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1. THE PROBABILISTIC VIEWPOINT OF DYNAMICAL SYSTEMS

In general terms, a discrete time dynamical system is a map T acting on
a space X,
T: X — X.

Usually X represents the state space of a system, and T represents the
transformation law of the states after a unit of time. For each integer n > 1
we denote by
T :=ToTo---0T
n
the n-th iterate of T. We also use T° to denote the identity on X. So the
map 7™ : X — X represents the evolution at time n of the states.

Given a point zg in X, the orbit of xo for T is the sequence of points
in X,

o, T(mo), Tz(xo), e
The point xg is the initial condition of the orbit.

Roughly speaking, one of the central goals of the dynamical systems the-
ory is to describe the long term behavior of most orbits of a typical dynamical
systems.

In some cases the transformation 7" is simple, but the dynamical system
that it generates can be difficult to understand. Omne of the emblematic
examples is the complex quadratic family: Given a complex number ¢, con-
sider the quadratic polynomial P.(z) := 22 + ¢, seen as a transformation of
the complex plane C:

P.. C —- C
z = PJ(2):=22+c

Observe that for each value of the parameter ¢ we have a different discrete
time dynamical system. General aspects of the dynamics of complex poly-
nomials can be found, for example, in [CG93, [Mil06].

Let us fix a parameter ¢ in C. The interesting part of the dynamics of P,
occurs in the set

K. :={z € C: (P(20))n>1 is bounded},

that is called the filled Julia set of P.. It is a compact set, and its bound-
ary J. := 0K, is called the Julia set of P..

The complexity of the dynamics of P. is reflected in the complexity of J..
For example, Figure[L.1|represents the Julia set of parameter ¢ = 4, for which
we have J; = K;. It is a dendrite, and therefore its topological dimension is
equal to 1. However, the Hausdorff dimension of J; is strictly bigger than 1,
so it is a fractal in the sense of Mandelbrot.

Another interesting example is the filled Julia set of parameter

Ao 1+\/5>
- 5 ,

Cy ‘= —

5 ~ ZO’ where A\g := exp (27m"
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FI1GURE 1.1. Dendrite Julia set, from Tomoki Kawahira’s galery.

represented in Figure One of the features of P, is that it has a fixed
point at which the derivative of P, is equal to A\g: The point zp := %

satisfies
Pco (Z()) =20 and PCIO (Zo) = )\0.

This implies that the filled Julia set K., of P., contains a Siegel disk
around zp.
Figure [I.3| represents the filled Julia set of parameter
A1

€= —=—

55
5 Zl’ where A\ := exp (27ri . —> ,

89

is close to cp. The filled Julia sets K., and K., are very similar, but the Julia
set J., fills a larger space than J.,; it occupies a good part of the interior
of K.,. Something similar occurs with other well-chosen perturbations of
the parameter cg. This phenomenon was one of the ingredients used by
Buff and Chéritat to prove the existence of a parameter whose Julia set has
positive Lebesgue measure, see [BCO6]. In this way they solved a problem
proposed in the work of Fatou, about a century ago.
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Fi1GURE 1.2. Filled Julia set with a Siegel disk, from Arnaud
Chéritat’s gallery.

FiGure 1.3. Filled Julia set with a parabolic fixed point,
from Arnaud Chéritat’s gallery.
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Finally, Figure represents the Mandelbrot set: The set of all those
parameters ¢ in C for which the corresponding Julia set is connected.

FIGURE 1.4. The Mandelbrot set, from Curtis McMullen’s gallery.

1.1. The probabilistic viewpoint. Paradoxically, the best description we
have of some discrete time dynamical systems is in probabilistic terms. This
is best explained introducing the following terminology.

Definition 1.1. Let X be a topological space, and v a Borel probability
measure on X. Then we say that a sequence of points (z,)/2) in X is
equidistributed with respect to v, or that it describes the asymptotic distri-

bution of ()52, if for every continuous function ¢ : X — R we have
2

n=0"
lim ¢(z0) + -+ + (zn-1) :/ o dv.
X

n—-+oo n

When considering a map T acting on a topological space X, we will be
interested in those measures v that describe the asymptotic distribution of 1
or many orbits. If the orbit of a point zg in X is equidistributed with respect
to a measure v, then for every continuous function ¢ : X — R we have

(1.1) lim #lzo) +- -+ 9 (T (20)) = / @ dv.
b's

n—-+oo n
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The left hand side of the equation is the time average of ¢ along the or-
bit of xg, and the right hand side is the space average of ¢ with respect
to v. Therefore, in this case equidistribution ensures that the time average
coincides with the space average.

