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Abstract. Let D be a dendrite and f : D — D a continuous map. Denote by E (D)
and B(D) the sets of endpoints and branch points of D, respectively. We show that if
E(D) is countable, then f is pointwise-recurrent if and only if f is a pointwise-periodic
homeomorphism; also, if B(D) is discrete, then f is pointwise-recurrent if and only if
every point in D\ E(D) is periodic.

1. Introduction
Recurrence and periodicity play an important role in the study of dynamical systems.
It is interesting to study maps f:X — X from a topological space X to itself that
are pointwise-periodic (i.e. such that all points in X are periodic) or pointwise-
recurrent (i.e. all points in X are recurrent). Montgomery [18] showed that if X
is a connected topological manifold, a pointwise-periodic homeomorphism f: X — X
must be periodic. Weaver [24] showed that if X is a continuum embedded in an
orientable 2-manifold, then an orientation-preserving C'-homeomorphism f : X — X has
this property. Gottschalk [13] proved that if X is a continuum, then a relatively recurrent
homeomorphism f : X — X (i.e. a homeomorphism such that the closure of the recurrent
point set is dense in X) has every recurrent cut point being periodic. In [23], Oversteegen
and Tymchatyn showed that recurrent homeomorphisms of the plane are periodic. Kolev
and Péroueme [14] proved that recurrent homeomorphisms of a compact surface with
negative Euler characteristic are still periodic. Recently, Mai [16] showed that a graph map
f : G — G is pointwise-recurrent if and only if one of the following statements holds:
(1) G is acircle, and f is a homeomorphism that is topologically conjugate to an
irrational rotation;

(2)  f is a periodic homeomorphism.

We mention here that Mai’s result can also be obtained using the ‘spectral
decomposition’ theorem on graphs due to Blokh (see [6-9] for more details).

In this paper we will study pointwise-recurrent dendrite maps, whose dynamical
behavior is both important and interesting in the study of dynamical systems and
continuum theory. Recent interest in the dynamics on dendrites has been motivated by
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the fact that dendrites often appear as Julia sets in complex dynamics (see [4]). In
(1, 3, 11, 17, 21, 22] several results concerning dendrites were obtained. In [22], we
proved that every relatively recurrent monotone dendrite map has all of its cut points being
periodic. Before stating our main results, we recall some basic properties of dendrites and
dendrite maps.

A continuum is a compact connected metric space. A topological space is arcwise
connected if any two of its points can be joined by an arc. We use the terminology of
Nadler [20]. An arc is any space homeomorphic to the compact interval [0, 1]. By a
dendrite D we mean a locally connected continuum which contains no homeomorphic
copy of a circle. Every sub-continuum of a dendrite is a dendrite [20, Theorem 10.10], and
every connected subset of D is arcwise connected [20, Proposition 10.9]. In addition, any
two distinct points x and y of a dendrite D can be joined by a unique arc with endpoints
x and y; denote this arc by [x, y], and let [x, y) =[x, y]\{y}, (x, y] =[x, y]\{x} and
(x, y) =[x, yI\{x, y}. A point x € D is called an endpoint if D\{x} is connected. It is
called a branch point if D\ {x} has more than two connected components. Denote by E (D)
and B(D) the sets of endpoints and branch points of D, respectively. A point x € D\ E(D)
is called a cut point. The set of cut points of D is dense in D. A tree is a dendrite with a
finite set of endpoints.

Let Z, and N be the sets of non-negative integers and positive integers, respectively.
Let X be a compact metric space with metric d, and let f : X — X be a continuous map.
Denote by f” the nth iterate of f; that is, f is the identity map, and f" = f o f"~! for
n > 1. For any x € X, the subset O¢(x) = {f"(x): n € Zy} is called the f-orbit of x. A
point x € X is said to be periodic of prime period n € N if f"(x) = x and f'(x) # x for
1 <i<n—1.Asubset Aof Xissaidtobe f-invariantif f(A) C A. Itis called a minimal
set of f if it is non-empty, closed, f-invariant and minimal (in the sense of inclusion) with
respect to these properties. For a subset A of X, denote by A the closure of A and by
diam(A) the diameter of A. We define the w-limit set of a point x € X to be the set

op@) = {y€X:3n €N, n; > oo, lim d(f"(x). y) =0}

= (@) :k=n).
neN

The set w ¢ (x) is a non-empty, closed and strongly invariant set, i.e. f(ws(x)) = ws(x).
A point x € X is said to be:

° recurrent for f if x € wy(x);

° almost periodic if for any neighborhood U of x there exists N € N such that
(f"i(x):i=0,1,..., N\NnU #@foralln e N;

° regularly recurrent if for any ¢ > O there is N € N such that d(x, f kN (x)) < & for
all k e N.

