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THE FULL PERIODICITY KERNEL OF THE TREFOIL

by C. LESEDUARTE and J. LLIBRE (*)

1. Introduction and main results.

Let E be a topological space. We shall study some properties of the
set of periods for a class of continuous maps from E into itself. We need
some notation.

The set of natural numbers, real numbers and complex numbers will
be denoted by N, R and C respectively. For a map f : E — E we use the
symbol f™ to denote fo fo---o f (n € N times), f° or «id» denotes the
identity map of E. Then, for a point x € F we define the orbit of z, denoted
by Orby(z), as the set {f*(z) : n =0,1,2,...}. We say z is a fized point
of f if f(z) = z. We say z is a periodic point of f of period k € N (or simply
a k-point) if f*¥(z) = z and fi(z) # x for 1 < i < k. In this case we say
the orbit of x is a pertodic orbit of period k (or simply a k-orbit). Note that
if z is a k-point, then Orb¢(x) has exactly k elements, each of which is a
k-point. We denote by Per(f) the set of periods of all periodic points of f.

A connected finite regular graph (or just a graph for short) is a pair
consisting of a connected Hausdorff space E and a finite subspace V', whose
elements are called vertices, such that the following conditions hold:

(1) E\V is the disjoint union of a finite number of open subsets
e1,-..,ek, called edges. Each e; is homeomorphic to an open interval of the
real line.

(2) The boundary, Cl(e;) \ e;, of the edge e; consists of two distinct
vertices, and the pair (Cl(e;), e;) is homeomorphic to the pair ({0,1],(0,1)).

If v and e are the number of vertices and edges respectively of E, then
the Euler characteristic of E, is x(E) = v — e. A vertex which belongs to

(*) The authors have been partially supported by a DGYCIT Grant n® PB 93-0860.
Key words: Periods — Full periodicity — Kernel.
Math. classification: 54H20.
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the boundary of at least three different edges is called a branching point
of E. A vertex which belongs to a unique edge is called an endpoint.

An E map is a continuous self-map of E having fixed all branching
points of E.

We say an E map f has full periodicity if Per(f) = N. Theset K C N
is the full periodicity kernel of E if it satisfies the following two conditions:

(1) If f is an E map and K C Per(f), then Per(f) = N.

(2) If S C N is a set such that for every E map f, S C Per(f) implies
Per(f) =N, then K C S.

Note that, for a given E, if there is a full periodicity kernel, then it is
unique.

From now on the topological space E will denote one of the following
spaces:
L={z€C:2"€0,1]}, i =2,3,...,6.
O0={zeC:|z+i| =1},
0, =0U{z€I;:Re z >0},

0, =0Ul,,
03=OU{z€I4:Imz20},
0,=0Ul,,

c0o=0U{z€C:|z—1i|=1},

ool=ooU{z€IQ:RezZO},

009 = oo Uy,
T:{ze(C:z:cos(fSO)ew, 0<6<2r}.

The spaces Iz, 13,14,15,I, 0, 01,02, 03,04, 00,007,002 and T are
called the interval or the I, the 3-od or 3-star or the Y, the 4-od or the 4-star,
the 5-od or 5-star, the 6-od or 6-star, the circle, the sigma, the alpha, the
circle with three whiskers, the circle with four whiskers, the eight, the eight
with one whiskers, the eight with two whiskers and the trefoil respectively.

The spaces I3, 14, I5, I, O1, Oz, O3, O4, 0o, 001, 002 and T have
exactly one branching point, namely 0 = 0 € C. We also denote by O the
0eO0.

The full periodicity kernel of Io, I3, 14, I5, Ig, O, O1, O2 and oo are
known and presented in the following theorem.



THE FULL PERIODICITY KERNEL OF THE TREFOIL 221

THEOREM 1.1. — The following statements hold:
(a) The set {3} is the full periodicity kernel of I.
(b) The set {2,3,4,5,7} is the full periodicity kernel of 1.
(c) The set {2,3,4,5,6,7,10,11} is the full periodicity kernel of the 14.

(d) The set {2,3,4,5,6,7,8,9,10,11,13,14,16,17,18, 21,23} is the full
periodicity kernel of the I5.

(e) The full periodicity kernel of the Ig is the set
{2,3,4,5,6,7,8,9,10,11, 13,14, 15, 16, 17, 18, 21, 22, 23, 28, 29}.

(f) The set {1,2,3} is the full periodicity kernel of O.

(g) The set {2,3,4,5,7} is the full periodicity kernel of O;.

(h) The set {2,3,4,5,6,7,10,11} is the full periodicity kernel of Os.

(i) The set {2,3,4,5,6,7,8,10,11} is the full periodicity kernel of co.

o Theorem 1.1 (a) is due to Sharkovskii [Sh] (see also [LY]),

o Theorem 1.1 (b) was shown by Mumbri [M] (see also [ALM1]),

e Theorem 1.1 (¢) has been proved by Alseda and Moreno [AM] and
independently by Leseduarte and Llibre [LL2],

o Statements (d) and (e) of Theorem 1.1 are due to Alsedad and
Moreno [AM],

o Theorem 1.1 (f) is due to Block [Bcl] (see also [LR]),

o Theorem 1.1 (g) has been proved by Llibre, Parafios and Rodriguez
[LPR1] (see also [LL1]),

o Statements (h) and (i) of Theorem 1.1 are due to Leseduarte and
Liibre [LL2].

Our main goal in this paper is to characterize the full periodicity
kernel of O3, O4, 001, 0oz and T. Thus, our main results are the following:

THEOREM 1.2. — The full periodicity kernel of Og is the set
{2,3,4,5,6,7,8,9,10,11,13,14, 16,17, 18, 21, 23}.

THEOREM 1.3. — The full periodicity kernel of Qy is the set
{2,3,4,5,6,7,8,9,10,11, 13,14, 15,16, 17,18, 21, 22, 23, 28, 29}.

THEOREM 1.4. — The full periodicity kernel of oo, is the set

{2,3,4,5,6,7,8,9,10,11,12,13,14,16,17,18, 21, 23}.
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THEOREM 1.5. — The full periodicity kernel of oo, is the set
{2,3,4,5,6,7,8,9,10,11,12,13,14, 15,16, 17, 18, 21, 22, 23, 28, 29}.

THEOREM 1.6. — The full periodicity kernel of T is the set
{2,3,4,5,6,7,8,9,10,11, 12,13, 14,15,16,17, 18, 21, 22, 23, 28, 29}.

Theorems 1.2, 1.3, 1.4, 1.5 and 1.6 are proved in Sections 6, 7, 10,
11 and 12 respectively. Sections from 2 to 5 present preliminary definitions
and results that are necessary for proving these five main theorems. In
Section 13 we compare our results on the full periodicity kernel with related
results of Blokh. Finally, in Section 14 we comment that full periodicity
implies positive topological entropy for continuous self-maps on a graph.

The tools for studying the set of periods and the full periodicity kernel
change strongly when we consider maps with some discontinuity points, see
for instance [ALMT].

2. Intervals and basic intervals.

From now on we shall talk about the whiskers and the circles of E.
A circle of E is the closure of a connected component of E \ {0} which
is homeomorphic to O. A whiskers of E is the closure of a connected
component of E \ {0} which is homeomorphic to I.

A closed (respectively open, half-open or half-closed) interval J of E
is a subset of E homeomorphic to the closed interval [0,1] (respectively
(0,1),]0,1)). Notice that an interval cannot be a single point.

Let J be a closed interval of E, and let h : [0,1]] — J be a
homeomorphism. Then h(0) = a and h(1) = b are called the endpoints of J.
If @ and b belong to the same whiskers of F, then J will be denoted by [a, b]
or [b, a]. We take an orientation, that we call counterclokwise, in each circle
of E. If a and b belong to the same circle of E, then we write [a, b] to denote
the closed interval from a counterclockwise to b.

Note that it is possible that two different intervals of a circle of F
have the same endpoints. But two different points of a whiskers of E always
determine a unique closed interval.

Now we define a special class of subintervals of E. Let Q =
{@1,492,...,4qn} be a finite subset of E containing 0. For each pair g;, g; such
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that ¢; # q; we say that the interval [g;, ¢;] (respectively [g;, ¢;]) is basic if
and only if (g;,q;) N Q = @ (respectively (g;,¢;) N Q = 0). The set of all
these basic intervals is called the set of basic intervals associated to Q.

3. Loops and f-graphs.

Let f: E — E be an E map. If K and J are closed intervals of FE,
then we say that K f-covers J or K — J (or J «— K), if there is a closed
subinterval M of K such that f(M) = J. If K does not f-cover J we
write K - J.

A path of length m is any sequence Jg — J; — -+ — Jpu_1 — Jm,
where Jo, J1,...,Jm are closed subintervals of E (in general, basic
intervals). Furthermore, if Jy = J,,, then this path is called a loop
of length m. Such a loop will be called mon-repetitive if there is no
integer 4, 0 < ¢ < m, such that ¢ divides m and J;y; = J; for all j,
0 < j < m—1i We say that we add or we concatenate the loop
Joo—Jp— > Jp_1 > Jygtotheloop Kg - K1 — --- = K,_1 — Ky
if they have a common vertex Jy = Ky and we form the new loop
Jo—-J— > Jp1— Ky— K; — -+ — Jy. A loop which cannot be
formed by adding two loops will be called elementary.

Let @ be a finite subset of E containing 0. An f-graph of Q is a
graph with the basic intervals associated to @) as vertices, and such that
if K and J are basic intervals and K f-covers J, then there is an arrow
from K to J. Note that the f-graph of @ is unique up to labeling of the
basic intervals. Hence from now on we shall talk about the f-graph of @ (or
just the f-graph for short). The next three lemmas are well-known in one
dimensional dynamics, see for instance [ALM2]. We only prove the third
one because we will use its proof later.

LEmMmA 3.1. — Let f be an FE-map and let K,J,L be closed
subintervals of E. If L C J and K f-covers J, then K f-covers L.

LEmMMA 3.2. — Let f be an E map and let J be a closed subinterval
of E such that J f-covers J. Then f has a fixed point in J.

LeEmMA 3.3. — Let f be an E map and let Jy, J1,...,J,—1 be closed
subintervals of E such that J; — J;11 fori =0,1,...,n—2 and J,_1 — Jp.
Then there exists a fixed point x of f™ in Jy such that fi(z) € J; for
i=1,2,...,n—1.
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Proof. — We shall use backward induction. Let K,,_1 C J,_1 be a
closed interval such that f(K,—1) = Jo, and suppose we have constructed
K; C J; for some i > 0,4 < n — 1 such that f(K;) = K;y1 ifi <n-—1
and f(K;) = Jo if i = n — 1. Then, by Lemma 3.1, J;_; f-covers K; and
therefore there exists an interval K; 1 C J;—; such that f(K;_;) = K;.
Let g be as follows:

9= flkn_.° " °fiK, © f1Kko

Then Ky C Jo and g(Ko) = Jo. Consequently f™(Ko) = Jo. By continuity
of f* and Lemma 3.2 f™ has a fixed point x € Ky C Jg, such that
fi(z)e K;c Jifori=1,2,...,n—1. O

Let J be an interval of E. Then Int(J) and Cl(J) denote the interior
and the closure of J respectively.

ProrosiTiON 3.4. — Let f be an F map having a k-orbit P.
Consider the set of basic intervals associated to P’ = P U {0}. Let
Jo—Jy — -+ = Jp_1 — Jm = Jo be a non-repetitive loop of length m of
the f-graph of P’ such that at least one J; does not contain 0. If m # 2k,
then m € Per(f).

