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CRITICAL ITINERARIES OF MAPS WITH CONSTANT SLOPE
AND ONE DISCONTINUITY

MICHAEL BARNSLEY, WOLFGANG STEINER, AND ANDREW VINCE

ABSTRACT. For a function from the unit interval to itself with constant slope
and one discontinuity, the itineraries of the point of discontinuity are called
the critical itineraries. These critical itineraries play a significant role in the
study of S-expansions (with positive or negative ) and fractal transformations.
A combinatorial characterization of the critical itineraries of such functions is
provided.

1. INTRODUCTION

The dynamics of a function from the unit interval to itself is a topic with a long
history. While most results concern continuous functions, this paper deals with the
dynamics of the archetypal families of discontinuous dynamical systems illustrated
in Figure [l These discontinuous functions with constant slope, formally defined
below, are often chosen as canonical representatives of conjugacy classes of Lorenz
maps [7, 9, [16]. The Lorenz maps serve as models for Poincaré return maps for
Lorenz flows [19] and play a central role in recent work in fractal geometry [T} [3].

Continuous non-differentiable transformations, used in digital imaging and 3D
printing applications, can be constructed using conjugate pairs of such discontinu-
ous systems [2]. Parameterized families of such discontinuous systems, and others
that are conjugate or semiconjugate to them, occur in models for a large class of en-
gineering applications such as circuits, electronics, control systems, and phenomena
such as earthquakes; see [I1], 14} 24] and references therein.

The dynamics of S-transformations — functions of the type depicted in Figure
restricted to the inner square — are integral to the study of the representation of
the real numbers using non-integer bases. For positive 3, there is a large literature
on this subject beginning with the pioneering work of Rényi and Parry [23] 21].
Generalizations such as linear mod one functions — depicted in the left and middle
panels of Figure [[l — have also been studied extensively; see for example [10, [6].
The study of negative S-transformations, which were often neglected, gained a new
momentum with the paper [I3] by Ito and Sadahiro. Many arguments for positive
slopes easily adapt to negative ones, but some properties of the positive case are
not true for the negative slopes, see e.g. [17] and Example B in Section [3

It is well known that the behavior of such discontinuous dynamical systems is
mediated by the critical itineraries, namely certain symbolic orbits that are defined
below. A similar situation occurs for the dynamics of continuous systems, for which
the canonical representative is the family of logistic maps L, : [0,1] — [0, 1], where
L,(z) = azx(1 — z), a € (0,4]; see for example [4]. In this case, conditions under
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2 M. BARNSLEY, W. STEINER, AND A. VINCE

which a given continuous system is conjugate to a logistic map are well understood
in terms of a symbolic orbit of the critical point, = 0.5. This symbolic orbit (which
is analogous to but not the same as the critical itineraries in the present work) have
been fully characterized [20]. The present paper provides an analogous, succinct,
complete characterization of the critical itineraries of the discontinuous systems
illustrated in Figure 1. While related results are present in the literature, many
discussed in Section [6] the present characterization appears new; in particular, the
case of negative slopes has not been treated elsewhere.

FiGURE 1. Maps with constant slope and one discontinuity.

In the left and middle images in Figure [l the restriction to the dotted square is
(after proper renormalization) of the form Sz + « mod 1 with |8| > 1. This is true
in general when § > 1. For § < —1, however, the right image in Figure [ gives
an example where the situation is different, hence the class of functions that we
consider is larger than that of the maps Sz + « mod 1 with one discontinuity.

It is convenient to consider generalized [-transformations of the form

Bx if x <p,
fap: R=R, z—= < pzorpflx—1) ifx=p,
Bz —1) it x > p,

with 8,p € R, and |3| > 1. More precisely, we define two functions fz ,+ by

fo.0,~(0) = Bps fo.0.4(p) = Blo = 1), fp.p,- (@) = fp.p.4(2) = fp,p(x) for z # p.
For the trajectories f7 , 4 (p) of the discontinuity to be bounded, we need that

1 BE+B-1 1
1.1 ,1<p< —— -1, =—F —<p<
(1.1) Brllspsg— o Sl == <p< gy

(which implies that |8| < 2). For these parameters, we have

2 2
fﬂ,p([()v%b = [07%} and fﬂxp([ﬁﬁlv 52571]) = [525717 ﬁgfl}
when 8 > 1 and 8 < —1, respectively. The restriction of fg, to the respective
interval has the form of a map in Figure [l Moreover, every expanding map from
the unit interval to itself with constant slope and one discontinuity is conjugate to
the restriction to some interval of some function fs, — or fgp +.
The trajectories of points in R by fg, + can be coded by elements of

Q=A{0,1}%,
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which denotes the set of infinite words (or sequences) ¢ = cgciea - - - on the alphabet
{0,1}. For x € R, the two itineraries of x are

0 if f7 (x)<p,
Tﬂ,p,—(‘r) = cpC1 " Wlth Cn = { . f,@,p,—( ) — p
Lt fg, —(2) > p,
0 if f2 z) <p,
TB7P7+(‘T) = cpC1 " Wlth Cn = { . fﬂ,p,-ﬁ-( ) p
LS 2

The two itineraries of the point of discontinuity p play a special role. Call 7_ :=
78,p,—(p) and 74 := 75, 4+ (p) the critical itineraries of fg,. The pair (7_;74) is
also referred to as the kneading invariant of fg ,. For § > 1, the critical itineraries
are equal to the limit itineraries limg4p 73 p + () and limg ), 75, + (z). For f < —1,
this relation is not necessarily true, see Observation [Ilin Section

The main result in this paper is a combinatorial characterization of the critical
itineraries of a function fg,. The possible pairs (7_;74) are exactly those which
are lex-admissible or alt-admissible, as defined in Section 2l As a corollary to the
main result, we get a characterization of the critical itineraries of Sx + o mod 1
(when this map has only one discontinuity).

For the particular case p = 1, 1 < 8 < 2, the critical itineraries were already
described in [21]. Indeed, we have 8 T3(z) = f3.1,+(8z) for all z € [0,1), where T;
is the greedy [-transformation, defined by Tg(x) := Sz — | Bz]; see also Figure
Here, since 75,1,+(1) = 1000 - - -, it is sufficient to study 75,1,-(1) = 075,1,—(0).

T
!
!
|
|
|
|
1
|
|
|
|
!
!
|
|
|

FIGURE 2. Greedy S-transformation and Ito-Sadahiro’s (—/3)-transformation.

Forp = ﬁ, -2 < < —1,wehave 8Tp(x) = fap +(8x) forallz € [%, =),

where T} is the S-transformation defined in [13] by Ts(z) := Sz — | Sz — % (for
negative 3). The critical itineraries of these maps were characterized in [27]. Here,

we have 73— (p) = 00755, (8°p) and 7. 1 (p) = 175,,+(6°p).

