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Abstract. In his 84 preprint W. Thurston proved that quadratic laminations do not ad-
mit so-called wandering triangles and asked a deep question concerning their existence for
laminations of higher degrees. Recently it has been discovered by L. Oversteegen and the
author that some closed laminations of the unit circle invariant under z — z%,d > 2 admit
wandering triangles. This makes the problem of describing the criteria for the existence
of wandering triangles important because solving this problem would help understand the
combinatorial structure of the family of all polynomials of the appropriate degree.

In this paper for a closed lamination on the unit circle invariant under z ~— 23 (cubic
lamination) we prove that if it has a wandering triangle then there must be two distinct
recurrent critical points in the corresponding quotient space (“topological Julia set”) J with
the same limit set coinciding with the limit set of any wandering vertex (wandering vertices
in J correspond to wandering gaps in the lamination).

Introduction. It is well known that in a variety of cases connected Julia sets of
complex polynomials are locally connected. If so then the dynamics on them can be
studied by means of the so-called invariant laminations, i.e. specific equivalence
relations ~ on the unit circle S ([16], [9], [13]) invariant for 2¢ : S — St (d is
the degree of the polynomial). The Julia set J then can be viewed as the quotient
space J. of S' under this equivalence, and the polynomial on J as the factor f
of z¢ induced by the quotient map. We will use the language of laminations in
this paper, with the understanding that our results apply to locally connected Julia
sets of polynomials as well. Saying “Julia set” we always mean the corresponding
quotient space J. (so our Julia sets are always locally connected). Since in what
follows we fix a lamination ~, from now on we skip the reference to ~ in the notation
and talk about the (topological) Julia set J meaning J. for the lamination ~. We
also reserve the name f for the map f: J — J described above.

To state one of the main problems in the field of topological dynamics of f we
need a few notions. A point c is said to be critical if f at ¢ is not a homeomorphism.
If © € J then by N(z) we denote the number of components of the set J \ {x}).
We call N(z) the order of a point x in J; points x with N(z) > 3 are said to be
vertices of J and points x of order 1 are said to be endpoints of J. In the language
of continuum theory, vertices are cut points cutting the Julia set in at least three
components. A point x is said to be periodic (of period n) if z, f(z),..., f*~(z)
are pairwise distinct points while f"(z) = z. Also, a point is preperiodic - resp.
precritical - if it is mapped onto a periodic - resp. critical - point by f*, k > 0.
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Finally, if a point is non-preperiodic then we call it wandering. The following
problem was posed (and solved for quadratic laminations) in [16].

Problem 1. Do there exist wandering non-precritical vertices of the Julia sets?

Problem 1 is fundamental because solving it would help understand the com-
binatorial structure of the family of all monic polynomials with connected Julia
set (so-called “connectedness locus”) of the appropriate degree (see [16] for more
motivation).

In what follows we adopt the following terminology: a wandering vertex of the
Julia set is called a wave. Hence Problem 1 concerns the existence of non-precritical
waves. This problem is natural if we think of J as a “graph” with infinitely many
vertices and f as a continuous self-mapping of J. Indeed, by a “graph” we shall
understand a compact one-dimensional branched manifold, i.e. a compact space
which is locally an n-od (this includes 1-od = closed interval at its endpoint and
2-od = open interval). Clearly the notion of the order at a point, the notion of
an endpoint, and the notion of a vertex can be introduced for points of a “graph”.
Moreover, compactness implies that a “graph” has finitely many endpoints and
vertices. If J is a true “graph” (i.e. one-dimensional branched manifold) then the
answer to the question in Problem 1 is clearly negative because if a vertex of a graph
is non-precritical then its order in the graph cannot drop, and therefore its entire
orbit is contained in a finite set of al vertices of the graph. Problem 1 extends this
fact from “graphs” to polynomials on their Julia sets under the assumption that
the Julia set is locally connected (Thurston proved in [16] that in the quadratic
case there exist no waves of the Julia sets, so such extension holds in the quadratic
case).

Related questions in degrees higher than 2 were considered by Kiwi [10] who was
the first to extend some results of [16] onto laminations of degrees higher than 2.
It is proven in [10] that for a lamination of degree d the number N(z) < d for any
non-precritical wave x € J (this implies the result of [16]).

In [12, 2-4] further results were obtained. One of the main results of [12] was that
in the wnicritical case (i.e. when there is a unique critical point of f|J) the waves
do not exist. In [2-3] we consider a non-empty collection I" of non-precritical waves
in J with pairwise disjoint orbits and prove upper estimates on ) _.(N(x) —2),
including »° -(N(2) —2) < d — 2 (which implies results of [10] and [16]). We also
prove in [2-3] that Fatou domains (which can be easily introduced for laminations)
are preperiodic (i.e. map into periodic Fatou domains). In [4] we show that the
limit set of a non-precritical wave must coincide with the limit set of a recurrent
critical point.

Recently it has been discovered by L. Oversteegen and the author that some
closed laminations of the unit circle invariant under z — 2%, d > 2 have waves (see
[6]). Thus, the main problem in this field becomes to characterize all laminations
which have waves. This paper can be considered as a step in this direction because
here we give a dynamic necessary condition for the existence of a wave of a cubic
lamination. Recall, that a dendrite is a locally connected continuum containing
no subsets homeomorphic to a circle.

Main Theorem. Let ~ be a cubic lamination such that its quotient space J has
non-precritical waves. Then J is a dendrite and the following holds:

(1) f|J has two wandering critical points c,d with distinct grand orbits, N(c) =
N(d) = 2 and all forward images of ¢,d are endpoints of J;
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(2) any two waves x',x" have the same grand orbit, and are such that N(x') =
N(z")=3;

(3) the points ¢ and d are recurrent and have the same limit set coinciding with
the limit set of any wave.

1. Preliminaries. Consider an equivalence relation ~ on the unit circle S* with
the following properties ([9, 13], cf. [16]):

(E1) ~ is closed: the graph of ~ is a closed set in S! x S';

(E2) ~ defines a lamination, i.e. it is unlinked: if t; ~ t; € S' and t3 ~ t4 €
S1, but ty 7 t3, then the open intervals in C with the endpoints #;,t, and
t3,t4 are disjoint;

(E3) each class of equivalence ~ is totally disconnected.

Call ~ a closed lamination. We assume that it is non-degenerate (has a class
of more than one point). Equivalence classes of ~ are called (~-)classes.

Our definitions are closer to [9, 13] than to [16]. Fix an integer d > 1 and denote

z%: 81 — S by 04 = 0. Say that a subset of S! is split into classes if it contains
a class of each its element. The relation ~ is called (o-)invariant iff:

(D1) ~ is forward invariant: for a class g, the set o(g) is a class too;

(D2) ~ is backward invariant: for a class g, its preimage 0~ 1(g) = {z € S*:
o(z) € g} is split into classes;

(D3) for any gap ¢, the map ¢ : ¢ — o(g) is a covering map with positive
orientation.

Observe that in (D3) by “cover” we mean “even cover”. Also, in fact (D1) implies
(D2), but we put both here for the sake of convenience. Call a class g critical iff
the map o : ¢ — o(g) is not 1-to-1. Denote by k. the number of distinct grand
orbits of critical non-preperiodic classes g such that |o(g)| = 1. Also, call a class g
a gap if |g| > 3 (by |A| we denote the cardinality of a set A). From now on by a
lamination we always mean a closed o-invariant lamination.

Clearly, the notions above can be translated into the language of the Julia set
J = J. associated with the lamination (we denote the factor map by p). Call a
point ¢ € J critical if f is not one-to-one in any neighborhood of ¢. Critical classes
of the equivalence ~ project by p onto critical points of f; the behavior of critical
points is important for our investigation and is studied below in great detail. For
every point « = p(g) € J the number N(x) is the same as the cardinality |g| of the
class g. Thus, vertices of J are p-images of gaps of ~. Also, if N(z) = 1 then z is
called an endpoint of J; endpoints of J are p-images of degenerate classes of ~.
Observe, that critical wandering classes g whose all images are degenerate become
in the language of J wandering critical points of f|J whose all images are endpoints
of J.

Let D be the unit open disk bounded by S!, L. = L be the union of ~-hulls,
i.e. convex hulls of ~-classes; by the definition ~-hulls are contained in D but not
in D. Define an extension ~ of ~ onto D as follows [9]: a ~-class is a ~-hull or a
point of D\ L. Extend ~ onto C by declaring that a point in C\D is equivalent only
to itself. Call a connected component of the complement D\ L a (~-)component.
Given an open set  in D, denote by E(Q2) the set 2 N S!. Call a ~-component
periodic if E(Q) is mapped back onto itself by some iteration of o and denote the
number of all orbits of periodic o-components by k,,.

Now we are ready to formulate in more detail the results which we have already
stated in Introduction. In [10] it was proven that a wandering non-precritical gap



16 ALEXANDER BLOKH

has at most d elements. This result was extended in Theorem 1.1 which is stated
below in the language of f|J.

