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PERIODIC ORBITS OF MAPS OF Y

LLUIS ALSEDA, JAUME LLIBRE AND MICHAL MISIUREWICZ

ABSTRACT. We introduce some notions that are useful for studying the be-
havior of periodic orbits of maps of one-dimensional spaces. We use them
to characterize the set of periods of periodic orbits for continuous maps of
Y = {z € C: 23 € [0,1]} into itself having zero as a fixed point. We also
obtain new proofs of some known results for maps of an interval into itself.

INTRODUCTION

In recent years, there has been growing interest in studying the periodic or-
bits of maps of one-dimensional spaces. One of the first results, and the most
spectacular one, is the Sarkovskii theorem. We shall recall it to the reader.

Let I be the family of all continuous maps of the interval [0, 1] into itself
(one can take any closed interval, but we choose [0, 1] to fix notation). For
fel,if f"(x) = x, then we call the set {x,f(x),..., /" '(x)} a periodic
orbit of f, and its period is the smallest positive integer m such that f™(x) =
x . We denote by Per(f) the set of periods of all periodic orbits of f.

Let N be the set of all positive integers. The Sarkovskii ordering of N is

3,5,7,9,...,2.3,25,27,29, ...,
2%3,2%5,2%7,2%9,...,...,2% 2% 2, 1.

If k stands to the right of n in the above ordering, we shall write k >_n. If
’ i / ! s
k =2k’ and n =2%n', where k' and n’ are odd, then we have k >_n if
and only if one of the following cases occurs:
) K>1,n">1,p>q.
) K'>1,n">1,p=q, k'>n'.
(iii) K'=1, n'>1.
(ivi K'=1,n"=1,p<q.
We denote S(n) = {n}u{k:k > n} for n € N, S2%) = {2":1i =
0,1,...},and N, =NU{2%}.
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Sarkovskii Theorem. (a) If f €1, then Per(f) = S(n) for some n € N, .
(b) If n € N_, then there exists f €1 such that Per(f) =S(n).

Further research starting at this point can go in at least six directions:

(1) Replace an interval and I by another space and another class of maps.
(2) Replace periodic orbits by more general orbits.

(3) Investigate closer the behavior of periodic orbits.

(4) Study other orbits in the presence of periodic ones.

(5) Derive some information about topological entropy.

(6) Try to simplify the proofs.

There have been many attempts to pursue these goals; for instance, see the
references.

The aim of this paper is to develop some tools that are useful for moving
in the first direction and to use them in a relatively simple case. This also
requires some work in the third direction. As a reward we get better insight
into some already known results, including the Sarkovskii theorem, the depen-
dence between simple and minimal orbits (see [St, BI3, ALS]), and the results
of Mumbri [Mu].

When trying to generalize the Sarkovskii theorem, one should decide first
how such a generalization should look. We believe that it should be a complete
characterization of possible sets Per(f) for f from a class of maps under
consideration. The fact that in the Sarkovskii theorem there appears just a
total ordering of all positive integers seems to be only a coincidence. Therefore,
theorems stating that for f from some class of maps the existence of periodic
orbits of some periods implies the existence of periodic orbits of some other
periods should be regarded as generalizations of the theorem of Li and Yorke
[LY] rather than of the Sarkovskii theorem.

The main tool we use to generalize the Sarkovskii theorem is the notion of a
primary orbit. If we consider some class X of maps and P is a periodic orbit
of amap f € X, then P will be called primary if there exists g € X such that
flp = glp and there is no other periodic orbit of g of the same period as P
(they are the same as —-minimal orbits of [Ba]).

The notion of a primary orbit plays a role similar to that of the notion of a
minimal orbit ([St, BI3, C, ALS, H]J; a periodic orbit P of period m of f €1l
was called minimal if Per(f) = S(m)). In fact, the notions are similar to each
other (see Remark 9.2). However, the notion of a primary orbit is better since
it depends only on the behavior of a map on this orbit and its definition does
not use the a priori knowledge of Sarkovskii ordering (hence it is much more
general).

A general scheme for using the notion of primary orbits will be:

(1) Prove the following condition:

If f € X has some periodic orbit, then it has a primary
orbit of the same period.

(%)
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(2) Find all primary orbits of maps f € X.
(3) Classify them.
(4) Find dependences between their occurrences.
Of course, this scheme works only for classes X for which () is true. Oth-
erwise, one has to look for some better tools.
We are going to apply this scheme to the family Y of all continuous maps
f of the space Y = {z € C: z°> € [0, 1]} into itself for which f(0) = 0. To
describe the result that we obtain, we need to introduce two new orderings.
Green ordering is the ordering of N\ {2}:

5,8,4,11,14,7,17,20,10,23,26,13, ...,
33,35,37,...,323,325,327, ... ,32%3,32%5,32%7, ...,
...,32%,32%,32,31,1.
The first part of this ordering can be rewritten as
6-1,6+2,3+1,26-1,26+2,23+1,3.6-1,3.6+2,33+1,....

If k stands to the right of n in the above ordering, we shall write k > -
In this paper, the symbol = will denote congruences mod 3.
We have k > ¢ 1t (remember that k#2and n#2)ifand only if n > 1
and one of the following cases occurs:
(i) k20, n#£0, k=n, k>n.
(i) k=1, n=2,2k>n.
k=2,n=1, k>2n.

Red ordering is the ordering of N\ {2,4}:
7,10,5,13,16,8,19,22,11,25,28,14, ...,
33,35,3.7,...,323,3.25,327, ...,32%3,32%5,32%7, ...,
..,32%,32%,32,31,1.

The first part of this ordering can be rewritten as
6+1,6+4,3+2,26+1,26+4,23+2,36+1,36+4,33+2,....
If k stands to the right of n in the above ordering, we shall write k >, n. We
have k > n (remember that k,n ¢ {2,4}) if and only if » > 1 and one of

the following cases occurs:

(1) k20, n#0, k=n, k>n.

2) k=2,n=1, 2k>n.

3) k=1,n=2, k>2n.

(4) k=0, n#0.

(5) k=0, n=0, k/3>_ n/3.

(6) k=1.
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We denote
G(n)={n}ufk: k>, n} forneN\{2},
R(n)={n}uU{k: k> n} forneN\{2,4},
and additionally
G(32%°) = R(32%) = {1} U {3.i: i € S2™)}.
We also denote N, = (N'\ {2}) U{3.2®} and N, = (N\ {2,4}) U {32%}.

Main Theorem. (a) If f € Y, then Per(f) = S(n,)U G(ng) UR(n,) for some
n,e€N;, n, eN_, and n,eN, .

(b) If n, € N, n, €N, and n, € N, then there exists f € Y for which
Per(f) = S(n,)U G(ng) UR(n,).

The paper is organized as follows. In §1 we give basic definitions and prove
some preliminary results. In §2 we give different characterizations of primary
orbits and prove that (x) holds for Y. In §3 we introduce the notion of ex-
tensions, which allow us to construct new periodic orbits from given ones, and
we prove some properties of extensions. In §4 we define the periodic orbits
which are candidates for being primary. In §5 we prove that they are indeed
primary. In §§6, 7, 9, and 10 we prove that there are no other primary orbits.
To do this we use some properties of primary orbits which are extensions of
other ones. We state and prove these properties in §8. In §11 we prove that the
existence of some primary orbits implies (or does not imply) the existence of
some others. In §12 we develop the techniques of building examples necessary
to prove Main Theorem (b). In §13 we deduce the Main Theorem from results
proved in earlier sections and state some final remarks and conjectures.

Many notions and ideas of this paper can be found in earlier papers (see
references). In most cases, they were developed gradually and in parallel by
several authors. We shall not try to trace their origin and will use them without
referring to earlier papers. For instance, when working on this paper, we were
unaware of the papers [Be4, Ba], which contain (for maps of the interval) some
ideas very close to ours.

The reader is advised to draw figures when reading most of the proofs, es-
pecially in §§5-11. We recommend using the corresponding black, blue, green,
and red pens.

1. BASIC DEFINITIONS AND PRELIMINARY RESULTS

From now on, X will denote indistinctly the interval [0, 1] or the space
Y . Also, X will denote indistinctly the family I or the family Y. Depending
on the family of maps, E will denote the following: if the family is I, then
E = @; if the family is Y, then E = {0}. In such a way, we can say that X is
the family of all continuous maps of X into itself for which f(E) = E (in other
words, for which f|. =1d|. ). Most of the preliminary definitions and results
can be generalized, for example to more complicated trees. To avoid making
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this paper too long (although it is, anyhow), we leave such generalizations to
the eager readers.

Let P be a subset of X. We shall write EP for EUP. The set Span(P)
is the smallest connected subset of X containing P. If Span(P) € Span(Q),
we say that P has strictly smaller span than Q.

The closures of components of Y\ {0} will be called branches. The meaning
of the word interval is obvious for subsets of [0,1]. For subsets of Y it will
be used in a geometric sense (not a topological one); i.e., an interval has to be
contained in one of the branches. When denoting intervals with use of their
endpoints, we shall not take into account the ordering; i.e., [x,y]=[y,x]. In
what follows, in most of the cases, the word interval will mean a closed interval.
If not, we say so explicitly and use the standard notation [x,y) = (y,Xx],
(x>y] = [y,x), and (x’y) = (y,x) .

If a finite set P is f-invariant (i.e., f(P) C P), then the closures of compo-
nents of Span(EP)\ EP will be called basic intervals (or EP-basic intervals, if
confusion may occur). Of course, they are intervals.

If I and J are intervals, we say that I f-covers J k times if there are k
subintervals of I with pairwise disjoint interiors, each of them mapped onto
J by f. If kK > 1 but we do not specify it, we say simply that I f-covers
J . Then we shall write simply I — J (or put k arrows if I f-covers J k
times).

If feX and P is a finite f-invariant set, then the EP-graph of f is the
oriented graph with all basic intervals as vertices and having an arrow from [
to J if and only if I f-covers J. The generalized EP-graph of f has k
arrows from 7 to J if and only if I f-covers J k times.

We shall use generalized graphs only once and in a very simple case. To
avoid unnecessary complications, we shall not work with generalized graphs in
other places.

A loop of length k in an EP-graph of f isa sequence of vertices I,,1,, ...,
I, suchthat I, f-covers I, , for i=1,2,...,k—1 and I, f-covers I,. We
shall denote such a loop by I, — I, — --- — I, — I, and identify it with each
of theloops I, —» I, , — - — I, = I —I,—---—1I_, — I,. When talking
about loops we shall use expressions such as “we are moving along an arrow,”
“we are moving along the loops,” and “we are making steps,” which have (we
hope) obvious meanings.

We say that we add the loop I, — I, — --- — I, — I, to the loop J, —
J, = -+ = J,— J, if they have a common vertex I, = J; and we form a new
loop

L=L——1,—J,
e/ Ink/Sndiiiad/Iud el Mg /R

— j+2_,...

Usually it will be clear which common vertex we use. For adding a loop to itself
we shall also use descriptions such as “going along the loop twice” and “taking
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this loop twice,” with obvious (again we hope) meaning, or we shall talk about
the repetition (/ times) of the loop.

A loop which is not a repetition of a shorter loop will be called nonrepetitive.

A loop which cannot be formed by adding two loops will be called elementary.
Note that the loop I, — I, — --- — I, — I, is elementary if and only if i # j
implies I, # Ij .

We shall say that an interval 1 f-covers an interval J in k steps if I fk -

covers J . We shall then write I — J.
K steps

The following result is not difficult to prove.
Lemma 1.1. Let I and J be intervals. If f(I) D> J then I f-covers J.

In §§1-10, if E = {0}, we shall not consider {0} as a periodic orbit. Of
course, when it comes to proving the Main Theorem we shall have to take it
into account again.

If a=1 —-1I,—---— I — I isaloop in the EP-graph of f and Q
is a periodic orbit of f, we shall say that o« and Q are associated to each
other if there exists x € Q such that f'(x) € I, fori=0,1,...,k—1 and

fk(x)=x.

Remark 1.2. Let P and Q be periodic orbits of f € X. Assume that Q is
associated to a loop o in the EP-graph of f. Then:

(a) The period of Q divides the length of «.

(b) Q@ is associated to all repetitions of «.

Lemma 1.3 [BGMY]. If f € X and «a is a loop in an EP-graph of f, then
there exists a periodic orbit Q of f, associated to «.

Remark 1.4. Obviously, the above definition, remark, and lemma can be applied
not only to E P-graphs but also to all graphs with intervals as vertices and arrow
from I to J if I f-covers J. In this more general situation, some serious
troubles may occur with establishing the period of Q. We shall comment on it
when this more general version is used.

If I c X is an interval and f € X, we shall say that f is linear on I
if f maps I homeomorphically onto its image and I can be divided into
subintervals such that each of them is mapped linearly (more precisely affinely)
onto its image and the rate of expansion on all these subintervals is the same.
Notice that since we work only with [0,1] and Y, the number of pieces into
which we divide I can be taken smaller than or equal to two (one in the case
of X=1[0,1]).

We shall say that an elementary loop I, — I, — --- — I, — I, is thin if each
I, f-covers only one basic interval.

Lemma 1.5. Let f € X andlet P be a periodic orbit of f. Then there is at most
one thin loop in the EP-graph of f. Moreover, if a =1, =1, — ---— I, — I,
is a thin loop then one of two cases occurs:
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(@) X =Y, 0 is one of the endpoints of all I,’s, P has period 1, 2, or 3,
and all points of P lie on different branches of Y .
(b) The endpoints of all I, ’s belong to P, P has period 2k, and if I,

[x;, 3,1, then f*(x;) =y, and f(y,) = x;.

Proof. Assume that o = I} — I, — --- —» I, — I is a thin loop and I; =
[x;,y,]. Since I, f-covers only one basic interval, this interval is [f(x,),
f(r;)]. Hence the set Z = {x;,X,,...,%,¥,,Vy,---,V,} is f-invariant.
Since it contains at least two points, Z = EP or Z = P. If Z = EP then
obviously case (a) occurs. In this case there is no other elementary loop except
.

Assume Z = P. The set P contains an extremal point of Span(EP), i.e., a
point such that there is only one basic interval adjacent to it. We may assume
that this point is x, . Then the adjacent interval is I, . We claim that fk (x,) =
Y-

Suppose that fk(xl) = x,. Then fj(xl) =y, forsome j<k,and [y, 2],
where z = fj (¥,), is the interval [ IE Since o is elementary, z # x,. We
have f2k"2j (2) =1 2k=2j f 2 (x,)) = x, . Therefore, since I, is the only basic
interval containing x,, fz"_Zj([yI ,z]) = I, . Thus, fz"'zi(yl) =y,. This is
impossible because x,, y,, and z are three points of the same periodic orbit.
Hence, indeed, /*(xl) =Jy,.

Since f*(xl) =y, and a is a thin loop, we have fk(x,.) =y, and fk(y,.) =X;
for all i. This follows from the fact that, for each /, f o /* = f"‘ ) ﬂ . From
this it follows that P has period 2k . Hence, if Z = P then case (b) occurs.

If B is another thin loop, then for o and B case (a) cannot occur (there is
only one elementary loop then). Hence, (b) applies to a and f. In particular,
the length of B is also k. If B goes through some basic interval J = [w,?],
then w = x; or w =y, for some /. But then f*(w) =t, f*(x,.) =y,;,and
fk(y,.)=xi. Hence J =1, and a=f. O

We shall call a thin loop a positive if (a) of Lemma 1.5 occurs and negative
if (b) of Lemma 1.5 occurs.

Definition 1.6. Let f € X and let P be a periodic orbit of f. We shall call f
E P-adjusted if:

(i) For every basic interval [x,y], f maps it homeomorphically onto

Span({f(x),f(»)})-

(ii) f(X)=Span(EP).

(i) f a=1I1 — I, —--- - I — I, is a thin loop then: if o is positive,
then f* | I has only the endpoints as fixed points; if « is negative, then

j* | 1 has only the endpoints as periodic points of period 2.
(iv) If a basic interval does not appear in a thin loop, then f is linear on it.
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Remark 1.7. Let f € X be EP-adjusted. Take the R-graph of f, where
R = f""(EP)nSpan(EP) (clearly E c R and hence ER=R). If a = I, —
I, » -+ — I, — I is a thin loop in the R-graph of f, then each I, is a
E P-basic interval and « is a thin loop in the EP-graph of f. Hence, if we
replace EP by R in Lemma 1.5, it will remain true.

Lemma 1.8. If P is a periodic orbit of a map f € X, then there exists a map
g € X such that g|.p = flpp and g is EP-adjusted.

Proof. Tt is very easy to construct 4 € X such that h|., = f|;, and (i), (ii),
and (iv) of Definition 1.6 are satisfied. By Lemma 1.5 there is at most one
thin loop @ = I, - I, —» --- — I, — I, in the EP-graph of h. We can
adjust ~ (and then callit g) on I, to satisfy (iii). If a is positive then this is
obvious. If a is negative, we choose a homeomorphism ¢: I, — I, reversing
orientation and having only endpoints as periodic points of period two. Then
we set g, = (hk_'|,2)_l op. O

Remark 1.9. From Definition 1.6 it follows immediately that if f|., = glzp
and both f and g are EP-adjusted, then the EP-graphs of f and g are
identical. If only f is E P-adjusted, then the EP-graph of f is a subgraph of
the EP-graph of g.

Proposition 1.10. Let P be a periodic orbit of an E P-adjusted map f € X. Let
n>0 andlet R = f~"(EP)NSpan(EP). Then, for every loop o of the R-graph
of f one of the following statements holds.

(@) a isan | times (I > 1) repetition of a thin loop B of length k. Then:
(a.1) If B is positive, then only P is associated to «.
(a.2) If B is negative and | is even, then there are two periodic orbits
associated to o: P of period 2k and some orbit of period k .
(a.3) If B is negative and | is odd, then there is only one periodic orbit
associated to o ; this orbit has period k .
(b) « is not a repetition of a thin loop. Then there is exactly one periodic
orbit associated to o .

Moreover, if an orbit associated to a is different from P and its period is smaller
than or equal to n + 1, then « is elementary.

Proof. Statements in case (a) follow from Lemmas 1.3 and 1.5, Remark 1.7,
and Definition 1.6(iii). Now assume that a is not a repetition of a thin loop.

Thenif a =1, — I, - --- — I, — I, no I; can appear in the thin loop.

Hence, by Definition 1.6(i) and (iv), f"|,lnf_,(,z)n_._nf_k“(Ik)nf_k(ll) is linear
and expanding and, therefore, it has exactly one fixed point. This proves the
statement of (b).
Let Q be a periodic orbit associated to «. Denote the period of Q by k.
Since Q is different from P (and E) we can find a loop y = J, — J, —
- — J,_, = J, in the EP-graph of f such that for some x € O we have

fi(x) €Int(J,) for i=0,1,2,...,k—1. Foreach i, we have fi(x) € Iny(K)),
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where K, = J,n f~'(J, ) N0 f**"(J,,_,), where the addition in the
subindices of J is modulo k. Each interval K, isan [~ k“(EP)nSpan(EP)-
basic interval. If K; = K ; for some i # j, then the loop y is a repetition
of some elementary loop B of length smaller than k. The orbit which is
associated to B is also associated to y. If 8 is not thin, then by (b) this orbit
is equal to Q. This contradicts the fact that the period of Q is k. If B is thin,
then we use (a) instead of (b). Since Q is different from P, we also obtain a
contradiction with the fact that the period of Q is k (we recall that E is not
considered a periodic orbit and, hence, Q # E ).