2. ADMISSIBLE PAIRS OF WORDS

The lexicographic order on {2 is the total order defined by a < bif a # b
and a, < b, where n is the least index such that a, # b,. The alternating
lexicographic order on {2 is the total order defined by a < b if a # b and
(=1)" (an—by) < 0, where n is the least index such that a,, # b, (with a = aga; - - -,
b = boby - --). We use the notation

(a,b):={ceN: a<c<b}
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for the open interval with respect to the specified order (lexicographic or alternating
lexicographic); likewise for the closed and half open intervals.

Let S denote the shift operator on , i.e., S(cocica--+) = cieacs---. For a set
X CQ,let

Q¥ :={ceQ: S(c) ¢ X for all n > 0}.

Note that QX is shift invariant in the sense that S(Q%) = QX.
For A C Q, let

Ay, == {u € {0,1}": uc € A for some c € Q}

be the set of length n prefixes of words in A, and let |A,| denote the cardinality
of A,,. The exponential growth rate g(A) of A C Q is given by

g(A) = lim Y/|A,l,

n—oo

if the limit exits. In particular, the limit exists for A = Q@P) (see e.g. [18]), and
h(Q(a’b) = logg(Q(a’b))

is the topological entropy of Q(®P) considered as a symbolic dynamical system with
the shift map S operating on it (and © equipped with the product topology of the
discrete toplogy).

Let A := {0,1}. The set of finite words over A is denoted by A* = J,~, A™.
The length of a word u € A* is denoted by |ul, i.e., [u| = n if u € A™. The Kleene
star B* = |J,,~, B" is also used for sets of words B C A*; it denotes the set of finite
concatenations of elements from B. The set of infinite concatenations of elements
from B is denoted by B“. For u € A* with |u| > 1, the only element of {u}* is
the periodic infinite word @ := uuu--- € Q.

Definition 1. Call a pair of words (a;b) with a € 0Q, b € 1, lex-admissible
if the properties ([I)-(B]) below hold for the lexicographic order, alt-admissible if
(@D—@) hold for the alternating lexicographic order.

(1) S™(a) ¢ (a,b] and S™(b) ¢ [a,b) for all n > 0, i.e., a € Q@Pl b c QP

(2) g(Q=P) > 1,

(3) if a,b € {u,v}* for some finite words u € 0{0,1}*, v € 1{0,1}*, with
€ QY v e QY and ¢g(Q®Y)) = g(Q@P)), then a=dand b = V.

Example 1 (Pairs with zero exponential growth rate). It is not hard to find ex-
amples of a,b € Q satisfying condition () but g(Q(avb)) = 1. There are trivial
examples such as a = 0 with arbitrary b satisfying (D), and this is also the case
when a, b are the critical itineraries of the function x + o mod 1 with irrational .

We define the value of a sequence ¢ = cgcica - -+ €  in base 8 by
00 Cn
(C)p =) ==
n=0 ﬂ

3. MAIN RESULTS

Our main result is the following theorem, which is proved in Section 4
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Theorem 1. Two words a,b € Q) are the critical itineraries of fg p for some 8 > 1,
1<p< ﬁ, if and only if the pair (a;b) is lex-admissible.
Two words a,b € ) are the critical itineraries of fg, for some B < —1,

5;611 <p< 52171, if and only if the pair (a;b) is alt-admissible.

In either case, we have |B] = g(Q®P)), p = (a)s = (b)s, and (a), # (b), for
all v € R with sgn(y) = sgn(B) and || > |B].

The following theorem, which is proved in Section Bl shows that the conditions
for 8 > 1 can be simplified. In fact, the equality g(Q™Y)) = g(Q®P)) in @) is
automatically satisfied for the lexicographic order (except for = 0 or v = 1, where
9(25) = 1),

Theorem 2. A pair of words (a;b) witha € 0Q, b € 1Q, is lex-admissible if and
only if properties {d) and (3) of Definition [l and property (31) below hold for the
lexicographic order.

(3’) If a,b € {u,v}¥ for some finite words u € 01{0,1}*, v € 10{0, 1}*, with
e QY gnd v e QY thena=4 and b=v.

The following corollary of Theorem [l characterizes the critical itineraries of
Bx + a mod 1, i.e., the itineraries of the discontinuity point of the maps

T30+ :[0,1) = [0,1), x— Br+a—|Bz+al,
T8,0,—:(0,1] = (0,1], x+— fr+a—[Bz+a]+1,

with 8 >1,0<a<2—-0,or < —1,—F—1< a < 1. For these parameters, both
maps 135,q,— and T3 4+ have a unique discontinuity point, which is at (1—«)/8
when 8 > 1 and at —a/3 when 8 < —1. We define the itinerary of z € [0,1)
under Tg q,+ as coc1 -+ € Q with ¢, = sgn(B) [BT},, ,(v) + f, and the itinerary
of z € (0,1] under T q,— as cocr - -+ € Q with ¢, = sgn(B) ([BTF,, _(x) +a] = 1).

Corollary 1. Two words a,b € § are the critical itineraries of fx + o mod 1 for
some f>1,0<a<2-—0, if and only if the pair (a;b) is lex-admissible. In this
case, we have B = g(QU®P)) and a = ((a)g — 1) (B —1) = ((b)s — 1) (8 — 1).

Two words a, b € Q are the critical itineraries of fx+«a mod 1 for some 8 < —1,
—B—1 < a < 1, if and only if the pair (a;b) is alt-admissible, S*(a) < S(b),
and S*(b) > S(a) (in the alternating lezicographic order). In this case, we have
B=—g(Q=P) and a = (a)s (1 - B) = (b)s (1 = B).

As mentioned in the Introduction, what we call critical itineraries are not nec-
essarily the limit itineraries from the left and right to p, when 8 is negative. The
relation between these two notions is described by the following observation.

Observation 1. Let f < —1, ﬁ;ﬁle <p< ﬁ If a := 75, _(p) is periodic

with odd period length, let u be its primitive period. If b := 715, (p) is periodic
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with odd period length, let v be its primitive period. Then

a if a is not periodic with odd period length,

li}rll T8,p(x) = ¢ ub if a is periodic with odd period length, but b is not,
xr
g uv if a and b are periodic with odd period length,

b if b is not periodic with odd period length,

lim7g ,(x) = ¢ va if b is periodic with odd period length, but a is not,

i va if a and b are periodic with odd period length.
Remark 1. For the greedy S-transformation, we have the following: The pairs of
critical itineraries of fz1, 1 < 8 < 2, are exactly the pairs (0Oc;10) with ¢ € 1Q
and 10 # S™(c) < S(c) for all n > 1 (w.r.t. the lexicographic order); cf. [21].

