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Abstract. We are interested in ergodic properties of absolutely continuous invariant
measures of positive entropy for a map of an interval. We prove a Bernoulli property
and a characterization by some variational principle.

We consider (piecewise) o maps from an interval into itself. Sufficient conditions
have been given for the existence of an invariant measure which is absolutely
continuous with respect to the Lebesgue measure: we shall write this a.c.i.m. (See
Bowen [4] for discussion and references; Misiurewicz [15], Jakobson [10] and
Szlenk [33] for recent results.) We want to study the ergodic properties of such an
a.c.i.m. in the case when the expansivity is not uniform, but only asymptotic: We
consider only maps which are not flat at their critical points.

We show that for an a.c.i.m. weak mixing and positive entropy imply a Bernoulli
property: each finite partition in intervals is weak Bernoulli. This result was known
in the uniformly expansive case (Bowen [3]). We also show for a C* map f that
a.c.i.m. of positive entropy are characterized by a variational principle: an ergodic
measure u of positive entropy 4 is an a.c.i.m. if and only if it satisfies Rohlin’s

formula: h =J log |[f'] du. This result is also true in the piecewise C? case if the

measure is non-degenerate (see definition 1.3 below). It was known only in some
particular cases, like B-transformations (Walters [34], Hofbauer [8]). This charac-
terization leads to criteria for the existence of an a.c.i.m. We give an example: if
there is a set of positive measure of regular points with positive characteristic
exponent, then there exists an a.c.i.m.

In order to prove these results, we construct the local unstable manifold in some
patural extension of the system. Much more general results about local unstable
manifolds for a non-invertible map are announced by Ruelle and Shub [29], and
I am very grateful to D. Ruelle ior having acquainted me with this idea.

Then we prove the absolute continuity of the unstable foliation, from which
ergodic properties follow. Absolute continuity of the unstable foliation is the key
property of Sinai’s measure in several examples (Anosov systems [31] and flows
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[32], Axiom A attractors for diffeomorphisms [24] and flows [5], Lorenz’ attractor
[6]) and also of invariant smooth measure for diffeomorphisms (Pesin [18]). Ruelle
[26] proposed that measures describing turbulence are measures with that property.
This paper shows that in dimension one, even in the non-uniform case, this
proposition is consistent with other natural notions such as being an a.c.i.m. of
positive entropy or satisfying a variational principle.

Part of this work was done while visiting the University of Rome, with the support,
hospitality and interest from the statistical mechanics Roman team.

1. Notations and results

We shall say that a real function f on an interval [a, b] satisfies condition C, or is a
C-map, if:

Condition C. The map f is continuously differentiable and its derivative f’ has the
following properties:

(C,) f satisfies a Holder condition of order ¢, £ > 0.

(C;) There are only a finite number of critical points. We denote them by
asai<ay' - <a,<b with fl(a;)=0for0<i=n.

(C3) There exist positive numbers k; (k; ) such that

o IF
og Kk

|x —a;|"

is bounded in a left (right) neighbourhood of a;.

Let I be the unit interval. A map f from I into itself will be called piecewise
condition C or a PC-map if there exists a finite partition 0 < b, < b, - - - < b,, <1such
that f is a C-map from [b;, b;.1] into I, for any j.

A probability measure w on I is said to be invariant if w(f 'A) = u(A) for every
Borel set A, and ergodic if it is invariant and every invariant set has measure 0 or
1. The entropy h{w) of an invariant measure is a positive number (cf. [23]); the
entropy is 0 if and only if the map f is u-a.e. invertible. Conversely, a finite partition
P in a system (X, f, u) defines a weak Bernoulli process [16] if, for any £ >0, there
exists an n such that for any m, p

Zblu(a Nb)—u(a)u(d)<e,

where the sum extends over all atoms of the partitions

m+n+p

V fP and V P
i=0 i=m+n

respectively.
The main results of this paper are the following.

THEOREM 1. Let f be a PC-map, Q the partition of I defined by the critical points
and the points of discontinuity, u an ergodic a.c.i.m. of positive entropy. If u is ergodic

for £, for all k >0, then Q defines a weak Bernoulli process. In any case, there exists
ko—1 .

a ko= 1 such that the partition \/ f'Q defines a weak Bernoulli process with f*° on
i=0

any ergodic component.
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We remark that, by introducing new discontinuities, any finite partition in intervals
can play the role of Q in theorem 1.

