that min{card{Cy},card{C;}} > 1, where card{C;} denotes
the cardinality of C; for i € {0,1}. For a non-degenerate ring A with components Cy
and C1, obviously, one of the two quantities d(Cy) and d(C) is finite and the other
is infinite.

Note that FQC mappings are not always strictly ring-preserving (see Example 4.1
in the appendix). This fact indicates that, in order to characterize FQC mappings
in terms of geometric moduli of rings, we need to consider a class of mappings which



Geometric characterizations of freely quasiconformal mappings in real Banach spaces 147

is more general than strictly ring-preserving mappings, that is, strictly Whitney
spherical ring-preserving mappings. To state the definition of this class of mappings,
let us introduce the following class of rings. For any point x € GG and any reals r and
R with 0 < r < R < §g(x), we easily see that B(x, R) \ B(z,7) is a ring in G, which
is called an (R, r)-Whitney spherical ring with centre x, where dg(x) stands for the
distance from x to OG, the boundary of G (for the case when G = E, we assume that
dg(x) = oo for any x € G). In the rest of this paper, we use the notation S,(R,r)
to denote B(x, R) \ B(z, ). When the center is not important for the discussion, we
use briefly S(R,r) to denote an (R, r)-Whitney spherical ring.

Definition 1.2. A homeomorphism f: G — G’ between two domains G and G’
in normed spaces is called strictly semi- Whitney spherical ring-preserving if for any
Whitney spherical ring S(R, ) in G, its image f(S(R,r)) under f is also a ring in
G’ and the bounded component Cj of f(A) satisfies C}, = f(B(z,r)). If both f and
its inverse f~! are strictly semi-Whitney spherical ring-preserving, then we say that
f is strictly Whitney spherical ring-preserving.

The relationship between strictly Whitney spherical ring-preserving mappings
and freely quasiconformal mappings will be discussed in the appendix, and the main
result is Theorem 4.2. Also, from Theorem 4.2, we see that for any Whitney spherical
ring S(R, ), the geometric modulus GM (f(S(R,r))) of the image of S(R,r) under
an FQC mapping f is meaningful. The following geometric characterization of FQC
mappings is the main result of this paper.

Theorem 1.3. Suppose that f: G — G’ is a homeomorphism. Then the follow-
ing statements are quantitatively equivalent:

(1) fis p-FQC.
(2) fis (K, L)-FQC.

Here, a strictly Whitney spherical ring-preserving mapping f: G — G’ is called
(i) freely (K, L)-semi-quasiconformal (briefly, (K,L)-FSQC) if there are con-

stants K > 1 and L > 0 such that for any (R,r)-Whitney spherical ring
S(R,r) in G,

%GM(S(R, r)— L<GM(f(S(R,r)) < K-GM(S(R,r))+ L.

(i) freely (K, L)-quasiconformal (briefly, (K, L)-FQC) if both f and its inverse

f~!are (K, L)-FSQC.

For two conditions ® and ¥, we say that Condition ® quantitatively implies
Condition W if Condition ® implies Condition ¥ and the data of Condition W depends
only on that of Condition ®. If Condition ¥ also quantitatively implies Condition
®, then we say that Condition & is equivalent to Condition ¥, quantitatively.

As an application of Theorem 1.3, we have the following equivalence relations.

Theorem 1.4. Suppose that G,G' C R" withn > 2 are domains and f: G — G’
is a homeomorphism. Then the following are quantitatively equivalent:
(1) fis K1-QC.
(2) There is a constant Ky > 1 such that for any (R,r)-Whitney spherical ring
S(R,r) in G,
1

(1.5) EM(S(R, r) < M(f(S(R,r))) < Ky - M(S(R,7)).
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(3) There is a constant K3 > 1 such that for any (R,r)-Whitney spherical ring
S(R,r) in G,

1
(1.6) M(f(S(R,r))) 2 7= M(S(R, ).
(4) f is (K4, L)-FQC.
(5) fis p-FQC.
Theorems 1.3 and 1.4 will be shown in Section 3. In Section 2, some necessary
preliminaries will be introduced, and several auxiliary lemmas will be proved.

2. Preliminaries

This section consists of two subsections. In the first subsection, some necessary
terminology will be introduced, some known results will be recalled, and in the second
subsection, several auxiliary lemmas will be proved.

2.1. Freely quasiconformal mappings, quasisymmetric mappings and
weakly geometrically freely quasiconformal mappings. Suppose that G ¢ E
is a domain and 7 is a rectifiable curve in GG. Then the quasihyperbolic length of  is

defined as m
T

l = .

k,G(’Y) ., 5G<x>

The quasihyperbolic distance between the points z,y € G is
ka(z,y) = igf{lk,c(v)},

where the infimum is taken over all rectifiable curves v in G' connecting x and y. See
[5, 6] for basic properties of the quasihyperbolic metric kg.
Next, we introduce several classes of homeomorphisms.

