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Abstract. We study the scaling function of a C'*" expanding circle endomorphism. We
find necessary and sufficient conditions for a Hélder continuous function on the dual symbolic
space to be realized as the scaling function of a C1*+" expanding circle endomorphism. We
further represent the Teichmiiller space of C1t" expanding circle endomorphisms by the
space of Holder continuous functions on the dual symbolic space satisfying our necessary
and sufficient conditions and study the completion of this Teichmiiller space in the universal
Teichmiiller space.

1. Introduction

In the study of critical phenomena and universality in physics (see, for exam-
ple, [6,10]) scaling functions have been used to describe the finer geometric struc-
ture of a dynamical system or a family of dynamical systems. The concept was
introduced to the study of hyperbolic Cantor sets on the real line in [25] by Sullivan
(see [14, §1.3] for a more comprehensive description). Scaling functions are also
defined for Markov maps and are used in the study of the geometric structure of
geometrically finite maps (see [14, Chapter 3] for a summary of this work). For a
Markov map, one can construct a semiconjugacy between the map and a symbolic
dynamical system of finite type. However, the scaling function (if it exists) is de-
fined on the symbolic space dual to this shift of finite type (see §2 for the definition).
The scaling function for a Markov map satisfies a summation condition (see §2). A
natural question is which functions defined on a given dual symbolic space are the
scaling functions of a Markov map?

A circle endomorphism is a Markov map with a standard Markov partition. Using
this Markov partition, one can get a semiconjugacy between the one-sided full shift
dynamical system on n symbols and the circle endomorphism, where n is the degree
of the circle endomorphism. This allows us to define the scaling function of a circle
endomorphism on the associated dual symbolic space. If this circle endomorphism
is C1*" expanding, then we know that its scaling function exists and is a Holder
continuous function on the dual symbolic space (see Theorem 1). In this paper, we
study the above question for C'*" expanding circle endomorphisms. Although our
ideas work for C'*" circle endomorphisms of any degree, for notational simplicity
we will only formulate our results for circle endomorphisms of degree two. The most
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well-known result in the study of circle endomorphisms is that a C'*"-expanding
circle endomorphism has a unique absolutely continuous invariant measure. This
result is closely related to Gibbs measure theory in symbolic dynamical systems
(see [27] for more details). Somewhat surprisingly, without the Hélder condition
on the derivative, a C' expanding circle endomorphism can have more than one
absolutely continuous invariant measure (see [23] for more details). We will also
study the geometric structure of the space of C'*+" circle expanding maps as a whole,
that is, we will study Teichmiiller theory for circle expanding endomorphisms.

The reader may refer to [5,18,23,27] for a description of the requisite Gibbs mea-
sure theory, to [14] for the scaling function theory, and to [1,2,4,7,8,11,12,13,14,19,26]
for the quasiconformal mapping theory and Teichmiiller theory and its application
to dynamical systems.

The paper is arranged as follows. In §2, we give the definition of the scaling func-
tion of an expanding degree two orientation-preserving circle endomorphism and
present some properties of scaling functions. In §3, we study two conditions satis-
fied by the scaling function of a C'™" expanding degree two orientation-preserving
circle endomorphism. One is called the summation condition and the other is the
compatibility condition. This second condition allows us to lift objects from the
symbolic space to the circle. The main result in this section says that a Holder
continuous function on a dual symbolic space is the scaling function of a C**" ex-
panding orientation-preserving circle endomorphism if and only if it satisfies these
two conditions. In §4, we study the geometric structure of the space of all C'+"
expanding degree two orientation-preserving circle endomorphisms, that is, the Te-
ichmiiller space of this space. We give a representation of the Teichmiiller space by
the space of scaling functions and study the completion of the Teichmiiller space
in the universal Teichmiiller space. This part partly overlaps with the paper [13]
(Theorem 6) but uses different methods.

Acknowledgment. This work was started when Yunping Jiang visited the Nonlinear
Centre at Cambridge University. He would like to thank Robert MacKay and the
Nonlinear Center for hospitality and support. He also thanks Dennis Sullivan and
Fred Gardiner for helpful conversations.

2. Circle expanding maps, scaling functions and Gibbs measures

Let S' be the unit circle equipped with normalized Lebesgue measure. Suppose
f is a degree two orientation-preserving covering map from S! onto S*. The map f
is said to be expanding if there are constants C' > 0 and A > 1 such that |f™(I)| >
CA"|I| for any sub-interval I of S! and any integer n > 0 so that |f"(I)| < 1. The
constant A in this inequality is called an expanding constant of f. We will simply
call a degree two expanding orientation-preserving covering map from S* onto S*
a circle map. A circle map f has a unique fixed point, say a. The inverse image of
« under f has two points, one is a and the other we denote as 3. Using this two
points, we get a standard Markov partition for f as follows: Let Iy and I; be the
closures of the two intervals in S* \ {«, 3}. Then we have
1 8'=I,Ul,
2 f|jo and f|Il are injective,
3 f(lo) = f(I) = S
A partition of S? satisfying these three conditions is called a Markov partition. We
call the partition 19 = {Ip, I } the standard partition for the circle map f.

Let go and g1 be the inverses of f|Iy and f|I;. Thus go maps S*\ {a} to I and g
maps S\ {a} to I,. For any string w, = i . . . i, of 0’s and 1’s, let Gw,, = Giy©* " "0Gi,
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and let I, be the closure of g, (S*\ {a}). Let
SF = {w, =dgir...in1}  and N7 = {wl =i,...izi1}
be the collection of strings of 0’s and 1’s of length n but read differently and define
Om(ioit e in_1) = i1 .ip_1: 20 — 5

and
G‘n’,(in .. .igil) =ip...00 125, = X _1.