COROLLARY 2. Let f be a PC-map, u an ergodic a.c.i.m., of the o-field of Borel sets
on I The tail o-field \f"d is either finite or equal to A, according to whether

J‘ log |f'| du is strictly positive or zero.

THEOREM 3. Let f be a C-map. An ergodic invariant measure u with positive entropy
is an a.c.i.m. if and only if Rohlin’s formula (1.1) is true:

(11) k)= [ 1og ] du.

Theorem 3 is also valid for PC-maps if one considers only measures which are
non-degenerate (definition 1.3 below).

COROLLARY 4. Let f be a PC-map, p an a.c.i.m. Almost all ergodic components of
wu with positive entropy are still absolutely continuous. Therefore there can be essentially
only a countable number of different ergodic components with positive entropy.

A counterexample to theorem 3 for a C'map can be obtained from a construction
of Bowen’s [2] (this remark is due to L. S. Young). As an example of an application of
theorem 3, let us define a point x in I to be a regular point if the following properties
hold:

n—1

(R;) The sequence of measures (1/n) Y. &5, converges vaguely towards an ergodic
i=0

measure u, (8, denotes the Dirac measure at y).
(R;) The sequence of numbers (1/n) log |f” (x)| converges towards A,.

(R3) We have A, = J log |f'| du,.

A regular point is called positive regular if A, > 0. The set of (positive) regular points
is measurable ([9], p. 363).

In some sense, orbits of regular points are the very orbits an experimentalist wants
to observe. One may argue that he can do so only if regular points have a positive
Lebesgue measure. Our criterion deals with that condition and was suggested by the
numerical evidence of [1].

THEOREM 5. Let f be a C-map from I into itself. The set of positive regular points has
a positive Lebesgue measure if and only if there exists an a.c.i.m. of positive entropy.

Theorem 5 follows from theorem 3 and proposition 6.

PROPOSITION 6. Let f be a C-map. For Lebesgue almost every regular point, we have
h(u.)=max (0, A,).

The proofs of the main theorems use the construction of an invertible extension of
fasfollows: let fbe aPC-map,0=ao<a,<- - <a,.; =1be the sequence of critical
points and points of discontinuity. Let Z be the set of sequences of
{0,1,...,n,0n+1}, z={24,2z2,...,20 ...}
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(1.2) We call the system (Y, f) the extension of (I, f), where Y is the subset of I X Z
composed of all the pairs (x, z) such that, for any m, there exists x,, in I satisfying

f(X1):x, f(xm)=xm71’ azmsxm<azm+1,
and f is defined by
flx,2)=(x",2"), withx'=f(x), z, =2,

for n>1 and z] is the only index for which a,;<x <a,;.;.

It is easy to check that the map f on Y is invertible, its inverse f ' being given by
f*l(x, z)=(x", z"), where x" is the first element x, (see above) in the definition of
(x, z) belonging to Y, and z, =z,,;. It is also clear that the projection IT on I
commutes with the maps f and that, for any invariant measure  on I, there exists
a unique invariant measure g on Y whose image by IT is u. If the measure u is
ergodic, so is . Put §(y) = ir?f [TI(y)—ajl.

Definition 1.3. We say that an invariant measure u is non-degenerate if we have

liminf (1/n)log6(f "y)=0 fa-a.e.

PROPOSITION 7. Let f be a C-map and w an ergodic non-atomic invariant measure
with J log |f'| du > —0, or let f be a PC-map and u an a.c.i.m. In both cases, the
measure w is non-degenerate.

For a non-degenerate measure we can construct the local unstable manifold.
THEOREM 8. Let f be a PC-map and u a non-degenerate invariant ergodic measure.
Let 0<y <J' log |f'| du. Then there exist on Y four measurable functions a, 8, v, ¥

and a constant D such that:
(i) a>0,1<B <0, 0<y<® Q-a.e.;
(ii) let y = (x, z) and |t| < a(y); the point y, = (x +¢,2) liesin Y,
(iii) |I(f"y) ~TI(f "yl = B(y) exp (—xn)lt;
(iv) for any n,

L_ragTy)
D=y D
) Yy = HM AGy, v = 7(9).