Definition 2.1. Let 0 < t5 < 1, and let G & F and G' & E’ be domains.

Suppose that f: G — G’ is a homeomorphism, ¢ is a self-homeomorphism of [0, 00),
and 0: [0,ty9) — [0,00) is an embedding with 6(0) = 0. Then f is called

(1) p-semisolid if for all x, y € G,

ke (f(x), f(y)) < e(ka(z,y)),

(2) -solid if both f and its inverse f~! are (p-semisolid,
(3) (0,to)-relative if for all x, y € G with |z — y| < tpdg(x),

[f(z) = f(y)l [z —yl

S O ).
bcr(f(x)) < b () )

In particular, if ty = 1, then we say that f is 6-relative.

Here and in the following, we say that a homeomorphism f: G — G’ has fully a
given property if for each subdomain D C G, the restriction f|p has this property.
Especially, if G = F or G' = E’, then we say that a homeomorphism f: G — G’
has fully a given property if for each proper subdomain D & G, the restriction f|p
has this property. We thus obtain the classes of fully p-semisolid, fully p-solid, fully
(0, t9)-relative and fully 0-relative mappings, respectively.

Suppose that f: G — G’ is a homeomorphism, ¢ and 7 are self-homeomorphisms
of [0,00), and K > 1 and ¢ € (0, 1) are constants. Then f is called

(1) freely p-quasiconformal (briefly, o-FQC) if f is fully y-solid,
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(2) K-quasiconformal (briefly, K-QC) if for every x € G,

: sup{|f(z) — f(y)|: lx —y[ < r}
H(z, f) = limsup - <K,
o I = IS St @) — S0l o =yl = 1)
(3) n-quasisymmetric (briefly, n-@Q5S) if for all distinct points a, b,z € G,

fla) = ()] _ . (|a—$|> |
£ (b) = ()] b — |
(4) g-locally n-QS (briefly, (¢,7n)-L@QS) if for each x € G, the restriction f|g,qr)
is n-QS whenever B(z,r) C G.
We remark that, when G = E, f is (q,7)-LQS for a fixed ¢ € (0, 1) if and only if
it is n-QS.
The following known results are useful for us.

Theorem A. [18, Theorem 5.10] For a homeomorphism f: G — G, the follow-
ing statements are quantitatively equivalent:
(1) fis p-FQC.
(2) Both f and f~! are (¢q,n)-LQS for some ¢ € (0, 1).
(3) For every p € (0,1), there is a self-homeomorphism 7, of [0,00) such that
both f and f~! are (p,n,)-LQS.

Theorem B. [18, Remark 3.9.1] For a homeomorphism f: G — G’, the follow-
ing statements are quantitatively equivalent:

(1) f is fully yp-semisolid.
(2) f is fully O-relative.
(3) f is fully (6, tg)-relative.

In particular, when ¢y = 1, # can be chosen as follows:
(t) = ePt/(1=1)) _ 1
(cf. the proof of [18, Theorem 3.7]).

Theorem C. [18, Theorem 5.20] If f: G — G’ is ¢-FQC, then f is ¢1-FQC,
where ¢ (t) = C'max{t®, t}, and the constants C' > 1 and 0 < a < 1 depend only on
©.

Theorem D. [4, Theorem 4] and [18, Remark 3.5] Suppose that G, G' C R"

are domains and f: G — G’ is a homeomorphism. Then the following statements
are quantitatively equivalent:

(1) fis ¢-FQC.
(2) f is fully O-relative.
(3) fis K-QC.

We end this subsection with the following definitions.

Suppose that G and G’ are domains in normed spaces and f: G — G’ is a strictly
Whitney spherical ring-preserving mapping. It is called

(1) weakly (¢p1, P2)-semi-geometrically freely quasiconformal (briefly, (o1, ¢2)-
WSGFQC) if there are two embeddings ¢1, ¢o: [0, 00) — R such that

lim ¢, (t) = lim ¢y(t) = oo,
and for any (R, r)-Whitney spherical ring S(R,r) in G,
1 (GM(S(R,7))) < GM(f(S(R,7))) < ¢2(GM(S(R,7))).
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Also, the embeddings ¢; and ¢, are called control functions of f.
(2) weakly (¢1, pa)-geometrically freely quasiconformal (briefly, (o1, ¢2)-WGFQC)
if both f and its inverse f~1 are (¢1, ¢2)-WSGFQC.

Obviously, every (K, L)-FQC mapping is (¢1, ¢2)-WGFQC with ¢ (t) =t/K — L
and ¢o(t) = Kt + L. It follows from Theorem 1.3 and Lemma 3.3 below that the
converse is true as well.

2.2. Auxiliary results. The following elementary properties of geometric mod-
uli of rings directly follows from the definition of geometric moduli.

