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Abstract 

We study the dynamics of the two-parameter,fainily of skew tent 

maps , namely how the change of the behavior of the map is depending 

on parameters. So we decompose the parameter space by the nature 

of periodic points. Especially we prove that the form of attracting 

orbit is of stair type and give an explicit proof of the monotonicity of 

kneading sequence. 

1 IntrOduction 

Dynamics of the family of skew tent maps has been studied in, for exam-

ple, [ITN79] .and [MV91]. 

According to J. Milnor[Mil85] , " attractor" is defined as the set which 

attracts almost all orbits in the neighborhood. To say precicely, the set A 

is called attractor of f when it satisfies the following four conditions: 

(1) A is a closed set. 

(2) f(A) = A. 

(3) The set A has a neighborhood U such that ~li_,m* f~ (x) e A for almost 

all x e U. 

(4) There exists a point x e A whose orbit is dense in A. 

If attractor A is a set of k points, then each point in A is mapped to itself 

under fk and called attracting klperiodic point. 
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Suppose that x is a k-periodic point of f and f is differentiable on the 
neighborhood of orbit of x. If l(fk)/(x)1 < 1, then x is attractive. 

According to R. L. Devaney [Dev89], the dynamics of f defined on X is 

said to be chaotic if f satisfies the following: 

(1) f has sensitive dependance on the initial condition; there exists 6 > O 

such that, for any x e X and any neighborhood Ux, there exists 
y e U. and n ~ O such that Ifn(x) - f~(y)1 > 6. 

(2) f is topologically transitive; for any pair of open sets U, V c X there 

exists n ~ O such that f~U n V ~ ip. 

(3) periodic points are dense in X. 

For two maps f : V -~ V and g : U H> U, if there exists a homeomorphism 

h such that ho f = goh, then f and g are said to be topologically conjugate, 

denoted by f - g. The map h is called topologicall conjugacy. 

For the next family of skew tent maps on 

R, a quite different bifurcation occurs, 

compared with the one which occurs for 

the logistic family g~(x) = ux(1-x) with 

3 < u < 4. 

ax + ,1 for x ~ o 
F//(x) - _bx + ,h for x ~ O 

where O < a < 1, b > 1. Figure 1: The graphs of Fl/ 

for /h = 1, 2 where a 2 ' 
b = 6. 

First let us fix a, b and think ke as the parameter. Then a bifurcation 

~ and b = 3.2 occurs at x = O and /h = O (see [NY95]). If we take a = 

(resp. 4. 14, 4.42 or 5.5), bifurcation diagrams are given in from Fig.2 to Fig. 

5. In Fig.2, the family exibits a bifurcation from an attracting fixed point 

to attracting 3-periodic points. In each Fig.3, 4, 5, the fainily exhibits a 

bihrcation from an attracting fixed point to attracting intervals on which 

F// Is chaotic. From thcse figures, we can see that there are various types 
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with respect to what bifurcation occurs at ,~ = O. On the other hand, for 

any ,l > O, there does not occur new bifurcation as long as the parameter 

pair (a, b) is fixed. It is because F/J ~ F1 for all u > O 

Figure 2: a = ~, b = 3.2. F// Figure 3: a = ~, b = 4.14. 
exhibits bifurcation from an at- F// exhibits bifurcation from an 
tracting fixed point to attracting attracting fixed point tb six at-

3-periodic points. tracting intervals. F/x is chaotic 
on those intervals. 

In this paper, we will study the characterization of an attracting periodic 

orbit of skew tent map. After this, for example, we will see when the 

bifurcation like as Fig. 2 occurs. 

We remark that putting the results in the sequel paper [ITO] in this 

volume together, we can completely obtain the partition of D in terms of 

the characters of dynamics of fa,b' 

For our purpose, we have only to fix u = I and analyze the dynamics of 

fa,b with the following parameter plane D: 

D = {(a,b); a>0,' b>1, a+b~ab}. 
fa,b(x) = { ' for x < O _ax + 1, 

~ where (a b) e D. 
forx>0 ' ' bx + l, _ 

We expand the range of the parameter a from {O < a < 1} to {a > O}. 

If a + b < ab, almost all orbits tend to -oo; if a + b ~ ab, then the orbit 

of x in R ¥ Ia,b tends to either the interval [fa2,b(O), fa,b(O)] or -oo) or x 

is a fixed point itself. Therefore the restriction {a + b ~~ ab} is reasonable. 
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Figure 4: a = ~, b = 4.42. Fl/ 

exhibits bifurcation from an at-

tracting fixed point to three at-

tracting intervals. F// rs chaotic 

on those intervals. 

Figure 5: a = ~, b = 5.5. F11 

exhibits bifurcation from an at-

tracting fixed point to one at-

tracting interval. F/! rs chaotic 

on the interval. 