Hence K, # K for i # j. If k < n+ 1, each R-basic interval is either
contained in some K; or disjoint from all Int(K;). Therefore it can contain at
most one point of Q. Consequently « is elementary. 0O

Proposition 1.11. Let P and Q be periodic orbits of an E P-adjusted map f €
X. Assume that Card(EP) > 1. Then there is a unique loop in the E P-graph
of f, associated to Q and of length equal to the period of Q. This loop is
nonrepetitive unless it is a repetition two times of a thin negative loopand Q = P.

Proof. If Q # P then the elements of Q belong to the interiors of E P-basic
intervals. Hence, the existence and uniqueness of the associated loop of length
equal to the period of Q are obvious.

Assume that Q = P. Consider all pairs (/,x) where I is an EP-basic
interval and x is one of its endpoints. Let G be the graph with these pairs
as vertices and an arrow from (/,x) to (J,y) if y = f(x) and I f-covers
J . Clearly, for each vertex of G there is an arrow beginning at this vertex. If
we choose as x an extremal point of Span(EP) different from O, i.e., a point
z € P such that there is only one basic interval K adjacent to it, then we obtain
aloop a in G going through (K, z), of length equal to m, the period of P.
Clearly a gives a loop of the same length in the E P-graph of f, associated to
P.

Each vertex of G is a beginning of only one arrow. Therefore, any loop
in G going through (K, z) has to be equal to o repeated / > 1 times. Let
B=1,-1 —---—1 _, — I, bealoop in the EP-graph of f, associated to
P where m is the period of P. Then there exists x € P such that f i(x) €l
for i =0,1,2,...,m~— 1. By the definition of G, (I,,x) — (I, f(x)) —
s () - (I,,x) isaloop in G. Since one of f'(x) is equal to
z, this loop has to be equal to «. This proves uniqueness in the case Q = P.

Now let a be the loop in the EP-graph of f associated to Q and of length
equal to the period of Q. Assume that « is a repetition / times, with / > 2,
of some loop B of smaller length. The periodic orbit associated to B is also
associated to a. By Proposition 1.10 (for n = 0), it is Q unless B is thin
positive or # is thin negative and / is even. If the periodic orbit associated to
B is Q, then we obtain a contradiction because the period of Q is larger than
the length of B. If B is thin and positive, then Q = P (we recall that E is
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not a periodic orbit and, hence, Q # E ). Therefore, the period of Q is equal
to the length of B, which is a contradiction. Hence f has to be thin negative
and / equals two. Moreover, since the period of Q is larger than the length of

B,Q=P. D

Lemma 1.12. Let f € X EP-adjusted and let I and J be intervals such that I
and J are unions of basic intervals and I covers J in k steps. Then for every
basic interval I, C J there are basic intervals 1,1, ... ,I,_, suchthat I,C I
and Iy—1,—--- =1 _, —1I.

Proof. There is a subinterval K, of I which is mapped by f* onto /, and
such that no interior point of K, is mapped to an endpoint of /, . Since

EP is f-invariant, none of the intervals X, , f(K,), -, fk_l(Kk) can have

points of EP in its interior. Denote by I; the basic interval containing f i(Kk)
for i=0,1,2,...,k—1. Since f is EP-adjusted and EP is f-invariant,
fU)>oI,,.ByLemma 1.1, I, f-covers I, ,. O

Definition 1.13. Let f,g € X and let P be a periodic orbit of f and Q a
periodic orbit of g. Then P and Q are E-equivalent if there exists a homeo-
morphism 4 of Span(EP) onto Span(EQ) such that 4|, =1d|;, h(P)=Q,
and hof=goh on P.

Clearly the above relation is an equivalence relation.

Remark 1.14. If f e X is EP-adjusted, g € X is EQ-adjusted, and P and Q
are E-equivalent, then 4 induces an isomorphism A" of the EP-graph of f
to the EQ-graph of g (i.e., A" is a bijective map from the set of vertices of
the EP-graph of f to the set of vertices of the EQ-graph of g such that, if |
and J are vertices of the EP-graph of f, then I f-covers J if and only if
h*(I) f-covers h*(J)). Ifonly f is EP-adjusted, & induces an isomorphism
of the EP-graph of f onto some subgraph of the EQ-graph of g.

Lemma 1.15. Assume that f,g € X, P is a periodic orbit of f, Q is a periodic
orbit of g, P and Q are E-equivalent, and f is EP-adjusted. Then for every
n > 0 there exists a homeomorphism h, of Span(EP) onto Span(EQ) such
that h, . =1d|g, h,(P)=Q,and h of=goh, on f " (EP)NnSpan(EP).

Proof. We use induction. For n = 0 it follows from the definition of E-
equivalence. Assume that the statement is proved for n—1. Weset h, = h,_,
on f '(""”(E P)NSpan(EP), and then we have to define 4, on all intervals of
the partition of Span(E P) by the points of f '("_l)(EP) . Let I =[x,y] beone
of these intervals. Since I is contained in some E P-basic interval and f is EP-
adjusted, I is mapped by f homeomorphically onto J = Span({f(x),f(»)}).
The points of f "(EP)N1I are inverse images of the points of f~""(EP)nJ
by f (see Figure 1.16). Now fix some homeomorphism 4: [0,1] — h,_,(I).
By the induction hypothesis,

goh({0,1}) = g({h,_,(x), h,_ ("}) = {h,_ (X)), h,_, (S )}
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For each point z € f~"(EP)NInt(I), we set
h,(z) = h(inf{t € [0,1]: g(h(2)) = h,_,(f(2))}).
Since h,_, o f], is a homeomorphism of I onto
Span({h,_,(f(x)),h,_,(f())}),
h, can be extended to a homeomorphism of the whole I onto h,_,I). For
each z € f"(EP)nInt(I) we have g(h,(z)) = g(h(t)) = h,_,(f(2)) =
h,(f(z)) because f(z) € f ~(=D(EP), where t is given in the definition of

h,(z). Hence we have h,o f = goh, on f~"(EP)NInt(I). If we make the
above construction on each I, then we obtain 4, satisfying our conditions. O

_- -_— -

Ve //// o = — - ~ o \\\
x f—‘—g-—-—pfﬂ‘ ";—Y:: - — :“):i,\‘ N T ~3 322
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\ /
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FIGURE 1.16

Remark 1.17. Clearly, Remark 1.14 also holds if we replace EP-graph by
f~"(EP)nSpan(EP)-graph, EQ-graph by h,(f~"(EP)NSpan(E P))-graph, and
h by h,, where h, is asin Lemma 1.15.

The following lemma plays a basic role in the rest of the paper. It allows us
to work mainly with adjusted maps.

Lemma 1.18 (Adjusting Lemma). Assume that f,g € X, P is a periodic orbit of
f, Q is a periodic orbit of g, P and Q are E-equivalent, [ is EP-adjusted,
and f has a periodic orbit P' # P. Then g has a periodic orbit o #0,
E-equivalent to P' and such that Span(Q') S Span(Q).

Proof. Denote the period of P’ by n. Let h, be the homeomorphism obtained
from Lemma 1.15. Since f is EP-adjusted, by Remark 1.17, A, induces an
isomorphism of the R-graph of f and some subgraph of the A, (R)-graph of
g, where R = f~"(EP)NSpan(EP). Clearly, P' is associated to some loop
a of length n in the R-graph of f. Let B be the corresponding loop in the
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h,(R)-graph of g. By Proposition 1.10, o is elementary and therefore g is
also elementary. Let Q' be a periodic orbit of g associated to . If Q' = Q
then P is associated to . Since P’ # P and P' # E (we recall that E is not
considered as a periodic orbit), by Proposition 1.10 we obtain that the period of
P is twice the period of P’, which is strictly smaller than the length of «. This
is a contradiction since the period of P’ is equal to the length of o. Hence
Q' # Q. Clearly, we then have Span(Q’) C Span(Q). To show that P’ and Q'
are E-equivalent, we can obtain the homeomorphism required by the definition
of E-equivalence by modifying 4,. This can be done because a and g are
elementary and then in each R-basic interval there is at most one point of P’
and in each &, (R)-basic interval there is at most one point of Q. o

2. PRIMARY ORBITS
First we recall the notion of primary orbit.

Definition 2.1. Let P be a periodic orbit of a map f € X. P will be called
primary if there exists g € X such that g|., = f|;, and there is no other
periodic orbit of g of the same period as P. P will be called secondary if it
is not primary.

Remark 2.2. If P is a periodic orbit of f € X and of g € X, then whether P
is primary or secondary does not depend on whether we regard it as an orbit of
forg.

Theorem 2.3 (First Theorem). Assume that P is a periodic orbit of period m > 1
of an EP-adjusted map f € X. Let G be the EP-graph of f. Then the
following conditions are equivalent.
(a) P is primary.
(b) P is the unique periodic orbit of f of period m .
(c) Either there is a thin negative loop in G and there is no nonrepetitive
loop of length m in G, or there is no thin negative loop in G and there
is at most one nonrepetitive loop of length m in G.
(d) Either there is a thin negative loop in G, the repetition two times of
this loop is associated to P, and there is no nonrepetitive loop of length
m in G, or there is no thin negative loop in G, there is exactly one
nonrepetitive loop of length m in G, and this loop is associated to P .

Proof. By Definition 2.1, (b) implies (a).

Assume that (a) holds but (c) does not. By Proposition 1.11 there is a loop «
in the EP-graph of f, of length m, associated to P . This loop is unique and
nonrepetitive unless it is a repetition two times of a thin negative loop. If there
is a thin negative loop B in G then, by Proposition 1.10, P is associated to
B repeated two times. Hence, by Proposition 1.11, P is not associated to any
nonrepetitive loop of length m . Therefore, since (c) does not hold, in all cases
(independent of the existence of the thin negative loop) we obtain the existence
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of a nonrepetitive loop y # o in G, of length m and not associated to P. Let
Q be the periodic orbit associated to y. By (a), its period is smaller than m.
Since y is nonrepetitive of length m , this gives a contradiction. Therefore (a)
implies (c).

Assume that (c) holds. If there is a thin negative loop in G then, by Propo-
sition 1.10, its repetition two times is associated to P and (d) holds. If there
is no such loop in G then, by Proposition 1.11, there is a nonrepetitive loop of
length m associated to P, and (d) also holds. Therefore (c) implies (d).

Assume that (d) holds but (b) does not. Then f has a periodic orbit Q # P
of period m. By Proposition 1.11, Q is associated to a nonrepetitive loop «
of period m. By (d), there is no thin negative loop in G and « is associated
to P. In view of Proposition 1.10(b), this is a contradiction. Therefore (d)
implies (b). O

Lemma 2.4. A periodic orbit E-equivalent to a primary orbit is primary.

Proof. Let P be a periodic orbit of a map f € X, E-equivalent to a periodic
orbit Q of amap g € X. Assume that P is primary. By Lemma 1.8, there are
maps f', g' € X such that f' is EP-adjusted, g’ is EQ-adjusted, f'|;, =
flgp,and g’IEQ = glgo- By Remark 1.14, the EP-graph of f* and the EQ-
graph of g’ are isomorphic. By using the First Theorem (2.3) for both f' and
g , it follows that, if P is primary, sois Q. O

Theorem 2.5 (Primary Theorem). If a map f € X has a periodic orbit P of
period m, then f has a primary periodic orbit of period m with span contained
in Span(P).

Proof. Let P be a periodic orbit of f of period m. By Lemma 1.8, there
exists an EP-adjusted map g such that g|., = f|gp,. The EP-graph of g
has only a finite number of loops of length m . By Propositions 1.10 and 1.11,
g has only a finite number of periodic orbits of period m. Hence, g has a
periodic orbit Q of period m such that there is no periodic orbit Q' of g of
period m with Span(Q’)  Span(Q). Let & be an EQ-adjusted map. If h
has another orbit of period m then, by the Adjusting Lemma (1.18), g has a
periodic orbit Q', E-equivalent to this orbit (and consequently of period m )
with Span(Q’) € Span(Q)., a contradiction. Hence, # has no such orbit and,
by the First Theorem (2.3), Q is primary. By the Adjusting Lemma, f has
a periodic orbit E-equivalent to Q with span contained in Span(P). Clearly
this orbit has period m . By Lemma 2.4 this orbit is primary. O

3. EXTENSIONS

In this section we assume that R is a periodic orbit of period n of a map
g €1 and that Q is a periodic orbit of period s >1 of amap h € X.
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Definition 3.1. We shall call a periodic orbit P of period s.n ofamap feX
an n-extension of Q, if P can be divided into subsets Py, P ,...,P,_, of
cardinality n each such that:
(i) Span(P)NE=@, i=0,1,2,...,5s—1.
(i) Span(P,)N Span(Pj) = for i#j.
(iii) Thereisamap y:{0,...,s—1} —{0,...,s—1} such thatif x € P,
then f(x)e PW).
(iv) If we collapse each Span(P,) to a point then the periodic orbit P (ob-
tained from P) of f (obtained from f)is E-equivalentto Q.

This definition perhaps needs some comments:

1. Let = be the map X — X which collapses each Span(P;) to a point (call
this point y,). Then f can be defined in the following way:

—1 .

. moforn (x) ifxé¢{yy,y,...,V_i}>

f(X)={ ‘ 0°71 s—1
Yoii) ifx=y,.

By (iii) and the continuity of f, f is well defined and continuous. P =
{YosYy5---»¥,_} 1s a periodic orbit of f of period 5. Also X is homeomor-
phic to X . Hence, (iv) makes sense.

2. Notice that by (iii), all P; are periodic orbits of period n of I fis
E P-adjusted, then f is E P-adjusted (for a suitable choice of a homeomorphism
between X and X ; remember that the definition of adjusted maps was for maps
of X,notof X), fon=mof,and the set Uf;ol Span(P,) is f-invariant.

Remark 3.2. For given n and Q it is very easy to construct an n-extension of
Q.

Definition 3.3. We shall call a periodic orbit P of period sn of a continuous
map f €Y an R-extension of Q, if P is an n-extension of Q and

(v) The periodic orbit P, of f° is E-equivalent to R.

(vi) On all P,, except at most one, f is monotone.

Lemma 3.4. Under assumptions (i), (ii), (iii), and (vi), condition (v) is equivalent
to
(v') The periodic orbit P, of f° is E-equivalent to R for each i.

Proof. Obviously (v) follows from (v'). Assume (i), (ii), (iii), (v), and (vi)
and prove (v'). Without loss of generality we can assume that y (i) = i + 1
(mods) . By (vi), there is some j € {0,1,...,5s—1} such that f is monotone
on all P, for i # j. Hence, f' is monotone on Py for i = 1,2,...,j
and 7% is monotone on P, for k = j+1,...,5s— 1. The maps f'|,
for i =1,2,...,j and f’_kl,,k for k = j+1,...,5s—1 can be extended
to homeomorphisms of Span(F,) onto Span(Pj) for i =1,2,...,j and of
Span(P,) onto Span(P;) for k =j+1,...,5— 1, respectively. Since iterates
of f commute with one another, these homeomorphisms give equivalence of
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Pyand P, for i=1,...,j,j+1,...,s—1. By (v), P, is E-equivalent to
R, and hence all P, are E-equivalentto R. O

Remark 3.5. For given orbits R and @, it is very easy to construct an R-
extension of Q.

Remark 3.6. If P is a 2-extension of Q then P is an R-extension of Q for
each periodic orbit R of period two (this follows from the fact that each map
on two points is monotone). Hence, for 2-extensions we may use results with
R-extensions in the hypotheses. Notice also that if f is EP-adjusted, then the
existence of a thin negative loop in the E P-graph of f is equivalent to P being
a 2-extension of some orbit.

Remark 3.7. In Definitions 3.1 and 3.3 we did not use g and % outside R
and Q, respectively. Hence, we may assume that g is R-adjusted and 4 is
EQ-adjusted.

In the next lemmas we shall use the notation of Definitions 3.1 and 3.3.

Lemma 3.8. Let P be an R-extension of Q. Assume that f is E P-adjusted
and that f has a periodic orbit P' # P. Then either P’ is an R'-extension of
Q for some periodic orbit R' # R of g, or P' is E-equivalent to some periodic

orbit Q' #Q of h.

Proof. Since Uf;ol Span(P,) is f-invariant, there are two possibilities:

1. P' c U, Span(P). Denote P/ = P'NSpan(P). Since f is EP-
adjusted, Span(P,) is f“-invariant, and (vi) holds, we have that f° |span(zy) 1S
P,-adjusted. Since P’ # P, we have P, # P,. Therefore, by the Adjusting
Lemma (1.18) g has a periodic orbit R’ # R E-equivalent to P,. In view of
Lemma 3.4, P’ is an R'-extension of Q.

2. P'n(U, Span(P,)) = @. Then the orbit 7' = 7(P') of f obtained from
P’ by collapsing each Span(P;) to a point is E-equivalent to P'. Since f is
EP-adjusted, f is EP-adjusted. Clearly, ' # P. By (iv) and the Adjusting
Lemma, 4 has a periodic orbit Q' # Q E-equivalent to P'. Then P’ is
E-equivalent to Q'. O

Lemma 3.9. Let P be an n-extension of Q. Assume that f is E P-adjusted
and that for some i, f° ISpan( P) has a periodic orbit P,.' # P,. Then f has a
periodic orbit P' # P of period s.Card(P}).

Proof. Since f is EP-adjusted, we have f’ (P,.') - Span(PW,(,.)) for each j (y
is from (iii) of Definition 3.1). Hence, P’ = U;;(; f/(P)) is a periodic orbit of
f of period Card(P))s and P'#P. O

Lemma 3.10. Let P be an R-extension of Q. Assume that g is R-adjusted
and has a periodic orbit R' # R. Then f has a periodic orbit P' # P of period
Card(R').s.
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Proof. In view of the Adjusting Lemma (1.18), we may assume that f is EP-
adjusted. Then, again by the Adjusting Lemma, f° SISpan( P has a periodic orbit
P, # Py, equivalent to R'. By Lemma 3.9, f has a periodic orbit P' # P of
period Card(R')s. O

Lemma 3.11. Let P be an n-extension of Q. Then f has a periodic orbit
E-equivalent to Q. Moreover, if h is EQ-adjusted and has a periodic orbit
Q' # Q, then f has a periodic orbit P' # P, E-equivalent to Q' .

