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THE STRUCTURE OF EQUICONTINUOUS MAPS

JIE-HUA MAI

ABSTRACT. Let (X,d) be a metric space, and f : X — X be a continuous
map. In this paper we prove that if R(f) is compact, and w(z, f) # 0 for
all z € X, then f is equicontinuous if and only if there exist a pointwise
recurrent isometric homeomorphism h and a non-expanding map g that is
pointwise convergent to a fixed point vg such that f is uniformly conjugate to
a subsystem (h X g)|S of the product map h X g. In addition, we give some
still simpler necessary and sufficient conditions of equicontinuous graph maps.

1. INTRODUCTION

Let (X, d) be a metric space. A map f: X — X is said to be equicontinuous
(with respect to d) if there exists a function 7 : (0,00) — (0,00) satisfying the
following condition:

(E) Foranye>0,anyn € N (={1,2,---}) and any z,y € X with d(z,y) <
n(e), one has n(e) < e and d(f"(z), f"(y)) <e.

It is interesting to find some characterizations of equicontinuous maps. In [IJ,
by means of the orbit map Oy : X — C(N, X) and the metric d;, Akin, Auslander
and Berg gave some necessary and sufficient conditions for a continuous map f of
a compact metric space (X,d) to be equicontinuous. Recently, Blanchard, Host
and Maass [2] discussed the topological complexity, and showed that a continuous
surjection f of a compact metric space X is equicontinuous if and only if any finite
open cover of X under f has bounded complexity.

On one-dimensional spaces, one has some still finer results. In [7], Cano proved
that if f is an equicontinuous map from the interval I = [0, 1] to itself, then the set
Fix(f) of fixed points of f is connected, and furthermore, if Fix(f) is nondegenerate,
then f has no periodic points except fixed points. Bruckner and Hu (only if) and
Boyce (if) proved that a continuous map f : I — I is equicontinuous if and only
it Mo, f"(I) = Fix(f?); see [6] and [5]. This result was also proved by Blokh
in [4]. Valaristos [10] described the characters of equicontinuous circle maps: A
continuous map f of the unit circle S* to itself is equicontinuous if and only if one
of the following four statements holds: (1) f is topologically conjugate to a rotation;
(2) Fix(f) contains exactly two points and Fix(f?) = S1; (3) Fix(f) contains exactly
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one point and Fix(f?) = N7, f™(SY); (4) Fix(f) = N2, f™(S*). Recently, Sun
[9] obtained some necessary and sufficient conditions of equicontinuous o-maps.

In this paper we will study equicontinuous maps of general metric spaces. Our
aim is to find some new conditions of equivalence and to describe the structure of
equicontinuous maps. Our main results are the following theorems:

Theorem 3.2. Let (X, d) be a metric space, and f : X — X be a continuous map.
Suppose R(f) is compact, and w(z, f) # 0 for allz € X. Then f is equicontinuous
if and only if there exists a unique retraction v : X — R(f) such that vf = f~,
and limy, 0o d(f™(z), f™y(x)) = 0 for all x € X, and there exists a metric d' on
X uniformly equivalent to d such that, under d', f and v are non-expanding, and
fIR(f) is isometric.

Theorem 4.1. Let (X, d) be a metric space, and f : X — X be a continuous map.
Suppose that R(f) is compact, and w(zx, f) # O for all x € X. Then f is equicon-
tinuous if and only if there exist a pointwise recurrent isometric homeomorphism
h and a non-expanding map g that is pointwise convergent to a fixed point vy such
that f is uniformly conjugate to a subsystem (h x g)|S of the product map h x g.

Theorem 5.2. Let G be a connected graph with a metric d, and let f : G — G be
a continuous map. Then the following four statements are equivalent:

(i) f is equicontinuous;

(i) TV, f7(G) = R(f):

(i) fINo=y [M(G) is equicontinuous;

(iv) fIN.Z; f™(G) is a periodic homeomorphism, or is topologically conjugate
to an irrational rotation of the unit circle S*.