For the cases corresponding to Ito-Sadahiro’s (—f)-transformations, we obtain
the following characterization from [27]. Let d = 100111001001001110011--- € Q
be the word starting with ¢™(1) for all n > 0, where ¢ denotes the morphism on
{0,1}* defined by (1) = 100, ¢(0) = 1. Then the critical itineraries of fz1,(1—p),
—2 < 8 < —1, are exactly the pairs (00c; 1c) with ¢ € 1Q such that S™(c) < ¢ for
alln > 1, ¢ > d, and ¢ ¢ {u00,ul}* for all u € {0,1}* with ul > d, and the pairs
(00w; Iw) with w € 1{0,1}* such that S"(wl) < wl for all n > 1, wl > d, and
wl ¢ {u00,ul}* for all u € {0,1}*\ {w} with ul > d, where the inequalities refer
to the alternating lexicographic order.

It should be mentioned that f_5 /3 4 is not conjugate to the map 7" from [13]
27] because f_31/34(4/3) = —2/3 #4/3 = —2T_5(—2/3). The critical itineraries
of f_o1/3 are (0010; 0010), which is a pair satisfying the conditions above. However,
the word 10 does not satisfy condition (1.8) in [27] because 10 € {2,10}~.

Note also that the inequality ¢ > d implies that g(Q(°0¢1¢)) > 1. Moreover, it

00w Tw))

is not necessary to verify the equation g(Q(OOC’lc)) = g(Q( here.

Example 2 (Primality Tester). The pair
a=0110101000101---
b=1000---,

where a, = 1 if and only if n + 1 is prime is lex-admissible. It is easy to check
conditions () and (@) of Definition [l Concerning condition (@), we have Q®P) 5
QOL10) and thus g(Q@P) > ¢(QOL)) = (/5 4 1)/2. Therefore, a and b are
the critical itineraries of fg 1, where 8 =~ 1.79, as stated in Theorem [Il By the
definition of the critical itineraries, the natural number n is prime if and only if
fg;lJr (p) > p. In other words, to test whether n + 1 is prime, we apply the n'”
iterate of f3,1,4 to the point of discontinuity 1. If this iterate lies to the right of p,
then n is prime; otherwise, it is composite. Two comments are in order. First,
this result has little to do with number theory. Second, the method is numerically
problematic because (3, being an irrational number, can be estimated to at most
finitely many places.

Example 3 (Words a,b € {u, v} with g(Q®P)) > ¢(Q®¥)) > 1 for the alternat-
ing lexicographic order). The following example illustrates that (a)s = (b)g does

not necessarily have a unique solution and that it might be difficult to avoid the
condition g(Q@¥)) = g(Q@P)) in property (@) of Definition [ for negative 3. Let

u = 001100000, v =110, a=uuv, b=vva
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By Lemma [Bl below, we can calculate
g(QEP)) = = > —y = g(Q™Y),

with 8 ~ —1.135888346 satisfying 8° = —3% — 1, and v ~ —1.123732821 satisfying
7% =~* —~42 4+ v — 1. Note that 1/v is a root of the power series K (z) defined by
a and b in Lemma [3 but the largest negative root is 1/3. Setting

7ﬂg+ﬁ5+ﬂ4—ﬂ2—1
= B2 1

3 2
= (@), = (¥), = (a), = (b), = 77 “L_”g ~ 0.064590878,

~ 0.070528093,

we have

8p-P) =2, Tap+(P) =b, Tyg-(¢) =T, Ty4+(@) =V

According to Corollary[Il a and b are the critical itineraries of Sz +p(1— ) mod 1,
while @ and ¥ are the critical itineraries of vz 4+ ¢(1 — ) mod 1.

In this example, we have g(Q®P)) = g(|J>”, S"{u,v}*) > g(Q®¥)) > 1. Such
a situation cannot occur for positive 3, where g(|Jo”, S™{u,v}¥) < g(QE&V)
always holds for u,v as in (31); see the proof of Lemma [§

4. ADMISSIBLE PAIR = CRITICAL ITINERARIES

4.1. Address space. The description of the address space of fz , is fairly standard
for positive 3, see e.g. [15, Theorem 2.5] or [3, Theorem 5.1]. We include its proof
for completeness and to prepare the slightly more complicated case of negative (.

Lemma 1. Let § > 1,1 <p< ﬁ, a:=71g,_(p), and b := 73, +(p). Then the
address spaces of fg p .+ are

7.0 (R) = 75,5, ([0,527]) = Q@ and 75, + (R) = 75,5, 1 ([0, 525]) = Q=P

with the lezicographic order on Q. In particular, we have a € Q@P! gnd b € Qla-P),

Moreover, we have g(Q(a’b)) = p.
Pi"oof. Let x € [O, %], a.nd recall that f37p([0, %]) = [O, %] forg>1,1<p<
71 1 78,5~ (2) agrees with a or b on the first n letters, then f3  _(z)—f5, +(p) =
B"(z — p). Therefore, since fj (z) is bounded, x < p implies that fZ  _(z) <p <
f5 p—(p) for some n > 1, and p < x implies that f5 (p) <p < f5,, _(x) for some
n > 1, hence 75, —(z) < aif z < p and 73, () > b if > p. This gives that
S (1p,p,— () = 78,p,—(f§,_(2)) ¢ (a,b] for all n > 0, i.e., 75— (z) € Q@bl - Ag
Ta,p,—(x) =0 =75, _(0) for all z < 0, and 75, () =1 = T,@)p)_(%) for all
x> %, we obtain that 75, —(R) = 75, ([0, %D C @bl

To show the opposite inclusion, let ¢ = cocy - - - € Q@PL If ¢q = 1, then let k; be
the length of the maximal common prefix of ¢ and b. Since ¢ > b, we have ¢, =1
and fg)lp) +(p) < p. Recursively, let k1 > 1 be the length of the maximal common
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prefix of ¢s, ¢s, 41+ and b, with s,, = k1 + -+ + k,. Then

k
o lesesivr)g = fgl o (0) o fesiCsitn)s—p
<C>:8 b= ﬂsl ﬂsl

Y%

> <CS”CS"+1”'>B _f§2,+(p) <Csncsn+1"'>6 - P
= >
ﬁsn ﬂsn
for all n > 1. Since the latter quantity tends to 0 as n — oo, we have (c)g > p.
Similarly, we obtain that (c)g < p when ¢y = O Therefore, we have 75, _({c)g) = ¢
for all ¢ € Q@Pl hence Q@P! C 74, ([ 1)
{0 ) =00

By symmetry, we also get that 73, + =
It is well known that g(T37p7_([ ])) = (T37p7 ([o, %D), see for
example [25] Proposition 3.7]. Finally,
Q(a,b) _ Q(a,b] U Q[a,b)
gives that g(Q®P)) = g(Q@Pl) = g(QP)) = 3. 0

The address space for negative 8 can be compared to [5, Theorem 10]; see also
[13, Theorem 10] for the case p =1/(8 — 1).