Theorem 1.1 (Theorem B [2, 3]). Let I' be a non-empty collection of non-
precritical waves of J which have pairwise disjoint orbits. Then

> (N@)-2)<ke—1<d—2-k,<d-2. (%)
zel

We will also need to rely upon Theorem 1.2 whose Part 1 is a combinatorial
version of the fundamental Sullivan No Wandering Domain Theorem ([15]).

Theorem 1.2 (Theorem C [2, 3]). The following holds for a lamination ~.

(1) Let Q be a ~-component. Then the set E(Q) C S* is preperiodic.
(2) If M C J is a non-degenerate continuum then it is non-wandering.

Theorem 1.3 establishes necessary conditions for the existence of wandering
classes.

Theorem 1.3 ([4]). Let ~ be an invariant lamination. Then the limit set of a
non-precritical waves of J coincides with the limit set of a recurrent critical point
(and so if there are no recurrent critical points then J has no waves).

Theorems 1.1, 1.2 and 1.3 imply Corollary 1.4.

Corollary 1.4. Let ~ be a cubic lamination such that J has non-precritical waves.
Then the following facts hold:

(1) J is a dendrite;

(2) f|J has two wandering critical points ¢,d with distinct grand orbits, no
vertex ever maps into a critical point, N(c) = N(d) = 2 and all forward
images of ¢, d are endpoints of J;

(3) any two waves x’,x" have the same grand orbits, and are such that N(z') =

N(z")=3;
(4) there exists a recurrent critical point s of f such that w(y) = w(s) for every
wave y.

Proof. (1) If there are ~-components then by Theorem 1.2 they must be periodic
so that k, > 1. However then by Theorem 1.1 we would have that d —2 — k, <0
and hence non-precritical waves cannot exist, a contradiction.

(2) By Theorem 1.1, k. = 2. Thus, f|J has two wandering critical points ¢, d
with distinct grand orbits, and all their forward images are endpoints of J. Now,
the order of a critical point is at least 2; if the order of a critical point z is greater
than 2 then, since the image of z must be an endpoint of J we see that f has to be at
least 3-to-1 at z which implies that ¢ = d, a contradiction. Hence N(c) = N(d) = 2
which in turn implies that no vertex ever maps into a critical point.

(3) Translating the results of Theorem 1.1 into the language of f|J we see that
if there are non-precritical waves z’, z” then they have the same grand orbit and
also N(z') = N(z") = 3.

(4) Follows from Theorem 1.3. |

2. Main Theorem. We prove our Main Theorem by establishing several facts
concerning possible behavior of waves of J. In the arguments we introduce some
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new ideas but also rely upon the tools developed in [12, 2-4]. One of such tools is
growing trees (see [12, 2-4]).

By a tree we mean a connected compact one-dimensional branched manifold
with no subsets homeomorphic to a circle. In this topological context we can still
use combinatorial notions (the order ordr(a) of T at a point ¢ € T, endpoints
(of T), vertices (of T), edges (of T) ) without confusion. An arc (in T) is a
subset of T" homeomorphic to an interval. The absence in T of sets homeomorphic
to circles makes the arc [a,b] with endpoints a,b € T well-defined; the notation like
(a,b],[a,b), (a,b) is self-explanatory. The numbers of edges, endpoints, vertices of
T are finite.

We also need another notion. Given a tree W and a point a € W, consider all
arcs [a,b] C W such that (a,b) contains no vertices/critical points of W. Call two
arcs [a,b] and [a,V'] equivalent if (a,b) N (a,b') # 0; clearly, equivalent arcs are
ordered by inclusion. Classes of equivalence of arcs [a,b] of W are called germs of
W at a. One can say that a germ of a tree W at a € W is a pair (a,S), where
S is an infinitesimal interval in W with one endpoint at a; in that sense a germ
may be contained in a tree. On the other hand, if there are two trees W C T
then a germ in 7' may or may not be contained in W. The image of a germ (a, S)
under a map g with finitely many critical points is defined as g(a, S) = (g(a), g(S))
with g(.S) defined as the germ at g(a) containing g-images of intervals from S. In
particular, we may speak of the image of a germ contained in a tree.

Let X be a metric space, g : X — X be a continuous map. Given a sequence
of sets Ry C Ry C Ry C ..., denote the set Ufio R; by Ry. This sequence (and
the set Ry) is called a generalized growing tree if the following holds: (a)
R; C Rit+1 C R;Ug(R;), (b) Ry, is a tree for any n, and (c) there is a finite set of
critical points Cy = {c1,..., ¢} C Ry with g|Rs injective in some neighborhood
of any € Roo \ Cy. Also, a point x € R, is called a vertex of R if x is a vertex
of some R,. The definition of a growing tree given in [2, 3] is a bit different;
namely here in (a) we only require that R; C R;11 C R; Ug(R;) for every ¢ while in
[2, 3] when we defined a growing tree T, we required that T; C T;11 = T; U g(T3)
for every 4. This is the only difference, and it is a subtle but important one (e.g., for
growing trees we always have that T,, = |J!'_, g*(Zp) which is not necessarily true
for generalized growing trees).

f(c)
f(d)

FIGURE 2.1. A growing tree
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In [12, 2, 3] the specific growing tree Ty C T} C ... is constructed. Since in the
cubic case by Corollary 1.4 J is a dendrite, we introduce our definitions under this
assumption. Also, from now we fix notation Ty, for the tree constructed in [12, 2,
3]. Let us now introduce the construction which is defined as follows (see [12, 2,
3]):

(1) choose a non-dividing fixed point @ and connect it with its preimages by
arcs within J which gives the initial tree Tj;
(2) iterate Ty forward thus getting 71 = To U f(Tp), T2 = Th U f(Tp) etc.

All properties of growing trees are easily satisfied by Tt ; in particular, it is shown
in [2, 3] that all critical points of f belong to Tp. It is also worth mentioning here
that despite the terminology, growing trees may happen to be finite. For example, if
we consider the tree Ty as defined above, and if all critical points of f map back into
T then f(Tp) C Tp and so in fact T, = Tp. However this is not a very interesting
case for us because as it easily follows, in this case there are no non-precritical
waves.

Figure 2.1 shows the tree 75 in the cubic case. Different width of line represents
different iterations of the map f; moreover, letters a, b, u, ¢, d are located on the pic-
ture exactly where the corresponding points are on the tree while f(c), f(d), f*(c),
f?(d) are moved off the tree to avoid overloading the picture. We use the notation
[a1,as,...,ax] for the smallest connected set containing points a1, ag, . .., ax; then
To = [a,b,u] while T} = [a, f(c),b,u, f(d)] and T» = [a, f2(d), f(c),b,u, f(d), f2(c)].

The following lemma is proven in [2, 3].

Lemma 2.1 ([2, 3]). Let T C T be two trees. Then the set T\ T’ consists of
finitely many components each of which is a tree itself. Moreover, given a component
a of T\T', the set aNT' consists of a single point b(«).

In the future the point b(«) is called the basepoint of «, and the germ of « at
b(w) is called the basegerm of «.

Lemma 2.2. Suppose that Ag C A1 C ... is a sequence of trees in a dendrite (e.g.,
in J). Then the mazimal diameter of components of (U2,A;) \ Ay, converges to 0
as m — 0o.

Proof. Choose € > 0. Denote U2,A; by As. There may be infinitely many com-
ponents of A, \ A,,, yet only finitely many of them can have diameter greater then
¢ because our dendrite is locally connected and contains A.,. Any component of
Ao \ Apyq of diameter greater than e is contained in a well-defined component
of A \ A, of diameter greater than . If on each step in this process there are
components of diameter greater than € then by Ramsey type theorem there exists

an infinite nested sequence of such components Sy D S; D .... Since they all
are of diameter greater than e their intersection .S = NS; is non-empty. However,
S C Ax \ (U2yA;) =0, a contradiction. O

We need some other general results which were obtained in [2, 3]. We also use a
well-known fact (see, e.g., Lemma 3.8 [5]) according to which any fixed point a of
f]J has a neighborhood U in J such that every point « € U,z # a exits U (a point
z like that may be called mildly repelling).

Lemma 2.3 below is applicable to laminations of all degrees. To state it we need
the following definition: an endpoint of T}, 11 which does not belong to T;, is called
an outer endpoint of 7}, 1.
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Lemma 2.3 ([2, 3]). Let ~ be a lamination. Then the following holds.

(1) All critical points of f|J belong to the initial tree Ty.

(2) All outer endpoints of T,, are the f™-images of critical points of f.

(3) Any germ (a,S) C Teo such that a is not an endpoint of J eventually maps
inside Tg.

(4) Ifz € J is not an endpoint of J then for some integer n we have f™(z) € Ty.

(5) Ify is a non-precritical vertex of J then for some n,m the point f™(x) is a
vertex of T,, which has the same order in both J and T,,.