Proof. Since Span(P,) f-covers Span(P, ;) foreach i, f hasa periodic orbit
E-equivalent to Q. Since & is EQ-adjusted and (iv) holds, by the Adjusting
Lemma (1.18), f has a periodic orbit P' # P E-equivalent to Q'. The orbit
P’ is an image of some periodic orbit P’ of f under n. Clearly, P' # P and
P' is E-equivalent to P'. Hence P’ is E-equivalentto Q'. O

Lemma 3.12. Let P be an R-extension of Q. If h has no periodic orbits of
period m = Card(P) and R is primary, then P is primary.

Proof. We may assume that f is EP-adjusted and g is R-adjusted. Suppose
that P is secondary. Then f has a periodic orbit P’ # P of period m . Since
h has no periodic orbits of period m , by Lemma 3.8, P’ is an R’-extension of
Q for some periodic orbit R’ # R of g. Since g is R-adjusted, R is primary,
and periods of R’ and R are equal, in view of the First Theorem (2.3), we
obtain a contradiction. O

Lemma 3.13. Let P be an n-extension of Q. If P is primary, then P, is a
primary orbit of f° for each i. If additionally h is EQ-adjusted, then h has
no periodic orbit Q' # Q of period m = Card(P).
Proof. We may assume that f is E P-adjusted. Suppose that, for some i, the
orbit P, of f° is secondary. Since Span(P,) is f*-invariant, f° has a periodic
orbit P,.' C Span(P,), of the same period as P, and different from P,. By
Lemma 3.9 f has a periodic orbit P' # P of period m. Since P is primary
and f is EP-adjusted, from the First Theorem (2.3), we get a contradiction.
Let us now make the additional assumption that 4 is EQ-adjusted. Suppose
that 4 has a periodic orbit Q' # Q of period m. By Lemma 3.11, f has a
periodic orbit P’ # P, E-equivalent to Q'. The period of P’ is m, P is
primary, and f is EP-adjusted, a contradiction. O

4. CANDIDATES FOR PRIMARY ORBITS

We denote the branches of Y by br,, br,, br,. Since we shall adjust this
notation to the periodic orbit under consideration, we do not specify which
branch has which number.

For x € Y \ {0} we define the index of x by ind(x) = i if and only if
x € br;. We shall write x ~ y if and only if ind(x) = ind(y).

If x=0or x~y and x € [0,y), we say that x is smaller than y and
write x < y. Analogously, we define >, <, >.
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If P is a periodic orbit of f € X and x € P, then we call the ordered pair
A = (x,f(x)) an arrow with the beginning b(A) = x and end e(A) = f(x).

If f €Y, then the direction of an arrow A is a number dir(4) € {-1,0,1}
such that dir(A4) = ind(e(4)) —ind(b(A4)) (we recall that the symbol = denotes
congruency modulo 3).

If P has at least one point on a branch br;, then we denote by sm; the
smallest point of P on this branch (remember that if f € Y we always assume
that {0} is not a periodic orbit of f). The arrow beginning at sm; will be
denoted by sm A,. We shall call the arrows sm 4; the smallest arrows.

A periodic orbit P of f € Y will be called directed if P has at least one
point on each branch and the direction of the three smallest arrows is the same
and different from 0. Otherwise we call P undirected.

We consider the undirected case first. In a parallel way, we shall make the
same definitions for maps of an interval. Hence, our assumptions now are
f € X, P is a periodic orbit of f of period m, and, if f € Y, then P is
undirected. We shall distinguish five cases:

(I fel.
(I) feY, P lies on one branch.
(II) feY, P lies on two branches.
(IV) fe€Y, P lies on three branches and all smallest arrows have direction
different from 0.
(V) f€Y, P lies on three branches, and some of the smallest arrows have
direction 0.

We have to introduce some new notation. In case III, we call one of the
branches on which P lies odd and the other one even. In case IV, since not all
smallest arrows have the same direction, there are two of them ending on the
same branch. We call this branch odd and the other two branches even.

With the above definitions, in cases III and IV we can talk about the parity
of branches on which elements of P lie.

In cases III and IV an arrow A will be called black if b(A) and e(A) lie on
branches of different parity and blue otherwise.

Definition 4.1. We define a pendulum orbit as follows (see Figures 4.2-4.16).
For m = 1. The case is I or II. In this case P is always pendulum (however, we
have to remember that if f €Y we do not consider {0} as a periodic orbit).
For m > 1,m odd. In cases IIl and IV we say that P is pendulum if:

(1) P has exactly one blue arrow 4.
(ii) If we denote x; = f'(e(4)), i =0,1,2,...,m~1, then if x; ~ x;,
X < X; is equivalent to i < j.

In cases I and II we say that P is pendulum if f has a fixed point e €
Span(P) such that:

(i) P has exactly one arrow 4 with b(4) and e(A4) on the same side of
e.
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(ii) If we denote x, = fi(e(A)), i=0,1,...,m—1,thenfor x;, x; lying
on the same side of e, x; € (e,x j) is equivalent to i < j (remember
that (e,xj) = (xj,e)).

In case V P is not pendulum.
Notice that in case IV we have m > 5. Notice also that in cases I and II we
have either

Xpo ) <X 3< <X, <Xy<e<Xx <X3<--<X, ,<X, , OF
Xp 1 DXy 3> >X>X0>e>X >Xy> 0 >X, >X, .
In case III we have
O0<xy<x,<--<Xx,_5<x,_, ononebranch
and
0<x,<x3<:<Xx,_,<x,_, onanother branch.
For m even. In cases I, 11, and III we divide the definition into two steps:

(1) If m= 2k , k> 1, we use induction. If k =1, P is always pendulum.
If kK > 1 and pendulum orbits of period 2871 are defined, then P is
pendulum if it is a 2-extension of a pendulum orbit of period k-1,

2) If m= 2k.n, k>1, nisodd, and n > 3, then P is pendulum if
P is an R-extension of a pendulum orbit of period 2", and R is a
pendulum orbit of period n.

In cases IV and V, P is not pendulum.

e —

e

FIGURE 4.2. A pendulum orbit FIGURE 4.3. A pendulum orbit
of period 5 in case I. of period 5 in case II.

FIGURE 4.4. A pendulum orbit of period 5 in case III.
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odd branch odd branch odd branch

FIGURE 4.5. Several types of pendulum orbits of period 5 in case IV.

FIGURE 4.6. A pendulum orbit FIGURE 4.7. A pendulum orbit
of penod 7 in case L. of penod 7 in case II.

- m T~ ~ ~ PR

\ ~ W\

odd branch odd branch odd branch

odd branch

FIGURE 4.9. Several types of pendulum orbits of period 7 in case IV.
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0 ¢

FIGURE 4.10. Pendulum orbits FIGURE 4.11. Pendulum orbits
of periods 2, 4, and 8 in case of periods 2, 4, and 8 in case
I, where P4 (resp. Pg) is a II, where P, (resp. Py) is a
2-extension of P, (resp. Py). 2-extension of Pj (resp. Py).

0 ’
0g”" 4

FIGURE 4.12. Pendulum orbits of periods 2,4, and 8 in case III, where Q4
(resp. Qg ) is a 2-extension of Q, (resp. Q4 ).

> =

FIGURE 4.13. A pendulum orbit of FIGURE 4.14. A pendulum orbit of
period 10 in case I. R is the pendu- period 10 in case I. R is the pendu-
lum orbit given in Figure 4.2 and lum orbit given in Figure 4.3 and

Q is the pendulum orbit of period 2. Q is the pendulum orbit of period 2.
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FIGURE 4.15. A pendulum orbit of period 20 in case I. R is the pendulum
orbit given in Figure 4.2 and Q is the pendulum orbit of period 4 given
in Figure 4.10.

FIGURE 4.16. Pendulum orbits of periods 10 and 20 in case III. In both
cases R is the pendulum orbit of period 5 given in Figure 4.3 (in the
interval instead of Y ) and Q is the pendulum orbit of Figure 4.12 of
periods 2 and 4, respectively.

Remark 4.17. It is easy to see that for every m there exist maps f € I and
g € Y, each of them having a pendulum orbit of period m (see Remarks 3.2
and 3.5).

Remark 4.18. In the case of maps f € I, the definition of pendulum orbits
coincides with the definition of simple orbits (see [St, B13, C, ALS, H}).
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Now, we consider the directed case. Our assumptions are: f€Y and P isa
directed periodic orbit of f of period m . We assume without loss of generality
that the direction of smallest arrows is +1 .

An arrow A will be called black if dir(4) = 1, red if dir(4) = —1, and
green if dir(4) = 0. Red and green arrows will be called colored.

The branch br i will be called next after br; if j =i+ 1; it will be called
previousif j=i-1.

Now, we start to define directed orbits.

Definition 4.19. P will be called a single green (red) orbit if (see Figures 4.20
and 4.21):

() P has exactly one colored arrow A4 and this arrow is green (resp. red).
(i) If we denote x; = f'(e(4)), i=0,1,2,...,m—1, then x; < x;,, for
0<i<m-4.

i+3

4

FIGURE 4.20. Single green orbits of periods 4 and 7.

FIGURE 4.21. Single red orbits of periods 5 ana 8.

Remark 4.22. 1t is easy to see that for each m > 4 if m=1 (resp. m=2)
there exists a map f € Y having a single green (resp. red) orbit of period m
and that such orbit is unique up to E-equivalence.
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Definition 4.23. P will be called a box green (red) orbit if m is even and P
is a 2-extension of a single green (resp. red) orbit of period m/2 (see Figures
4.24 and 4.25).

FIGURE 4.24. Box green orbits of periods 8 and 14 obtained by making
2-extensions of the single green orbits shown in Figure 4.20.

FIGURE 4.25. Box red orbits of periods 10 and 16 obtained by making
2-extensions of the single red orbits shown in Figure 4.21.

Remark 4.26. From Remarks 4.22 and 3.2 it follows that for each m > 8 if
m=2 (resp. m=1) and m is even, then there exists a map f €Y having a
box green (resp. red) orbit of period m .

Definition 4.27. P will be called a double green (red) orbit if (see Figures 4.28-
4.31):

(i) m is odd.

(ii) P has exactly two colored arrows, 4 and B, and these arrows are both
green (resp. red).

(iii) If we denote by p and ¢ the integers such that 0 < p < m — 2,
0<g<m-2, f(e(4)) = b(B), f*(e(B)) = b(A4), and set n =
(m-35)/2, x; = f'(e(4)) for i =0,1,...,p and y, = f*(e(B)) for
i=0,1,...,q, then
(iii.1) y; < x, for max(0,n - p) <i <min(n,q),

(iii.2) x; < Yg—nsi for max(0,n — q) <i <min(n,p),
(ii.3) x; < x;,5 for 0<i<p-3,

—n+i

i+3

(iii4) y, <y;,; for 0<i<qg-3.
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Notice that p+q = m — 2 = 2n + 3. Observe also that replacing 4, p, x,
i by B, g, y, j and vice versa does not affect the above definition.

FIGURE 4.28.
respectively.

/

FiGURE 4.31. Double red orbits of period 13, with ¢ equal 4 and 5, respectively.
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Lemma 4.32. From (iii.1) and (iii.2) of Definition 4.27 it follows that
(@) x; <x,,; for max(0,n—¢q) <i<min(n,p-3).
(b) ¥, <y;,3 for max(0,n —p) < i< min(n,q - 3).

Proof. (a) Let max(0,n — q) < i < min(n,p — 3). By Definition 4.27(iii.2)
we then have x; < Vs where j = ¢ —n+i. We have max(0,n — p + 3)
= max(0,g —n) = max(0,n—q)+gq—n < j <min(n,p-3)+q—-n =
min(q,p — 3+ g — n) = min(n,q) (here we use the equality p+q =2n+ 3).
By Definition 4.27(iii.1), we get Vi <Xy pyj=Xiy3- Thus, x; <x; ;.

We obtain (b) from (a) by replacing A, p, x, i by B, g, y, j and vice
versa. O

Lemma 4.33. The following statements hold.

(a) For a single or double orbit, if x; ~ x; and i < j then x; < x;.
(b) For a double orbit, if y, ~ Y and i< j then y, < Y-

Proof. 1t follows from the fact that all arrows (x;,x; ) and (y;,y,,,) are black
and from Definition 4.19(ii) and Definition 4.27(iii.3, iii.4). O

Lemma 4.34. For a double orbit let 0 < i < p and 0 < j < q. Then the
Jollowing conditions are equivalent:

(@) x;~y;.

(b) i—-j=n-q.

(¢) j—i=n-p.
Proof. Since p+q =2n+3=2n, (b) and (c) are equivalent. Without loss of
generality, we may assume that p > ¢q. Then, since p + ¢ = 2n + 3, we have
p > n. By Definition 4.27(iii.1), y, < x, - Hence, y, ~x,_, . Therefore,
X~ is equivalentto j—0=i-(p—n),ie,to(c). O

n

Lemma 4.35. For a double orbitlet 0<i<p, 0<j<gq, and x; ~Y;- Then:
(@) If i—j<n-—gq then X, <y;.
(b) If j—1<n-—p then Y <X.

Proof. (a) Assume that i > n—q. Since i—j <n—q,wehave i <n—(q—j) <
n. Hence, by Definition 4.27(iii.2), x; < Since g —n+i < j and
Voensi ~ X~V by Lemma 4.33, x; < Y-

Assume that i <n—gq. Since p=2n+3—-q > n—-gq+ 3, there exists k
such that n— ¢ <k <p and k = i. Take the smallest such k. Since x; ~y D
by Lemma 4.34, we have n—q+ j = i = k. By the minimality of k, we obtain
k < n—gq+j. By the part already proved, x, <y ;- Hence, in view of Lemma
4.33, x; < Y-

(b) We obtain it from (a) by replacing 4, p, x, i by B, ¢q, y, j and vice
versa. O

yq—n+i :

Lemma 4.36. For a single or double orbit, if w and z are beginnings of black
arrows and w < z, then f(w) < f(z).
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Proof. If w = Xx; and z = X;, from Lemma 4.33(a), it follows that i < j.
Since w and z are beginnings of black arrows, f(w)=x,,, and f(z) = Xjp-
Again from Lemma 4.33(a) we obtain f(w) < f(z).

If w=y, and z = Y, we obtain f(w) < f(z) as above, by using Lemma
4.33(b).

Assume now that w = x; and z = Y- By Lemma 4.34, we have i—j=n—gq.
By Lemma 4.35(b), j—i>n—-p. Hence i—j<p-n=2n+3-q—-—n=
n—gq+3. Therefore, i—j <n-gq. Since f(w)=x,,, f(z) = (D and
(i+1)-(j+1)<n-g, by Lemma 4.35(a), we obtain f(w) < f(z).

If w =y; and z = x;, we replace 4, p, x, i by B, ¢q, y, j and vice
versa and also obtain f(w) < f(z). O

Lemma 4.37. For a double orbitlet q <p. Then q < n+ 1. Moreover,
(a) If ¢ < n then Xy g <Vo <X, 443
(b) If g=n+1 then x; <y, < Xx;.

Proof. Since p+q =2n+3, we obtain ¢ < (2n+3)/2 and hence g <n+1.
Assume that ¢ < n. By Lemma 4.34, y, ~ x,__ and y, ~ Xy =Xy g13-
By Lemma 4.35, we obtain (a).
If g=n+1,then p=nr+2 and, by Lemma 4.34, Y, ~ X, ~ X; . By Lemma
4.35, we obtain (b). O

q

Proposition 4.38. Assume that a directed periodic orbit of period m satisfies
(i) and (ii) of Definition 4.27. With the notation of Definition 4.27(iii), if
D > q, then the conditions (iii.1), (iii.2), (iii.3), and (iii.4) of Definition 4.27
are equivalent to the following conditions:

(i) If w and z are beginnings of black arrows and w < z, then f(w) <

f(z).

(i) If g < n, then Xy_g <Vo < Xp_gi3
X, .
3

Proof. If (iii.1), (iii.2), (iii.3), and (iii.4) of Definition 4.27 are satisfied, then
(i) and (ii) follow from Lemmas 4.36 and 4.37.

Assume that (i) and (ii) are satisfied. Notice that ¢ < n+ 1 and, hence, (ii)
covers all possible cases. Notice that n—g+3=p—n and,if g=n+1, then
l=g-n and 3=p-n+ 1. Hence, we obtain (iii.1), (iii.2), and (iii.3) of
Definition 4.27 from (i) and (ii) by induction. Then (iii.4) follows easily. O

andif g=n+1, then x, <y, <

Remark 4.39. Since in Definition 4.27 we may replace 4, p, x, i by B, ¢q,
y, j and vice versa and the definition will remain the same, we may assume
that p > q. Hence, Proposition 4.38 gives us another equivalent definition of
double orbits. From this new definition it is easy to see that forevery m > 5, m
odd, and for every g € {0,1,...,(m —3)/2},if m=2 (resp. m =1), there
exists a map f € Y having a double green (resp. red) periodic orbit of period
m , with the prescribed ¢, and such an orbit is unique up to E-equivalence.
Now we define the last type of primary orbits.
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Definition 4.40. Assume that f € Y and P is a directed periodic orbit of f
of period m. We say that P is a twist orbit in the following cases (see Figures
4.41 and 4.42).
(1) If m=32%, k>0, we use induction. If k =0, then P is twist. If
k > 1 and twist orbits of period 32471 are defined, then P is twist if
it is a 2-extension of a twist orbit of period 32kt
2) If m= 3.2k.n, n is odd, and n > 3, then P is twist if it is an R-
extension of a twist orbit of period 3.2 , where R is a pendulum orbit
of period n.

A AN

FIGURE 4.41. Twist orbits of period 3, 6, and 12. Each orbit with period
different from 3 is a 2-extension of the previous one.

”~

FIGURE 4.42. Twist orbits of periods 15 and 30. The orbit of period 15
(resp. 30) is an R-extension of the twist orbit of period 3 (resp. 6) shown
in Figure 4.41, where R is the pendulum orbit of period 5 shown in Figure
4.3,

Remark 4.43. 1t is easy to see (use Remarks 4.17 and 3.5) that for each m =0
there exists a map f € Y having a twist orbit of period m .

5. PROOFS OF PRIMARITY

In this section we prove that the orbits defined in the previous section are
primary. We start with the undirected case. Again we consider it in parallel
with the case of maps of the interval. Hence the assumptions are that f € X
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and P is a pendulum orbit of f of period m. We have one of the cases I, II,
III, and IV of the previous section (There are no pendulum orbits in case V.)

Remark 5.1. Let P be a periodic orbit of an EP-adjusted map f € X. Since
we are only interested in the existence, nonexistence, and behavior of periodic
orbits of period larger than one, there is no basic difference between cases I,
I1, and III. First notice that, since the map f is E P-adjusted, we only have to
take into account the EP-graph of f in Span(EP). Now the only difference
between cases I and II is that in case II, such a graph contains the interval
[0, min(P)]. Since f(0) = 0, in this interval there is no periodic orbit of period
larger than one. Hence case II can be reduced to case 1. The difference between
case I and case III is that, in case III, always O € Span(P) and f(0) = 0. But
in case I, clearly there exists a fixed point e of f such that e¢ € Span(P) (if
there exist many, choose one). Then we reduce case I to case III by letting ¢ in
case I play the role of 0 in case III. If P is pendulum of odd period and we are
in case I, this fixed point is given by Definition 4.1. If P is pendulum of even
period and we are in case I, from the definition it follows that there exists a fixed
point e € Span(P) such that Card([min(P),e]Nn P) = Card([e, max(P)]NP) =
Card(P)/2. This point e is the one which has to play the role of 0 to reduce a
pendulum orbit in case I to a pendulum orbit in case III. Therefore, from now
on we only consider cases 111 and 1V.