Lemma 2. Let § < —1, £H22 <p < oo Ifa =15, _(p) is periodic with odd
period length, let u be its primitive period. If b := 15,1 (p) is periodic with odd

period length, let v be its primitive period. Then the address space of fgp, — is

Q(ab] if b is not periodic with odd period length,
Q@PI\ {0 1}* va if b is periodic with odd period length, but a is not,
Q@PI\ L0 1} {va,va} ifa andb are periodic with odd period length,

and the address space of fap,+ 15

Qla:p) if a is not periodic with odd period length,
QaP)\ {0,1}* ub if a is periodic with odd period length, but b is not,
QP 10,1} {uv,av} ifa and b are periodic with odd period length,

with the alternating lexicographic order on Q. In particular, we have a € Q@P! and
b € Q&P) . Moreover, we have g(Q(a*b)) = —4.

2 2 2
Proof. Let x € [/326—1’ BE_J, and recall that fﬁﬁp([ﬁf—lv ﬂg_l]) = [/32'8—1’ 626—1] for
2 _ .
B< =1, 3L <p < g Since f5, (€)= f4,+(p) = B"(x—p) when 75, ()
agrees with a or b on the first n letters, < p implies that fg)p)_(x) <p<f§,_(»
for some even n > 1 or f3, (p) < p < f§, _(x) for some odd n > 1, hence
78,p,—(x) < a. Similarly, we have 75, _(z) > bifz > p. ThlS gives that 75, _(z) €

QP As 75, (2) = 01 = 73, (5o) for all @ < 5, and 75, (z) = 10 =

T,@)p)_(m) for all z > %, we obtain that 75, _(R) = T,@)p)_([%, ﬂf—il]) -
Q@Pl i particular, a € Q@Pl and, by symmetry, b € QP) If b is periodic with
odd period length, then (va)s = p, but va # a = fg, —(p), hence va does not
occur in the address space of fz, —. If both a and b are periodic with odd period

length, then we can also exclude v because (va)g = p.
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Now, let ¢ = coey --- € Q@PL Q@PI\ 10 1}*va, and Q@PI\ {0,1}* {va,va},
respectively. If ¢o = 1, then let k; be the length of the maximal common prefix of
c and b. If k; is even, then ¢;, =1 and fg}p7+(p) < p. If ky is odd, then ¢, =0
and p < fﬁ .+ (p). Recursively, let s, = k1 +---+ky and kp41 > 1 be the length of
the maximal common prefix of cs cs,41--- and b, if s, is even, the length of the
maximal common prefix of ¢5, cs, +1--- and a, if s, is odd and ¢s, ¢s, +1--- # a. If
Cs,Cs,+1- - Faalln>1, then

s1Cs1 o f s1Csy —
<C>5—p:<c Cs1+1 ﬁ>51 B,p,+ ()Z<C ¢ +;Sl >5 p_...

- (ConContr = )g = 50 (D) _ (capCorir)g—D
- ﬁsn ﬁS"

for all n > 2. Here, f[?f;,,i(p) stands for f§;7+(p) if s,,_1 is even and for f§;7+(p)
if s,,—1 is odd. Since the latter quantity tends to 0 as n — oo, we have (c)g > p.
This inequality clearly also holds if ¢s, cs, 41+ = a for some n > 1. It remains
to show that the inequality is strict, i.e., fg:;)i(p) # p for some n > 1. If b is
not periodic with odd period length, then this holds for n = 1. Assume that b
is periodic with primitive period v of odd length. Then ¢ cannot start with vv
because this would imply ¢ = ¥V and thus ¢ ¢ @bl Therefore, the only possibility
for f6p+( ) = p is that k3 = |v| (and that ¢;, = 0). Since we have excluded
that ¢ = va, we have cg,cp,+1--- < a. If a is not periodic with odd period
length, we have thus fg?p)_(p) # p. In the remaining case of a with primitive
period u of odd length, ck,ck,+1--- cannot start with uu, because this would
imply that cg,cg,4+1--- = a. Thus the only possibility for fg?pﬁ(p) = p is that
ks = |u|. Repeating this argument and since ¢ # vu, we obtain that (c)z > p.
Since {(c)s < p when ¢y = 0, we get that 75, _({c)g) = c for all c € Q@b

Q@b 10, 1}* va, and Q@ P! \{O 1}*{vu, vu} respectively, thus this set is equal to
T8,p,—(R) = 75p,— ([ﬁ2 T 525 -]). By symmetry, 75, 4+ (R) = 75,5+ ([ﬁ2 T 52521])
is QP) QRP)\ f0 1}*ub, and QP)\ {0,1}* {uv, av}, respectively

We haveg(Tﬂ)p)_([%, ﬁg—il})) = |B| = g(T67p7+([ﬁ2 17 B2— 1])) by [25 Propo-
sition 3.7]. The exponential growth rate of Q@®Pl is the same as that of Q@Pl\
{0,1}*va and Q@®PI\ {0,1}* {v@,va}, and a symmetric relation holds for Q[aP),
Together with Q@P) = Q@bl yQlaPb) this concludes the proof of the lemma. O

Y

4.2. Kneading invariant. The idea for the following lemma goes back to [20];
see also [8, [6]. Contrary to the cited papers, we work directly with the symbolic
space and do not require it to be the address space of some map. The main novelty,
however, is the treatment of the alternating case.