By considering the inverse limits of

(SF,00m) ., and (Sho0—m)ie sy
we have two symbolic dynamical systems
St =({w=1igir...},04) and ¥ = ({w* =...isis},0_).

We will also make use of a third system, which is a common extension of X1 and
37, namely ¥ defined by

Y= ({ .. 7:_27:_1 . ioilig e }, O’),

where o is the left shift operation: o(z), = x,41. There are projections 7 and
7~ from ¥ to X1 and X~ respectively defined by

+ . . . . . e . .
(o iogi_y - dgiyig ... ) = doi1ig.. .

7T_(. .. i_Qi_l . ioilig ce ) = ... ’i_gi_l.
The importance of these spaces arises as there is a natural semiconjugacy from X+
to St

o0
p(w) = m Iwn'
n=0
This map has the property that
fop=pooy

on ¥F, where w = igiyiz ... and p is a continuous onto map from T to St (refer
to [14, Chapter 3]). Further p is one-one off a countable set.

The second space, ¥~ is called the dual symbolic space of f (see [14, Chapter
3]) and we define
T

Lo )l

*
n

s(wy,) =

The quantities s(w};) are called the pre-scalings of f. Thus we have the following

definition (see [14, Chapter 3]).
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Definition 1. If for every w* = ---wk € X7, lim, o s(w}) exists, then we de-
fine a function s(w*) = limy, o s(w)) on X~. This function is called the scaling
function of f.

We say a circle map f is C't" if it is C' and its derivative is Holder continuous
and write C't" for the set of C1t" circle maps. A function s on £~ is called Holder
continuous if there are constants C' > 0 and 0 < 7 < 1 such that

[s(w*) = s(v")] < 7"
as long as the first n digits of w* and v* from the right are the same. The following
theorem is known (see [14, Chapter 3]) and is important in this paper. We give a
full proof.

Theorem 1. The scaling function of a map in C*T" exists and is a Hélder contin-
uous function on X~ .

The proof of this theorem uses the naive distortion lemma.

Lemma 1 (Naive Distortion Lemma). Suppose f € C'*". Then there are
constants C > 0 and 0 < v < 1 such that for any integer k > 0, any open interval
I # SY such that f*|I is injective, and any & and 1 in I,

‘bgC“““QQ‘gcuWomew

[(f5) ()]
Proof of Theorem 1. Let w* be a point in 7. Suppose w* = ---w}, and w}, =
Tm—1---1g. Then fk(wan) = I for n =m —k > 0. Thus we have
. (Y@L, s

Y m)

where £ and 1 are in I, (,:) and { and 7’ are in I,_  (,+). Applying the naive
distortion lemma, we have that

[s(wy,) = s(wy)| < Col F4(€) = fE (" < ColLuy |7 < CLA™™,
where Cy and Cj are constants and A > 1 is an expanding constant of f. This
means that {s(w})}>2, is a Cauchy sequence. So

|s(wp,) = s(wp)| = s(wy,) =

l_IUﬂK®W(WW@NSWﬂ
BRI

s(w) = lim s(w))

exists. Similarly, if w* = ---w}, and v* = ---w;, are two points in ¥~ we also have
|s(w*) — s(v*)| < Co|Lp: [T < CLA™™.
This implies that s is Holder continuous. [J
The pre-scalings {s(w?)} of f satisfy
s(wp0) 4+ s(wp1) = 1.
Taking the limit, it follows that
s(w*0) 4+ s(w*l) =1 @)
for each w* € ¥~. If a function s satisfies (*), we say that it satisfies the summation
condition.

We mention one more property of scaling functions. Suppose f is a C1T" circle
map. A point a is called a periodic point of period n if f*(a) = a but fi(a) # a
for all 0 < ¢ < n. The eigenvalue e, of f at a periodic point a of period n is by
definition e, = (f™)'(a). In [14, Chapter 3], there is a relation between the scaling
function of f and all eigenvalues of f as follows. Suppose f7(a) € ;. 4,,, ,. Let
Wy =100 ... ip—1, WS =1ig...ip—1. Then w =w® is a point in X1 corresponding to

a. Let w*(a) = (w})>.
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Proposition 1. For any periodic point a of f of period n,
1 n—1
— = s(o? (w*(a))).
oo = st @)

Since a major issue in what follows is whether a given function can arise as the
scaling function of a circle map, it is natural that one needs to have a notion of which
continuous functions on a shift space can be lifted to give continuous functions on
the circle. We call a continuous function h: ¥+ — R circle-continuous if

h(11...) = h(00...),
h(011...) = A(100...) and
h(w011...) = h(w100...) for any finite string w.

A function A is circle continuous if and only if it can be written as g o p where p is
the natural semiconjugacy introduced earlier.

In §3, we will make extensive use of results about Gibbs measures. We outline
here the necessary background.

Sets of the form {x € XT:z9 = dg,... 2, = iy} will be called cylinder sets in
¥t and will be denoted [ig .. .iy]. Similarly, cylinder sets in £~ will be denoted by
[in ... 11].

A o -invariant measure v on Xt will be called a Gibbs measure if there is a
continuous function g: ¥+ — (0, 1) such that

V+([i0 . ZnD

lim D :g(ioil...)

n—oo vt ([iy .. .0,
for all sequences igiy ... € X T. Such a function g necessarily satisfies g(0x)+g(1z) =
1, a condition analogous to the summability condition above. The function g is
called the conditional probability function of v+. Measures satisfying this property
have in the past (see [Ke]) been called g-measures. Gibbs measures often refer to
measures on Y. There is however a very close connection between the kinds of
measures as mentioned below.

Similarly, a o_-invariant measure ¥~ on %~ will be called a dual Gibbs measure
if there is a function s: 3~ — (0, 1) such that

lim - :
in --- ZQ])

e [ :8(2221)
The function s is called the dual conditional probability function of v~.