Proof. — By Lemma 3.1 Jy f™-covers Jy. Then by Lemma 3.2 there
exists x € Jp such that f™(z) = z. If z has period m we are done. So
suppose that x has period s, 0 < s < m. Thus s divides m.

It is not possible that £ = 0 because 0 is a fixed point and some

If z € Int(Jy), then Orbgs(z) N P = (. So each fi(z) is exactly in one
basic interval, and consequently the loop is repetitive (because s < m and
s divides m). Hence, x must be a point of P. So Orb(z) C P. Without loss
of generality we can assume that s = k.

Let Ky C Jp be the interval constructed in the proof of Lemma 3.3,
then fi(z) € f{(Ko) C J; for i =0,1,...,m. Since z = f*(z) € f*(Ko) C
J, it follows that Jy and J,; have a common endpoint .

Assume that Jo = J,. Both sets Ky and f*(Kj) are contained in Jy
and contain z, an endpoint of Jy. Therefore L = Ky N f%(Kp) is an
interval (in fact it is either Ky or f*(Kjp)). Clearly fi(L) C f(Ko) C Ji,
fi(L) C f¥+(Ko) C Jsti, and fi(L) is an interval for 0 < i < s. Thus
Ji=Jsp; fori=0,1,...,5 — 1.
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Repeating this process we get J; = Js4; for i = 0,1,...,m — s.
Hence the loop is repetitive because s divides m, a contradiction with the
assumptions. So Jy # Js.

If J; = Jy4s for some 0 < ¢ < m — s, then the above arguments
prove that Jgy; = Jgysyi for ¢ = 0,1,...,s — 1. Repeating this process
we obtain that J; = Jsy; for i = 0,1,...,m — s and so the loop is

repetitive, a contradiction with the assumptions. Therefore we can assume
that Jg # Jg4s for 0 < g <m —s.

Since z is a periodic point of period s, if follows that Jy = J2s and
Js = Js3s. By the above arguments we get J,,, = Jo = Jog = Jgs = -~

and Js = J3s = Jss = ---. In particular m must be even. Furthermore
Ji = Jas4i for 0 < ¢ < 25 — 1. Hence 2s = 2k divides m. Since m # 2k the
loop is repetitive, in contradiction with the hypotheses. O

Under the assumptions of Proposition 3.4 and if m = 2k, we can prove
that m € Per(f) if E is different from oo and T. Unfortunately we do not
know under the same assumptions if m € Per(f) when m = 2k and F is
either oo or T. But this is not important for the rest of the paper.

4. Q-linear maps.

Let G=1;, fori = 2,3,...,6. It is easy to see that any tree G has a
metric p such that if z,y € G and 2 € [z, y], then u(z,y) = pu(z, 2)+p(z,v),
this metric is called the taxicab metric.

Let f be an E map and let Q = {q1, 2, .., gm } be an invariant subset
of E under f such that 0 € Q). We assume that there are points of @ in
each connected component of E \ {0}. Let Eg be the minimal connected
subgraph of E containing all the basic intervals associated to Q. Clearly Eq
is homeomorphic to E. We say that f is Q-linear if the following conditions
hold:

(1) Eq = E; in particular the endpoints of E are points of Q;

(2) for any basic interval J associated to Q, f(J) is an interval formed
by the union of basic intervals of Q);

(3) f1s: J — f(J) is a linear homeomorphism with respect to the
taxicab metric, i.e. f|; is a homeomorphism satisfying that for any
x,y,2z € J such that u(z,y) = p(z, 2) + p(z,y) we have that

u(f(@), (@) = p(f(2), £(2)) + u(f(2), F(v)).
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We say an E map g is a Q-linearization of f if the following conditions
hold:

(1) 910 = fie;
(2) g is Q-linear;
(3) the g-graph of @ is a subgraph of the f-graph of Q.

Suppose that f is an F map having a k-orbit P such that P has
points in each connected component of E \ {0}. Set P’ = P U {0}. Clearly,
if E € {O,00,T} then Epr = E. Assume now that E ¢ {O, 0o, T}. For
each whiskers W of E we consider the endpoint ¢ € W of E and the point
p € W, p € P such that (p,¢q) N P = 0. Let E’ be the new topological
space obtained by shrinking the interval [p, q] to the point p. Note that E’
is homeomorphic to E. We define the F map h : E' — E’ by h(z) = f(x)
if f(z) € E' and h(z) = p otherwise. Of course P is a k-orbit for h,
Per(h) C Per(f) and the endpoint of W belongs to P. Therefore we can
assume that Eps = E. In particular, we can talk about the P’-linearization
of f in the above way.

In the rest of this section we assume that f is an E map having a
k-orbit P and consider the set of basic intervals associated to P’ = P U {0}.

LeEmMA 4.1. — Let K and J be basic intervals and let g be a P’'-
linearization of f. If x € Int(J), g(z) # 0 and g(z) € K, then J g-covers K.

Proof. — Let a,b be the endpoints of J. Since J is a basic
interval associated to P’, its endpoints have image in P’ and so
{f(a), f(b)} NInt(K) = @. By P’-linearity, since g(z) € K, g(z) # 0
and = € Int(J), there exists an interval L C J such that g(L) = K. So J
g-covers K. O

Let J be a basic interval. If 0 € J, then J will be called a branching
interval; otherwise J will be called a non-branchig interval.

The following proposition is the converse result of Proposition 3.4 for
P’-linear maps.

PROPOSITION 4.2. — Let g be a P’-linearization of f. If g has an
m-point for m ¢ {1,2,3,4,5,6,k}, then there exists a non-repetitive loop
of length m through the g-graph such that at least one basic interval of the
loop does not contain 0.

Proof. — Let x be a periodic point of period m for g. Then
Orbg(z) N P' = @, so for each i, 0 < ¢ < m, there exists a unique
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basic interval J; containing g'(x). Since g is P’-linear, by Lemma 4.1,
Jo—J1— = Ipo1 — I = Jp is a loop of the g-graph. First we shall
show that this loop is non-repetitive.

Since g is P’-linear, we can define by backward induction on i,
a collection of subintervals K; of J; such that ¢ : K; — K41 is
one-to-one and onto, where K,, = J,, = Jy. Suppose now the loop is
repetitive, then there exists s, 0 < s < m, such that s divides m and
Ji = Jips for 0 < i < m — s. We take s the smallest number in such a
way. We claim that K; C K;;s for 0 < ¢ < m — s. To prove the claim
consider K,,,_s C Jy—s = J; = Ky, and by backward induction, suppose
Kit1 C Kits+1 and K; € K;ys. So, there is a € K; such that a ¢ K,
and g(a) € K;11 C K;ys41. Since K;s — Kiisy1, there exists b € K4
(and so b # a) such that g(b) = g(a). This is a contradiction with the fact
that g is P’-linear and g, , is one-to-one. Hence the claim is proved.

Thus ¢°(Ko) = Ks D Ky and by Lemma 3.2, ¢° has a fixed point
y € Kp. Since m is divisible by s, g™ (y) = y . Note that z # y because z has
period m, and y has period s < m. Hence the map g™ : Ky — K, is linear
and has at least two fixed points. Therefore g™ | i, must be the identity map
and so Kg = K, = Jn = Jo. Then we get Ko = Ks = Kos = --- = K
because Ko C K, C Kos C --- C K,, = Ky. Now consider the linear map
9° : Ko — K = Ko which has a fixed point. Since g°| g, is one-to-one and
onto, we have two possibilities.

e Case I: g°| g, = id.
Then ¢g*(xz) = = but = has period m > s, a contradiction.
o Case 2: g° g, # id and g2s|K0 =id.

Let 2o € Ko = Jo be a k-point for f such that Orbs(zo) C P. Then
g%*(xz0) = xo. Moreover zg is an endpoint of Ky and so k = 2s. On the
other hand, since g?*(z) = = and z has period m > s we have 2s = m.
So k = m, a contradiction with the hypotheses. In short we have proved
that the loop Jo — J; — -+ — Jp—1 — Jpm = Jo is non-repetitive.

Suppose that all the basic intervals of the non-repetitive loop of
length m contain 0. Therefore Orbg(z) is contained in the branching
intervals. Since m > 6, there is a basic interval J; containing at least two
points of Orby(z). Let u,v € Orbg(x) N J; such that (0,v) N Orby(z) = 0,
and (u,v) N Orbg(z) = 0. Since the loop is non-repetitive, there is J; # J;
such that J; N Orby(z) # 0. Let z € J; N Orbs(x) such that (2,0) NP = 0.
Therefore there is r, 0 < 7 < m such that ¢"(u) = z and g™ "(2) = u.
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On the other hand g"|(,,¢) is lineal and so g"|[,,0 = [2,0]. Furthermore
v € (u,0) and so ¢"(v) € (2,0) in contradiction with the fact that
(2,0) N Orby(z) = 0. O

CoOROLLARY 4.3. — Let g be a P’-linearization of f. If m € Per(g)
and m ¢ {2,3,4,5, 6,k,2k}, then m € Per(f).

Proof. — Both E maps f and g have points of periods 1 and k. If
m ¢ {1,2,3,4,5,6, k}, then by Proposition 4.2 there exists a non-repetitive
loop in the g-graph of length m such that at least one of its basic intervals
does not contain 0. Therefore, since the g-graph of P’ is a subgraph of the
f-graph of P’ and m # 2k, by Proposition 3.4, f has a periodic point of
period m. O

Remark 4.4. — Suppose that f is P’-linear. Then each branching
interval f-covers exactly one branching interval, and perhaps some non-
branching intervals. Moreover each non-branching interval f-covers either
zero or two branching intervals.

5. Preliminary results in I,,13,14,15,16,0,0,,02,03 and Oy4.

We need to introduce some orderings in the set of natural numbers,
adding or removing some few elements.

The Sharkovskii ordering > on the set Ny = NU {2°°} is given by
3> 5>, 7> >
2:83>,2-5>,2-T>5 >
22.3>,22.5>,22. 7>, -+ >,
2N 3> 2N -5 > 2" T > - >
2% >¢ > 2 >0 > 20 528522 525 1.

We shall use the symbol > in the natural way. The symbol 2°° ensures
the existence of supremum of every subset with respect to the ordering >;.
For n € Ny we denote

S(n)={keN:n>,k}.
So
S(@2*)={2":i=0,1,2,...}.

Now we state the Sharkovskii Theorem [Sh] (see also [St], [BGMY]

and [ALM2]).
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THEOREM 5.1 (Interval Theorem).
(a) If f is an interval map, then Per(f) = S(n) for some n € N;.

(b) If n is an element of Ny then there exists an interval map f such
that Per(f) = S(n).

If we want to get a similar result for the space Y, we need two new
orderings. The green ordering >, on N\ {2} is given by

5> 8 >4 > 11 > 14 >4 7 >3 17 > 20 >4 10 >y -+ >,
3:3>3:5>53-T>;--->
3:2:3>,3-2-5>,3-2-7>,--->
3-22.3>,3.22.5>,3-22.7>, .- >,
3-282>,3.22>5,3.2>,3-1> 1.

The red ordering >, on N\ {2, 4} is given by

7> 10 >0 5> 13>, 16 >, 8 >, 19 >, 22 >, 11 >, -+ - >,
3:3>3-5>.3-T> >
3:2:3>.3:2:5>.3-2-7T>.--->,
3.22.3>,3.22.5>.3.22.7>.-..>,
3.282>,3.22>5.3.2>.3-1>, 1.

For n € N\ {2} denote
G(n)={keN:n>,k},
for n € N\ {2,4} denote
R(n)={keN:n> k}
and additionally
G(3-2%°)=R(3-2%) = {1} U {3n:n € S5(2*)}.
We also denote

Ny=(N\{2})U{3-2°} and N,=(N\{2,4})u{3-2%}.

