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Abstract

Let G be a countable group and X be a totally regular curve. Suppose that ¢ : G — Homeo(X) is a
minimal action. Then we show an alternative: either the action is topologically conjugate to isometries on
the circle S! (this implies that ¢ (G) contains an abelian subgroup of index at most 2), or has a quasi-
Schottky subgroup (this implies that G contains the free nonabelian group Z * Z). In order to prove the
alternative, we get a new characterization of totally regular curves by means of the notion of measure; and
prove an escaping lemma holding for any minimal group action on infinite compact metric spaces, which
improves a trick in Margulis’ proof of the alternative in the case that X = st.
© 2022 Elsevier Inc. All rights reserved.
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1. Introduction

The notion of amenable group was first introduced by von Neumann, which forbids the ex-
istence of a paradoxical decomposition of a group. On the contrary, the free nonabelian group
Z x 7 admits such a decomposition. This is the core of Banach-Tarski’s decomposition of the
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sphere. So, the following question asked by von Neumann is very natural: whether every non-
amenable group contains Z x Z (see [4]). This question was answered positively by J. Tits for
linear groups:

Theorem 1.1. [28, Theorem 1] A finitely generated linear group either contains a free non-
abelian subgroup or has a solvable subgroup of finite index.

In general, von Neumann’s question has a negative answer; one may consult [13,18,23] for
many counterexamples. Now, Theorem 1.1 is known as the Tits alternative. An interesting ques-
tion is which group has the Tits alternative. Many important groups coming from geometry and
topology were shown to have this property (see e.g. [5, p. 545]). Nevertheless, the exact ana-
logue of Tits alternative does not hold even for subgroups of C* diffeomorphism group of S'
(see [8]). As a replacement of the Tits alternative, G. Margulis proved the following theorem
which answered positively a conjecture proposed by Ghys. One may see [20,9] for a different
proof of this theorem by Ghys.

Theorem 1.2. [ /4, Theorem 3] Let a group G act by homeomorphisms on S'. Then either there
is a G-invariant probability measure on S', or G contains a free nonabelian subgroup.

Recently, some people are interested in studying the alternative phenomena for group actions
on curves (continua of one dimension). For example, it is implied by several authors’ work that
every subgroup of a dendrite homeomorphism group either has a finite orbit or contains a free
nonabelian group (see [6,16,10]). One may refer to [11,15,25-27] for some related investigations
in this direction.

The purpose of the paper is to establish an alternative for group actions on a class of curves
which contains all dendrites and all graphs. Explicitly, we obtain the following theorem.

Theorem 1.3. Let G be a countable group and X be a totally regular curve. Suppose that
¢ : G — Homeo(X) is a minimal action. Then either the action is topologically conjugate to
isometries on the circle S (this implies that ¢ (G) contains an abelian subgroup of index at most
2), or has a quasi-Schottky subgroup (this implies that G contains the free nonabelian group
Z 7).

Here we remark that the minimality condition in the theorem is not very strict, as there are
many natural examples of minimal group actions on curves coming from geometry (see e.g.
[3,17]). Margulis also established an alternative for minimal group actions on the circle [14,
Theorem 2]. The proof of Theorem 1.3 follows the same line as in [14]; however, since the
topology of the concerned curves is more complicated than that of the circle, we have to develop
some topological and dynamical ideas to overcome the difficulties encountered.

During the process of the proof, we get a new characterization of totally regular curves by
means of the notion of measure, which may have its own interest in continuum theory.

Theorem 1.4. A continuum X is totally regular if and only if there is an atomless probability
Borel measure p on X such that for every subcontinuum sequence (Ki)z?il satisfying u(K;) — 0,
we always have diam(K;) — 0.
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We also get an escaping lemma holding for any minimal group action on infinite compact
metric space. This lemma is an extension of a trick used by Margulis in [14], and we avoid using
the Neumann’s theorem in group theory as he did.

Lemma 1.5 (Escaping lemma). Let X be an infinite compact metric space and let a countable
group G act on X minimally. Then for any countable subset C C X and any finite subset F C X,
there always exist a sequence (g,) in G and a finite set K in X suchthat g,F — K and KNC =
.

Note. We always assume that the group G appeared in this article is a countable discrete
topological group; in particular, it is secondly countable and locally compact.

The paper is organized as follows. In Section 2, we introduce some basic notions and facts
which will be used in this article. Then we show the existence of contractible neighborhoods
for minimal and sensitive actions on regular curves with a point of finite order in Section 3, and
we use size function to construct a measure on continua in Section 4. In Section 5, we give a
new characterization of totally regular curves via measures. We prove the escaping lemma for
minimal actions in Section 6. Finally, we conclude the alternative for minimal actions on totally
regular curves in Section 7.

2. Preliminaries

In this section, we will introduce some notions, notations, and facts in continuum theory,
measure theory, and the theory of dynamical system, which will be used in the sequel.

2.1. Characterizations of totally regular continua and the circle

By a continuum, we mean a connected compact metric space. A continuum X is said to be
nondegenerate if it is not a single point. We say that X is a Peano continuum if it is locally
connected. If a continuum X does not contain uncountably many mutually disjoint nondegenerate
subcontinua, then X is called Suslinian. A continuum X is said to be

(1) regular if every point x € X has an open neighborhood basis A, each member of which has
finite boundary;

(2) totally regular if for any countable subset F of a continuum X, there is a basis 5 of open
sets for X such that for each B € B, F N dx(B) = ¢ and the boundary dx (B) of B is finite.