To understand better, consider a measurable subset A of X whose
boundary 0A has measure zero with respecto to v; that is v(0A) = 0.
Then a straightforward approximation argument shows that in (1.1) we can
replace ¢ by the indicator function 14 of A. For each integer n > 1, the
number

La(zo) + La(T () + -+ La (T (20))

n

:%#{je{o,...,n—l}:Tj(xo)GA}

is equal to the proportion of times j in {0,...,n — 1} for which T7(xg) is
in A. Therefore (|1.1)) ensures that the average time the orbit of x( visits A is
equal to v(A) in the limit.

Figure represents part of an orbit of an automorphism of the K3
surface in P! x P! x P! given in affine coordinates by:

(1+22)(1 4+ y*) (1 + 2%) + 8zyz = 2.

automorphism. The automorphism preserves an area form, but it is not
known whether there is an orbit that is equidistributed with respect to this
measure, see [McMO02] for further details.

1.2. Equidistribution in the circle. In this section we consider the cir-
cle R/Z endowed with the additive group structure inherited from R, and
with the probability measure Leb induced by the Lebesgue measure on R.

Given « in R/Z, the rotation of angle o, or the translation by «, is defined
by

T.,: R/Z — R/Z
x = Ty(z):=x+a.

Weyl’s equidistribution theorem. Let a inR/Z be irrational, and let Ty, :
R/Z — R/Z be the rotation of angle o. Then for every xo in R/Z the or-

. +oo
bit (T gy(xg)) . of xg for Ty, is equidistributed with respect to Leb.
n

For a hint on the proof, see Exercise [L.1

Figure represents a part of an orbit for the rotation of angle equal to
the golden mean number, o = @

An important feature of irrational rotations is that every orbit is equidis-
tributed with respect to the same measure. This is rather exceptional; usu-
ally there is a nonempty set of initial conditions for which equidistribution
fails. For a concrete example, consider angle doubling map

my: RJZ — RJZ
r o~ ma(x):=2x.
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Fi1GURE 1.5. Orbit of a K3 surface automorphism, from Cur-
tis McMullen’s gallery.

500 |
a00f .-

300F - .

100f -

0.2 0.4 0.6 0.8 1

FIGURE 1.6. Orbit up to time 500 for a the rotation of angle
a = @ The vertical coordinate is the time, and the

horizontal the circle, represented by the interval [0, 1].

For this map, equidistribution holds for a set of initial conditions that has full

measure with respect to Leb, but it does not hold for every initial condition,
see Exercise [L.2
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Theorem 1. For every initial condition xo in a subset of R/Z of full mea-

. +o0o
sure with respect to Leb, the orbit (mé(az@) . of xg for mo is equidis-
n

tributed with respect to Leb.

This result can be easily obtained form the Pointwise Ergodic Theorem
using Fourier series, see Exercise (1.2

1.3. Logistic family. In this section we consider the logistic family (fx)xe(0,4];
defined for a parameter A in (0, 4] by
f)\ : [0, 1] — [0, 1]
x = fu(z) = (1l —2).
The logistic family has attracted a lot of interest since in 1976 the biologist
Robert May proposed it as a model for population dynamics.

Figure represents the graph of fy for A = 3.74, and Figure a
part of an orbit for this map.  After some time, the orbit is attracted

FiGure 1.7. Graph of the logistic map fy, for A = 3.74.

by an attracting periodic orbit of period 5[ It can be shown that there

*It is probably very difficult to show by hand that for A = 3.74 the map f) has an
attracting periodic orbit. For parameters that are closer to 4, this is hard even with a
(top notch) computer. To illustrate this computational difficulty, in one of his papers



STATISTICAL PROPERTIES OF REAL AND COMPLEX MAPS 9
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FiGUrE 1.8. Orbit up to time 500 for the logistic map f),
with A = 3.74. The vertical coordinate represents time, and
the horizontal the interval [0, 1].

is a set of full Lebesgue measure in [0, 1] of initial conditions whose orbits
are equidistributed with respect to a measure supported on the attracting
periodic orbit. The parameter A = 3.74 is an example of a reqular parameter,
see