Hence we find that it is suficient to examine the dynamics of fa,b on la,b' 

where we denote la,b = [fa2b(O), fa,b(O)]. 

2 Attracting regiOn Of D 

In this section, we shall characterize the regions where fa,b has an at-

tracting orbit. 

For k ~ 2, Set 

D = (a,b) e D; I + : + ･･ ･ + akl 2 l <b<1+1+ + 
a ak~1 ' 

D~ = (a,b) e Dk; ak~1b~ 1 

Proposition I A boundary of D~ is determined by algebraic curves. 

These curves have the following defining equations: 

ak~1b = 1, b I + I + . + ak=2' 1
 

a
 

l
 These curves intersect at only one point Pk, and lim Pk = (;~, oo). 

k-oo 4 
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1〕moエ　The　equationαト1＋…十α＝1has　a　unique　positive　root，and．so

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1　　1
玲i・㎜iq…Ob・i…1・liti・・m創1・・th・・1・Si…1＋ラ十茅十．’’＝11

th・…t・㎝…g・・t・α＝芸・・ゐ→…A・dth・・創・・6di…g・・t・…口

1
言

、：…1壕三

4
毛　・2b・1
　　　　　／

　　1
ab＝a＋b

　　　　　　　　　　／

〆・・1・去　写

　　　　b・1・工・止

　　　　　　a　♂

025　　　　　　　　　　　　　05 o”

　　　　　　　　　　　　　　　　　　⊥　　　　　　　　l
　　　　　　　　　　　　　　　　　　b

　　　　　　Fiを㎜e6：The　d．omains　D看a皿d　bo㎜d。飢y　cuwes

For　our　p㎜pose，we　refer　some　resuユts丘om　the　paper［ITN79］．

　F止st，1et　us　prep虹e　the　fo11owing　intewa1s…md　subdomains　of1）．

　　　　　　　　∫ム＝げ2（0），01，∫R＝［0，∫（0）1，

　　　　　　　　D。＝｛（α，6）∈1）；α6＞1，α十6≧α62｝，

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1
　　　　　　　　D。＝｛（α，6）∈D；α十6＜αb2，6＜1＋一｝．

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　α

Forん≧3，
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D~ = {(a, b) e Dk; ak~1b > 1, a + b ~ ak~1b2}, 

D~ = Dk ¥ (D~ U D~), 
D* = {(a,b) e D; a > 1, a + b < ab2}. 

In the last two equations above, we note that D~ = D and D D for 

k = 2. 

In the following Fact I and Fact 2, we suppose that (a, b) belongs in the 

interior of Dk for k ~ 3. 

Fact I Set 

1 - a - b + ak~lb * _ -ak~2b2 + b2 - b + ab + I - a 

(1 - a)(1 + ak~1b) ' ~ (1 - a)(1 - ak~2b2) ' 

-1 + ak~2 
xo = and lo = [fa~b(O), x*]. ak~2(1 - a) ' 

Then the point xo is mapped to x = O under fak,b2 and both x* and x* are 

k-periodic points of fa,b with fa2b(O) < x* < xo < x*. Moreover, if (a, b) 

is in D ¥ D~ , then almost all points in la,b tend to the interval lo under 

iteration of fa,b' 

Fact 2 In order to analyze the dynamics of fa~ bllo ' 'a function ga,p is 

introduced as follows: 

ax for O ~ x ~ ~ 
9a,p(x) = ~:~~ for ~ < x < 1 

- px + 
a 

1 1 where (a, p) such that a > 1, ~ > O and - + - > l. As lo is invariant 

a p-
under fa b' fa bllo rs topologrcally conJugate to ga,p with some ~ < 1. If 
p < 1, tHen t~e orbits of almost all points in [O, I] tend to the fixed point 

x - ~:~~ under the iteration of ga p The attracting fixed point for ga p 

corresponds to x* for fa~bllo ' Therefore almost all orbits in lo under fak b 

tend to x*' 

According to J. Milnor and W. Thurston in [MT88] , we will define tulv~ing 

point as follows. 

Let f be a continuous map on the interyal I = [co, cl]' We suppose that I 

is decomposed into finite maximal intervals, Jl = [co, cl]' ' ' " Jl = [cl-1' cl] 
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with co < cl < ･ ･ ･ < cl, and each restriction flJj is monotone map. Then 
these endpoints co, cl ' ' ' " cl will be called turning points of f . 

We obtain the following result for the turning point x = O of the skew tent 

maps. This result is quite different from the case of differentiable map. 

Proposition 2 The periodic turning point of fa,b is not at~ractive. 