2. PROPERTIES OF EQUICONTINUOUS MAPS

Let (X,d) be a metric space, and f : X — X be a continuous map. For
x €V C X and r > 0, write B(x,r) = B(z,r,d) = {y € X : d(y,z) < r},
B(V,T) = B(V;T,d) = {y €X: d(y,V) < 7“}, O(SC,f) = {fn(x) n= Oa172a"'}a
and w(z, f) = Noeo O(f™(2), f). O(z, f) and w(z, f) are called the orbit and the
w-limit set of z under f, respectively. x is a recurrent point of f if x € w(x, f).
z is a non-wandering point of f if for any € > 0 there exists m = m(e) € N such
that f™(B(z,e)) () B(z,e) # . x is an almost periodic point of f if for any
e > 0 there exists m = m(g) € N such that d(z, { """ (z) : i =0,1,--- ,m}) < ¢ for
all n € N. Denote by Q(f) (resp. R(f), resp. AP(f)) the set of all non-wandering
(resp. recurrent, resp. almost periodic) points of f. f is said to be pointwise
recurrent if R(f) = X. f is said to be periodic if there exists k € N such that
f* is the identity map on X. Note that (f) is a closed subset of X.

Proposition 2.1. Let f: X — X be an equicontinuous map. Then R(f) = Q(f),
and hence R(f) is a closed subset of X.

Proof. Tt suffices to show that R(f) = Q(f). If R(f) # Q(f), then there exist
x € Q(f)—R(f) and € > 0 such that d(z, O(f(z), f)) > 2e. Let n : (0,00) — (0, 00)
be a function that satisfies the condition (E). Write 6 = n(e). Then there exist
y € B(z,d) and n € N such that f"(y) € B(z,d), which implies d(f"(x), f"(y)) >
2¢ — 6 > . But this contradicts the condition (E). Thus we must have R(f) =
Qf). O
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Let V be a subset of X. V is called an f-invariant set or an invariant set
of fif f(V) C V. V is called a minimal set of f if it is nonempty, closed and
f-invariant and it does not contain any proper subset having these three properties.
Note that all points in a minimal set are recurrent.

Proposition 2.2. Let f : X — X be an equicontinuous map, and x € X . Suppose
w(z, f) £ 0. Then w(x, f) is a minimal set.

Proof. Note that w(z, f) is closed and f-invariant. If w(z, f) is not minimal, then
there exist v and w € w(x, f) such that w ¢ O(v, f). Let € = d(w, O(v, f))/2, and
let  : (0,00) — (0,00) be as above. Take y € O(z, f) such that d(y,v) < n(e).
Then, for any n € N, we have d(f™(y), O(v, f)) < e, which implies d(f™(y),w) > €,
and hence w ¢ w(y, f) = w(x, f). This is a contradiction. Thus w(z, f) must be a
minimal set. 0

Note that if z € R(f), then w(z, f) = O(z, f) # (. From Proposition 2.2 we get

Corollary 2.1. Let f: X — X be an equicontinuous map. Then O(x,f) is a
minimal set if and only if = € R(f).

It is well known (for example, see [3]) that if X is compact, then O(x, f) is a
minimal set if and only if = € AP(f). Thus from Corollary 2.1 we obtain

Corollary 2.2. Let f: X — X be an equicontinuous map. If X is compact,
then R(f) = AP(f).

Let (X,d) and (Y, p) be metric spaces. A map g : X — Y is said to be non-
expanding (resp. isometric) if p(g(z),9(y)) < d(z,y) (resp. p(g(z),9(y)) =
d(z,y)) for all z,y € X. On non-expanding maps and isometric maps, we have the
following proposition, with a proof suggested by the referee.

Proposition 2.3. Let f : X — X be an equicontinuous map, If R(f) is com-
pact, and fIR(f) is non-expanding, then f|R(f) : R(f) — R(f) is an isometric
homeomorphism.

Proof. We may suppose X = R(f). Then f is an injection. (In fact, if f(v) = f(w)
for some v, w € X, then v and w are in the same minimal set. Equicontinuity then
implies that the point (v,w) € X x X is recurrent for the product map f x f, which
clearly implies v = w.) So f is a homeomorphism, and it is well known (and easily
proved) that all (z,y) € X x X are recurrent (in fact almost periodic) under f x f.
From this the isometry property follows immediately. O

Proposition 2.4. Let f: X — X be an equicontinuous map. If X is compact,
then (o, f™(X) = R(f).