It is known that graphs and dendrites are totally regular; Suslinian continua are of one dimension;
and regular curves are Peano continua of dimension 1.

There have been many equivalent characterizations of totally regular continua (see [22, Theo-
rem 7.5]). Now, we recall a characterization given by S. Eilenberg and O. Harrold. Let (X, d) be
a metric space. For any ¢ > 0, let

oo
Li(X.d)=inf) diam(X;),
n=1

where the infimum is taken over all decompositions X = X1 U X, U X3 U --- of X such that
diam(X;) <& foreachi =1,2,---. Then L;(X, d) is non-decreasing with respect to ¢. Let
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LY(X,d)= lim L1(X,d).
e—>01

If L1(X,d) < oo, then we say that (X, d) has finite linear measure.
Theorem 2.1 ([7]). A continuum X is totally regular if and only if it has finite linear measure.

Let X be a topological space and x € X. Let B8 be a cardinal number. We say that x is of
order < B, written ord(x) < 8, provided that x has an open neighborhood basis A such that the
cardinality of the boundary of each U € N is less than or equal to B; if ord(x) < B but ord(x) jé o
for any o < 8, then we say that x is of order B; if B < Rg, we say that x is of finite order. The
following characterization of the simple closed curve is due to W. Ayres.

Theorem 2.2 ([2], Corollary 3). The simple closed curve is the only continuum all of whose
points are of the same finite order.

A point p in a continuum X is called a local separating point provided that there is some
neighborhood U of p such that the connected component C of U containing p is separated by p
in U. Using the concept of local separating, Whyburn gave the following equivalent characteri-
zation of totally regular curve.

Theorem 2.3 (/29], Theorem 4). A continuum X is totally regular if and only if every nondegen-
erate subcontinuum of X contains uncountable local separating points.

Together with the following Whyburn’s theorem, we know that every totally regular contin-
uum has a point of order 2.

Theorem 2.4 ([29], Theorem 1). A continuum with uncountable local separating points has a
point of order 2.

2.2. Hyperspace and size functions

Let (X, d) be a compact metric space and set
2X={A:Aisa nonempty closed subset of X},
C(X) ={A €2% : Ais connected}.
Then 2% is a compact metric space endowed with the Hausdorff metric dy and C(X) is closed

in 2% ([19, Theorems 4.13, 4.17]). We call each of (2%, dy) and (C(X), dy) the hyperspace of
X.

Definition 2.5.[19, 4.33] A continuous function 7 : 2¥ — R is said to be a size function (or
Whitney map) on 2% if

(1) if A, Be2X and A C B, then 7(A) < 7(B);
2) T({x}) =0, for any x € X.
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Lemma 2.6. [ /9, 4.33] For a compact metric space (X, d),

(1) there exists a size function on 2X.
(2) for any size function T on 2%, A, — A if and only if for any € > 0, there is N > 0, such that
foreachn > N,

A, CN(A,e) and |T(Ay) —Tt(A)| <e.

Note that N(A,e) ={x € X : d(x, A) < ¢}. Here we recall an explicit construction of size
functions in [19, 4.33], which will be used in the sequel. Choose a countable dense subset D =
{x1,x2,x3,--} of X. For each i, define f; : X — [0, 1] by

1
T = T dei o
For any subset A of X, set 7;(A) = diam f; (A). Then the function
=1
T(A) =) 5T(A)
i=1

is a size function on 2%,

Lemma 2.7. Let T be the size function defined above. Then, for any C, Cy, Ca,--- € C(X) with
C € Ui Cx, we have

o0

T(C) <) T(Ch).

k=1

Proof. For each i, f; is continuous on X. So, f;(C), fi(C1), fi(C3), - -- are connected in [0, 1].
Let A be the Lebesgue measure on [0, 1]. Thus

7;(C) = diam(f; (C)) = A(fi (C))

<Y Afi(C) =)y diam(£;(Cy))

k=1 k=1

7 (Ci).

M

~
Il
=

Hence 7(C) <Y 2, t(Cr). O
2.3. Metric outer measures

For a nonempty set 2 let P(€2) denote the power set of €2, i.e., P(2) ={A : A C }. Recall
that a function u defined on P(2) is called an outer-measure on 2 if it satisfies:
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(1) 0 < u(E) < +o0, for each subset E of Q;
(2) u®) =0;

(3) if E1 C E, then w(E1) < u(E2);

(4) if {E;} is any sequence of subsets of €2, then

iz (U Ei) < ZM(Ei)-
i=1

i=1

Let 1 be an outer-measure on 2. A subset E of Q is said to be u-measurable if for all subsets
A,BwithAC Eand B C Q\ E, we have

(AU B) = u(A) + n(B).

Theorem 2.8. [24, Theorem 3] If u is an outer-measure on S, then the system M of u-
measurable sets is a o -algebra and the restriction of (. to M is a measure on M.

A function 7 defined on a class C of subsets of 2 will be called a pre-measure it

(1) WeCand t(¥) =0;
2) 0<1(C) <+ooforall CinC.