Lemma 5.2. Let P be a pendulum orbit of period m = 2k k >1, ofan EP-
adjusted map f € Y. Then f has periodic orbits of periods 1,2,22 y s ,2"
and no others.

Proof. We use induction. For k£ = 1 this is obvious. Assume that we know it
for pendulum orbits of period 2"V If m=2% and P isa pendulum orbit of
period m , then by Definition 4.1, P is a 2-extension of a pendulum orbit Q of
period 21 we may assume that the map /4 for which Q is a periodic orbit
is EQ-adjusted. By the induction hypothesis, 4 has periodic orbits of periods
1 ,2,22 y s ,2"_l and no others. By Lemmas 3.8 and 3.11 and Remark 3.6 it
follows that f has periodic orbits of periods 1,2, 22 ey 2¥ and no others. O

Lemma 5.3. Let P be an R-extension of Q. If Q is a pendulum orbit of period
2¥ and R is primary of period larger than one, then P is primary.

Proof. Since the period of R is larger than one, the period m of P is larger
than 2¢. We may assume that Q is a periodic orbit of an EQ-adjusted map
h. From Lemma 5.2 it follows that 4 has no periodic orbits of period m.
Hence, by Lemma 3.12, P is primary. O

Proposition 5.4. Pendulum orbits are primary.

Proof. Let P be a pendulum orbit of period m of an EP-adjusted map f.
Assume first that m is odd. Let x; be as in the definition of pendulum orbits
of odd period. If a loop of the EP-graph of f changes the parity of a branch at
each step, then it has even length. Hence, if we have a loop of length m in our
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graph, it has to go through a step preserving parity of a branch. If we denote by
I, the basic interval with larger endpoint equal to x; for i=0,1,2,... ,m—
1, then this is the step from I,,_, to I, (this follows from the definition of
pendulum orbit). We claim that if I, f-covers / B then j<i+l1.Ifi=m-1,
this is obvious. Assume that i < m — 1. Then f(Span{x,,x,,...,x;}) =
Span({x,,x,, ... ,x;,,}). Consequently, if I, f-covers I B then by (ii) of the
definition of pendulum orbit, j < i + 1. This proves the claim. Therefore,
our loopis Iy - I, - I, - --- - I _, — I,. Hence, from Proposition
1.11, every periodic orbit of f of period m is associated to the above loop.
From statements (a.3) and (b) of Proposition 1.10 it follows that P is the only
periodic orbit of f of period m. By the First Theorem (2.3), P is primary.
This ends the proof for m odd.

Now let m=2k, k > 1. Clearly, if Kk =1, then P is primary. If k > 1,
then by Definition 4.1 and Lemma 5.3, P is also primary (here we also use
Remark 3.6).

If m=2%n with n > 3, n odd, then by Definition 4.1, Lemma 5.3, and
the part of the proposition already proved, P is also primary. O

Now we are going to consider the directed case.

Lemma 5.5. Let P be a twist orbit of period m = 32K with k >0 ofan EP-
adjusted map f €Y. Then f has periodic orbits of period 3,3.2, 3.2? yeees 3.2k
and no others.

Proof. We use induction. For k = 0 it is obvious. Assume that we know
this for twist orbits of period 3271 If m = 32" and P is a twist orbit of
period n, then by Definition 4.40 P is a 2-extension of a twist orbit Q of
period 325! we may assume that the map # for which Q is a periodic
orbit is EQ-adjusted. By the induction hypothesis, 4 has periodic orbits of
periods 3,3.2,3.22 Y s ,3.2" ~! and no others. By Lemmas 3.8 and 3.11 and
by Remark 3.6, f has periodic orbits of periods 3,3.2,3.2%, ..., 3.2* and no
others. O

Lemma 5.6. Let P be an R-extension of Q. If Q is a twist orbit of period 3.2*
and R is primary of period larger than one, then P is primary.

Proof. Since the period of R is larger than one, the period m of P is larger
than 3.2%. We may assume that Q is a periodic orbit of an EQ-adjusted map
h. From Lemma 5.5 it follows that 4 has no periodic orbits of period m.
Hence, by Lemma 3.12, P is primary. O

Proposition 5.7. Twist orbits are primary.

Proof. Let P be a twist orbit of period m and let f be EP-adjusted. If
m = 3, then P is obviously primary (use the First Theorem (2.3)).

If m=32" , P is primary by Definition 4.40 and Lemma 5.6 (recall that
every periodic orbit of period two is primary).
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If m=32n , >3, n odd, then P is primary by Definition 4.40, Lemma
5.6, and Proposition 5.4. 0O

Now we are going to prove that single, box, and double colored orbits are
primary. First, we consider the cases of single and double colored orbits. In
both cases we assume that f has an orbit P of period m, this orbit is single
colored or double colored, and f is EP-adjusted. We shall investigate loops of
length m in the EP-graph of f. We take such a loop o. We use the notation
of Definitions 4.19 and 4.27. In what follows, we start by making several simple
observations.

Observation 5.8. In the green (red) case, when going along the loop a, we
cannot move to the previous branch (resp. stay at the same branch).

Observation 5.9. Let v be the number of times that we do not move to
the next branch. Then in the green (red) case we have m — v = 0 (resp.
(m—-v)—v=0). Since m =2 in the single red and double green cases, and
m =1 in the single green and double red cases, we obtain v = 1 in the single
case and v = 2 in the double case.

Observation 5.10. When moving along the loop a we go from a basic interval
I to a basic interval not in the next branch; then there are two possibilities. The
first is that one of the endpoints of I is the beginning of a black arrow and the
other is the beginning of a colored arrow. We call this arrow C. In this case
we move from I to some basic interval contained in [0,e(C)]. The second
possibility is that both endpoints of I are beginnings of colored arrows. Then
P is a double orbit and we move from I = [b(A4), b(B)] to some basic interval
contained in [e(A4),e(B)].

In the rest of the section we shall distinguish two cases:

Case A. No basic interval has both endpoints equal to beginnings of colored
arrows.

Case B. There is a basic interval with both endpoints equal to beginnings of
colored arrows.

Notice that the single case always satisfies Case A. To deal with Case B we
have to prove some auxiliary lemmas. However, we have to fix our notation
first.

Notation. In Case B, we assume that b(A4) < b(B). We may make such an
assumption without loss of generality because in Case B, b(A4) ~ b(B). We
should remember that b(A4) = Yy b(B) = x,, n=(m- 5)/2,and p+q =
2n+3.

Lemma 5.11. In Case B, g=n and p=n+3.

Proof. First, notice that p = q. Assume that ¢ > n. Then p < n+ 3. Since
p=gq,wehave ¢ >n+3 and p < n. Hence, max(0,n—¢) <p <min(n,p),
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because p = 2n + 3 —q > n — q. Therefore, by Definition 4.27, we have
Xy <Vgnip =Vns3 Vg2 contradiction. Hence g < n.

Assume that ¢ <n. Then p >n+3. Since g=2n+3-p>n—-p and
g < n, we have max(0,n — p) < ¢ < min(n,q). By Definition 4.27, we get
Vo < Xp_nyg = X3 < X5 which contradicts our assumption that ¥, and X,
are endpoints of a basic interval. Hence ¢ > n. O

Lemma 5.12. In Case B, b(B) is the largest point of P on its branch.

Proof. If x; ~ x, for some i, then i = p and, by Definition 4.27, x; < x,. If
yi~Xx, for some i, then y; ~y,and i=q. By Definition 4.27, y, < Y, and,
since by Lemma 5.11 and Definition 4.27 Y, <x,,we obtain y; < x,. Hence,
the point X, = b(B) is the largest point of P on its branch. O

Lemma 5.13. In Case B the points e(A) and e(B) are the endpoints of some
basic interval. Moreover, e(A) < e(B).
Proof. Recall that e(4) = x, and e(B) = y,. By Lemma 5.11 and Definition
4.27, we have x;, < y, < x,. Hence, again by Definition 4.27, there are no
points of P between x, and y,. O

In Case A, we call the situation described in Observation 5.10 as the first
possibility moving along C. In Case B, this applies to C = A. By moving
along B we shall mean a step from [b(A),b(B)] to [e(4),e(B)] (by Lemma
5.13, this interval is basic).

Now we go along the loop «, perhaps many times. We call the consecutive
colored arrows along which we are moving C,,C,,C,, ... . We consider several
possible cases.

Lemma 5.14. Assume that P is a double orbit and C; = C, , for some i. Then
between moving along C; and C, , we make at least n+ 3 steps (where n is
from Definition 4.27).
Proof. In Case A we may assume that C;, = C,,, = A. In Case B we may
not make this assumption only in the following situation: we use in the proof
the definition of moving along A, and its consequences are false if we replace
A,p,x,i by B,q,y,j and vice versa. However, we have to use the definition
of moving along A only in two places: to conclude that after moving along
A we are in one of the basic intervals contained in [0, x,], and to conclude
that to move again along 4 we need to be in an interval containing b(A).
But, in Case B, if we replace 4,p,x,i by B,q,y,j and vice versa, both
consequences stay true. The first one follows from the fact that, by Lemma
5.13, e(A4) < e(B) = y,. The second one is obvious. Hence, the situation
described in the beginning of this paragraph never arises, and therefore even in
Case B we may assume that C;=C,, , = 4.

The above explanations may become clearer after reading the rest of the
proof.

After moving along C; we are in one of the basic intervals contained in

[0, x,]. Since during the next k steps which we do before moving along C;,, ,
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we move to the next branch each time, by Lemma 4.36, we are in the intervals
[0,x,], [0,x,], ... ,[O,xmin(p,k)] after 1,2, ..., min(p,k) steps, respectively.
Two cases are possible:

1. p > k. Since in the next step we move along 4 and min(p,k) = k we
have b(4) €[0,x,]. Hence b(4) < x, . We have three subcases.

(1.i) max(0,n—q) < k < min(n,p). Then, by Definition 4.27, x, < Yoonik -
But since x, > b(4) = Yoo weget y, <y, and, again by Definition 4.27.
g<q—n+k.Hence k>n.

(1.ii) k& < max(0,n —q). Then we have 0 < kK < n — g and we replace k
by K =n—q, n—q+1,or n—q+2 such that kK'=n. Since n—¢q <n and
k'=n,wehave k' <n. Alsowe have n—q+2 < p, because p+q =2n+3.
Hence, k' < min(n,p). On the other hand, g+p-n=n+3=n=k'.
Hence, ¢ — k' = n — p and, by Lemma 4.34, we have Vg~ X - Therefore

. = b(4) < x, < x,, because k' > k and by Definition 4.27(iii.3). Thus, we
can proceed as in (1.i). Then we obtain k' > n. This is a contradiction.

(1.ii1) k& > min(n,p). Since k < p, we have kK > n. Hence in case 1 we
have x > n.

2. p < k. Suppose that k < n. Then p < n and, hence, g >n+3>n
(because p + g = 2n + 3). Therefore, by Definition 4.27(iii.1, iii.2) we have
Yp < X, < ¥Y,,3. Moreover, if p > 3, then X, 3 <y,. Hence the largest
point z of P such that z < X, is equal to y,. We continue moving along
the loop o starting from the (p + 1)th step. At each step we move to the next
branch and we are consecutively in [0,y,,,], [0,y,,,],...,[0,y,,,_,]. Since
in the next step we have to move along 4, we have b(4) €[0,y, ke p] . Hence
b(A4) < Vosk_p- Since b(A) = y,» by Definition 4.27, we get g < n+k—p
and, consequently, n + 3 < k, a contradiction. Hence, in case 2 we also have
k>n.

Clearly, in the green case we have £k = 0 and in the red case k = 1. We
note that, by Definition 4.27, in the green case we have m =2 and n =0, and
inthered case m =1 and n = 1. Hence, k = n. Since kK > n we obtain
k>n+3. 0O

We denote by I, the basic interval with larger endpoint equal to x;, and by
J f the interval with larger endpoint equal to y ;- Also, in the single case we set
p=m-—1.

Lemma 5.15. Assume that either P is a double orbit and C; = A, C, +l

= B for
some i, or P is a single orbit. Then between moving along C; and C, , we
make at least p steps (where p is from Definition 4.27 in the double case and
p = m — 1 in the single case). Moreover, if we make exactly p steps, then we

move through the intervals I,,1,,1,, ... .

Proof. We move through basic intervals contained in [0,x,], [0,x,],...,
[O,xp] consecutively. Hence, by Lemma 4.36, we cannot reach b(C, )= X,
in less than p steps. Since the only point of [O,xj] which is mapped to x i+l
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is X; for j=0,1,...,p—1 (werecall that f is EP-adjusted), if we make ex-
actly p steps, we have to use the intervals I,,7,, ... ,Ip_1 consecutively. The
next step is along C, ,. Hence, the corresponding basic interval has b(C,_,)
as endpoint. But since it is contained in [O,xp] = [0,5(C;, )], it has to be

Ip. (]

Lemma 5.16. Let P be a double orbit, C; = B, and C,,, = A for some i.
Then between moving along C; and C, , we make at least q steps (where q
is from Definition 4.27). Moreover, if we make exactly q steps, then we move

through the intervals J,,J,, ... ,Jq.

Proof. In Lemma 5.15, we may replace 4,p,x,i by B,q,y,j and vice versa.
In case A it is obvious. In case B we can do that by the reasons given at the
beginning of the proof of Lemma 5.14. O

Proposition 5.17. Single and double colored orbits are primary.

Proof. Let P be a periodic orbit of a map f € Y of period m. We may
assume that f is E P-adjusted.

Assume first that P is a single colored orbit. From Observation 5.9 it follows
that when going along a loop of the EP-graph of f of length m we have to
move along the colored arrow. By Lemma 5.15, the loop associated to P is
the only loop of length m in the EP-graph of f. From Proposition 1.11
and statements (a.3) and (b) of Proposition 1.10, it follows that P is the only
periodic orbit of f of period m . By the First Theorem (2.3), P is primary.

Now assume that P is a double colored orbit. From Observation 5.9 it
follows that when going along a loop of the EP-graph of f of length m we
have to move along a colored arrow at least twice. If we move twice in a row
along the same colored arrow, then in the whole loop we either use only one
arrow to move along it or we use both arrows. In the first case, by Lemma 5.14,
m >2(n+3)+2=m+3, a contradiction. In the second case, by Lemmas 5.14,
5.15,and 5.16, m > p+q+n+3+3 = m+n+4, again a contradiction. Hence,
we do not move along the same colored arrow twice in a row. By Lemmas 5.15
and 5.16, we get that the loop associated to P is the only loop of length m of
the EP-graph of f. As above, by Proposition 1.11, statements (a.3) and (b) of
Proposition 1.10, and the First Theorem (2.3), it follows that P is primary. O

Proposition 5.18. Box colored orbits are primary.

Proof. Since a periodic orbit of period two is primary, in view of Lemma 3.12
and Remark 3.6, it suffices to prove that if Q is a single colored orbit of an
EQ-adjusted map 4 of period /, then 4 has no periodic orbits of period 2/.
If o is a loop in the EQ-graph of 4, associated to a periodic orbit of period
2/, it has to go along the colored arrow at least twice. To see this, denote by
v the number of times that we move along a colored arrow, as in Observation
5.9. We have 2/ — v = 0 in the green case and 2/ — 2v = 0 in the red case.
From Remark 4.22, we have / =1 (resp. / =2) in the green (resp. red) case.
Hence v =2.
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Since a goes twice along the colored arrow, by Lemma 5.15, «a is a repeti-
tion two times of the loop associated to Q. Hence, Q is associated to a. By
Proposition 1.10, a does not give a periodic orbit of period 2! , a contradic-
tion. O

6. GENERAL RULE FOR PRIMARY ORBITS

Lemma 6.1 (General Rule). If P is a primary periodic orbit of period m > 1
of f €Y such that the points of P lie on at least two branches, then there is no
point x € P such that f(x)> x.

Proof. Assume that there exists x € P such that f(x) > x (notice that this
implies m > 3). We may assume that x is the largest point on its branch with
this property. Then x is the smaller endpoint of some basic interval I = [x,y]
and I f-covers itself. Since we only take into account the behavior of f on
EP, we may assume that f is EP-adjusted.

Weset V, = f'(I), i=0,1,2,.... Since ¥, C ¥, we have ¥, C V| C
V,---. Since f is EP-adjusted, we have

V, 2> Span({f’(x): j=0,1,2, ..., U{f (»): j=0,1, ..., 1}

Therefore, for some r, V; SV, SV, S --- CV, =Span(EP) (since the points
of P lie on at least two branches, Span(P) = Span(EP)). Since

Card(PNV,_,)>Card(PNV)) ifi<r

and Card(PNV,) =2, we obtain r <m —2.

Let k be the smallest integer such that ¥, contains a basic interval J # I
which f-covers I. Since the interval [0,x] f-covers I, such k exists, and if
0 €V, then k <i. Therefore, we have

1 step
~ k steps
=
1 step

By Lemma 1.12, there isaloop I — --- — J — I in the EP-graph of f of

length k + 1. Adding to this loop the loop 7 | times, we get a loop of length
k + 1+ 1 which goes through I [+ 1 times. If / > 2, since I contains only
two points of P, this loop cannot be associated to P. By construction it is
nonrepetitive and, by Lemma 1.3, there is a periodic orbit of period k + 1 +/
associated to it. Hence, by the First Theorem (2.3), we cannot have m—(k+1) >
2. Thus, Kk >m —3. Since k <r<m-2,weobtain k =r=m—2. Since
r=m-2, Card(PnV,, ) =Card(PNV,)+1 for i=0,1,2,...,r—1. Since
k=r,wehave 0 ¢ V, _, .

Now we claim that there is a point z € P such that f '"_'(z) is the only
point of P lying on a branch different from br, 4x) > and the ordering of the

points zi=fi(z), i=1,2,...,m-2,iseither
(1) z, ,<2z, 4<<z<:-<z, <z, 0
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(i) z, <2z, §<-<z<--<z, ,<Z ,.

In the case m = 3, since P has points in at least two branches, the claim
holds for z = x and (ii) is satisfied. If m > 4, since 0 ¢ V|, we have
ind(f(y)) = ind(x) . Since Card(},N P) =2 and Card(¥V, N P) = 3, we have
either f(x) =y, f(y) <x,and (f(y),x)NP =0, 0r f(y)=x, f(x)>,
and (f(x),y)NnP=0.