The following theorem is due to Alseda, Llibre and Misiurewicz
[ALM]1] for I3 maps.
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THEOREM 5.2 (I3 Theorem).

(a) If f is an I3 map, then Per(f) = S(n,) U G(ny) U R(n,) for some
ns € Ng,ng € Ng and n, € N;.

(b) Ifns € Ng,ng € Ny and n, € N, then there exists an I3 map f such
that Per(f) = S(ns) U G(ng) U R(n,).

Let I, be the n-od space define as the set {z € C: 2" € [0,1]}. In
order to obtain a generalization of the Sharkovskii Theorem for I,, we need
to define partial ordering <, for n > 1. The ordering >; is the ordering >.
If n > 1 then the ordering <,, is defined as follows. Let m, k be positive
integers.

e Case 1: k =1. Then m <, k if and only if m = 1.

o Case 2: k is divisible by n. Then m <, k if and only if either m = 1
or m is divisible by n and m/n >s k/n.

o Case 3: k > 1, k not divisible by n. Then m <, k if and only if
either m = 1, m = k, or m = ik + jn for some integers i > 0, j > 1.

From the definition we have that <5 is the Sharkovskii ordering.
A set Z is an initial segment of <,, if whenever k is an element of Z and
m <, k, then m also belongs to Z; i.e. Z is closed under <,, predecessors.
The following result of Baldwin [Ba] is a generalization of the Sharkovskii
Theorem and the I3 Theorem for arbitrary continuous self-maps of I,.

THEOREM 5.3 (n-od Theorem).
(a) Let f be a continuous self-map of I,. Then Per(f) is a nonempty
union of initial segments of {<,: 1 < p < n}.

(b) IfZ is a nonempty finite union of initial segments of {<p: 1 < p < n},
then there is a continuous self-map of I, f such that f(0) = 0 and
Per(f) = Z.

The n-od Theorem has been extended by Baldwin and Llibre in [BL)
to continuous maps on a tree having all their branching points fixed.

We define the Block ordering >9 on N as the converse of the
natural ordering on N\ {1} and we add the 1 as the smallest element;
1.e.2>03>04 >q -+ >¢ 1. For n € N, we denote

B(n)={keN:n>qk}.

Sharkovskii Theorem has been generalized by Block to the circle maps
having fixed points in [Bc2].
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THEOREM 5.4 (Circle Theorem).

(a) If f is a circle map having fixed points, then Per(f) = S(ns)U B(ny)
for some ns € N; and ny € N.

(b) Ifns € Ny and np € N, then there exists a circle map f having fixed
points such that Per(f) = S(ns) U B(ny).

In [LPR2], [LPR3] the Sharkovskii Theorem has been extended to
connected graphs G with zero Euler characteristic having all branching
points fixed. Given a graph G, let e(G) and b(G) the number of its
endpoints and branching points respectively.

THEOREM 5.5 (Graph Theorem). — Let G be a connected graph such
that b(G) # 0 and x(G) = 0.

(a) Let f : G — G be a continuous map with all branching points
fixed. Then Per(f) is a nonempty finite union of initial segments of
{<p:0<p<e(G)+2}.

(b) If Z is a nonempty finite union of initial segments of
{<p0<p<e(G)+2},

then there is a continuous map f : G — G with all the branching points
fixed such that Per(f) = Z.

We note that if G is a connected graph such that x(G) = 0
and b(G) = 0, then G is homeomorphic to O. The set of periods for
continuous self-maps on O wich have fixed points is characterized in the
Circle Theorem.

6. The full periodicity kernel of O;.

The objective of this section is to prove Theorem 1.2.

Since I is homeomorphic to {z € O3 : Im 2 > —1}, we can consider
I = {z € O3 : Imz > —1}. Let f an I map. We shall extend f
to an O3 map f as follows. We define f(z) = f(z) if z € Is and f
restricted to Cl(Oj3 \ Is) is any homeomorphism between Cl(O3 \ I5)
and the unique closed interval in Is having f(1 — ) and f(—1 —1) as
endpoints. Of course Per(f) = Per(f). From Theorem 1.1 (d) it follows
that {2,3,4,5,6,7,8,9,10,11,13,14,16,17,18, 21, 23} is a subset of the full
periodicity kernel of Og. Then, to prove Theorem 1.2 it is sufficient to show
the following proposition.
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ProrosiTiON 6.1. — Let f be an Oz map. Then the following
statements hold:

(a) If7 € Per(f), then
N\ {2,3,4,5,6,8,9,10,11,13, 14,16, 17, 18, 21, 23, 28} C Per(f).

(b) If13 € Per(f), then 28 € Per(f).

Proof. — Note that x(03) = 0, b(O3) = 1 and e(O3) = 3. From the
Graph Theorem, the set of periods of f is a nonempty finite union of initial
segments of {Sp: 0 < p < 5}. Now we shall compute the periods forced by
the periods 7 and 13 in the orderings of Og.

From the definition of the orderings <,, we have that

7 >0 n for each n € N\ {2,3,4,5,6};

7 > nfor each n € N\ {3,5};

7 >3 n for each n € N\ {2,4,5,8,11,14};

7 >4 nfor each n € N\ {2,3,5,6,9,10,13,14,17,21};

7 >5 nforeachn € N\ {2,3,4,6,8,9,11,13, 14,16, 18,21, 23, 28}.

Therefore, if 7 € Per(f) then

N\ {2,3,4,5,6,8,9,10,11,13,14, 16,17, 18, 21,23, 28} C Per(f)
and statement (a) holds.

On the other hand, 13 >, 28 for 0 < p < 5. Consequently if
13 € Per(f), then 28 € Per(f) and statement (b) holds. O

7. The full periodicity kernel of O,.

The objective of this section is to prove Theorem 1.3.

Since Ig is homeomorphic to {z € O4 : Im 2z > —1}, we can consider
Is = {z € O4 : Imz > —1}. Let f an Ig map. We shall extend f
to an O4 map f as follows. We define f(z) = f(z) if 2 € Is and f
restricted to Cl(Oy4 \ Ig) is any homeomorphism between Cl(Oy4 \ Is)
and the unique closed interval of Ig having f(1 — i) and f(—1 —¢) as
endpoints. Of course Per(f) = Per(f). From Theorem 1.1 (e) it follows that
{2,3,4,5,6,7,8,9,10,11,13, 14, 15, 16, 17, 18, 21, 22, 23, 28,29} is a subset
of the full periodicity kernel of O4. Then, Theorem 1.3 is a corollary of the
following proposition.



THE FULL PERIODICITY KERNEL OF THE TREFOIL 233

ProposiTioN 7.1. — Let f be an O4 map. Then the following
statements hold:

(a) If 7 € Per(f), then
{2,3,4,5,6,8,9,10,11, 13, 14,15, 16, 17, 18, 21, 22, 23, 28, 29, 35} C Per(f).

(b) If 11 € Per(f), then 35 € Per(f).

Proof. — Since x(04) = 0, b(04) = 1 and e(O) = 4, by the
Graph Theorem it follows that Per(f) is a nonempty union of initial
segments of {<,: 0 < p < 6}. We have that 7 >g n for each
n € N\ {2,3,4,5,8,9,10,11, 14,15, 16,17, 21, 22, 23, 28,29, 35}. Therefore,
from the proof of Proposition 6.1 we obtain that if 7 € Per(f),
then N\ {2,3,4,5,6,8,9,10, 11,13, 14, 15, 16,17, 18, 21, 22, 23, 28, 29, 35} C
Per(f) and statement (a) follows.

On the other hand, 11 >, 35 for 0 < p < 6. Consequently if
11 € Per(f), then 35 € Per(f) and statement (b) holds. a

8. The unfolding of ooy, co; and T.

If we identify the endpoints of the segment [0, 1] to the point 0, then
we obtain a space homeomorphic to O.

We represent the cartesian product O x O (the torus) as the square
[0,1] x [0,1] identifying the points (z,0) and (z,1) for all z € [0, 1], and
the points (0,y) and (1,y) for all y € [0,1]. Thus the graph of an O map f
is the subset {(z, f(z)) : z € O} of O x O, and it can be represented as
in Figure 8.1.

N, -
1\

Figure 8.1. The graph of a O map.
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Roughly speaking, we think the graph of an O map like the graph
of an interval map g from [0, 1] into itself with the above identifications.
This allows us to talk about local or absolute maximum or minimum for
an O map in the same way as for interval maps. Thus, for instance, in the
points p and ¢ the O map represented in Figure 8.1 has a local minimum
and maximum with values m and M respectively.

Let f be a P’-linear O map such that f(0) = 0 and each basic interval
associated to P’ does not f-cover itself. Therefore the graph of f does not
touch the diagonal except at 0. Let V = [a,b] a closed subinterval of O
such that f(a) = f(b) = 0, f(c) # 0 for all ¢ € (a,b). Then we say that
V is an upper (respectively down) subinterval according with they contain
more local minima (respectively maxima) than local maxima (respectively
minima) of f. Since f is P’-linear these upper and down subintervals are
well-defined. Thus for instance the subinterval [0, r] is an upper subinterval
of the map f of Figure 8.1.

In the rest of this section we shall consider E € {001,002, T} and f
will be a P’-linear map such that each basic interval associated to P’ does
not f-cover itself and k will be the period of P. We identify O with a circle
of E and0 € O with0 € E.

Let V = [a, b] be a closed subinterval of E contained in a circle or in
a whiskers of E such that f(a) = f(b) =0, f(c) # 0 for all ¢ € (a,b) and
f(V) & O. Then in a similar way as for O maps, we can say as above that
V is an upper or down subinterval.

Let V C FE be contained in a whiskers or in a circle of E. We say that
V' f-covers O (or V. — O, or O « V) if one of the following statements
holds:

(1) There exists [a,b] C V with f(a) = f(b) = 0, f(c) # 0 for
all ¢ € (a,b) and f([a,b]) = O.

(2) The set V is a circle of E such that f(V) = O and f(z) # 0 for
all z # 0.

Moreover, if (1) occurs with V = [a,b] or (2) occurs, then we say
that V' is a crossing subset of O. If V does not f-cover O, then we write
V -» 0.

Remark 8.1. — In a similar way as in Lemma 3.1, if K and L are
closed subintervals of E such that L C O, K — O and 0 ¢ Int(L), then
K — L.
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In this section we also assume that E has no crossing subsets of O.
Then following ideas of [LPR3| and [LL1] we define the unfolding of oo, as
the graph oo = G1 U G2 U G5 where

G1={(zt)eCxR:t=0and|z—i|=1or z € I, Re z >0},
G2:{(z,t)€CXR:t=0, |Z+i|=1},
GS:{(Z,t)eCXR:t:lImzl’ lz+2|=1}

o~

Rez v

Figure 8.2. The unfoldings of oo, and 0os.

Define the unfolding of ooz as the graph ooj = G1 U G2 U G3 where
Gi={(zt)eCxR:t=0and |z—i|=1or z € I},
Go={(z,t) eCxR:t=0, |z+i| =1},

Gs={(2,t) eCxR:t=|Imz|, |z+i| =1}.

