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Forcing relation on interval patterns
by

Jozef Bobok (Praha)

Abstract. We consider—without restriction to the piecewise monotone case—a forc-
ing relation on interval (transitive, roof, bottom) patterns. We prove some basic properties
of this type of forcing and explain when it is a partial ordering. Finally, we show how our
approach relates to the results known from the literature.

1. Introduction. A (line) system is a pair (T,g), where T' C R is
compact and g: T'— T is a continuous map. Two systems (17, g1), (T», g2)
are equal if 77 = T» and g1 = go. For a nonempty compact set T C R we
denote by C(T') the set of all continuous functions that map 7" into itself. In
particular, if I C R is a closed interval, any element of C'(I) will be called an
interval map. A function f € C(T) has a system (T, g) it T C T and f|T = g.

It is quite easy to see that any continuous interval map has infinitely
many distinct systems. One can ask the following question: if it is known
that a continuous interval map has a given system, what can be said about
other systems of that map? Some interesting results concerning this ques-
tion are known—they are included in the theory of the forcing relation on
interval patterns (a pattern is an equivalence class of systems). For periodic
patterns, the systematic theory was summarized in [1], in [8] the case of
finite patterns (given by finite sets) has been deeply studied, and recently
the case of piecewise monotone minimal patterns (also infinite) has been
examined [5]. The main aim of our paper is to extend the notion of forcing
on minimal (periodic, finite) patterns to more general (not only piecewise
monotone) cases.

In Section 2 we define a natural equivalence of transitive systems. Then
a transitive pattern is a corresponding equivalence class. Using the usual
definition of the forcing relation we characterize when a transitive pattern
forces another one. The main statement of this part is Theorem 2.4.
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In Section 3 we introduce a special type of transitive pattern—we call
it a roof pattern—that arose from maximal w-limit sets. Defining a non-
fractal structure of a transitive pattern, in Theorem 3.5 we show that the
forcing relation restricted to the set of nonfractal roof patterns is a partial
ordering.

In Section 4 we explain how our results relate to the ones known from the
literature [1], [5]. For this purpose we define a (nonfractal) bottom system
as a system (minimal with respect to inclusion) coding a (nonfractal) roof
system. In particular we show that any minimal (periodic) system is a non-
fractal bottom system. Saying that two bottom systems are equivalent when
they code equivalent roof systems we introduce a bottom pattern. Again us-
ing the usual definition of forcing, in Lemma 4.5 we prove that our forcing
relation on bottom patterns extends the one used on minimal (periodic)
patterns. In Theorem 4.8 we prove that the forcing relation on nonfractal
bottom patterns is a partial ordering. Finally, Theorem 4.9 says that our
result generalizes the ones known from the literature—see Theorem 6.4.

Section 5 is mainly devoted to the technical statements needed to prove
our results.

In Section 6 we present some important notions and results known from
the literature. Mainly we recall Blokh’s classification of maximal w-limit sets
[4] that plays a central role in our paper.

By R, N, Ny we denote the sets of real, positive integer and nonnegative
integer numbers respectively. For ¢ € C(T') we define ¢" inductively by
g" = id and (for n > 1) g" = go g"~!. Let g € C(T). If J is a nonempty
subset (maybe one point) of T, then the orbit of J under g is orb(g, J) =
{g™(J)}22,. We often write orb(g, J) instead of | Jorb(g, J). We say that J
is g-periodic, resp. weakly g-periodic of period n € N if J,...,¢g" 1(J) are
pairwise disjoint and ¢"(J) = J, resp. ¢"(J) C J. A fixed point is a periodic
point of period 1 and Per(g), resp. Fix(g) is the set of all periodic, resp.
fixed points of g. The w-limit set w(g,x) of x consists of all the limit points
of orb(g, x).

If a function f € C(T) has a system (T, g) then we often write (T, f)
instead of (T, g = f|T).

2. Transitive patterns

2.1. Classification of transitive systems. A system (T, g) is said to be
transitive if w(g, x) = T for some x € T'. Such a point will be called transitive
and we denote by Tran(T', g) the set of all transitive points in 7". We will use
the known classification of possible types of transitive (line) systems (see
for example [3]): Any transitive system (T, g) satisfies either (i), (ii) or (iii),
where:
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(i) T is finite, there is a least n € Nsuch that T = {x, g(x),...,¢" ()}
for any x € T. In this case (T, g) is called a cycle. The set of all
cycles is denoted by P.

(ii) T is a Cantor set and all points of 7" have an orbit dense in 7. In
this case (T, g) is called minimal. The set of all minimal systems is
denoted by M.

(iii) T is either a Cantor set ((T',g) € N M) or a finite union of closed
intervals ((T, g) € N M) and not all points of T have an orbit dense
in T. The set of all such systems is denoted by NM = N Mg U
NM;.

We put T=PUMUNM.

2.2. Transitive pattern, forcing relation. Lemma 5.2 shows one can define
an equivalence relation for transitive systems in the following natural manner.

2.1. DEFINITION. Transitive systems (T, g), (S, f) are equivalent if there
are points xp € Tran(T, g), ys € Tran(S, f) such that for any i, j € Ny,

(2.1) 9'(xr) < g (zr) < [(ys) < f(ys)
In that case we write (T, g) ~ (S, f) and zp < ys.

A transitive pattern is a corresponding equivalence class in ¥... We de-
note by [(T, g)]~ a transitive pattern from ¥ . with representative (7', g). The
cardinality of a transitive pattern A is equal to card T', where (T, g) € A (it
does not depend on the choice of a representative). If a map f € C(T) has a
transitive system (T, g) then we also say that f exhibits a transitive pattern

(T, g)]~-
Put €={f: 1 — 1:1 CRisacompact interval and f is continuous}.

2.2. DEFINITION. A transitive pattern A forces a transitive pattern B
we write A <— B if all maps in € exhibiting A also exhibit B.

A cycle (T, g) (resp. a pattern [(T, g)]~) is a 2-extension of a cycle (S, f)
(resp. of a pattern [(S, f)]~) with S = {s; < .-+ < s} if there are T-
blocks B; = {a;,b;} C T, i € {1,...,k}, such that a; < b; < a1 fori €
{1,...,k=1}, T = Ule B;, and ¢g(B;) = Bj if and only if f(s;) = s;.

For a system (R, p), pr € C(conv R) denotes a map such that pr|R = p
and pg is affine on each component of conv R\ R (such a component called
an R-contiguous interval).

2.3. DEFINITION. For a system (R,p) € T we say that (T, g) € P is a
reducible system (cycle) of pg if

e T C conv R and pr|T = g,
e (T,g) is a 2-extension,
e each T-block is a subset of a closed R-contiguous interval.
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We say that the map pr exhibits a pattern B irreducibly if pr has a system
(T, g) € B which is not a reducible system of pg.

2.4. THEOREM. Let A # B be transitive patterns. The following condi-
tions are equivalent:

(i) A forces B.
(ii) For every (R,p) € A, pr exhibits the pattern B irreducibly.
(iii) For some (R,p) € A, pr exhibits the pattern B irreducibly.

Proof. The implication (ii)=-(iii) is clear. Thus it is sufficient to prove
(i)=(ii) and (iii)=(i).