(6) If y is a non-precritical wave of Tp,_1 then for the least k such that f*(y)
is not a vertex of Ty,_1 we have that f*(y) is either a basepoint of one of
the components of Tpy, \ Trn—1, or a vertex of such component.

(7) For every integer there are only finitely many fized points of f™|J.

Proof. Claims (1)-(6) are obtained in [2, 3]. Claim (7) immediately follows from
Lemma 3.8 ([5]). m]

From now on we prove the Main Theorem. So, in the rest of the section we
assume that ~ is a cubic lamination such that the quotient space J has a non-
precritical wave. We rely upon Corollary 1.4 and use the notation from it. Let us
consider the growing tree Tw,. By Lemma 2.3(1) ¢,d € Ty. By Corollary 1.4(2) and
Lemma 2.3(2), points f™(c) and f"(d) are the only outer endpoints of T;,. Also, by
Lemma 2.3(5) and Corollary 1.4(3) we may assume that for some integer Z a point
x € Ty is a non-precritical wave of J of order 3 in both Tz and J such that any its
image f(z) has the same order 3 in J and in Tz, with i > 0.

Consider T,,, with m > Z (considering growing trees below we always assume
that m > Z, i.e. we work with trees for whom z is a vertex). Then the outer
endpoints of T,,, are f™(¢) = ¢, and f™(d) = d,,. The points ¢, and d,, define
the components C// and D! of Ty, \ T;,—1 which contain ¢, and d,, respectively;
denote their closures by C,, and D,,. By Lemma 2.1 C,,, D,, are “attached” to
Tm—1 at their basepoints u,,,v,,. Clearly, C,, and D,, have their well-defined
basegerms at the basepoints u,,, v,, respectively. There are two possibilities for the
sets Cy, and D,,. First, it may happen that C,, # D,, (see Figure 2.2 on which
the tree T;,,—1 is shown “symbolically” as a segment of a thin straight line)).

Cm

FIGURE 2.2. The case when Cy, # D,,

However, the sets C},, and D,,, may coincide; then there is a unique triod-shaped
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component of T}, \ T),—1 with the basepoint u,, = v,, and outer endpoints ¢,, and
dp, (see Figure 2.3 where T,,,_1 is shown the same way as on Figure 2.2). In this
case we denote the branch point of C,, = D,, by zm,.

drn Cm _
Cm: Dm
z
m
u =V
m m
T
m-1

FiGURE 2.3. The case when C,,, = D,,

By C,, we denote the closure of the component of J \ {um} containing ¢, and
by D,, we denote the closure of the component of J \ {v,,} containing d,,.
The following lemma is important in the proof of the Main Theorem.

Lemma 2.4. For anye > 0 and big enough m there exists k > 0 such that f*(d,,) €
Cm and d(f*(dm),cm) < €.

Proof of Lemma 2.4. We prove the lemma by establishing a series of claims. Observe
that Figures 2.2 and 2.3 can be considered as illustrations to some of them.

Claim A. Points u,, and v,, do not belong to the orbits of critical points, are not
endpoints of T; for any i and hence are vertices of T,,.

Proof of Claim A. Indeed, if u,, is an endpoint of T; for some ¢ then u,, is an
image of a critical point. However, u,, is not an endpoint of T,, because at least
one more germ of T, grows out of u,, compare to the germs of 7T, 1, namely the
basegerm of C,,. Since all the orbits of critical points consist of endpoints of J,
this is a contradiction. Similarly, v,, is not an endpoint of T; for any i. Clearly this
implies the rest of the lemma. O

Assume that M > Z is chosen big enough to guarantee that the maximal diam-
eter of a component of T, \ T}y, for any m > M is less than €/3 (this is possible by
Lemma 2.2).

Claim B. IfC,, N D,, # 0 then Lemma 2.4 holds.
Proof of Claim B. Left to the reader. O

By Claim B from now on we assume that C,,, and D,, are disjoint (and hence
Cr = [Um, cm], D = [Um, dim] and wp, # vpy).

Claim C. At least one of the points um,, vy, belongs to the forward orbit of x.

Proof of Claim C. Follows from Lemma 2.3(6) and the fact that C,,, D,, are
arcs. ]
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Now we continue the proof by way of contradiction. Observe that by the choice
of M if the former claim of the lemma holds then so does the latter. Thus from
now on in the proof of the lemma we make the following assumption.

Assumption Z. For some m > M there exists no k such that f*(d,,) € Con

Below we will use the following a bit non-conventional terminology: given two
trees which have a unique point @ in common we say that one of them (usually
perceived as the smaller one) sticks out of the other one (at the point a). Now we
introduce a useful for the future construction. Define a sequence of sets T/, > m—1
inductively as follows. Set T, _; = Ty,—1 and T, =T}, _,UD,,. Then T, is a tree
which coincides with the union of T}, _; and an arc D’ = Dy, = [vm,dy] which
sticks out of Ty, ;. Now, for every j > m we set T;,, = T/ U f(T; \ T}_;). In
particular, T}, ., = T, U f(D,,) = T;, U D;, U f(D,,), and so on. In Claim D we
show that T/, _; C T/ C ... is a generalized growing tree with specific properties.

Claim D. The following facts hold.

(1) The sequence T,y C T, C ... is a generalized growing tree: for any two
trees T/_, C T} there is an arc D} = [v},d;] stz’cking out of T]_, with an
endpoint d; = f*(d ) such that T; =T;_; UD;j and T{ , =T} Uf( 5.

(2) Ty =T, -1 Y (V5= —m D)) U f(D)) =T,y U (UL D’))

(3) The basepoint v;, of sets Dy, ; do not belong to ) the orbits of critical points
and are vertices of T, ., with k > 1.

Proof of Claim D. Observe first that the claim (2) of the lemma follows from the
claim (1) and the construction. Observe also that if (1) holds then repeating the
arguments from the proof of Claim A we can easily prove (3). Thus it remains to
establish (1) which we do by induction.

First notice that the base of induction holds. Now, suppose that all the properties
listed in (1) are satisfied for all numbers m — 1,m,...,m + k and show that they
are then satisfied for m + k& + 1. By induction T;H_k = Tv/n+k—1 U D;}H_k and
by the construction we define T}, , ., as T, , U f(D;, ). Consider the point
Vi € Ty yp_q and show that f(v), ) € T .. By (3) and induction vy, 1 does
not belong to the orbit of a critical point and is not an endpoint of 7, for any r.
Now, since v, , € T, ., then either f(v;, ;) € T, .1, or f(vy, ) € Cp, or
J(vy, ) € D), (by induction the only two places where points can exit T, 1
are Dy, and Cy,). Let us show that f(v), ;) cannot belong to C,. Indeed,

V) 18 mapped into C),, then f( m+k) sticks out of C,,, because v), is not a critical
point and a nelghborhood of v, in T} ,_, maps onto a neighborhood of f(v m+k)
in €, thus “occupying” all available germs of C., at f(v;,) and “forcing” f(D;, ;)
to stick out of C),. Since the point d,x41 is obv1ously an endpoint of f(D;, )
this implies that dm+k+1 e C,, and contradicts Assumption Z. So, f(v Vir) &€ Cm
and hence f(v;, ) €T, .

We conclude that f( m+k) is an arc connectlng flv m+k) €Ty .\ and dyypyt-
Since J is a dendrite we see that in general f(D;,, ;) is the union of two concatenated
arcs, one of which is the arc [f(v;, ), vy, x41) contained in T}, while the other is
Dy i1 = Wnira1s @myrs1]. Observe that if f(D;, ) sticks out of T}, then
D’ rtksr = f(Dmyr) and f(vy,) = vy, 4. Otherwise (i.e. if f(D’ ) turns inside

T;,) the arc [f'(Vm+k), V), piq] is non-degenerate and D!, . S f(D;, ;). In any
case, this inductively proves the first claim of the lemma and therefore the entire
lemma. O
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Essentially, Claim D follows from Assumption Z. If Assumption Z failed then
some v;, ,; could belong to Cy,, and the corresponding T}, , ; defined as above would
not be a tree because it would then be disconnected.

In what follows we will need another non-conventional term. Suppose that we
are given two sequences of trees, A; and B;, such that for all 0 < i < k — 1 the tree
A; sticks out of B; while A; has more than one common point with By (usually
these trees will be dynamically defined). Then we say that at the moment k the
tree Agx_1 turns (inside By), and the moment k& when it happens is said to be the
first turning moment (for A;). We think that this terminology helps visualize
the proofs which justifies its introduction.