In all that follows, all conditional probability functions and dual conditional
probability functions will be Hélder continuous. In this case, it may be shown
(see [Bo]) that if ¢ is a conditional probability function satisfying a summability
condition (g(0x) + g(1x) = 1 for all x), then there is a unique measure v with this
function as its conditional probability distribution function. Further, the measure
vt is the unique invariant measure satisfying the inequality

va, ... 2]

< <C
= exp(log g(2000 . ..) + log g(z12600...) + ... +log g(z, ... 200...)) — °
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for appropriate constants C7 and C5. Note that the denominator is written as the
exponential of a sum of logarithms rather than as a product in order to make explicit
the connection with the definition in [Bo]. There is a similar characterization of v~
in terms of the exponential of sums of terms involving the logarithm of s. This
characterization of Gibbs measures is used as the definition in [Bo].

It is well-known that there is a bijection between the set of o-invariant measures
on ¥ and the set of o -invariant measures on ¥, namely v — v o L Similarly,
there is a bijection between the o-invariant measures on X and the set of o_-
invariant measures on ¥~. If v and v~ are the measures corresponding on X+

and X~ corresponding to v, then we have vt[ig...4%,—1] = v [ig...4n—1], where
the subset [ig...%,—1] of ¥~ consists of those w* = ...z, ...z such that z, = i,
Tp—1 =101, ,T1 = ip_1-

Suppose now that f € C'*" with unique absolutely continuous invariant measure
u. Let p denote the density of p with respect to Lebesgue measure. Since p is one—
one off a countable set, there is a unique invariant measure v* on Y+ such that
i = vt op . The measure vT will be called the symbolic measure of f. It is a
Gibbs measure with conditional probability function

9@) = T @)

Since p is known to be Hélder continuous, we see that g is Hélder continuous and
circle-continuous. Applying the above-mentioned bijections, there are measures v
and v~ on ¥ and ¥~ corresponding to ¥T. The measure v~ is called the dual
symbolic measure of f.

The key observation which makes Gibbs measures of relevance to questions in-
volving scaling functions is the following.

Proposition 2. Suppose f € C'T" v~ is the dual symbolic measure of f and
$:357 — (0,1) is the scaling function of f. Then the dual conditional probability
function of v~ is s.

Proof. This follows from the observation that v~ [iy, ... 31 = v [in .. .91] = p(L;, 4y)-
It follows that
7[Z'n . il] - ,U(Iin...il)

lin... 2]  u(, )

Since the density p is a continuous function, I; . ;, C I; ., and |I; ;| — 0 as
n — 00, we see that the dual conditional probability function is given by

I .
S i) = Tim oneit]
n— o0 |Iin...i2|

This is equal to s(...4,...41). O

We will make use at one stage of Ruelle-Perron-Frobenius operators, and offer the
following introduction. For proofs and more details, the reader is referred to [Bo,
W]. Given a continuous function ¢ on X7, the Ruelle-Perron-Frobenius operator
with potential ¢ is defined by

Ly:C(EF) = C(EY); Lylgl(x) = D e?g(in).
1€{0,1}
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A potential ¢ € C(X7) is called normalized if £,[1] = 1. This is equivalent to saying
that exp(1)) satisfies the summability condition. For any Holder continuous ¢ on X,
there always exists a constant P(¢) (known as the pressure of ¢) and a normalized
Holder continuous function ¢ on X+ such that ¥ o™ = ¢ — P(¢) — h+ hooy for
a Holder continuous function h. This says that any Holder continuous function on
3 is cohomologous to a normalized Hoélder continuous function up to an additive
constant. A version of this also holds for Hoélder continuous functions on ¥*: Given
any Holder continuous function ¢ on X+, there is a normalized Holder continuous
function + on X7 and a Holder h such that ¢ = ¢ — P(¢) — h+ hoo,. Both ¢ and
P(¢) are uniquely determined by ¢ and h is determined up to an additive constant.
The potential ¢ is called the normalization of ¢. If v is normalized, then P(v) =
0. If ¢ is normalized and Holder continuous, then it may be shown that £,"[g]
converges uniformly to a constant for all continuous functions g. This constant turns
out to be [ gdv* where v is the unique Gibbs measure with conditional probability
function e¥. If ¢’ = ¢— H+Hoo, then one can check that L4 "[g] = e L™ e Hg].

3. Characterization of the scaling functions of circle maps
If fis in C**", then Theorem 1 says that its scaling function s exists and is a
Holder continuous function on ¥7. As we have seen the scaling function satisfies
the summation condition,
s(w*0) + s(w*l) =1

for all w* € 7. We will show in the next theorem that there is another condition
for s to be a scaling function of a map in C**". Suppose s is a Holder continuous
function on ¥~. We define a sequence of functions on ¥7:

Provided that s(...000) = s(...111), the sequence of functions Cs n(w*) is neces-
sarily uniformly geometrically convergent to a limit function Cs(w*). We say that
s satisfies the compatibility condition if

s(...000) = s(...111);
and
Cs(w™) is independent of w*.

(In other words, s satisfies the compatibility condition if s(...000) = s(...111)
and

is independent of w*).

Theorem 2. Let s be a Holder continuous function on 3~ . Then s is the scaling
function of a map in C*T" if and only if s satisfies the summation and compatibility
conditions.

Before proving Theorem 2, we will need a number of lemmas. These address
the relationship between a Gibbs measure and its dual Gibbs measure, showing
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that a Gibbs measure has a circle-continuous conditional probability function if
and only if the dual Gibbs measure has a compatible dual conditional probability
function. It will then follow that if f € C'*", the symbolic measure is a Gibbs
measure with a Holder and circle-continuous conditional probability function so the
dual symbolic measure has a compatible dual continuous conditional probability
function. Conversely if s satisfies the conditions, we construct a dual Gibbs measure,
get the corresponding Gibbs measure, which then has to have a circle-continuous
conditional probability function and finally lift this to a map of the circle with the
required scaling function.