Define the unfolding of the trefoil as the graph T* = G; UGy U G3
where

G, = {(z,t)e(CxR:t:O, z = cos(36) e'?, %’IFSGS %W},
G2 = {(2,t) e CxR:t =0, z = cos(30) e, -—%’R’SOS é’ﬂ'},
Gs={(2,t) e CxR:t=Rez, 2 = cos(36) e*?, —%WSGS %7‘(}

Clearly in the three cases G2 and G35 are homeomorphic to O, moreover
G U G is homeomorphic to E, so we identify O with Gy and G; U G2
with E (see Figures 8.2 and 8.3). Consider the projection 7 : E* — E
defined by 7(z,t) = (2,0). We denote by p* the unique point of G3 such
that 7(p*) = p.
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Since f is P’-linear, f has finitely many local extrema; and
consequently finitely many upper and down subintervals. Moreover from
the fact that there are no crossing subsets of O, it follows that there exists
a finite «partition» of F into upper subintervals, down subintervals and
subintervals with image in C1(E\ O). Now for the given FE map f we define
f*: E — E* as follows. If p € E then f*(p) is either f(p)* if f(p) € O and
p belongs to an upper subinterval, or f(p) otherwise. Clearly f* is well-
defined. We remark that f = mo f* : E — E. Define F = f*on : E* — E*.
In the rest of this section we shall study the relationship between the
periods of f and F'.

+ 1

vImz

Figure 8.3. The unfolding of the trefoil.

LEmMMA 8.2. — Assume that there are no crossing subsets of O. If
q € E* is a periodic point of F of period n, then p = w(q) is a fixed point
of f™.

Proof. — Since
g=F"(q) = (f*om)™g) = f*o(mo f )" onlg) = f* (" (»),
we get that p = 7(q) = f™(p)- O
LEMmMA 8.3. — Assume that there are no crossing subsets of O. Then
the following statements hold:
(a) Ifp = w(q) is a periodic point of f of period n, then p = m(F™(q)).

(b) Sip € G, is a periodic point of f of period n, then p is a fixed point
of F™.

Proof. — Statement (a) follows from the equalities

p=m(q) = f"(n(q)) = (wo f*)"(n(q)) = mo (f* om)"(q) = (w0 F")(q).
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If p is a periodic point of f of period n, we have that

p=f"p) = f*(7(p)) = (wo f*)"(n(p)) = 7o (f* om)™(p) = (w0 F™)(p).
Since p € G1, we get that F™(p) = p, and statement (b) is proved. O

ProrosiTion 8.4. — Suppose that there are no crossing subsets of O.
Then the following statements hold:
(a) If q is an n-point for F, then p = w(q) is an n-point for f.
(b) Ifp is an n-point for f and p € Gy, then p is an n-point for F.
Proof. — We prove (a). Let ¢ be an n-point for F. By Lemma 8.2,
p = m(q) is a fixed point of f™. Therefore, there is a divisor s of n such that
p is an s-point for f. If s = n, then we are done. So, assume that s < n.
By Lemma 8.3 (a), p = 7(F*(q)). Since s < n, F¥(q) = p’ with p’ # ¢, and
of course p’ belongs to the F-periodic orbit of q. Then

q=F"(q) = (f*om)™(q) = (f*om)" " o f*(n(q))
=(from)" Lo f (p) = (fom)" o f*(n(F(q)))
= (f*om)*(F*(q)) = F"(¥') =V,

which is a contradiction. Hence s = n and (a) is proved.

Now we show (b). Let p be an m-point for f and p € G;. By
Lemma 8.3 (b), p = F™(p). Again, there is a divisor s of n such that p
is an s-point for F'. If s = n, then we are done. So, assume that s < n.
Then F*(p) = p. By Lemma 8.2, since p € G; we get that p = f*(p), a
contradiction. Then the lemma follows. O

9. More results in oo, 0oy, coz and T.

Now we add some results for P’-linear maps which we will use for the
computation of the full periodicity kernel of co;, ooz and T. The following
proposition follows from Section 13 of [LL2].

ProposiTioN 9.1. — Let f be an oo map. The following statements
hold:

(a) If7 € Per(f), then

Per(f) O {2,3,4,5,6,8,9,10, 11,12, 13,14, 17, 21}.
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(b) If11 € Per(f), then 35 € Per(f).
(c) If13 € Per(f), then 28 € Per(f).

If U is a finite subset of E, we shall denote by Card(U) the car-
dinal of U.

ProPosITION 9.2. — Let E € {I3,14,15,I6, 02,03, 04,007,002, T}.
Let f be an E map having a k-orbit P. Suppose that f is P’-linear. Assume
that each basic interval is f-covered by some basic interval different from
itself and that there is a basic interval Jy such that Jy — Jy. Then
{n eN:n>k+3}\ {2k} C Per(f).

Proof. — We denote by S the set of all basic intervals associated
to P’. Notice that Card(S) = k if E is any n-star, Card(S) = k + 1 if
E € {03,03,04}, Card(S) = k+2if E € {001,002}, and Card(S) = k+3
if E = T. Since each basic interval is f-covered by some basic interval we
get that f(E) = E.

Set K; = fi(Jo) for i > 0. Note that each K; is a connected set and
Card(K; N P) > 2. We consider two cases.

o Case I: E € {I3,14,15,15,02,03,04}.

From the fact that P is a periodic orbit and f(E) = E, it follows
that there exists an integer r such that Ko & K1 & --- & K, = E, and
Card(K; N P) > i+ 1 for i < r. Since P has period k we have that
r < Card(K,—1 N P) < k. Since each basic interval is f-covered by some
basic interval different from itself, for each J; € S, J; C K; \ K;_; there
exists J;—1 € S, J;—1 C K;—1 \ K;—2 such that J;_; — J;. By hypothesis
there exists M € S, M # Jy such that M — Jy. Hence there is a loop of
length £ < r+1 < k+ 1 containing Jy. By construction, this loop is formed
by pairwise different basic intervals and so is non-repetitive. The above
loop of length ¢ together with the loop Jy — Jy give us a non-repetitive
loop of length n for each n > k + 1 containing Jy.

We claim that at least one of the intervals of the above loop of length
n does not contain 0. If 0 ¢ Jy, then we are done. So suppose that 0 € Jj.
Since Jy — Jo, f(0) = 0 and f is P'-linear we get that the basic intervals
different from Jy of K7 do not contain 0 (see Remark 4.4). So the claim is
proved. Hence by Proposition 3.4 the result follows.

o Case 2. E € {001,002,T}.

From the facts that P is a periodic orbit, K; is a connected
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set and f(E) = E, we have that there exists an integer r such that
Ky G Ky G-+ G K. = F’| and one of the following statements holds:

(1) E' = E;

(2) E € {001,002}, E’ is homeomorphic to one of the spaces I, 14, Is, I,
and E\ Int(E’) is formed by two basic intervals J, J contained in different
circles of E such that J, & Js;

(3) E =T, E’ is homeomorphic to one of the spaces O3, 03,04, and
E \ Int(E’) is formed by two basic intervals Jq,Jo contained in different
circles of E such that J; &= Js;

(4) E =T, E’' is homeomorphic to one of the spaces I3,14,I5,1s, and
E\Int(E’) is formed by three basic intervals J1, Ja, J3 contained in different
circles of E such that J; — J; — J3 — Ji.

First we suppose that statement (1) holds. We remark that if r < k,
then the result follows as in Case 1. So, since Card(S) € {k + 2,k + 3},
we can assume that r € {k + 1,k + 2}. In the same way as in Case 1 we
obtain a loop of length ¢ < r + 1 < k + 3 containing Jy and consequently
{ne€N:n>k+3}\ {2k} C Per(f).

Finally we assume that statement (2), (3) or (4) holds. Note that
P C E'. Consider the E' map g defined as g = f|g'. Clearly g is well-

defined because f is P’-linear. Of course g is either an I; map fori = 3, ..., 6,
or an O; map for j = 2,3,4. Moreover Per(g) C Per(f). Then the result
follows as in Case 1. O

The next lemmas will be used in Sections 10, 11 and 12.

LEMMA 9.3. — Set E € {oo1,002}. Let f be an E map having a
k-orbit P. Suppose that f is P’-linear. Then each basic interval J contained
in a whiskers of E is f-covered by some basic interval different from itself.

Proof. — Let p # 0 be the endpoint of the whiskers of E containing J.
Since f is P’-linear, we have that p € P. Moreover, from the facts that O
is a fixed point, f is P’-linear and f(F) is connected, it follows that each
basic interval of F contained in the whiskers of E is f-covered by some basic
interval.

Suppose that J — J, otherwise we are done. Since [p, 0] is a whiskers
of E, we can consider a total ordering < on [p, 0] such that 0 is the largest
element and p the smallest one. Set J = [p;,px], with p < p; < px < 0.
Now, since f is P’-linear we can consider two cases.
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o Case 1:p < f(pj) < p; < pk and f(px) & [p, Pk)-

If there are no basic intervals K # J such that K — J, then
f(P N [p,p;]) C PN[p,p,;] with PN [p,p;] # 0. This is a contradiction
because P is a periodic orbit not contained into [p, 0].

o Case 2:p < f(px) < p;j <pk and f(p;) £ [p,px).
Then pi < 0, and clearly

f([Pk,O]) > [f(pk)af(o)] 2 [f(pk)vo] 2 [pj?o] D J

Therefore, there is a basic interval J; C [pg,0] which f-covers J
and J; # J. O

LEMMA 9.4. — Set E € {oco1,002}. Let f be an E map having a
k-orbit P. Suppose that f is P’-linear. If Jy is a closed subinterval of E
with endpoints elements of P' and contained in a whiskers of E, then
there is a loop of length k in the f-graph containing Jo formed by closed
subintervals of E.

Proof. — Let Jy = [z,y] with z,y € P’ and [z,y| contained in a
whiskers of E. For each i, 0 < 7 < k, we define J; recursively as the closed
subinterval with endpoints f*(z) and f(y) such that J;_; — J;. Then
Jr = Jo because Jy is contained in a whiskers. Then we have the loop
Jo — J1 — -+ = Jx = Jy of length k. Of course, in general the intervals J;
are not basic and the loop can be repetitive or non-repetitive. O

LEMMA 9.5. — Set E € {001,002, T}. Let f be an E map having
a k-orbit P. Suppose that f is P’'-linear. Let J and K be basic intervals
(eventually J = K) such that J f™-covers K for some m > 1. Then there
is a path of length m starting at J and ending at K.

Proof. — If m =1 it is trivial. So suppose that m > 1. For 1 < i < m,
given J; € S, J; C fi(J), since f is P’-linear, we can select J;_; € S such
that J;_; C f*"1(J) and J;_; — J;. Then, by induction assumption, the
path Jo=J - J; — -+ = Jp_1 — Jn = K proves the lemma. O

LEMMA 9.6. — Set E € {001,002, T}. Let f be an E map having
a k-orbit P with k € {7,11,13}. Suppose that f is P’'-linear and that
each basic interval associated to P’ is f-covered by some different basic
interval. Let J and K be basic intervals. Then at least one of the following
statements holds:
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(a) If E = ooy, then
N\ {2,3,4,5,6,7,8,9,10,11,12,13,14, 16, 17,18, 21,23} C Per(f).
If E = 00, then
N\ {2,3,4,5,6,7,8,9,10,11,12,13, 14,
15,16,17, 18,21, 22, 23,28, 20} C Per(f).
If E=T, then
N\ {2,3,4,5,6,7,8,9,10,11,12,13, 14,
15,16,17,18, 21, 22, 23, 28,29} C Per(f).
(b) There is a path of length m starting at J and ending at K, where
1<m<k+1ifE €{ooj,002}and1 <m<k+2ifE=T.

Proof. — Since each basic interval is f-covered by some basic interval,
we get that f(E) = E. Set K; = fi(J) for i > 0. Moreover since P is a
periodic orbit, there is an integer r > 1 such that
T r+1

Uk = UK E#Um,

i=0 i=0
and one of the following statements holds:

(1) ' =E;

(2) E € {001,002}, E’ is homeomorphic to one of the spaces I, 14,15, Is,
and E \ E’ is formed by two basic intervals Jp, Jo contained in different
circles of E such that J; & J;

(3) E =T, E’ is homeomorphic to one of the spaces O3, 03,04, and
E\ E' is formed by two basic intervals Jy, Jo contained in different circles
of E such that J, & J;

(4) E =T, E’ is homeomorphic to one of the spaces I3,14,Is,1¢, and
E\ E' is formed by three basic intervals Jy, Jo, J3 contained in different
circles of E such that J, — Jo — J3 — Ji.