Proposition 2.2. (i) For any point * € G and any reals r and R with
0<r < R<dg(x), we have

d(B(z,r)) =2r and d(B(z,r),E\B(z,R)) =R—r.
(ii) For any Whitney spherical ring S(R, 1), we have
R
GM(S(R,r)) =log s

Lemma 2.3. Suppose that D C FE is a bounded set and x € D. Then for any
M > 2, there is y € D such that

1
—y| > —d(D).
7~ 9] > 2-d(D)
Proof. Let M be a constant such that M > 2. Suppose that for any y, z € D,

1 1
v —y| < —d(D) and |z —z| <—d(D).

M M
Then we get
2
d(D) = sup {|ly — 2|} < —=d(D) < d(D).
y,z2€D M
This is the desired contradiction. O

Lemma 2.4. Suppose that G C E is a domain, y € G and R € (0,0¢(y)). Then
for any s € (0, 00), there is an (R, r)-Whitney spherical ring S,(R,r) in G such that
GM(Sy(R,r)) = s.

Proof. For s € (0,00), let r = Re™®. Then 0 < r < R < d0¢(y). Obviously,
Sy(R,r) C G and
GM(Sy(R,r)) = s.

This proves the lemma. O

Lemma 2.5. Suppose that G C R" is a domain with n > 2. Then there is a
constant C' > 0 such that for any ring A in G,
(2.6) |IGM(A) — M(A)| <C.

Proof. By [11, Lemma 2.1], we see that there is a constant 7 > 0 such that for
any ring A in G with components Cy and C',

S ) ’ =T

M(A) - log (1 +

Then it follows from the fact
d(Cy, Cy) )
- < log?2
min{d(Cy), d(C1)} &

0 <GM(A) —log <1+



Geometric characterizations of freely quasiconformal mappings in real Banach spaces 151

that
|GM(A) — M(A)| <7+ log 2.
By taking C' = 7 + log 2, we see that the inequality in (2.6) is true. O

We remark that the constant C' in Lemma 2.5 may depend on the dimension n.

3. Geometric characterizations of freely quasiconformal mappings

In this section, we shall prove Theorems 1.3 and 1.4. We start the proofs with
several auxiliary lemmas.

Lemma 3.1. Suppose that f: G — G’ is strictly Whitney spherical ring-pre-
serving. Let x € G, R € (0,dg(x)) and {r,} be a sequence such that 0 < r, < R <
dc(z) for each n and lim,,_,o, 7, = R. Then

Tim GM(f(S,(R,r,))) = 0.

Proof. Since f is strictly Whitney spherical ring-preserving, we see that f(S,(R,
rn)) is a ring in G'. Choose b € E be such that |b —z| = R. For n > 1, let
x, =z + (r,/R)(b— z). Then |z, — x| = r,. Thus b, x, € G. On the other hand,
let 0 < e < dg(xr) — R and y € 0B(z, R + ¢) be such that y, z, and b are collinear.
For n > 1, take y, = y — (1 — 1/n)(y — b), and then, y, € (F\ B(z,R)) NG as
B(z, R+ ¢) C G. Therefore

lim x, = b= lim y,.
n—oo n—oo

It follows from the fact

lim f(z,) = f(b) = lim f(y,)

n—oo n—oo
that
li_)m GM(f(S:(R,1,))) =0,
as required. O

Lemma 3.2. Suppose that f: G — G’ is (¢1, ¢2)-WSGFQC. Then ¢1(0) < 0
and ¢,(0) > 0.

Proof. Let z € G, R € (0,dg(x)) and {r,} be a sequence such that 0 < r, <
R < §g(x) for each n and lim,,_,, 7, = R. Obviously,

lim GM(S(R,r,)) =0.

Since f is strictly Whitney spherical ring-preserving, we know from Lemma 3.1
that

1Lm GM(f(S(R,ry,))) =0.
Then the assumption that f nis O(ogbl, ¢2)-WSGFQC ensures that
P (GM(S(R,r0))) < GM(f(S(R,70))) < p2(GM(S(R, 1)),
which implies that ¢1(0) < 0 and ¢2(0) > 0. O]
Lemma 3.3. Let f: G — G’ be a strictly Whitney spherical ring-preserving

mapping. Suppose that there is an embedding ¢; : [0,00) — R such that limy_ ., ¢1(¢)
= 00, and such that for any (R, r)-Whitney spherical ring S(R,r) in G,

(3-4) GM(f(S(R,7))) = o1(GM(S(R,7))).
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Then there is a sel-homeomorphism ¢ of [0, 00) depending only on ¢ such that f is
fully -semisolid.
Proof. From the proof of Lemma 3.2, we see that ¢;'(0) exists. Let x =

e=% ' /2 Then xk < 1/2. By Theorem B, to prove the lemma, we only need to
show that f is fully (0, k)-relative. Let D be a subdomain such that D # Gif G = E
or G' = E', and let D' = f(D). For x € D, let y € B(x,kép(z)), R = 3ép(z)
and 7 = |r —y|. Then S,(R,r) is a (R,r)-Whitney spherical ring in G’ with the
complementary components Cy = B(z,r) and C; = E \ B(z, R).