Proof.  Since X is compact, we have f(R(f)) = R(f), which implies ()7, f™*(X) D
R(f). Conversely, for any zo € (),—, f™(X), there exist points y1, ¥z, -+ in X such
that f™(yn) = xo for all n € N. Let 5 : (0,00) — (0,00) be as above. Since X is
compact, there exist integers 0 < k1 < k2 < -+ and yo € X such that d(yg, ,yo) <
1n(1/n), for all n € N, which implies d(f*" (yo),z0) = d(f* (yo), f*" (yx,)) < 1/n.
Thus, by Proposition 2.2, we have zg € w(yo, f) C R(f). Hence (o, f"(X) =
R(f). O

Note that every continuous map from a compact metric space to itself is uni-
formly continuous. The following proposition is obvious.
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Proposition 2.5. Suppose X is compact, and f: X — X is continuous. Then
(1) For any given k € N, f* is equicontinuous if and only if f is equicontinuous.
(2) If Xo C X is an f-invariant set, and there exists m € N such that

f™(X) C Xo, then f is equicontinuous if and only if f|Xo is equicontinuous.

3. STRUCTURE OF EQUICONTINUOUS MAPS

Let (X,d) and (Y,p) be metric spaces. A bijection h : X — Y is called a
uniform homeomorphism if both » and h~! are uniformly continuous.

Let f: X — X and g : Y — Y be continuous maps. f and g are said to be
uniformly conjugate if there exists a uniform homeomorphism h: X — Y such
that hf = gh. Such an h is called a uniform conjugacy from f to g. Note
that if (X, d) is compact, then every homeomorphism from X to Y (if it exists) is a
uniform homeomorphism, and every topological conjugacy from f to g is a uniform
conjugacy.

Let d and d’ be two metrics on X. d’ and d are said to be uniformly equivalent
if the identity map idx : (X,d) — (X,d’) is a uniform homeomorphism.

Evidently, we have

Lemma 3.1. Let (X,d) and (Y, p) be metric spaces, and f : X — X and g :
Y — Y be uniformly conjugate maps. Then f is equicontinuous if and only if g
is equicontinuous. In particular, suppose d and d' are two uniformly equivalent
metrics on a set X. Then a map f: X — X is equicontinuous with respect to d if
and only if it is equicontinuous with Tespect to d'.

The following lemma is due to Akin, Auslander and Berg [I].

Lemma 3.2. Let (X,d) be a metric space, and f : (X,d) — (X,d) be an equicon-
tinuous map. Define another metric dy on X by

(3.1)  ds(z,y) =sup{d(f"(z), f"(y)) :n=0,1,2,---}, for all z,y € X.

Then dy s uniformly equivalent to d.

Let W C X. A continuous map v : X — W is called a retraction if y(w) = w
for each w € W.

Theorem 3.1. Let (X,d) be a metric space, and [ : (X,d) — (X,d) be an
equicontinuous map. Suppose that R(f) is compact. Then

(1) Under the metric dy, f is non-expanding, and fIR(f) : R(f) — R(f) is an
isometric homeomorphism.

(2) Ifw(z, f) #0 for all x € X, then there exists a unique retraction v : X —

R(f) such that vf = f~,
(3.2) limy, oo d(f™ (), f*(v(x))) = 0, for all x € X,
and, under dy, v is non-expanding.

Proof. (1) It follows from (3.1) that, under the metric ds, f is non-expanding, and
hence, by Proposition 2.3, f|R(f): R(f) — R(f) is an isometric homeomorphism.