A y))

Let us consider the equivalence relation on Y defined by the projection on Z.
Theorem 8 says that classes are made of open subsets of the interval, so that this
equivalence relation defines a ‘measurable foliation’ of dimension one. The classes
of that equivalence relation also define a measurable partition £ Absolute continuity
of the foliation (Sinai [30]) is a property of conditional measures, or Rohlin
decomposition, with respect to &
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THEOREM 9. Let f be a PC-map and i a non-degenerate invariant ergodic measure
such that h{u) = j log || du > 0. Let q(y, -) be a Rohlin decomposition of i for the

partition £. Then for @ almost all y, the measure q(y, nY)onIis absolutely
continuous with respect to the Lebesgue measure. We even know the densities of the
conditional measures (proposition 3.6),

We first prove theorem 8. Local unstable manifolds in the non-uniform case were
first constructed by Pesin [18]. Further progress has been made by Ruelle [27], Fathi,
Herman & Yoccoz [7], Katok & Strelcyn [11], Ruelle [28], Mafié, Ruelle & Shub
[29]. Our result is contained in the union of all those results and it is much simpler.
We give a proof of it for the sake of completeness and notations, and in order to
show the role of the different conditions. We then prove theorem 9. The proof
uses mainly the construction of a measurable increasing partition, as Pesin did in
[19], and the concavity of log, as in [12]. We then make some remarks which lead
to propositions 6 and 7 and, finally, combine our proofs to obtain the other
announced results. We shall use basic facts from Rohlin’s papers [21] and [23]
without any other particular reference.

2. Local unstable manifold theorem
We consider a PC-map and we keep the notations of § 1. We put F(y) = |f'(II(f 'y)).
We first prove some lemmas.

LemMA 2.1. Let f be a PC-map, y a pointin Y,y = (x, z) and F(y) # 0. There exists
a constant D such that, if |t|<(1/2D)8(f'y) F(y), then there exists a point x; in 1
such that

fx)=x+t,  a,<x/<a,.1, 1/D=|f(x))|/F(y)<D.

Proof. Let us consider a point x in I and / the index such that |x —a;|=6(x). If
|x —x'|=38(x), then 3= (x —a;)/(x'— a;) =3 and, by Cs if a; is a critical point, by C;
otherwise, we can find a uniform D such that (1/D) = f'(x")/f'(x) = D. Therefore for
v in Y and ¢ real, the conclusions of lemma 2.1 are true as soon as y +¢ lies in the
image by f of the interval [TI(f 'y)—38(f'y), II(f 'y)+38(f 'y)]. The lemma
follows because |f'] is bounded from below by F(y)/D on this interval. O

Let us now define A(y)= (1/2D)6(f‘1y) F(y) and let us choose a real C? function
6 on the real line such that 8(¢) =1 if |f| <3, 0 if [{/=1. For any y in Y with F(y)#0
define the real function G, by

Gy (1) = t/F(y)+0(t/A(y) - (xi —TI(f 'y) =t/ F(y)),
where x; is given by lemma 2.1.

LemMa 2.2. (i) G, (1) =x, —TI(f'y) for [t|] <3A(y); |G} (0)| = 1/F(y).
(i1) There exists K > 1 such that, for any s, t reals, we have

IGy(s)-Gy (= Is ="

_K
(F(y))?
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Proof. Property (i) is immediate. Let us choose M such that |f'(¢)— f'(s)| = M|t —s}°
if 5, ¢t belong to the same interval. To prove (ii), we compute |G} (t) - G (s)|.
In the case when |f]<A(y) and [s|> A (y), we have

|Gy (s) =Gy (1)l
=0U/A(y) | G FG )I +(1/A () |6/ A ()l xi —TI(fy) = t/F(y),
< DPM DM A(y)
—(F( e A6 /A(y))+(F( WV 1+e ——16'(t/x(y))] by C; and lemma 2.1,
(F( )2 —t—s|° for some constant C.
The estimation is quite similar if both s and ¢ are smaller than A(y). O

LeEmMMA 2.3. Let (X, f, 1) be a dynamical system, g in LY(X, w). Then
lim(1/n)gof"=0pu-a.e.
Proof. This follows immediately from the pointwise ergodic theorem. O

LEMMA 2.4. Let u be a non-degenerate invariant measure such that I log |f'| du is

finite. Then lim inf (1/n)log A(f "y)=0 g-a.e.

Proof. This follows clearly from the non-degeneracy of the measure p and lemma
2.3 applied to the integrable function log F. O

Let us now state the non-linear ergodic theorem ([27] theorem 5.1) for a family of
one-dimensional maps.