Since f is strictly Whitney spherical ring-preserving, we know that f(S,(R,7))
is a ring with the bounded component C} = f(Cy) and the unbounded component

C} = E"\ f(B(z, R)). This implies that
min{d(Cp), d(Cy)} = d(Cy).
Moreover, since the fact y € Cy implies
|f(@) = f(y)| < d(Cp),

and the fact OB(z, R) C C; N D implies f(0B(x, R)) C C; N D', it follows from
Lemmas 4.4 and 4.8 in the appendix that

df(B(z,R)) CcCIND".
Then the fact f(z) € C{ ensures that
opr (f(x)) = d(C1, Cy).
These lead to

S (f(x)  _ d(C1.CY
[f(x) = fy)l = d(Co)
and thus, by (3.4), we have

_ %(GGM(f(sx(R,rm 1)

)

op(f(x)) d(CLC0) _ L siams(rr))
T il = acy o)

Then the fact

Sp(z)

2|z -y

GM(S.(R,r)) = log

gives

M > 1 (€¢>1(log g\fgz;\) — 1) )
|f(z) = fy)] — 2
As the choice of y implies that

ed)l (*log 25‘;?3)‘) > 1’

we get

R I )

Since limy_, ¢1(t) = 0o, we know that lim;_,o6;(t) = 0. Let

0 for t =0,
o) = {91@) for t € (0, ).
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Then 6: [0, k) — [0,00) is an embedding with #(0) = 0. This proves that f is (6, k)-
relative in D. Then we conclude from the arbitrariness of D in G that f is fully
(0, k)-relative, and hence, the proof of the lemma is complete. O

Lemma 3.5. Suppose that f: G — G’ is ¢-FQC. Then for any (R, r)-Whitney
spherical ring S(R,r) in G,
GM(f(S(R,7))) > 0.
Proof. Let 0 < r < R < ég(x), where x € G. Since GM(f(S(R,r))) > 0 if and
only if d(0f (B(x,r)),0f(B(x, R))) > 0, to prove the lemma, it suffices to show that
(3.6) d(0f(B(x,r)), 0f (B(z, R))) > 0.

For this, take y € OB(x,r) and z € 0B(z, R). We may assume that G C E
since the proof for the case of G = F is similar. By Theorem A, we see that f is
(q,1,)-LQS, where R/ég(x) < g < 1. Let A = {y,z} and B = B(x, R). Then [12,
Theorem 2.5] ensures that

@) = fE) 1 (dB@R)\ 1 ( 2R\
ey > (o) 2 amlass)
This leads to

10) = 1)1 2 g (ms ) (B, )

which implies that

2 R—r

This proves (3.6), and hence, the lemma is true. O

A(0f (B(z, 1)), Of (B(z, R))) zlnq( 2l ) A(f(B(z, B))) > 0.

Lemma 3.7. Suppose that both f: G — G’ and f~': G' — G are fully 6-
relative. Then f is (¢1, ¢2)-WGFQC, where

1 (t) = log (2 + @) “log3 and ¢s(t) = log (ﬁ - 3) .

Proof. Under the assumption of the lemma, we see that there is an embedding
0:[0,1) — [0, 00) with 6(0) = 0 such that for any w € G and ry € (0,dg(w)), f and
1 are O-relative in B(w, 7o) and f(B(w, 7)), respectively.

Let z € Gand 0 < r < R < d¢(z). Then Theorem C, together with Theorem 4.2
in the appendix, ensures that f(S,(R,r)) is a ring in G’ with components C}, =

f(B(x,r)) and C7 = E’\ f(B(x, R)). It follows that
min{d(Cp), d(Cy)} = d(Cy).
Let U = f(B(x, R)) and gy = d(C{, C1)/2. Then by Lemma 3.5, £9 > 0, and so,
there is b € 0B(x, R) such that
[f(x) = f(B)] < du(f(2)) + eo.