Proof. Put fa,b = f. If the turning point of fj for some j ~ 1 is a fixed 

point, then the orbit of x = O and f2(O) also have the period j. For each 

region in D, we will prove the claim. 

e (a,b) e Do 

There exist subintervals of la,b Lo = [f2(O), f4(O)], L1 = [f3(O), f(O)] 

such that Lo n Ll = O, fLO = L1 and fLl = Lo. There is no 
attracting periodic point in the interval (f4 (O), f3 (O)) since each orbit 

in la,b ¥ {1 - -lb } tends to Lo or Ll' If an attracting periodic point 

exists in Lo ULI , it must have even period as Lo and L1 are mapped to 

each other under f. Let us suppose the orbit of x = O has 2j-period. 
Then on any differentiable point x in Lo U L1' I (f2j)/(x)1 ~ (ab)j > l 

since (a, b) e Do and fLO C IR. Hence even if x = O is a periodic 

point, it is not attractive. The graph of f2j on the neighborhood of 

x = O is like as Fig.7 or Fig. 8. 

Figure 7: Figure 8: 
e (a,b) e Dl 

If f has j-periodic orbits, then we have j ~ 2 and J (fj)/(x)1 > I for 

the point x on which f is differentiable, since flL C IR and b > I . 

Hence even if x = O is a periodic point, it is not attractive. The graph 

of fj on the neighborhood of x = O is like as Fig. 7 or Fig. 8. 
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o (a,b) e D~ for k ~ 3 

Recall that there exists k-periodic point of f x* and the interval 
Co = [f2(O) , x*] is fk-invariant. Therefore the orbit of f2(O) has a 

period with the form j x k for some j ~ O, so does the turning point 

O. Because, for any orbit, at most k - I succesive images can stay on 

the interval IL, I (fkj)1(x)1 ~ (ak~1b)j > I for the point x on which 

f is differentiable. Hence even if x = O is a periodic point, it is not 

attractive. The graph of fjk is like as Fig. 7 or Fig. 8. 

o (a,b) e D~ for k ~ 3-

It is easy to see that [f2(O),x*] is not invariant. Hence f2(O) is j-

periodic point with j ~ k. Because, for any orbit, at most k - 1 
succesive images can stay on the interval IL, l(fkj)1(x)1 ~: (ak~lb)j > 

l for the point x on which f is differentiable. Hence even if x = O is 

a periodic point, it is not attractive. The graph of fjk is like as Fig. 

7 or Fig.8. 

e (a,b) e D* 

Since a > I and b > 1, the graph on the neighborhood of turning 

point x = O is like as Fig. 7 or Fig. 8. Therefore x is not attractive. 

e (a b) e DA and ak~1b ~ 1 

For k ~ 3, if ak~lb ~ l, the orbit of f2(O) under fk is attracted to x* 

by Fact 1. This contradicts that turning point is periodic. 

1-b For k = 2, it is easy to check by setting x* = I + ab ' that x* is 2-

periodic point and that f2(O) tend to x* under fa2 b. Therefore turning 

point cannnot be attractive and periodic. 

e (a, b) e D~ and ak~lb = 1 

For both case of k = 2 and k ~ 3, the orbit of x = O has period 2k. 
But the graph of f2k is like as Fig. 9 or Fig. 10, it is not attractive 

in the sense of [Mil85]. 

C
l
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Figure g: Figure 10: 

De~inition The periodic orbit will be called of stair type when it satisfies 

the following conditions: 

O(x) = {x,f(x),"',fk~1(x)}, 

x (= fk(x)) < f(x) < ･･･< fk~2(x) ~ O < fk~1(x). 

We remark that the following result is implicitly stated in [ITN79] . 

Proposition 3 Skew tent map fa,b has attractive periodic orbit if and 
only if (a,b) is in the interior of D~ 

Proof. If (a, b) is in the interior of D~ for some k ~ 3, then fa,b has an 

attractive k-periodic point x* by Fact 2. If (a, b) is in D~ , by setting 

1-b x. = I + ab ' It is proved that x* is 2-periodic point and that almost all 

points in la,b tend to x* under fa2,b. And the orbit is of stair type. 

Now we prove that only if (a b) rs m the mtenor of D~, fa b has an 

attracting k-periodic point. By Proposition 2, the orbit of turning point 

is not attractive. Therefore in neighborhood of the periodic orbit, there 

exists an open interval where the itinerary is same. This cannot happen if 
(a, b) ~ Ukoo=2D~ by virtue of Lemma 2.1 in [ITN79]. Hence if fa,b has an 

attracting periodic orbit, there exists unique k such that (a, b) e D~･ On 

the other hand, for (a, b) on the boundary of D~ , there is no attractor in 

the sense of [Mil85] (see Fig. 9 and Fig. 10). C
]
 

For the case of differentiable map with one critical point, the following 

result is well known by using the method of Schwarzian derivative (see for 

example, [Dev89] , p.74). But despite of the indefferentiablity, it is worthy 

of notice that we have the same result. 
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Lemma I fa,b has at most one attracting periodic orbit. 