(i)=(ii). Assume to the contrary that there is a system (R, p) € A such
that the map pr has only representatives of B which are reducible systems
of pr. By Definition 2.3 and Lemma 5.16(iv) this means that

e (R,p) € NM and B is a 2-extension (a periodic pattern),

e whenever pgr has a cycle (T, g) € B with T-blocks B; C [aj, b;], where
each [a;, b;] is a closed R-contiguous interval, then (T* = J,{as, bi}, p)
is also a reducible cycle of pg.

The cycle (T™, p) satisfies T* C R; such a system will be called a mazimal

reducible cycle of pr. Let {(I7,p)}; C B contain all maximal reducible

cycles of pg with T7-blocks B/ = {a,b!}. Define a continuous surjective

nondecreasing map «: conv R — conv R by

R

al|J is constant < 3i, j, k: ph(J) C [a?, V)]
0 a

Such a map exists since Tran(R, p) N J[a!,b!] = 0 and the set

107
conv R\ U #"((al. 1))
4,5 k€No
is perfect. Using «, we can find (see [1, Lemma 4.6]) a map ¢ € C(conv R)
satisfying
aopr=po«a on convR.

Clearly, (a(R),0) € NM and since « is increasing on Tran(R, p), we
also have (R,p) ~ («(R),0), i.e., o exhibits the pattern A. At the same
time, since o “kills” all representatives of B, ¢ does not exhibit B, which
contradicts our assumption (i). Summarizing, we have shown that if (i) is
true then the map pr has to exhibit the pattern B irreducibly.

(iii)=-(i). Assume that for some (R,p) € A, pr exhibits the pattern B
irreducibly, and fix a map f € €, f: I — I exhibiting A. We need to prove
that f also exhibits B. Let pg have a representative (T, pr) of B which is
not a reducible system of pg, and assume that S C I is a closed f-invariant
set satisfying (S, f) € A. We will distinguish two possibilities.
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CAse I: T C R. In this case Lemma 5.5(i) guarantees the existence of
a closed f-invariant set 7% C conv S such that (T*, f) ~ (T,pr), hence
(T*, f) € B, i.e., the map f exhibits the pattern B.

Casg II: Tran(T,pr) N R = () and T is infinite. Then we can apply
Lemma 5.10 putting (A, o) = (R, p), (T, r) = (T,pr), (S,q) = (S, f|S), ¢ =
flconv S and B = S. By that lemma there exists a set 7% C [min S, max S]
for which (T™*, f) ~ (T, pr), i.e., f exhibits the pattern B.

If Tran(T,pr) N R = 0 and T is finite we will apply Lemma 5.11 for
(R,p), (S,q = f|S), = flconv S and (T, pgr). This is possible since (T, pr)
is not a reducible system of pr. By Lemma 5.11 there exists a set T* C
[min S, max S| for which (T*, f) ~ (T, pgr), i.e., f exhibits the pattern B. =

3. Roof patterns. By Blokh [4], if w C I is a maximal w-limit set of
an interval map f: I — I then (w, f) is a transitive system. In this part we
use the equivalence relation ~ only on a set of transitive systems that arose
from maximal w-limit sets—we call them roof systems.

3.1. DEFINITION. A transitive system (T, g) is a roof system if for any
closed set S such that 7' C S C convT and the system (S, gr) is transitive
we necessarily have S = T. The set of all roof systems will be denoted
by RG.

A roof pattern is a corresponding equivalence class in RS ...

By the definition, if (T, g) is a roof system then T is a maximal w-limit
set of a map gr. Thus, to distinguish all possible types of roof systems we
can use the properties of maximal w-limit sets described in [4] and recalled
in Section 6. Here we recall two definitions used below.

Solenoidal system. Let (S, f) be a system and let Ko D K1 D --- be
fs-periodic intervals containing S with periods ng,ni,.... Obviously n;11
is a multiple of n; for all i. If n; — oo then the intervals {K;};en, are said
to be Q-generating, where

ScQ= ﬂ orb(fs, K;).
i€Np
If w(fs,z) = S for any = € @, the system (S, f) is minimal and it is called

a solenotdal system.

Basic system. For a system (B, f) let K be an fp-periodic interval with
a period n, and L = orb(fp, K). The system (B, f) is called a basic system
provided that the set B is infinite and if J(x) denotes a neighbourhood of
x € L (in L) then

B = B(L, fg) = {x € L: orb(fp, J(x)) = L for each J(z)}.
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Using the results from Section 6, we show in Lemmas 5.12, 5.13 and 5.15
that for a roof system (T, g) exactly one of the following three possibilities
holds:

(i) T is finite and either cardT = 1 (a trivial roof system) or (T g) is
a 2-extension;
(ii) (T, g) is a solenoidal system;
(iii) (T, g) is a basic system.

First, let us emphasize that our definition of a roof pattern is fully com-
patible with the equivalence relation ~ on ¥.

3.2. LEMMA. If A is a roof pattern and (S,q) € A then A = [(S, ¢)]~.
Moreover, if (S,q) is basic (resp. solenoidal, a 2-extension, a trivial roof
system) then any element of A is basic (resp. solenoidal, a 2-extension,
a trivial roof system).

Proof. This is an immediate consequence of Lemmas 5.18, 5.12, 5.13 and
5.15. m

In accordance with the previous lemma we can say about a roof pattern
that it is trivial, a 2-extension, solenoidal or basic. In what follows we intro-
duce another notion useful for our purpose: fractal and nonfractal transitive
Systems.

3.3. DEFINITION. A transitive system (S, f) is said to be fractal if there
is a set S C S such that (S, f) is transitive and (S, f) ~ (S, f). A transitive
system which is not fractal is called nonfractal.

3.4. LEMMA. Two equivalent transitive systems (T, g), (R,p) are simul-
taneously fractal, resp. nonfractal.

Proof. Let (T, g) be fractal, i.e., (S, f = g|S) ~ (T, g) for some S C T.
Then (T,g9) € NM. Fix v € Tran(S, f) and consider v € Brr({u}) as
in Lemma 5.2. By properties (i), (ii) of that lemma, the orbits orb(g,u),
orb(p,v) have the same order. Putting K; = p‘(v) in Lemma 5.4, we infer
that there is a p-recurrent point * € R such that p™™(v) \, r* and for
R* = w(p,r*) we have (R*,p) ~ (S, f) ~ (T, g) ~ (R,p). Since by Lemma
5.2(iii), v ¢ Tran(R, p), also r* ¢ Tran(R, p), i.e., the system (R, p) is fractal.
This proves the lemma. =

Thus we can also talk about fractal and nonfractal transitive patterns.
The main result of this section follows. We say that a system (R, p) is piece-
wise monotone if the map pr € C(conv R) is piecewise monotone.

3.5. THEOREM. The forcing relation on monfractal roof patterns is a
partial ordering.
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Proof. In the proof we say briefly “pattern” instead of “nonfractal roof
pattern”.

Clearly, if A is a pattern, then A — A (reflexivity); if A, B,C are pat-
terns such that A — B and B — C, then A — C (transitivity). Thus it
remains to prove the weak antisymmetry of the forcing relation. It holds
trivially when min{card A,card B} < 2. Therefore we will assume that
min{card A, card B} > 2.

Suppose that for patterns A, B, A< B and B < A. Using Lemma 5.16(i)
we see that A is piecewise monotone if and only if B is. We need to show
that A = B. Let us distinguish several possibilities.