In fact one of important and general (applicable to laminations of all degrees)
observations concerning the growing tree Ty C 77 C T C ... deals exactly with
the phenomenon of turning. Indeed, fix m and consider the tree T, = By and a
component A = Ag of T}, 11 \T),. Then as B; we take T}, ; and as A; we take f¢(A).
Consider the basepoint a of A and the basegerm (a, S) of A. Then by Lemma 2.3(3)
the germ (a, S) eventually maps into Tp, so definitely there will be the first moment
j when it will map into B;. This is the first turning moment we introduced in the
previous paragraph. More explicitly - and without our terminology - one can say
that j is the least such number i that fi(A) and T,; are non-disjoint (observe,
that when ¢ = 0 the sets T}, = By and A = A are disjoint and that for every i we
have fi(a) € Tmti)-

In general at the first turning moment of A a number of combinatorial (in the
dynamical sense) events may take place. We illustrate only one simple way in which
this can happen because the picture is applicable in the cubic case. Namely, assume
that a is not an endpoint of 7T, and does not pass through a critical point before
A turns. Assume also that fi=!(A) is an arc and so are all other components of
Tn+ti \ Tnti—1. Then the fact that ¢ is the first turning moment of A implies that
actually fi(a) is a vertex of T},,+;. Indeed, under f the basegerm of f~1(A) maps
into T}y, 44, but the germs of T;,, 4,1 at a do so as well, and since by the assumptions
on a there are at least two of them we see that there are at least 3 germs of T}, 4,
at fi(a) as claimed. This is sketched on Figure 2.4 (thick lines show the images of
A).

¢ i—l(A) |
' (A)

Tm+i

m+i-1

FIGURE 2.4. The turning moment

Denote by Si the set of all basepoints of sets D, ;. By Claim D all these

e
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basepoints are vertices of 7T}, ,,. Moreover, by Claim D the set Sy together with
the vertices of T},,_1 form the set of all vertices of T7’n+k. The set Si can be divided
into orbit segments of some particular vertices from Si. Indeed, first these are
images of v, = v/, taken over the period of time when arcs f*(D/,) do not turn
inside trees T}, . ;. At the first turning moment (when f*'(D;,) turns inside
T),4+s,_1) anew basepoint vj,, . is created and then an initial segment of its orbit
is included in the set Sy of vertices, namely the initial segment until the next
turning moment m + s; + so, etc. We summarize these observations in Claim E
below.

Claim E. The set Sy can be divided into orbit segments of points

{0 fW) = Vns o ST = DUy ST O} = Di

where m 4+ s1,m + $1 + So,... are the turning moments as defined above.

Now we can describe the strategy of the proof of the lemma. We will show that
the set V. of all vertices of any tree T}, ,,,k > 0 consists of points which are
preperiodic or preimages of u,, (in particular vy, is preperiodic or preimage of ).
On the other hand, if & is big enough the analysis of the behavior of u,, shows that
either w,, is preperiodic or it is eventually mapped onto one of the vertices from
Vi Since by Claim C the wave x passes through either w,, or v, we see that x
cannot be wandering, a contradiction.

Claim F. The point f™V!(d) = dm4i does not belong to T}, ., ;.

Proof of Claim F. Indeed, by Corollary 1.4(2) all images of d are endpoints of
J, hence d,,,; is an endpoint of T}, ;. Assume by way of contradiction that dy,4;
belongs to 7'n+l_1. Then it is an endpoint of Tr'n_H_l. By the construction the
endpoints of T}, , | are either endpoints of Ty (all of which are preperiodic), or
images of ¢ (with which d,,,+; cannot coincide by Corollary 1.4(2)), or points d; with
it < m+1 (so that if d,,; = d; then d is preperiodic, a contradiction to Corollary

1.4(2)). Thus dpmy €T, ;- ]

The next claim is one of the major ingredients of the proof of Lemma 2.4.
Claim G. All vertices of Ty, ;. are preperiodic or preimages of Uy, .

Proof of Claim G. First consider vertices of T),_; = T;,,—1; by Corollary 1.4(2)
none of them is precritical. By way of contradiction consider a wave z of T},_1.
Then by Lemma 2.3(6) z is eventually mapped onto u,, or v,,. In the former case
we are done with respect to z, in the latter case it is enough to consider points
of the set S; which are not vertices of T,,_1. So let us now assume that z is a
non-precritical wave in Sy. First let z = v,,. Let us follow the orbit of v,,. Observe
that if v,, ever maps onto a vertex of T,,—; then by Lemma 2.3(6) some future
image of v, coincides with either v,, or u,, as desired. Assume that v,, is never
mapped onto a vertex of T,,_1. Take the first moment s; when f'(D] ) turns
inside T, , ., ;. At this moment z = v, maps onto a vertex of 7} , ., which by
assumption is not a vertex of T, ;. However as explained above all such vertices
are images of v,, = z. Hence v, = z is preperiodic as desired.

Consider now the case of z being a vertex of 7}, , which is never mapped onto
a vertex of T, _; or onto v,,. By Claim E it is enough to consider the case when
z is the initial point z = v}, ,, ..., of an orbit segment I;1, one of the orbits
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segments into which Sy is divided by Claim E. Then the point f%i+1(z) is a vertex
of Tryys,+-.4s:41—1 Which either belongs to the same orbit segment I;, (and so z
is preperiodic) or belongs to another orbit segment I; with ¢ < i+ 1. Clearly, after
finitely many steps the point z is “forced” to either become a preperiodic point or
be mapped onto a vertex of T, _; or v, which as we saw above leads to the desired
conclusion. O

To finish the proof of Lemma 2.4 we need the formula for the tree T}, ; obtained
in Claim H below.

Claim H. T,,4; =T}, ; U (U f/(C)).

Proof of Claim H. By the construction of the standard growing tree T; C Ti+1 C
. we know that Ty, 4; = Trpm1U(U_o f*(Crr,UD,y,)). To prove the claim it is enough
to show that Ty ; C T}, ; U (U_of*(Cin)) (the opposite containment is obvious).
Because of the above formula for T}, ; it is sufficient to show that UJ_, f*(Dy,) C
AUV _of (Cn)). Let us prove it by induction. Clearly, this containment holds
for j = 0. Assume that it holds for j, i.e. that Ul_,f*(Dy) C T}, ;U(U_o f*(Cin)).
This implies that f(U/_,f (D)) < f(T! iy U U (WX f(C,n))), and since by the
construction f(7},, ;) C Cp UT), ;. we see that indeed Ut fi(Dy) C T, +g+1 U
(WX £1(Cm)). So we finally conclude that T}, ;1 = T/ 4it1 U (U F1(Cm)) &

m
desired. O

The next claim effectively completes the proof of Lemma 2.4.
Claim 1. The point u,, is preperiodic.

Proof of Claim I. Let us consider the arc C,, until its own first turning mo-
ment by which we as always mean the least k such that f¥(C,,) turns inside
Tintk—1. For each j < kK — 1 we have the following: the arc C,,; sticks out of
Tntj—1 and has the image f7(u,) of u,, as the basepoint. Then F(uny) is a
vertex of Tik—1 = Tyt U (U0 fH(Cm)). If fF(um) is a vertex of T), ., _,
then by Claim G it is either preperiodic or mapped onto wu,,; either way wu,, is
preperiodic. Otherwise f* (um) is a vertex of T,1,—1 which is not a vertex of
T 4r_1- As follows from the choice of k and Claim H, in fact all the vertices
of Tinyr—1 are divided into two subsets: A which is the set of all vertices of
T ry and B = {tm, f(tm),..., f* " (un)}. Hence the only remaining case is
when f*(u,,) € B which again implies that u,, is preperiodic as desired. O

Finally we are ready to finish the proof of Lemma 2.4. Indeed, by Claim C the
forward orbit of the wave z passes through either u,, or v,,. However, u,, is prepe-
riodic by Claim I and v, is preperiodic by Claim G and Claim I, a contradiction.
This shows that Assumption Z leads to a contradiction. Therefore for any m > M
there exists k such that f¥(d,,) € C,, and d(f*(d,n), cm)e. |

Observe that Lemma 2.4 is symmetric with respect to the critical points ¢ and
d. With respect to the limit behavior of these points it tells us that given e from
some time on any forward image of ¢ can be approximated by some forward image
of d, and vice versa. This implies the claim of the Main Theorem which states that
w(c) = w(d) = A. By Corollary 1.4(4) we conclude that in fact w(y) = A for any
wave .

The second half of the Main Theorem is the claim that both critical points of f
are recurrent. We prove that in fact for the wave x chosen above we have d € w(x)
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(it follows similarly that ¢ € w(y)). Clearly together with the conclusions of the
preceding paragraph this would complete the proof of the Main Theorem. Observe
that our proof of the fact that d € w(x) does not use Corollary 1.4(4). Since by
Corollary 1.4(2) no vertex is ever mapped into a critical point we conclude that x
does not come closer to d than a certain positive number .

Now we need a couple of general properties which can be considered as extensions
of well-known properties of interval maps onto certain maps of dendrites. Basically
these properties follow from the fact that f|J has no wandering continua (by The-
orem 1.2(2)) and that for any n the set of fixed points of f™ is zero-dimensional
(Lemma 2.3(7)). First we need the following lemma.