Proof. Suppose that fa,b has attracting k-periodic orbit. By Proposition 

3, it is the orbit of x*' By considering this and Fact 2, f*,b has at most one 

attractive periodic orbit. 
[
]
 

By the argument above, the attracting periodic orbit of skew tent map 

is characterized as follows. 

Theorem The attracting periodic orbit of fa,b is of stair type. 

Proof. The proof will immediately follow by Lemma 3 and Lemma l. CI] 

3 ' MOnOtOnicity Of kneading SequenceS 

We first introduce the concept of symbolic dynamics. 

For x e la,b and j ~~ O, we associate fa,b(x) with a symbol sj(x) as follows : 

L, if fq,b(x) < O 

s (x) C iffab(x)=0 
R, if fa3,b(x) > o 

For x e la,b' the sequence {sj (x)}i>0 rs called itinerar~/ and denoted as 

Sa,b(x). Kneading sequence of fa,b is defined as Sa,b(1) and will be denoted 

by K(a, b). If there exists i ~ O such that fai,b(1) = O, then we regard that 

K(a, b) is a finite sequence, which is ended with C. 

In this section we will mention the monotonicity property of kneading 

sequence in the domain 

D = {(a,b) e D; a ~ 1} . 

Let us define the order for parameter pairs as follows, according to M. Mi-

siurewicz and E. Visinescu [MV9l]: 

(a, b) ~ (d, b/) <~ d ~ a, b/ ~ b, and at least one of these inequalities is strict. 

Kneading sequences are monotone increasing with respect to this order. 

Monotonicity Theorem (Theor~m A in [MV91]) For (d, bl), (a, b) in 
~ with (d, b/) ~ (a, b), it holds that K(d, b/) ~ K(a, b). ' 
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Figure 11: The domain D 
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This theorem is already proved in [MV9l] . M. Misiurewicz and E. Visi-

nescu showed the claim by using the estimation of topological entropy. But 

we shall reprove it by using only thier results for D* in [MV9l], and renor-

malization method, not via the topological entropy. For that purpose, we 

show Proposition 5, Proposition 6 and Proposition 7. 

3 . I Preliminaries 

In order to prove our Monotonicity Theorem, we summarize some defi-

nitions and facts for symbolic dynamical systems. 

e Finite symbolic sequence M is said to be even (resp. odd) if M has 

an even (resp. odd) number of symbol R. 

e Order between two itineraries is defined as follows: 

Set I = Ioll ' ' ' Inln+1 ' ' ', and ~L = JOJI . . . JnJn+1 ' ' 

Assume that lk ~ Jk for O ~ k ~ n, In+1 ~ Jn+1' 

- - { I ~: J <~ In+1 < Jn+1' if loll In rs even 

In+1 > Jn+1, if loll I rs odd 

where L < C < R. 

e Symbolic sequence M is said to be admissible if M is an infinite 

sequence of L and R, or if it is a finite sequence of L and R, ended 

with C. 
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●Symbo1ic　sequence巫is　said　to　be　m㏄づmα1if　it　isαdm乞88伽θand