For A\ = 4, the logistic map f; is known as the Ulam and von Neumann
map, who proposed it in 1947 as a pseudo-random number generator. Fig-
ure [1.9| represents a part of an orbit for this map. It is less regular than the

FiGUrE 1.9. Orbit up to time 2000 for the Ulam and von
Neumann map. The vertical coordinate represents time, and
the horizontal the interval [0, 1].

orbit for the rotation of angle o = @ of Figure m However, in we
will show that there is in fact some regularity: There is a set of full Lebesgue
measure in [0, 1] of initial conditions whose orbits are equidistributed with

dx _ :
respect to the measure e The parameter A = 4 is an example of a

stochastic parameter, see

McMullen speculates that the problem of deciding whether a parameter like A = 3.99999
has an attracting periodic orbit is probably undecidable.
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Figure represents the bifurcation diagram of the logistic family. The
vertical coordinate is the parameter A, from A ~ 3.1 in the bottom, to A = 4
in the top. On the horizontal line of height A, it is represented the limit
of the orbit of 29 = 1/2. For example, for A close to 0 this set is reduced
to a single point, and for A close to 4 the limit seems to be an interval, see

Exercise [L3

|

FicURrE 1.10. Bifurcation diagram of the logistic family.

1.4. Histograms. In this section we analyze the statistical properties of the
Ulam and von Neumann map, fi(z) = 4x(1 — x). We start with a graphic
representation of the distribution of an orbit, usually known as “histogram”.

Consider an initial condition xg, its orbit for f; up to a certain time 7T,
and divide the interval [0, 1] in to a number N of intervals of the same length.
With this data we define for each ¢ in {0,..., N — 1} the number

v; = {je{O,...,T—l}:fZ(mo)e []if’#)}’

and consider the graph that over each interval [ﬁ, %) has height equal
to Ui¥. We added the factor % so that the area below the graph is equal

to 1.
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Figure is the histogram with zg = 1/, T" = 2000, and N = 100.
Observe that this piece of orbit spends more time near the end points of [0, 1],
something that can also be appreciated in Figure[1.9

8

FiGURE 1.11. Histogram of an orbit up to time 2000 for the
Ulam and von Neumann map.

In what follows we use the Pointwise Ergodic Theorem to show that the
histograms of the orbits of f4 converge to the graph of the function x —

— L provided that the initial condition belongs to a certain set of full

my/z(1—z)’
Lebesgue measure in [0, 1], and that we first let T — +oo and afterwards we
let N — +o0. Figure is the graph of the histogram with xo = 1/e, T' =

_ . . 1
20000, and N = 200, together with the graph of the function x — oy ot

Recall that for a measure space (X,.%,u), a measurable subset Y has
zero measure is p(Y) = 0, and it has full measure if X \' Y has zero measure.
Given amap T : X — X, a subset Y of X is invariant, if T71(Y) =Y.

Definition 1.2. Let (X,.#,u) be a measure space and 7' : X — X a
measurable map. We say that T is ergodic with respect to u, or that p s
ergodic for T, if for every measurable subset of X that is invariant by 7" has
zero or total measure.

Given a measure space (X, %, u), a measurable map 7' : X — X preserves
measure if for every measurable set A of X we have

i (T7H(A)) = u(A).
The following is an immediate consequence of the Pointwise Ergodic Theo-
rem.
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1

my/x(l—1x)

with the graph of the histogram of an orbit for the Ulam and
von Neumann map.

FiGURE 1.12. Graph of the function z — , together

Theorem 2. Let (X,.%, 1) be a measure space andT : X — X a measurable
map the preserves measure. Then for every measurable function p: X — R
satisfying [ |o|dp < +oo there is a subset of full measure of X where

17’L

-1
ngoTj :/godu.
n—-+o0o N 4 0
]:

lim

To apply this result to the Ulam and von Neumann map f4, consider
the interval [0, 1] endowed with its Borel o-algebra %, and the probability
measure v defined by

d

(1.2) yi=—

m/x(l — )
A straightforward computation shows that for every interval I contained
in [0, 1] we have
(1.3) V(f4_1(I)) =v(I).
This implies that the Ulam and von Neumann map f4 preserves v. There-
fore, the following result allow us to apply Theorem [2]to f4 and v.