(2) For any given z € X, since w(z, f) # 0, it follows from Proposition 2.2 and
Lemma 3.2 that there exist y € w(z, f) C R(f) and integers 0 < nj < ng < ---
such that dg(f™i(x),y) < 27% for all i € N. By (1) of this theorem, for any i € N,
there is a unique point w; € R(f) such that f™ (w;) = y. Since R(f) is compact,
the sequence wy,ws, -+ has a subsequence converging to a point v = v, € R(f).
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For convenience, we may assume that the sequence wy,ws, -+ itself converges to
v and that dy(w;,v) < 27 for all ¢ € N. Therefore, for any j > n,, we have

dy(f7(x), f7(v)) < dp(f™ (@), f (v) < dp(f (), y) + dp(f (wi), f7 (v))
<27 fdy(wi,v) <27

which with Lemma 3.2 implies lim,, o d(f"(x), f*(v)) = lim,—oo df (f™(x), f"(v))
= 0. Put v(x) = v = v;. Then we obtain a map v : X — R(f) that satis-
fies (3.2). For any u € R(f) — {vs}, it follows that lim, .o d;(f"(z), f"(u)) =
limy, 00 df (" (v), fM(w)) = df(v,u) > 0, which implies lim inf,, o d(f"(z), f™(u))
> 0. Thus the map v : X — R(f) satisfying (3.2) is unique. From (3.2) we obtain

T d(f"(f(x), f"(f1@) =0, forall z€X,

which with the uniqueness of 7 yields vf = f~. For any z,y € X, it is easy to see
that

dy(v(2),7(y)) = limp—oedy (f"y(x), " (y))
= limy—oody (f"(2), f"(y)) < df(z,y).

Hence « is continuous, and under dy, 7 is non-expanding. Obviously, we have
~v(w) = w for all w € R(f). Thus ~ is a retraction. Theorem 3.1 is proven. O

Remark 3.1. If (X,d) is compact, and f : X — X is equicontinuous, then, by
Proposition 2.1, the conditions “R(f) is compact” and “w(z, f) # 0 for all z € X”
in Theorem 3.1 automatically hold.

A topological property P is said to be retract-preserving if each retract of a
topological space with property P also has property P. For example, it is easy to
check that the compactness, the connectedness, the path connectedness, the local
connectedness, the local path conectedness, the simple connectedness, the property
that the n-th homotopy group is trivial, the contractibility, and the fixed point
property are all retract-preserving properties. By Theorem 3.1, we have

Corollary 3.1. Let (X,d) be a metric space, and f : X — X be an equicontinuous
map. Suppose R(f) is compact, and w(z, f) # O for all z € X. If X has some
retract-preserving property, then R(f) also has this property.

From Corollary 3.1 we see that, for example, if D is a disk in the Euclidean plane
R? and f: D — D is an equicontinuous map, then R(f) is locally path connected
and contractible.

Combining Theorem 3.1 with Lemmas 3.1 and 3.2 we obtain the following the-
orem, which gives a description of the structure of equicontinuous maps.

Theorem 3.2. Let (X, d) be a metric space, and f : X — X be a continuous map.
Suppose R(f) is compact, and w(z, f) # O for all x € X. Then f is equicontinuous
if and only if there exists a unique retraction v : X — R(f) such that vf = f~,
and limy, oo d(f™(z), f™y(x)) = 0 for all x € X, and there exists a metric d' on
X uniformly equivalent to d such that, under d', f and 7 are non-expanding, and
fIR(f) is isometric.

It is well known (for example, see [I]) that each transitive equicontinuous map
from a compact metric space (X, d) onto itself is uniformly conjugate to an isometric
homeomorphism. This property is also true for non-transitive maps. In fact, from
Theorem 3.2 and Propositions 2.4 and 2.3 we can obtain the following corollary.
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Corollary 3.2. A map from a compact metric space onto itself is equicontinuous
if and only if it is uniformly conjugate to an isometric homeomorphism.

4. PRODUCTS OF EQUICONTINUOUS MAPS

Let (X,d) and (Y, p) be metric spaces, and W C X and V C Y be nonempty
sets. Define a metric Dg, = max{d, p} on the cartesian product W x Y by
(4.1)

Dap((w,v), (,y)) = max{d(w, z), p(v,y)}, forall (w,v)and (z,y) € W xY.

Let h: W — W and g : V — V be continuous maps. ¢ is said to be pointwise
convergent to a point vg € V' if lim, o ¢"(y) = vy for every y € V. Define
hxg: (W xV,Dg,) — (W xV, Dg,), which is called the product of h and g, by

(4.2) (h x g)(w,v) = (h(w), g(v)), for all (w,v) € W x V.