Lemma 2.5. For every € > 0 there exists a number o(e) > 0 such that for any
continuum K C J with diam(K) > € we have that diam(f*(K)) > o(e) for any
1> 0.

Proof. First observe that there exists a finite collection of continua Ki,..., K,
in J such that every continuum of diameter greater than e contains one of K;’s.
Indeed, by Theorem 10.27 from [14] there exists a finite tree T C J such that
the diameter of any component of J \ T is less than /4. Clearly, there exist
finitely many arcs K1,..., K,, in T such that any subcontinuum of T" of diameter
greater than /2 contains a set K; with 1 <4 < m. Consider a continuum K C J
such that diam(K) > e. Then K NT is a continuum itself. Let us show that
diam(K NT) > ¢/2. Indeed, suppose otherwise. Choose two points y,y" € K such
that d(y,y’) = diam(K) > ¢ and also the component Y of J\ T containing y and
the component Y” of J\ T containing y'. Then diam(Y') < /4, diam(Y”) < £/4 and
on the other hand there are points a € YN K NT, b€ Y' N K NT. By the triangle
inequality we conclude that d(a,b) > d(y,vy') — d(y,a) — d(b,y') > e —¢/2 = ¢/2
which implies that diam(K NT > /2. Hence there exists 7,1 < ¢ < m such that
K> KNT D K; as desired.

Now, by Lemma 3.8 ([5]) given a non-degenerate continuum K C J there exists
§ > 0 such that diam(f?(K)) > 6 for any 5 > 0. In particular this holds for
Ki,...,K,,. Thus if for every i we choose the lower bound on diam(f?(K;)),5 > 0
and then choose the maximum of these lower bounds we will get the desired number
o(e) > 0. m]

Next we discuss another general fact which now deals with preperiodic and pre-
critical points. A set A such that every non-degenerate continuum in S contains
a point from A is said to be condense in S (“continuum” + “dense”); this term
was introduced in [7] where it was used in a totally different context. In the case of
finite graphs the fact that a set is condense is equivalent to the fact that it is dense.
In general it is not so; the next lemma specifies the situation for dendrites.

Lemma 2.6. If S is a dendrite then a set A is condense in S if and only if every
non-degenerate arc in S contains a point from A.

Proof. Tt is enough to show that if every non-degenerate arc in S contains a point
of A then so does every non-degenerate continuum. To see that observe that every
non-degenerate continuum in S is arcwise connected (see [11]) and therefore contains
non-degenerate arcs; since they contain points of A by assumption, we are done. O

In the next lemma we draw one more parallel between f|J and one-dimensional
maps (i.e. maps of one-dimensional branched manifolds, or “graphs”) and show
that some properties of one-dimensional maps hold for maps of dendrites without
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wandering continua (which then applies to a factor map f|J of z¢ under a lamination
by Theorem 1.2(2)). A map is said to be topologically exact if for any open set U
there is a number n such that f™*(U) = J. Also, by a critical point of a continuous
map we mean a point at which the map is not a local embedding.

Lemma 2.7. Suppose that f : J — J' is a continuous self-mapping of a dendrite
J’ without wandering continua. Then the following holds.

(1) Preperiodic points are condense in J.

(2) If the set of fized point of f™ is zero-dimensional for every n then precritical
points are condense in J.

(3) If f : J — J is a factor of 2% under a lamination then it is topologically
exact.

Proof. (1) By way of contradiction assume otherwise. Then there exists an arc I
whose forward orbit avoids periodic points. On the other hand by assumptions I is
not wandering. So we may assume that there exists k > 0 such that f*(I)N 1T # 0.
Consider the set A" = U2, f**I and then the set A = A’. By the construction
fE(A) € A. We want to study the restriction f*|4. By the assumption A’ contains
no periodic points. On the other hand there must exist f*-fixed points in A because
A is a dendrite itself (see, e.g., [14], Theorem 10.31). We conclude that all f¥-fixed
points in A are endpoints of A.

Choose a fixed endpoint a of A and consider dynamics in its small neighborhood.
Pick a point b € A very close to a and consider the arc [b, a] and the set f*([b, a]).
Since a is an endpoint of A we see that these sets have a non-trivial intersection
which has to be an arc [a,y]. We can choose a smaller arc [a, z] C [a,y] such that all
its points map into [a,y]. Then since by the assumption all fixed points of f¥| are
endpoints of A and there are no wandering continua we see that all points of (a, z,]
map farther away from a. Choose a point z, € (a, z) which is not a vertex of A (by
[14], Theorem 10.23, the set of all vertices of A is countable). Then z, cuts A into
two components; denote that one of them which contains a by R,. We can always
choose z, so close to a that diam(R,) is smaller than diam(A)/3. The set R, is
open and its endpoint z, does not map into R,. Repeating this argument for all
points from the set F of fixed points of f¥|4 and using the fact that F is compact
we can find a finite set B of fixed points of f* such that UsepR, = W D F.

It is easy to see that if u,v € B then either R, and R, are disjoint, or one of
these sets contains the other. Indeed, suppose that v ¢ R, and show that then
zy ¢ R,. Indeed, otherwise we get that R, U R, = A which impossible because
diam(R,) < diam(A)/3,diam(R,) < diam(A)/3. So, z, ¢ R, which implies that
R, and R, are disjoint. Now, suppose that u € R,,. Then there are two possibilities:
it may happen that z, € R, in which case R, C R,, or it may happen that z, ¢ R,
in which case R, C R,. Either way the claim is proven, and so we can refine our
collection B and assume that all sets R;,t¢ € B are pairwise disjoint.

Define a map h : A — A which maps each R,,a € B onto a and is identity
elsewhere. Next, consider a dendrite D = A\ W and define a new map g = hf* of
D into itself. Clearly, g is a continuous map of a dendrite D into itself, so it must
have at least one fixed point. However it cannot be a point of D not coinciding
with z, for some a € B because of the assumption that all fixed points of f*|4 are
endpoints of A. On the other hand it cannot be z, with some a € F because of the
choice of points z,, a contradiction which completes the proof.

(2) By way of contradiction assume otherwise. Then there exists an arc I whose
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forward orbit avoids critical points. Applying to I and its iterates the same con-
struction as before we may assume that A C J is a dendrite such that f*(A4) C A
for some k and f* : A — A is an embedding (in principle, critical points of f may
belong to A but only as endpoints). Let us show that this is impossible.

Indeed, by (1) there are two periodic points x,y of f¥|4. Consider a power g of
f such that g(z) = z,9(y) = y. Since g (being a power of f¥|4) is an embedding
we see that g maps the arc [z,y] onto itself in a homeomorphic fashion. Since by
the assumption the set of all f™-fixed points is zero-dimensional, this implies that
there exists a g-fixed point z € [z,y] attracting points on at least on side in [z, 3],
a contradiction with the non-existence of wandering continua.

(3) Immediately follows from the fact that z? : S' — S is topologically exact
and properties of laminations. O

The assumption that J is a dendrite is necessary here - otherwise the Julia set
may contain a Siegel type closed curve, and there are not periodic points in such
curves. Also, one can think of claim (1) of Theorem 2.7 as an extension of a
well-known fact according to which periodic points are dense in the Julia set of a
polynomial. For the interval maps results similar to claims (1) and (2) of Theorem
2.7 are known (see, e.g., [1]).

The last general technical result which we need here is the backward stability
of f. We define it as follows: if X is a compact metric space then f is said to
be backward stable if for any § there is € such that for any continuum K with
diam(K) < g, any n > 0 and any component M of f~"(K), diam(M) < § (similarly,
the backward stability at a point can be defined).

The notion extends the classical Lyapunov stability onto backward orbits of non-
invertible maps. Essentially, it was first introduced by Fatou who showed that a
polynomial P : C — C is backward stable at points not belonging to the limit
sets of critical points. Other facts concerning backward stability which follow from
classical results (in particular, from the description of the local dynamics at periodic
points - see, e.g.,[8]) are that P : C — C is not backward stable at any parabolic
periodic point which lies in the Julia set. Obviously, P is not backward stable at
attracting periodic points. Thus, the well-known obstacle for the backward stability
of a polynomial at a point of its non-wandering set is that the point could be an
attracting or neutral periodic point, and in [5] we prove that if J(P) is locally
connected then this is the only obstacle for backward stability at such a point. Let
us also point out that the above discussed way of defining backward stability was
introduced in [12].

In the preceding paragraph the map is considered at points on the plane while
we are interested in the backward stability of the entire f|J as defined above. This
problem was partially solved in [12, 2] and then solved in [5].

Theorem 2.8 [5]. The map f|J is backward stable.

Now we are ready to pass on to the proof of the rest of the Main Theorem which
states that both critical points of f are recurrent. By Corollary 1.4 there are two
possible cases for the sets C,,, Dy,.

Case 1. The sets Cy,, D, are disjoint arcs.