Obviously, the intersection of the segment [f(z), f(b)] and the boundary of f(B(z,
r)) is nonempty. Let o' € [f(x), f(b)] N Of(B(x,7)). Then there must exist a €
OB(z,r) such that o’ = f(a). Since

|f(a) = f(b)] = d(Cq, C1),



154 Manzi Huang, Xiantao Wang and Zhiqiang Yang
it follows from the fact

|f(x) = FO) = [f(@) = fla)| + | f(a) = f(b)]
that

Su(f()) > 1£(x) — fla)| + 3d(Cy, ).
Then the fact |f(x) — f(a)] < d(C}) leads to
d(C1, Cp) d(C1,Cy) o 200(f(@))

d(Cp) |f(x) = fla)] = [f(z) — f(a)]

Moreover, the assumption that f~! is f-relative in U gives

i = (7 ()

and thus, we obtain from (3.8), together with the facts dg(y,r)(¢) = R and [z —a| =7,
that

St el ((520)) ()

Further, it follows from Proposition 2.2(i) that

A ) _, (91 ((1 | 2d(B(x,r), B\ B(z, R))) ))_ .

— 2.

(3.8) <

d(Cp)
2
= gfl(efGM(Sz(R,r))) B

and thus, we get
GM(f(Sz(R,7))) < ¢o(GM(S(R,7))),

where

Pa(t) = log (Glzlet) — 3) :

To obtain a lower bound for the quantity GM (f(S.(R,7))), we still need to find
three points in G. First, by Lemma 2.3, there must be a point y € 0B(z, r) such that

(39) 7(2) ~ Fl)| = 5d(Ch)

Second, by Theorem B, we know that f is p-FQC, where ¢ can be chosen to
depend only on . Then the proof of Lemma 3.5 shows that d(C7, Cj) > 0, and thus,
there are two points y* € B(z,r) and z € 0B(z, R) such that

(3.10) 1f(y") = f(2)] < 2d(C1, Cp).
To continue the discussions, we consider two cases.

Case 3.1. Suppose that |f(y*) — f(z)| > |f(y) — f(x)|. Under this assumption,
we get from (3.9) that

7(7) — £@)] = 3d(C).
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Then we have

A(Ch.CY) o 1)~ ()]

d(C) = 6lf(y) — (=) (by (3.10))
fl@)=fl»)] 1 .
~6|f(yr) - fo)] 6 (by the triangle inequality)
ul/i) - 1 since f(z
= 6f(y) - f(x)] 6 (since f(z) € OU).

Since f is f-relative in B(x, R), we know that

v (f(x)) O r) (T)\ —1)\ !
TN > 9 _OIY N 7
|f(y*) — f(@)] — ( <( ly* — ) ))
and thus, we obtain
d<C(,]7 Ci) 1 5B(J: R) (SL’) ! -1 1
aicy)  — 6(9<( ly* — x| ) )) 6
Hence it follows from Proposition 2.2(7) that

4 c)*> > Lo((1+ 2d<B<w&%£’>§<x, Ry )

)

=

which gives
GM(f(S:(R,7))) > $1(GM(S:(R,1))),
where ¢;(t) = log (2 + 6(—1%)) — log 3.
Case 3.2. Suppose that |f(y*) — f(z)| < |f(y) — f(z)|. We first have

d(Co, C1)  1fy) = f(2)|
AT = 6[f ) = [ (@) (by (3.9) and (3.10))
- 61(;(( )) ((iv))|| _é (since | f(y*) = f(2)] <[f(y) = f(@)])
v (fz)) 1 since f(z
W)~ f@)] 6 Cnel)edl).

Since f is f-relative in B(z, R), the similar reasoning as in the discussion in
Case 3.1 guarantees that

Now, we have proved that f is (¢1, ¢2)-WSGFQC. Similarly, we can demonstrate
that f~!is (¢1, ¢2)-WSGFQC as well. These prove that f is (¢1, ¢2)-WGFQC. [

Lemma 3.11. If f: G — G’ is ¢-FQC, then f is (11,1,)-WGFQC, where
t 1 t -t
wl(t) _ lOg ((eCmax{(e -7 (e —1)70[} _ 1) + 2) _ lOg 3’

1a(t) = log (Ci(log@t +1)) 7+

1
- log 4
4>+og,

and the constants C' > 1 and 0 < o < 1 depend only on ¢; and ¢s.
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Proof. By Theorem C, f is ¢1-FQC with
©1(t) = C'max{t, t*},

where we can choose C' > 1 and 0 < o < 1 to depend only on ¢.
Further, by Theorem B, we know that both f and f~! are fully f-relative with
0:[0,1) — [0, 00) being the following homeomorphism:

t

(3.12) o(t) = e () 1 = omn{ ()}
and so, it follows from Lemma 3.7 that f is (¢!, ¢,)-WGFQC with
(3.13)  ¢(t) = log (@ + 2) —log3 and ¢y(t) = log (ﬁ — 3) .
Let ¢y = ¢|. Then (3.12) and (3.13) ensure that for every (R, r)-Whitney spher-
ical ring S(R,r) in G,
(3.14) CM(F(S(R, 1)) > n (GM(S(R, ).

Next, let us find the explicit expression for ¢,. Obviously, it suffices to get the
explicit expression for 7! (e~) with ¢ > 0. By letting s = e~*, we see that we only
need to find the explicit expression for #71(s) with 0 < s < 1. For this, let

u = (log2)"/*/(C* + (log 2)"/).