Let S be a nonempty subset of W x V. If S is an invariant set of i X g, then the
restriction (h x g)|S: S — S is called a subsystem of h x g. Obviously, we have

Lemma 4.1. If h: W — W is a pointwise recurrent isometric homeomorphism,
and g : V. — V is a non-expanding map pointwise convergent to a point vg € V,
then every subsystem of h X g is equicontinuous.

Let 8 > 1 be a constant. A continuous map f : X — X is said to be (-
equicontinuous with respect to the metric d if d(f"(z), f"(y)) < Bd(z,y)
for all x,y € X and all n € N. Note that f is 1-equicontinuous if and only if f is
non-expanding. A retraction v : X — W is called a vertical projection relative
to d if it is non-expanding, and

(4.3)  d(z,w) = max{d(z,v(z)),d(y(x),w)}, forany z € X and any w € W.
Let d’ be another metric on X. d’ and d are said to be $-equivalent if

d(z,y)/B < d(z,y) < Bd(x,y), forall z,ye X.

Lemma 4.2. Let (X,d) be a metric space, W be a nonempty subset of X, and
B > 1 be a constant. Suppose that v : X — W is a non-expanding retraction,
f:+ X — X is a B-equicontinuous map with respect to d, f(W) =W, and f|W is
isometric. Then there exists a metric d’ on X that has the following properties:

(i) d' and d are 2-equivalent;

(ii) v is a vertical projection relative to d’;

(i) f is 48-equicontinuous with respect to d';

(iv) Under d', f|W is still isometric.

Proof. Denote by RX the set of all maps from X to the real axis R. Define a
metric p on RX by

(44)  plp) = sup{lo() — b(w)| su € X}, forall o, € RY.

Note that we permit p(¢, 1) = oo for some ¢, 1) € R¥X. But in the following only the
case p(p,1) < oo is considered. Let the metric Dy, = max{d, p} on the cartesian
product W x RX be defined as above. Let A : (X,d) — (RX,p) be defined by
Az) = @,, for any z € X, where ¢, € RX is defined by

(4.5) e (y) = d(y, x), for all y € X.
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It is easy to see that ) is an isometric imbedding. For any ¢, 1 € R¥X | let p—1) € RX
be defined by (¢ — ¥)(y) = o(y) — ¥(y), for all y € X. Define maps & = A — Ay :
X—>RX¥andpu=(y, &): X =W xRX by, forall x € X,

(4.6) £(2) = Ax) = M(2) = P2 = Pr(a),
(4.7) px) = (v(), &(2)).

Then, for any x,y € X, we have

(4.8)  Dap(u(x), p(y)) = max{d(y(x),v(y)), p(A(x)=Av(2), A(y) = v(y))}-
Note that y|W = idy, and 4% = 7. It follows from (4.8) that

Dap(p(x), u(y)) < max{d(z,y), p(A(x), My)) + p(My(x), ()}

(+9) — max{d(z,), d(z,y) +d2(),7(1)} < 2d(z,)
(410) Dap(p(x), p(y)) = max{d(v(z),7(y)), p(A(@), A(y))—p(Ay(2), Xv(y))}

' = max{d(v(z),7(y)), d(z,y)—d(v(z),7(y))} = d(z,y)/2,
(4.11) Dap(p(x), 1(y)) = d(v(2),7(y)) = Dap(py(x), py(y)),
(4.12) Day(p(x), u(y)) = max{d(y(z),y), d(z,(z))}, if yeW,
and
(4.13) Dap(p(2), u(y)) = d(z,y), if {z,y} CW or ~(z) =~(y).
Define a metric d’ on X by
(4.14) d'(x,y) = Da,(u(z), u(y)), for all z,y € X.