Theorem 2.9. [24, Theorems 15,16,19] If T is a pre-measure defined on a class C of subsets in a
metric space (X, d), then the set function

n(E) = ;ug,ua(E) 2.0

is an outer-measure on X, where

e8]

o0
ps(E) = inf{Zr(Ci) : G eC.diam(C;) <8, E<| ¢

i=1 i=1

(We let us(E) = +oo if the infimum is taken over the empty set.) Moreover, all Borel sets are
u-measurable.

2.4. Equicontinuity and sensitivity in minimal systems

Let G be a countable group and X be a compact metric space with metric d. A continuous
action of G on X, written G ~ X, means a group homomorphism ¢ : G — Homeo(X), where
Homeo(X) is the homeomorphism group of X. For brevity, we usually use gx instead of ¢ (g)(x)
forge G and x € X. For A C X and g € G, denote by gA the set {gx : x € A}. We use GA to
denote the set Ugeg = gA; if GA = A, then A is called G-invariant. For x € X, the orbit of x
under the action G ~ X is the set {gx : g € G}, which is denoted by O (x, G). If for every x € X,
O(x, G) is dense in X, then the action G ~ X is said to be minimal. If A C X is closed and
G-invariant, and the restriction action G ~ A is minimal, then we call A a minimal set. If ¢ (G)
is an equicontinuous family in Homeo(X) with respect to the uniform convergence topology,
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then G ~ X is said to be equicontinuous; that is, for every & > 0 there is a § > O such that
d(gx,gy) < e forall g € G, whenever d(x, y) <. The action G ~ X is said to be sensitive if
there is ¢ > 0 such that for every nonempty open set U in X, there is a g € G with diam(gU) > c;
c is sad to be a sensitivity constant.

The following dichotomy is well known in the theory of dynamical system and easy to prove.

Theorem 2.10. Let G be a group and X be a compact metric space. Suppose the action G ~ X
is minimal. Then G ~ X is either equicontinuous or sensitive.

Let H be a compact metric topological group and K be a closed subgroup of H. Then v :
H — Homeo(H /K) define by ¥ (h)(gK) = hgK is a continuous action of H on H/K, which is
called the left translation action of H on H/K. We use L(H /K) to denote the subgroup ¥ (H)
of Homeo(H/K).

The following theorem is classical and can be seen in [1].

Theorem 2.11. Let G be a group and X be a compact metric space. Suppose the action ¢ : G —
Homeo(X) is minimal and equicontinuous. Then there is a compact metric topological group H
and a closed subgroup K of H such that ¢ is topologically conjugate to left translations on H /K ;
that is, there is a homeomorphism h : X — H /K and a group homomorphismy : G — L(H/K)
such that h(¢p(g)(x)) = y(g)(h(x)) for all g € G and x € X, in particular, X is topologically
homogenous.

2.5. Contractible neighborhoods and strong e-proximality

We will recall some notions used by Margulis in [ 14], some ideas of which are due to Fursten-
berg. Let a group G act on a compact metric space (X, d) and let M(X) denote the space of all
Borel probability measures on X with the standard weak* topology. A subset K of X is said to
be G-contractible if there is a sequence (g,) in G such that diam(g, K) — 0. We call a mea-
sure u € M(X) G-contractible if there is a sequence (g,) in G and x € X such that g,u — 8y,
where §, is the Dirac measure at x. We say that the G-action on X is strongly e-proximal if every
measure u € M(X) with diam(supp(u)) < ¢ is G-contractible.

The following lemma is implied by an argument of Lebesgue number.

Lemma 2.12. If every point x € X has a G-contractible neighborhood, then the G-action on X
is strongly e-proximal for some ¢ > Q.

The following lemma is Proposition 1(ii) in [14].

Lemma 2.13. If the G-action on X is strongly e-proximal for some ¢ > 0, then for any p €
M(X), there is a v € M(X) with finite support and a sequence (g,) in G such that g, — v.

From Lemma 2.12 and Lemma 2.13, we immediately have

Proposition 2.14. If every point x € X has a G-contractible neighborhood, then for any u €
M(X), there is a v € M(X) with finite support and a sequence (g,) in G such that gou — v.
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Fig. 1. Quasi-Schottky group.

2.6. Quasi-Schottky groups

(See Fig. 1.) A group H with two generators acting on a topological space X is said to be
quasi-Schottky if there are generators i1, hy of H and disjoint nonempty open sets U1, Ua, Vi, V>
and W of X such that

h(UyUU,UV,UW) C UL, by (U2UVi UV U W) C Wy,

and

hay(UUU,UVIUW) CUs, by (U UVIUVLUW) C Vs

By a “ping-pong” argument of Tits [28], we know that H is a free nonabelian group. In addition,
for any h # e, h(W) N W = (J; this implies that the H action on the open set HW is discrete.

3. Existence of contractible neighborhoods
The following theorem is known as the Boundary Bumping Theorem (see e.g. [19, p. 73]).

Theorem 3.1. Let X be a continuum and let U be a nonempty proper open subset of X. If K is
a component of U, then K N dx(U) # 0.

The following two lemmas are taken from [30]. As the paper has not yet been officially pub-
lished, for the convenience of the readers, we repeat the proof again here.

Lemma 3.2. [30, Lemma 3.1] Let X be a regular curve and U be a connected open subset of X
with |0x (U)| = n for some positive integer n. If diam(U) > ¢ for some ¢ > 0, then there is some

connected open set V. C U, such that d(V,dx(U)) > ¢/4n and diam(V) > ¢ /4n.