It is easy to see that if x is regularly recurrent, then it is almost periodic. Note also
that a recurrent point x is almost periodic if and only if @ ¢ (x) is minimal (see [10, Ch. V,
Proposition 5]).

Let Fix(f), P(f), AP(f) and R(f) denote the set of fixed points, periodic points,
almost periodic points and recurrent points, respectively. Then we have the inclusion
relations Fix(f) C P(f) C AP(f) C R(f). We say that f is:
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. pointwise-periodic if P(f) = X;

° pointwise-recurrent if R(f) = X;

) relatively recurrent if R(f) = X.
A continuous map from a dendrite into itself is called a dendrite map.
Our main results are the following.

THEOREM 1.1. Let f: D — D be a dendrite map. If B(D) is discrete, then f is
pointwise-recurrent if and only if every cut point is periodic.

Remark 1.2. For a dendrite map f : D — D, one can show easily that if all cut points of
D are periodic, then f is a homeomorphism.

By [2, Corollary 3.6], for any dendrite D we have that B(D) is discrete whenever E (D)
is closed. Therefore, a consequence of Theorem 1.1 is the following.

COROLLARY 1.3. Let f: D — D be a dendrite map. If E(D) is closed, then f is
pointwise-recurrent if and only if every cut point is periodic.

Remark 1.4. If E(D) isclosed and f : D — D is a pointwise-recurrent dendrite map, then
an endpoint of D may not, in general, be periodic; for an example, see the one given by
Efremova and Makhrova in [11] on the Gehman dendrite.

One can also prove the following corollary.

COROLLARY 1.5. If B(D) is discrete and f: D — D is a pointwise-recurrent dendrite
map, then every endpoint of D is regularly recurrent.

THEOREM 1.6. Let f: D — D be a dendrite map. If E(D) is countable, then f is
pointwise-recurrent if and only if f is a pointwise-periodic homeomorphism.

COROLLARY 1.7. [16] Let T be a tree and f:T — T a continuous map. If f is
pointwise-recurrent, then f is periodic.

Recall that a map f is periodic if f" =idr for some n € N.

2. Preliminaries
LEMMA 2.1. [17, Lemma 2.3] Let (C;)ien be a sequence of connected subsets of a
dendrite (D, d). If C; N Cj = for all i # j, then
lim diam(C,) = 0.

n—+o00
LEMMA 2.2. Let D be a dendrite, and let (pn)neN be a sequence of D such that p,+1 €
(Pns pn+2) for alln € N and lim;,_, ;oo pp = poo. Let Uy be the connected component of
D\{pn, pco} that contains the open arc (pn, pso). Then lim,_, 4o diam(U,) =0

Here, the points p, are located on the arc [p1, pso] in @ monotone way.

Proof. Tt is easy to see that U,4+1 C U, for all n € N. Suppose that Lemma 2.2 is not
true; then there is § > 0 such that for all n € N, diam(U,) > §. We will construct an
infinite sequence (I, );en of pairwise disjoint arcs such that diam(/,;) > §/2 foralli € N,
contradicting Lemma 2.1. Fix n € N and let a,, b, € U, be such that d(a,, b,) > 4.
Then we have either d(py, a,) >68/2 or d(pn, by) > §/2. So let I, =[pn, ay]
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if d(pn, an) > 8/2 and I, = [py, by] otherwise. Choose an integer m > n such that
L, N [pm, Poo] =@; then I, N U, =9. In the same way as for I, we construct an arc
I, C U,,. Then, by induction, we construct an infinite sequence of arcs (I,;);en With
diam(1;) > §/2 such that for all i € N, I,, C Uy, and I,, NUp,,, =¥. This implies that
the arcs (I,,;), for i € N, are pairwise disjoint. O

THEOREM 2.3. [17, Theorem 2.13] Let f : D — D be a dendrite map, [x, y] an arc in
D, and U the connected component of D\{x, y} containing the open arc (x, y). If there
exist k, m € N such that {fk(x), ™M} U, thenUN P(f)#0.

We say that a dendrite map f : D — D is monotone if the preimage of any point under
f is connected. Notice that if f is monotone, then so is f” for any n € N.