CASE I: A, B not piecewise monotone, A solenoidal. Fix (R,p) € A.
From Lemma 3.2 we know that (R,p) € M; by our assumption the map
pr exhibits B, i.e., (S,pr) € B for some S C conv R. Since (S,pr) is not
piecewise monotone, S N J is nonempty for infinitely many R-contiguous
intervals J, hence from minimality of (R, p) we get R C S. But (R,p) is a
roof system. Then Definition 3.1 gives R = S, hence also A = B.

CASE 1I: A, B basic, not piecewise monotone. Using Theorem 6.2 we can
fix (R,p) € ANNM;. As before the map pg exhibits B, i.e., (S,pr) € B
for some S C conv R. We assume that (S,pr) is not piecewise monotone
and A # B. Using the fact that the set R has finitely many R-contiguous
intervals we get S C R. Similarly we can take a system (S’,q) € BNNM;
to show that (R/,q) € A for some R’ C S’. Since (R',q) is not a reducible
system of gqg/, Lemma 5.5(i) gives a set R” C S C R such that (R”,p) € A
and (R”,p) ~ (R,p). This contradicts our assumption that A is nonfractal.
Thus, A = B.

CASE I11: A, B piecewise monotone, A solenoidal or a 2-extension. Sup-
pose A # B and (T, g) € A (with cardT > 2). Since A forces B, the map
gr exhibits the pattern B. Fix (S, f = gr|S) € B. If TN S # 0 then since
(T, g) € PUM we would have T C S, which is impossible for the roof system
(T,g). Thus, TN S = . In particular, min 7" < min S and max S < maxT.
Define the map h € C(convT) by

gr(minS), z € [min7T,min S|,
h(z) =< gr(x) for € [min S, max S|,
gr(maxS), x € [maxS, maxT].
Then since B forces A and the map h exhibits B it has to exhibit also A,
i.e., we can consider some T C conv S such that (T, h) = (T, gr) € A. Since
T # T, this is impossible by Lemma 5.16(ii). This implies A = B.

CASE 1V: A, B basic, piecewise monotone. Using Theorem 6.2 we can
fix (T' = [a1,b1]U- - -Ulak, bg), 9) € ANN M  that has a block structure over
a cycle (S = {s1 < --- < s}, f) where s; € [a;,b;] for each i € {1,...,k}
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and f = g¢|S. The map gr exhibits B, i.e., (R,gr) € B for some R C
conv T'. Without loss of generality we can assume that Tran(R, gr) NT = ()
(otherwise we could start from B and use the fact that both patterns A, B
are nonfractal).

Now we define a continuous nondecreasing map 7: convl — conv S
such that

7(lai, bi]) = si,  (7|J is constant < In € Ng: g7(J) C T).

Such a map exists since Tran(R, gr) NT = 0 and conv T \ {,cp, 97" (T°)
is perfect. Using 7, we can find (see [1, Lemma 4.6]) a map p € C(conv S)
satisfying

Togr=poT on convl.

Clearly, ((T) = S, o|7(T) = f) € P and 0 € C(S, f). Since R C
conv T\Upen, g;k(To) and 7|R is strictly monotone, by Lemma 5.4 there is a
set R* C conv S for which (R, gr) ~ (R*, p) € B. Then since SNTran(R*, p)
= (), from Lemma 5.10 we deduce that fg exhibits B irreducibly. By Theo-
rem 2.4, our assumption A — B, B — A, and Lemma 5.16(iii), this implies
that [(S, f)]~ — C and C < [(S, f)]~ for C € {A, B}.

Now, from Theorem 2.4 we know that fg exhibits the patterns A, B;
let (U,u = fs|U), (V,uv = fs|V) be representatives of A, B respectively. If
minS = minU = minV then since fg¢ = uy = vy, Lemma 5.17 implies
A = B. Without loss of generality assume that min .S < min V. Then by the
above, vy exhibits the pattern [(S, f)]~ and by Lemma 5.6 we can consider a set
S* C conv V such that (S*, fg) ~ (S, f), which contradicts Lemma 5.16(ii).

Thus, A=B. =

4. Bottom patterns. In this section we explain how the forcing rela-
tion on roof patterns relates to the results on the forcing relation on periodic
and minimal patterns known from the literature [1], [5].

For a system (S, f) we can consider the set

(4.1) T= U{T S C T Cconvs and (T, fg) is a transitive system}.

For example, if (S, f) itself is transitive then T # (. We will say that (S, f)
is supporting if the set T defined in (4.1) is nonempty. Then (T, fg) is a roof
system (see Lemma 5.17) and we will denote it by 1(S, f) (we put 1(S, f) =0
if (S, f) is not supporting). As usual, a proper subsystem of a system (S, f)
is a system (S, f1) such that S; € S and f; = f|S;. We start with the
following definition.

4.1. DEFINITION. A supporting system (S, f) is a bottom system if there
is no proper subsystem (S, f1) of (S, f) such that 7(S1, f1) ~ 1(S, f). The
set of all bottom systems will be denoted by B&.
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Bottom systems (S, f1), (S2, f2) are equivalent (we write (Si, f1) <
(S2, f2)) if T(S1, f1) ~ 1(S2, f2).

A bottom pattern is a corresponding equivalence class in B6&,,. We denote
by [(S, )] a bottom pattern from BSy, with representative (S, f). If a
map f € C’(§) has a bottom system (S, f) then we also say that f exhibits
a bottom pattern [(S, f)]sx-

The set BG of bottom systems seems to be of independent interest. In
the next lemma we state some of its basic properties.

4.2. LEMMA.

(i) PUM C B6.
(il) BENNM # 0, NM\ BES # 0.
(iii) BS\ (PUMUNM) # 0.

Proof. (i) follows directly from Definition 4.1.

(ii) To see BSE NN M # (), one can consider a transitive interval map
f:10,1] — [0, 1] such that for some ¢ € (0,1), f(c) =1, f][0, ], resp. f|[c, 1]
is increasing, resp. decreasing (f is unimodal), and 0 is a transitive point.
Then (S = [0,1], f) is a supporting (transitive) system and any proper
subsystem (S7, f1) of (S, f) has to satisfy 0 < minS; < max.S; < 1, hence
T(S1, f1) = 17(S, f) (see [7]). The set N M\ BES is nonempty since it contains
the system (S = [0,1], f = 1 — |1 — 2id|) (the transitive full tent map on
the unit interval). Indeed, the system (Si, fi) defined by S1 = {0,1/2,1},
f1(0) =0, f1(1/2) = 1, fi(1) = 0 is a proper subsystem and 1(Si, f1) =

In order to prove (iii), consider the systems (S, f), (S1, f1) as above. Then
1(S1, f1) = (S, f), hence the system (S, f1) is supporting. Since there is only
one proper supporting subsystem ({0}, f[{0}) of (Si, fi) and 1(S1, f1) ~
1({0}, f1{0}) = ({0}, fI{0}), we conclude that (Si, f1) ¢ PUMUNM is a

bottom system according to Definition 4.1. m

By the previous lemma any periodic or minimal system is a bottom
system. Now we show that our approach preserves “classical” periodic and
minimal patterns corresponding to the relation ~ (see [1], [5]).

4.3. LEMMA. If (S,q) € PUM then [(S, )| = [(S, q)]~-

Proof. Let (S, q) be a roof system, i.e., (S,q) = (S, ¢). Fix any (R, p) €
[(S, @)]sa- Then (S, q) ~ T(R, p), hence the roof system T(R,p) is in P U M.
But then (R, p) = 1(R,p) and (R, p) € [(S,q)]~.