409



E. Shi, H. Xu and X. Ye Journal of Differential Equations 341 (2022) 402—421

Proof. Let dx(U) = {e1,e2,---, e,}. We claim that U \ U?:l B(ei,e/2n) # @. In fact, if U C
\U?_, B(ei, ¢/2n), then for any two distinct points a, b € U, by the connectivity of U there are
finite B(e;,,&/2n),---, B(e;,,&/2n) (m < n) such that a € B(e;;,&/2n), b € B(e;,,, ¢/2n) and
B(ei.,e/2n) N B(ej,,,&/2n) # @ for 1 <k <m — 1. Thus we have

d(a,b) <d(a,e;) +d(ej,e,) +---+d(e,_,,ei,) +d(i,,b)

T ) g
<— —_ m_ —_—
2n  n 2n

<e.

It follows that diam(U) < ¢, which is a contradiction. Hence U \ | J;_, B(e;, £/2n) # @.
Take a point x € U \ U?:l B(ei, e/2n). Then d(x, dx(U)) > ¢/2n, and hence

d(B(x,e/4n),dx (U)) > e/4n.

Let V be the component of B(x, e/4n) N U which contains x. Then d(V, dx(U)) > ¢/4n. Let
W =U N B(x, ¢/4n). Since U is connected, @ ## dx (W) C dx (B(x, 8/41’1)_). This together with
Theorem 3.1 implies ¥ £ dx (V) C dx (B(x, ¢/4n)). So, diam(V) =diam(V) > ¢/4n. O

Lemma 3.3. [30, Proposition 3.2] Let X be a regular curve and let (Ui)?il be a sequence of
connected open subsets of X with |0x(U;)| = n for some positive integer n and for each i.
Suppose that there is some ¢ > 0 with diam(U;) > ¢ for each i. Then there is a nonempty open
subset W of X and infinitely many i’s such that W is contained in U;.

Proof. For each i, it follows from Lemma 3.2 that there is a connected open subset W; C U;
with d(W;, 9x (U;)) > £/4n and diam(W;) > ¢/4n. By the compactness of 2% and C(X), there
are subsequences (W;,) and (dx (U;,)) such that (W;,) converges to a subcontinuum A, and

du(0x (Ui, ), 0x (Uiy,)) < &/4n, Yk # ks. (1)

Take a point z € A. Then there exists a connected open neighborhood Q of z such that 9x (Q)
is finite and diam(Q) < &/4n. Since (W;,) converges to A, there exists a positive integer N
such that W;, N Q # ¥ for each k > N. Noting that diam(W;,) > ¢/4n and diam(Q) < &/4n,
we have W;, SZ Q. Thus W;, N dx(Q) # @ by the connectivity of W;, . Hence, there exist a point
p € 0x(Q) and infinitely many k’s such that p € W;, . Passing to a subsequence if necessary, we
may assume that p € W;, foreach k > N.

Let W = W;,. To complete the proof, we only need to show that W C U;, for all k > N.
Otherwise, there is some k' > N with W Q Ui, . Since W is connected and p € W N U;,, there
is a point e € W N dx (U;,,). By (1), there is e’ € dx (U;,) such that d(e, ¢’) < e/4n. Then we
have d(W, ') <d(e, ¢’) < ¢/4n. This contradicts the assumption that d(W, 3x(U;y)) > €/4n at
the beginning. O

Theorem 3.4. Let X be a regular curve with a point of finite order and let a group G act on X
minimally and sensitively. Then every point x € X has a contractible neighborhood.
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Proof. Let x be a point of finite order in X. Then there is a positive integer » and a sequence of
open neighborhoods (Ui)?il of x such that |0x (U;)| = n and diam(U;) — Oasi — oo.Letc > 0
be a sensitivity constant of the action. Then for each i, there is g; € G such that diam(g; (U;)) > c.
By Lemma 3.3, there exists a nonempty open set W in X such that W is contained in infinitely
many U;’s. We may as well assume that W C U; for each i. Then diam(gi_l W) < diam(U;) — 0.
For any y € X, by the minimality of the action, there is some g € G with gy € W. Take an
open neighborhood V of y such that gV C W. Then V is a contractible neighborhood of y as
diam(g; 'gV) = 0 (i — 00). O

4. Measures induced by size functions

Let X be a continuum. Let t be the size function on 2% as defined in Section 2.2. Set C =
C(X) U {#} and t(¥) = 0. Let u be the outer-measure defined as in Theorem 2.9 by

n(E) ZEUIO)M@(E), 4.1)

where

o o0
,u(g(E):inf{Zt(Ci): CieC.diam(Ci) <8, EC| JCit.
i=l1

i=1

Here, we should note that us(E) = 400 if the infimum is taken over an empty set. By Theo-
rem 2.9, the restriction of u to the Borel o -algebra is a measure.

Lemma 4.1. i is atomless.
Proof. For any x € X, itis clear t({x}) = 0. By the definition of x, we have u({x}) =0. O
Lemma 4.2. For any C € C(X), we have u(C) > t(C).

Proof. If for some § > 0, there is no sequence (C;) in C with diam(C;) <8 and C C UC;j, then

p(C) = pus(C) =400 = 7(C).