Lemma 2. Let v be an invariant measure on % and let v+ = vorxt ' and
v= = vor . Then v is a Gibbs measure on L with Hélder continuous
conditional probabilities if and only if v~ is a dual Gibbs measure on X~ with
Hélder continuous conditional probabilities. If either of these properties holds, then
logg o nT is Hélder continuously cohomologous to logs o n~ where g is the condi-

tional probability function of v™ and s is the dual conditional probability function
of v~

If either of the properties in the lemma holds, then we call v a two-sided Holder
Gibbs measure. It should be noted that no theorem of this type is true if the Hélder
condition is removed (see [Ka] for an example where this fails).

Proof. By symmetry, it is clearly sufficient to demonstrate that if v~ is a dual Gibbs
measure on ¥~ with Holder continuous conditional probabilities, then v is a Gibbs
measure on ¥ with Hélder continuous conditional probabilities.

Let s denote the dual conditional probability function of v~. Then s is a Holder
continuous function on 7. It follows that so7™ is a Holder continuous function on
3. Since s is a conditional probability function, we have P(log sor™) = 0. It follows
(see [3]) that log son~ is Hélder continuously cohomologous to a Holder continuous
function ¢ which is normalized and depends only on the positive coordinates. Write
¢ = loggomT. We now show that vT is a Gibbs measure on ¥ with conditional
probability function g.

To see this, note that logson™ =loggon™ — koo + k for a Holder continuous
function k. Since v~ is a dual Gibbs measure with conditional probability function
s, there are constants C; and Cy such that

< Vo [@y .. 20) <C
> < Co.
exp(log s(...00z,) +logs(...00x,2pn—1) + ...+ logs(...00z, ...x0))

Since log s o 7~ is cohomologous to log g o 7+, we have

log s(...00x,) +logs(...00x,z,—1) + ...+ logs(...00x, ...xo)
n+1

:Zlogsowf(cri(...O(%xn...xoOO...))
i=1

n+1
= Zloggow"'(o’(...OO-xn...xOOO...))
i=1

—koo"2(00 2, ...2000...) + koo(00-z,...2000...)
=logg(xp_12n—2...2000...) +1logg(xp_o...2000...)+...+1logg(00...)
— k(00z,, ...200-00...) + k(00z,, - xp—1...2000...).



SCALING FUNCTIONS AND GIBBS MEASURES 543

Since vt [y, ... 20] = v [®y ... 70], and expk and g are bounded away from 0 and
00, it follows that there are constants C3 and Cj such that

vHx, ... 2]
< < Cy.
exp(log g(zo00...) +1log g(x12000...) + ...+ logg(xy ... 2000...))

This shows that vt is a Gibbs measure with Holder continuous conditional proba-
bility function g as required. O

We will now give necessary and sufficient conditions under which a Holder con-
tinuous function ¢ is continuously cohomologous to a circle-continuous function.

Before doing this, we will need to introduce the following quantities which mea-
sure the deviation of a function on X1 from a circle-continuous function. If ¢ is a
continuous function on X, then its deviations from circle-continuity are given by

do(¢) = (00...) —p(11...)
01(¢) = ¢(100...) — ¢(011...) and
Agogn 1w (0) = d(xnep_1...21100...) — ¢(xpxp_1...21011...).

A function is circle-continuous if and only if its deviations from circle-continuity
vanish.

Lemma 3. Let ¢ be a Hélder continuous function defined on Xt. Then ¢ is con-
tinuously cohomologous to a circle continuous function if and only if

(1) ¢(00...)=¢(11...); and
(2) there exists a constant C(¢) such that Y .~ Ny o (¢) = C(¢) for all
w=...2Tp...T1 € X7

Proof. Suppose first that ¢ is continuously cohomologous to a circle-continuous
function ¢. Then ¢ (z) = ¢(z) — x(x) + x (04 (z)) for a continuous function x. Then
we have ¢(000...) =1(000...) =(111...) = ¢(111...), so (1) holds. Since 1) is
circle-continuous, we have A, (v) = 0 for all finite strings a. From the cohomology
equation, we now see

Agpan gz (X) = Bz ooy (@) + Ag, )y (X) and

for any non-empty finite string z,x,—1...21. We also have 1 (x) = 91(¢) + do(x)-
Combining the above equations, we see that

Axnxn,l...xl (X) = Al‘nxn,l...x] (¢) + Axnfl...xl (QS) +...+ Al‘1 (¢) + 61 (¢) + 50(X>'

for each finite string =, ... x1.

Since x is required to be continuous, we have A, . (x) converges uniformly
to 0 as n — oo. This implies that > .~ Ay 4 (¢) = —61(¢) — do(x) which is
independent of w* = ...zx1 which is condition (2).

Conversely, suppose ¢(000...) = ¢(111...) and

A (0) + Doy () + o Dz 1y (@) + ... = C(0)

foreach x = ... 2, 2p—1...21 € X~. Then set
o = —do(¢) — C(e);
5 = —C(¢); and
Azn--.m = Arn...zl (¢) =+ Al‘n—lw-zl (¢) + ..+ Afm (¢) - C(‘b)
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Then by assumption, A, . ., — 0 as n — oo. Moreover, since ¢ is Holder con-
tinuous, there are constants K > 0 and A > 1 such that A, . (¢) < K/\"
for all strings x,...x;. We then have A, ., < K/(A—1)-1/A\". We now
construct a continuous function y on X% such that dg(x) = do, d1(x) = &1 and
Ay, 2, (X) = Ag, .z, for each string x,,...21. Then ¢ — x + x o o4 will be a
continuous function and will have vanishing deviations. To construct y, define

h:¥t =R by
2o - Tn
h(l‘) B ? o Z on+1"
n=1
and k: Xt — R by
[e%S) T
k(x)=1 —Z St
n=0
where © = zoz1.... Then h is a continuous function on T with ||kl = 1/2,

d1(h) =1, Ag(h) = 0 for all strings a and do(h) = 0. Similarly, do(k) =1, 61(k) =0
and A, (k) is 0 for all finite strings a. Now for each finite string a, let

ha(2) = 1o (2)h(0 () A,

where |a| means the length of the string a and 15 denotes the characteristic function
of the set S. Then A,(h,) = A, and all other deviations vanish. Now forming
H, = Z|a|=n h, gives a function H,, with