Then, by (4.9) and (4.10), d’ and d are 2-equivalent metrics. This implies that

d'(f"(z), f"(y)/2 < d(f"(z), f"(y)) < Bd(z,y) < 26d (z,y)
for all x,y € X and n € N. Thus [ is 46-equicontinuous with respect to d’. It
follows from (4.14) and (4.13) that, under d’, f|W is still isometric. By (4.14) and
(4.11), under d’, ~ is still non-expanding. By (4.14), (4.12) and (4.13), we have

d'(z,w) = max{d'(y(z),w),d (z,v(x))}, for any x € X and any w € W.
Therefore, ~y is a vertical projection relative to d’. Lemma 4.2 is proven. O
We now give the main theorem in this section.

Theorem 4.1. Let (X, d) be a metric space, and f : X — X be a conlinuous map.
Suppose that R(f) is compact, and w(zx, f) # O for all x € X. Then f is equicon-
tinuous if and only if there exist a pointwise recurrent isometric homeomorphism
h and a non-expanding map g that is pointwise convergent to a fixed point vy such
that f is uniformly conjugate to a subsystem (h x g)|S of the product map h x g.

Proof. The sufficiency is clear, by Lemma 4.1. We now show the necessity. Suppose
that f is equicontinuous. Let dy be the same as defined by (3.1). By Lemma 3.2, d
is uniformly equivalent to d¢. Let W = R(f), and let the retraction v : X — W be
as in Theorem 3.1. Then ~f = fvy, lm, o d(f"(z), f"v(x)) =0 for all z € X,
and under dy, f and v are non-expanding, and f|W : W — W is an isometric
homeomorphism. Therefore, there exists a metric d’ on X that is 2-equivalent to d
and has the properties (ii)—(iv) in Lemma 4.2. For the convenience of statement,
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we may replace d’ by d, that is, we may assume that the following properties hold:

()" ~ is a vertical projection relative to d;

(iii)’ f is 4-equicontinuous with respect to d;

(iv)" under d, f|W is isometric.

Let the metric p on RX and maps X : (X,d) — (R%,p) and & = X\ — \y :
(X,d) — (RX, p) be the same as in the proof of Lemma 4.2. For any nonnegative
integer n and any given z,y € X with « # y, d(x,v(z)) < d(y,v(y)) and y ¢ W,
write x,, = f™*(z), yn = f"(y), and

an = d(@n,¥(@n));  bp=dYn,Y(Yn)), Sn =d(@n,Yn), tn=d(y(Tn),¥(yn))

Pn = d(@n,Y(Yn)),  Gn = d(Yn,¥(20))-
Then s, > t,, so > 0, bp > 0, and by > ag. It follows from (4.3) that p, =
max{an, tn}, and ¢, = max{b,, t,}. Noting that X is an isometric imbedding, by
(4.6), (4.4), (4.5) and properties (ii)" and (iil)’ we get
p(&(7),£(y)) = p(Vz — Pry(z)s Py — Pr(w) = (P2 — Py(@) = Py + Pryw) (Y)
=859+ by — qo > min{so, bo} > 0,
P(E(n), E(Yn)) = P(Pan = Pr(en)r Pun — Prlyn))
< min{p(apxn, Soyn) + P(Qp'y(:cn)a Qp'y(yn))a

(4.16) PPy Py(ea)) +P(yns Py(ya))}

= min{sn +tn, ap + bn} < 4min{so + 1o, ag + bo}

< Smin{so, bo},

(4.15)

and by (3.2) and v? = 7 we obtain
(4.17) Jim p(€(yn), €v(yn)) = Tlim p(A(yn), Ay(yn)) = 0.

Denote by vg the origin of R¥, whose definition is vg(x) = 0 for all x € X. Then
&(x) = wvo if and only if x € W. Write V = £(X). It follows from (4.15) that
&|(X — W) is an injection. Thus we can define amap ¢g:V —V by g(vg) = vg
and g(v) = £fE1(v) forallv € V —{vg}. It is easy to see from (4.15) and (4.16)
that g is 8-equicontinuous with respect to p, and from (4.17) that g is pointwise
convergent to v . Let the metric Dy, = max{d,p} on W x RX and the map
p=(v, & : X - WxV (CW xR¥) be the same as in the proof of Lemma
42. Let S = u(X), and let h = f|W : (W,d) — (W,d). By property (iv)’
with W = R(f), h is a pointwise recurrent isometric homeomorphism. Noting
vf=hy and {f = g€, whichimply pf = (vf, {f) = (hy, g§) = (h X g)p, from
(4.9) and (4.10) we see that p is a uniform conjugacy from f : (X,d) — (X,d)
to the subsystem (h x ¢)|S : (S, Dap) — (S, Dgp) of the product map h x g :
(W xV, Dg,) — (W xV, Dg,). Define a metric p; on V' by

pg(ua ’U) = Sup{p(gn(u)vgn(v)) n= 07 ]-a 27 T }7 for all u,v € V.