THEOREM 2.5 (Non-linear ergodic theorem). Let (X, X, p; f) be a dynamical system
and, for any x in X, G, be a C'*° real function, x<0. We write G"=
G-ty o -0 Gy oG, and we suppose that log' ||G.|l.e is integrable and that
limnsup (1/n)log |G (0)| < x p-a.e. Then there exist measurable functions a(x), B(x)

such that, if [t| < a(x), |G3(t)| = B(x) exp (nx) forall n =0.
Proof of theorem 8. Let f be a PC-map and u a non-degenerate ergodic measure.

Let us suppose that _[ log |f'| du >0 and let us choose y, 0<X<I log |f'| du. By

(2.5) applied to (Y, f_l) and lemma 2.2, there exist measurable functions on Y
0<a’'<B <+ j-a.e., such that, if |t| <a'(y), then |G} (¢)| < B(y) exp (—nx) |t|.
We now put .
a(y)=inf (a'(y), A(f""y) exp (nx)/2B(y), n = 0).
By lemma 2.4, « is positive almost everywhere. We have now for |f| < a(y), and any
n=0,

IG}()|=B()exp(=mx) [t]  and  |GJ(O|<3A(f"y).

n+1

} which we obtain by applying lemma 2.1 to (f "y, G;(t))
»~! and therefore defines a unique

The sequence {x;
successively satisfies, by lemma 2.2 (i), f(x7) = x;
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point y, in Y; it clearly has the properties (ii), (iii), (iv) of theorem 8. Property (v)
follows from (iii), (iv) and the H6lder condition on f'. O

3. Absolute continuity of the unstable foliation
We first show a preliminary lemma.

LEMMA 3.1. Let m be a finite measure on I; for Lebesgue almost all x in I, for all

a<1,limsup(1/n)logm[x—a”, x +a"]<0.

Proof. We have only to prove the formula for rational @ <1. Let us call A, the set
of x such that m[x ~a*, x +a*1=2k?a*, and let us cover I\A, by intervals C; =
[x; —a* x,-+a"], in such a way that x;£ A, and any point of I is at most in two
different intervals C;. If A denotes the Lebesgue measure, we have

ANAY=TAC)=(1/k>) L m(C)=2/k>.

By the Borel-Cantelli lemma, A-almost every point lies in limkinf A,, and therefore
satisfies

limsup (1/n)log m{x —a", x +a"]<lim sup (1/n) log 2n> a" <0. O
Lemma 3.1 allows us to construct Pesin’s partition in the general case.

PROPOSITION 3.2, Let f be a PC-map and u a non-degenerate invariant ergodic
measure, J' log |f'| du > 0. There exists a measurable partition n of Y with the following

properties
(i) the partition n is increasing by f, f‘ln >m, and generates;
(ii) the entropy of w is given by h(n) = H(f_ln/n);
(iii) the elements of m are subsets of the elements of the partition ¢,

(iv) we have j-a.e. 0<J‘ Ay, y') dy' <oo, where n(y) denotes the element of n
n(y)

containing y and d denotes the natural Lebesgue measure on each element of n.
Proof. We shall first construct the partition and then check properties (i) to (iv). We
consider the functions «, 8 and y given by theorem 8.

We call IT' the projection from Y into Z. Let us consider ao, Bo such that
i ({a>ao, B <Bo})>0 and a measurable map p from B =II'{a > ao, B <Bo}) into
{a > ay, B < Bo} which is a section of IT". We consider A,, the set of y such that IT'(y)
liesin B and [TI(y) — Ip(IT'(y))| < 5. By modifying p if necessary, we may suppose that
“ (Aao/2) >0.

For any 0 <7 <1, any integer n, consider A", the set of y such that IT'(y) lies in
B and |[II(y)-TIp(IT'(y))|—s| < 7". By lemma 3.1 we can choose s < ao such that

(3.3) A(A)>0and ¥ @(As") is finite for all 7 <1.
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For such an s define n as the partition generated by the images of A; and of the
partition Q determined by the a;:

n=V f(A, Y\A}v Q).
From the definition it is immediate that n is a measurable partition, increasing by
£, and that its elements are contained in the elements of £, because £ = \V f'Q.
i=1

Furthermore, we have a generating partition because, if two points y; and y, are
such that all their images f°y; and f'y, lie in the same element of {A,, Y\A,} v ¢ we
have almost everywhere for an infinite number of n;, f*y; and f™y, in the same local
unstable manifold with a > aq, B < Bo; therefore [[I(y1) —II(y2)| < Bo exp (—xn:)ao,

and y; and y, must coincide. This means that almost any two points are separated
by V f"n. The partition 7 is therefore the future of a finite generating partition P,

and the entropy is given by
hw)=H(P/ V FP) = H( nfm).