[Hylloo = sup [|0a]] < F—<777-
la]=n ()‘ - 1))\71

Now let H = (d0)k + (61)h + >~ Hy,. Then H is the uniform limit of continuous
functions, and hence is continuous. Further, H has the property that A,(H) = A,
for all strings a, §1(H) = 01 and 6o(H) = dp. Now set v = ¢ — H + H o o1. Then
1) is a continuous function. Its deviations are given by

do(¥) = do(¢) = 0;
61(¥) = 01(¢) — 61 + 6o = 61(¢) — (=C(9)) + (=d1(¢) — C(¢)) = 0;
Ay, (V) = Agy (@) — Ay + 61 = Ay, (9) — (A, (¢) — C(9)) — C(¢) = 0; and
Dgay (V) =Dy 0 (D) = Dy 2y +Bay 2y = 0.

So 1) has vanishing deviations and is therefore circle-continuous. We now know that
¢ is cohomologous to a circle-continuous function . O

We now show that if ¢ is Holder continuous and continuously cohomologous to
a circle continuous function ¥, then ¢ is in fact Hoélder continuously cohomologous
to a circle continuous function v’. We note that in fact the ‘transfer function’ H
produced above can be shown to be Holder continuous by performing a sequence of
elementary estimates. We choose however to present an alternative argument, which
might have other applications. The argument essentially shows that if a Holder
continuous function ¢ is continuously cohomologous to a function possessing some
symmetry (in this case, circle-continuity), then the normalized Holder continuous
function corresponding to ¢ also possesses that symmetry.
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Lemma 4. If a Hélder continuous function on X7 is continuously cohomologous to
a circle-continuous function, then its normalization is a circle-continuous function

Proof. Let ¢ be a Holder continuous function which is continuously cohomologous to
a circle continuous function ¢. From this we deduce that ¢ is Holder cohomologous
to a circle-continuous function as follows: We know that ¢ = C+¢'— K+ Koo, for
a constant C' and a Holder continuous function K where ¢’ is a normalized potential.
It follows that ¢ — C' = ¢/ — G+ G oo for a continuous function G. Since 1) — C'is
circle-continuous, it follows that £, sends the space of circle-continuous functions
to itself. But £jj_o1(z) = exp(G(z))Ly, [exp(—G)](z), which (by continuity of G)
converges uniformly to a constant (non-zero) multiple of exp(G). However, since the
circle-continuous functions form a closed subspace of C'(X), it follows that exp(G)
is circle-continuous. It then follows that ¢’ is circle-continuous. Since ¢ was Holder
cohomologous to ¢’ (up to a constant), it follows that the normalization of ¢ is
circle-continuous as required. [J

Lemma 5. If v is a two-sided Holder Gibbs measure such that v~ has conditional
probability function s defined on ¥~ and vt has conditional probability function g
defined on X7, log g is Holder cohomologous to ®: X7 — R where

o0

O(zox1...) = Z(log s(...00zg ... z,) — logs(...00zy ... 2,)) +logs(...00z)

n=1
Proof. Define §,,: 3 — R by
On(z) =logs(...00_p...x_1) —logs(...0x_(p_1)...2_1)

for n > 1 and d;(z) = logs(...0z_1). Note that by Holder continuity of s, we have
|6, converges geometrically to 0 and Y., §,, = logson™.

We also have 6,,(c™(z)) = logs(...0xg...xp—1)—logs(...0z1...2y_1) forn > 1,
while for n =1, §1(o(x)) = log s(...0zp). Summing, we get

k k
Z opoo™(z) = Z(log $(...0zg...xp—1) —logs(...0z1...2p_1)) +1og s(...0xp).
n=1

n=2

Taking the limit, we have Y | §,, 0o 0™(z) = ® ot (x). That this limit exists and
is continuous follows from the fact that ||0, |l converges to 0 exponentially. The
function ® may also be seen to be Hélder continuous.

It remains to verify that ®on™ is Holder continuously cohomologous to log som ™.
To see this, note that

dort —logson™ = Z(Jnoan —(5n).

n=1

This may be written as H o 0 — H where H = 5.°°  h,, and h,, = 31" §, 0 0.
Again, it is possible to verify directly that H is Holder continuous, but in this case,
the result follows more simply from Livsic’s theorem (see [20,21]). We check that
A ]loo converges to 0 geometrically. It then follows that H is continuous. Livsic’s
theorem then applies as ® o 7+ and log s o 7~ are two Holder continuous functions
on Y which are cohomologous by an L*° function, allowing us to deduce that in fact
® o7t and logs o 7~ are Hélder continuously cohomologous.
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Since we have already seen (Lemma 2) that logso 7~ and logg o 7wt are Holder
continuously cohomologous, it now follows that logg o 7+ and ® o 7+ are Holder
continuously cohomologous.