This was the main case considered in the proof of the fact that with the assump-
tion of the existence of a non- precritical wave we have w(c) = w(d).
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Case 2. The sets C,, and D,, coincide and are homeomorphic to a triod.

Below we will prove, that in fact Case 2 is impossible. However to begin with
we will have to argue assuming that Case 2 can take place. In order to consider
possibilities we need to introduce notation. Recall that the basepoints of C,,, D,,
are denoted u,,, vy, respectively. In Case 2 the vertex of C), = D,, is denoted by
Zm. In our arguments an important role is played by the arc I’ defined as follows:
if Case 1 takes place then IT" = (vy,, dp], if Case 2 takes place then I = (2, dpm .
So in any case I is an arc in D,, whose one endpoint is d,, and who extends
inside D,,, until it hits a vertex of T},,. We want to pull I]' back m times along
the orbit of d inside T,,_1. By a pull back of a continuum K C T,, inside T},_1
we understand a component of f~1(K)NT,,_1, and if we specify a point from the
pull back then we mean the pull back containing this point. For example, I]_; is
defined as the pull back of I’ inside T}, containing d,,—1, I)'_5 is defined as the
pull back of I/, in side T}, containing d,,_2, and so on. This defines continua
Iy, e, ..o, I, and explains our notation.

Let us now make a couple of useful observations. First, it follows from Lemma
2.2 that diam(I?) — 0 as m — oo. By Theorem 2.8 this implies that in fact
diam(I™) — 0 as m — oo uniformly over 4,0 < i < m. Second, IJ" is a continuum
containing d inside which maps onto I} in at most 2-to-1 fashion (the point d; has
a unique preimage inside I* though), the set I7* has d; as an endpoint, the set I3
has dz as an endpoint, etc. The entire collection of sets I, ..., I§" is denoted by
7.

The main step now is to show that in some cases the sets I;",0 < j < m are
arcs. Also, we describe the trajectory of a point z € T),_1 assuming that it stays
in T;,—1 for a while and then exits T,,—; and gets mapped into I;?. Basically, we
show that this can happen only if the point z passes through 1.

We want to remind the reader that we call k4 1 the turning moment for Cj, if
f maps the basegerm of C}, into T}. Let us show that if £ + 1 is a turning moment
for Cj, then f(uy) is a vertex of Tj. Indeed, by Corollary 1.4(2) uy, is not a critical
point, so distinct germs at u; map onto distinct germs. Now, there are at least
2 germs of Tyx_1 at up which are not the basegerm of Cy (observe that if there
is a basegerm of Dy # Cj at ug then as follows from Corollary 1.4(3) ux = vy is
preperiodic whereas x must pass through uy or vg by Lemma 2.3(6), a contradiction
with the assumption that x is wandering). The images of all the germs of T}, at uy
are in T}, hence indeed f(uy) is a vertex of Tj.

Lemma 2.9. Let m + 1 be a turning moment for C,,. Then sets from I contain
no vertices of Tp,.

Proof. First we prove that sets I), I'"_,, ..., IJ" contain no vertices of T,,,_1. Even
though the pictures are different depending on whether Case 1 or Case 2 take place
for m, to begin with a common argument can be suggested which covers both cases.
Before we proceed recall that none of the sets I, contains a critical point of f, and
hence if a germ/tree sticks out of some I ;" then its images stick out of images of
I7" on each step through the interval Ij;.

By way of contradiction assume that there is a vertex e; of Tp,—; in I, and that
j is the greatest number between 0 and m with this property. Then j < m because
no part of T,,_1 sticks out of I'". We denote a component of T,,_1 \ {e;} which
sticks out of IJ" at e; by E; and denote the basegerm of L; at e; by (ej, R). Since

(ej, R) is contained in T;,,—1, its image f(e;, R) is contained in T},. This shows that
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in fact j < m — 1. Indeed, otherwise f(e;, R) sticks out of I]" while no germ of T,
sticks out of I, a contradiction. Hence j < m —1 and therefore f(e;, R) sticks out
of Iy where j+1 <m.

Next we prove the following claim.

Claim J. The set D,, cannot stick out of the set I, with 0 < r < m.

Proof of Claim J. We may assume that r < m. It follows that if D,, sticks out
of I'™ then the set f™~"(D,,) sticks out of f™~"(I™) C I'. This implies that D,,
is mapped by f™~" inside itself which contradicts topological exactness of f. O

Consider the germ f(e;, R). On the one hand, f(e;) € T),—1, on the other hand
f(e;, R) is a germ of T, which sticks out of T,,_1 (by the choice of j the germ
f(e;, R) cannot belong to T,,—1). Hence it is the basegerm of either C,, or D,,.
By Claim J the case when f(e;, R) is the basegerm of D,, which sticks out of I7%,
is impossible. Therefore under our assumptions Case 2 cannot hold for m because
otherwise f(e;, R) must be the basegerm of D,,, (recall that in this case C,, = D).

Thus we may assume that Case 1 takes place for m and that f(e;, R) is the
basegerm of Cy, which sticks out of It 1,7 + 1 < m. By the choice of m if f(e;, R)
is the basegerm of C,, then on the next step the germ f(e;, R) has to map into T,
(because m+ 1 is a turning moment for C,). So, the germ f?(e;, R) belongs to T},
and sticks out of I}, with j+2 <m. If j +2 = m then we get that a germ of T3,
sticks out of I}’ which is impossible. If j42 < m then there are several possibilities,
and we will show that none of them can take place. First, f2 (ej, R) can belong to
Tr—1. In this case fz(ej) is a vertex of T, because there are at least three germs
of Tu—1 at f(e;), namely the two germs of I7}, and f?(e;, R). This is impossible
by the choice of j as the maximal number between 0 and m such that I7" contains
a vertex of Ty,_1. Next, the germ f?(e;, R) can be the basegerm of D,,, which then
sticks out of I, with j 4+ 2 < m. By Claim D, this is impossible either. Finally,
f?(ej, R) can be the basegerm of C,,. However, f(e;j, R) is the basegerm of C,, too.
Thus in this case f (C’m) c C,, which contradicts the topological exactness of f.
We conclude that none of the three possibilities can take place and so no vertices
of T),,,_1 belong to the sets from Z.

It remains to show that w,, or v, cannot belong to the sets I}, I} _,..., I§".
There are several cases when it follows from the previous results. Namely, by Claim
J the basepoint u,, = v,, of C,, = D,, cannot belong to sets from 7, so we may
assume that Case 1 takes place. Moreover, u,, ¢ I simply by the definition.

By Claim J it remains to consider the case when C,, # D, Uy, € I",7 < m.
Then there are at least three germs of T}, at u,,,: the basegerm of C,,, and two germs
of I”*. Since u,, is not a critical point then these three germs have distinct images.
Moreover, the image of the basegerm of C,, is contained in 7;, because C,, turns,
and the images of germs of I’ at u,, are contained in T, because IJ* C T,,_;.
Hence f(un,) is a vertex of T;,,, and since it belongs to I]" ;, 7 + 1 < m it cannot be
a vertex of T;,,_1 by the proven above. By Claim J f(u,,) # vy, either. So the only
remaining case is when f(u;,) = u,,. However then w,, is a dividing fixed point of
f which has to belong to Ty by Lemma 2.3(4) while the set I} | is disjoint from T
(if it is not then applying f™~"~! we see that there are points of T},_1 is I which
is impossible). Thus we see that indeed v, or u,, cannot belong to the intervals
VS P LR O

m>’ m—1»
Let us now prove the following lemma which uses the notation from the previous
lemma (e.g., m + 1 is the turning moment for C,).
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Lemma 2.10. Suppose that for a point y there exists a number k such that y €
Tty f(y) € Ton—ts-oos f*7NY) € Tnn, fH(y) € L. Then f5='(y) € Iy,
fF2(y) € I™_,, ... and in general f*~i(y) € I"™ _, for any i < min{k, m}.

Proof. We prove the lemma by way of contradiction. Consider the initial segment
of the orbit of the point y. If the conclusions of the lemma fail then there exists
0 < j < k such that fi(y),0 < i < j — 1 does not belong to the union of the arcs
ImIm_ ... It" while f7(y) belongs to an interval I with some r > 0. In other
words, the first time y enters the intervals I, I'"_ ..., I)" takes place outside I".