Since C' > 1 > log2, we know that u < 1/2. As u/(1 — u) = (log2/C)"*, we get
that 6(u) = 1. Hence ~'(1) = u < 1/2, and then, we only need to consider the case
of t <1/2.

When t < 1/2, we see that

which implies

1 1))a
(3.15) 0i(s) = —uBE D)
CF 1 (log(s + 1))
for s € [0,1). Let A = (log(s + 1)) /(C + (log(s + 1))#). Then §~*: [0,1) — [0, \)
is increasing and continuous, and thus, §~! is an embedding.

Let ¢y = ¢f. Then we infer from (3.13) and (3.15) that for every (R, r)-Whitney
spherical ring S(R, ) in G,

(3.16) GM(f(S(R,r)) < 42(GM(S(R,1)).
Now, we conclude from (3.14) and (3.16) that the lemma is true. O
Lemma 3.17. Let 1, and 1y: [0,00) — R be the functions defined in Lem-
ma 3.11. Then
lim (210 =a and lim va(t) = l
t—oo { t—oo ¢ Q

Proof. First, we find the limit lim,_,o. 11 (¢) /t. For this, let Ao (t) = € =D"" —1.
Since for sufficiently large t,

log (()\a(t))_l) —log3 < ¥y (t) = log (()\a(t))_1 + 2) —log3 <log (2()\a(t))_1),
we see from the fact
lim log(e® — 1)

=1
z—+0  logx
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that
t log(Aa ()1
i @) o los(Aa()
t—oo t—00 t
Next, we find the limit lim,_,o ¢(t)/t. For this, let p,(t) = (log(e™ + 1)) =.
Since for sufficiently large t,
log (C= pa(t)) < iha(t) < log (5C=palt)),
we obtain that
log (Capa(t)) 1
i Y20 _ g o8 (Cope®) 1
t—oo  t t—00 t e}
The lemma is proved. O]

3.1. Proof of Theorem 1.3. (1) = (2). Assume that f is ¢-FQC. By Theo-
rem B and Lemma 3.7, f is (¢1, ¢2)-WGFQC. Then it follows from Lemma 3.11 that
fis (11, 12)-WGFQC with ¢ and 19 defined in Lemma 3.11. Further, Lemma 3.17
shows that

lim 210 =a and lim va(t) = l
t—oo t—oo { o
We see that there is a constant M > 0 such that for all t € (M, o0),

vilt) 2 5t and () < 2t

Since both v and 1y are increasing, we know that for all ¢ € [0, M],

2
Yi(t) 2 91 (0) 2 log o and  9y(t) < (M)
These show that for all ¢ € [0, 00),

(3.18) ¢1(t)2%t+log§—l\/[ and 1)y (t) < =t + Yo (M).

Let K =2/a and L = max{log(3/2) + M, 19(M)}. Then (3.18) guarantees that
fis (K, L)-FQC.

(2) = (1). Assume that f is (K, L)-FQC. Obviously, both f and f~! are (¢1, ¢2)-
WSGFQC with ¢4(t) = t/K — L and ¢o(t) = Kt + L. By Lemma 3.3, both f and
f~1 are fully ¢-semisolid. This implies that f is o-FQC. U

SEEN

Remark 3.19. (1) In terms of moduli of curve families, in [9], Heinonen, Koskela,
Shanmugalingam and Tyson introduced the metric definition, the analytic definition,
and the geometric definition of quasiconformality in the setting of metric measure
spaces with locally @)-bounded geometry, and then, they proved that these three def-
initions are equivalent to each other (see [9, Theorem 9.8]). In terms of the moduli of
rings, in [23], Williams obtained a geometric characterization of quasiconformality in
the setting of doubling and locally linearly locally connected metric measure spaces
(see [23, Theorem 1.2 and Remark 4.3]). It is known that every metric measure space
with locally @Q-bounded geometry is of finite dimension (cf. [8, §8.7]), and each dou-
bling metric measure space is of finite dimension as well (cf. [2, page 66]). However,
our main result, Theorem 1.3, is independent of the dimensions of the underlying
spaces. Also, in Theorem 1.3, no measure is required.

(2) The mappings studied in [11] and [13] are self-homeomorphisms of the under-
lying spaces. But the domains G of the mappings involved in Theorem 1.3 include

the possibilities of G = E and G & E.
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(3) In [20] or [21], Viiséla proved that FQC mappings can be characterized by
a geometric condition involving spherical rings, that is, (M, «, 5)-ring condition (see
[20, Corollary 2.21] or [21, Corollary 5.5]). But this condition is much different from
the characterization obtained in Theorem 1.3.