A further application of Livsic’s theorem allows us to deduce that logg and ®
are Holder continuously cohomologous (as functions on X1). Let z = www... be
any periodic point in X T, where w is any finite string. Let y be the corresponding
periodic point in ¥: ... www-www . ... Since log gorT and ®ort are cohomologous,
it follows that

per(w)—1 per(w)—
Z loggon™ Z ‘I’ o (0 (y))-
=0
This implies
per(w)—1 _ per(w)—1 _
Y loggle'(@)= Y @' (x)),
=0 =0

for any finite word w which is known by LivSic’s theorem to be a necessary and
sufficient condition for ® and log g to be Holder continuously cohomologous. O

Lemma 6. Ifv is a Holder Gibbs measure, v+ has conditional probability function
g and v~ has conditional probability function s, then g is circle-continuous if and
only if s is compatible.

Proof. Let ® be as in the statement of Lemma 5. We know that & is Holder
continuously cohomologous to log g. It follows that log g is the normalization of ®.
From Lemmas 3 and 4, we see that log g is circle-continuous if and only if ® satisfies
the conditions of Lemma 3.

From the definition of ®, we see that ®(00...) = logs(...00) and ®(11...) =
log s(...11). It follows s satisfies the first part of the compatibility condition if and
only if ® satisfies the first condition from Lemma 3.

To finish the proof, we show that under the assumption that s satisfies the first
compatibility condition, s satisfies the second compatibility condition if and only if
d satisfies the second condition from Lemma 3.

We now calculate the quantities involved in condition (2) of Lemma 3. Set
Cn(x) = Ay, 20 (®) + ... AL (®) and C(x) = limy, 00 Cr(z). The condition is
then that C(x) is independent of z. We have

Ay oy (@) =P(xyy ... 21100...) — D(xy, ... 21011...)

k times k times
> —= —
Z {logs .00z, ...2110...0) —logs(...00z,—1...2110...0)
k=0

k times k times

—~ —~
logs(...OOmn...xlol...l)+logs(...00xn_1...x101...1)}

Summing, we see

k times k times
> —~ = —~
=> |logs(...00z, ...2110...0) —logs(...0010...0)
k=0

k times k times

—~ = —~
—logs(...OOzn...xl()l...l)—I—logs(...OOOl...l)}
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Since log s is Holder and log s(...00) = log s(...11), the sum can be split as:

k times k times

> —~ —~ =
Chr(x) :[Zlogs(...OOxn...xllo...O)—logs(...OOxn...x101...1)}
k=0

k times k times

> —~ —~ =
——[j{:logs(..0010...0)——logsﬂ..OOOI...lﬂ.
k=0

The second summation is clearly independent of x, so we see that C(z) is inde-
pendent of x if and only if

k times k times

> —~ —~
Zlogs(...OOxn...acllO...O)flogs(...()()xn...:r101...1)
k=0

is independent of z, but this is just the second part of the compatibility condition
on s.

It follows that @ is continuously cohomologous to a circle-continuous function if
and only if s satisfies the compatibility condition and hence g is circle-continuous if
and only if s satisfies the compatibility condition. O

Lemma 7. If v" is a Gibbs measure with a Hélder continuous conditional prob-

ability function g, then there is a circle map f € C'*" whose symbolic measure is
+
vt

For a fuller version of this proof, the reader is referred to [23]. Here is a summary
of the argument.

Proof. Define a map fo : St — S! by fo(z) = 2z (mod 1). Let p:XF — S! be
defined by p(z) = > % @, /2", This is the natural semiconjugacy between o
and fo. The map p is also a measure-theoretic isomorphism between (X7, v 0, )
and (S*,vt op1, fy). To create the map f, we conjugate fy. Let 6 : St — St
be defined by 6(x) = v+ (p~1([0,2])). The map € is a homeomorphism from the
circle to itself as Gibbs measures are automatically non-atomic and fully supported
(see [W]). Then set f(z) = 6(fo(6~1(x))) preserving the measure v o p=t o 1.
Calculating, we see that v+ op=1(71([0,2]) = v o p~1([0,071(2)]) = x. It follows
that vT op~! o6~ is Lebesgue measure. So f preserves Lebesgue measure. It may
be checked that f € C'*". Let |-| denote Lebesgue measure. The triples (2,07, 0 )
and (S1,|- |, f) are measure-theoretically isomorphic by the map 6 o p. The map
0 o p may also be seen to be the natural semiconjugacy so that v+ is indeed the
symbolic measure corresponding to the map f as required. [J

We now combine these Lemmas to complete the proof of Theorem 2.

Proof of Theorem 2. Suppose f € C'*". Then let p be the unique absolutely
continuous invariant measure for T with density p. Let v be the corresponding
symbolic measure and p be the natural semiconjugacy from X+ to S'. Then v¥ is
a Gibbs measure with conditional probability function given by

_ p(p(x))
f'(p(@))p(f(p(2)))

This is clearly circle-continuous and Holder continuous. By Lemmas 2 and 6, it
follows that the scaling function s (which is also the conditional probability function

g(z)
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of v7) is compatible and Holder continuous. As pointed out in §2, scaling functions
automatically satisfy the summability condition.

Conversely, suppose that s is a Holder continuous function satisfying the summa-
bility condition and the compatibility condition. By results in [W], there is a unique
Gibbs measure ¥~ on X~ which has s as its dual conditional probability function.
This may be extended to give a measure v on ¥ and by Lemma 2, vT is a Gibbs
measure with Holder continuous conditional probability function, g say. Since s is
compatible, it follows that g is circle-continuous. Now by Lemma 7, there is a map
f € C*" which has vt as its symbolic measure. This map necessarily has v~ as its
dual symbolic measure and so its scaling function is just the conditional probability
function of v~ which is s. O

4. Teichmiiller space of circle endomorphisms

In this section, we study the geometric structure of C**" and represent its Te-
ichmiiller space by the space of Holder continuous functions on ¥~ satisfying the
summation and compatibility conditions. We also study the completion of the Te-
ichmiiller space.

Consider a fixed element ¢(z) = 22 in C'*". For every element f in C'*", there
is a unique homeomorphism h of S* such that

hf = gh.