We denote by S the set of all basic intervals associated to P’. Since
Card(S) = k+2if E € {001,002} and Card(S) =k + 3 if E =T, we get
that r <k +1if E € {001,002} andr < k+2if E=T. Clearly P C E’.

First we suppose that statement (2), (3) or (4) holds. Then we consider

r+1
the E' map g = f|g. Since U K; = U K; = E’, g is well-defined. Of
course P is a k-orbit for g. Then from the n-odd Theorem and the Graph
Theorem statement (a) of Lemma 9.6 holds and we are done.
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Finally suppose that E’ = E. Therefore J f™-covers K, for some
1<m<k+1if E € {001,002} and 1 <m < k+2if E =T. Thus by
Lemma 9.5 there is a path of length m starting at J and ending at K and
statement (b) of Lemma 9.6 follows. a

From now on we shall denote by C; and Cy two different circles of E.

LEMMA 9.7. — Set E € {001,002, T}. Let f be an E map having a
k-orbit P with k € {7,11,13}. Suppose that f is P’-linear and that each
basic interval associated to P’ is f-covered by some different basic interval.
If Cy 2 C, then at least one of the following statements holds:

(a) If E = ooy, then
N\ {2,3,4,5,6,7,8,9,10,11,12,13, 14,16, 17,18,21, 23} C Per(f).

If E = ooy, then

N\ {2,3,4,5,6,7,8,9,10,11,12, 13, 14,
15,16,17,18,21, 22, 23, 28,29} C Per(f).

If E =TT, then

N\ {2,3,4,5,6,7,8,9,10,11,12, 13, 14,
15,16,17,18, 21, 22, 23,28, 29} C Per(f).

(b) Per(f) D{neN:n>2k+ 1} if E € {o01,002}.

Per(f) D{neN:n>2k+1odd}U{n € N:n > 2k + 4 even}
if E="T.

Proof. — By hypotheses we have C; & C3. We claim that there
are two basic intervals L C C; and M C C5 such that L =2 M. Now we
prove the claim. If there is a 2-orbit {z,y} with z € C; and y € Cs, then
we consider the basic intervals L € C; and M C C5 containing  and y
respectively. From the linearity of f we get that L &= M. Now we suppose
that there are no 2-orbits {z,y} with z € C; and y € C>. Since k is not
even and C; 2 Cs, without loss of generality we can assume that there is
a closed subinterval K C C; such that K is a crossing subset of C5. Let
K> C C3 be a minimal closed subinterval f-covering K. Let K; C C; be
a minimal closed subinterval f-covering K. In particular K; & K. Since
there are no 2-orbits {z,y} with z € Cy and z € C, from Lemma 3.3 it
follows that 0 € K3 N K9 and the branching intervals L C K;, M C K»
verify L &2 M. So the claim is proved.
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First we suppose that L or M f*-covers itself. Without loss of
generality we can assume that L f*-covers L. Then, by Lemma 9.5 there
exists a loop of length k containing L. Therefore the above loop of length &
together with the loop L & M give us a loop « of length n for each n > k
odd and each n > 2k + 2 even. Note that v is non-repetitive because k
is not multiple of 2. We claim that we can construct -y containing some
non-branching interval. Now we prove the claim. If 0 ¢ L or 0 ¢ M, then
we are done. So suppose that 0 € LN M. Then the only branching intervals
f-covered by L and M are L and M (see Remark 4.4). Hence v contains
some non-branching interval and the claim is proved. By Proposition 3.4
the result follows.

Now we can assume that L and M do not f*-cover itself. Thus,
since P has period k, we get that L f*-covers J for each J € S with J C C;
and M fF-covers J for each J € S with J C Cs.

Without loss of generality we have three possibilities for the basic
intervals L and M: either 0 € LN M;or0€ Land0¢ M;or0¢ LU M.
If 0 € L N M, then without loss of generality we can assume that there is
a basic interval My C Cs \ Int(M) such that L — M;. Moreover, since f is
P'-linear, 0 ¢ M;.If 0 € L and O ¢ M, then since f(0) =0and L — M,
we have that there is a basic interval M; C Cs \ Int(M) such that L — M;.
Finally, since k£ > 7, if 0 ¢ L U M, then again we can assume that there is
a basic interval M; C Cs \ Int(M) such that L — M;.

In short, we get that there is M; € S such that M; C Cs \ Int(M),
L — M; and 0 ¢ M or 0 ¢ M;. Therefore M f*-covers M;. From
Lemma 9.5 there is a path M — --- — M; of length k. If Lemma 9.6
(a) holds, then Lemma 9.7 (a) follows, and we are done. Otherwise, from
Lemma 9.6 (b) we can assume that there is a path M; — --- - M of
length m < k+ 1 if E € {001,002} and m < k+2 if E = T. We can
suppose that m is the shortest length of all paths from M; to M. This
path of length m together with the path M — L — M; and the path
M — --- — M of length k give us two loops of lengths m + 2 and k + m.
Note that both loops contain M and M;.

First suppose that m is odd. Then theloopM - L - M; —» - > M
of length m + 2 and the loop M 2 L allow us to construct a non-repetitive
loop of length n for each n > k + 2 odd if E € {001,002} and n > k +4
odd if E = T. This loop contains M and M;. On the other hand, the loops
M—-...—> M — -+ — M of length k + m and the loop M & L allow
us to construct a non-repetitive loop of length n for each n > 2k + 2 even
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if E € {001,002} and n > 2k + 4 even if E = T. This loop contains M
and M. Since 0 ¢ M or 0 ¢ M;, by Proposition 3.4 the result follows.

Finally suppose that m is even. The loop M - L - M; —»--- > M
of length m + 2 and the loop M & L give us a non-repetitive loop of
length n for each n > k 4+ 3 even containing M and M;. Moreover, the
loop M — -+ — M; — --- — M of length £k +m < 2k + 1 and the loop
M 2 L give us a non-repetitive loop of length n for each n > 2k + 1 odd
containing M and M;. Since 0 ¢ M or 0 ¢ M, from Proposition 3.4,
statement (b) of Lemma 9.7 holds and we are done. O

The following lemma will be used in the rest of this section and in
Section 12.

LEMMA 9.8. — Set E € {001,002, T}. Let f be an E map having a
k-orbit P. Suppose that f is P’-linear. Let 8 : J = Ko —» K; — -+ —
K.—Jand~y:J=My— M; — ---Ms; — J be two different loops in
the f-graph having a common basic interval J. Then the loop obtained by
concatenating (3 and -y contains some non-branching interval.

Proof. — If some basic interval of 3 or 7 does not contain 0, then
we are done. So suppose that all basic intervals of 3 and 7 are branching
intervals. From Remark 4.4, J f-covers exactly one branching interval,
and perhaps some non-branching interval. Hence K; = Mj. Since all basic
intervals are branching intervals, repeating this argument we get that 3
and ~ are the same loop, in contradiction with the hypotheses. O

The following lemma follows from ideas of [Ba] and [LPR2], [LPR3].
LEMMA 9.9. — Let E € {007,002}. Let f be an E map having a

k-orbit P with k € {7,11,13}. Suppose that f is P’-linear. Assume that
there are p1, ..., p; points of P for some t € {3,4} such that

[0,171] - [Oap2] e [0’pt] - [0,pl]>
0,p))NP=0fori=1,...,t

(i.e. [0,p;] is a branching interval), and if i # j, then [0,p;] and [0,p;] are
contained in different components of E \ {0}. Then

{n=ki+tj, i>0, j > 1} C Per(f).

Proof. — Without loss of generality we can assume that [0,pq] is
contained in a whiskers W of E. By Lemma 9.4 there is a loop of length &
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containing [0,p;]. This loop together with the loop [0,p1] — [0,p2] —

- — [0,p1] of length t give us a loop of length n for each n = ki + tj,
1> 1, 5 > 1. Since k is not divisible by ¢ and from Lemma 9.8, we get that
the loop of length n is non-repetitive and at least one of its intervals does
not contain 0. Consequently {n = ki +¢j,7 > 1,7 > 1} C Per(f). Now we
need to prove that all multiple of ¢ also belongs to Per(f).

From the hypotheses, (0,pj+1] C f(0,p;] for 0 < j < t and
(0,p1] C £(0,p;). Thus f7(0,p1] C ft+9(0,p;] for all j. On the other
hand, since k is not divisible by ¢, f¢(0,p;] contains elements of different
components of F \ {0} and so there must be an integer 7 such that
0 € f(0,p;]. We fix the least such i. Consider two cases.

e Case 1:1>t.

Let r be the largest positive integer such that i > rt. From the
facts that [0,p1] C W, W is an interval and f is P’-linear, we have that
f=D0,p] = (0,u] € W and f7(0,p1] = f4(0,u] = (0,v] C W for some
u,v € P with u € (0,v). Then there exists a € (0,u] such that f(a) = v.
Since 0 € f*(0,p;] and 7 is the largest positive integer such that i > rt, by
the minimality of 7 it follows that there exists b € (0, v] such that f%(b) = 0.
Note that b ¢ (0, u] because 0 ¢ f(0,p1] = f*(0,u]. Since W is an interval,
we get f[0,a] D [0,a] U [a,b], f*[a,b] D [0,a]U [a,b] and fi(a) # a. Then
by well-known results for interval maps (see Proposition 1.2.9 of [ALM2])
we obtain that f* has points of all periods in [0, b], and consequently f has
periodic points of each multiple of ¢.

o Case 2:1 < t.

Since f%(0,p1] D [0, p1], there is a € (0,p;) such that f(a) = p; and
ft(y) # p1 for all y € (0, a). Moreover, from the linearity of f it follows that
f*|[0,q) is linear. Since 0 € f*(0,p;] and i < t, there exists b € (0,p;) such
that ft(b) = 0. Note that b ¢ (0, a] because f* is linear in [0, a], f*(0) = 0
and f'(a) = p;. Hence f![0,a] D [0,a] U [a,b] and f'[a,b] D [0,a] U [a,b].
Thus the proof follows as in Case 1. O

LEMMA 9.10. — Let E € {oo1,002}. Let f be an E map having
a k-orbit P with k € {7,11,13} such that f is P’-linear. Suppose that
there are t closed subintervals K1, ..., K; witht € {2,3,4} such that K; is
contained in the closure of a connected component R; of E \ {0} for each
j=1,...,t, and if K; # K; then R; # R;. Assume that R, is a whiskers
of E.IfKy — --- — K; — K, then

Per(fyD{n=ki+tj:i>1, j>1}.
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Proof. — 1If there is a t-orbit {z,...,f*"!(z)} such that z €
Ki,...,ft71(z) € Ky, then let J, C Ky,...,J; C K; be the basic intervals
containing z, ..., ft~!(z) respectively. From the linearity of f we have that
J — -+ — Jy — J;. If there are no t-orbits in K; U --- U K, then by
Lemma 3.3 there exist ¢ branching intervals J, ¢ Ki,...,J; C K; such
that J] — e -’Jt —>J1.

Since J; is contained in a whiskers of E, fom Lemma 9.4 there
is a loop of length k containing J;. This loop together with the loop
Jp— - — Jy — Jj give us a loop v of length n for each n = ki + tj with
1 > 1, j > 1. The loop v is non-repetitive because k is not divisible by ¢
and by Lemma 9.8 at least one of its intervals does not contain 0. Hence by
Proposition 3.4 the result holds. O

10. The full periodicity kernel of oo;.

The goal of this section is to prove Theorem 1.4.