THEOREM 2.4. [22, Theorem 1.6] Let f : D — D be a dendrite map. If f is monotone,
then the following statements are equivalent:

(i)  f is pointwise-recurrent;

(i1) every cut point is a periodic point.

LEMMA 2.5. Let f:D — D be a dendrite map. Then the following properties are
equivalent:

(1) anyarc I C f(D) contains a point with unique preimage under f;

(i) the map f is monotone.

Proof. (1) = (ii). If f is not monotone, then there exists z € D such that f () is
not connected. So one can find a, b € D with a # b and w—_; € (a, b) such that f(a) =
f(b) =z and w:= f(w_1) # z. By continuity of f, we have [z, w] C f([a, w_{]) N
f([b, w_1]) C f(D). Hence each point in (z, w) has at least two preimages under f.

(ii) = (i). Let I C f(D) be an arc. Then (f~'({x}))xes is a family of uncountably
many pairwise-disjoint connected non-empty subsets of D. Suppose that for every x € D,
f_l({x}) is not reduced to a point; then there is an arc I, C f_l({x}) containing no
endpoints. By [20, Corollary 10.28], D can be written as D = UneN A, U E(D) where
(An)nen is a family of arcs with pairwise-disjoint interiors. Hence, for each arc I, there is
n(x) € N such that I, N A, () is an arc. Thus, necessarily, there is an arc A, that contains
uncountably many pairwise-disjoint arcs of (I,).cs, which is a contradiction. a

LEMMA 2.6. Let X be a compact metric space and f : X — X a pointwise-recurrent
continuous map. Then every periodic point of f has a unique preimage under f" for
alln e N.

Proof. Suppose that for some periodic point p of f, f~!({p}) contains more than one
point. Then there is a ¢ ¢ O¢(p) such that f(q) = p, and so wr(q) =ws(p) = Of(p).
Hence ¢ is not recurrent, which is a contradiction. As a result, any periodic point of f has
a unique preimage under f which is a periodic point of f. So we deduce by induction that
any periodic point of f has a unique preimage under f” for all n € N. a

LEMMA 2.7. Let f : D — D be a pointwise-recurrent dendrite map, and let (pp)nen C D
be a sequence of periodic points of f such that pyy1 € (pn, pn+2) for all n € N and
limy,— 400 Pn = Poo- Then pso is a regularly recurrent point.
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Proof. Forn € N, let U, be defined as in Lemma 2.2, let V,, := U, U {p,,, pso}, and denote
by N, the period of the point p,. It is easy to see that if there is a sub-sequence of
(pn)neN With bounded periods, then by the continuity of f (and hence the continuity of
its iterations) peo is periodic; in particular, it is a regularly recurrent point. Otherwise, we
have to prove Lemma 2.7 in the case where p is not periodic. We can assume that

(Pn» Pool NFix(fNm) =¢. 2.1)

We will prove that for all n € N, the orbit of the point p., under the map fV++! is
contained in the set V,,. Indeed, if not, then for some n € N there is k € N such that
F*Nnt1(poo) ¢ Vi3 so we have the following two possibilities, and will show that each
of them leads to a contradiction:

Poo € (Putts FN 1 (pe)) 0o pu € (Pust, FN1 (poo)).

Let m := kN, 1. Suppose that ps € (Pn+1, [ (Po)). AS pny1 € Fix(f™), by the
continuity of f* we have

F"APn+1s Pool) D [Pns1s [ (Po)] D Poo-

Hence there is a point poo,—1 € (Pn+1, Poo) sSuch that ™ (peo.—1) = Poo- Similarly, there
is a point poo,—2 € (Pn+t1, Poo.—1) such that f™(poo,—2) = Poo.—1. Thus, by induction,
we construct a sequence (Poo, —k)keN 1N (Pnt1, Poo) such that for all k € N, poo k1) €
[Pn+1s Poo,—k] and

S (Poo, k) = Poo- 22)

AS Poo,—1 # Poo, there exists ps € (Poo,—1, Poo) for some s € N. Let r € N be such that
f (pns1) = pny1 and f"(pg) = ps. Hence f™(pyy1) = pus1 and f"(ps) = ps. By
(2.2), f"™(Poc.—r) = Poc, and by the continuity of f" we have f™™([pp+1, Poo.—r]) D
[Pr+1, Pool D ps; hence pg has a preimage g under the map " in the arc [py+1, Poo,—rl-
As ps € [Pn+1, Poo.—r], q # Ds, and this contradicts Lemma 2.6 since p; is a fixed point
of frm‘

Now consider the second case, p, € (pu+1, f"(Po)). By the continuity of f™,
ST ([Pn+15 PooD) D [Pu+1, f™(Poc)] 2 pn. So p, has a preimage g under the map f™
in the arc [py+1, Poo]- By Lemma 2.6, g is a periodic point that belongs to the orbit of
Pn» hence ¢ has the same period as p,,. Thus, ¢ € (p,, poo] N Fix(fr), which contradicts
(2.1).