Lemma 1.3. The Ulam and von Neumann map is ergodic with respect to the
measure (1.2), and therefore with respect to the Lebesque measure on [0, 1].
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We are now in position to prove that the histograms of the orbits of f,

converge to the function z — ﬁ Let N > 1 be an integer, and for
T r\1l—x

every i in {0,..., N — 1} let Xy ; be the subset of [0, 1] of full measure for v
given by Theorem 2| with ¢ = ]1[ 1) It follows that

Ea
NN

N-1
XN = ﬂ XN,i
=0

is a subset of [0, 1] of full measure for v, and therefore for the Lebesgue
measure on [0, 1].

Fix zo in (y_; Xn and an integer N > 1. Given an integer 7' > 1, for
each i in {0,..., N — 1} define

v = {j €{0,...,T—1}: fi(xo) € [];,HN1>}
Then Theorem [2| implies that
lim 22T :/11”-“ dy:/_#dx.
T5+400 T (%) i W\/m

This proves that, if we fix xg and N and let T' — 400, the histogram of the
orbit of zy for f4 up to time T" converges to the graph of the function

Ry s dx
> (N/ 7rw(1—x)> s sy,

=0 N

To conclude, note that when N — 400 this last function converges to x —
1

my/z(l—z) "

1.5. Physical measures and absolutely continuous invariant proba-
bilities. In the equidistribution results we have seen in §§I.2] and
there is a unique measure that describes the asymptotic distribution of al-
most every orbit. This motivates the concept of “physical measure”, that
we introduce now.

In many cases of interest, the space X is endowed with a natural reference
measure. For example, the interval [0, 1] is endowed with the restriction
of the Lebesgue measure on R, and the circle R/Z is endowed with the
measure Leb induced by the Lebesgue measure on R. More generally, for a
differentiable manifold we can consider a volume form as reference measure.

Definition 1.4. Let X be a topological space and T : X — X a continuous
map. The basin of a Borel probability measure v on X is the set of all initial
conditions in X whose orbit for 7' is equidistributed with respect to v. We
say that v is a physical measure with respect to a Borel measure p on X, if
the basin of v has positive measure with respect to pu.
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With this terminology, Weyl’s Equidistribution Theorem stated in §1.2]
can be formulated as follows: For an irrational rotation, the basin of Leb
is equal to the whole of R/Z. In particular, the measure Leb is a physical
measure with respect to itself. Similarly, Theorem [I| can be formulated as
follows: For the angle doubling map ms, the measure Leb is a physical
measure with respect to itself.

Combining Theorem [2] with Lemma [T.3] we obtain that for the Ulam and
von Neumann map fy(z) = 4z(1 — x), the measure dz is a physical

m\/z(1—x)

measure with respect to the Lebesgue measure on [0, 1].

Consider a parameter A in (0,4] such that the logistic map f) has an at-
tracting periodic orbit, like the parameter A = 3.74 considered in Figure|l.8|
More precisely, suppose that there is a point z¢ in [0, 1] and an integer n > 1,
such that

I (o) =20 y [DfY(w0)] < 1.
Then it can be shown that the basin of

% (8o -+ pm14,)

has full Lebesgue measure on [0, 1]. In particular, this measure is a physical
measure with respect to the Lebesgue measure. We say that a parameter
with this property is regqular.

The following result gives a criterion to find physical measures. It is an
immediate consequence of Theorem

Proposition 1.5. Let X be a topological space endowed with a reference
measure v, and let T : X — X be continuous and ergodic with respect to p.
If v is a Borel probability measure on X that is invariant for T and that is
absolutely continuous with respecto to u, then the basin of v has full measure
with respect to v, and therefore v is a physical measure with respect to .

Figure [[.13] represents the density of a measure on the Riemann sphere
that is invariant and ergodic with respect to a certain complex rational map.
By Proposition [1.5] it is a physical measure.

The following result will allow us to apply the criterion of Proposition
to all logistic maps. It is a vast generalization of Lemma [1.3

Theorem 3 (Blokh-Lyubich, [BLI1]). Every logistic map is ergodic with
respect to the Lebesgue measure.

Combined with the fact that the basin of a measure is an invariant set,
this result implies the following as an immediate consequence.