Since I is homeomorphic to {z € co; : —1 < Im 2z < 1}, we can
consider Iy = {z € 001 : =1 <Im 2 < 1}. Set A= {z € 001 : Im z > 1}
and B = {z € ooy : Im z < —1}. Let f be a Iy map. We shall extend f
to an co; map f as follows. We define f(z) = f(2) if z € I, f|4 is any
homeomorphism between A and the unique closed interval in I5 having
f(1+14) and f(—1+1) as endpoints; and finally f | B is any homeomorphism
between B and the unique closed interval in I5 having f(1—¢) and f(—1—3%)
as endpoints. Of course Per(f) = Per(f). From Theorem 1.1 (d), the set
{2,3,4,5,6, 7,8,9,10,11,13,14,16,17,18,21,23} is a subset of the full
periodicity kernel of oo;. Then to prove Theorem 1.4 it is sufficient to show
the following two propositions.

ProrposiTioN 10.1. — Let f be an oo; map such that
{2,3,4,5,6,7,8,9,10,11,12,13,14, 16, 17,18, 21, 23} C Per(f).
Then Per(f) = N.

ProprosiTioN 10.2. — There is an 0oy map g such that
Per(g) = N\ {12}.

Proposition 10.1 will be a corollary of the following proposition.
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ProrosiTiON 10.3. — Let f be an oo; map. Then the following
statements hold:

(a) If 7 € Per(f), then
Per(f) D N\ {2,3,4,5,6,8,9,10,11,12, 13, 14, 16, 17, 18, 21, 23, 28, 35}..

(b) If 11 € Per(f), then 35 € Per(f).
(c) If 13 € Per(f), then 28 € Per(f).

In the rest of this section we fix the ooy map f having a k-orbit P with
k € {7,11,13} and the set of the basic intervals S associated to P’.

This fixed oco; map will be called the standard oo, map.

LemMMA 10.4. — Let f be the standard oo, map. If the periodic
orbit P does not have points in each connected component of co; \ {0}
then Proposition 10.3 holds.

Proof. — Let E’ be the union of the closures of the connected
components of co; \ {0} having points of P. Of course E’ C oo;. Then
we define the map g : E/ — FE’ as follows. For z € F/, g(2) = f(2) if
f(2) € E’; and g(z) = 0 otherwise. Notice that g is either an I, O, O,
or oo map. Moreover Per(g) C Per(f). Hence from the Interval Theorem,
the Circle Theorem, the Graph Theorem and Proposition 9.1 the result
follows. O

Remark 10.5. — From Lemma 10.4 we can assume that the periodic
orbit P has points into each connected component of 0o \{0}. Furthermore,
by Corollary 4.3 in what follows we can suppose that the standard map f
will be P’-linear.

LeEMMA 10.6. — Let f be the standard oo, map. Suppose that there
is a basic interval J such that no basic interval of S\ {J} f-covers J. Then
Proposition 10.3 follows.

Proof. — By Lemma 9.3 each basic interval of the whiskers of oo,
is f-covered by some different basic interval. Therefore J is contained in a
circle of 0o;. Consider the map g = f|oo,\Int(s)- Clearly g is well-defined
because f is P’-linear and no basic interval of S\ {J} f-covers J. Moreover g
is either a O3 or O3 map such that Per(g) = Per(f). Hence from the Graph
Theorem the lemma follows. 0O
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Remark 10.7. — From Lemma 10.6 we can assume that each basic
interval is f-covered by some different basic interval. On the other hand,
Proposition 9.2 shows that if there exists some basic interval which f-covers
itself, then Proposition 10.3 holds. So, from now on, we can suppose that
each basic interval does not f-cover itself.

LemMA 10.8. — Let f be the standard oo, map. Identify O with a
circle of oo;. If there are no crossing subsets of O, then Proposition 10.3
holds.

Proof. — With the notation of Section 8, by Proposition 8.4 (b) we
have that k € Per(F'). Since P has elements on each component of co; \ {0}
and there are no crossing subsets of O, we get that F(oo}) is homeomorphic
to Oz or O3. So from the Graph Theorem we obtain that if 7 € Per(F),
then Per(F) D N\ {2,3,4,5,6,8,9,10,11,13,14,16,17,18,21,23,28}; if
11 € Per(F), then 35 € Per(F); and if 13 € Per(F'), then 28 € Per(F'). Now
from Proposition 8.4(a) the result follows. ]

Remark 10.9. — If there are no subsets of co; f-covering Cy or Cs,
from Lemma 10.8, Proposition 10.3 holds. So from now on we can assume
that there are crossing subsets of C; and Cs.

Proof of Proposition 10.3. — Denote by W and p; the whiskers and the
endpoint of co; respectively. From Remark 10.7 each basic interval does not
f-cover itself. Therefore f*~1(p;) ¢ W. Without loss of generality we can
asume that f*~1(p;) € C;. Moreover, from the fact that f(0) = 0, it follows
that there are two closed subintervals M7, My contained in C; such that
0 ¢ Int(Ml), 0 ¢ Int(Mz), Int(Ml) N Int(Mg) = 0, and M1 - W « M2.

If W — (i, then since 0 ¢ Int(M;), from Remark 8.1 W 2 M;,
and from Lemma 9.10 the result holds. So, in what follows we can suppose
that W -» Cj.

By Remarks 10.7 and 10.9, and since W - C; we have that Cy — Cj.
If C; — C3 from Lemma 9.7 the result follows. So from now on we can
suppose that C; » Cj.

By Remarks 10.7 and 10.9 we get that W — C5, then there exist
closed subintervals K;,K; C C3 such that W — K; — M; — W and
W — Ky —» My — W. If k € {11,13} by Lemma 9.10 the result holds. If
k =17, from Lemma 9.10 we have that Per(f) D {n=Ti+3j:9> 1,5 > 1}.
So we need to prove that 15 € Per(f). Concatenating the loops
W - K, — My, - W and W — Ky — My — W we obtain a non-
repetitive loop of length 3: for 2 > 1. If 0 ¢ W N K; N KyN My N M, then the
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result holds. Otherwise, there are three branching intervals J; C W, J C Co
and J3 C Cp such that J; — J; — J3 — J;. From Lemma 9.9 the result
holds. a

Proof of Proposition 10.2. — Let Z be the union of the following
initial segments: {n <5 11}, {n <, 8}, {n <3 6} and {n <5 14}. This is
Z =N\{7,9,12,13,17,18, 22,23, 28}. From the n-od Theorem there exists
an Iy map f; such that Per(f;) = Z. We shall extend f; to an oo; map g
as follows. As in the beginning of this section, consider co; =I5 U AU B.
Let g(2) = fi(2) if z € Is. Then we need to define g| 4y 5.

We choose seven points a;, 1 = 1,2,...,7, in AU B as follows. We
consider A as the union of the following intervals which have pairwise
disjoint interiors: J; = [1 + 4,a1], Jo = [a1,a3], J3s = [as3,as], Js = [as,a7]
and Js = [a7, —1+1]. Set B as the union of the following intervals which have
pairwise disjoint interiors: Jg = [1 — 4, a2), Jr = [ag,a4), Js = [a4, as] and
Jo = [ag,—1 —4]. Set P = {a; : i = 1,2,...,7}. Define g(a;) = a;41
for ¢ = 1,2,...,6 and g(a7) = a;. Clearly P is a 7-orbit. Let g
be restricted to each J; the unique linear map with respect to the
taxicab metric such that the only elementary loops in the g|4,p-graph
areJlﬁJﬁ,Jl—+J6—>J2~—>J7—>J3—>Jg—->J4—>J1and
J1—>J6—>J2—>J7—>J3—>J8—>J4——>Jg—>J5—>J1.Since15
is an invariant set under g, from Propositions 3.4 and 4.2 we get that
Per(gjaup) = {n € N:n >7o0dd} U{n € N:n > 16 even}. Of course
Per(g) = Per(f1) UPer(gjaup) = N\ {12}. o

11. The full periodicity kernel of co..

The goal of this section is to prove Theorem 1.5.

Since Ig is homeomorphic to {z € ooz : —1 < Imz < 1}, we can
consider Ig = {# € 002 : —1 < Imz < 1}. Set A ={z € 00g : Im z > 1}
and B = {z € ooz : Imz < —1}. Let f be an I map. We shall extend f
to an oo, map f as follows. We define f(z) = f(2) if z € Is; f|4 is any
homeomorphism between A and the unique closed interval in Ig having
f(1+i) and f(—1+14) as endpoints; and finally f|p is any homeomorphism
between B and the unique closed interval of Ig having f(1 —¢) and
f(=1 — 1) as endpoints. Of course Per(f) = Per(f). From Theorem 1.1 (e),
{2,3,4,5,6, 7,8,9,10,11,13,14,15,16,17,18, 21, 22, 23, 28,29} is a subset
of the full periodicity kernel of cos. On the other hand, co; C oos. Let
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f be an oo; map. We shall extend f to an oo, map as follows. Set
f(z) = f(2) if z € 001 and f(z) = 0 otherwise. Of course Per(f) = Per(f).
By Theorem 1.4, 12 belongs to the full periodicity of coy. Then, to prove
Theorem 1.5 it is sufficient to show the following proposition.

ProposiTiON 11.1. — Let f be an oos map. Then the following
statements hold:

(a) If 7 € Per(f), then

N\ {2,3,4,5,6,8,9,10,11, 12,13, 14,
15,16,17,18,21,22, 23, 28,29, 35} C Per(f).

(b) If 11 € Per(f), then 35 € Per(f).

In the rest of this section we fix the cog map f having a k-orbit P with
k € {7,11} and the set of the basic intervals S associated to P’.

This fixed ooz map will be called the standard oo map.

LEMMA 11.2. — Let f be the standard oo, map. If the periodic
orbit P does not have points in each connected component of ooy \ {0},
then Proposition 11.1 holds.

Proof. — Let E’ be the union of the closures of the connected
components of cog \ {0} having points of P. Of course £’ C 00z. Then we
define the map g : E' — E’ as follows. For z € E’, g(2) = f(2) if f(2) € E;
and g(z) = 0 otherwise. Notice that g is either a I3, 0,0, 02,00 or co;
map. Moreover Per(g) C Per(f). Hence from the Interval Theorem, the
Graph Theorem, Proposition 9.1 and Proposition 10.3 the result follows. O

Remark 11.3. — From Lemma 11.2 we can assume that the periodic
orbit P has points in each connected component of cog \ {0}. Furthermore,
by Corollary 4.3 in what follows we can suppose that the standard map f
will be P’-linear.

LEMMA 11.4. — Let f be the standard oos map. Suppose that there
is a basic interval J such that there are no basic intervals of S\ {J}
f-covering J. Then Proposition 11.1 holds.

Proof. — By Lemma 9.3 we get that J is contained in a circle of cos.
Consider the map g = f|oo,\Int(s)- Clearly g is well-defined because f is
P’-linear. Moreover g is either an O3 or O4 map such that Per(g) C Per(f).
Hence from the Graph Theorem the lemma follows. O
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Remark 11.5. — From Lemma 11.4 we can assume that each basic
interval is f-covered by some different basic interval. On the other hand,
Proposition 9.2 shows that if there exists some basic interval f-covering
itself, then Proposition 11.1 holds. So, from now on we can assume that
each basic interval does not f-cover itself.

LEMMA 11.6. — Let f be the standard oo, map. Identify O with a
circle of coy. If there are no crossing subsets of O then Proposition 11.1
holds.