Consider the point f/=1(y) € T},,_1. Since by Lemma 2.9 no parts of T}, stick
out of the intervals I, I™ ... I then a small neighborhood U of fi~!(y) in
T,,—1 is mapped by f onto a small neighborhood of f7(y) in I™. This implies that
U is an arc; we can think of it as a “vector” starting at its initial point, ending
at its terminal point and pointing in the direction which, when mapped forward
by f, corresponds to the direction toward d,.. Extend the “vector” U beyond its
terminal point until it hits an endpoint of T},,_1 or a critical point (whichever comes
first) and denote the new vector U’ and its new (compare to U) terminal point by
w. Observe that by Lemma 2.10 there are no vertices of Ty, 1 in U’. The f-image
of U’ must end within I/, and since f(w) is an image of a critical point we see

that f(w) = d, (otherwise we contradict Lemma 2.9). However this implies that
w = d,_1 and that f7=1(y) already belongs to I"™ |, a contradiction. O

Consider now Case 1 and Case 2 with respect to the behavior of sets C,, D,, as
m — 00. To do so we need more notation. Namely, the endpoint of I}* which is
not equal to an image of d will be denoted by wy,— and the germ of I} at wy,—x
will be denoted by (wy,—x, 4).

Lemma 2.11. Let m be a large number such that Cy, # D,, = I" and C,, turns.
Then the f-image of the basegerm of C.,, cannot be a germ (wp,—g, A) for some
0<k<m.

Proof. We prove the lemma by way of contradiction. Assume that the basegerm of
Cpm 18 (um, B) and that f(um, B) = (Wm—k, A) for some 0 < k < m. Then the map
f* maps (wm_g, A) onto the basegerm (v,,, F) of D,,. Let us follow the forward
orbit of D,, until it turns for the first time; denote the turning moment for D,,, by
m + s (so that s is the least number such that f* maps the basegerm of D,, inside
Tmis—1). By Lemma 2.3(6) and because f*+1(u,,) = v,, we see that actually both
U and v, are waves, and so v, never maps into u,,. Thus at the moment m + s
the point f™"%(v,,) is not equal to t,, or vy,.
Next we need the following claim.

Claim K. For anyi,0 <i <'s, we have that the point fi(vm) belongs to Ty,—1 and
if i < s then the set f*(Dy) = Dytq sticks out of Tp—1.

Proof of Claim K. Indeed, if v,,; does not belong to T),,_1 for the first time
then one of the following two cases takes place: a) vyyqi € Crny b) Uti € Dy In
the case a) f'(D,,) sticks out of C,, because the other germs of Ty, 1 at vy, 11
have images which occupy germs of C,, at vp,4; while v, ;-1 is not critical (by
Corollary 1.4(2)). Then the assumptions on the behavior of C,, imply that f&+i+1
maps C,, into itself, a contradiction. If Case b) holds then similarly f* maps Dy,
into itself, a contradiction. The other statement of the claim is obvious. One can
visualize the dynamics by thinking of D,, as “sliding” on the “surface” of T;,_1. O
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The fact the point f"%%(v,,) is not equal to u,, or v, and Claim K imply that
F™5(v,y,) is a vertex of T, —1. Then because it is wandering Lemma 2.3(6) and our
assumptions concerning the behavior of u,, and v,, imply that some forward image
of v, coincides with v,,, a contradiction. O

For the sake of completeness we now prove the following lemma.
Lemma 2.12. There exists QQ such that for any i > @ Casel takes place.

Proof. We prove the lemma by way of contradiction. First suppose that Case 1
and Case 2 take place for infinitely many values of m. Then there are moments
when Case 1 is replaced by Case 2 and vice versa. Consider a moment m when
Case 1 is replaced by Case 2, and assume that m is sufficiently large. Then C,,, and
D,,, are disjoint arcs while C},11 = Dy,41 is a triod. This implies that there are
points $m,tm € CmyPmsGm € Dm such that f(s;) = f(Pm) = mt1 = Umy1 and
f(tm) = f(gm) = 2Zm+1. Now, let us follow the set Cp, 1 = Dypqq until its turning
moment. That is, let & > m + 1 be the least such number that Cy = Dy turns (the
basegerm of C}, = Dy, maps inside Ty). By the proven above, this implies that for
the interval I,’j = (2, dy] its backward orbit in Ty_; is I,’j_p . ,I(lf continued by
preimages of I¥. Now we continue by proving a series of claims. Claim K1 below is
very close to Claim K from the proof of Lemma 2.11; in Claim K1 we look at the
behavior of the set Dy, from the moment m + 1 through the moment % (that is,
within the segment of the orbit when no turns take place).

Claim K1. For anyi,0 <i <k —m — 1, we have that the point f*(u,,+1) belongs
to T, and the set f'(Dpi1) = Dyyir1 sticks out of Tp,.

Proof of Claim K1. Indeed, if w,,+;4+1 does not belong to T, for the first time
then it must belong to D,,41. By the choice of k as the first turning moment after
m+1 and because m+i+1 < k this implies that f*(D,,11) = Dyyyit1 sticks out of
D, 41. Therefore fi(ﬁerl) = bmﬂ- C .Derl, a contradiction with the topological
exactness of f. So, we have f*(uy41) € Ty for 0 < i < k—m — 1, and by choice of
k the set fi(Dyy11) = Dynyir1 sticks out of Ti,. |

The next claim studies the behavior of a wave z € Ty, _1.
Claim L. Ifz € Ty is a wave then x = f*(2;541),0 <s<k—m — 1.

Proof of Claim L. Suppose that z is a vertex of Tj_;. Consider the first time x
stops being a vertex of Ty_;. By Lemma 2.3(6) it can only happen when f"(z) = uy
or when f"(x) = zp. Moreover, germs of T_; at  map by f” into germs of T}
at uyp or zjp respectively because otherwise we would have that N(f"(z)) > 3, a
contradiction with Corollary 1.4(3). Suppose that f"(x) = z; and consider a tiny
interval U = (z,y] C Tk_1 such that f"(x,y] C If = (zx,dx) and for any j < r
we have f(U) C Ty—1. Such interval U exists because otherwise there is a smaller
than r power of f which maps = into a non-vertex of Ty_;. Then by Lemma 2.10,
by Claim K and by the assumptions from above about creation of Cy,41 = D41
we see that it can happen only if z = f*(2,,41),0 < s < k—m — L.

It remains to consider the case when f"(z) = ug. We prove below that uy is
not a wave which excludes this case. Moreover, this shows that of the vertices of
Ty, which are not vertices of Ty_1 only z; could be a wave and thus completes the
proof of the claim.

So, let us show that ug is not a wave. By the choice of k on the next step f(uy)
remains a vertex of T}, (the image of the basegerm of Dy belongs to T}, and so are the
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images of the two germs of Ty, _1 at ug). If this vertex f(uy) is zi then it is easy to see
that the basegerm (s, A) of Dy, cannot map into I¥. Indeed, otherwise f(D,,) C Dy,
which contradicts the topological exactness of f. Hence it is a germ of Tj_1 at ug
which maps into I,’j by f. By Lemma 2.10 it implies that uy = z;_;. However by
the shown above uy € Ty, while z;_1 ¢ T, because z;_1 € Di_1 and Dj_; sticks
out of T,,,. This contradiction shows that f(ur) # zx. Then f(ug) is a vertex of
Ti_1 which will have to exit the set of vertices of T),_1 at a later moment. When it
happens, it cannot happen at u; because then uy is periodic. So f(ug) is a wave in
Ti—1. By the previous paragraph f(ux) = f*(zm+1) = 2m+s+1,0 < s < k—m — L.

Consider this situation in detail. If the basegerm of Dy maps into the germ
(Zmast1, A) of [Zmisi1,dmist1] by f then as before we see that f*~™~% maps
f)m+s+1 into itself which is impossible because f is topologically exact. Hence it is
a germ of T),, at ug which maps into (z,,4s+1,4). By Lemma 2.10 if s > 0 then
Uk = Zm+s which is impossible because wuy, € T, while points z,,4s ¢ Ty, if s > 0.
Hence s = 0. Now, the only parts of T},, which map into C,,11 = D,,+1 are points
of Cpy, Dy In fact, we introduced the appropriate notation before; according to it,
either uy = t,, € C,, or up = ¢y, € D,,,. However in either case the image of a small
interval connecting ug with wu,, or v, respectively covers a small semineighborhood
of zy,+1 in the interval [z, 41, Um+1]. In the language of germs we can say that the
f-image of one of the two germs of T,,, at uj must be the germ of [z,41, um41] at
zm+1- Therefore, the f-image of the basegerm of Dy at uy must be either the germ
of [Zm+1,Cm+1] &t Zmy1, or the germ of [zy,41, dimy1] at zm41. This shows that the
f-image of Dy, is the component of J \ {241} containing either (zpi1,¢mi1] or
(Zma1, dm1] respectively. If we now apply f¥~™~! to this picture then we see that
fk*m(ﬁk) C Dy, a contradiction with the topological exactness of f. This finally
shows that wuj is not a wave and completes the proof of the claim. O

To summarize: we have proven that in the situation as above (i.e. if Case 1 is
replaced by Case 2 at some moment m and then the first turning moment of D,,, 41 is
k+1) we have that waves of Ty,_; are points f*(zm+1) = Zm+s+1),0 < s <k—m—1
and all other vertices of T_1 are periodic. Let us now show that z; is preperiodic
too. This will imply that all vertices of T}, are preperiodic.