Lemma 3. Leta=aga;---, b="boby--- € Q, withap =0, by =1, a,b € Q@P),
and g(Q(a’b)) > 1, for the lexicographic or alternating lexicographic order on Q). Set

o0

K(z):= Z(b" —ap) 2" = (b)1/. — (a)1/..

n=0

In case of the lexicographic order, 1/g (Q(a’b)) is the smallest positive root of K(z).
In the alternating case, —l/g(Q(a’b)) is the largest negative root of K(z).
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Proof. Define the formal power series
L(z) := i |Ln| 2", with Ly :={ue€{0,1}": uce Q@P) for some ¢ € Q},
n=0
and
Q(z) == i 1Q;127, with Q,:={u€{0,1}": uac Q@) and ub € Q(a’b)}.
n=0
We will prove that, for every n > 0,

(4.1) 1+Z|Qj| = |Ln+1]

§=0
for both lexicographic and alternating lexicographic order, as well as

n

(42) Y (ba-j—an-y)|Qil =1 and Y (=1) (baj —an—;) Qs = (=1)"
Jj=0 j=0

for the lexicographic and alternating lexicographic order, respectively. By simple

formal power series calculations and since |Lg| = 1 because Lg contains only the

empty word, we obtain from (1] that

N (1+Q(2) = % (L(z) — 1),

1—-=2
ie, L(z) — & = Q(2) z/(1 — 2). From [2), we get that
1 1
K(:)QE) =1 and K()Q(-2)= 11—,

respectively, with the second equation being equivalent to K (—z) Q(z) = ﬁ Then

(43) K(2) (L(z) - ) = o

—Z

in case of the lexicographic order, and

(4.4) K(=2) <L(Z) - ) g _Zz)z

1—=2

in the alternating case. Since the radius of convergence of L(z) is 1/g (Q(a*b)) and
L(z) has a singularity at 1/g(Q(®P)), the smallest positive root of K (z) and K (—z),
respectively, is 1/g (Q(a*b)). It remains to prove ([@1]) and [@2).

Consider first the lexicographic order, and order the elements of L, lexico-
graphically, from u® = 00---0 to ullf»+1) = 11...1. For 1 < k < |Lp41], let
uk) = u(()k)ugk) . ~u51k) and

(k)

k) . uék)ugk) g boby - - - bn—j,

v
where j is the minimal integer in [0, n] such that

(45) ugk)ugli)l e uslk) = apay - an_j'

(Such an integer exists because u®) # 11---1 and u®c € Q@P) for some c € Q.)
We claim that uék)ugk) = ugk_)l € @;. Since a,b € Q(P) we have to show that

ugk)ug_]f_)l . ugk_)l a¢ (a,b) and ugk)ug_]f_)l . ugk_)l b ¢ (a,b)
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for all 0 < i < j. If ul® =1, then @3) and u®c € Q@P) imply that

u P b > P a > Wl w® e > .

Assume now that uz(-k) = 0. Thenu®¢ e Qab) gives that ugk) - ~u§lk) <ag-- Q.

We have ul(-k) - ugk,)l a < ugk) e ugk,)l b < aif ul(-k) - ugkjl < ag---aj_j—1, and

uz(-k) . ~u§lk) =ag---Qj—i—1 0 - - Gn—; Otherwise, by (LI0)). In the latter case, aj_; =
0 implies that ugk) X u%’“) > ag---an—q, contradicting the minimality of j. Hence
we must have a;_; = 1 in this case, thus

(k) (k) k) ..k

u; e u s a <y u; 2y b <a
This proves that u(()k) - ugk_)l € Q;, thus
(46) Lyt = {111}U U {uo---uj_lao---an_j DUQ U 1 er}.
j=0

(The inclusion “D” is a direct consequence of the definition of @; and Ly41.)
Suppose that U Uj—100 " An—j = U " Uj—1 G0 An—j with Ug - Uj—1 € Qi,
U uj—1 € @4, 0 <4 < j <n. Then we have ap - aj—i—1 = u; -~ uj—1 € Qj—i,
thus ap - --a;—;—1 b < a, contradicting that a;_; = ag. Therefore, the union in (£.6)
is disjoint, which gives (1] for the lexicographic order.

For 1 <k < |Lp41|, we have v(®) e L, 41 since u((Jk) . ugkjl € ;. As there can
be no element of L, between u®) and v(¥), we obtain that u**+1 = v(*¥) thus

n [Lny1|—1
Y lbag—an—3) Q1= D (Y —ul) = ulfrel —ufD) =1,
j=0 k=1

i.e., the left equation in ([@2]) holds for the lexicographic order.

Consider now the alternating lexicographic order, and order the elements of L, 1
with respect to this order, from u®¥ = 01---0 to ullf»+10) = 10..-1 if n is even,

from u® = 01---01 to ull#»+1) = 10--.10 if n is odd. For 1 < k < |L,41], let j

be the minimal integer in [0, n] such that ugk) e uslk) =ap---an—j and j is even,

or ug-k) ceul =g bn—j and j is odd, with u®) = u((Jk) el (

k)

Such an integer

exists because u®) is not the maximal element of Lyy1.) Set

vk .= uék) e uyi)l bo---bp—; and vk .= u((Jk) .- ug@l ag - On_j

when j is even and odd, respectively.

We claim again that uék) X ugk_)l € ;. Assume w.l.o.g. that j is even, the case

of odd j being symmetric. Let 0 < ¢ < j. If ¢ is even, then we obtain as above that
ul(-k) ~-~u§-li)1b > ugk) ~-~u§-k)1a > ul® ugﬂ) c>b if u®) = 1,

A A

ugk)---ugli)la<ul(-k)---u§-li)1b§a ifugk)zo.
If i is odd and u{* = 0, then
u® b < u® ) <P e <a,

Assume now that 7 is odd and uz(-k) = 1. Then u®¢ € Q&Pp) gives that uz(-k) cee ugﬁ)

bo-+bp_i. Ifuz(-k) . ugk_)l =bg---bj_i—1,le., ulh .. 'ugzk) =bo---bj_i—1a0" - an_j,

%

>
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then b;_; = 0 implies that uz(-k) .- ~u§lk) < bg---by—;, contradicting the minimality
of j. Hence we must have b;_; =1 in this case, thus

This proves that ugk) X ugk,)l € Qj, thus

[n/2]
(4'7) Lpyr = {u(\Ln+1|)} U U {UO U1 a0 Gp_2j t Ug - Ugj—1 € sz}
=0

[(n—1)/2]
U U {uo--ugjbo- bp_gj—1: ug--uz; € Qaj41}.
j=0

Similarly to the lexicographic case, it is not possible that wug - - u2;—1 ag - ap—2; =
Ug - U25—1 A0 "+ * Ap—25 with ug -+ - u2-1 € Q24, uo - TrU25—1 € Q2j7 0<2i<2j<
n. If wo---ugi—1a0---an_2 = ug-- s U2j bo - - - bn72j71 with ug - u2i—1 € Qa,
Ug - uz; € Qojiy1, 0 < 20 < 25 < m, then ag---agj_2; = ug;i---u2; € Q2j—2:41,
thus ag - - - ag;j—2; a < a, contradicting that asj_2;4+1 = by. Other cases of non-empty
intersections of two sets on the right hand side of [ are excluded symmetrically,
thus ([@I]) holds for the alternating lexicographic order too.
As in the lexicographic case, we have u*+1) = v(®) for 1 <k < |L, 41|, thus

[Lny1|—1

(=1 (baj = an-) Q51 = D (™) —ul) = ulffroil —uf = (-1)",
=0 k=1

J

i.e., the right equation in (£2) holds for the alternating lexicographic order. O

4.3. Monotonicity of (-)g.

Lemma 4. For every > 2, (-)g and (-)_g are strictly increasing functions on €,
for the lexicographic and alternating lexicographic order, respectively.