　σゐ（巫）さ巫br　a11ん≧0，whereσis8ん桝mαρづ．e．

σ（巫）＝（〃1必…）fO・皿：（〃b〃1…）．

3．2　　★一product；

　According　to　P－Co11et　and　J．R　Eck㎜ann［CE85］，we　de丘ne・←〃oぬcム

　For　a　inite　sequence4of　R，工and　an　admissib1e　sequence旦，五★βis

de丘ned　as　fo11ows：

（1）Ifムiseηεπandβisin舳te亘＝8031…，

　　4★旦：4B04314B2…．

（2）IfAis・〃and旦isi舶nite旦＝Bo81…，

　　　ム★旦＝4B04B1ムB2…．

　（3）If　A　is　e〃eれand旦is£nite旦＝BoB1．．．■B冗＿10，

　　　ム★旦＝ムBo4B1…ムBπ＿140．

　（4）If　A　is　odd　a皿d　is旦is　inite旦＝」BoB1…　B肌＿10，

　　　ム★旦ニムBo∠B1…ムBπ＿140

　　　Here　we　de丘ne易asわ11ows

　　　　　　　　　　　　　后F／ガ；貴二2

Werem㎜kthat卜product　ho1ds　associative1aw：

　Ifム0，420and坦is　admissib1e　and一ム0＝ムユ★（ム20），thenit　is　proved．

that41★（42★旦）＝4★旦．Hence　the　sequence　R舳is　we11deined　such

that
　　　　　　　　　　　　　　　　　n　timeS

　　　　　　　　亙棚★β：児★（月★（…亙★（R★β））…）．

The　sequence亙o◎is　deined　to　be1im　R★冗．
　　　　　　　　　　　　　　　　　η。i→◎◎

Examp1e．
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　　　　　　R★1＝R，

　　　　　　R★2：肌R，

　　　　　　R★3＝肌朋肌R，

　　　　　　R★4＝RムRRR五RムRZRRR工R．

Rem箪k．Re1ated　to　R棚，si㎡I趾sequences　are　introduced　in［Dev89］．

　　　　　　　乃＝R，

　　　　　　　γ1＝R工，

　　　　　　　γ2＝R工RR，

　　　　　　　㌔十1＝㌔命，where命＝舌o…　机whenγπ＝亡o…机．

　Note　that　R棚is　equa1t〇七he　sequence　whose1ast　entry　is　removed丘om

㌔十1；

Proposition4　The1ength　of　R榊is　odd　for　aユ1れ。Moreover　R舳is　an
odd（τe8ρ．even）sequence　ifη。is　odd（陀8p．even）．

Pmo¢　For　the旋st　pa流of　the　proposition，we　can　show　that　the1ength

of　R榊is　oddわrηby　induction　ofη．For　the　second　pa流，we　sha11show

the　c1aim　by　induction　ofη一．

　（i）Whenれ＝1，R棚＝R　and　it　is　odd．

（ii）When几＝2，R★2＝肌R㎝d　it　is　even．

（iii）Forれ≦2ゐ，we　assume　the　c1aim　ho1ds．

　　　Recaユ1もha亡R★2ゐ十10＝R★（R★2た0）．

　　　Let　us　denote　R泌0＝8o…32ゴ0for　someゴ≧0since　the1en帥h　of

　　　R★2此is　odd．By　assumption，R★眺is　even　and　has　an　odd　n㎜nber　of

　　　工一It　fo11ows　that8o＿32ゴis　odd。．Recaユl　that

　　　　　　　　　　　　　R・（R★2k0）＝砥…鵬声0．

　　　And　this　sequence　is　odd．Hence　R★2此十1is　od．d．

（i・）L・・…h・・kth・・R↓・糾・i・・…．R・・創1th・tR・・た・・0二R・（R・・た・・0）．

　　　WecandenoteR★泌十10＝乃＿珊0forsomeづ≧0sincethe1ength
　　　ofR★眺十1isodd．By（iii），R★眺十1isodd㎝dhasanevenn㎜erof

　　　Z．It　fo11ows　tha七乃＿乃｛is　od．d．Reca11that

　　　　　　　　　　　　R・（R★2糾10）＝鵬…碗βα

　　　And　this　sequence　is　even．Hence　R★2ゐ十2is　even．
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By（i）～（iv），the　proof　is　done．　　　　　　　　　　　　　　　　　　　　　　　　　口

Proposition5　　Let4and旦be　symbo1ic　sequences　with4ト亘．Then
for　aユIη一≧1，i七ho1ds　that　R★冗★4ト1｛榊★旦。