We have now only to verify property (iv), which divides into two properties. The
strict positivity of the integral follows from:

LEMMA 3.4. For i-almost any y in Y, n(y) contains an open neighbourhood of y in
&(y).

Proof of lemma 3.4. Let us call E the intersection of A7”", n > 1; E is the ‘boundary’
of A.. Let us denote the distance from y to E in £(y) by w(y). By (3.3)forany 7 <1,
we have that Y g ({w(f "y) <7"}) is finite. By the Borel-Cantelli lemma, it follows

that, for any x >0, the function ¢(y)=inf («(f "y) exp (nx), n = 0) is strictly posi-
tive z-a.e. Therefore, let us consider y in Y and a real ¢, |¢| smaller than a(y), §(y),
and ¢(y)/2B(y). By theorem 8, there exists a point y; in Y, in the same element of

£=V f7'Q, and such that
i=1

IT(f~"y) = TI(f "yl = B(y) exp (—=nx)|t]| <2{(y) exp (—nx) <w(f"y).
Therefore f "y and f™ "y, are bothin A, or bothin Y\A, foralln =0. Since [t| <& (y)
y and y; are also both in the same element of Q. Finally, for almost all y, we have
found anopensetofreals tsuchthat y; belongston(y),andthatproveslemma3.4. O

The finiteness of the integral in property (iv) follows from theorem 8 (v) if y is in
A,, because A is bounded on the local unstable manifold, which contains n(y). If y
is not in A, by ergodicity, there exists a positive k such that f ¥y isin A, and then
n(y) =fk([f'kn](f_ky)). We have therefore

ko fa(f'y)
A , 1 d ' A kr ;,d
J'n(y) (y Y) Y J‘f"([fkn](f"y)) (f f )tnlf (f )
k .
=1 If'(f_'y)lj L ATy ay
i=1 [F 5 nl(fy)
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and this integral is finite because [ F nl( ¥y} is contained in the local unstable
manifold of the point f~*y; this achieves the proof of proposition 3.2. O

We recall also the following classical lemma.
LEmMA 3.5. Let (X, u, f) be a dynamical system and g, i=1,2,3, be functions
related by g, = g,+ g3 f — ga, with g, and g1 integrable. Then we have
lim (1/n)gsef" =g:1—§,=0 u-ae,
where § denotes the pointwise limit of ergodic averages of g.

Proof. The first equality comes by applying f' to the given relation and averaging.
On the other hand, the random variables (1/n)g; o " converge in measure towards
0. Therefore, the almost everywhere limit has to be 0. O

The next proposition expresses the absolute continuity of the unstable foliation.

PrOPOSITION 3.6. Let f be a PC-map and p a non-degenerate invariant ergodic
measure such thatj log |f'| du = h() > 0. The Rohlin decomposition for the measure
[ with respect to the partition n of proposition 3.2 is given by q(y, B), fory in Y and

B a measurable subset,

j Aly, y') dy’
Bnn(y)

q(y, B)= .
[ awyray
n(y)

Proof. Let us remark first that g(y, -) in (3.6) is a probability measure such that

q(y, n(y)) =1 and that, if 7(y1) =n(y2), 4(y1, *) is equal to g(y2, -) by multiplying
both factors by A(y1, y2).

Let us consider the Rohlin decomposition for the measure x with respect to the
partition n, p(y, - ), and we take an integer n. We have, by proposition 3.2 (ii),

(3.7) nh() = H(f"n/m) = [ 1og p(y, [ "n)(y))i (dy).

In addition, the following relation is true:

68 [ lo8a0,1f "M@= [ 10g "1 di = n [ 10g|f .

(3.8) follows from lemma 3.5 and the following relation:

J-n Ay, y") dy’
aly, [f "l(y) = [f ")

»

J Ay, y') dy’
n(y)
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which becomes by letting k (y) =J Ay, y)dy',

n(y)
. 1 R ()
) = A(fy, YY) - dy’
AN =i [ Ay
_ k()
I ()lk(y)

By comparing (3.7), (3.8) and the Rohlin’s formula of the hypothesis, we obtain

q(y, [f "nlly)
I log p(y, Lf "nl(y))

Consider the measure 7 defined on the o-algebras of [ f~"n] measurable sets by

(3.9 i(dy)=0.

7(8)= [ a(y, Ba(dy).

(3.9) says that
I log (d5/dit) dii = 0.