If (R, p) € [(S, q)]~ then Lemma 5.3 implies that (R,p) € PUM. More-
over, our assumption (S,¢q) = 7(S,¢) and Lemmas 5.12, 5.13 and 5.18 give
(R,p) ~ 1(R,p), hence (R,p) € [(S, ). Thus, [(S,q)] = [{5, )] in this

case.
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Suppose (S,¢q) is not a roof system, i.e., (S,q) # 1(S,q). If (R,p) €
[(S, )]~ then by Lemma 5.3, (R, p) € PUM and from Lemma 3.2 we know
that also (R,p) # T(R,p). Using Lemma 5.15 we deduce that T(R,p) =
(T, pr) € NM is a basic system. Since R C T, by Lemma 5.10 there is a set
T* C conv S such that (T, pgr) ~ (T*, qs). Note that by Lemma 5.2(iv)—(vi)
the point ¢ = minT* is a strongly gg-recurrent point and (w(gs,t*), qs) ~
(R,p) ~ (S, q)-

Let us show that (w(gs,t*),qs) = (S, q). If (S, q) is piecewise monotone
then this fact follows directly from Lemma 5.16(ii). If (S,q) is not piece-
wise monotone then (T, pr), (I, qs) are not piecewise monotone either. In
particular, 7" is contained in infinitely many S-contiguous intervals. This
means that the distance between the compact sets S and T™ is zero and
S C T*. Since by Lemma 3.2, the system (T*, ¢g) is a roof system, we
obtain T(R,p) = (T, pr) ~ (T*,qs) = (S, q), i.e., (R,p) € [(S,q)]m-

Assume (R,p) € [(S,q)]s; we will show that (R,p) € [(S,q)]~. From
Lemma 5.2(iv)—(vi) we get (w(pr,min R),pr) ~ (S,q). We have proved
above that then also (w(pr, min R),pr) < (S,q). Since w(pr,minR) C R
and (R, p) is a bottom system, we have w(pg, min R) = R and (R, p) ~ (S, q).

This proves the lemma. =

In order to define the forcing relation on bottom patterns we use an
analogous definition to that for transitive patterns.

4.4. DEFINITION. A bottom pattern A forces a bottom pattern B (we
write A — B) if all maps in € exhibiting A also exhibit B.

As a consequence of Lemma 4.3 we obtain

4.5. LEMMA. Let (R,p),(S,q) € PUM. The following statements are
equivalent.

(1) (R, p)loa — [(S, @)]oa-

(i) [(R,p)]~ = [{5,9)]~-

PT’OOf By Lemma 437 [(Rap”% = [<R7p>]N and [<Sa Q>]D<1 = [<S7 Q>]N
Since Definitions 2.2 and 4.4 coincide, the equivalence (i)« (ii) follows. =

4.6. LEMMA. Let (A,«) be a bottom system and f € €. If f exhibits
[(A, )]s then it also exhibits [T(A, a)]~.

Proof. Suppose f has a system (B,q) € [(A, a)]x, and set (S,qp) =
(B, q). We know that B C S and (S, ¢p) € [1(A,a)]~. The conclusion is
clear when B = S. Assume that B C S. Since Bg g(B) = B, Lemma 5.10 for
¢ = f|[min B, max B] yields a set 7* C [min B, max B] such that (T™*, f) ~
S,qp). Then from Lemma 3.2 we get (T, f) € [1(A,a)]~, i.e., f exhibits
{4, a)]~. =

s

— o~
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4.7. DEFINITION. A bottom system (S, f) is said to be fractal, resp.
nonfractal if the system T(S, f) is fractal, resp. nonfractal.

It follows from Lemma 3.4 that we can also talk about fractal, resp.
nonfractal bottom patterns. If A is a bottom pattern then using Lemma 3.2
we put

TA={1(S,9): (S,q) € A}.

As a consequence of Theorem 3.5 and Lemma 4.6 one can prove

4.8. THEOREM. The forcing relation on nonfractal bottom patterns is a
partial ordering.

Proof. In this proof we say briefly “pattern” instead of “nonfractal bot-
tom pattern”.

Clearly, if A is a pattern, then A — A (reflexivity); if A, B, C are patterns
such that A — B and B — C, then A — C' (transitivity). Thus it remains
to prove the weak antisymmetry of the forcing relation.

Suppose that A — B and B — A. We will show that also TA — 1B and
1B — TA. Then Theorem 3.5 yields TA = 1B, hence also A = B.

By our assumption on forcing of A, B and by Lemma 4.6, for any repre-
sentative (T, g) € A, the map gr exhibits B (in addition to A, of course) and
the roof patterns TA, TB. Moreover, from Definition 4.1 and Lemma 5.17
it follows that there exists a set T* with 7" C T* C convT such that
(T*, r = gp|T*) € TA. Since gpr = rp«, we can use Theorem 2.4(iii). Tt
states that if 77« exhibits the pattern 1B irreducibly (for example, when B
is not a 2-extension) then TA — 7B. We will use this argument to show
that TA — 1B, resp. 1B — JA. To simplify the writing define the set of
periodic patterns EXy = {A: A is a 2-extension} (see Lemma 4.3).

Case I: A ¢ EXy, B ¢ EXs. By the above, the assumption A — B and
B — A gives TA — 1B and 1B — TA. Then Theorem 3.5 implies TA = 1B
and hence also A = B.

Case II: A, B € EXs. The conclusion follows directly from Lemmas
5.12, 4.5 and Theorem 6.4.

Casg III: A = [(T, g)]s € EX2, B = [(U, h)] ¢ EX2. By the above,
1A — 1B. We will show that also 1B — TA. Let (T' = {t1 < -+ < tax},g) be
a 2-extension over a cycle (R, p). As explained above, the map gp exhibits,
resp. irreducibly exhibits, the pattern B, resp. the roof pattern 7B, and
TA — 1B. Let (S,q = gr|S) € 1B for some infinite S C conv T, and let
U* C convU be such that U € U* C convU and (U*, i = hy|U*) € 1B.
As above, if iy« exhibits TA irreducibly, then by Theorem 2.4, 1B — TA
and we are done. So assume that (Viy+) € TA is a reducible system of ig.
Using Lemma 5.16(iv) we can assume that V' C U*. Then by Lemma 5.5(ii)
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there is a set Sy C .S such that exactly one of the following two possibilities
holds: either (Sy, ¢) ~ (T, g) or (So,q) ~ (R,p). Since

k k
(4.2) SN U[th’—thz‘] =S N U[t%—l’t%] =0,
i=1 i=1
the first possibility contradicts Lemma 5.16(ii). Again by (4.2), the second
one is impossible because of Lemma 5.16(v).
Thus, also in this case from A — B and B — A we get TA — TB and
1B — TA. By Theorem 3.5, TA = 1B, which implies A= B. =

In order to show that our Theorem 4.8 generalizes Theorem 6.4 we need
to prove

4.9. THEOREM. For any system (S, f) € PUM, the roof pattern [1(S, f)]~
s nonfractal.

Proof. By Lemma 3.4 it is sufficient to show that the roof system 7(S, f)
is nonfractal. This holds trivially when 7(S, f) = (S, f).

Suppose (S, f) = (T,g) # (S, f). Then (T,g) € NM is a basic roof
system (see Theorem 6.1). Let T C T be such that (T g) is transitive and
(T, g) ~ (T,g). By Lemmas 5.18 and 5.15, (T, g is also a basic roof system.