Here h is called the conjugacy from f to q. The conjugacy here is not only a
homeomorphism but also satisfies a very important geometric property called qua-
sisymmetry defined as follows. Suppose h : I — J is a homeomorphism. Define

_ o flhat ) —h@)] |h2) — h(z — 1)
p(h.,1) = max { [A(w) = h(e = )] [z +1t) - h<fc>|}

forxelandt>0withz+tel,

p(h,t) = sup p(h, z,t),
xzel

and

p(h) = sup p(h,t).
t>0

The map h is said to be p-quasisymmetric if p(h) < p and to be symmetric if
p(h,t) — 1 ast — 0. A C!-diffeomorphism is an example of a symmetric home-
omorphism but a symmetric homeomorphism may be very singular; it may map a
measure zero set into a positive measure set. The proof of the following theorem
can be found, for example in [14, §3.5].

Theorem 3. Suppose f is in C*T" and h is the conjugacy from f to q. Then h is
quasisymmetric.

Now we consider the space of pairs [f, h] where f is in C'*" and h is the conjugacy
from f to q. For any two pairs [fi, hi] and [fa, ha], hy *hy is the conjugacy from
f1 to fo and is again quasisymmetric. Two pairs [f1, h1] and [fa, ho| are equivalent
(denoted by [f1, h1] ~ [fa, ha)) if hy thy is a C'-diffeomorphism. Tt is easy to verify
that ~ is an equivalence relation. Let k = {[f, h]} mean an equivalence class. Then
the Teichmiiller space, denoted as TC*", of C1*" is the collection of all equivalence
classes k = {[f, h]} for f in C'*h.

The following theorem is a consequence of Shub-Sullivan’s theorem in [24] and
Proposition 1. A more general version for geometrically finite maps is proved
in [15,16].
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Theorem 4. Suppose f1 and fo are in C*T". Let h be the conjugacy from fi to
fa, i.e., hfi = fah. Then h is a C'*" diffeomorphism if and only if the scaling
functions of f1 and fa are the same.

This theorem says that any two elements in an equivalence class in the Te-
ichmiiller space T7C'™ have the same scaling function. This combined with Theo-
rem 2 give us the following important corollary. Let S® be the space of all Holder
continuous functions on X~ satisfying the summation and compatibility conditions.
For any k = {[f,h]} in TC*™" let 1(x) mean the scaling function of f.

Corollary 1. The map ¢ from TC'T" to S" is bijective.

We are going to embed 7C'™ as well as S into the universal Teichmiiller space
and study its completion in the universal Teichmiiller space.

Let QS be the set of all quasisymmetric homeomorphisms of the circle modulo
the space of all M6bius transformations of the circle (QS may be identified with
the set of all quasisymmetric homeomorphisms of the circle fixing three points).
Let S C QS be the subset of all symmetric homeomorphisms of the circle. For
any h € QS, let &, be the set of all quasiconformal extensions H of h into the
unit disk. Let Ky be the quasiconformal dilatation of H € &, (see [19]). Using
quasiconformal dilatation, one defines a distance in QS by

1.
d(hl,hg) e 5 lnf{logKH;1H1|H1 S 5h1,H2 S 5h2}~

It is known that the space (QS,d) is a complete space under the metric d. This
space is called the universal Teichmiiller space (see [19]). The topology coming from
the metric d on QS induces a topology on QS/S. Defining

d(Shl,ShQ) = inf d(klhl,kghg).

ki,k2€

gives a metric on QS/S (see [12]). The topology on (QS/S, d) is the finest topology
which makes the projection IT : QS — QS/S continuous. An equivalent topology
can be defined as follows. For any h € QS, let Hj,. be a quasiconformal extension
of h to a small neighborhood U of S' in the complex plane. Let

_ _ (Hloc)Z
M= KH,, = (Hl ) :

Let
k. = [1(2)loo
and -
R
Then
Cp =infCp,,,

where the infimum is taken over all quasiconformal extensions H;,. of h to a neigh-
borhood of the circle. The number C}, is called the boundary dilatation of h. It is
known that h is symmetric if and only if C}, = 1. Define

1
d(hh h2) = 5 IOg Chglhl'
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The topology of (QS/S,d) is equivalent to the topology of (QS/S,d). For any
k = {[f,h]} in TC'™, define ®(k) = hS, where hS means the equivalence class
of hin QS/S. Then ® embeds 7C'*" into QS/S and induces a topology on the
Teichmiiller space T7C'™". By Corollary 1, we also get an embedding of S" into
QS/S. Now we are going to discuss the completion of 7C'*" in QS/S.

Let R be the real line. Then E(x) = ?™® : R — S! is a covering map. For
any circle map, let ' : R — R be a lift of f, i.e., F' is an orientation-preserving
homeomorphism such that Fo F' = fo E. Then F(z+1) = F(z) + 2. If we impose
the additional condition F'(0) = 0, then F' is uniquely defined. A circle map f, is
said to be uniformly symmetric (refer to [26]) if

pr(t) = sup {p((F°)~ ")} =0 as t — 0.

It is equivalent to say that all inverse branches of f"|I for all n > 0 and all open
intervals I # S! are uniformly symmetric. An example of a uniformly symmetric
circle map is a C'*" circle map. This fact follows from the naive distortion lemma
directly. Let SC be the space of all uniformly symmetric circle maps. Then C'*" ¢
SC. The following lemma can be found in [19]. A normalized homeomorphism h of
the real line is a homeomorphism such that h(0) = 0, h(1) = 1, and h(co) = 0.

Lemma 8. Let [a,b] be a closed interval on the real line, and € > 0. Then there is
a § > 0 such that for any normalized quasisymmetric function h,

|h(z) —z| <€, € a,b],
whenever h is (1 + 0 )-quasisymmetric.