By the concavity of the function log, this is possible only if @ = #, which implies that
q(y, B)=p(y, B) if B is f "n measurable.
As f"n generates, the proposition follows by letting n go to infinity. |

Theorem 9 follows from proposition 3.6 because the partition 7 is a subpartition of
the partition & Therefore, the Rohlin decomposition with respect to £ is made of
measures which are linear combinations of measures from the Rohlin decomposition
with respect to 7. They are also absolutely continuous with respect to the Lebesgue
measure.

4. Proof of proposition 6
We first recall some facts and remarks.

The estimation of the entropy from above, for any invariant measure, can be
shown in various ways. The following result (4.1) is proved in [25].

PROPOSITION 4.1. Let f be a C' map from I into itself and u an invariant measure.

Then h(u) =< max (0, I log |f'| du).

In particular, proposition 4.1 explains why we called (1.1) a ‘variational principle’.

To compute this entropy, we have to recall some formulae from [23]. Let f be a
C-map from I into itself and m a probability measure on I If £ is a measurable
partition, we denote by E,..( /£)(x) the Rohlin decomposition measure for m with
respect to &, at the point x. If € is the point partition, let us define

Hm(s/f_ls)=—ZJ‘[. - ]logEm([ai, a,~+1]/f_ls)dm.

PROPOSITION 4.2. For any invariant measure u, h(u) = H,L(e/f'le).

We shall also use elementary properties of the function m - H,,(e/ f‘ls).
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ProPOSITION 4.3 (cf. [14] lemma 3.2). If m = pm,+ (1 —p)ma,, then
Ho(e/f ') =pHu(e/f €)+ (1= p)Hum,(e/f ¢).
If m({a;}) =0, and m, is a sequence of measures converging towards m, then
Hm(s/f_ls)zlimnsup H,, (¢/f e).
Finally, let f be a C-map, p a positive function, and B a Borel set. Suppose that

pdi =1. The Rohlin decomposition measures for pA with respect to f "¢ can

be easily computed

—n (y)ip(y) p(y) )
4.4) E(B = gy e o h 0/0 =0).
@) EnBIf )= B TN ] el oy R 070=0)

We are now able to estimate H,,(e/f "e). We have:

LEMMA 4.5. Let f be a C-map, p a positive function, J’ pdix =1. We have

Hou(e/f )= [ 10g|"lodh - [ o log o dr.

Proof. Let us define Q" ={Q7} the partition of I defined by the critical points of f".
By (4.4), w= have:

Haterr 0= [ og[( el 3 £ fotn] oo

= [1oglf"lodr~ [ o108 p ar

+[log 5 oI W0 ds.
yef "f"x
By the change of variables formula, the last term is also equal to

ply) p(y)
J tog yE;"x Ifnl()’)l YE;"X Ifn’()’)| dx.

By convexity of the function ¢ log ¢, this quantity is greater than 7 log 7, where

p(y)
= A = =1.
= S Joa s

Proof of proposition 6. There is nothing to prove if there is almost surely no positive

regular points. If that is not the case, there exists a measurable function p, I pdi =1,

p(x)>0 only if x is a positive regular point. We may also assume that p is bounded
and that pA integrates inf (1/n) log |f”| so that (1/n) log |f™ (x)| converges towards
" n—1 i
A« in L'(I, pA). Let m,, be the measure m, = (1/n) ¥ (pA) e f, and let us consider
i=0

ameasure u, vague limit point of the sequence m,. We have,by R, u = J wp(x) dx,

and that is the ergodic decomposition of the invariant measure u. We also have, by
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R, and the choice of p, the convergence of Jlog |F'| dm,, =(1/n)Jlog If"| dpA

towards J A, p(x) dx. Therefore, we have:

H, (¢/fe)=(1/n) go Hoi(e/f ) byd.3),

=(1/n) ng; H, (f'e/f " 'e)=(1/n)Ha(e/f "),
by the sum formula for conditional entropies. Finally, by (4.5), we obtain
H, (¢/f 'e)= J log |f') dm,. — (sup p log sup p)/n.
If we had © ({a;}) > O for some critical point a;, the corresponding ergodic component

w: should verify I log |f’] du; = —o0, which contradicts Rs. So, by (4.3) when n goes

to infinity, we have:
H, (¢/f'e)=lim sup Hy. (¢/f 'e) = I Aeo(x) dx.
And, by (4.2),

j h(u)p (x) dx =h(ux)zHu(e/f“s)zj Asp(x) dx.