We show that NS = 0. Indeed, otherwise fs = gr = g7 and by Lemma

5.17, T = T, a contradiction. Notice that by Lemma 5.2(iv)—(vi), the point
t = minT is strongly gr-recurrent and

(4.3) (R=w(gr,t),gr) ~ (S, f), SNR=0.

The last property (4.3) is impossible for piecewise monotone (S, f) by
Lemma 5.16(ii). If (S, f) is not piecewise monotone, then (R, gr) is not
piecewise monotone either and the set R has to be contained in infinitely
many S-contiguous intervals. Then the distance of the closed sets S, R is
zero, which contradicts S N R = () again.

Thus, the system 1(S, f) = (T, g) is nonfractal. =

4.10. REMARK. It would be of interest to describe in detail the prop-
erties of bottom systems. We conjecture that any bottom system according
to our Definition 4.1 is in fact nonfractal.

5. Technical results. For two closed sets K, L C R we write
(5.1) K<L & maxK <minL

(and analogously K < L iff max K < min L).
We will need a generalized version of (2.1). Recall that C(T') denotes
the set of all continuous functions that map a nonempty compact set 1" into
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itself. If T' has empty interior then any closed subinterval of T" consists of a
single point.

5.1. DEFINITION. Let f; € C(T}), j € {1,2}. Assume there are closed
(maybe one-point) intervals K/ C Tj such that if we set K/ = f;(Kj),
1 € Ny, then

(i) K. f is a point or a closed interval,

(ii) for i(1) # i(2) either K%'j(l) N Kij(2) =0 or Kl.j(l) = Kg@).

We say that the orbits orb(fi, K'), orb(fa, K?) have the same order if for
any i(1),i(2) € No,
1 2 2
Kjqy < Kjg) & Kjpy < Ky

We denote by Exp X the set of all subsets of a set X. For two equivalent
systems (T, g), (S, f) € T with Tran(T, g) > xp < ys € Tran(S, f) we define
a set operator Brg: ExpT — Exp S by (we write u, ~» w if lim, u, = u
and {uy, }, is monotone)

Brs(R) = {™"(ys): ¢""(zr)~z € R}, ReExpT.

For a map f € C(T), a point x € T is called f-recurrent, resp. strongly
f-recurrent if x € w(f, ), resp. x is f-recurrent and (w(f,x), f) is minimal.
The set of all strongly f-recurrent points will be denoted by Min(f). The
following lemma can be left to the reader as an exercise.

5.2. LEMMA. Let (T,g) ~ (S, f), u € T and v € Br g({u}).

(i) card{g"(u): n € No} = oo iff card{ f"(v): n € No} = o0.

(ii) If card{¢g™(u): n € Ny} = oo then the orbits orb(g,u), orb(f,v)

have the same order.

(iii) w € Tran(T, g) iff v € Tran(S, f).

(iv) u=minT iff v =min S.

(v) If u=minT € Per(g) then v € Per(f) and

{orb(g, u), g) ~ (orb(f,v), f).
(vi) If w =minT € Min(g) then v € Min(f) and

(w(g,u),g) ~ (w(f,v), f)
From Lemma 5.2 we obtain

5.3. LEMMA. Let (T, g) ~ (S, f). Then (T,g), (S, f) belong to the same
element of {P, M,N M}.

In order to study transitive systems we need a method to recognize that
a fixed map f € C(I) has such a system of prescribed order. The following
lemmas will be helpful.
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5.4. LEMMA. Let f € C(T) and (T, g) € T. Assume there is a Ko C T
such that (1) Ko C T is a closed interval (maybe degenerate), (ii) K; =
fU(Ko) for each i € Ny and for some t € Tran(T, g) the orbits orb(f, Ky),

orb(g,t) have the same order. Then there is an f-recurrent point t* € T
such that for T* = w(f,t*) we have (T*, f) ~ (T, g). Moreover, if orb(g,t)
is infinite and a sequence ¢g™™(t) decreases to t then we can put t* =
inf {J,, Kon(n), hence max Ko < t*.

Proof. The conclusion is well known when (T, g) € P (see [1]). The case
when T is an interval and (T, g) € M was proven in [5, Lemma 2.2]. All
other possibilities can be handled in the same manner. =

We write uy, ~> u, up /" u, uy \, uif lim, u, = u and {u, }, is monotone,
increasing, decreasing respectively.

5.5. LEMMA. Let (T, g) ~ (S, f).

(i) For any set Ty C T such that (Tp, g) € T is not a reducible system
of gr there is a set Sy C conv S for which (Sy, fs) € T and (Ty, g) ~

<507 fS> :
(ii) Let To C T satisfy

— (Tb,g) is a 2-extension of a cycle (R, p),
— (Tb, g) is a reducible system of gr.

There is a set So C S for which either (So, f) ~ (Tv, g) or (So, f) ~
(R,p).
Proof. (i) Fix u € Tran(Tp, g) and v € By s({u}).
Let (Tp,g9) € M UNM. By Lemma 5.2(ii) the orbits orb(g,u) and
orb(f,v) have the same order. Now the conclusion follows from Lemma 5.4.
Assume that (Tp,g) € P and Ty C T (the case when Ty = T is trivial).
Then (T, g) € NM and u € Tj is a periodic point of period k € N. Obviously
u is a limit point of T'. Let Tran(T, g) > z7 < ys € Tran(S, f). Without
loss of generality we can assume that for an increasing sequence {m(n)},
g™ () / u, g™ TR (@) v wand f(ys) v € S
Put v; = lim,, f™™*(yg), i € {1,...,k — 1}. Suppose that ig € {1,...,
k — 1} is the least for which v = v;,. Then the cycle (Tp, g) has a block
structure with the block Tp N conv{w, u;, }, and any Tp-block is a subset of
a T-contiguous interval. By Lemma 5.16(iv), the cycle (Tp, g) is a reducible
system of gp, a contradiction. Thus, v # v; = lim, f™™+i(yg) for any
ie{l,....k—1}.
If lim,, fm(")+k(y5) = v then v is a periodic point of period k& and

<SU = Orb(fa”))f)7f> ~ <T07g>
In the case when lim, f™™M*k(yq) = w # v, from f™™(yg) / v it fol-
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lows that v < w, the interval [v,w] is an S-contiguous interval and the
orbits orb(g,u) and orb(fg, [v,w]) have the same order. Now the existence
of (So, fs) € T satisfying (Sy, fs) ~ (T, g) follows from Lemma 5.4.

(ii) Let card Ty = 2k and let {tg < t1} be the leftmost block of (T, g).
By our assumption, [to,?1] is a T-contiguous interval and Br s({to}) = {so0},
Br,s({ti}) = {s1}. If so < s1 then [sg, s1] is an S-contiguous interval and

k—1
(o= Flso,s11). 1) ~ (To.g).
1=0

If s = 51, we get (So = U=y f'({s0}): f) ~ (R,p). =

5.6. LEMMA. Let f € C(I), S C I be closed such that f(S) C S, and
put ¢ = f|S. Then for any t' € Per(qg) there is a t* € Per(f) Nconv S such
that <Orb(QS7 t/)7 QS> ~ <OI'b(f, t*)v f> :

Proof. See [6, Th. 3.12]. m

As before, I denotes a compact real subinterval of R.