Proof. Let 8 > 2, and ¢,d € Q with ¢ < d (for the lexicographic or alternating
lexicographic order). By removing the maximum initial portion of the strings where
c and d are equal, and exchanging the role of ¢ and d if the length of this portion
is odd in the alternating case, we may assume w.l.o.g. that c starts with 0 and d
starts with 1. Then we have

_ 1 —
(c)p < (01)5 = 1% 1=(10)s < (d)s
in the lexicographic case, and
_ 1 p2—p—1 —
g <(001)_p5 = =(110)_5 < (d)-
(€)—p < (001)_p 7 1< o1 (110)—p < (d)-p
in the alternating case. This proves the lemma. O

Lemma 5. Leta € 0Q, b € 1Q, with a,b € Q&P and g(Q™P)) > 1, where Q is
equipped with the lexicographic or the alternating lexicographic order.

In case of the lexicographic order, (-) Qab)) 1S an increasing function on Q@)

g(
In the alternating case, <->,g(Q(a,b>) is an increasing function on Q@P)
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Proof. In the following, we assume that € is equipped with the lexicographic order;
for the alternating case, we only have to change (-)g to (-)_g.

We show that (-)g is strictly increasing on Q@) for all g > g(Q(a’b)). By
Lemma[] this is true for § > 2. From Lemma [, we know that (a)s # (b)g for all
B> g(Q@P)). By the continuity of (a)s and (b)s as functions of 3 > 1 and since
(a)s < b)g for all B > 2, we obtain that (a)s < (b)s for all 3 > g(Q®P)).

Assume that ¢ < d, but (c)g > (d)s for some ¢, d € Q&P 3 > g(Q@Pb)),
By removing the longest common prefix of ¢ and d, we may assume w.l.o.g. that c
starts with 0 and d starts with 1. (In the alternating case, we also have to exchange
the role of ¢ and d if the length of this prefix is odd.) Consider

A(B) :=max{(c)s — (d)s: c,d € Q™P) ¢ <a b<d} (B>1).

This function is well defined because {(c)s : ¢ € Q@P)} is compact; A(-) is also
continuous. By Lemma [ we have A(8) < 0 for 8 > 2, and we have assumed that
A(B) > 0 for some [ > g(Q(a’b)). Therefore, there exists 5 > g(Q(a’b)) such that
A(B) = 0. Fix this 3, and choose ¢, d € Q@P) with ¢ < a, b <d, and (c)5 = (d)s.
Since (a)g < (b)g, we have (c)g > (a)s or (b)g > (d)g. If (c)s > (a)s, then
removing the longest common prefix of a and ¢ gives sequences ¢/, d’ € Q@P)
with ¢/ < a, d’ > b, and (c’)g > (d')s, contradicting that A(S) = 0. Similarly,
(b)s > (d)p leads to a contradiction. Therefore, we have shown that (-)4 is strictly
increasing on Q@P) for all 3 > g(Q(a*b)).

By continuity in 8, we obtain that <'>g(gz<a,b)) is increasing on Q@®P), O

4.4. Periodic critical itineraries. Next we show that condition (B]) of Defini-
tion [l is violated when () and (2)) hold but a and b are not the critical itineraries
of some fg p.

Lemma 6. Letac 0Q, b e 1Q, with a € Q@P b e Qb gnd g(Q(a’b)) > 1.
Set 3 := g(Q(a’b)) when § is equipped with the lexicographic order, B := —g(Q(a’b))
in case of the alternating lexicographic order, and p := (a)g. If a # 18, _(p) or
b # 78,p.4+(p), then we have a,b € {u,v}* for some u € 0{0,1}*, v € 1{0,1}*,
with @ € QWY 5 € QY| g(QUY)) = g(Q@P)) anda#T orb #¥.

Proof. First note that (b)s = (a)s = p by Lemma [l Assume that a # 73, _(p);
the case of b # 73, +(p) is symmetric. Write a = aga; - -+ and 73, —(p) = coc1 - -
Ifag- - an_1 =co- - Cn_1, n >0, then fgﬁpﬁ(p) = (CnCnt1--+)3 = (Anant1 - )p-
By Lemmaldl (anan+1---)p < p implies that a,, = 0, and (an@n41---)p > p implies
that a, = 1; hence a,, # ¢, is possible only when fz  _(p) = p. Since a # 75— (p)
and ag = 0 = ¢g, the latter case occurs for some n > 1. Choose m > 1 minimal
such that fg:‘pﬁ(p) = p, and set u := ag - - @m—1; then 73, _(p) = W. Since a #
78,p,— (), there exists some ¢ > 1 such that a1 -+ - @gm—1 =u---u =1c¢p- - cem—1 and
aem = 1. Then we have (agmaem+1---)g = p = (b)g and agmaem+1--- > b since
a € Q@b Similarly as for aga; --- and coey - - -, we obtain that there exists some
n > 1 such that agm, - - - Gpmtn—1 = bo - - bp—1 and (bybpy1---)3 = p, hence we also
have fé“)p)+(p) = p for some k > 1. Let 7 > 1 be minimal such that fé,p,+(p) =p,
and set v :=bg---bj_1. Then we have 75, +(p) =¥ and a,b € {u, v}“.

Since |, ¥ are the itineraries of fs, +(p), we have @ € Q@Y ¥ € Q) and
9(Q®Y)) = 8] = g(Q®P)) by Lemma [ and [ respectively. O
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Lemma 7. Letu e 0{0,1}*, v € 1{0,1}*, || > 1, with (@)g = (V)3 =: p.
Then (c)g = p for all ¢ € {u, v}¥.
If 78 p,— (p) € {u,v}¥, then 13 5 _(p) = U.
If 10,4+ (p) € {u, v}, then 8,p,+(p) = V.