Corollary 1.6. For a logistic map, the basin of a physical measure has
full Lebesgue measure in [0,1]. In particular, a logistic map has at most 1
physical measure.

By Proposition [1.5| we also have as an immediate property:



STATISTICAL PROPERTIES OF REAL AND COMPLEX MAPS 15

F1GURE 1.13. Density of a measure on the Riemann sphere
that is a physical measure for a certain complex rational map,
from Arnaud Chéritat’s gallery.

Corollary 1.7. For a logistic map, every invariant Borel probability mea-
sure that is absolutely continuous with respect to the Lebesgue measure is a
physical measure.

A parameter X in (0, 4] is stochastic, if f) admits an invariant Borel prob-
ability measure that is absolutely continuous with respect to the Lebesgue
measure. By Corollaries[I.6]and such a measure is physical with respect
to the Lebesgue measure, and its basin has full measure in [0,1]. On the
other hand, the considerations in for the Ulam and von Neumann map
apply without change to every stochastic parameter. These considerations
imply that for each stochastic parameter A, the histograms of almost every
orbit for f) converge to the density of the physical measure.

The parameter A = 4 is stochastic, since the measure (|1.2)) is absolutely
continuous with respect to the Lebesgue measure, and it is invariant by f4,

see
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Observe that for a regular parameter, the corresponding physical measure
is not absolutely continuous with respect to the Lebesgue measure, since it
is supported on a finite set.

We end this introduction with the following result of Lyubich, that shows
that almost every logistic map has a physical measure. See also [Lyu00] for
an overview.

Theorem 4 (Lyubich, [Lyu02]). With respect to the Lebesgue on (0,4],
almost every parameter is regular os stochastic.

1.6. Exercises.

Ezercise 1.1. Using that trigonometric polynomials are dense in the space
of continuous functions, prove Wyel’s equidistribution theorem.

Ezercise 1.2. Describe the action of the angle doubling map ms on Fourier
series, and conclude that msy is ergodic with respect to Leb. Deduce from
this Theorem [I| using the Pointwise Ergodic Theorem. Moreover, show that
if U is a non-empty open set of R/Z, then the orbit of each point in

K(U) :={x € R/Z: for every integer n > 0, my(x) ¢ U}

is not equidistributed with respect to Leb. Conclude that the set of those
initial conditions whose orbit is not equidistributed with respect to Leb has
full Hausdorff dimension.

Ezercise 1.3 (Basics of the logistic family). The purpose of this exercise is to
describe all those parameters A in (0,4] for which the logistic map fx(z) =
Az(1 — z) has an attracting periodic point of period 1 or 2, and for each
such parameter describe the dynamics of f).

A. Prove that for A in [0,1] the orbit of every point in [0, 1] for the
logistic map f) converges to the fixed point = = 0.

B. Prove that for X in (1, 3] the orbit of every point in the open inter-
val (0,1) for the logistic map f\ converges to the fixed point x =
1-A"h

C. Set Ao := 1++/5 € (3,4) and prove that for A in (0, 4] we have f3(1/2) <
1/2if and only if A is in (0, Ag|, and that equality holds only when A =
Ao-

D. Prove that for A in (3,4] the map f) has a unique periodic orbit of
period 2. Moreover, prove that for A in (3, )], the orbit of every
point in (0, 1) that is not eventually mapped to the fixed point 1—A\~*
is attracted to the periodic orbit of period 2.

Ezercise 1.4. The following exercise is devised to analyze the dynamics of a

regular parameter having an attracting periodic point of period 3.

A. Show that there is a parameter Ay in (\o, 4] such that f3 (1/2) =1/2,
and prove that

£,(/2) <1/2 < f1,(1/2).
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B. Note that for this parameter we have D!)"i’l (1/2) = 0, so the orbit O
of z = 1/2 for f,, is attracting, and that the intervals

Ag = (f3,(1/2),1/2) and By := (1/2, f,,(1/2))
satisfy fi,(Ao) = Bo and f,(Bo) = Ao U Bo U {1/2}.