Otherwise, for every § > 0 and ¢ > 0, there is a sequence (C;) in C with diam(C;) <§ and
C C UC; such that

7(C) <Y T(Ci) < us(C) +,
i=1

by Lemma 2.7. By the arbitrariness of ¢ and the definition of w, we still have u(C) > t(C). O

Lemma 4.3. For any continuum X, there exists an atomless Borel measure u on X such that for
any sequence (Yy) of subcontinua, if u(Y,) — 0, then diam(Y,) — 0.
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Proof. Let u be the measure defined as (4.1). If diam(Y,,) does not converge to O, then there
exist a subsequence (Y, ) and ¥ € C(X) with diam(Y) > § for some 6 > 0, such that ¥,,, — Y.
By Lemma 4.2, t(Y,,) < u(Y,,) — 0. Since 7 is continuous on 2%, we have 7(Y) = 0. By the
Definition 2.5 of the size function, ¥ must be degenerate. This is a contradiction. O

Note. Here we should note that the measure 1 in Lemma 4.3 may take the infinite value at
some Borel subsets.

5. A characterization of totally regular curves

Before the proof of the main result in this section, let us first recall and show some lemmas in
continuum theory.

Lemma 5.1. [19, 7.21] A Peano continuum (X, d) is ULAC (uniformly locally arcwise con-
nected). That is for any & > 0 there exists § > 0 such that if d(x, y) < § and x # y, then there is
an arc A C X such that A has end points x and y and diam(A) < e.

The following lemma is an easy conclusion of the regularity of Borel measures on metric
spaces.

Lemma 5.2. Let (1 be an atomless Borel probability measure on a continuum (X, d). Then for any
sequence of subcontinua (K,) of X with lim,_, o, diam(K,) =0, we have lim;,_, oo u(K,) =0.

Lemma 5.3. Let X be a Peano continuum. Let V be a connected open subset and F be a closed
subset of X. If F C V, then there is a subcontinuum K of X satisfying F C K C V.

Proof. Since X is locally connected, for every x € F, there is a connected neighborhood W, of x

such that W, C V. By the compactness, there exist x1, - - - , x, € F suchthat F C Wy, U---UW, .
Noting that every connected open set of a Peano continuum is arcwise connected, for each i €
{1,---,n — 1}, there is an arc A; C V connecting Wy, and Wy, . Let

K = (U W)U (UZA)).
Then K is a subcontinuum satisfying FC K C V. O

The following definition describes a kind of 1-dimensionality of a continuum from the view-
point of measure.

Definition 5.4. A continuum (X, d) is said to be of 1-dimension in the sense of measure if there
is an atomless Borel probability measure 1 on X such that for any sequence of subcontinua (Y},)

of X with u(Y,) — 0, we always have diam(Y;) — O.

It can be seen from the following lemma that a continuum of 1-dimension in the sense of
measure is always a Peano continuum.

Lemma 5.5. If a continuum X is of 1-dimension in the sense of measure, then it is a Peano
continuum.
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Proof. If X is not a Peano continuum, then there exists a convergence continuum ([19, 5.12]),
i.e., there is a nondegenerate subcontinuum A and a sequence (A,);° ; of mutually disjoint sub-
continua A, such that

A= lim A, and ANA,=0 foreach n.

n—oQo

Let u be a probability measure on X such that for any sequence of subcontinua (Y,) of X
with ©(Y,) — 0, we always have diam(Y;,) — 0. Since A,’s are pairwise disjoint and pu(X) =
1, we have w(A,) — 0 as n — oo. Then diam(A;) — 0 by the assumption on p, which is a
contradiction. O

It is well known that the topological dimension of Suslinian continua is one. However, we
did not find a reference giving an explicit proof. For the convenience of the readers, we afford a
sketched proof here.

Lemma 5.6. Every Suslinian continuum is of topological dimension 1.

Proof. Let X be a Suslinian continuum with metric d and fix x € X. Set

E ={r € (0,diam(X)] : dB(x, r) has a non-degenerate component}.

Then E is countable by the definition of Suslinian continuum. Thus, {B(x, r) : r € (0, diam(X)]\
E} forms an open neighborhood of x with 0-dimensional boundary. Hence dim(X) < 1. Note that
the dimension of every non-degenerate continuum is no less than 1. Sodim(X) =1. O

Now we start to state and prove the main theorem in this section which gives a new charac-
terization of totally regular curves.

Theorem 5.7. A continuum (X, d) is totally regular if and only if it is 1-dimensional in the sense
of measure.

Proof. (<) Suppose that (X, d) is 1-dimensional in the sense of measure, then there is an
atomless Borel probability measure ¢ on X such that for any sequence of subcontinua (Y,) of X
with u(Y,) — 0, we have diam(Y,) — 0. Define a function p: X x X — R by

p(x,y)=inf{u(K): K isasubcontinuum of X containing x and y}.
Claim 1. p is a metric on X.

It is clear that we only need to show the triangle inequality and the requirement that p(x, y) =
0 implies x = y.

Assume that p(x, y) = 0. Then there is a sequence (K,) of subcontinua of X containing x
and y such that lim,,_, o 1(K,) = 0. By the assumption on u, we have lim,_, . diam(K,) = 0.
Thus d(x, y) =0, and hence x = y.