3.2. Proof of Theorem 1.4. (1) = (2). Assume that f is K;-QC. Then by [17,
Theorem 13.2(3) and Remark 34.2], the converse f~! of f is K]-QC with K] depend-
ing only on K; and n, and thus, the implication follows from [17, Corollary 36.2].

(2) = (3). This implication holds for K3 = K.

(3) = (4). Assume that there is K3 > 1 such that for every (R,r)-Whitney
spherical ring S(R, ) in G,

(3.20) M(F(S(R, 7)) > %M(S(R,r».

Then we have

GM(f(S(R,r))) > M(f(S(R,r)))—C (by Lemma 2.5)
> KLM(S(R, r) —C (by (3.20))
> I%,GM(S(R’T)) — C(Kig + 1) (by Lemma 2.5).

Let ¢41(t) = K%t — C’(KL3 +1). By Lemma 3.3, f is fully yp-semisolid, and hence,
f is p1-FQC by Theorems C and E. Then it follows from Theorem 1.3 that the
implication is true.

Obviously, the implication (4) = (5) follows from Theorem 1.3, and the im-
plication (5) = (1) follows from Theorem D. Hence the proof of the theorem is
complete. O

Remark 3.21. (1) In [7], Gehring and Viisild proved that a homeomorphism
of a domain in C is K-QC if and only if the modulus condition (1.6) is satisfied by
all rings in G (cf. [7, Theorem 3]). Notice that a ring in C is conformally equivalent
to a Whitney spherical ring in C by the Riemann mapping theorem, and hence, the
equivalence between (1) and (3) in Theorem 1.4 coincides with [7, Theorem 3] in C.

(2) As one of the main purposes, in [3], Gehring proved that a homeomorphism
of a domain G in R? is K-QC if and only if the modulus condition (1.5) is satisfied
by all bounded rings in G (see [3, Corollary 4]). See [17, Corollary 36.2] for the
analogue of [3, Corollary 4] in R" for all n > 3. Since in Theorem 1.4(2), only a
part of spherical rings in GG, i.e., Whitney spherical rings, is involved, we see that the
equivalence between (1) and (2) in Theorem 1.4 is a generalization of [3, Corollary 4]
and [17, Corollary 36.2].

(3) The proofs of [7, Theorem 3] and [17, Corollary 36.2] rely on the dimension
and the measure of the underlying space. However, our proof of Theorem 1.4 is based
on the geometric modulus, which is independent of the dimension and the measure
of the underlying space.

(4) It is well known that the moduli of rings in R are conformally invariant
(cf. [17, Theorem 8.1]). However, the geometric moduli of rings do not possess this
property. Let u: G — G with u(z) = z/|z|*, where G = R?\ {0}, and A =
(B(0,3)\ [2,3]) \ B(0,1). Then both A and u(A) = B(0,1) \ (B(0,1/3) U [1/3,1/2])
are rings in G since A = B(0,3) \ B(0,1) C G and u(A) = B(0,1) \ B(0,1/3) C G.
However, GM (u(A)) # GM(A) as GM(u(A)) = log(11/5) and GM(A) = log 2.
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4. Appendix

We start the appendix with the definitions of several classes of mappings.
Suppose that G and G’ are domains in normed spaces and f is a homeomorphism
from G to G'. It is called

(1) strictly semi-ring-preserving if for any ring A in G with the bounded com-
ponent Cjy, its image f(A) under f is also a ring in G’ and the bounded
component C of f(A) satisfies f(Co N G) = C{, N G". 1If both f and its
inverse f~! are strictly semi-ring-preserving, then we say that f is strictly
TINg-preserving.

(2) set-bounded if the image of a bounded set and the pre-image of a bounded
set are still bounded. Obviously a self-homeomorphism f of a normed space
X is set-bounded if and only if f extends to a self-homeomorphism f of
X = X U{oo} with f(co) = oco. From this, we see that a set-bounded
self-homeomorphism of a normed space is strictly ring-preserving.

(3) ball-bounded if for any z € G, 2’ € G', 0 <1 < dg(z) and 0 < 1’ < dg(2'),
both the image f(B(x,r)) and the pre-image f~'(B(z,r’)) are bounded.
The following example shows that there is no implication from FQC mapping to

strictly ring-preserving mapping or set-bounded mapping.

Example 4.1. For n > 2, let h: R" \ {0} — R™\ {0} be the mapping defined
by h(z) = z/|z|*>. Then
(1) his -FQC.

(2) h is neither set-bounded nor strictly ring-preserving.

But the following result illustrates that the implication from FQC mapping to
strictly Whitney spherical ring-preserving mapping exists.

Theorem 4.2. Every p-FQC mapping is strictly Whitney spherical ring-pre-
serving, and the converse is invalid.

To prove Theorem 4.2, we introduce the following definition.