We prove the claim in the first case. In the other case it follows similarly.
We set z = x. If m = 4, then the claim holds and (i) is satisfied. If m > 5,
V, =1f(»),y1=I[z,,z]. Since Card(V,NnP)=Card(¥,NP)+1, z€V,, and
0 ¢ V,, wegetthat z; >z, and (z;,z,)N P = . Iterating this process, we
have either (i) or (ii). Hence the claim holds because P has points at least in
two branches.

Case (i) is impossible, since then [z, ,,z, ,] f-covers I, in contradiction
to the minimality of k (notice that [z, ,,z, ,JCV, ;).

In case (ii) we set K =[0,z,_,] and L=z, _,,z,_,]. We have Ir} 2 L.
Then we have the loop K - K —--- - K —- L — K of length m in the EP-
graph of f. This loop is nonrepetitive and, by Lemma 1.3, there is a periodic
orbit of period m associated to this loop and contained in one branch. By the
First Theorem, this is a contradiction. O

7. UNDIRECTED THEOREM (FIRST PART)

Now we start proving the following result.

Theorem 7.1 (Undirected Theorem). Let P be a periodic orbit of f € X. If P
is undirected and primary, then P is pendulum.

In this section we only state and prove some preliminary results. The Undi-
rected Theorem will be proved in §9.

In the rest of this section we shall assume that P is a periodic orbit of an
EP-adjusted map f € X of period m, and P is undirected. We shall also use
the notation of §4 for undirected orbits. We consider here only cases I, II, III,
and IV (see §4).

By Remark 5.1, it is enough to consider only case III or IV. Indeed, in the
reduction of cases I and II to case III we did not use the assumption that P
is pendulum. Here any fixed point e € Span(P) can play the role of 0 in the
reduction. Recall that cases III and IV are:

(II) feY, P lies on two branches.
(IV) fe€Y, P lies on all three branches and all smallest arrows have direc-
tion different from 0.

Hence, in the rest of the section, m > 2.

Lemma 7.2. Assume that P is pendulum, m > 3, and m is odd. Then, for every
n such that n >, m, f has a periodic orbit Q of period n with Span(Q) C
Span(P).
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Proof. If n =1, then Lemma 7.2 follows from Definition 4.1. Now we assume
that n is even. There is { < m — 1 such that x; ~ x, , but f(x;) and
f(x;,,) lie on different branches (we use the notation of Definition 4.1). Denote
K=[0,x], L=[x;,x;,],and M =[0,x,,,]. We have K & M 2 L, which
gives us a periodic orbit Q of period n, with Span(Q) € Span(P). Now, we
consider the case n odd, n > m. Denote by I, the basic interval with x, as
the larger endpoint. Clearly, I, —» I, —---— 1 _, — I, is a loop of length m
of the EP-graph of f (cf. the proof of Proposition 5.4). From the definition
of undirected orbit it follows that there are two basic intervals adjacent to 0 on
branches of different parity, which cover each other. Hence, we can add to our
loop of length m the necessary number of times the loop of length two given
by these two intervals to get a loop of length » . This loop is nonrepetitive and

gives a periodic orbit Q, of period n, with Span(Q) € Span(P). O

We shall need some new definitions and notation.

In case III we denote by I, and I, the basic intervals adjacent to 0 on the
odd and even branches, respectively.

In case IV we denote by I the basic interval adjacent to 0 on the odd branch.
I, f-covers one of the basic intervals adjacent to 0 on the even branches. We
denote this interval by I, .

Clearly I, = 1,. Set V, =1 Ul, and V, = f'(V,) for i=1,2,.... We
have V C V| and, hence, V; C V,_, for all i. We denote by y_ , y, the end-

1 i
points of I and I,, respectively, different from 0. Then V}, = Span({y,,y,})

and, since f is EP-adjusted, V; D Span({fj(yo): j=0,1,...,i}U {f’(ye):

Jj=0,1,2,...,i}). Since no proper subset of P is invariant, we have V C
V, S-SV, =Span(EP) for some r > 0. Since, Card(V, N P) =2, we have
r<m-2.

Lemma 7.3. In case IV, if P is primary, then P has a blue arrow.

Proof. Assume that P is primary but P has only black arrows. Then obviously
m is even. Denote by k the smallest integer such that ¥, N P has nonempty
intersection with all three branches. We have k < r < m — 2. There is a point
x € PNV, _, suchthat f(x) is on that even branch which does not contain 7, .
We may assume that x is the smallest such point. Let J be the basic interval
contained in [0, x], adjacent to x . Since P has only black arrows, J lies on
the odd branch. Clearly, J f-covers I,. Since J C V,_,, then either I or
I, f-covers J inat most k — 1 steps. From Lemma 1.12, the EP-graph of f
has either the loop I, — - —=J = I, — [ or I, — .- —J — I, of length at
most m — 1. However, since all the arrows are black, the lengths of all loops
of the EP-graph of f are even. Hence, our loop has length at most m — 2
(recall that m is even). Adding to our loop the loop I, & I, enough times,
we get a loop of length m going through I, at least two times. This loop is
nonrepetitive and, by Lemma 1.3, gives a periodic orbit of f of period m.
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Clearly this orbit is different from P. From the First Theorem (2.3), we get a
contradiction. O

Lemma 7.4. Assume that P has a blue arrow. Then f has a pendulum orbit Q
of period | odd, 1 <! <m+ 1, such that Span(Q) C Span(P).

Proof. Let k be the smallest integer such that ¥, contains a beginning of a
blue arrow. We have k <r<m-2.

In case IV, let J, be the basic interval adjacent to 0 on the even branch
different from the one on which I, lies. Clearly, J, f-covers I .

There is a basic interval J C ¥}, such that one of its endpoints is a beginning
of a black arrow and the other one is a beginning of a blue arrow. Then J
f-covers I . Moreover, in case III, J f-covers I, and in case IV J f-covers
I, or J,.

Since J C V,, either I, or I, f-covers J in k steps. By Lemma 1.12,
there are basic intervals K, K ,...,K, suchthat K isoneof I , 1, , K, =J
and K; f-covers K, , for i=0,1,...,k—1. Clearly, K; C V; and, by the
minimality of k, we obtain K; C V;\V,_, for i = 1,2,...,k. Also, by
minimality of k, K, and K, , lie on branches of different parity, for i =
0,1,...,k—1.

Now in various cases we take various loops of length /:

(i) k even, K, =1:1 - K —-- =K, —-I ,I=k+1.

(ii) k even, K =1,,J f-covers I,: I, - K —---—=K, =1, 1=k+1.
(iii) k even, K, =1,, J f-covers J,:I, =K, — - =K, = J, =1 —

+1

I, l=k+3.

(iv) k odd, K, =1, J f-covers I,:I — K — - =K, -1, -1,
l=k+2.

(v) k odd, K, =1,, J f-covers J,:I - K, — - =K —J -1,
l=k+2.

(vi) k odd, K,=1,:1, - K, —--- =K, =1 —1,,l=k+2.

Of course, cases (iii) and (v) can occur only in case IV. Notice that / is always
odd and /! < k+3 < m+ 1. Moreover, the loop obtained is nonrepetitive.
Hence it gives a periodic orbit Q of period / with Span(Q) C Span(P).

Assume that / > 3. We claim that Q is undirected. This is obvious in
case III. In case IV, we note that each time we move along a black arrow, we
change parity of the branch. Hence, by construction, we change parity of the
branch at each step of the loop, except at the step beginning at K, . Therefore,
if K, is not the closest interval to 0 on its branch among the intervals appearing
in the loop, obviously Q is undirected. However, if it is the closest one, by
construction, it is the only one on its branch. Hence, K, has to be on an even
branch. Thus, we are in case (ii), (iv), or (v) and in the next two steps we go
through the intervals closest to 0 on the remaining two branches (during these
two steps we cannot come to the branch on which K « 1s, since ! > 3). Then
we move in different directions and this proves the claim.
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In both cases (III and IV) the only possibility of not changing parity of the
branch when we move along the loop is to make a step from K, . Hence, by
construction, @ has at most one blue arrow. Since / is odd, it has exactly one
blue arrow. Thus, Q satisfies condition (i) of Definition 4.1 for the odd case.

Observe that always, when we use some other intervals than K| ,K,, ...,
K, , they are I, I,, J,. Moreover, each of them is used at most once and
they appear in the loop following K, and preceding K, . Since I, I,, J, are
adjacent to O (each on its branch) and K; € V;\ V,_, , we obtain condition (ii)
of Definition 4.1 for the odd case. This proves the lemma in the case / > 3.

If / = 3 then we add to our loop the loop I, = I,. Then we obtain a
loop of length 5 and an associated periodic orbit Q of period [ = 5 with
Span(Q) c Span(P) . Obviously it is undirected and has exactly one blue arrow.
If we have in our loop intervals / € {/ ,I,,J,} and K € {K|,K,} lying on
the same branch, then I is closer to 0 than K. Since f is EP-adjusted this
proves condition (ii) of Definition 4.1 for the odd case. This ends the proof if
m>4,

If m =2, then P has only black arrows, a contradiction.

If m =3, then P is pendulum and we can take Q=P. O

Lemma 7.5. Let P be a primary orbit of an E P-adjusted map f € X. Assume
that P is undirected and has period m > 2. Then,

(a) If m is even, then all arrows are black and we have case 111.
(b) If m is odd, then P is pendulum.

Remark 7.6. One should remember that cases I and II were reduced to case III.
So, in fact, cases I and II may occur under the assumptions of (a) of Lemma
7.5 as well as case III.

Proof of Lemma 17.5. (a) Assume that P has a blue arrow. From Lemma 7.4 f
has a pendulum orbit Q of period / odd, such that Span(Q) C Span(P). Let
h be an EQ-adjusted map. By Lemma 7.2, 4 has a periodic orbit R of period
m such that Span(R) € Span(Q). From the Adjusting Lemma (1.18), f has
a periodic orbit R E-equivalent to R, such that Span(R) C Span Q. By the
First Theorem (2.3), this is a contradiction. Hence, P has all arrows black. By
Lemma 7.3, we have case III.

(b) Since m is odd, P has a blue arrow. By Lemma 7.4, f has a pendulum
orbit Q of period / odd, 1 </ < m+1, such that Span(Q) C Span(P). Since
both / and m areodd, / < m. If | < m then, by Lemma 7.2 and the Adjusting
Lemma, f has a periodic orbit R of period m such that Span(R) C Span(P) .
By the First Theorem, this is a contradiction. Hence, / = m. Again, by the
First Theorem, Q = P because P is primary. Hence P is pendulum. O

8. PRIMARY EXTENSIONS

In this section we study some properties of extensions of primary orbits.
Throughout the section we shall assume that P is a periodic orbit of a map




PERIODIC ORBITS OF MAPS OF Y 513

feX and P is an n-extension of Q. We also use the notation of Definitions
3.1 and 3.3, simplified by assuming that y (i) =i+ 1 (mod s) (we renumerate
P;’s if necessary). In this section we shall not take into account whether P is
directed or undirected.

In fact, the results of this section and other results about extensions are
fairly general and apply to a large class of maps of one-dimensional spaces
(cf. [BCIM]). We denote the elements of P, by xo,xl, ,x,',_l in such a
way that f°(x ,') = j +1 (mod n). When using this notation we shall keep the
convention that addition at subindices of P and superindices of x is mod s
and at subindices of x is mod »n.

Lemma 8.1. Iff"(x ) = +” , then f¥(x 1+q) x,':g forq=1,2,...,n—1.

Proof. f?(x ! +q) = j“’*‘” = f*(x +P) x,’:“; ]

Lemma 8.2. Let P be primary and let n be even. Then P is an n/2-extension
of a 2-extension of Q.

Proof. By Lemma 3.13, each P, is a primary orbit of f° . Denote Pi" = {x;: Jj
is odd}, Pf = {x;: J even}. Since Span(P)) is an interval, from Lemma 7.5(a)
and Remark 7.6 it follows that Span(P’) N Span(P") = @ (see also Remark
5.1). From Lemma 8.1, we have {f(P]),f(P{)} = {P_,P;,} for each i.
Hence, P is an n/2-extension of a 2-extensmn of Q, where this 2-extension

of Q is obtained by collapsing each of the sets P,.", Pf to a point (as in (iv)
of Definition 3.1). O

Lemma 8.3. Let P be primary, n odd, and n > 3. Then for each i we can
renumerate x ’s in such a way that still f° (x ) = ]' .1 and either

~~x7<x5<x3<xl <x0<x2<x4<x6<-~
or
i i i i i i i i
S Xg > Xg > Xy > X > Xy > Xy > X, > X >
Proof. By Lemma 3.13, each P, is a primary orbit of f°. Since Span(P;) is an
interval, from Lemma 7.5(b), Remark 7.6, and Definition 4.1, there is a point
e; € Span(P,) such that (perhaps after renumeration of x} ’s, which keeps the

property that f° (x;) = xj': +1) all x; ’s with j even are on the same side of e
and all x;. ’s with j odd are on the other side of ¢;. Moreover, we know that
x;. € (e ,x,'() is equivalent to j < k. From this the statement of the lemma
follows easily. 0O

In the rest of this section we shall use the assumptions, results, and notation
of Lemma 8.3.

Lemma 8.4. Under the assumptions of Lemma 8.3, if p < s then between
Vid (xo) and f? (xl) there are no points f*(x;) for j<n—1.
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Proof. We may assume that f is EP-adjusted. Suppose that f? (x;) €
(f”(xé), f?(x})) for some j <n—1. Clearly j > 1. Then

L x,x ) D L7 ), L)) D 7 (4 EANAES))
S[f (xg) . £ (x 1—[x,, X 10 XXl
Thus, in the P;-graph of f° we have the loop
[0, 3] = [x)_ X5 ] = [ 5] = o = [y 0] = [, %]

of length smaller than n. With addition of the loop [xé,xf] — [xé,xf ] re-
peated enough times, we get a periodic orbit P,.’ of f° of period n with
Span(Pi') C Span(P,). By Lemma 3.9 and the First Theorem (2.3), this is a
contradiction. O

Lemma 8.5. Under the assumptions of Lemma 8.3, if n >3 and p <s, then
either f%(xg) = x37 or f7(xg) = x|*".

Proof. Let f%(x)) = '“’ . Then, by Lemma 8.1, f”(x]) = J’I’f By Lemma
8.4, there are two poss1b111t1es

1. Pn(x '.“’ J’i’l’ ) = @. Then, from the ordering of the points x,*”,
[=0,1,2,...,n—1,weget j =0 (here we use the assumption that n > 3).

2. PN(x '“’ j'i‘l’ ) has exactly one element. Then, from the ordering of the
points x,“’, 1—0,1,2,... ,n—1,weget j=1. O

Lemma 8.6. Under the assumptions of Lemma 8.3, there is exactly one t < s
such that f(xg) # x5 .

Proof. Since f° (xo) = x: , such ¢ exists. Suppose that thereare ¢,r <s, t#r,
such that f (xo) # X, 'H and f (xo) # )c(',’Ll We may assume that r < ¢ and that
t is the smallest 1nteger larger than r such that f(x}) # x5 .

Assume that n > 3. By Lemmas 8.1 and 8.5, we have """
Since ¢t —r + 1 <s, this contradicts Lemma 8.5.

Assume that n = 3. We may assume that f is EP-adjusted. In each
Span(P;) we have two basic intervals: I' and J'. One of the intervals 1", J'
f-covers both I"*', J™*' . Analogously, one of I', J' f-covers both I’+1
J''. Clearly, for all i, either I' f-covers ! and J f-covers J*' or I
f-covers J*! and J' f-covers I'*'. Hence, one of the intervals I, J* (say

t+1
(xo) =X,

I’) f’-covers one of the intervals I°, J° at least twice and the other one at
A

least once. Clearly J° f°-covers I°. Then we have either I’ =2 orIF2J’.
In both cases we obtain a periodic orbit PS' #P of f * of period 3 (here we use
generalized graphs, cf. [BGMY]; the reader will easily see how we get period
3). By Lemma 3.9 and the First Theorem (2.3), this is a contradiction. O
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9. UNDIRECTED THEOREM (SECOND PART)

In this section we complete the proof of the Undirected Theorem (7.1). To
do this we use the preliminary results given in §§7 and 8.

Lemma 9.1. Assume that P is a periodic orbit of an E P-adjusted map f € X of
period m = 2*n, k> 0. Assume also that P is primary and undirected. Then
P is an n-extension of Q, where Q is a pendulum orbit of period 2k,

Proof. By the General Rule (6.1), we have case I, II, III, or IV (we use the
notation of §4). Hence, as in §7, from Remark 5.1, we may assume that the
case is III or IV.

We use induction. From Lemma 7.5(a) we have case III and all arrows are
black. Hence, P is a 2*~! n-extension of some orbit Q, of period 2. Clearly,

Q is pendulum. Now, assume that P is a 2¥~! n-extension of a pendulum
orbit Q, of period 2! ,and 1 </<n. Then,by Lemma 8.2, P isa k=) 5
extension of some orbit Q, , which is a 2-extension of Q,. By Definition 4.1,

Q,,, is a pendulum orbit of period 2/*' This finishes the induction. O

Proof of Undirected Theorem (7.1). Again, by General Rule (6.1) and Remark
5.1, we may assume that the case is III or IV. Also, we may assume that f is
E P-adjusted. Let m be the period of P. If m is odd, we use Lemma 7.5(b). If
m =2k, k>0,weuse Lemma9.1l with n=1.1If m=2k.n, nisodd, n >3,
and k > 0, then, by Lemma 9.1, P is an n-extension of a pendulum orbit Q
of period 2k, By Lemmas 8.1, 8.3, and 8.6, condition (vi) of Definition 3.3

is satisfied. With the notation of §§3 and 7, we set R=P and g = f 2 . By
Lemma 3.13, R is primary. Since the period of R is odd and larger than one,
by Lemma 7.5(b) and Remark 5.1, R is pendulum. Hence by Definitions 3.3
and 4.1, P is pendulum. 0O
Remark 9.2. By Proposition 5.4, the Undirected Theorem (7.1), and Remark
4.18, in the case of maps of the interval, all primary orbits are pendulum and
vice versa. Thus, if P is a periodic orbit of period m of a P-adjusted map
S €I and P is primary, then it is minimal. Moreover, the converse is true
if m is not of the form 3.2, i > 1 (see [C, ALS, or H]. We can understand
the relation between the ideas of minimality and primarity as follows. We can
say that a periodic orbit P forces a periodic orbit Q if an E P-adjusted map
has a periodic orbit different from P and E-equivalent to Q. Let P be a
periodic orbit of f € X of period m. Then P is primary if P does not force
any orbit of period m. P is minimal if P does not force any orbit of period
different from m which in turn forces a different periodic orbit of period m.
This shows that these notions are indeed close to each other.

As a corollary to Remark 9.2 and the Primary Theorem (2.5) We obtain the
following result of Block and Coppel.

Theorem 9.3 (see [BC)). If f €1 and n € Per(f), then f has as simple periodic
orbit of period n .
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10. DIRECTED THEOREM

In this section we prove the following result (we use the notation of §4 and
all congruences are mod 3).