Lemma 2.3(4) shows that there exists a natural number ¢ such that f*(zx) € Tp.
Then choose numbers K > M > k+t such that at the moment M Case 1 is replaced
by Case 2, and K > M + 1 is the least such number that Cx = Dg turns (the
basegerm of Cx = Dy maps inside Tk ). All that is possible i n particular because
by the assumption Case 1 and Case 2 take place for infinitely many values of m.
Then similarly to the above we can define points Zp;41,...,Zx. The fact that
M > k +t implies that the point f(2;) cannot be one of the points Zysy1,. .., 2k
and therefore by the proven above it is preperiodic. Thus we see that Case 1 and
Case 2 take place infinitely many times then for a wave x we can find a big number
m such that z is a vertex of T},, and m is a moment when Case 1 is replaced by Case
2. By the proven above it would imply that x is not wandering, a contradiction.

Hence the dynamics cannot infinitely many times switch from Case 1 to Case 2.
On the other hand it is easy to show that Case 2 cannot take place all the time
from some time on. Indeed, if so then for some number m and for all i > 0 we
will have that C,4+; = Dy, is a triod. However if we choose the least ¢ such that
fi(2m) € Tyyi—1 (such i exists by Lemma 2.3(3)) then we see that Cp,1; = Dyyyy
being a triod is impossible for this 7, a contradiction. This shows that the only
remaining case is when Case 1 takes place from some time on, i.e. when C,,, # D,
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for all m > @ for some @ > 0 and proves the lemma. O

Let us now prove that the critical point d belongs to w(z). To this end we choose
a big number N > @ for which there exists a triod Y C Ty “centered” at z and
such that:

(1) for some k we have Y C Ty, f(Y) C T, ..., fH(Y) C T,
(2) fFly is 1-to-1,
(3) f*(z) is not the basepoint of Cy or Dy,
(4) each branch Y;,i = 1,2,3 of Y maps forward by f* in such a way that at
some moment j; < k its f/i-image is an arc whose endpoints are f7i(x) and
one of the critical points (this can be done by Lemma 2.7(2));
(5) N +1is a turning moment for Cy (i.e., the f-image of the basegerm of Cy
maps into Ty).
It is easy to see that a number N with properties (1)-(5) exists (just fix k for which
(2) and (4) hold, and then choose N which is big enough so that C turns).

Let us study the orbit of x. By Lemma 2.3(6) there exists R such that fZ(z)
is either uy or vy and before that the images of = are vertices of Ty_1. By (3)
we see that R > N. Assume to begin with that ff(z) = vy and that along the
way the orbit of 2 does not pass through ux. Then there exists a germ (z, A) of Y
which has the orbit contained in Tw_; until f% maps it into the basegerm of Dy.
By Lemma 2.10 this implies that (z, A) is contained in the set I}¥ for some k > 0
or is mapped into Ié\' on a non-negative step.

Let us show that the former is impossible. Indeed, if it holds then the branch
of Y which contains (z, A) is contained into images of I}¥ and hence cannot be cut
by a critical point on a step before R, a contradiction with the assumptions. Hence
x passes through I on a non-negative step. Suppose that the described above
phenomenon (when ff(z) = vy) takes place for infinitely many N,’s satisfying
(1)-(5) above. Observe that diam(D,) — 0 as n — oo by Lemma 2.2. Then by
the backward stability of f (Theorem 2.8) we see that diam(I;'") — 0 as N; — oo.
Since we know by the above that x passes through Iév ¢ for every i we conclude that
d € orb(z) and since x never maps onto d by Corollary 1.4(2) we conclude that
d € w(z). On the other hand we know that w(z) = w(d) by the first part of the
Main Theorem. Hence d € w(d) = w(z) is a recurrent point.

It remains to consider the case when from some time on for any N satisfying
(1)-(5) we have f®(z) = uy (which implies that ux is wandering itself) while all
preceding images of = are vertices of Thy_1. Recall that N is the time when Cy
turns. Then f(uy) is either a vertex of Ty_1 or vy. In the former case we can
apply f yet several (say, ¢) times to see by Lemma 2.3(6) that f¢(f(un)) equals
vn. So in general (regardless of which case takes place) we can say that there exists
a unique ¢ > 0 such that f9(f(un)) = vy. Moreover, for any 0 < i < ¢ (soif g =0
such i does not exist) the point f*(f(ux)) is a vertex of Ty because otherwise it
will have to pass through uy or vy thus making uy periodic, a contradiction. By
Lemma 2.10 this implies that either f(uy) passes through I3 or f(ux) belongs to

IN with some k > 0. If the former takes place for infinitely many N’s then similarly
to the previous paragraph one can easily show that d is recurrent. So from now on
we may assume that f(uy) belongs to IV with some k > 0. Since IY by Lemma
2.9 contains no vertices of Ty_; we see that in fact f(uy) is the endpoint wy, of I,iv
not equal to d. Observe that all these arguments are necessary if ¢ > 0; if ¢ =0
then f(uy) = vy is the endpoint of IY not equal to dy, so essentially the same



34 ALEXANDER BLOKH

picture holds. Our aim now is to show that this picture still implies that the orbit
of z taken from the very beginning passes through I}V which as before implies
that d is recurrent.

An important step of the proof now is to observe that Lemma 2.11 is applicable
to our situation. It implies that the basegerm of C'y cannot map to the germ
(wy,, A) of I} at wy. Hence it is a germ of Ty—1 which maps to (wy, A). If we now
follow the orbit of z from x to ux we see that along the way it cannot pass through
either uy or vy (because then it is not wandering) and therefore the entire segment
of the orbit of x from z to uy (i.e. the points z, f(z),..., ff~1(z)) consists of
vertices of T—1. Denote by (z, B) the germ of Y at « which maps into (wg, A) by
fE+L. Then we see that in fact this germ maps into the basegerm of Dy by ffi+¢
and stays inside Ty_; throughout this orbit segment. This is the situation where
Lemma 2.10 is applicable to (z, B). By Lemma 2.10 we have that either = passes

through I}V on its way to vy, or it does not. In the former case the same arguments
as before imply that d is recurrent. Now, in the latter case we see by Lemma 2.10
that in fact z € I with some k > 0. However this implies that there is a branch
of Y contained in I}¥ which thus does not get cut at a critical point as it should
according to our choice of Y and related numbers. This shows that z € IV, k < N
is impossible and completes the proof of the second claim of the Main Theorem.

REFERENCES

[1] A. Blokh, The Spectral Decomposition for One-Dimensional Maps, Dynamics Reported 4
(1995), 1-59.
[2] A. Blokh and G. Levin, Growing trees, laminations and the dynamics on the Julia set, IHES
Preprint IHES/M/99/77 (1999).
[3] A. Blokh and G. Levin, Growing trees, laminations and the dynamics on the Julia set,
Ergod. Th. and Dynam. Sys. 22 (2002), 63-97.
[4] A. Blokh and G. Levin, On dynamics of vertices of locally connected polynomial Julia sets,
Proc. Amer. Math. Soc. 130 (2002), 3219-3230.
[5] A.Blokh and L. Oversteegen, Backward stability for polynomial maps with locally connected
Julia sets, Trans. Amer. Math. Soc. 356 (2004), 119-133.
(6] A. Blokh and L. Oversteegen, Wandering triangles exist, C. R. Math. (Acad. Sci., Paris)
339 (2004), 365-370.
[7] A. Blokh, L. Oversteegen and E. Tymchatyn, On almost one-to-one maps, preprint (2003)
[8] L. Carleson and T. W. Gamelin, ” Complex dynamics”, Universitext: Tracts in Mathematics,
Springer-Verlag, New York, NY (1993)
[9] A. Douady, Descriptions of compact sets in C, in ”Topological methods in modern mathe-
matics”, Publish or Perish, New York (1993), 429-465.
[10] J. Kiwi, Wandering orbit portraits, Trans. Amer. Math. Soc. 354 (2002), 1473-1485.
[11] K. Kuratowski, " Topology”, Vol. II, Academic Press, New York-London (1968).
[12] G. Levin, On backward stability of holomorphic dynamical systems, Fundamenta Mathe-
maticae, 158 (1998), 97-107
[13] C. T. McMullen, ”Complex dynamics and renormalization”, Annals of Mathematical Stud-
ies, 135, Princeton University Press, Princeton, NJ (1994).
[14] Sam B. Nadler, Jr., ”Continuum theory. An introduction”, Monographs and Textbooks in
Pure and Applied Mathematics, 158, Marcel Dekker, Inc., New York, NY (1992).
[15] D. Sullivan, Quasiconformal homeomorphisms and dynamics I, solution of the Fatou-Julia
problem on wandering domains, Ann. Math., 122 (1985), 401-418.
[15] W. Thurston, The combinatorics of iterated rational maps, preprint (1985).

E-mail address : ablokh@math.uab.edu

Received March 3, 2004; revised November 24, 2004.