By using this lemma and referring to the proof of Theorem 1, we get the following
theorem.

Theorem 5. Suppose [ is a uniformly symmetric circle map. Then its scaling
function exists. Moreover, this scaling function is continuous.

By applying Lemma 8 again, we see that the scaling function is left invariant if
the map is conjugated by a symmetric homeomorphism.

Lemma 9. Suppose fi1 and fo are two uniformly symmetric circle maps. Let h be
the conjugacy between fi1 and fo. If h is symmetric, then the scaling functions of
f1 and fo are the same.

Similarly we define the Teichmiiller space of SC as follows. Consider a fixed
element q(z) = 22 in SC. For every element f in SC, there is a homeomorphism h
of S! such that

hf = qh.

The conjugacy h here is again quasisymmetric. The proof of this fact is similar to
the proof of Theorem 3 by applying bounded geometry (refer to [14, §3.5]). Now
we consider the space of pairs [f, k| where f is in SC and h is the conjugacy from
f to q. Two pairs [f1,h1] and [fa, ho] are equivalent (denote as [f1,h1] ~ [f2, h2]
again) if hy 'hy is symmetric. It is easy to verify that ~ is an equivalence relation.
Let k = {[f, h]} denote an equivalence class. Then the Teichmiiller space, denote
as TSC, of SC is the collection of all equivalence classes k = {[f, h]} for f in TSC.
For any x = {[f, h]} in SC, ®(x) = hS, where hS means the equivalence class of h
in QS/S, defines an embedding of 7S8C into QS/S and induces a topology on the
Teichmiiller space 7SC. Following Lemma 9 and Theorem 4, if both of f; and f5 are
in C'*" and [f1, h1] and [fo, ho] are equivalent in SC, then they are also equivalent
in C'*". The following lemma also appeared in [13], but we offer a different proof.
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Lemma 10. The space TSC is a complete space.
Proof. Take any Cauchy sequence {k,}52 1 = {[fn, hn]}32; in TSC. Then

d(Shy,Shy,) — 0 as m,n — oo.

We may assume by working modulo S that h;'h,, tends to the identity map as
m and n go to infinity. Therefore, {h,}52 is a Cauchy sequence in the universal
Teichmiiller space and h,, tends to a quasisymmetric map h as n goes to infinity.
Let l,, = h=th,, and f = h='qh. Define maps f, by f = l,,f.l;* for all n > 0. Let
p(l,) be the quasisymmetric constant of [,,. Then p(l,) — 1 as n — co. Let gy,
be the inverse of f* : Icmwk — ST\ {a,}, where a, is the fixed point of f,,. Let gu,
be the inverse of f¥ : I,,, — S\ {a} where « is the fixed point of f. Let p(gn.w,,t)
be the symmetric distortion of ¢y, ., . Then there is a function €,(t) — 1 ast — 0
such that p(gn,w,,t) < €,(t) for all wy. Let p(gu,,t) be the symmetric distortion of

. _ —1
gwk. Slnce gwk - lnfn,wkln )

P(Guyst) < (p(ln))26n(t)

for all wy and all n > 0. Therefore,

pf(t) < Tilg%{(p(ln))zen(t)}'

So ps(t) — 1 as t — 0, this means that f is uniformly symmetric and [f, h] € 7 SC.
So 78C is complete. [

Lemma 11. For any [f,h] € TSC and any € > 0, there is an analytic circle map
fe in CYTR such that [f., he] is in the e-neighborhood of [f,h] in TSC.

Proof. For any [f,h] € TSC, we construct an analytic circle map approximating f
in the quasiconformal metric. The technique in the construction was developed in
complex dynamics (see [9]).

Consider a quasiconformal extension H of h to the complex plane. Then T =
HqH™! is a quasiregular map of the complex plane. Let

_(
MT"(Z) - (

be the Beltrami coeflicient of 7™. Since f is uniformly symmetric, we can pick an
extension T' (equivalently, pick an extension H of the conjugacy h) such that there
is a function y(t) — 0 as t — 0 and such that |z« (2)| < v(|z|** — 1) for all n > 0
and a.e. z. (This can be taken as an equivalent definition of a uniformly symmetric
circle map (refer to [12]).) Let

be the Beltrami coefficient of H. By calculus,

pa(q"(2) — pa(z)
1+ pr(q*(2))pn (2)

prn (2) =

This implies that
2

i (q"(2)) — pu ()| < Cr(|z
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for all n > 0 and a.e. z where C' > 0 is a constant. For any € > 0, we have a § > 0
such that y(t) < e/C for all 0 <t < §. Let

Ag={z€C|1-6<|z|<(1-0)Y}u{zeC| A+ <|z|<1+6}

and set A, = ¢ "(Ap). Define u(z) = pg(z) for z € C\ (U2, 4,,) and u =
wr(q™(z)) for z € A, and n > 0. Then p is a Beltrami coefficient defined on the
complex plane. Let R be a quasiconformal homeomorphism solving the Beltrami
equation Rz = u(z)R, and let T, = RgR~'. By calculus,

L) = Ma(z) = pz)
P = L o)

So (T.)z = 0 for (1-6)"/2 < |2| < (1+6)Y/2, that is, f. = T.|S" is analytic. Because
|p(z) — pr(2)] < € for all z € C, T¢ is e-approximate to F' in the quasiconformal
metric.

Since R|S! is quasisymmetric, f. has bounded geometry meaning that all pre-
scalings s.(wy,) of f. are greater than a constant. A real analytic degree two circle
endomorphism having bounded geometry is expanding (refer to [14, Chapter 3]).
This completes the proof. [

Theorem 6. The completion of TC'™" is TSC
Proof. 1t follows from Lemmas 10 and 11.

The study of 7SC and its representation by the space of scaling functions is still
an important problem.
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