C. Show that there are closed intervals A and B such that
AC Ay,BC By,BC fr(A),AUB C fx (B),

and such that the orbit of every point in [0,1] \ AU B for f), is
attracted to O. Conclude that the set of points of [0, 1] whose orbit
by f\, is not attracted to O is equal to

K :={z€[0,1]: for every n >0, f\ (z) € AU B}.
D. Consider the symbolic space
Y= {(ej)jENo S {A,B}NO taj = A= aj+1 = B},
the shift map
o by - X
(05)jeng = o ((0j)jen,) = (0511)jemo,
and the itinerary map ¢ : K — X defined for every x in K and j
in Ny by
A if fI (z) € A;
uz)j = !
B if fy (z) € B.
Show that ¢ is surjective and that f), ot =t00.
E. Assuming that there is a smooth metric on AU B for which f), is

uniformly expanding on K, prove that K has zero Lebesgue measure
and that ¢ is a homeomorphism.

FEzercise 1.5 (Ulam and von Neumann map).

A. Prove (L.3)).

B. Let h: [0,1] — [—1, 1] be defined by h(z) := 1—2z, and prove that ho
f10h71(y) is equal to the degree 2 Chebyshev polynomial C(y) :=
2% — 1.

C. Using the identity C(cos(#)) = cos(26), and that the angle doubling
map me is ergodic with respect to Leb (Exercise, prove that f4 is
ergodic with respect to v, and with respect to the Lebesgue measure
on [0,1].

Acknowledgments. Thanks to Gerardo Honorato for corrections to an
earlier version.
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2. UNIFORMLY EXPANDING MAPS

The purpose of this sectiorﬂ is to workout in full details a result Keller on
the existence and statistical properties of acip’s for (piecewise) expanding
interval maps [Kel85, Theorems 3.2 and 3.3]. We stress that in this result
the maps are not assumed to be Markovian, cf. Figure Keller’s result
derives a very strong (technical) conclusion: The transfer operator acts with
a spectral gap on a certain (carefully chosen) Banach space. This easily
implies the existence of an acip with strong stochastic properties, see for
example Sarig’s notes on the II Brazilian School on Dynamical Systems.

FIGURE 2.1. Graph of a piecewise expanding interval map.

One of the main features of Keller’s result is that it is sufficiently general
to apply to maps whose derivative is Holder continuous. Arguably, the
main contribution of Keller in [Kel85] is the introduction of a Banach space
of functions with the following key properties:

e [t contains the space of Holder continuous functions of a fixed expo-
nent;
e Under very natural assumptions the transfer operator acts on this
space with a spectral gap.
Note that the transfer operator of an interval map does not preserve the
space of continuous functions (except in very special cases, see Exercise ,
so any function space satisfying the properties above must contain discontin-
uous functions. Roughly speaking, the function space introduced by Keller
is formed by functions having a local Holder constant at almost every point,

TWritten in collaboration with Huaibin Li.
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in such a way that this local Holder constant is integrable as a function of the
point. See for the precise definition of the function spaces introduced
by Keller, and for its relations to other function spaces.

The classical result of Lasota and Yorke [LY73| also gives the spectral
gap property, but it requires a higher regularity of the interval map: Its
derivative should be of bounded variation. Although this is enough for
many applications, it does leave out some important maps, like the one-
dimensional reduction of the Lorenz flow. In fact, such a map is Holder
continuous but it is usually not of bounded variation. Another setting where
the hypotheses of the result of Lasota and Yorke are too restrictive is in
the thermodynamic formalism of smooth maps: In the classical setting the
potential function is only assumed to be Holder continuous. In §2.1] we
briefly state an application in this direction that illustrates the power of
Keller’s result.

The rest of this section is organized as follows. In we introduce
Keller’s function spaces (§2.2.1)) and state Keller’s spectral gap theorem
(Theorem |§| in §2.2.2). We also state a consequence of Keller’s result for
topologically exact maps (Corollary . In §2.3| we relate Keller’s spaces
to some well-known function spaces. The proof of Theorem[f]is given in §2.4]
As in other results of this type, the main ingredient is a “2 norms inequality”
that we sate as Proposition [2.9] The proof of Theorem [f] form this result
is a relatively standard application of an ergodic theorem of Ionescu-Tulcea
and Marinescu [ITM50]. The proof of Corollary is given in

There is a list of exercises at the end of this section (§2.6]).