Comparing this formula with (4.1) and R; gives A(u,) = A, pA-almost everywhere,
which is the statement of proposition 6. O

Let us remark that, in general, we can try to apply some limit argument and lemma
4.5 for constructing measures satisfying Rohlin’s formula (1.1). Here R; was the
condition which allowed us to control the behaviour of (1/n) log If"'l. Replacing R;
by another condition could be a way of finding invariant measures satisfying (1.1),
and therefore by theorem 2 a.c.i.m.

5. Non-degeneracy
We prove in this section proposition 7. The arguments are not the same for a PC-map
and an a.c.i.m. (lemma 5.1 and 5.2) as for a C-map and any invariant measure for

which J log |f'] is finite (lemma 5.3 and 5.4).

LemMA 5.1. Let f be a PC-map and u an a.c.im., with density h. Then
(1/n)log h(II(f "y)) tends to O a-a.e.

Proof. Saying that i = kA is an invariant measure is equivalent to the relation
h)= 3 REFGOL
By lemma 4.4 we can compute
I(e/f'e)x) ==X 1o,(x) log E.(1o/f '&)(x)
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and find
I(e/f 'e)(x) =log|f'(x)|+1og h(fx) —log h(x).

We have in the extension by applying f !
I(fe/e)y)=I(e/f'e)(f'y)
=log lf (f'y)| +log h(TI(y)) ~log A(TI(f"'y)).
The lemma follows by lemma 3.5. We also have that the limit of the ergodic averages
are the same for the functions I(fe/¢) and log |f'|. O

LEMMA 5.2. Let f be a PC-map. Any a.c.i.m. is non-degenerate.
Proof. Let a; be a singular point and i = AA an a.c.i.m. The function
k(x)=1/(h(x)Vlx —a)
is u-integrable. Therefore we have
2log [x —a;| = —log h(x)—log" k(x),

with log” k w-integrable. By lemma 5.1 and lemma 2.3 applied to log" k, we have
finally

lim inf (1/n) log [TII(f "y)—a;|=0 fa-a.e.

which proves lemma 5.2. (]

LeEMMA 5.3. Let f be a C-map and a; a critical point for f'. Let u be an invariant

measure on I such thatJ' log |f'| du is finite. Then
lim inf (1/n) log |II(f "y)—a;|=0 a-a.e.

Proof. Lemma 5.3 follows clearly from condition C; and lemma 2.3 applied to the
integrable function log [f'  TI|. 0

LEMMA 5.4, Let f be a C-map and p an invariant measure without atoms and such
thatj log |f'| du is finite. Then
lim inf (1/n) log |[TL(f "y)| =lim inf (1/n) log |1 = TI(f "y)|=0 g-a.e.

Proof. We may suppose u ergodic and non-atomic. Let us remark first that the
pre-image of 0 and 1 can be made only of critical points, and of 0 and 1. We shall
consider the different cases.

If £'{0}) contains neither O nor 1, every trajectory {f "y, n >0} which would
approach 0 exponentially fast on a subsequence would also by C; approach exponen-
tially fast at the next stage another critical point. By (5.3) this happens only on a set
of g-measure O of initial points.

If ~'({0}) contains both 0 and 1, the preceding remark applies to 1. Therefore, if
there is a positive set of points whose orbits approach 0 exponentially fast on a
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subsequence, almost all of them cannot approach exponentially fast another pre-
image of 0 other than O itself. We have here to study what happens in the
neighbourhood of the fixed point 0. There can exist non-constant orbits by f~*
approaching 0 exponentially fast on a subsequence only if f'(0) > 1. Then, if the orbit
cannot escape to another pre-image of 0, it has to converge to 0. Therefore the set
of y such that II(f™"y) converges to 0 is of positive measure, and x has to be the
Dirac measure at 0, which is impossible by hypothesis. So, in that case also, the set
of points whose orbits approach 0 exponentially fast on a subsequence has measure
zero. The same argument applies if f~'({0}) contains 0 and not 1.

By exchanging the role of 0 and 1, we are left only with the following case: f~'({0})
contains 1 and f~'({1}) contains 0, where the same argument applies to f~ instead of
f; this achieves the proof of lemma 5.4. O

6. Conclusions
We proved in the preceeding sections propositions 6 and 7 and theorems 8 and 9.
The other results then follow.