Then, by Lemma 3.2 and Theorem 3.1, p, is uniformly equivalent to p, and
g:(V,pg) — (V,pg) is non-expanding. Put Dg,, = max{d, p,}. Then f: (X, d) —
(X, d) is still uniformly conjugate to (h x g)|S : (S, Dap,) — (S, Dap,). Theorem
4.1 is proven. ([l
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5. EQUICONTINUOUS GRAPH MAPS

For several special spaces X, we have some still simpler conditions for a map
f: X — X to be equicontinuous.

Theorem 5.1.  Let (X,d) be a metric space, and f : X — X be a uniformly
continuous map. If there exists a nonempty invariant set Xo of f such that f|Xo
is equicontinuous, and there exist a finite set 'V C Xy and positive integers nq <
no < ---  such that

(5.1) f"(X)c XoUB(V,27%)  forany k€N,
then f is equicontinuous.

Proof. Let

(5.2) ¢ =min{d(z,w) : {z,w} C VU f(V), and = # w}.

Then ¢ > 0. For any given ¢ € (0,¢/3], since f is uniformly continuous, and
f1Xo : Xo — X is equicontinuous, there exists ¢’ € (0,¢] such that

(5.3) f(B(x,&") € B(f(x),¢), for all z € X,

and

(5.4) fi(B(x,") N Xo) € B(f'(x),e), forall z€ X, andall i€ N.
Take k € N such that 27% < £//2, and

(5.5) f(B(z,2'7%)) ¢ B(f(z),€), for all z € X.
Since each of f2, f3 ... is also uniformly continuous, there exists § € (0,27%] such
that

(5.6)  fY(B(x,0)) C B(fi(z),27%), forall x € X andall i€ {1, -+ ,ng}.

Consider any given points y,z € X with d(y,z) < §. Write y; = fi(y) and
z; = f¥(z), for all i € N. It follows from (5.6) that

(57) d(yz, Zi) < Z_k, for i = 1, e, Nk
Case 1. If {yn,,2n,} C Xo, then by (5.7) and (5.4) we have
(5.8) d(yi, z;) < e, for all i > ny.

Case 2. If {yn,,2n,} ¢ Xo, then, noting 2!7% < & < ¢ < ¢/3, from
(5.1), (5.7) and (5.2) we see that there exists a unique point v € V such that
{Ynys Zny, } — Xo C B(v,27%), which with (5.7) implies that

(5.9) {Yny> Zn.} € B(v,2'7F),  for some v € V.
For i > ny, write v; = fi~"(v). Note that
(5.10) FUX) C f™(X)C XoUB(V,27%),  forall i>ny.
Subcase 2.1. If y,, € Xo, then, similar to (5.8), we have
(5.11) d(y;,v;) < e, for all 7 > ng.
Subcase 2.2. We now assume y,, ¢ Xo.
Claim. If there exists an integer A > ny, such that {y; : j =ng,--- , A}NXo =10
and {v; : j = ng,--- ,A} CV, then
(5.12) d(yj,v;) < 2~k for j=mng,--,\

Furthermore, if vy41 ¢ V, then yx41 € Xo.
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Proof of claim. (5.12) is clear, by (5.9), (5.10) and (5.5). Furthermore, if vyxy; ¢ V,
then by (5.12), (5.5) and (5.2) we get d(yri1,va41) < &' < c—e < d(vag1,V)—27F,
which implies d(yxt1,V) > 27%, and hence, by (5.10), we have yx41 € Xo. O