2.1. Equilibrium states and the absence of phase transitions. We
start recalling a few concepts of thermodynamic formalism, see for exam-
ple [Kel98] or [PUIL0] for background. Let (X,dist) be a compact metric
space, and let 7' : X — X be a continuous map. Denote by M(X) the
space of Borel probability measures on X endowed with the weak™ topol-
ogy, and by M(X,T) the subspace of M(X) of those measures that are
invariant by 7. For each measure v in M(X,T), denote by h,(T) the
measure-theoretic entropy of v. For a continuous function ¢ : X — R, de-
note by P(X,¢) the topological pressure of T for the potential ¢, defined
by

(2.1) P(T, $) := sup {h,,(T) + /X ¢ dv:ve M(X, T)} .

An equilibrium state of T for the potential ¢ is a measure at which the
supremum above is attained.

Let I be a compact interval in R. A continuous map f : I — [ is
multimodal if it is not injective, and if there is a finite partition of I into
intervals on each of which f is injective. When f is differentiable, a point
of I is critical for f if the derivative of f vanishes at it. We denote by Crit(f)
the set of critical points of f. In what follows we denote by & the collection
of all those differentiable multimodal maps f such that:
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e Df is Holder continuous;
e Crit(f) is finite;
The following is a key hypothesis:

Definition 2.1. Let f : I — I be an interval map in /. Then a continuous
potential ¢ : I — R is hyperbolic for f, if for some integer n > 1, the
function Sy, (¢) = 27':01 @ o f7 satisfies

sup ~Su(¢) < P(f. o).
7 n

Note that the potential ¢ = —log |Df| is hyperbolic for f if and only if f
is uniformly expanding.

Theorem 5 ([LRL14a], Corollary 1.4). Let I be a compact interval of R
and let f : I — I be an interval map in </ that is topologically exact on I.
Then for every Holder continuous potential ¢ : I — R that is hyperbolic
for f, there is a unique equilibrium state v of f for the potential ¢ and the
measure-theoretic entropy of this measure is strictly positive. Moreover, this
measure is exponentially mizing and the pressure function is real analytic.

This result is obtained by first constructing a conformal measure using
the Patterson-Sullivan methodﬁ and then applying Keller’s result. This
approach turns out to be more efficient than the inducing scheme approach,
used for example in [BT08], as it does not rely on any bounded distortion
hypothesis, and it applies to a larger class of maps.

Under a weak non-uniform hyperoblicity assumption on the map f, it
can be shown that the hyperbolicity hypothesis is satisfied for every Holder
continuous potential. The following is a sample result: For a map f as in
Theorem 5] every Holder continuous potential ¢ is hyperbolic for f, provided
that f satisfies some additional regularity assumptions, that all the periodic
points of f are hyperbolic repelling, and that for every critical value v of f
we have

lim [Df"(v)] = +oo,

n—-+o0o
see [LRLI14D, Theorem A], and also [IRRLI12] for an earlier result in the
complex setting. Recall that a periodic point p of f of period n is hyperbolic
repelling, if |Df™(p)| > 1. Thus, for such a map f the conclusions of Theo-
rem [5] hold for all Hélder continuous functions ¢. In particular, the pressure
function is real analytic, so there are no “phase transitions”.

For interval maps and bounded variation potentials, the hyperbolicity hy-
pothesis appears naturally in various results, see for example [BK90, DKTU90),
HKS82l, [Kel85 ILSVI8, [Rue94] and references therein, as well as Baladi’s
book [Bal00, §3].

#To be able to apply the Patterson-Sullivan construction some a priori estimates on
the transfer operator are needed, and this requires a bit of Pesin theory. This seems to be
the only part in the proof where the derivative of f is required to be Hélder continuous.
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For complex rational maps and Holder continuous potentials, the hyper-
bolicity hypothesis also appears naturally in [Hay99, DPU96l [DU91l Prz90]
where the results of Freire, Lopes, and Mané [FLMS83, Man83| and Lju-
bich [Lju83] for the maximal entropy measure were extended to the thermo-
dynamic formalism. In this approach the results are obtained by showing
directly that the transfer operator is quasi-periodic. This approach gives
a good understanding of equilibrium states and their statistical properties,
although the method is rather involved. A more conceptual approach was
taken in [SUZ11]: A Young tower was constructed, and for the first time the
absence of phase transitions was obtained.

It is not known whether these results (in the complex setting) could be
obtained by the transfer operator method. The main problem is to find a
function space that includes Hélder continuous functions (of a given expo-
nent) and on which the transfer operator acts nicely. This is formulated
more precisely in the following problem.