Proof. Let ¢ = cgcy - -+ € Q with ¢ € {u, v}¥. If c starts with u, then

{e)s —p=(c)s = (Wp = <Cucu+1ﬂ.l'u.|>ﬁ — (@ = <Clu|0|ulg; )8 _r

Similarly, we have (c)g —p = ({c|v|C|v|+1 ) —p)/BV! if c starts with v, and thus

s —p= (o

foreachn > 1such that ¢g - -+ ¢,—1 € {u, v}*. Since n is unbounded and (¢, cpy1 -+ )3
is bounded, we get that (c)s = p.
lu|

If 73, _(p) € {u,v}¥, then 73, _(p) starts with u, thus fﬁ7p77(p) = p and
78,p,—(p) = W. Similarly, 73, +(p) € {u, v}* implies that b = ¥. 0

4.5. Proof of Theorem [II Assume first that a = 73, _(p) and b = 73, 1 (p) for
some 3, p. Then condition () of Definition [ holds by Lemmas[land 2], respectively.
These lemmas also give that g(Q(avb)) = |5 > 1. If u, v are as in condition ([B)) of
Definition [T, then (@)s = (V)3 by Lemma B and this value equals p by Lemma [1
Lemma [7] also gives that a =W and b = ¥, thus condition B]) of Definition [ holds.
Therefore, the pair (a;b) is lex-admissible if 8 > 1 and alt-admissible if 3 < —1.
Now, let (a;b) be lex-admissible and 3 := g(Q2®P)), or alt-admissible and § :=
—g(Q®P)). By Lemma [ and condition (3] of Definition [l we have a = 75, _(p)
and b = 73, +(p), with p := (a)3. Moreover, we have 1 < (b)g =p = (a)g < ﬁ

incaseﬁ>1,andl+%§<b>3:p:<a>3§ﬁincaseﬁ<—1.

4.6. Proof of Corollary[dl Let 8> 1,0< a<2—4,setp:= % + 1 and define
the map ¢ : [0,1] — [B(p—1),8p],  +— B(x+p—1). ThenTp o+ = ¢ 1o fs,10¢.
Therefore, 75, —(p) and 75, 4+ (p) are the itineraries of ¢~!(p) = (1 — )/ under
T3,0,— and Tp o 1. Since each p € [1, ﬁ] can be written as p = z%7 + 1 with
0 < a <2 — j, the critical itineraries of fgz, are exactly those of Sz 4+ o mod 1.
Now, let 8 < =1, =B -1 < a < 1, set p := ﬁ and define the map ¢ :
[0,1] = [Bp,B(p —1)], z+ B(p— ). Then T o+ = ¢ ' o fg,+ 0 p. Therefore,
the itineraries of p~1(p) = —a/B under T o — and Tp,q,+ are a = 75, _(p) and
b = 73, +(p). Hence (a; b) is alt-admissible. Moreover, we havea € 009, b € 11,
and 55} < p < 125 holds if and only if f3, (p) = 8%p < B(p—1) = fs,+(p) and
£2,.(0) =B~ 3~ B> Bp = fap-—(p) ie, S%(a) < S(b) and S2(b) > S(a).
On the other hand, let (a;b) be alt-admissible, S%(a) < S(b) and S%(b) > S(a),
and set 3 := —g(Q®P)), o :=p(1—B) with p := (a)s. We first show that a € 00
and b € 11 Q. Assume that a starts with 01. Then each 0 in a or b is followed by
a 1. Moreover, S?(b) > S(a) implies that b starts with 111 or 101. In the latter
case we have a = 01 and b = 10, contradicting that ¢(Q(®®)) > 1. If b starts with
111, then we must have b = 1, hence each 1 in a is followed by a 0 as otherwise a
would end with b. This gives that a = 01, also contradicting that g(Q(a’b)) > 1.
By symmetry, b cannot start with 10. Now, we obtain from the considerations in
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the previous paragraph that a, b are the critical itineraries of Sz 4+ o mod 1, with
f<-1,—-f—-1<a<l.

5. EXPONENTIAL GROWTH RATES

5.1. Lexicographic order. The following lemma is similar to |26, Theorem 3].

Lemma 8. Leta€ 0Q,bel1Q,ue01{0,1}*, v € 10{0,1}*, such that a,b €
{u,v}¥, a € Q@b b c QP 7@ ec QWY and v € QY where Q is equipped
with the lexicographic order. Then
(V) = g(Q™).

Proof. Since

Q(E,V) C Q(a,b) C Q(uV,vﬁ)
it suffices to show that g(QUVVY) = g(QEY).

First we prove that

(5.1) QYY) N [@, ¥ C {u,v}¥.

Let ¢ € QWY N [@,¥], and consider an arbitrary decomposition ¢ = wd with
w € {u,v}*, d € Q. Assume that d starts with 0. Then ¢ € QM¥V® implies that
d < uv and that d > T when w ends with a word in v{u}*. If w contains no
occurrence of v, i.e., w € {u}*, then we get d > 1 from c € [@,V]. Therefore, we
have © < d < uv, hence d starts with u. Symmetrically, we obtain that d starts
with v whenever it starts with 1. Therefore, (51)) holds, and

Q(ﬁ,V) g Q(uV,vﬁ) g Q(ﬁ,V) U U Qslﬁ,V) {U.,V}w,
n=0
where Q ) denotes the set of length n prefixes of words in Q(™¥). This implies
that g(Q(“ ")) < g(Q(“" V“)) < max (g(Q(“ V)),g(Un: S"{u,v}w)). Hence we
only have to show that g( U, S™{u,v}*) < g(QEV).
Next we prove that
(5.2) {r,s}¥ Cc Q@Y

where r is the longest common prefix of u and S™(V), with n > 1 such that S™(V)
is maximal among all suffixes of v starting with 0, and s is the longest common
prefix of ¥ and S™(@), with m > 1 such that S™(u ) is minimal among all suffixes
of u starting with 1. Note that r and s are finite words because S™(¥V) < @ by
v € QY) and S™(|) > ¥ by w € QY. Moreover, S™(¥) starts with r0 and &
starts with rl, ¥ starts with sO and S™ (@) starts with s1. Therefore, we have

S*V)<rS"(v)<---<T<8< - <s8M(w) < S™(T).

Since S™(¥) € Q(Y) and @ € Q™ V>, we have rc € Q@Y for all ¢ € Q@Y) with
c € [§"HIl(¥), SI*l(@)] D [S™(¥), S™(W)]. Symmetrically, we also have sc € QY
for all ¢ € Q@) N [S"(¥), S™(T)], thus

rc,sc € QWY N [S™(F),8™(@)] for all c e QY N[S™(¥), ™ (@)

By compactness of €2, we get that (5.2]) holds, thus g( U2, S™{r, s}“’) < g(Q(“*V)).