Let us first show theorem 2. The formula for the entropy of an a.c.i.m. is due to
Rohlin ([22], cf. also lemma 5.1 above for a proof). Conversely, let us consider for
a C-map f an ergodic invariant measure u with positive entropy and satisfying
formula (1.1). By proposition 7 this measure is non-degenerate, and we may apply
theorem 9. Therefore for any subset A of I with Lebesgue measure zero, [T (A) is
of q(y,+) measure zero for g-almost every y. By averaging in y, II"'(A) is of
p-measure zero, that is u(A)=0. The measure u is absolutely continuous with
respect to the Lebesgue measure.

We prove now theorem 5. Let u be an a.c.i.m. Then log|f'| is an integrable
function (cf. again [22] or lemma 5.1). By the ergodic theorem applied to a countable
dense subset of continuous functions and to log |f'], u-almost every point is regular.

Therefore, if u = J’ wux 1(dx) is the decomposition of the invariant measure u into

ergodic measures, we have:
h(u)= J- h(w,) u(dx)= J max (0, A,) u(dx) by proposition 6.

If the entropy h(u) is positive, the set of positive regular points has positive
n-measure, and hence positive Lebesgue measure. Conversely, if the set of positive
regular points has positive measure, there exists some x, to which proposition 6
applies and there exists some ergodic measure u,, with

Bt = A= | 108 1f diay >0.
By theorem 2, u,, is an a.c.i.m.
We then prove theorem 1. Let f be a PC-map and u an ergodic a.c.i.m. of positive

entropy. By proposition 7 and theorem 9, the Rohlin decomposition measures for
£ with respect to the partition &, restricted to the o-algebra I17'(sf), are all absolutely
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continuous with respect to the same measure. Let us remark that the partition £ is
oo .

exactly the ‘future’ \/ f'Q of the partition Q and that the o-algebra IT ' () contains
i=1

the o-algebra generated by the ‘past’ o(f'Q, i <0). That means that the (Q, f, &)
process has the following property: the Rohlin decomposition measures of & with
respect to the future, restricted to the past, are all absolutely continuous with respect
to the same measure. This property implies the statement of theorem 1 (Ratner [20],
cf. also [13] and [17]). For completeness, we outline the argument here.

The Pinsker partition Ilo of the process is contained in both the future and
the past. The property above implies that the Rohlin decomposition measures of
4 with respect to Ilp, restricted to the Pinsker o-algebra o(Ilp) itself, are all
absolutely continuous with respect to the same measure. This is possible only if [1o
is countable.

By ergodicity, a countable invariant partition is finite and its elements are ergodic

ko—1
sets for a suitable power f*°. As the Pinsker partition for the ( ‘V ffQ, f k") process
i=0

is the same as the one for the (Q, f) process, we obtain all the conclusions of the
theorem if we show that Ilo trivial and the property of the decomposition imply
weak Bernoulli. But if the Pinsker partition Ilg is trivial, we have that the terms in
the Rohlin decomposition for the measure g with respect to the future of the
partition Q, restricted on the remote past o-algebra Ao (f'Q,i=n), are all

absolutely continuous with respect to the same measure — and also have an average
by 4 which takes only the values 0 and 1 (for Ao (f7Q,i=n)=1o i mod 0).

Therefore these restrictions to the remote past o-algebra must all coincide. This
condition — that Rohlin decomposition measures with respect to the future coincide
on the remote past — is another form of the weak Bernoulli condition we gavein § 1,
as can be seen by applying f ™, letting m and p, and then n go to infinity.
Corollaries 2 and 4 are deduced in the same way. Let us consider a PC-map f and

an ergodic a.c.i.m., w. If J log |f'| du = 0, we have, by Rohlin’s formula, A (x) =0 and
the map f is u-a.e. invertible; in other words, f~'of = &/ mod 0. We also have
f "o = o for all n. Conversely, if J log |f'| du >0, as we have h(u)=H,(e/f '¢),

the o-algebra Af "« is the Pinsker o-algebra o (IT). But for the same reason, by

3.2 (ii), o(II) is also included in the o-algebra o(n). From proposition 3.5 and
the argument above, it follows that the o-algebra o (Il) is fini‘e, and that proves
corollary 2.

Let us now consider a PC-map f, x4 an a.c.i.m. and u =j ux i (dx) its ergodic

decomposition. By proposition 7 u is non-degenerate and therefore almost all u,
are non-degenerate.
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In addition, the proof of lemma 5.1 gives us, if we identify the limits, the following
relation: A(u,) = J‘ log |f'| du, for almost all u,. Theorem 2 applied to a PC-map and

a non-degenerate measure gives that almost all x, with positive entropy has to be
an a.c.i.m., which is the statement of corollary 4.
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