1）ηoδ工　　Set∠1＝λ〇一41…　λ此＿1λ此…　，旦＝j30131…　j3κ＿1Bゐ…　．

　Letλゴ＝Bゴ，for0≦ゴ≦ん＿1andλた≠B此。

　（I）Ifれis　an　even　mmber，then　R★汎is…m　even　sequence．

　　　Ifλo…　λム＿1　：Bo…　Bk＿1is　even，then■4た　＞　Bムsince4ト旦．

　　　Recau　that

　　　　　　　　　　R柵★4＝R棚λ0…R★肌λト1R棚ん…．

　　　Then　it　is　easy　to　see　that　R切λo＿R柵λた＿1R棚λたis　even．Hence

　　　wehaveR★π★ムトR榊★亘．

　　　Ifλo．．。λk＿1　：．Bo．．．B此＿1is　odd，thenλた　＜　」Bムsince4ト　亘．

　　　Recaユ1that

　　　　　　　　　　R★れ★ム：R棚ん…R榊λト1R榊λ此…　．

　　　Therefore　R榊λo＿R榊λト1R湘λ此is　odd．And　we　have　that

　　　R榊★λト”π★B．

（II）Ifれis．an　odd　numberプthen　R畑is　an　odd　sequence．

　　　（a）Assume　tha志たisξm　even　number．

　　　　　　Ifλo．．．■4ム＿1＝Bo一．．13た＿1is　even，thenλた＞B此since4ト旦．

　　　　　　Moreover　we　have　thatん＿λム＿1：Bo＿Bト1is　even　and

　　　　　　thatんくBゐ．By　r㏄aユ1ing　that

　　　　　　　　　　　　R★π★4＝R★πλO…R★冗ん＿1R★冗ん…，

　　　　　　it　is　easy　to　see　that　R柵ん＿R榊λ此＿1R榊is　odd．Hence　we

　　　　　　have　that炉★λトR★π★B．

　　　　　　Ifλo．．．λ冶＿1＝Bo．．．」Bk＿1is　odd，thenλ此〈Bk　since4ト亘．

　　　　　　Moreover　we　have　thatλo．．．λト1＝Bo＿Bト1is　odd　and

　　　　　　thatん＞Bκ．By　r㏄aユ1ing　that

　　　　　　　　　　　　互★π★4＝R★冗λ0…R★πん＿1R棚ん…，
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　　it1is　easy　to　see　that

　　R舳ノ叱…R切λト1”れis　even．Hence　we　have　that

　　R柵★λト僻π★B．

（b）Assume　th就んis　an　odd　mmber．

　　Ifλo。．．λk＿1＝Bo．．．」B此＿1is　even，thenλk＞Bたsince4ト旦．

　　Moreover　we　ha；veん＿Aト1＝Bo＿Bト1is　odd　and　that
　　λム〈Bゐ．By　recaユ1ing　tha亡

　　　　　　　　R★冗★4：R畑｛…　R★冗λト1R棚λポ・・，

　　it　is　easy　to　see　that　R榊ん．一．R棚λ此＿1R★冗is　od．d．．Hence　we

　　have　that　R★冗★λトR切★B．

　　Ifλo…λト1＝Bo…Bゐ一1isodd，thenみ〈助since4ト旦．
　　Moreover　we　have　thatん…λム＿1＝Bo＿Bκ＿1is　even　and

　　thatλ此＞Bお．By　r㏄a］ユing　that

　　　　　　　　R舳★ム＝R榊ん…　R★れλム＿1R★冗λパ・・，

　　it　fo11ows　that

　　R舳ん…R榊λト1R棚is　odd．Hence　we　conc1ud．e　that

　　R柵★4ト〃π★旦．　　　　　　　　　　　　　ロー

3．3Monotonicity　in－0★

M．Misi皿ewicz　and　E．Visinescuprove（1
in　［MV91］that1（（α’，わ’）　＞　1（（α，6）for

（α1，61），　（α，6）∈■0★such　that（α1，わ’）ト

（α，6），where　D★is　de丘ned　by

D★＝｛（α，b）∈D；α十6〈α62，α＞1｝．

This　domain　D★is　character1ized　by　the

f・11・wing1・mm・．

Fac七3（Le㎜a2．1in［MVg1］）
（α，6）∈1）★⇔K（α，b）ト肌炉一

下

Figuエe12：The　shadowed
p航is　domain　of　D★．
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Using a parameter t e [O, 1] , set 

ft = fa't+a(1-t), b't+b(1-t)' 

First, the monotonicity of kneading sequence is shown as to parameter t. 

Fact 4 (Lemma 4.1 in [MV9l]) If O ~ v < a) ~ I then K(fv) < K(f(J), 

where K(ft) denotes kneading sequence of fv ' 

Fact 5 (Lemma 4.2 in [MV91]) K(ft) is not constant on [O, 1]. 

From the two lemmas above, monotone increasing property of kneading 

sequence is proved in D*. 

Fact 6 (Proposition 4.3 in [MV9l]) If (a, b) and (d,b/) are in D* with 

(a, b) ~( (d, bl), then it holds that K(a, b) ~( K(d, b/). 

3.4 Renormalization and lhproduct 

The aim of this section is to prove Monotonicity Theorem by using only 

renormalization method. For the details of renor7nalization and prime se-

quence, see the sequel paper [ITO] in this volume. 

Proposition 6 Let (a, b) be in D. The following three conditions are 

equivalent mutually! 

(i) (a, b) e Do. 

(ii) There exists a unique number m ~ I and a prime sequence ~ whose 

length is longer than 2 such that K(a, b) = R*m * ~. 

(iii) There exists some number m ~ I such that ~?m(a, b) e D*, where 
~'(a, b) = (b2 ab). 

Furthermore, there exist closed subintervals of la,b {Ii}i=0, ..., 2~ l 

such that their interiors are disjoint mutually, fa,bli = Ii+1 for O < 

e < 2m 2 and fa bl2-_1 = Io, 12~_1 ~ O, and fa2~lli - ffP~(a b) 
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Proof. Recall that Do = {(a, b) e D; ab > 1, a + b > ab } 

First, we will show that (i)~ (iii). 