It remains to prove that g(U;~, S™{u,v}*) < g(Us~, S™{r,s}*). To this end,
we show that min(|r|,|s|) < min(|ul,|v]) and max(|r|,|s|) < max(|u|,|v]). The
latter inequality follows from the definition of r and s. If |u| = |v|, then the former
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inequality also holds. It remains to consider the case |u| # |v|; w.lo.g. |u| < |v|.
Suppose that |r| > |u|. Then, for some k > n, S¥(¥) starts with ut0, with some
prefix t of u, while U starts with utl. Write S™ (@) = wlc, with w a suffix of ut of
length at most |u|. As SFHIutI=IWI(F) starts with w0, and ¥ < SFHU=IWI(F) we
obtain that |s| < |w| < |u|. Therefore, we have min(|r|,|s|) < min(|ul,|v]), which
concludes the proof of the lemma. O

5.2. Proof of Theorem [2l We show first that (37) implies (B]), when () and (2)

hold. We only have to show that each u satisfying the conditions of (B]) starts with 01

(and, symmetrically, v starts with 10). If U started with 00, then we had @ = 0 and

thus g(Q™¥) = 1, contradicting the assumption that g(Q®¥)) = g(Q@P)) > 1.
The converse implication is a direct consequence of Lemma [§]

5.3. Alternating lexicographic order. For the alternating case, the following
lemma and the subsequent remarks show that the condition g(Q®¥)) = g(Q®P)

is often easy to verify. (Recall that g(Q(ﬁ’V)) can be determined by Lemma [B)
However, Example [ in Section [3] shows that, contrary to the case of positive 3, it
is not sufficient that a,b € {u, v}* and (T;V) is a pair of critical itineraries.

Lemma 9. Leta € 092, b € 1Q, u € 0{0,1}*, v € 1{0,1}*, such that a,b €
{u,v}*, a € Q@b b e QP a@ec QFY and v e QY where Q is equipped
with the alternating lexicographic order. If g(Q®¥))~ul 4 g(QE@YN) =Vl < 1, then
9(207) = g (010,

Proof. Let

Amin = U, Amax = UV, Dby = VU, buy. =7V, if ju| and |v| are even,

Amin = UV, Apmax = UUV, by, = vV, by = va, if |u| and |v| are odd,

Apin = U, Amax = UVU, bpin = vvl, by = va, if |u| is even and |v| is odd,

Apin = UV, Amax = WUV, bpin = vuv, by, =V, if |u| is odd and |v| is even.
Then ani, < a < apmax and by, < b < by, thus

() (8min,Pmax) C Q(a:b) C () (@masx,Pmin)

and Q@minbmax) C V) C Qamaxbmin)  We first prove that
(5.3) Q(@max;bmin) [@min, Pmax] C {u, v}“.

Let ¢ € Q@maxbmin) 0 [@min, Pmax], and consider an arbitrary decomposition ¢ = wd
with w € {u,v}*, d € Q. Assume that d starts with 0. Then d starts with u
because api, < d < a. Here, the inequality an, < d comes from the following
considerations. If |u| and |v| are even, then d > W as in the proof of Lemmal8 If |u]
and |v| are odd, then d > uv follows from ¢ € [av,vu] when w € {uv}* Uv {uv}*
and from ¢ € QYY) when w ends with a word in {u, vv} {uv}*. If |u| is even
and |v]| is odd, then d > @ follows from ¢ € [@, vu] when w € {u}* U v {u}* and
from ¢ € Q(WEVY® when w ends with a word in {uv,vv} {u}*. Finally, if |u is
odd and |v| is even, then d > u¥ follows from ¢ € [uv,¥] when w is the empty
word and from ¢ € QYY) when w ends with u or v. Symmetrically, we obtain
that d starts with v whenever it starts with 1. Therefore, (53] holds, and we have

o0
Q(amitnbmax) g Q(amax7bmin) g Q(amitnbmax) U U Q’Elamin;bmax) {u7v}w7

n=0
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thus g(Q@maxPmin)) = max(g(Q@minPmax)), g(UnZg S™{u, v}¥)).

Since g( Uy S™{u, v}*)) is the only solution of z~ U + 2=Vl = 1 with = > 1,
g(QEV) =l 4 g(QEY)=IVI < 1 implies that (2, S™{u,v}¥)) < g(Q®V) <
g(Q@maxbuin)) thus g(Q@maxbmin)) = g(Q@minbmax)) which gives that g(Q®Y)) =
g(Q=P)). O

From the proof of Lemma [0 we can also derive other conditions that guaran-
tee g(Q(ﬁ7v)) — g(Q(a;b)), e'g'7 g(Q(amin;bmax))_lul + g(Q(amitnbmax))_‘Vl S 17 or
g(Q(ﬁvv))i‘u‘ + g(Q(ﬁvv))i“d S 1 and g(Q(ﬁvv)) S g(Q(avb))'

6. LORENZ MAPS
A Lorenz map, as defined, e.g., in [12], is a function f : [0,1] — [0, 1] satisfying:

(1) There exists a ¢ € (0,1) such that f is continuous and strictly increasing
on [0,¢) and on (c, 1];
(2) limge f(z) =1 and limg . f(z) = 0.

For>1,1<p< ﬁ, the restriction of fg ) to [0, %} is thus conjugate to the
Lorenz map with constant slope g and ¢ = % D.

In [I2], the authors define a fairly weak notion of what it means for a Lorenz map
to be expanding. Specifically, a Lorenz map is said to be topologically expansive if
there exists an € > 0 such that any two distinct forward orbits (xg, x1,x2,...) and
(Yo, Y1, Y2, - . - ) satisfy |x; — y;| > € for some ¢ > 0. They prove that a pair (a;b)
of binary strings is a pair of critical itineraries of a topologically expansive Lorenz
map if and only if (a; b) satisfy condition () in Definition [I

In [7, @], for example, the authors define a stronger notion of what it means for
a Lorenz map to be expanding. Specifically, a Lorenz map is an L4, map if f is
differentiable except at the point c of discontinuity and if there exists an € > 0 such
that f/(z) > 14 ¢ for all z # ¢. In [22], the author proves that if an L;y. map f
is transitive, then f is topologically conjugate to a (generalized) S-transformation.
In [9], the authors give necessary and sufficient conditions for an Lii. map to be
transitive in terms of its critical itineraries. In [7], the author gives necessary and
sufficient conditions for an L;4. map to be topologically conjugate to a generalized
[B-transformation in terms of its critical itineraries. There does not, however, seem
to be a characterization of the pairs of critical itineraries of an L4, map. The pair
(a;b) with

a=011T00, b= 100011,

is the pair of critical itineraries of an L4, map, but is not, according to the main
result of this paper, the pair of critical itineraries of a generalized [-transformation.
The pair (a;b) with

a = 011110, b = 10011110,

is an example of a pair of critical itineraries of a topologically expanding Lorenz
map, but not the pair of critical itineraries of an Ljy. Lorenz map. This can be
verified by noting that, if (a;b) were the pair of critical itineraries of an L4, map,
then by the criteria in [7], it would be the pair of critical itineraries of a generalized
B-transformation. But, by the main theorem of this paper, that is not the case.
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