Theorem 10.1 (Directed Theorem). Let P be a periodic orbit ofa map fe€Y.
If P is directed and primary, then the following hold.
(a) If P has only black arrows, then P is twist.
(b) P cannot have both red and green arrows.
(c) If P has only one green (red) arrow, then P is single green (resp. red).
(d) P cannot have more than two colored arrows.
(e) If P has two green (red) arrows and its period is even, then P is box
green (resp. red).
(f) If P has two green (red) arrows and its period is odd, then P is double
green (resp. red).

We note that, to prove the Directed Theorem, we may assume that f is EP-
adjusted. Hence, in the rest of the section we assume that P is a directed orbit
of an EP-adjusted map f €Y of period m. Since P is directed, m > 3. We
also assume that P is primary.

The following is analogous to Lemma 9.1.

Lemma 10.2. If P has only black arrows and m = 32%n, k>0, then P isan
n-extension of Q for some twist orbit Q of period 3.2k,

Proof. We use induction. Clearly P is a 2¥ n-extension of some twist orbit 9
of period 3. If P isa 3.2¥~! n-extension of a twist orbit Q, of period 32! and

0 <! < k then, by Lemma 8.2, P is a 3.25=0*1) jy_extension of some orbit
Q,,, which is a 2-extension of Q,. By Definition 4.40, Q,,, is a twist orbit of

period 32"*! . This finishes the proof. O

Proof of (a) of Directed Theorem (10.1). If m = 3.2k , we use Lemma 10.2
with n = 1. If m = 3.2%n, n odd, n > 3, then by Lemma 10.2, P is an
n-extension of a twist orbit Q of period 3.2, By Lemmas 8.6, 8.3, and 8.1,

condition (vi) of Definition 3.3 is satisfied. We set R = P, and g = f a2t . By
Lemma 3.13, R is primary. By the Undirected Theorem (7.1), R is pendulum.
Hence, by Definitions 8.3 and 4.40, P is twist. 0O

Now we define the sets 1}, V|, V,, ... as follows.

V, = Span({sm, sm,, sm,})

and V, = f'(V;) for i=1,2,.... We have ¥, C V| and hence V,C V, for

each i. Since f is EP-adjusted, V, D Span({f’(smk): j=0,1,...,i;k =
0,1,2}). Since no proper subset of P is invariant, we have V, , # V, unless
V.= Span(P). Hence, V; SV, CV, S-S V,_ &V, = Span(P) for some
r>0. Since Card(};NP)=3,wehave r<m-—3.
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Lemma 10.3. Let k be the smallest integer such that there exist arrows A and
B such that b(B) < e(A), b(A) < e(B), and b(A) €V, or b(B) € V,; or let
k = r if such arrows do not exist. Let i < k. If a colored arrow C begins in V;
then it also ends in V.

Proof. Suppose the lemma is not true. Then we can take the smallest i < k
such that there exists a colored arrow C which begins in ¥, and does not end
in V;. Since V; = Span(V}), by the General Rule (6.1), C cannot be green.
Hence it is red. Let x be the largest point of V; on the same branch as 5(C).
Then x = e(D) for some arrow D such that b(D) € V,_, (i > 0 since all
arrows beginning in ¥ are black). D cannot be black since then we would
have b(D) < e(C), b(C) < e(D), and b(D) € V;_, C V,_,, a contradiction
with the minimality of k. This contradicts the minimality of i. O

Lemma 10.4 (Directed Rule). There are no arrows A and B such that b(B) <
e(A) and b(A) <e(B).
Proof. We assume the Directed Rule does not hold. Then we can take 4, B,
and k as in the hypotheses of Lemma 10.3. Since 4 and B have opposite
directions, one of them is red and the other is black. We may assume that A4 is
red and B is black. We may also assume that ind(b(A4)) = 0 (see Figure 10.5).
We set I, = [0,sm;] for i = 0,1,2, K = [sm,,b(4)] (since A is red,
sm, # b(4)), L = [0,b(B)]. We have the graph (i) shown in Figure 10.5.
Since b(4) €V, or b(B) €V, ,wehave K CV, or L CV,, respectively.

b(B)
FIGURE 10.5.

If e(B) > b(A) then set x = e(B). If not, then e(4) > b(B) and we set
x =e(A). We have x ¢ V,_,, by the minimality of k. If r = m — 3, then
Card((V,,, \V)NnP)=1 for i=0,1,2,...,r—1,and we have x ¢ V.

We claim that k < m — 4. To see this consider two cases. If r < m -3,
then k<r<m-4.If r=m-3,then x ¢ V.. Hence, k <r.

Notice that x € P\ ([,ul,ULLUKUL).

One of the intervals I, I,, I, (call it J;) covers one of the intervals K,
L (callit J,)in k steps. Since x ¢ V,_,,wehave x ¢ J,, x ¢ f(J),

x ¢ f2(Jy),---»x ¢ f7'(J,), x ¢ J,. Therefore, for each loop obtained
from graph (i) and the path J, — f(J,) — f7(J,) — - — fF7(J) = J,,
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of length k, the associated periodic orbit does not contain x. Hence, this
orbit is different from P. This is true also for k = 0 (i.e., the case when
Jo=L=L=1J,).

By Lemma 10.3, instead of sets f(J,), fz(JO), ,f*_l(Jo) we can take
the sets J,,J,,...,J,_, where J, =[0,y,] and y, is the largest point of V,
on the branch next after the one on which J;_, lies. Then we still have

This is because Lemma 10.3 states that, for i < k, the increment of V ,
with respect to ¥, is due to black arrows. We note that still x ¢ J, for
i=0,1,2,... k.

Now we are going to construct a loop a of length m by using path (ii), some
path of the graph (i), and path K — L repeated / times. We have to consider
several cases.

(1) Jy=1, and J, =K.
1.1. m—k even, | =(m—-k)/2, and

a=lj—-J - - _—-K-L—->K—->L—--—K—-L-I,.
1.2. m—-k odd, / =(m—-k-3)/2, and

a=K—I LI —J -
-J_—~K—-L—-K—-L—---—-K—-L-K.

(2) Jy=1,and J =L.
2.1. m—k even, [=(m—k—4)/2,and

a=K—1 -L—I,—»J = —J_,
-L>K—-L—-K—->L—----K—->L-K.
22. m—k odd, I=(m—-k—-1)/2, and
a=lj—-J - —=J_ -L-K—-L—->K—-L—---—K—-L-I.

(3) Jy=J, and J, =K.
3.1. m—k even, I=(m—k —4)/2, and

a=K—-1,-L—->1,—-1,—-J —- -
~J SKSL-K-L— - SK-L—K.
32. m—k odd, I=(m—-k-1)/2, and
a=K—-I,-J - -J_S5K—-L-K—-L— - -—-K->L-K.

4) Jy=1,and J, =L.
4.1. m—k even, [ =(m—-k-2)/2, and

a=K—->1,-J —-—J_,

-IL-K—-L—-K—-L— ---—-K—->L->K.
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42. m—k odd, I=(m—-k-15)/2,and
a=K—-I1,-L-IL -1, —-J —-—J_,
-ISK-L—->K—-L—- .- - -K->L-K.

(5) Jy=1, and J =K.
5.1. m—k even, | =(m—-k—2)/2, and

a=K-1,-1L,—-J —--
—>Jk_l'—+K—>L—>K—>L—+-----»K—rL'—>K.

52. m—k odd, / =(m—-k-5)/2, and

a=K-1-L->1,-1,-1,—J —--
-J,_K-L->K-L—- - -K->L-K.

(6) Jy=1I, and J, =L
6.1. m—k even, [=(m—-k-2)/2,and

a=K—-L—-J - —J_,
—-ISK-L-K—->L—> - —-K—-L-K.
6.2. m—k odd, I =(m—-k-3)/2, and

a=l—L-hL—J - —=J_,
—»L'—v_K—bL—vK—>L—>---—>K—>L'—>IO.

(7) k=0.Then I,=L and m>5.
7.1. m even, l =(m—-6)/2, and

a=K—-1,-L-1,-I-L5>K—-L-K—-L—----K->L-K.
7.2. m odd, / =(m-3)/2, and
a=K—-I -L-K—->L—-K—-L—. - -—-K->L->K.

We note that since k < m—4 incases 1.1, 1.2, 2.2, 3.2, 4.1, 5.1, 6.1, 6.2, and
7.2 we have / > 0. Hence, in all cases o goes through K. Thus, the periodic
orbit associated to a is different from {0}.

Notice that in graph (i) with path (ii) we always move to the next branch,
except when we go from K to L or I,. In this case we move to the previous
branch. Hence, if / > 0, inspection of cases 1-7 assures us that the periodic
orbit associated to o has period m. Hence, we are left with the case / = 0.
Then we have one of the cases 2.1, 3.1, 4.2, 5.2, and 7.1. Notice that a goes
through /;, and, when we move along o, each time we move to the next branch.
Hence, m = 0 and the periodic orbit associated to a has only black arrows.
Thus, its period is 3.n, n > 1, and 3n | m. Clearly, this orbit is an n-extension
of a twist orbit of period three. Therefore, it we look at f ? restricted to br,

we have a periodic orbit of f> of period 7. Clearly n | m/3. Hence, if m
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is odd, then n is odd. Moreover, n > 1 since the orbit has points in both K
and I,. Thus n <. m/3.

If m is even, then we add to « the loop I, — I, — I, — I, and we get a
new loop of length m + 3. We repeat the above process for the periodic orbit
associated to this new loop.

Summarizing, in the case / = 0, we have a periodic orbit Q of period 3.n,
n odd, n > 3, which is an n-extension of a twist orbit of period three, where
n<,m/3. Clearly x ¢ Q and then Span(Q) < Span(P).

Let & be an EQ-adjusted map. If we look at n, Qnbr, is a periodic orbit

of A* of period n. By the Primary Theorem (2.5), h® hasa primary periodic
orbit Q' of period n such that Span(Q’) C Span(QNbr,). By the Undirected
Theorem (7.1) this orbit is pendulum. Let g bea Q' adjusted map. By Lemma
7.2, g hasa periodic orbit Q" of period m/3 such that Span(Q”) < Span(Q').
By the Adjusting Lemma (1.18) h® has a periodic orbit of period m/3 with
span strictly contained in Span(Q’) c Span(Q N br,). By Lemma 3.9, & has a
periodic orbit of period m with span contained in Span(Q). By the Adjusting
Lemma, f has a periodic orbit of period m different from P.

In all cases, we have a periodic orbit of period m different from P. By the
First Theorem (2.3) this is a contradiction with the primarity of P. O

Corollary 10.6. If a colored arrow begins in V,, it also ends in V..

1 1l
Proof. By the Directed Rule (10.4), in Lemma 10.3 we have k = r. Hence, the
statement of the corollary holds for i < r. However, if i >r,then V,=V,. O

Lemma 10.7. Let P be a single green (red) orbit of period n of an E P-adjusted
map f€Y. Then f has:
(a) Single green (resp. red) orbits of periods m+3, m+6, m+9,....
(b) Twist orbits of periods 3,6,9, ....

Proof. To prove (a) it is enough to prove that f has a single green (resp. red)
orbit of period m + 3 (then one can use induction).

We use the notation of Definition 4.19. Set I, =[0,x,] for i =0,1,2 and
I, =[x,_4,x] for i =3,4,...,m~ 1. We have the loop [, - I, — I, —
v— 1, —-—1, ,— I of length m+3 in the EP-graph of f. Clearly
this loop is nonrepetitive and, by Lemma 1.3, f has a periodic orbit Q of
period m + 3 associated to it. Q has two points in each of the intervals I,
i=0,1,2. Since f is EP-adjusted, the point of /,NQ which needs a longer
time to get to I, is smaller than the other one. Hence Q is single green (resp.
red).

To prove (b), we consider the loop 1, —

me2 — 1 — 1, _, and

m—1 m

if m>é6: L, ¢—1, s> —1

m—1"" Im—6

ifm<6: Iy—-1,—-1,-1.

All steps in these loops are made to the next branch. Combining these loops
(repeating them if necessary) we can obtain a nonrepetitive loop of length n
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for every n such that 3 | n. By Lemma 1.3, this loop has associated a periodic
orbit Q, of period n. @, is directed and has all arrows black. Let us take an
EQ,-adjusted map /. By the Primary Theorem (2.5), 4 has a primary orbit R
of period n with all arrows black. Hence, by the Directed Theorem (10.1)(1),
R is twist. By the Adjusting Lemma (1.18), f has a twist orbit of period »n
for each n suchthat 3|n. O

Lemma 10.8. Let k > 0. Let A ,A,,...,A,_, be black arrows and let A,
be a colored arrow such that b(4,,,) < e(4;) for i = 1,2,...,k—1 and
b(A,) < e(A,). Then f has a periodic orbit Q of period k which is single of
the same color as A, .

Remark 10.9. Under the assumptions of Lemmas 10.7 and 10.8 and with the
notation of Lemma 10.8, if 4, is green then k = 1 and if 4, is red then
k=2.

Proof of Lemma 10.8. Clearly, k > 3. Set I, =[0,b(4,)] for i=1,2,... k-
1 and I, = [b(A4,_,),b(4,)]. If b(4,_;) < b(4,), then we have I, — I, —
=T, =1 — 1. If b(A,_;) > b(A,), then (note that by the General
Rule (6.1), k >4) we have I;, - I, - --- = I,_, — I, = I,. In both cases
we get a periodic orbit R = {x,,x,, ... ,x;} of some period / < k, such that
x; ~b4,) for i =1,2,...,1, f(x;) =x,, for i =1,2,...,]-1, and
f(-x1) =X .

We may assume that R is the orbit with the smallest period having these
properties (otherwise we take an orbit with the smallest period). We claim that
R is single of the same color as 4, . Otherwise we would have x; > x,, , for
some i€ {l1,2,...,/-3}.

If x,_;>x,, then

i+1

[0,x]—-—=10,x_,]1—[x,x_31—-[0,x].

If x,_;<x,,then x, > x, ; forsome i </—3. Thus,

i+3
0,x]---—[0,x,_,1-[0,x,;] = —[0,x_,]1-[x_5,%]—[0,x,].
In both cases we obtain a periodic orbit with the same properties as R but of
a smaller period, which is a contradiction. This proves our claim.
Now if [ = k, the proof is finished. If / < k, then the lemma follows from
Lemma 10.7(a) and the Adjusting Lemma (1.18) O

Lemma 10.10. If A is a colored arrow, then f has a periodic orbit Q of period
smaller than or equal to m which is single of the same color as A .

Proof. We consider an integer k and points x,,x,,...,x,_, defined as fol-
lows. x, = Smind(e( 4) - If i >0, then x; is the largest point of ¥, on the
next branch after the one on which x;,_, lies. Let k be the smallest inte-
ger such that x,_, > b(4) (obviously such k exists). Observe that each x;
(i=1,2,...,k~1) isan end of an arrow 4, beginning in ¥,_, . By Corollary
10.6, these arrows are black. Since ¥;N P has only one point on each branch,
we have x, = b(4,). Therefore e(4) > b(4,).
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For i =2,3,...,k—1 we have b(4;) € V,_, and b(4;) ~e(4,_,). The
point e(4;_,) is the largest point of V,_, on its branch. Hence, e(A, D 2
b(4,). Also, e(A,_,) > b(A). Then, by Lemma 10.8 (set 4, = 4), we obtain
a periodic orbit Q of f of period k which is single of the same color as 4.

Since V, = Span(P) for all i > r, we have k —1<r+2 (we have to add 2

since we have to reach with x; the branch brmd( B A))) Therefore, k <m. 0O

Corollary 10.11. (a) If P has a green arrow and m = 1 then P is single green.
(b) If P has a red arrow and n =2 then P is single red.

Proof. This follows immediately from Lemma 10.10, Lemma 10.7(a), the Ad-
justing Lemma (1.18), the First Theorem (2.3), and the assumption that P is
primary. O

Proof of (b) of Directed Theorem (10.1). Assume that P has both a green and
a red arrow. If m = 0 then from Lemma 10.10, Lemma 10.7(b), and the
Adjusting Lemma (1.18) it follows that f has a twist orbit of period m. By
the First Theorem (2.3), this is a contradiction. If m =1 or m = 2, then it
follows from Corollary 10.11 that P is single colored, also a contradiction. O

Proof of (c) of Directed Theorem (10.1). If P has only one green (red) arrow,
then clearly m =1 (resp. m = 2). Hence, by Corollary 10.11, P is single
green (resp. red). O

Now, we are left with two cases: either P has only green arrows (at least
two of them) and m =2, or P has only red arrows (at least two of them) and
m = 1. In the rest of this section we shall assume that one of these cases holds
and we shall call them green case and red case, respectively.

There is also some difference between the cases of m even and m odd. We
shall call these cases even case and odd case, respectively. Thus, we can have
four cases: even green, even red, odd green, and odd red.

Our next goal is to prove Directed Theorem (10.1)(d). For this we shall need
several lemmas and new notation.

Set E,=PnV,, E,=Pn(V,\V,_,) for i=1,2,...,r. Then {Ej,E

.,E,} is a partition of P.

For an arrow A4, denote by s(A) the integer such that b(4) € E s(A) and by
t(A4) the integer such that e(4) € E, , . Notice that t(A4) < s(4) + l , and if A
is a colored arrow, then, by Corollary 10.6, t(A4) < s(A4).

For a colored arrow A, set

S(4) = {e(4), f(e(A)), ..., [ (e

where

ST e() €V S Pe() €y
Lemma 10.12. If A, B are colored arrows and A # B, then either
S(A)NSB) =D or
S(4) C S(B)\{e(B), [®(e(B))}, or
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S(B) c S(4) \{e(4), /" (e(4))}.
Proof. Assume that S(4) N S(B) # &. Then either e(4) € S(B) or e(B) €
S(A4). We may assume that e(A4) € S(B) (in the other case one has to replace
A by B and B by A). Since A # B, we have e(A4) # e(B). Hence, b(4) €
S(B)\ {fl(B)(e(B))} C Vigy-1- Thus, s(A4) < s(B) — 1. Therefore, by the

definition, we obtain S(4) C S(B)\ {e(B), f®(e(B))}. O

For a colored arrow A, set T(A) = S(A4) \ U{S(B): B is a colored arrow,
B # A,and S(B) C S(4)}. By Lemma 10.12, if 4 # B, then T(4)NT(B) =
. Set u(A) =s(4)—t(4d)+1.

Lemma 10.13. For every colored arrow A, Card(T(A)) > u(A). If Card(T'(A))
= u(A), then no element of T(A)\ {e(A)} belongs to E,.

Proof. We look at the sequence w,,w,, ..., W, defined by fle(4) e E,
i=0,1,...,/(A4). This sequence has the following property:

(**) For each term v of the sequence, the next term is smaller than
orequalto v+ 1.

To obtain 7(A4) from S(A), we have to remove some sets of the form S(B)
from it. For the sequence of w;’s this is removing some sequences of the
form w;, w; ,,...,w;,,p fromit. Since then " (e(4)) = b(B), we have
w;_, = s(B). But also w ; = s(B) . Hence, such an operation again gives a
sequence satisfying (*x).