Proof. — With the notation of Section 8, by Proposition 8.4 (b) we
have that k € Per(F'). Since P has elements in each component of ooy \ {0}
and there are no crossing subsets of O, we get that F'(co3) is homeomorphic
to O3 or Oy4. So from the Graph Theorem we obtain that if 7 € Per(F'),
then N\ {2,3,4,5,6,8,9,10,11, 13, 14,15, 16,17, 18, 21, 22, 23,28, 29, 35} C
Per(F), and if 11 € Per(F), then 35 € Per(F'). Now by Proposition 8.4 (a)
the result follows. O

Remark 11.7. — If there are no subsets of ooz f-covering C; or Cs,
from Lemma 11.6, Proposition 11.1 holds. So from now on we can assume
that there are crossing subsets of C; and Cs.

Proof of Proposition 11.1. — Denote by Wj;, W, the whiskers of
ooy and by p; € Wi,ps € W its endpoints. From Remark 11.5 each
basic interval does not f-cover itself. Therefore f*¥~1(p;) ¢ W; and
f¥1(p2) ¢ W,. We consider two cases.

e Case 1: f*=1(p,) € Wa.

Consequently Wy — W;. If W; — Ws, since the whiskers are
subintervals of E, from Lemma 9.10 the result follows. Hence, from
now on we will assume that W; - W,. In particular f*~1(p;) ¢ Wi.
Without loss of generality we can suppose that f*~1(py) € C;. Moreover
since f(0) = 0, it follows that there are two closed subintervals M;, Ms
contained in C; such that Int(M;) NInt(Mz) = 0,0 ¢ Int(M;), 0 ¢ Int(Ma)
and M; — Wy — M,.

If Wy — C4, then from Remark 8.1 Wy &2 Mj, and by Lemma 9.10
the result holds. So from now on we will assume that Wy - Cj.

If W; — C4, then from Remark 8.1 W; — M;. Thus we consider the
loop W; — M; — Wy — W; and from Lemma 9.10 the result follows. So
from now on we can assume that W; -» Cj.
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Since each basic interval does not f-cover itself, C; - C;. Then from
Remark 11.7 we have that Co — C;. Hence there is a closed subinterval
K C Cs such that K — M;. If Wy — (s, then we consider the loop
Wy - K — M; — W3 and by Lemma, 9.10 the result holds. Thus we can
assume that Wy -» Cs.

If C; — Cs, from Lemma 9.7 we are done. So we can assume that
Ci » Cs.

By Remarks 11.5 and 11.7 we get that W; — C5. Therefore there
are closed subintervals K1 ¢ Wy, Ko C Wy and Ly, L, C C3 such that
K1—>L1—>M1—>K2—>K1 andK1—»Lg—»Mg—»Kg——»Kl.Iszll,
then statement (b) of Proposition 11.1 follows from Lemma 9.10. If k = 7,
by Lemma 9.10 we obtain that Per(f) D {n="Ti+4j:i> 1,5 > 1}. So we
need to prove that {20,24} C Per(f). With the loops K3 — L; —» M; —
Ky — K; and K; — Ly — My — Ko — K7 we obtain a non-repetitive loop
of length 44 for i > 1. If 0 ¢ K1NKyNL;NLaNM;NMaz then the result holds.
Otherwise, there are four branching intervals J, C Wy,Jy C Cs,J3 C C
and J4 C Wy such that J; — Jy — J3 — J4 — Jy. Therefore statement (a)
of Proposition 11.1 follows from Lemma 9.9 and we are done.

e Case 2: f*=1(p,) ¢ Wo.

Without loss of generality we can assume that f*~1(p;) € C;.
Moreover, since f(0) = 0, there exist two closed subintervals My, My C C;
such that Int(M;) N Int(M2) = 0,0 ¢ Int(M;), 0 ¢ Int(M,) and
M1 — W1 — M2.

If Wy — C,, then from Remark 8.1 we have W; & M; and the
result follows from Lemma 9.10. Hence from now on we can suppose
that W7 -» C;. .

First assume that Cy — C4. Then there is a closed subinterval K C Cy
such that K — M;j. If C; — C5 the result follows from Lemma 9.7. So we
can suppose that Cy - Ca. If W7 — Cb, then there is a closed subinterval
L c Wi such that L - K — M; — L. So from Lemma 9.10 the result
follows. Hence we can assume that W7 -» Cs. From Remarks 11.5 and 11.7
we obtain that Wy — Cs.

If C; - W; or Co — W5, by above arguments the proposition
follows. So we can assume that Cy -» W> and Cy - W;. In particular
f*1(p2) ¢ Cp U Cy. Moreover, since f¥~1(p;) ¢ Wo we get that
f¥=1(p2) € W;. Consequently the rest of the proof follows as in Case 1.
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Finally assume that C; - C;. From Remarks 11.5 and 11.7
we have that Wo — Cy. If C; — Wy or W; — W, by above
arguments the proposition holds. So, in particular we can assume that
fF=1(p2) ¢ C1 UW;. Therefore f*~1(pg) € Cs. Moreover since f(0) = 0,
there are closed subintervals Li,Ls C Cs such that Ly — Wy « Lo,
Int(Ll) N Int(Lz) = 0,0 ¢ Int(Ll) and O ¢ Int(L3). If Wo — Cq or
C1 — C3 by above arguments the result follows. Hence from Remarks 11.5
and 11.7 we can suppose that W; — Cs. Now the proposition follows as
before. O

12. The full periodicity kernel of the trefoil.

The goal of this section is to prove Theorem 1.6.

Let p; and ps be the two endpoints of co,. Let A be a graph
homeomorphic to I with endpoints p; and py such that oo U A is
homeomorphic to T. Thus in this section we shall consider T = oo, U A. Let
f be an cop map, we shall extend f to a T map f as follows. We define f(z) =
f(2) if 2 € ooy and f |4 is any homeomorphism between A and a closed
subinterval in cos having f(p;) and f(p2) as endpoints. Of course Per(f) =
Per(f). From Theorem 1.5 {2, 3,4,5,6,7,8,9,10, 11, 12, 13,14, 15, 16, 17, 18,
21,22,23,28,29} is a subset of the full periodicity kernel of T. Then, to
prove Theorem 1.6 it is sufficient to show the following proposition.

ProrosiTion 12.1. — Let f be a T map. Then the following
statements hold:

(a) If 7 € Per(f), then

N\ {2,3,4,5,6,8,9,10,11,12,13, 14,
15,16,17,18, 21,22, 23, 28,29, 35} C Per(f).

(b) If 11 € Per(f), then 35 € Per(f).

In the rest of this section we fix the T map f having a k-orbit P with
k € {7,11} and the set of the basic intervals S associated to P’.

This fixed T map will be called the standard T map.

LEMMA 12.2. — Let f be the standard T map. If the periodic
orbit P does not have points in each connected component of T \ {0}, then
Proposition 12.1 holds.
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Proof. — Let E’ be the union of the closures of the connected
components of T \ {0} having points of P. Of course E’ C T. We define
the map g : E — E' as follows. For z € E', g(z) = f(2) if f(z) € E’; and
g(z) = 0 otherwise. Notice that g is either an O or an oo map. Moreover
Per(g) C Per(f). Hence from the Circle Theorem and Proposition 9.1 the
result follows. O

Remark 12.3. — From Lemma 12.2 we can assume that the periodic
orbit P has points into each connected component of T\ {0}. Furthermore,
by Corollary 4.3 in what follows we can suppose that the standard T map
f will be P’-linear.

LEmMMA 12.4. — Let f be the standard T map. If there is a
basic interval J such that no basic intervals of S\ {J} f-cover J, then
Proposition 12.1 holds.

Proof. — Consider the map g = f|\Int(s). Clearly g is well-defined
because f is P’-linear. Moreover g is either an oco; or an co; map such
that Per(g) C Per(f). Hence from Propositions 10.3 and 11.1 the lemma
follows. O

Remark 12.5. — From Lemma 12.4 we can assume that each basic
interval is f-covered by some different basic interval. On the other hand,
Proposition 9.2 shows that if there exists some basic interval f-covering
itself, then Proposition 12.1 holds. So, from now on we can assume that
each basic interval does not f-cover itself.

LEMMA 12.6. — Let f be the standard T map. Identify O with a circle
of T. If there are no crossing subsets of O, then Proposition 12.1 holds.

Proof. — With the notation of Section 8, by Proposition 8.4 (b)
we have that k& € Per(F). Since P has elements in each component
of T\ {0} and there are no crossing subsets of O, we get that
F(T*) is homeomorphic to oco; or ooz. So from Propositions 10.3
and 11.1 we obtain that if 7 € Per(F), then N\ {2,3,4,5,6,8,9,10,11,12,
13,14,15,16,17, 18, 21,22, 23,28,29,35} C Per(F), and if 11 € Per(F),
then 35 € Per(F'). Now by Proposition 8.4 (a) the result follows. a

From now on we shall denote by Cy,Ca and C3 the three circles of T.

Remark 12.7. — If there are no crossing subsets of C, Cy or Cs, from
Lemma 12.6, Proposition 12.1 holds. So from now on we can assume that
there are crossing subsets of Cy,Cy and Cj.
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LEmMMA 12.8. — Let f be the standard T map with k = 11. Let
J1,J2,J3 and J be basic intervals such that J; C C; fori =1,2,3, J C C,

and J # Jz. Suppose that there are three loops J, — Jo — J3 — Ji,

Ji—J— " S JrandJy — Jp — - — oo — J — ™ — J; of lengths 3,

m + 1 and 12 + m respectively for some 1 < m < 13. Then 35 € Per(f).

Proof. — In this proof we will use the fact that a loop obtained
by concatenating two different loops contains at least one non-branching
interval (see Lemma 9.8).

For m = 1,2,...,13, we consider the loops J; — J; — J3 — J; and
either
Jlf_iJ;Or
Jl_,']2_).1.1._>..._+J_>.?.—>-~—>J1;or
J1—>J—>-:-3-—>--—>J1;OI‘
Jl__,J2_,.1.l._, .._,J—>-‘-l-—>~~-—>J1;or
J1—>J2—>-1-l-—> --—9J—>-§-—>"'—>J1;01'
J1_>J-—+-(-i~——>~-——>.]1;0r
Jl_,J_,.,.?‘_,..._>Jl;or
J1—>J2—>-1-1-—> ~-—>J—+~§-—'"'—’J1;01'
/R SN SN AT
A R
Jl_,Jz__,.l.l._, .._>J__>.1-1-—>---—>J1;OI‘
JoJ oo S gy or
R N

respectively. Since we can put 35as7:-3+7-2,0or7-3+14,0or3+8-4, or
3+16-2,0r6-3+17,0r7-3+2-7,0or3+8-4,0r5-3+20,0r 5-3+2-10,
or8-3+11,0r4-3+4+23,0r3-3+13-2o0r 7-3+ 14, the result follows. O

Proof of Proposition 12.1. — If C; 2 C; for some 3,5 € {1,2,3},
1 # j, then from Lemma 9.7 the result follows. So from now on we can
assume that we do not have C; 2 C; for ¢,j € {1,2,3}, 1 # j.

Therefore, without loss of generality, from Remarks 12.5 and 12.7 we
can assume that C; — Cy — C3 — C7. We claim that there are three basic
intervals J; C C;, 1 = 1,2, 3 such that J; — Jy — J3 — J;. Now we prove
the claim. If there exists a 3-orbit {z,y, 2z} with x € C1, y € C2 and z € Cs,
then we consider the basic intervals J; C C; for ¢ = 1,2, 3 containing x,y
and z respectively. From the linearity of f we get that J; — Jo — J3 — Ji.
Now we suppose that there are no 3-orbits {z,y,2} with z € Cy,y € C;
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and z € Cs5. Since k is not multiple of 3 and C; — C — C3 — C1, without
loss of generality we can assume that there is a closed subinterval K C C;
such that K is a crossing subset of Cs. Let K3 C C3 be a minimal closed
subinterval f-covering K. Let Ky C C3 be a minimal closed subinterval
f-covering K3. Finally let K; C C; be a minimal closed subinterval f-
covering K. In particular K; — Ko — K3 — Kj. Since there are no
3-orbits {z,y,2} with z € C;, y € C; and z € Cs, from Lemma 3.3 it
follows that 0 € K; N K3 N K3 and the branching intervals J; C K; for
i =1,2,3 verify J; — J; — J3 — J1. Thus the claim is proved.