It follows that for any n € N, the orbit of the point pe, under the map fN»+1 is
included in the set V,, and as diam(V,) =diam(U,), by Lemma 2.2 we have that
lim;,—, 4 oo diam(V},;) = 0. This implies that p, is a regularly recurrent point. |

3. Proof of Theorem 1.1 and Corollary 1.5
Proof of Theorem 1.1. If every cut point is periodic, then one can easily show that f is a
homeomorphism. Hence, by Theorem 2.4, f is pointwise-recurrent.

If f is pointwise-recurrent, then f is surjective. We will use Lemma 2.5. Let I C D be
an arc. Since B(D) is discrete, there exists an open arc J C [ containing no branch points;
hence J is an open subset in D. So let x € J. If x is periodic, then by Lemma 2.6 we know
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that x has a unique preimage under f. If x is not periodic, then since f is pointwise-
recurrent, one can find n, m € N such that x, f™(x) € J and f"(x) € (x, f™(x)).
Thus, (x, f™(x)) is the connected component of D\{x, f™(x)} that contains the open arc
(x, f™(x)). By Theorem 2.3, (x, f™(x)) C I contains a periodic point p. By Lemma 2.6,
p has a unique preimage under f. We conclude by Lemma 2.5 that f is monotone.
Therefore, by Theorem 2.4, every cut point is periodic. The proof is complete. a

Proof of Corollary 1.5. Let e € E(D). Take any cut point p € D. By Theorem 1.1,
[p,e) C P(f). Hence, by Lemma 2.7, e is regularly recurrent. O

4.  Proof of Theorem 1.6 and Corollary 1.7
We need the following result.

THEOREM 4.1. [17] Let f: D — D be a dendrite map. If E(D) is countable, then
R(f)=P(f).

LEMMA 4.2. Let f : D — D be a pointwise-recurrent dendrite map. If E( D) is countable,
then wy(x) N P(f) # ¥ forall x € D.

Proof. If wy(x) C E(D), then wy(x) is compact countable. Thus w s (x) is finite, because
otherwise wy(x) would be perfect and hence uncountable, which is a contradiction.
Therefore, w ¢ (x) is a periodic orbit and so x is a periodic point (see [10, Ch. IV, Lemma
4]). One can thus assume that wys(x)\E(D) # ¢ and take y € ws(x)\E(D). Since
R(f) = D, it follows from Theorem 4.1 that P(f) = D, so one can find p, g € P(f)
such that y € [p, g]. Let N € N be such that f¥(p) = p and " (¢) = gq. We already have
yelp, f¥NM1UIg, f¥(y)]. One can suppose that y € [p, £V (y)], the same proof being
valid with p replaced by g. In this case, we have y € f¥ ([p, y]), so there is y_; € [p, y]
such that fN(y_1) =y. Again, y_i € [p. yI=1[p. fN-DIC fN(p. y-1]). so there
is y_5 € [p, y_1] such that fV(y_) = y_1. Thus, we construct by induction a sequence
(¥—n)nen C [p, y] such that

Y—tt1) € Ok Y=k42))s N (—s1)) = y—k forevery k € N

and lim,_, 100 Y_n = Yoo € [p, ¥]. Therefore one has f"(ys) = yoo (by the continuity
of V), and so ys € P(f). Since R(f)=D and, for any ke N, f¥N(y_;) =y, it
follows that y_¢ € wy(y—x) = wy(y). Therefore yoo € wr(y), and as w(y) Cwyr(x), we
conclude that yoo € wy(x) N P(f). O

LEMMA 4.3. Let f : D — D be a pointwise-recurrent dendrite map and let p be as in
Lemma 2.7. If E(D) is countable, then p is a periodic point.