Let (a b) e Do Set fPn(a b) (an'bn) and assume that ~n ~ = b~ 

b2n ~ 1 

for all n ~: 1. Fix any k ~~ l. By the definition of fP, we have that 
gk+p > (ak~k)(~k)P-1 for all p ~ l. If we take p -> oo, then we have that 

llHi~) bk+p = oo and nh-.+m.o bn = oo. If we take n -> oo on the assumption 

a* ~ ~~n-b~b_1 ' then we have that 

~~ _ b* I _~ O 

b~ 1 1-~~' 

This contradicts that d~ > I for n ~ 2. Hence, for each (a, b) e Do , there 

exists m ~ I such that ~2m(a, b) e D*. 

We remark that once we have fPm(a, b) e D*, (pm+1(a, b) does not belong 

to our domain D any longer. For the second part, it is clear by [ITN79] 

and [IN97b] . 

Second, we will show that (iii)~(i) . 

If (a, b) e D~ U D~, then it is proved that there is no subinterval where fa2~ 

is surjective, except for I*,b. 

If (a, b) e D~ for some k ~ 3, then we have that a+b < ab2 and that fP(a, b) 

is in {(a, b); a + b < ab}. Because the map ~' is proved to be surjective on 

this domain, it follows that fPm(a, b) ~ D* for any m ~: 1. 

Hence (a, b) is in D~ = Do. 

To see that (i)~ (ii), it is clear by virtue of Lemma 5.1, Lemma 5.2 in 

[MV9l]. Moreover, ~: is equal to K(~m(a, b)) with fPm(a, b) ~ D*. 

If we suppose that ~ is not prime, then we can show a contradiction 
because of Theorem 3 in [ITO] and of that fPm (a, b) e D* . 

Last, we will show that (ii)~ (i). 

If (a, b) e D~, then we have either K(a, b) = (RL)oo or K(a, b) = R*(RC). 

If (a, b) e D1' then we have K(a, b) = RLRRL . . ., or K(a, b) = RLRRC. 

If (a, b) e Dk for some k ~~ 3, then we have K(a, b) = RLL . . 

Hence the kneading sequence caunot be written in the form R * ~ for 
any m ~ 1. Therefore we have (a, b) e Do. 

We remark that the function fP is defined only on Do . C] 
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Proposition7　　Let（α，6），（α1，6’）∈D＼D★such　that（α，6）く（α’，び）．If

〆（α，6）∈1）★・nψ肌（α’，6’）∈1）★，th・nm≧η．

Pηooエ　Assume　thatη。＞m．Thenψm（α，6）is　in　D．But　it　cannot　be　in

－D★．Because　ofthat（α，b）く（α’，6’）and　ofthe　de丘nition　ofψ，we　have　that

ρm（α1，び）トψm（α，6）．S・tting

　　　　　　　　ρm（α’，6’）＝（α’，わ1）・ndゲ（α，6）＝（a，6），

　　　　　　　　　　　　　一　　　一　一　　　　　　　　6
we　have　the　mequa1itiesα1≧a，6’≧6ε㎜一d　that　a＞一　　　smceψm（α，6）
　　　　　　　　　　　　　　　　　　　　　　　　　　　わ2－1
iS　in　D★．

　On　the　other　hand，since8ト→由is　strict1y　decreasing，we　have

　　　　　　　　　　　　　　6　　　　び　　　一
　　　　　　　　　　　　一　　＞　　　　＞α1＞a
　　　　　　　　　　　　わ・一1♂2＿1　－

　Hence　this　is　a　contradiction．Therefore　we　conc1ude　thatη〈m．　　口

3．5ProofofMonotonicity　Theorem－

　Assume　that（α，6）く（α1，び）．

　（i）If　both（α，6）and（α1，び）be1ong　to　D★，then　the　proof　is　a1ready　given

　　　by　Fact6．

（ii）Assume　that　either（α，6）or（α’，び）be1ongs　to　D★．Then（α’，び）is　in

　　　D★because　（α，6）く（α’，び）．By　v此ue　of　Fact3，it　fo11ows　that

　　　　　　　　　　　　　K（α，6）さR朋∞くK（α’，61）．

　　　Wehavethat　K（α，6）くK（α’，6’）since　anorderrelation”く，，istotaユ．

（iii）Assumethat（α，6）and．（α1，6’）bothbe1ong．to　D＼D★．Thenby　Propぴ

　　　sition7，the辻kneading　sequences趾e　written　as，for　someれ≦m，

　　　　K（α，6）＝R舳・K（ρm（α，6））・ndK（α’，61）＝R舳・K（ψn（α，6））．

Ifm＝れ，then　we　have　thatψ肌（α，6）くψπ（α’，6’）since炉is　an　increas－

ing　fu－nction．Because　K（〆（α，6））くK（〆（α’，び））and。丘om　Proposi－

tion5，we　have　that　K（α，6）くK（α1，6’）．
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If n < m , then we have that fP"(a, b) ~ D* and (p~(d, bl) e D*. By 

virtue of Fact 3, it follows that 

K(fPn(a, b)) ~ RLR= ~( K(fPn(d, b')). 