Definition 4.3. For a homeomorphism f: G — G’, we say that f has the semi-
closure-property (briefly, S-C-Property) if for any point z € G and any number R
with 0 < R < 5@(1‘),

f(B(z, R)) = f(B(z, R)).
If both f and its inverse f~! have the S-C-Property, then f is called the closure-
property (briefly, C-Property).

The following lemma shows that all FQC mappings and all strictly Whitney
spherical ring-preserving mappings have the C-Property.

Lemma 4.4. Suppose that f: G — G’ is an FQC mapping or a strictly Whitney
spherical ring-preserving mapping. Then f has the C-Property.

Proof. Obviously, it suffices to show that f has the S-C-Property since similarly
we can prove that f~! has the S-C-Property as well. For this, let x € G and R be a
number with 0 < R < dg(x). Then the continuity of f guarantees that

(4.5) f(B(z,R)) C f(B(x, R)).

In the following, we check the converse inclusion relation in (4.5). We first con-
sider the case when f is an FQC mapping. Let ¢ be a number with ¢ > R/dq(x).
Then Theorem A guarantees that the restriction flg, p) is 7,-QS. Since B(z, R) is
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complete, [12, Theorem 2.24] implies that the image f(B(z, R)) is complete as well,
and thus, f(B(x, R)) is closed. Then

(4.6) f(B(z,R)) C f(B(z,R)) = f(B(z, R)).
For the case when f is strictly Whitney spherical ring-preserving, let » > 0 be a
number with r < R < qdg(z) and f(B(z,r)) C G'. Since

f(B(z, R)) = f(B(z, R) \ B(xz, 7)) U f(B(z,r)),
and since the assumption of f being strictly Whitney spherical ring-preserving implies
that f(B(x, R) \ B(z,7)) C G’, we see that
f(B(z,R)) C G

Lety € f(B(z, R)),y = f~'(y) and y,, = (y—=)(1—=1/n)+z. Theny, € B(z, R)
and y, — y as n — oo. This ensures that y € B(x, R), and thus, ' € f(B(z, R)).
Hence

(4.7) fB(z, R)) C f(B(x,R)).

By combining (4.5), (4.6) and (4.7), we see from the arbitrariness of x in G and R
in (0,dg(x)) that f has the S-C-Property, and hence, the proposition is proved. [

Lemma 4.8. Suppose that f: G — G’ is a homeomorphism. Then f has the S-
C-Property if and only if for any point x in G and any number R with 0 < R < 0¢(z),

f(OB(x, R)) = 0f (B(x, R)).

Proof. For any point z in G, let R be a number such that 0 < R < d¢(z). Then
the following facts are obvious:

f(0B(z, R)) = f(B(z, R))\f(B(z,R)) and f(B(z, R)) = f(B(z, R))Jf(OB(z, R)).
These ensure that the proposition is true. O

Still, the proof of Theorem 4.2 needs the following example.

Example 4.9. For any integer n > 1, let I, = [27",217") x (—1,1) and I, =
[277* 2-(=1)%) % (=1,1) be two subsets in R?, and let g,: I, — I’ be the homeo-
morphism defined by

gn<x) = (an + kn<x1 - bn>7x2>

for & = (z1,9) € I, a, = 2=V b, = 21" and k,, = (22"~ — 1)27 (D),
Let I = (0,1) x (—1,1), and define a homeomorphism g: I — I by setting
glr, = gn for each n > 1. Then

(1) g is strictly Whitney spherical ring-preserving.
(2) g is not p-FQC for any self-homeomorphism ¢ of [0, c0).

Proof. The boundedness of I and the construction of g guarantee that ¢ is
strictly Whitney spherical ring-preserving. For the proof of the statement (2), let
Yo = (277,0) and z, = (2"°,0) with n > 2. Since for any = € [27",2"] x {0}, the
distance d;(z) from z to the boundary of [ is x;, we get

21771, |

diﬂ = log 2.

—n fEl

(4.10) k1(Yn, Yn—1) < /
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Moreover, we know from [18, Lemma 2.2(1)] that

n2

(4.11) kr(zn, 2n—1) > log 2n — 1) log 2.

2(n_1)2 = (

Suppose on the contrary that there is a self-homeomorphism ¢ of [0, 00) such
that g is o-FQC. Then we know from the assumption

ki (9(yn), 9(Yn-1)) < @ (k1(Yn, Yn-1)) ,
together with (4.10) and (4.11), that for all n > 2,

(2n —1)log2 < p(log2).
This is the desired contradiction. O

Now, we are ready to prove Theorem 4.2.

4.1. Proof of Theorem 4.2. Suppose first that f is p-FQC. We know from
Theorem A that both f and f~! are (p,n,)-LQS for every 0 < p < 1. Then it follows
from [12, Corollary 2.6] that f is ball-bounded. This, together with Lemma 4.4,
shows that the first part is true. The second part follows from Example 4.9. O
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