Proof. By Lemma 2.7, p is regularly recurrent, and hence w s (poo) is a minimal set. It
follows, by Lemma 4.2, that w(po) is a periodic orbit, and so p is a periodic point
since poo € w f(Poo)- O

LEMMA 4.4. Let D be a dendrite with a countable set of endpoints. Then every sub-
dendrite of D has a countable set of endpoints.
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Proof. Let Y be a sub-dendrite of D. By [12, p. 157] (see also [20]), ¥ is a monotone
retraction of D by r : D — Y. Then we have r(E (D)) = E(Y). Indeed, r(E(D)) C E(Y)
follows from the fact that r(x) lies in any arc joining x to any point of Y. Leta € E(Y)
and let Z be the connected component of D\Y such that Z contains a. Then r(Z) = {a}.
As Z N E(D) # @, there is b € Z N E(D) with r(b) = a. It follows that Card(E(Y)) <
Card(E (D)) and hence E(Y) is countable. O

Proof of Theorem 1.6. The ‘if” part of the Theorem is clear. Let us prove the ‘only if” part.
By Theorem 4.1, one has P(f) = D.

Claim 1. If x € D is not periodic, then for any z € D with z # x, (x, z) contains a non-
periodic branch point.

Take z € D with z # x; let us show that [x, z] contains an infinite sequence of
branch points that converges to x. Indeed, if not, then there is y € (x, z] such that
(x, y) N B(D) # . So (x, y) is an open subset of D and hence, as P(f) = D, one can
find a sequence (p,)nen of periodic points in (x, y) such that p,11 € (p,, pny2) for all
n € N and lim,,_, y o p, = x. By Lemma 4.3, x is periodic, which is a contradiction. Now
suppose that every branch point in (x, z) is periodic; then, again by Lemma 4.3, x is
periodic. Therefore, necessarily one branch point in (x, z) must be non-periodic.

Claim 2. If there exists x € D which is not periodic, then D contains a sub-dendrite with
uncountable set of endpoints.

Suppose that x € D is not periodic. By Claim 1, there is a € B(D) which is not
periodic. Now, as a is a branch point, there exist two arcs Iy and I, each with a as
one endpoint, which together with [x, a] form a family of three arcs having pairwise-
disjoint interior. As a is not periodic, by Claim 1 there is ag € Iy (respectively, a; € 1),
a non-periodic branch point distinct from a. Denote by Jy the arc [a, ag] and by J; the
arc [a, ai]. At the second step, as ap and a; are branch points, there exist two arcs I
and Io; (respectively, I1p and I71), each with a (respectively, aj) as one endpoint, which
together with [a, ap] (respectively, [a, a1]) form a family of three arcs having pairwise-
disjoint interior. Similarly, by Claim 1 we find, for any i, j € {0, 1}, a non-periodic branch
point a;; € I;; distinct from a;; write J;; := [a;, a;;]. Thus, by induction, we construct for
n € N a sequence of arcs J,, and a sequence of non-periodic branch points a,,, where
oy, € {0, 1}, which satisfy the following properties (see Figure 1):

) JanO = [aanv aot,,O] and Joz,,l = [aanv aa,,l];
(i) Joz,, N Jot,,O = Ja,, N Ja,,l = JotnO N Ja,,l = {a(xn}'
For any n e N, let D, = Uan (0,1 Jo,; then clearly D, is a tree. Also, we have

D, C D,y for all n e N. Hence Dy, = UneN D, is a sub-dendrite. Take B € {0, I}N.
For each n € N, we have [a, ag)] C [a, agn+1)] (Where, for each i € N, we denote by
B(i) the first word of length i in the sequence ). Then |J,cyla, agu] is an arc where
the sequence (ag())nen is monotone in that arc; so it converges to a point, namely ag,
that belongs to the dendrite D,. The points ag for 8 € {0, 1} are the endpoints of the
sub-dendrite D,. Hence, D4, has an uncountable set of endpoints.

We then deduce Theorem 1.6 from Claim 2 and Lemma 4.4. O
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ag

Ao

FIGURE 1. The tree D».

Proof of Corollary 1.7. By Theorem 1.6, f is a pointwise-periodic homeomorphism. As
E(T) is finite, there is N € N such that every endpoint of T is fixed by fV. Leta,beT
be two distinct endpoints of 7. As f is a homeomorphism (and so is f N ), the arc [a, b]
is fN-invariant; hence every point in [a, b] is fixed by fV. Since T = Uapermlas bl,
every point in the tree T is fixed by /. So f is periodic.
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