5.7. DEFINITION. Let f: I — R be a continuous map and [z,y| C I.

We define
N
7 —L (@) > f(y).
5.8. LEMMA. Let f: I — R be a continuous map, [a,b] C I, [¢,d] C R,

fa) # f(b) and
conv{f(a), f(b)} D [e,d].
There are a*,b* € [a, b] such that f([a*,b*]) = [c,d], f({a*,b"}) = {c,d} and
signy([a*, b*]) = sign¢([a, b]).
Proof. If f(a) > f(b) put
a* =sup{z € [a,b] : f(x) =d}, b"=inf{z € [a",b]: f(x)=c}.
The second case is similar. m

5.9. REMARK. For (T, g) € ¥, the set Tran(T,g) is a dense G set in
the compact metric space T equipped by the Euclidean metric. Using this
fact and the classification of Section 2.1 we infer that for (T, g) € MUNM
and U C T countable we can consider a point ¢ € Tran(T,g) such that
orb(g,t) N U = 0.

For a system (R, p), a map r € C(conv R) is said to be (R, p)-monotone
if /R = p and r|J is monotone for any interval J C conv R such that
JN R = (. We write C(R,p) for the set of all (R, p)-monotone maps. In
particular, pr € C(R, p).

As before, a subsystem of a system (R, p) is a system (A, «) such that
A C R and a = f|A.
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5.10. LEMMA. Let (A, a) be a system. Assume that for somer € C(A, a)
and a set T C conv A,

e (T\r) e MUNM,

e there is a point t € Tran(T,r) satisfying orb(r,t) N A = 0.
Assume that (A, ) is a subsystem of a transitive system (R,p) ~ (S,q),
and let (B, q) be a subsystem of (S, q) such that Bs r(B) = A. Then for any

continuous map ¢: [min B, max B] — R satisfying q|B = q there exists a set
T* C [min B, max B] such that (T*,q) ~ (T,r) and T*\ B # (.

~ Proof. An A-contiguous interval L (in conv A) will be called active if
r7(t) € L° for some j € Ny. Obviously for any active interval L, the map
r|L is not constant and there is an n € N for which

(5.2) r™(L°) N L° # 0.

Let { L };en consist of all active closed A-contiguous intervals and define
{LB}en as follows: if L = [ua,va] then L = [up,vp] satisfies
(5.3) wup,vp€ B, (up,vg)NB=10, Bsr({up,vp}) = {ua,va}.

Note that LZB is well defined since Bs r(B) = A. Moreover, up < vp. In-
deed, otherwise by (5.2), (5.3), the point up would be periodic (of period
n, say), the intervals LZA, .. ,r”_l(Lf) would be pairwise disjoint closed
A-contiguous intervals, r”(L;A) = LZA and 7| L would be monotone and by
our assumption also (LA NT, ") € M UNM, a contradiction.

Since (A, «) is a system, we have the implication

(i) T(LZ%U) N [L%)]O #0 = T(th)) > L{?z)-

Our choice of {L};en, {LP}ien implies, for each i and i(1) # i(2),
(ii) L C conv A and LP C conv B,
ﬁﬁ)LgnfgLQmiﬁlﬁnfgLﬁm,
(iv) r(Lf%l)) D Lf%z) = J(Lﬁl)) > LZ%) (in particular when ¢ = ¢p).

We have shown above that each L? is nondegenerate. Using this fact and

(iv) one can see that gp|L? is not constant and
(v) sign,(L4) = signz(LP).

We assume that orb(r,¢) N A = (). Define the map 7: orb(r,t) x Ng — N
and 7 = 7|({t} x Ny) by

w(s,i) =4 ifri(s)e LY, w(i) =7(t, ).
Set Il = L;}(i) for i € Ng. We define closed intervals Iij, (i,7) € Ng x N,
by the conditions Iij C Iij_1 and r(Iij) = Ig:ll (clearly from (i) we have

T(Ig_l) D Iij;ll). Put Z; = ey IZJ We have 7¢(t) € Z; for each i € No; by
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our definition of the intervals I] we even get 7*(Zy) = Z;, i.e. the itineraries
of t and Zy with respect to {L, ... ,L,?, ...} are the same. Obviously each
7, is a point or a closed interval.

Without loss of generality we can assume that t # max T. Using Remark
5.9 the transitive point ¢ can be taken to satisfy

(5.4) Vs € orb(r,t): s is a two-sided limit point of orb(r, t).

The map 7 would be periodic if there were a positive integer n such
that (i) = w(i + n) for each i € Ny. Let us show that 7 is not periodic for
(T,ry € M UNM. We know that 7¢(t) € [L?(Z)]o. If such an n did exist,

then the closed interval

J = conv{s € orb(r,t): w(s,i) = w(i) for each i € Ny}

would be r-periodic (not weakly) with period n and (J, ") € MUNM for
the monotone map r™|J, a contradiction.

Now we show that Z;q) N Zyo) = 0 for i(1) # i(2). If Zq) N Zie) # 0,
from (5.4) we get some i(3) € N greater than i(1),4(2) for which r*®)(t) €
conv{rt (), r*@)(t)}. Since r*(t) € Z;, we necessarily have either r*(®)(t) €
Zi(1y or ri(3) (t) € Zj(2), which is impossible for the nonperiodic function 7.
Using (5.4) again, for E4 = Uien, {min L#, max L'} we can show similarly
that Z; N B4 = () for each i € No. Summarizing, r/(Zo) C [L#]° if and only
if 79 (t) C [L#]° and the orbits orb(r, Zy), orb(r,t) have the same order.

As above (for A-contiguous intervals), let K} Lf( ;y for i € No. Since
any interval L? is nondegenerate, using properties (ii)—(v) and Lemma 5.8
we can choose closed intervals K7 = [a/,b], (i,7) € Ng x N, such that

(@) K € KT

(b) q(i]) = K] 71 and conv{q(a)), 4(b))}) = K1,
(c) sign, (I] = 81gn~(Kj)

(d) for each j € N (see (5.1) and use (c)),

Kjyy S Ky & Iy < Ly, i(1),i(2) € No.

Put & = ey K! and EP = Uien, {min LB max LB}. Clearly &; is a
point or a closed interval in conv B. Using (a)—(d) and the property anal-
ogous to (5.4) formulated with the help of (d), we can show as for Z; the
following properties for each i, j,i(1),4(2) € No, i(1) # i(2):

(€) Ky NRie) =0, KN EP =0 and ¢'(Ro) = & C LY,

() @ (Ro) C [LP)° & 17(To) C [L{]° & rI(t) € [L{]°,

(g) the orbits orb(q, Ro), orb(r,Zy), orb(r, t) have the same order.
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Now, Lemma 5.4 and property (g) yield a g-recurrent point t* € [Lf(o)]o
such that for T* = w(q,t*) C [min B, max B] we have (T*,q) ~ (T,r) and
t* € T*\ B # 0.

This proves the lemma. =

5.11. LEMMA. Let (R,p) ~ (S,f) and ¢: [minS,maxS] — R be a
continuous map satisfying q|S = q. Moreover, assume that for some set
T C conv R,

e (I'pr) €P,
e TNR=1,
e (T,pR) is not a reducible system of pgr.

Then there exists a set T* C [min S, max S| for which (T*,q) ~ (T, pr).

Proof. Assume that (T, pg) is not equivalent to any subsystem of (S, q)
(otherwise we are done). Moreover, our assumption that (T, pr) is not a
reducible system of pr together with Lemma 5.16(iv) shows that (T, pg)
does not have a block structure with blocks in R-contiguous intervals.