Therefore, the sequence of w,’s corresponding to 7(A4) also satisfies (x).
Hence, its length is greater than or equal to the last term, minus the first term
plus 1. By Lemma 10.12, w, and W) 4 are not removed from the sequence.
Thus, Card(T(4)) 2wy, — Wy + 1 =5(4) — ¢(4) + 1 = u(4).

If some element of T(A)\ {e(4)} belongs to E,, then the corresponding
term v of the sequence of w;’s is Q and the preceding term cannot be equal
to v — 1. Therefore, in this case we obtain a strict inequality. O

+I(B)

Lemma 10.14. Let P be a single colored orbit of period m of an E P-adjusted
map f €Y. Then f has periodic orbits of periods 2m+3, 2m+6, 2m+9, ...
with span strictly smaller than Span(P).

Proof. We use the notation of the proof of Lemma 10.7. We have the loops

IO_'II_"”_’Im—I

-1, and I,—>1,—I,.

By going around the first loop twice and around the second loop i times (i > 1),
we obtain a loop of length 2m+3i which is nonrepetitive. By Lemma 1.3, there
is a periodic orbit associated to it. Clearly this periodic orbit has period 2m+ 3i

and span strictly smaller than Span(P). O

Lemma 10.15. If A is a colored arrow, then u(A) is larger than or equal to
(m—6)/2 (resp. (m—3)/2) in the even (resp. odd) case. If additionally e(A)
is the largest point of Vt( 4 Oonits branch, then the inequality is strict.
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Proof. We make a construction similar to the one used in the proof of Lemma
10.10. In the general case, x, will be the largest point of V,( 4)—1 On the same
branch as e(4). Also, x; (for i > 0) is the largest point of Viay—14; O the
next branch after the one on which x;_, lies. In the special case when e(4) is
the largest point of Vt( 4) ON its branch, we set x, = e(4) and x; (for i >0)
is the largest point of Vl< A)4; O the next branch after the one on which x,_,
lies. Notice that if #(4) = 0, then necessarily we have this special case. We
stop at x,_, when we have for the first time x, _, > b(A4). Since b(4) € Vi
we obtain #(A4)—-1+(k—1) <s(A)+2 (¢(A4)+(k—1) < s(4)+2 in the special
case). As in the proof of Lemma 10.10, at the right-hand side we have to add
2 to s(A) since we have to reach with x; the branch on which b(4) lies.

Now, as in the proof of Lemma 10.10, we use Lemma 10.8 (with 4, = 4)
and we get a periodic orbit Q of period k£ which is single of the same color as
A.

Also, we have u(A) > k — 3, and in the special case the inequality is strict.

Hence, from Lemma 10.14 and the Adjusting Lemma (1.18) it follows that
S/ has periodic orbits of periods 2k + 3i for any integer i > 1, and all these
orbits have span strictly smaller than Span(Q). Thus, they have span strictly
smaller than Span(P). Since P is primary, from the First Theorem (2.3) it
follows that m # 2k + 3i for any integer i > 1.

We know that in the greencase m =2 and k=1, and in thered case m =1
and k = 2. Hence, m = 2k always. Therefore, m < 2k.

In the even case we obtain u(4) > k-3 > (m—6)/2 and in the special case
the inequality is strict.

In the odd case, since m < 2k, m = 2k, and m 1is odd, we get m < 2k -3.
Hence, we obtain u(A4) > k—3 > (m—3)/2 and in the special case the inequality
is strict. O

Proof of (d) of Directed Theorem (10.1). Let v be the number of colored arrows.
Then P has m — v black arrows. Now we can proceed as in Observation 5.9.
In the green case m — v = 0, and since m = 2 we obtain v = 2. In the red
case (m—v)—-v =0, and since m =1 we also obtain v = 2. Hence, in both
cases v = 2.

The sets T(A4) and T(B) for different colored arrows A4 and B are disjoint.
Therefore, by Lemma 10.13, we obtain > u(4) < m, where the sum is taken

over all colored arrows. In view of Lemma 10.15, we get
v.(m —6)/2 in the even case,
(*%%) > {

v.(m - 3)/2 in the odd case.
Assume that the equality holds. Then by Lemmas 10.13 and 10.15 we have:
(i) For each colored arrow A, the point e(A) is not the largest point of

V;( 4) ON its branch.

(ii) For each colored arrow A4, Card(7(A)) = u(A4).
(iii) U(T'(A4)) = P, where the union is taken over all colored arrows.
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Now we look at sm; (i € {0,1,2}). By (iii), it belongs to 7'(4) for some
colored arrow 4. By (i), it is not equal to e(4). By Lemma 10.13, this
contradicts (ii). Hence, the inequality (* * *) is strict.

Since there are at least three black arrows and v = 2, we have m > §.
Consider the odd case. We obtain v < 2m/(m —-3) =2+6/(m—-3) <2+
6/(5-3)=5.Since v=2,weget v=2.

Now consider the even case. Since m # 0, we have m > 8. If m > 10,
then v < 2m/(m—-6) =2+ 12/(m—-6) <2+ 12/(10-6)=5. But v =2,
and hence v = 2. Therefore, the only possible exceptionis m =8 and v =35.
This is in the green case.

We shall examine this exceptional case. P has three black arrows and five
green ones. Then by the General Rule (6.1), for each black arrow A4, b(A4) is
the smallest point of P on its branch and e(A) is the largest point of P on
its branch. There must be two green arrows, B and C, such that e(B) = b(C)
and e(C) is the smallest point of P on its branch. We may assume that this
branch is br,. We consider the intervals I = [b(B),e(B)], J =[b(C),e(C)],
M =1[0,e(C)], K=[0,sm,], L=[0, sm,]. Then we have

K
VAN
L - M

! i
I - J

and we obtain the loop K- L—-M —-K—-L—>I—J— M — K of length
8. Clearly this loop gives us a periodic orbit of period 8. This orbit is different
from P because it has only two green arrows (givenby I — J and J — M).
From the First Theorem (2.3) this is a contradiction with the primarity of P.
Thus, the case m = 8 and v = 5 is not possible. This ends the proof of (d) of
the Directed Theorem. O

It remains to prove statements (e) and (f) of the Directed Theorem (10.1) In
the even case set r = (m — 2)/2.

Lemma 10.16. Let m be even. Let A and B be colored arrows, A # B. Then
there exists an integer p such that 0<p <r and f?(e(A)) = b(B).

Proof. Clearly, there exists an integer p such that 0 < p < m—2 and f”(e(4))
= b(B). Suppose that p > r. Set x = f*~"(e(4)). Then f'(x)= b(B).

In the green case r = 0 and in the red case r = 1. By (d) of the Directed
Theorem (10.1), all arrows along the orbit from x to b(B) are black. Hence,
in both cases x ~ e(B).

Set g = m—2—p. We then have f?(e(B)) = b(4). Since p > r and
p+q = 2r,then g+ 1 <r. Now, we consider two possibilities (notice that
x = e(B) 1s impossible).

I. x<e(B). Weset K=[0,b(B)], L=[0,x], M =[x,e(B)]. Clearly K
f-covers L and M. Since f'(x) = b(B) and f(0) =0, L f-covers K in
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r steps. Moreover, since the arrows along the orbit from x to b(B) are black,
going from L to K, we always move from one branch to the next one. Since
g+1<r, f7%x) and f?*'(e(B)) = e(A4) lie on different branches. Hence,
0 € f**'(M) and consequently 0 € f"(M). Also, b(B) = f(x) € f/(M).
Thus, M f-covers K in r steps. Here we also follow the arrows along the
orbit from x to b(B) and therefore we always move from one branch to the
next one. We obtain the loop
K—-M——K->L—K,
r steps r steps

where we do not move to the next branch but to the same one (green case) or
to the previous one (red case) only when we go from K to M and from K to
L. Since LN M = {x} € P, this loop gives us a periodic orbit of period m .
Since P is primary, from the First Theorem (2.3) this orbit is equal to P. But
for this orbit p = r, a contradiction.

2. x>e(B). Weset K=[0,e(A4)], L=[0,e(B)], M =[e(B),x], and we
have f77'(0) =0, f""(e(4)) = x. Hence, K f-covers L and M in p—r
steps. Since we follow the orbit of x for p — r < p steps, we always move
from one branch to the next one. Since f"“(O) =0 and f"“(e(B)) =e(4),
L f-covers K in g+ 1 steps. Here we move from one branch to the next one
except at the last step, when we follow A. Since g+ 1 < r, the points f? + (x)
and j‘”'(e(B)) = e(A) lie on different branches. Hence, M f-covers K in
g+ 1 steps. Here again we move from one branch to the next one except at the
last step, when we follow 4. Then we have the loop

K M K L K.

p—r steps q+1 steps p—r steps gq+1 steps

We do not move to the next branch but to the same one (green case) or to the
previous one (red case) only when we make the last step from L to K and
the last step from M to K. Since LN M = {e(B)} C P, this loop gives us a
periodic orbit of period 2(p —r+qg+ 1) = m. Since P is primary, by the First
Theorem, this orbit is equal to P . But for this orbit p = r, a contradiction. 0O

Corollary 10.17. In the even case, if A and B are colored arrows and A # B,
then f'(e(A)) = b(B) and f'(e(B)) = b(A).

Proof. From Lemma 10.16, we have f?(e(4)) = b(B) for some p such that
0<p <r. If we apply Lemma 10.16, with A instead of B and vice versa,
we obtain f?(e(B)) = b(A4) for some ¢ such that 0 < g <r. Clearly p+¢g =
m-2=2r.Hence p=gq=r. O

In the rest of this section we take A,p,x,i and B,q,y,j asin Definition
4.27. Also, we set n = (m —5)/2 if m is odd (as in Definition 4.27) and
n=r—-3=(m-28)/2 if m is even. Since m > 5, m = 2 in the green case,
and m =1 in the red case, we have n > 0. Also we note that n = 0 in the
green case and n = 1 in the red case.
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Lemma 10.18. y, ~x, . for max(0,n — p) < j <min(n,q).
Proof. First consider the case p > n. Since p—n < p we have y, =
f "”(xp_”) » ind(yy) —ind(x,_,) = n in the green case, and ind(y,) —ind(x,_,)
=n -1 in the red case. In both cases ind(y,) — ind(xp_ ) =0and y,~x,_,.
Since min(n,q) < p and min(n,q) < g, this ends the proof in the case p > n.
Now assume that p < n. By Corollary 10.17, m is odd. Then g+p =2n+3
and ¢ > n—p. Hence, y,_, = PP ) = 1 (%) ind(y,_,)—ind(x,) =
n in the green case, and ind(y,_ p) —ind(x;) = n—1 in the red case. As above
weget y, ,~X,. Since p<n and p+q =2n+3 we have ¢ > n+3. Hence,
p—n+min(n,q) = p. Since min(n,q) < g, this ends the proof in the case
p<n. O

Lemma 10.19. In the even case, if conditions (iii.1), (iii.2), (iii.3), and (iii.4) of
Definition 4.27 are satisfied, then P is a box orbit of the same color as A and
B.

Proof. From Corollary 10.17. we have p = ¢ = n+ 3. Hence, p—n =
qg—n=23, max(0,n — p) = max(0,n —q) =0, and min(n,p) = min(n,q) =
n. From (iii.l) and (iii.3) it follows that x, ~ y,. Hence, y, ~ x; for
i=0,1,2,...,n+ 3. Also, from (iii.1), (iii.2), (iii.3), and (iii.4) it follows
that max{x;,y;} < min{x, ,,y, ;} for i =0,1,2,...,n. Clearly, P is a
2-extension of a periodic orbit Q of period n+ 4, and Q is a single orbit of
the same color as 4 and B. By Definition 4.23, P is a box orbit. O

Proof of (e) and (f) of Directed Theorem (10.1). From Lemma 10.19 and Def-
inition 4.27 it follows that it is enough to show that conditions (iii.1), (iii.2),
(iii.3), and (iii.4) of Definition 4.27 are satisfied.

From Lemma 10.18 we have yi~x for all j such that max(0,n—p) <

p—n+j
J < min(n,q). Suppose that for some j, Vi> Xy i Consider the ar-

rows A, = (¥y,¥,), ... ,Aj = (yj_l ,yj), Aj+l = (xp_n+j,xp_n+j+l), A, =
(X,_y>%,),4,,, =B = (xp,yo). By Lemma 10.8, f has a periodic orbit Q
of period n + 1 which is single of the same color as B. From Lemma 10.14
and the Adjusting Lemma (1.18), f has periodic orbits of periods 2(n+1)+3
and 2(n + 1) + 6 with span strictly smaller than Span(Q). Thus, they have
span strictly smaller than Span(P). If m is odd, then 2(n+ 1)+ 3 = m, and
if m is even, then 2(n + 1) + 6 = m. From the First Theorem (2.3) this is a
contradiction. This proves that (iii.1) is satisfied.

By replacing A,p,x,i by B,q,y,j and vice versa, we obtain (iii.2).

To prove (iii.3) and (iii.4) we shall consider separately the odd and even
cases.

Even case. From Corollary 10.17 it follows that p = ¢ = n + 3. Hence, y, =

f"*‘(xo). Then, similarly to the proof of Lemma 10.18 we get y, ~ x,. We

may assume that y,_, = b(4) < b(B) = x,_ ;. Assume that x; > x; , for some

i €{0,1,2,...,n}. Consider arrows A4, = (x,,X,),...,4; = (X;_;,X;),
Ay = (X35 X)) oo Ay = (X,55%,,3) A, = A = (b(4),x,). Since

i+
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X,,3 > b(4), we can use Lemma 10.8 and we obtain a periodic orbit Q of
period n + 1, which is single of the same color as 4. In the same way as
before, this is a contradiction. This proves (iii.3).

Suppose now that Yi> Vs for some j € {0,1,...,n}. We cannot just
replace A,p,x,i by B,q,y,j and vice versa, because we have the assumption
that b(A) < b(B). Hence, we have to use more complicated arguments. Notice
that [0,x,,,] f-covers [x,, ;,y,,,] because y, ;< x, 5. [x,,5,V,,3] f-
covers [x,,¥,]. [xj_l ,yj_l] f-covers [xj, 43l because X <Yi3<VY; (here
we use (iii.2)). [x,,y,,;] f-covers [0,x,] because y, , = b(A4), e(4) = x,,
and (x,,x is a black arrow. Also, [0,x,] f-covers [0,x,] because x; >

n+1)
X, - Therefore we have the loop

[0,x]—100,x]1—-[0,x]—[0,x)]—= - —[0,x,,,] = [x,,5,V,,;]
- [xoay()] - [xj—l ’yj_ll - [Xj, j+3] — [xn ’yn+3] - [O,x()]

of length 3+(n+3)+1+n+1=2n+8 = m. When we move along it,
we move to the next branch each time except the steps [x,;,¥,, ;] = [xy,¥]
and [x,,y,,;] — [0, x,]. Since the numbers of steps between these two moves,
from the first to the second and from the second to the first, are not equal (they
are n+ 6 and n, respectively), we obtain a periodic orbit of period m from
the loop. From the First Theorem, this orbit is P . But for this orbit we have
D # q, a contradiction. This proves (iii.4).
Odd case. We may assume that p > ¢q. Since p+g=2n+3 we have ¢ —3 <
n < p. Then (iii.4) holds from Lemma 4.32(b).

To prove (iii.3), by Lemma 4.32(a), it is enough to prove that x; < X, 4
only for 0<i<n-q (if n—¢>0) and for min(n,p-3)<i<p-3 (if

n<p-3).
Suppose that x; < x;, ;. Consider the case 0 < i< n-—gqg. Then g <n
and, by (iii.1), we obtain Vg < Xp_nyg = Xnyz- We take the arrows 4, =

(Xg, X)) s e dy = (X515 %) s Ay = (X35 X00) s o5 Ay = (X055 %,,3) 5 4,4,
=A=(y,,Xy)- Since x; > x by Lemma 10.8, we obtain a contradiction in
the same way as before.

Consider the case min(n,p — 3) < i < p-3. Then p —3 > n, which
implies ¢ < n. By (iii.2) we have X,_g < ¥o- We take the arrows 4, =
XpegsXnoget)s oo s Aipyg = X1 X) s Appy_pyg = Xi3sXiig)s o054, =
(xp_l ,xp) , A,,, =B = (xp,yo) (we have i > n—gq since i > min(p —3,n) =
n). Since x; > x,, 5, by Lemma 10.8 we obtain a contradiction in the same
way as before. This ends the proof of (iii.3). O

i+3°

11. DEPENDENCES BETWEEN PERIODIC ORBITS

In this section we study which primary orbits are forced and not forced by
other primary orbits (see Remark 9.2). In this and the next sections, we must
sometimes again consider {0} as a primary orbit of f €Y of period 1. It will
be clear where we do that.
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Lemma 11.1. If P is a pendulum orbit of an EP-adjusted map f € X, then f
has no directed orbits.

Proof. In cases I, I, and III (here we use the notation of §4) it is obvious. So
we assume that we have case IV. If there is no arrow beginning and ending on
two different even branches, it is also obvious. Hence, we assume that P has
an arrow A such that b(4) and e(4) lie on different even branches. Since we
have case IV and P is pendulum we know that the period m of P is odd,
m > 5, and A is the only blue arrow of P.

Assume that Q is a directed periodic orbit of f. Since A4 is the only blue
arrow of P, all arrows of Q beginning and ending on even branches, have
to begin in the EP-basic interval J adjacent to b(4) and end in the interval
(0,e(A)). Since Q is directed, the smallest point of Q on the same branch as
b(A) has to belong to J and the arrow B beginning at it ends in (0,e(4)).
Since b(A) is the largest point of P on its branch, all points of Q on this
branch belong to J. Since f is EP-adjusted, f(e(B)) € (0, f(e(4))). By the
definition of pendulum orbit (Definition 4.1), f(e(A4)) is the smallest point of P
on the odd branch. Let x be the smallest point of Q on the odd branch. Then
x € (0, f(e(B))] c (0, f(e(A))) and f(x) ~ b(B). Since f is EP-adjusted,
it follows that f2(e(d)) ~ b(B) ~ b(4). Since m > 3, fX(e(A)) < b(A).
Therefore, (O,fz(e(A))) NJ =@. Thus, f(x) < f2(e(A)) < b(B). Thisis a
contradiction because b(B) is the smallest point of Q on its branch. O

Lemma 11.2. Let P be a periodic orbit of an E P-adjusted map f € Y. Assume
that P is primary and directed. Then f has no undirected orbits.

Proof. Assume that f has an undirected orbit Q. There are two possibilities.

1. There is an arrow 4 of Q such that b(4) < e(4). Consider the EP-
basic interval [x,y] such that x < b(4) < y. Since f is EP-adjusted, either
Sf(x) or f(y) is larger than e(A4). By the General Rule (6.1) this cannot be
f(x). Hence f(y) > e(4). By the General Rule we have y > f(y) and,
consequently, y > f(y) > e(4) > b(4) > x, contrary to the assumption that
[x,y] was E P-basic.