Denote by v the loop J; — Jo — J3 — Ji.

First suppose that J; f*-covers itself for some i € {1,2,3}. Thus from
Lemma 9.5 there is a loop of length k containing .J;. This loop together
with v give us a non-repetitive loop of length n = ki + 3j for i > 1,5 > 1.
Since k is no divisible by 3, the loop of length n is non-repetitive. Moreover,
from Remark 4.4 at least one of its intervals does not contain 0. Hence from
Proposition 3.4 the result follows.

Now we can assume that J; does not f*-cover itself for i = 1,2, 3.
Thus, since P has period k, we get that J; f*-covers K for each K € S\{J;},
K C C;,i = 1,2,3. Since k # 3, without loss of generality we can assume
that J «— J; — Jo — J3 — J; where J € S\ {J2} and J C Ca.
Consequently J, f*-covers J and from Lemma 9.5 there exists a path of
length k starting at J and ending at J. On the other hand, from Lemma 9.6
we can suppose that there is a path of length m, 1 < m < k+2 starting at J
and ending at J;. Therefore we get the loops v, J; — J — N
and J; — Jo — LRI N N Ji1 of lengths 3, m 4+ 1 and
k + m + 1 respectively.

If kK = 11 the result follows from Lemma 12.8. So Proposition 12.1 (b)
holds.

From now on we take k = 7 and we will prove statement (a) of Pro-
position 12.1. Denote by A the set N\ {2,3,4,5,6,8,9,10,11,12,13,14, 15,
16,17,18,21,22,23,28,29,35}. In the rest of this section we will take into
account the following facts. If L is a basic interval contained in a circle C,
then L f*-covers L or L f*-covers M for each M € S\ {L}, M Cc C
because L has endpoints elements of P’ and f has period k. Again from
Lemma 9.8, if we concatenate two different loops, the new loop contains
some non-branching interval.

Concatenating the three loops containing J; of lengths 3, m + 1 and
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k+m+1 =8+ m we get in a similar way to the proof of Lemma 12.8 that
if m e {1,3,4,6,7}, then N' C Per(f); if m = 2, then N'\ {20} C Per(f); if
m =5, then N'\ {20, 26} C Per(f); if m = 8, then '\ {20, 26,32} C Per(f);
and if m = 9, then '\ {24} C Per(f). :

First we suppose that J f7-covers J,. Hence from Lemma 9.5

there is a path J — N J2, then we have the loops v and
Jo — oS J — SN Jo of length 3 and 14 respectively.

Concatenating these loops, from Lemma 9.8 and Proposition 3.4 we
get that {20,26,32} C Per(f) and the result follows for m € {2,5,8}.

Now, if m = 9, we consider the loops J — M5 g — J and
J—)-T-—>---—+J2—»-?-—->---—>Joflengthsm+1:10and 14

respectively. In the same way as above we get that 24 € Per(f) and the
proof follows.

Finally we assume that J does not f7-cover Jo. Thus J f7-covers itself,

and from Lemma 9.5 there is a loop J — Joo s J. Therefore we get

theloops*yandh—»-?-—>---—>J—>-?-—>---—*J—>-m‘—>J1—>J20f

lengths 3 and 15 4+ m. This last loop of length 15 + m will be denoted by 3.
We note that since J; f-covers Jo and J, from Remark 4.4, 0 ¢ J N Js.
In particular 3 contains some non-branching interval. As before, if m = 2,
then 20 € Per(f). If m = 5, then concatenating the loops v and 8 we get
26 € Per(f). Now we show that 20 € Per(f). Of course we can assume
that m = 5 is the minimal length of all paths from J to J; (otherwise we
are done). From the subpath J — AN Jy of B, and by the minimality
of m, it follows that 8 cannot be a repetition of a loop of length smaller

or equal than m = 5. So if 3 is repetitive, then it is twice a loop of

length 10. Therefore the subpath J — Joo —J - 2. — e = Jp

ofﬂmustbej__;.’?__y_)J_;S_)._)J_)?__)__;Jl.

Then there is a path of length 2 from J to J; in contradiction with the
minimality of m = 5. Hence we obtain that if m = 5, then 20 € Per(f). If
m = 9, then § has length 24. We can suppose that m = 9 is the minimal
length of all paths from J to J;. From the path J — M Jp and by
the minimality of m we have that 3 is not a repetition of a loop of length
smaller or equal than m = 9. Thus if 3 is repetitive, then it is twice a loop

of length 12. From the path J — SRR J — I SR J1, we

ObtainJ.—;...7._)..._)J_.y.§._;..._>']_;.‘.1._;..._)]1. This is

a contradiction with the minimality of m. Consequently, if m = 9, then
24 € Per(f). If m = 8, then concatenating v and 8 we get {26, 32} C Per(f).
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So in the rest of this proof we shall assume that m = 8 and we will
show that 20 € Per(f). We can suppose that m is the shortest length of all
paths starting at J and ending at J;; otherwise we have proved that the
result follows.

Let J —» My - My —» M3z — My — Mg — Mg — M7 — J; be the
path ¢ from J to J; of length m = 8. We shall study the basic intervals
M, which form ¢. Suppose that ¢ contains Js. From the minimality of m
and since J; — J3 — J1, we get Jy # M; for i € {1,...,5}. If Jo, = Mg,
then we obtain the loop J — RN J— M - My — M3 — My —
My — Jy — Jooas J of length 20. By the minimality of m this loop
is non-repetitive and the result follows. If J, = M7 then consider the loops
v and J; 2 Jo. We note that at least one of the intervals Jy, J2, J3 does not
contains 0, because J; «+ Jo — J3 and a branching interval f-covers exactly
one branching interval (see Remark 4.4). So the result holds. Hence we can
suppose that ¢ does not contain Jo. We remark that ¢ contains 9 different
basic intervals by the minimality of m. Since Card(S) = k+ 3 = 10, ¢ must
contain J3. Again from the minimality of m and since J3 — J;, we get
J3 = My.For j € {1,2,...,6} consider the basic interval M;. Since M; € C;
for some i € {1, 2,3}, we get the path J; — RN M;.1If M; f7-covers
J;, then we obtain the loop J; — PN M; — TS J;. This
loop of length 14 together with « give us that 20 € Per(f). So from now

on we can assume that M; does not f 7_cover J; and consequently we have
7

Mj—.—..—> Mforj=1,2,...,6.

Suppose that Mg C C5. Then we consider the loops v, Jo — .
— e — Mg — sS4 Jo and Mg — N Mg and
the result follows. Suppose that Mg C Cs. Then from the loops v and

Js — oo Mg — J3 we get that 20 € Per(f). So we can assume
that Mg C C;.

7
Suppose that M5 C C;. Then we consider the loops v, J; — -+ —
= My — SN J1 and M5 — T M and the result

follows. If M5 C Cs, then from the loops v, Jo — Jo s M5 — N

-+ — Jy the result holds. So we can assume that M5 C Cs.
If M, C C1, then we consider the loops v and J; — s My —
- — --- — J; and the result follows. If My C Cs, then by the loops 7,

Jg ot My — oo e o> Jzand My — -+ — -+ — My we
obtain 20 € Per(f). Hence we can suppose that My C Cs.

4
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Suppose that M3 C C3. Then we consider the loops J — SN
o= M3z — Lo — Jo and M3 — T — M3 and we are done.
If M3 C Cs, then from the loops v and J; — Joaio M3 — N
-« — J3 the result follows. So we can assume that M3 C C;.

Suppose that My C C;. Then we consider the loops J; — Joso o
My—-% ... Jyand My — '~ — --- — M, and the result holds.
If My C Cs, then from the loops v and J; — N My — Joo

-+ — Jo the result follows. Therefore we can assume that M, C Cs.

If M; C Cy, then from the loops v and J; — Jooa S M; —

Joa o J1 we are done. If My C Cj5, then we consider the loops
J3__>.'.7.__,...__,M1 _,.§._,..._,J3 and M; — -?-—>---—>M1 and
the result holds. So we can suppose that M; C Cs.

Therefore the ten basic intervals of S satisfy that {J;, M3, Mg} C C4,
{J, Jo, My, M4} C Co and {Jg,Mg,Ms} c Cs.

If J f-covers Jy, J2 or J3 then we have the loops v and J; & J; v and
Jl——>J—>J2—»J3—>J1;0rJ——>-?~——>~~-——>JandJ—>J3—>J1—»J
according with J — Jy, J — Js or J — J3 respectively. Thus we obtain
that 20 € Per(f) and we are done. Clearly J does not f-cover M, for
j €{2,...,6} by the minimality of m. Hence we can assume that the only
basic interval f-covered by J is M;.

If M; f-covers some interval of {J, Jy, J2, J3}, then in a similar way as
before we get that 20 € Per(f). Again from the minimality of m, M; does
not f-cover M; for j > 2. So we can assume that the only basic interval
f-covered by M; is Ms.

If My f-covers some interval of {J, Ji, Ja, J3, M1}, we obtain easily
that 20 € Per(f). Clearly My -» M; for j > 3. So we can assume that the
only basic interval f-covered by My is M3.

If M5 f-covers some interval of {J, Ji, J2, J3, M1, M2}, we get that
20 € Per(f) and we are done. By the minimality of m Ms -+ M; for j > 4.
Thus we can suppose that the only basic interval f-covered by M3 is My.

Since J, M;,Ms and M3 f-cover a unique basic interval, namely
M, M, M3 and M, respectively, it follows that if J is a branching (res-
pectively non-branching) interval, then M;, My, M3 and M, are branching
(respectively non-branching) intervals; here we are used Remark 4.4. This
is a contradiction with the fact that J, M; and M, are contained in the
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circle C; and C; has exactly four basic intervals. Thus statement (a) of
Proposition 12.1 holds and we are done. O

13. Upper bounds of the full periodicity kernel.

Blokh proved in [Bkl], [Bk2| the existence of a natural number
L(G) such that if a continuous self-map on a graph G verifies that
{1,2,...,L(G)} C Per(f) then Per(f) = N. This result shows that the
full periodicity kernel of G is a finite set. Of course, {1,2,...,L(G)}
contains the full periodicity kernel of G.

We consider the trefoil and its proper subspaces and we shall compare
the Blokh bound L(E) with the best upper bound of the full periodicity
kernel, which follows from Theorems 1.1, 1.2, 1.3, 1.4, 1.5 and 1.6. See
Table 13.1. We note that L(E) is fairly good for the n-star but it is too
much large for the other spaces.

14. About the topological entropy.

The topological entropy of a graph map f is a non-negative real
number h(f) associated to f which increases with the complexity of f. For
a definition and main properties see [ALM2].

Llibre and Misiurewicz [LM] obtain the next result for continuous
self-maps of graphs.

THEOREM 14.1. — Let f be a continuous self-map of a graph. Then
the following statements are equivalent:

(a) h(f) > 0.
(b) There is m € N such that {m - n : n € N} C Per(f).

We have the following result for our spaces as a corollary of the above
theorem.

CoROLLARY 14.2. — Let Kg be the full periodicity kernel of E. Let f
be an E map. If Kg C Per(f) then h(f) > 0.
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