For any x,y,z € X and any ¢ > 0, there exist subcontinua K , and K, , of X containing
{x, ¥} and {y, z} respectively such that
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&

&
M(Kx,y)<p(x,y)+§, and M(Ky,z)<p(y,z)+2

Then K = K, , U K ; is a subcontinuum of X containing x and z such that

p(x,2) S u(K) < u(Ky y) + 1n(Ky ) < px,y) +p(y,2) + &
Since ¢ is arbitrary, we have p(x, z) < p(x, y) + p(y, z). Thus p satisfies the triangle inequality.
Claim 2. The metric p is compatible with d.

We need to show that lim,_, », d(x,, x) = 0 is equivalent to lim,_, » p(x,,x) = O for any
sequence (x,) of X.

On the one hand, suppose lim,_, », p(x, x) = 0. Then for any ¢ > 0, there exists a positive
integer N such that for any n > N, p(x,, x) < % By the definition of p, for each n > N, there is
a subcontinuum K, containing x, and x such that diam(K,) < p(x,,x) + % < ¢. Thus

d(x,, x) <diam(K,) < &.

Hence lim,,_, 5o d(x,, x) = 0.

On the other hand, suppose lim,—, oo d(x,,x) = 0. Lemma 5.5 implies that X is a Peano
continuum. Fix ¢ > 0. Then by Lemma 5.1, there exists § > 0 such thatif d(x, y) <d and x # y,
then there is an arc A C X such that A has end points x and y and diam(A) < ¢. Since d (x,,, x) —
0, there exists N such that for any n > N, d(x,,, x) < §. Therefore, for any n > N, there is an arc
A, connecting x, and x and diam(A,) < ¢. Thus there exists a sequence (K}) of subcontinua of
X containing x, and x satisfying lim,_, o, diam(K,) = 0. By Lemma 5.2, lim,,—, cc #(K,) = 0.
By the definition of p, we have p(x,, x) < u(K,) for each n. Thus lim,_, o p (x,,, x) =0.

Claim 3. X is of dimension 1.

By the definition of p, it is clear that diam,(K) < u(K), for any subcontinuum K of X.
Thus there are at most countable many pairwise disjoint nondegenerate subcontinua in X; oth-
erwise ((X) = oo, which is a contradiction. Then X is Suslinian and hence has dimension 1 by
Lemma 5.6.

From Claim 3, for any ¢ > 0, there is a finite open cover i = {Uy, - - - , U,} with mesh(Uf) < ¢
and ord(i/) < 1 (here ord(f) = —1+sup,.x [{i € {1,--- ,n}:x € U;}|). Foreachi € {1, --- ,n},
let U; be the set of connected components of U;. By the local connectivity, the connected
components of an open set are all open. Then [ J;_, 4 is an open cover of X. By the com-

pactness of X, there is a finite subcover V = {V1, V,, --- , V;;;} of X. Moreover, mesh()) < ¢ and
Vi N V; NV =0 for any distinct i, j, k € {1,---,m}.
For each i € {1,---,m}, we can choose a closed subset F; contained in V; such that X =

FitUFRU---UF, and F; N F; N F = for any distinct 7, j, k € {1,--- ,m}. By Lemma 5.3,
there exists a subcontinuum K; satisfying F; C K; C V; for each i. It is clear that L ={K; :i =
1,---,m} also satisfies

X=KUKyU---UK,,, mesh(K) <e, and K; NK; N K =9, @)
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for any distinct i, j, k € {1,---,m}. Set Iel- = K; \ (Uj«; K ) for each i. Then, by (i),

WK = w(K) + ) u(Ki NK;). (5.
J#

Note that diam, (K;) < u(K;) for each i. By (5.1) and the definitions in Section 2.1,

Ly(X,p) <) diam,(K;) <> u(K;)

i=1 i=1

= Z (K + ZM(Ki NKj)

i=1 ji
m m

=Y wK)+ Y3 wKiNK))
i=1 i=1 j#i

H (Uﬁilfz) +uUi<i<j<mKi N K;)
2.

IA

Since ¢ is arbitrary, we have L'(X, p) < 2. By Theorem 2.1, X is totally regular.

(=) Now assume that X is a totally regular curve. We may assume that the metric d on X

is such that all open balls are connected (see [19, 8.50]). We claim that the measure p defined in
(4.1) is finite.

Let A be a subset of X. By the definitions in Section 2.2, for each positive integer i,

1
1+d(x,x) 1 +d(y, x;)

7;(A) = diam(f;(A)) = sup
x,yeA
d(x’xi)_d(yvxi) '
(I+dx, ;) +d(y, xi))

sup d(x,y) <diam(A).
xX,yEA

sup
X,yEA

IA

Thus

T(A) = Z %n (A) < diam(A).

i=1

For every 6 > 0, let X = X7 U X, U X3U--- be a decomposition of X with diam(X;) < for
each i. Note that the metric d is such that all open balls are connected. Then each X; is contained
in a connected closed ball B; with diam(B;) < 2diam(X;). Thus

o0

o
inf Zr(Ci): CieC,diam(Ci)sé,XQUCi <2L},(X.d).

i=1 i=1
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Therefore

w(X) =suppus(X) = lim us(X)
§>0 §—0t
oo

o
- 5133+ inf{zr(c,-) . C; €C,diam(C;) <8, X C U Ci}

i=1 i=1

o o0
< Si%lJrinf{Zdiam(Ci) : CieC,diam(C;) <4,X C UC,-}

i=1 i=1

< lim 2L} ,(X,d
T 50t ‘3/2( )
=2L'(X,d) < 0.