From the claim we see that

(a) If there exists an integer A > ny such that {y; : j = ng, - , A} N Xo =10
and yxy1 € Xo, then {v; : j =ng,---,A} CV, and from (5.12), (5.5) and (5.4)
we get

d(yj,vj) <27F for j=mng,--, A\
(5.13) d(yat1,va41) < €5
d(y;,v;) <e, for all i > A+ 2.
(b) If y; ¢ Xy for all integers j > ny, then v; € V for all j > ng, and
(5.14) d(y;,vj) < 27k, for all j > ng.
Combining (5.11), (5.13) and (5.14) we get
(5.15) d(y;,v;) < g, for all i > ny,
no matter whether y,, € Xo or not. Similarly, we have
(5.16) d(z;,v;) < e, for all 7> ny.

Combining (5.7), (5.8), (5.15) and (5.16), we obtain
d(y;, zi) < 2e, for all i€ N,

no matter whether {y,, , zn, } C Xo or not. Therefore, f is equicontinuous. Theo-
rem 5.1 is proven. O

In the following we consider graph maps. A (finite) graph G is a compact metric
space that has a finite nonempty subset V' (the set of vertices) such that G — V
has only finitely many connected components all of which are homeomorphic to the
open interval (0,1). A continuous map from a graph G to itself is called a graph
map.

In [8] we proved the following theorem.

Theorem A. Let G be a connected graph, and f: G — G be a continuous map.
Then f is pointwise recurrent if and only if f is a periodic homeomorphism, or
G is a circle and f is topologically conjugate to an irrational rotation of the unit
circle St.

Noting that any periodic homeomorphism on a compact metric space and any
irrational rotation of S' are equicontinuous, from Theorem A and Lemma 3.1 we
obtain

Corollary 5.1. FEvery pointwise recurrent map of a connected graph is equicon-
tinuous.

Theorem 5.2. Let G be a connected graph with a metric d, and let f : G — G be
a continuous map. Then the following four statements are equivalent:

(i) f is equicontinuous;

(i) V2, £(G) = R(P);

(i) fINo—y [M(G) is equicontinuous;

(iv) fIN.Z; f™(G) is a periodic homeomorphism, or is topologically conjugate
to an irrational rotation of the unit circle S*.
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Proof.  (i)=(ii) is clear, by Proposition 2.4.

(iii)=-(i). Since G is compact and connected, for every n € N, f™(G) is also
compact and connected. Write Gy = ("~ f*(G). It follows from G > f(G) D
f2(G) 2 f3(G) D - - that Gy is a nonempty connected subgraph of G, and f(Go) =
Gp. Put V. =GoNG—Gy. Then V is a finite set. Evidently, for every k € N, there
exists n, € N such that f"*(G) C Go U B(V,27F). Therefore, by Theorem 5.1, if
f|Go is equicontinuous then f is equicontinuous.

(ii)=-(iii).  Let the connected subgraph Gy = (\—, f*(G) be as above. If
Go = R(f), then f|Goy : Go — Gy is pointwise recurrent, and by Corollary 5.1,
f|Go is equicontinuous.

(ii)<(iv) follows from Theorem A. O

Remark 5.1. Let C be the complex plane, and let D, ={z € C: |z| < k},k=1,2.
It is easy to construct a continuous map f : Dy — Ds such that (),—, f™(D2) =
R(f) = Dy, and f|D; is a rotation, but f itself is not equicontinuous. Therefore,

in general, Theorem 5.2 is not true for spaces of dimension greater than 1.

Remark 5.2. Let G be a connected graph with a metric d, and let Gy be a
connected subgraph of G. Then any pointwise recurrent continuous map fy : Go —
Gy can be extended to an equicontinuous map f : G — G. In fact , since Gy is a
retract of G, there exists a retraction v : G — Gy. Let f = foy: G — G. Then f
is a continuous extension of fy. By Theorem 5.2, such an f is equicontinuous.

If G is a disconnected graph, then, for any continuous map f : G — G, we can
find a positive integer k such that every connected component of G intersecting
f¥(G) is an invariant set of f¥. Thus Theorem 5.2 can be easily generalized to the
case that G is not connected.
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