Set I = conv S and define a map f € C(I) by

q(x)  ifq(z) €1,
f(z) =< max S for ¢g(x) > max S,
minS for ¢(z) < min S.
Notice that if there is a set S* C I for which (S*,qs) ~ (T,pr), then by
Lemma 5.6 there is a set 7% C I for which (T, f) = (T*,q) ~ (T, pr). Thus,
it is sufficient to show the existence of S*.
An R-contiguous interval L (in conv R) will be called active if TNL® # ().

Obviously for any active interval L, the map pg|L is not constant and
for some n > 0,

(5.5) PL(LY) N L° # 0,

Let {LZR};:OI consist of all active closed R-contiguous intervals and define
(LY} as follows: if LF = [ug,vg] then L¥ = [ug, vg] satisfies

us,vs €5, (us,vs)NS =0, Bsr({us,vs})={ur,vr}.

Note that L;q is well defined since Bg r(S) = R. Moreover, ug < vg. Indeed,
otherwise by (5.5) the point ug would be periodic of a period k; analogously,
the intervals Lﬁ, pR(LZR), cee p%_l(Lﬁ) would be pairwise disjoint closed R-
contiguous intervals satisfying p%(Lf) = Lf. But then the set TﬂLZR would
be a block of (T, pr). Since we assume that (T, pgr) is not equivalent to any
subsystem of (S, ¢), we would have card T’ N Lf > 2. This is impossible for
(T, pr) that does not have a block structure with blocks in R-contiguous
intervals.
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Note that by our choice of LlR and LZ-S , we have
(5.6) signpR(LZR) = signqS(Lf) for each 1.

Put t =minT, n = card T and define 7: {0,...,n—1} — N by 7(i) = j
if plp(t) € Lf. Since (T, pr) does not have a block structure with blocks in

R-contiguous intervals, the finite sequence 7(0), ..., 7(n—1) is not repetitive.
By the above, for Q € {R, S} and h € {pr, qs},

LN
™

LNy 52

Q
L w(0)’

(0) (n—1)

where K 2 L denotes the fact that h(K) D L. Since the finite sequence
w(0),...,m(n — 1) is not repetitive, there is a periodic point s € Li(o)
of period n such that ¢i(s) € L% .. From (5.6) it follows that (S* =

(#)
orb(qs, s),qs) ~ (T, pr)-
This proves the lemma. =

5.12. LEMMA. Let (T, g) € P. The system (T, g) is a roof system if and
only if either cardT =1 or (T, g) is a 2-extension.

Proof. Let (T,g) € P be a 2-extension with T-blocks B;, and assume
that © € T and g(x) = max7T. Then for a sufficiently small neighbourhood
U(z) of x, g(U(x)) C conv B(carar)/2 C Per(gr). This implies that for any
closed set S such that T'C S C convT and the system (S, gr) is transitive
we necessarily have S = T.

Conversely, assume that a roof system (T, g) € P is not a 2-extension.
Let (T, g) have a block structure over a cycle (S = {s;}¥_,, f) with maximal
number of points k = card S and T-blocks B; C T. Obviously, k¥ > 2 and
(cardT')/k = card B; > 2. Since (T, g) is a roof system, no system (R =
conv B;,h = gk|R) is transitive; by Theorem 6.3 the system (B;, g*) has
a nontrivial (I > 2) block structure with B;-blocks Cj, cardC; > 2, j =
1,...,1, and for any m € {0,...,k — 1},

KEm (conv Cf), o™ (conv C}), . . ., g™ (conv C;) }

{QT

is an orbit (formed by disjoint intervals) of a periodic interval ¢g7'(conv C}) in
g7 (conv B;) = conv B,, (if f™(s;) = sp,). Hence (T g) has a block structure
over a cycle (S, f) with ' = {s} < --- < s},;}, which contradicts the
maximality of k. m

5.13. LEMMA. Let (S, f) € M. The system (S, f) is a roof system if
and only if it is a solenoidal system.

Proof. By the definition, if (S, f) is a roof system then S is a maximal
w-limit set of a map fg. Thus, a roof system (S, f) € M is solenoidal by
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Theorem 6.1. Let {K;}ien, be a sequence of QQ-generating intervals, where

ScQ= [ orb(fs, K;)
1€Np
and w(fs,z) = S for any x € Q. If there were a set T' for which S C T C
conv S and (T, fg) € T, then there would exist a point y € Tran(T, fg) \
orb(fs, K;) for some i. Without loss of generality we can assume that min S
= min K; for each i. Then y ¢ w(fs,z) for any z € Tran(T, fs) N K;, a
contradiction. Thus S =7T.

5.14. LEMMA. Let (T, g) be a system and suppose that for some [, 3] C
conv(T) and m € N, g7'([e, 5]) N [, B] # 0. Then there exist an n € N and
a weakly gr-periodic closed interval J C conv(T) of period n such that

E(QT, [O‘7 5]) = Orb(gTv J).

Proof. Since gi([a, 8]) N [o, B] # 0, the set J = orb(git, [, 4]) is a
g7-invariant interval, i.e. g7'(J) C J. Take pairwise disjoint components

J1,...,J, of the set U?if)l g4 (j) and if [«, 8] C J;, put J = J;. Clearly,
Jygr(J), ... ,g?il(J) are pairwise disjoint, g”(J) C J and orb(gr, [a, 3]) =
orb(gr,J). m

5.15. LEMMA. Let (B, f) € NM. The system (B, f) is a roof system if
and only if it is a basic system.

Proof. By definition, if (B, f) is a roof system then B is a maximal w-
limit set of a map fp. Thus, a roof system (B, f) € N'M is basic by Theorem
6.1. By our assumption the set B is infinite. Let K be an fp-periodic set
with a period n, L = orb(fp, K) and (see Section 3)

B = {z € L: orb(fp, J(z)) = L for each neighbourhood J(x)}.

If there were a set T' for which B C T C conv B and (T, fg) € ¥, then we
would also have T' C L ((L, fp) is not transitive). Let J(z) be a neighbour-
hood of x € T (in L). Since (T, fp) is transitive, by Lemma 5.14 we can
consider a weakly fp-periodic closed interval J C L such that

(5.7) orb(fg, J(z)) = orb(fg, J).
By our assumption B C T, we have B C orb(fg,J(x)), hence also B C
orb(fg,J). Then from (5.7) we get L = orb(fg,J) = orb(fp,J(x)), ie.,
x€ B. ThusT C B, hence B=T. n

A system (T, g) has a block structure over a cycle (S, f) with S = {s1 <
- < s} if there are T-blocks B; = [a;,b;] NT, ¢ € {1,...,k}, such that
a; < bi, b; < i1 for ¢ € {1, .. .,k} — 1}, Ule{ai,bi} C T, T = U?:l B; and
g(B;) = By if and only if f(s;) = s;. In this case we sometimes briefly write
that (T, g) has a block structure (with blocks B; = [a;, b)NT, i € {1,...,k}).
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5.16. LEMMA.

(i) If A, B are transitive patterns, A — B and A is piecewise monotone
then B is also piecewise monotone.
(ii) Let(T,g) € PUM with card T > 2 and piecewise monotone map gr.
If (T, g) ~ (S, gr) for some S C convT, then S =T.
(iii) If (R,p) € T has a block structure over a cycle (S, f) then the pattern
[(R,p)]~ forces the pattern [(S, f)]~.
(iv) Let (R,p) € T and suppose that for some S C conv R,

— (S, pRr) has a block structure with blocks D; and card D; > 2 for
eachi=0,...,k—1,

— each block is a subset of an R-contiguous interval.
Then the system (S,pgr) is a 2-extension, different blocks D;, D;
are contained in different R-contiguous intervals [c;, d;], [c;, d;], and
<Uf:_01{ci, d;},p) € P is a 2-extension equivalent to (S,pr). In par-
ticular, the cycle (S,pr) is a reducible system of pr.