By Proposition 5, we have that K(a, b) ~: K(d, b/). [] 

4 TOpologiCal EntrOpy Of fa,b 

J. Milnor and W. Thurston studied in the paper [MT88] that for piect~ 

wise monotone mapping, the kneading sequence determines its topological 

entropy. In this section, we will summarize some, well-known but impor-

tant results and give some correct for a statement in [MV92] . 

4.1 Topological entropy of fa,b for (a, b) e D 

In the paper [MV9l] , the following theorem is also proved as Theorem 

B, and as a result, strict monotoicity property for the topological entropy 

is obtained as well. ' 
Fact 7 (Theorem B in [MV91]) If (a, b) e D, then K(a, b) e JVf, 

where )vt denotes the set of kneading sequence of tent maps, that is, 

ax, for x < O fa,a a(1 - x) for x > o with I < a < 2 

Fact 8 (see for example [MW80] and [M89]) The entropy of fa,a is proved 

to equal to log a, namely it is monotone increasing for a. 

By taking the aboves and our Monotonicity Theorem into consideration, 

it is found that in D, the topological entropy is also strictly monotone 

increasing with respect to the order " :~" ( See Corollary in [MV9l] ) . 

We remark that the topological entropy of fa,b is equal to log pK(a,b) ('1) 

with /1 such that pK(a,b) (ke) = /1. This fact is implicitly shown by Fact 7 

and Theorem C in [MV91]. Theorem C is as follows. 

Fact 9 (Theorem C in [MV9l] ) For each M e jVt, there exists a number 

~f(M) and a continuous decreasing function ~M_ : (1, ry(M)] -> [1, oo) ( with 

one exeption M = RLOO when nf(M) = oo ) such that for (a, b) e D, 
K(a, b) = M if and only if a = ~M(b). The function nf is increasing. The 
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graphs　ofthe　hnctionsβ〃i11up　the　who1e　set　D．Moreover　the　fo11owing

are　shown：

1is　given　by

　　　　　　1im　・γ（坦）＝1，

　　　　　坦→児★o．

　　　　　　Itm　　7（巫）：oo，
　　　　〃→児工oo

1imβ〃（ろ）＝∞　if巫とR工R。。，

6＼1・

1imβ〃（6）＝7（1）　if巫ぺRLR。。，
凸＼1一

　　　　　　　巫＝R★1，

　β〃（7（巫））＝1　if皿≠R五◎◎，

1imβ〃（6）：十∞　if巫＝R工◎。．
ら＼1一

4．2　Topo1ogicaユEntropy　of∫。，6for（α，6）∈1フ＼D

　Let　us　denote　the　topo1ogicaユentropy　of∫、，b　byん（α，6）．

　According　to　J．C．Marcu㎜d一…㎜d　E．Visinescu，topo1ogica1entropy　of∫。，b

br（α，6）∈D＼1プis　studied　in［MV92］．But　we　c1aim　that　the　fo1lowing

resu1t，Coro11ary　in［MV92］is　ndt　true：

肋伽・伽州α，6）1…π・1απ老伽（硝UD看）∩（D＼う），伽た≧2．

｛・・p・・iti・n8Th・f…ti・・ん（α，6）i…t・…t・・ti・（硝UD会）∩（D＼

D），forた≧2．

PηooエWe　cムngivethefo11owin主co㎜terexamp1e．

Consid．er　the　case　ofた：2．Recaユ1that　Dダ∩（D＼j））＝｛（α，6）∈Do　andαく

1｝㎝一d　that，br（α，6）∈Do，∫。，b　is　renorma1izab1e　of1eve1，at1east，two．

By　renormaユization，name1y　by　mapψ，the　p趾ameter　domain｛（α，b）∈

Do　a皿dα〈1｝is　mapped　into　a　subdomain　of　D，

　　　　　　　　　　｛（α，6）∈う；α：1，α：わ2，α十6＝α6｝．

See　aユso　Fig．13and　Fig．14．

　工f（α，6）is　in工）o，then　it　is　easi1y　proved　that2ん（α，6）＝ん（ρ（α，6））．
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士

七

Fig㎜e13：The　shadowed　pa抗
is　the　domain　Dタ∩（D＼D）

（O．4≦α≦1）．

Figure14：In　this丘gure，the

shadowed　pa一前　corresponds
the　d－omain　where（1）ダ∩D．＼

D）is　mapped　by　mapρis　d．e－

picted．

　Consequent1y，七he　entropy　is　not　constant　in　the　domain

　　　　　　　　　　　　　　　｛（α，6）∈Do；α＜！｝．

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　口
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