This together with Lemma 4.1 and Lemma 4.3 implies that X is of 1-dimension in the sense of
measure. [

6. An escaping lemma for minimal actions

Let G be a countable group. A subset S of G is said to be syndetic if there is a finite set
F C G such that G = F'S. Suppose X is a compact metric space with metric d and G ~ X is a
continuous action. Then a point x € X is said to be almost periodic if for every neighborhood U
of x, the set R(x,U) ={g € G : gx € U} is syndetic. The following theorem is well known (see
e.g. [1, Ch.1-Theorem 1]).

Theorem 6.1. Let G ~ X be an action of a countable group G on a compact metric space X.
Then x € X is almost periodic if and only if Gx is a minimal set.

For x # y € X, if there is a sequence (g,) in G such that d(g,x, g,y) — 0, then x and y are
said to be proximal. The following theorem can be seen in [1, Ch.5-Theorem 3].

Theorem 6.2. Let G ~ X be an action of a group G on a compact metric space X. Then for
every x € X, there is an almost periodic point x* which is proximal to x.

Lemma 6.3. Let G be a group acting on a compact metric space X. Suppose X1, X2, ..., X
are n points in X. Then there are y1, y2,..., vk in X with 1 <k <n and (g;) in G such that

gilx1, x2, ..., xu} = {y1, ¥2, .., yx} and for any p # q, y, and y, are not proximal.
Proof. Take k to be the minimal positive integer such that there are yq, y2, ..., yx and a sequence
(gi) in G with gi{x1, x2, ..., X4} = {y1, ¥2, .., yx}. Then for any p # ¢q, y, and y, are not proxi-

mal. O

Now we state and prove the escaping lemma, which is key in constructing a ping-pong-game
in next section.

Lemma 6.4 (Escaping lemma). Let X be an infinite compact metric space and let a countable
group G act on X minimally. Then for any countable infinite set C C X and any finite set F C
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X, there always exist a sequence (g,) in G and a finite set K in X such that g,F — K and
KncC=4.

Proof. (See Fig. 2.) Write C = {¢; :i =1,2,3,...} and F = {a1, a2, ..., ar} for some positive
integer k. From Lemma 6.3, we may suppose that a; and a; are not proximal for any i # j.
Consider the product action G ~ X* defined by

g(x1,x2, .., X)) = (8X1, 8X2, ...\ Xk)-

From Theorem 6.2, there is an almost periodic point (wy, wa, ..., wWg) € X* which is proximal
to (ai, ay, ..., ax). Then there is (b1, by, ..., by) € G(wy, wa, ..., wr) C X* and a sequence (gy)
with g,a; — b; for each 1 <i <k, as n — oo. By the non-proximality of each pair of a; and a;,
these b;’s are pairwise distinct. Note that (b1, b2, ..., by) is still almost periodic by Theorem 6.1.
Set B ={b1, by, ..., bx} C X; then g, F — B. We can suppose that c; ¢ B; otherwise replace B
by g B for some g € G, by the minimality of G ~ X and the infinity of X.

Now we inductively define a sequence of neighborhoods V; of ¢; for each i =1,2,3, ...,
and open sets U;; foreach j =1,2,...,kand i =1,2,3, ... as follows. Take pairwise disjoint
open sets V and U1’1, U2’1, ceey Uk,l such that ¢; € Vi, diam(Uj,l) < 1 and bj € Uj,l for j =
1,2,...,k.Let S1={geG:gb; €U;1,Y j=1,2,...,k}. Then S is syndetic by Theorem 6.1.

Claim A. There is some g\ € S| such that ¢y ¢ {g1b1, g1b2, ..., g1bx}. Otherwise, WLOG, we
may assume that co = gby for all g € S1. Noting that e € Sy, by is fixed by all g € S;. Since S|
is syndetic, Gb is finite and then X is finite by the minimality of G ~ X. This contradicts the
infiniteness of X.

From Claim A, we can take pairwise disjoint open sets V, and Uy 2, Uz 2, ..., Ui 2 such that
¢ € Vp,diam(Ujp) <1/2and g1b; € Ujo C m CUjforj=1,2,.., k. Applying the above
discussions to 3, {g10; : j=1,2,....k},and {U;2: j =1,2, ..., k}, we get g2 € G and pairwise
disjoint open sets V3 and Uy 3, U3, ..., U 3 such that ¢3 € V3, diam(U;3) < 1/3 and g2b; €
Ujs C m CUjpfor j=1,2,..., k. Going on in this way, we obtain in the end a sequence of
neighborhoods V; of ¢; for each i =1,2,3, ..., and open sets U;; for each j =1,2, ...,k and
i=1,2,3, ..., such that for each positive m,

(UL Vi) N (U Ujm) =1, (%)

and foreach j=1,2,...,kandi=1,2,3...,
Uj,i+1 C Uj,,' and diam(Uj,,-) < 1/i. (*%)
From (%), we may let z; = ﬂj’ilﬁ for j = 1,2, ..., k. Then by the construction, we see that

(z1,225 e 2k) € G(b1, b2, ..., by) C G(ay, az, ...,ar). By (%), {z1,22,...,zk} N C = @. Set K =
{z1, 22, .--, 2k} Then K satisfies the requirement. O

Corollary 6.5. Let X be an infinite compact metric space and let a countable group G act on X
minimally. Then for any finite sets A, B C X, there is a g € G such that gAN B = 0.
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Fig. 2. Ilustration of the construction process.