(v) If (T ={t1 <tg <-+ <top_1 <tor},g) is a 2-extension of a cycle
(S, f) then gr has a unique representative

{1 +12)/2 < < (tok—1 +t2x)/2}, 97)
of the pattern [(S, f)]~.

Proof. Property (i) is clear. (ii) is well known for (T, g) periodic [1]. For
the case of piecewise monotone minimal (T, g), see the proof of Theorem 3.2
in [5]. Property (iii) follows from Lemma 5.4 applied to the map pg.

(iv) If Dg = {a1 < -+ < a1} C [co, dp] then for each i € {0,...,k — 1},
ph([a1,a;]) is a subset of an R-contiguous interval [¢;, d;]. Since the map pr
is affine on each R-contiguous interval, it follows that [ = 2, p’f%(al) = as,
ph(az) = ay and p|[a1, as), resp. p2¥|[ai, az] is an affine map with slope —1,
resp. 1. Since for any two R-contiguous intervals L1, Lo we have

pr(L1) N [L2]° #0 = pr(L1) D Lo,

we can consider a closed interval J such that [a1, as] C J C [co, do], pla(J) is
a subset of [¢;, d;] and p§(J) = [co, do]. By the above, p%|J has slope —1. It
follows that J = [cg, do] and pl(J) N [co,do] = 0 for each i € {1,...,k —1}.
Starting from [c;, d;] instead of [co, do] we obtain pk([e;, d;]) C [co, do]. This
implies p&[co, do] = [c;, d;] since otherwise p% ([co, do]) < [co, do], a contradic-
tion. Thus (Uf;ol{ci,di},m € P is a 2-extension equivalent to (S, pg). All
other properties follow immediately.
For property (v) see [8]. =

Let us recall that a roof system was defined in Definition 3.1. In the
proof of Theorem 3.5 we need the following description of those systems.
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5.17. LEMMA. The following statements are equivalent:

(i) (T, g) is a roof system.
(ii) (T,g) is a system and there is a closed S C T such that for f = g|S,

fs=gr and T =\J{T: T > S and (T, gr) is transitive}.
Proof. Put

(5.8) T* = | J{T: T > S and (T, gr) is transitive}.

We will show that (T, gr) is transitive if 7 is nonempty. To show (i)=-(ii)
we can put S = 7. The opposite implication (ii)=-(i) follows from 7' C T*
and Definition 3.1.

Since fs = gr and the set S is closed,

min7T =min7* =minS and max7T = max7T* = maxS.

In what follows we will work with closed intervals [a, 5] C conv T satisfying
[, B]° NS # 0. In particular, this holds when for a sufficiently small € > 0
either [@ = minS, f = ¢ + minS] or [@« = —¢ + maxS, § = max 9]
(we use the relative topology of convT). Since S is contained in 7" and
(T, gr) is transitive, there is an m € N satisfying g7 ([ev, 8]) N [ev, 5] # 0. By
Lemma 5.14 and (5.8) we get a weakly gp-periodic closed interval J C conv T
with a period n € N such that

orb(gr, [, B]) = orb(gr,J) and orb(gr,J) D T*;

then the interval K = (o, g1 (J) is gr-periodic of period n and with
orb(gr, K) D T*.

I. The conclusion of our lemma holds true when card7* € N. Then
Lemma 5.12 implies that (T™*, gr) is a cycle.

Let T* be infinite. Using the classification from Section 2.1 we can verify
that T™* is a perfect set.

II. There exist an increasing sequence {n; };en of positive integers and a
decreasing sequence { K; };cn of closed intervals such that K; is gp-periodic
with a period n; and orb(gr, K;) D T™* for each ¢ € N. Then due to Section 3
there exists a unique infinite set To C Q = (;cy, orb(gr, K;) such that
w(gr,z) =Ty for any x € Q D T* and (Tp, gr) is minimal. It follows that
To = T* and (T*, gr) is minimal.

III. There exists an n € N and a closed interval K which is gp-periodic
with a period n, L = orb(gr, K) D T* and
(5.9) V[a,B] C L: [0, B]°NS # 0 = orb(gr, [a, B]) = L.

Consider the set B = B(L, gr) defined in Section 3. Immediately from (5.9),
it follows that S C B.

We need to show that 7* C B. Consider an interval [, 5] C L satisfying
[, B]°NT* # (). Repeating the procedure from Lemma 5.14 for this interval
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we obtain a weakly gr-periodic closed interval L of period k, hence M =
Mien, g (L) is a gr-periodic closed interval of period k such that

orb(gr, [, B]) = orb(gr, M), S Corb(gr,M) C L.

Without loss of generality we can assume that min M = min .S. Then from
(5.9) applied to M we obtain orb(gr, [e, 3]) = orb(gr, M) = L. Therefore,
T* C B. We have argued that T™* is a perfect set. It follows that B is infinite
and by Section 3 the system (B, gr) is transitive. But then B = T*, i.e.,
(T*, gr) is a transitive system. =

The following lemma is a direct consequence of Definition 2.1 and the
ones of solenoidal and basic systems from Section 3. We leave its proof to
the reader.

5.18. LEMMA. Two equivalent transitive systems (T, g), (S, f) are si-
multaneously solenoidal, resp. basic.

6. The most important known needed notions and results. For
f e C() and x € I, the w-limit set w(f,z) is a mazimal w-limit set of f
if for any y € I and w(f,y) D w(f,z) we have w(f,y) = w(f,x). The most
important properties of maximal w-limit sets are presented in Theorem 6.1.
This result uses the notions of solenoidal and basic systems, recalled in Sec-
tion 3. We present a simplified version using only piecewise affine extensions
of systems.

6.1. THEOREM ([4]). If w C I is a mazimal w-limit set of an interval
map f € C(I) then the system (w, f) is transitive. Moreover, when card w
= oo then {(w, f) is either a solenoidal system (€ M) or a basic system

(e NM).
The sets N Mg, N M, NM have been defined in Section 2.

6.2. THEOREM. Let (R,p) € NM be a roof system. There is a system
(T = [a1,b1] U+ Ulag, bg], g9) € NM; (k € N) such that (R,p) ~ (T, g).
Moreover, if (T,g) has a block structure over a cycle (S = {s1 < ---
< Sk}, f) then we can suppose that s; € [a;,b;] for each i € {1,...,k}
and f = g|S.

Proof. See [4]. m

An interval map f € C(I) is said to be mizing if (I, f") € NM for
each n € N. A pattern [(T,g)]~ is said to be mixing if its adjusted map
gr € C(convT) is mixing. A periodic pattern [(S, f)]~ has a division if the
system (S, f) has a block structure over a 2-cycle.

6.3. THEOREM ([8]). If A is a periodic pattern then it has either a divi-
stom or a block structure over a mixing pattern.
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In accordance with the classification given in Section 2 we consider sep-

arately periodic, resp. minimal piecewise monotone patterns.

6.4. THEOREM ([2], [5]). The forcing relation on periodic and on mini-

mal piecewise monotone patterns is a partial ordering.
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