2. There is no such arrow of Q. Then Q is not contained in one branch.
Since Q is undirected, there are two arrows of Q, 4 and B, 4 # B, such that
b(A) and b(B) are the smallest points of Q on their branches, e(4) > b(B)
and e(B) > b(A). Consider the EP-basic intervals [x V4], [xg,yg] such
that x, < b(4) <y, and xy < b(B) < y,. Since they are EP-basic intervals
and f is EP-adjusted, one of the points x > V4 1s mapped to a point larger
than or equal to y,, and one of the points x 5> Vp is mapped to a point larger
than or equal to y, . This contradicts the Directed Rule (10.4). O

Lemma 11.3. With the assumptions of Lemma 11.2, if Q is a periodic orbit of
f, then

(a) If P has no green arrows, then Q has no green arrows.

(b) If P has no red arrows, then Q has no red arrows.
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Proof. By Lemma 11.2, Q is directed. Therefore, talking about green and red
arrows of Q is justified.

(a) Assume that P has no green arrows. Since f is EP-adjusted, there is no
point x € Y \ {0} such that x ~ f(x). Consequently, Q has no green arrows.

(b) Assume that P has no red arrows. Since f is EP-adjusted, there is no
point x € Y\ {0} such that x is on the next branch after f(x). Consequently,
the direction of black arrows of Q is the same as the direction of black arrows
of P,and Q has no red arrows. O

Lemma 11.4. Let P be a box green (red) orbit of period m of an E P-adjusted
map f €Y. Then f has a single green (resp. red) orbit of period m/2.

Proof. By the definition of box colored orbit (Definition 4.2) P is a 2-extension
of a single colored orbit Q of the same coloras P. Let P, (i=0,1,...,m/2

— 1) be the sets from the definition of n-extension (Definition 3.1). Then f° ™/2
has a fixed point in Span(F;). Clearly, its f-orbit is equivalentto Q. O

Lemma 11.5. Let P be a double colored orbit of period m of an E P-adjusted
map f €Y. Then f has a periodic orbit of period m + 3.

Proof. From Lemmas 5.15 and 5.16 it follows that the loop of the EP-graph
of f associated to P goes through all basic intervals. Adding to this loop
the loop of length 3 [0, smj] — [0, sm;] — [0, sm,] — [0, sm,], we obtain a
loop of length m + 3. This loop is nonrepetitive, and hence the periodic orbit
associated to it has period m+3. O

Lemma 11.6. Let P be a periodic orbit of period m of an E P-adjusted map
f €Y. Then

(a) If P is single green (red), then f has a double green (resp. red) orbit of
period 2m + 3.

(b) If P is double green (red), then f has a box green (resp. red) orbit of
period m+ 3.

Proof. (a) By Lemma 10.14, f has a periodic orbit of period 2m + 3. By the
Primary Theorem (2.5), f has a primary periodic orbit Q of period 2m + 3.
By Lemma 11.2, Q is directed. By Lemma 11.3, Q has no red (resp. green)
arrows. Since m =1 (resp. m =2) we have 2m+3=2 (resp. 2Zm+3=1).
Hence, by (d) of the Directed Theorem (10.1), Q has exactly two green (resp.
red) arrows. Therefore, by (f) of the Directed Theorem, Q is double green
(resp. red).

(b) By Lemma 11.5, f has a periodic orbit of period m + 3. As above, by
the Primary Theorem and Lemmas 11.2 and 11.3, f has a primary orbit Q
of period m + 3 which is directed and has no red (resp. green) arrows. Since
m=2 (resp. m=1)wehave m+3=2 (resp. m+3=1). By (d) and (e) of
the Directed Theorem, we have that Q has two green (resp. red) arrows and,
hence, Q is box green (resp. red). O
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Lemma 11.7. Let P be a pendulum orbit of period m of an E P-adjusted map
f € X. Assume that m = 2*n, k>0, n>1, n odd. Then f has orbits of
all periods s such that s >, m.

Proof. By the definition of pendulum orbits (Definition 4.1), P is an R-exten-
sion of a pendulum orbit Q of period 2k , for some pendulum orbit R of
period n. We may assume that the maps g and 4 for which R and Q are
periodic orbits, respectively, are R-adjusted and EQ-adjusted, respectively. By
Lemma 7.2 and Remark 5.1, g has periodic orbits of all periods /, where [ is
either odd and larger than n or even. By Lemma 3.10, f has periodic orbits
of periods 2*1 for [ as above. By Lemma 5.2 and Remark 5.1, & has periodic
orbits of periods 2', i = 0,1,...,k—1, and Q itself has period 2k, By
Lemma 3.11, f has periodic orbits of periods 2', i = 0,1, ...,k. Now the
statement of the lemma follows from the definition of Sarkovskii ordering. O

Proposition 11.8. Let P be a pendulum orbit of period m of an E P-adjusted
map fe€X. If s> m, then f has a pendulum orbit of period s .

Proof. From Lemmas 7.2, 5.2, 11.7 and Remark 5.1, it follows that f has a
periodic orbit of period s. By the Primary Theorem (2.5), f has a primary
periodic orbit of period s. By Lemma 11.1, this orbit is undirected. From the
Undirected Theorem (7.1) it is pendulum. O

Proposition 11.9. Let P be a twist orbit of period 3. of an E P-adjusted map
feY. If s> 1, then f has a twist orbit of period 3.

Proof. If | =1, then there is nothing to prove. If / = 2k , from Lemma 5.5 it
follows that f has a periodic orbit Q of period 3. If [ = 2% n , n odd, and
n > 3, then P is an R-extension of a twist orbit of period 3.2k ,and R isa
pendulum orbit of period n. We may assume that the map g for which R is
a periodic orbit is R-adjusted. By Proposition 11.8, g has a periodic orbit R’
of period s. Since s # n, R' # R. By Lemma 3.10, f has a periodic orbit
Q # P of period 32%s.

From the Primary Theorem (2.5) in both cases, we may assume that Q is
primary. By Lemmas 11.2 and 11.3, Q is directed and has no colored arrow.
From (a) of the Directed Theorem (10.1), Q is twist. O

From now on, a periodic orbit will be called green if and only if it is either
single green or double green or box green. Similarly, it will be called red if and
only if it is either single red or double red or box red.

The following theorem states that some primary orbits force some other ones.

Theorem 11.10 (Forcing Theorem). Let f € Y and let P be a primary periodic
orbit of f of period m > 1. Then the following hold.

(a) If P is pendulum, then f has a pendulum orbit of period n for each n
such that n > m.

(b) If P is twist, then f has a twist orbit of period n for each n such that
n=0 and n/3> m/3.
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(c) If P isgreen, then f has a green orbit of period n for each n such that
nz0, n>,m, and n > 1, and a twist orbit of period n for each n
such that n=0.

(d) If P is red, then f has a red orbit of period n for each n such that
n#0, n> m,and n> 1, and a twist orbit of period n for each n
such that n=0.

Proof. (a) follows from Proposition 11.8 and the Adjusting Lemma (1.18). (b)
follows from Proposition 11.9 and the Adjusting Lemma. If f is E P-adjusted,
from Lemmas 11.6 and 11.4 we have that f has a green (resp. red) orbit
of period immediately following m in the green (resp. red) ordering. The
Adjusting Lemma allows us to skip the assumption that f is EP-adjusted. In
such a way we obtain the first part of (c) and (d) by induction. The second part
of (c) and (d) follows from Lemma 10.7(b) and the Adjusting Lemma. 0O

Theorem 11.11 (Periods Theorem). Let f €Y. Then

(a) The set of periods of all pendulum orbits of f is of the form S(n,) for
some n € N_.
(b) The set of periods of all green and twist orbits of f is of the form
G(ng) \ {1} for some n,eN,.
(c) The set of periods of all red and twist orbits of f is of the form R(n,)\{1}
for some n, €N, .
(d) Per(f) =S(n)uG(n,)UR(n,).
(€) n,, n g’ and n, appearing in (a), (b), and (c) are determined uniquely
by f.
Proof. (a), (b), and (c) follow immediately from the Forcing Theorem (11.10)
and the definitions of orderings. (e) is an obvious consequence of (a), (b), and
(c).
Now we prove (d). By the Primary Theorem (2.5), Per(f) is equal to the
set of periods of all primary periodic orbits of f. By the Undirected Theorem
(7.1), the Directed Theorem (10.1), and (a), (b), and (c) we obtain (d). O

Notice that n , n g’ and n, which appear in (a) of the Main Theorem (see
Introduction), are not determined uniquely by f. Hence, the Periods Theorem
is a stronger (and more precise) version of (a) of the Main Theorem.

The following theorem states that some primary orbits do not force some
other ones.

Theorem 11.12 (Nonforcing Theorem). Let P be a periodic orbit of period m >
1 of an EP-adjusted map f €Y. Alsolet Q # P be a primary periodic orbit
of f of period n > 1. Then the following hold.

(a) If P is pendulum, then Q is pendulum and n > m.

(b) If P is twist, then Q is twist and n/3 > m/3.

(c) If P is green, then Q is either green or twist and n > g M-

(d) If P isred, then Q is either red or twist and n > m.
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Proof. In all cases, by Propositions 5.4, 5.7, 5.17, and 5.18, P is primary. By
the First Theorem (2.3), P is the only periodic orbit of f of period m . Hence,
n # m. Also in all cases, since f is EP-adjusted, we have Span(Q) < Span(P).

(a) By Lemma 11.1 and the Undirected Theorem (7.1), Q is pendulum.
If m >_ n, then by the Forcing Theorem (11.10) and the Adjusting Lemma
(1.18), f has a periodic orbit R of period m with Span(R) C Span(Q).
Hence R # P, a contradiction.

(b) (resp. (c), (d)). By Lemmas 11.2 and 11.3 and the Directed Theorem
(10.1), Q is twist (resp, green or twist, red or twist). If m/3 > n/3 (resp.
m>.n, m>n ) then we get a contradiction as in the proof of (a). O

Theorem 11.13 (Adjusted Periods Theorem). (a) Let P be a periodic orbit of
period m > 1 of an EP-adjusted map f €Y. Then

(a.1) If P is pendulum, then Per(f) =S(m).
(a.2) If P is green or twist, then Per(f) = G(m).
(a.3) If P is red or twist, then Per(f) = R(m).

(b) There exist maps f and g € Y such that each periodic orbit of f (resp.
g) of period larger than one is pendulum (resp. twist) and Per(f) = S(2°°)
(resp. Per(g) = G(3.2°) = R(3.2%™)).

Proof. (a) By the Primary Theorem (2.5), Per(f) is equal to the set of periods
of all primary orbits of f. Hence, (a) follows from the Forcing Theorem (11.10)
and the Nonforcing Theorem (11.12).

(b) It is known (see, e.g., [Sa]) that there exists a map # € I such that
Per(h) = S(2%°) and, for each i > 1, h has only one periodic orbit of period
2'. Moreover, #(0) =0 and /4 has only one fixed point different from 0. Since
[0,1]C Y, we can define f by f, ,=h, f(x)=0 for x ¢ [0,1]. Clearly,
f €Y, Per(f) = S(2%), and for each i > 1, f has only one periodic orbit
of period 2’ (we recall that in the case of maps of Y, we do not consider
{0} as a periodic orbit). Hence, all these periodic orbits are primary. By
construction, they are undirected. Then, by the Undirected Theorem (7.1),
they are pendulum.

Let ¢ = exp(2ni/3). We define g by g(x) = e.h(x) for x € [0,1] and
g(x) = ex for x ¢ [0,1]. Clearly, g € Y, Per(g) = G(3.2%) = R(3.2%),
and for each i > 0, g has only one periodic orbit of period 3.2'. Hence, all
these orbits are primary. By construction they are directed and have only black
arrows. Then, by the Directed Theorem (10.1), they are twist. 0O

12. COEXISTENCE OF PERIODIC ORBITS

In this section we are going to get the tool to prove (b) of the Main Theorem.

Theorem 12.1 (Coexistence Theorem). Let P, be a primary periodic orbit of a
map f,€Y, i=1,2,...,n. Then there exists a map f €Y such that:

(@) f has periodic orbits Q, E-equivalentto P, for i=1,2,...,n.
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(b) For each periodic orbit R of f, thereis i€ {1,2,...,n} such that f
has a periodic orbit of the same period as R.

Proof. We use induction on n. For n = 1, the statement is obviously true.
Assume that it is true for n — 1 and prove it for n.

There exists a map g € Y such that it has a periodic orbit Q E-equivalent
to P, and g is EQ-adjusted. Set Z =|J>, g '(0)\ {0}. There exists a map
v:Y — Y, mapping each branch onto itself in a nondecreasing way and such
that t//_'(x) consists of only one point if and only if x ¢ ZU{0} and a//_l(O)
is homeomorphic to Y. In other words, q/_' blows up 0 and all its inverse
images under iterates of g. If x € Z, then y/"'(x) is an interval.

We define f in several steps. If w(x) ¢ ZU{0}, then goy(x) ¢ ZU{0}
and we set f(x) = y/_](g oy(x)). If y € Z then, since g is EQ-adjusted,
there exists one-sided limits (from outside) of f(z) as z tends to the endpoints
of t//"(y). Moreover, these limits are equal to the endpoints of the interval
y/"(g(y)) if g(y) € Z or to extremal points of !//_](0) if g(y) =0. Then we
extend f to the interval l//_'(y) continuously to its endpoints and linearly to
the whole interval. If x is an extremal point of W—I(O) then, since g is EQ-
adjusted, there exists a one-sided limit (from outside) of f(z) as z tends to
X, and it is equal to an extremal point of !//_1 (0). We extend f continuously
to x.

In such a way f is defined and continuous on the set Y \ w~'(0). There
exists a homeomorphism ¢ of Y onto a subset ¥ of Int(y 'l(O)) By the
induction hypothesns there exists amap f € Y such that f has periodic orbits
Q, ,i=1,2,...,n—1, E-equivalent to P,, and if R is a periodic orbit of f
then there is i € {1 ,2,...,n—1} such that fl has a periodic orbit of the same
period as R. Weset f=gpo fo q)_l on Y. On the remaining three intervals
joining Y \ w~'(0) with ¥, we extend f linearly.

In such a way f is defined on the whole Y . Clearly f satisfies (a). We shall
show that f also satisfies (b).

Let R be a periodic orbit of f. If RNY # & then, since ¥ is f invariant,
R C Y. Then by the definition of f];, (b) is satisfied.

Assume that RNY =@ but RN c//_'(O) # . Since 1//"1(0) is f-invariant,
R C y/_'(O) \ Y. This set consists of three intervals I,, I,, I, (I, C br;).
By the definition of f, for each i there exists j such that f(I,) C I uY.
Since g is EQ-adjusted, j = ind(g(sm,)). Since f|, is linear for i =0,1,2

and Y and the set of extremal points of l//_l(O) are f-invariant, either R is
contained in the set of the extremal points of ://_'(0) or for each x € R, if
x € I, then the whole I, consists of points of periodic orbits E-equivalent to
R. In both cases, there is a periodic orbit R’ contained in the set of extremal
points of y~'(0) and E-equivalent to R. If Q is directed, then R’ is a twist
periodic orbit of period 3. Since Q is primary, by the Directed Theorem (10.1)
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and the Forcing Theorem (11.10), g also has such orbit. If Q is undirected
then R’ has period 1 or 2. However, by the Undirected Theorem (7.1) and the
Forcing Theorem, g also has such orbit.

Now assume that RN v/_l(O) =J. Then RN t//"l(Z u{0}) =, and ¢(R)
is a periodic orbit of g, E-equivalent to R.

Hence, in all cases when RNY = & we get a periodic orbit of g of the same
period as R. By the Adjusting Lemma (1.17), f, also has such an orbit. This
proves (b). O

Remark 12.2. One can prove a stronger version of the above theorem. Let P,
be a periodic orbit of amap f,€Y, i=1,2,...,n. Then there exists f €Y
such that
(a) f has periodic orbits Q,, i =1,2,...,n, E-equivalent to P,.
(b) For each periodic orbit R of f thereis i€ {1,2,...,n} such that R
is E-equivalent to some periodic orbit of f;.

This version has no assumption that P, is primary and has a stronger condition

(b). It can also be generalized for trees {z € C: z' € [0,1]}. The proof,
instead of using the Forcing Theorem (11.10), uses the following lemma: If P

is a periodic orbit of g, g(0) =0, {,,...,i, are pairwise different numbers
such that ind(g(smij)) =1, for j=1,2,...,n—1, and Ind(g(sm,)) =i,
then there exists an orbit {x,,x,,...,x,} of g such that g(x;) = x;,, for

Jj=12,...,n-1, g(x,) = x,, and ind(xj) = ij for j =1,2,...,n.
However, we do not need this stronger version of the Coexistence Theorem,
and we leave its proof (and the proof of the lemma!) to the interested readers.

13. PROOF OF MAIN THEOREM, FINAL REMARKS, AND CONJECTURES

Proof of Main Theorem. (a) follows from the Periods Theorem (11.11). (b)
follows from the Adjusted Periods Theorem (11.18), the Coexistence Theorem
(12.1), and Remarks 4.17, 4.22, 4.26, 4.39, and 4.43. O

Remark 13.1. Instead of using the above remarks, we can use only the existence
of pendulum orbits of period 3, double green orbits of period 5, double red
orbits of period 7, and the Forcing Theorem (11.10).

As an easy corollary to the Main Theorem, we obtain the following result of
Mumbru [Mu].

Theorem 13.2. (a) If f€Y and {2,3,4,5,7} C Per(f), then Per(f) =N.
(b) If W C N s a set such that for every f € Y, W C Per(f) implies
Per(f) =N, then W c {2,3,4,5,7}.

Remark 13.3. Since the results on pendulum orbits are valid for I as well as
for Y, in the same way as in the proof of the Main Theorem, we can obtain an
alternative proof of the Sarkovskii Theorem.

Conjecture 13.4. Let k > 3,let Z = {z € C: z¥ €[0,1]}, and let Z be the
set of all continuous maps of Z into itself for which 0 is a fixed point. Then
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there exist total (linear) orderings <, ..., < of subsets Wi,...,W, of N,
respectively, such that:

(a) If f€Z, then Per(f) = Wlfumu W,f where the sets W;f C W, have
the following property: if m >, n and n e W,.f ,then m e W,.f .

(b) If the sets W,.' CW, (i=1,2,...,]) have the property that if m >, n
and n € W/, then m € W, , then there exists / € Z such that Per(f) =
wiuw,u---uW .

In Conjecture 13.4 we may replace Z by other sets of maps. For example,

(1) The set of all continuous maps of a given tree into itself for which all
branching points are fixed points.

(2) The set of all continuous maps of Y into itself.

(3) The set of all continuous maps of Z into itself.

(4) The set of all continuous maps of a given tree into itself.

In such a way we obtain new conjectures (or perhaps rather open problems).

Remark 13.5. If in Conjecture 13.4 we replace Z by the set of all continu-
ous maps of a circle into itself of degree one, then it becomes false (consider
rotations).
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