Proof. Take a countable infinite set C D B. Then applying Lemma 6.4 to the sets C and A will
lead to the conclusion. O

Here we remark that Corollary 6.5 is used by Margulis in [14] in order to construct a ping-
pong-game, the proof of which relies on a theorem due to Neumann in group theory ([21]). The
proof here avoids using any algebraic techniques.

7. Existence of quasi-Schottky subgroups

Let X be a connected space. A point x € X is said to be a separating point of finite order if
X\ {x} has finite connected components, otherwise we say that x is a separating point of infinite
order.

Lemma 7.1. Let X be a regular curve and A be a finite set of separating points of finite order.
Then X \ A has finite components.

Proof. Let A = {aj,---,a,} for some positive integer n. Suppose that the conclusion is
false. Then there exists k € {2, ---,n} such that X \ {aj, ---,ax—1} has finite components but
X \ {ai1, - -+, ax} has infinite components. Let C denote the component of X \ {ay, -, ax—1}
containing ag. Then C \ {ax} has infinite components, saying By, B2, B3, - --. Since ai is a sepa-
rating point of finite order, there are only finitely many i’s such that B; = B; U {ax}. Hence, there
are infinitely many i’s with Bin{ay,...,ax—1) # (). Take an open neighborhood U of a; such
that U Cc X \ {ai, - -+, ax—1}. Then for every open set V C U with a; € V, the boundary dx (V)
is infinite, which contradicts the regularity of a;. O

Lemma 7.2. [12, Theorem 1, p. 160] There are at most countably many separating points of
infinite order in a continuum.

Now we are ready to prove the main theorem of the paper.
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Theorem 7.3. Let G be a countable group and X be a totally regular curve. Suppose that
¢ : G — Homeo(X) is a minimal action. Then either the action is topologically conjugate to
isometries on the circle S (this implies that ¢ (G) contains an abelian subgroup of index at most
2), or has a quasi-Schottky subgroup (this implies that G contains the free nonabelian group
Z % 7).

Proof. From Theorem 2.10, we discuss in two cases:

Case 1. The action G ~ X is equicontinuous. Then it topologically conjugates to minimal left
translations on some homogenous space H/K by Theorem 2.11, where H is a compact metric
topological group and K is a closed subgroup of H. From Theorem 2.3 and Theorem 2.4, X has a
point of finite order; and then all points of X have the same order by the topological homogeneity
of X. Hence X is a simple closed curve by Theorem 2.2. Then it is a canonical fact that G ~ X
is topologically conjugates to isometries on S! and ¢ (G) contains an abelian subgroup of index
at most 2 (see [14, Lemma 3]).

Case 2. The action G ~ X is sensitive. By Theorems 2.3 and 2.4, X has a point of finite
order. Then, by Theorem 3.4, every x € X has a contractible neighborhood. It follows from
Theorem 5.7 and Definition 5.4 that there is an atomless Borel probability measure p on X such
that for any sequence of subcontinua (Y;) of X,

u(Y,) - 0= diam(Y,,) — 0. (a)

Applying Proposition 2.14 to u, there is a sequence (g,) in G and a Borel probability measure v
of finite support on X such that g,u — v. Since X has at most countably many separating points
of infinite order by Lemma 7.2, we may further assume that each point of supp(v) is a separating
point of finite order. In fact, it follows from the Escaping Lemma (Lemma 6.4) that Gv always
contains some element whose support consists of separating points of finite order.

Set A = supp(v) = {ay, aa, ..., ax} for some positive integer k. Then for each subcontinuum
K C X\ A, we have

0=1v(K) > limsup g, u(K) = limsup u(g, ' K) > 0. (b)

n— 00 n—»00
Then, from (a), diam(g,; 'K) — 0. Let C be a component of X \ A. Then C is open since every
component of an open set is open in Peano continuum. By Lemma 5.3, for every compact subset
F of C, there is a connected compact subset K satisfying F C K C C. Thus, passing to a sub-

sequence if necessary, we may suppose g, !|c converges uniformly on compact sets to a point.
This together with Lemma 7.1 implies that there is a finite set B = {by, b3, ..., b} such that

8, I x\A converges uniformly on compact sets to a map to B. (c)

We may suppose B N A = {J; otherwise, by Corollary 6.5, we can replace B by gB and (g, 1 by
(88, 1 for some g € G. Applying Corollary 6.5 again, there is some & € G with

h(AUB)N(AUB) =0.
Set C=hA and D = hB. Then
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hg, tp= x\c convergences uniformly on compact sets to a map to D. ())

Now take pairwise disjoint nonempty open sets Uy, Vi, Ua, Vo and W such that

AcCcU;,BCcV,,CCU,, and D C V,.

From (c), for sufficiently large n, we have g, ' (X \ U;) C V;. Thus X \ g, ' (U;) C Vi, hence
X\ViC gn_l(Ul). Then g, (X \ Vi) C Uj. Therefore,

GUIUULUVLUW) C Uy, g, (LaUVIUV,UW) C V).
Similarly from (d), for sufficiently large n, we have
hgoh N (U UULUVIUW) CUs, hg, 'k~ N (U UVIUVLUW) C Vs
Thus g, and hg,h~! generate a quasi-Schottky subgroup of G. O
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