Problem 2.2. Given a complex rational map f and a Holder continuous
potential @, find a function space containing the space of Holder continuous
functions, and on which the transfer operator of f with potential ¢ acts with
a spectral gap.

2.2. Keller’s spaces and spectral gap theorem.

2.2.1. Keller’s function spaces. Let X be a compact subset of R, and m a
Borel non-atomic probability measure on X. We consider the equivalence
relation on the space of complex valued functions defined on X, defined by
agreement on a set of full measure with respect to m. Denote by d the
pseudo-distance on X defined by

dlz,y):=m({zeX:z<z<yory<z<uzx}).
Note that for every x in X and every € > 0, the set
B(z,e) :={ye X :d(z,y) < e}

has strictly positive measure with respect to m.
Given a measurable function A : X — C and € > 0, for each z € X put

osc(h, e, ) := ess-sup{|h(y) — h(y)| : y, 9/ € B(x,¢)}

and

oscy(h,e) == /Xosc(h,e,x) dm(x).

Fix A > 0, and for each o € (0, 1] and each h : X — C put

oscy(h, e
Varg,1(h) := sup % and ||h]|q,1 == ||h]|1 + Varq,i(h).
€€(0,4] €
Note that Var, i(h) and ||h||q,1 only depend on the equivalence class of h.
Let H®!(m) be the space of equivalence classes of functions h : X — C,
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such that ||h]|q,1 < 4+00. Note that Vary 1(-) and || - ||o,1 induce a semi-norm
and a norm on H*!(m), respectively; by abuse of notation we denote these
functions also by Var, 1(-) and || - [[a,1-

2.2.2. Spectral gap theorem. Keller’s theorem is stated in a general setting
that includes that of piecewise expanding maps as a special case, see Exer-

cise 2.31

The map: Let I be a compact interval of R, N > 2 an integer, and &’ :=
{I{,--- , Iy} a partition of I into intervals. Let T': I — I be a transforma-
tion on I that is continuous and monotone on each I/ in &'. Furthermore,
let X be a compact subset of I such that T-1(X) = X, for each i in
{1,---,N} put [; ;= I/ N X, and put & :={I3,---,In}.

The potential: Fix p > 1. A function h : X — C is of bounded p-variation, if

k 1/p
sup (Z |h(x;) — h(xi_l)\p> ck>1,20,...,05€ X290 < -+ <
i=1

is finite.
Let g : X — [0,+00) be a function of bounded p-variation, and let .Z; be
the operator acting on the space

Eb(X) :={h: X — C measurable and bounded in absolute value},
defined by

(22)  ZW)(@)= )  hygly) = > (h-g) 0TI}, ().

yeT—1(x) i€{1,...,.N}zeT(I;)

Remark 2.3. The operator .Z is usually known as the “transfer” or “Ruelle-
Perron-Frobenius” operator for the “potential” g. In the case T is differ-
entiable and g = 1/|DT|, the operator .Z;, describes the action of 7" on on
densities, see Exercise [2.1]

The conformal measure: Assume in addition that there is an atom-free Borel
probability measure m on X such that the following properties hold:

H1. For each I; in &, the map T]I_il is non-singular with respect to m, so

that for every subset E of I; of measure zero, the set (T \I_Zl> (E) =

T(E) is also of measure zero;
H2. On a set of full measure with respect to m, we have

N d(TIH) m

gfl — B * .
: dm ’
=1
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H3. For each h in Eb(X) we have [, .Z,(h) dm = [, h dm, and &,
extends to a positive linear map from L!(m) to itself satisfying
1Zg ()1 < [R]l1-

In the following theorem, we gather several results from [Kel85].

Theorem 6 ([Kel85], Theorems 3.2 and 3.3). Let T', g, £, and m be as
above, and assume that there is an integer n > 1 such that the function

satisfies supy gn < 1. Then there is an integer k > 1 and constants A > 0,
B in (0,1), and C > 0, such that for every function h in Hl/p’l(m), we have

(2.3) 12y (Ml1jpa < BlIBlpa + Clk]-
Moreover, the following properties hold:

1. The set & of eigenvalues of $9|L1(m) of modulus 1 is finite. More-
over, for each \ in &, the space

E(\) := {h € L'(m) : Z,(h) = \h}

is contained in H'/P1(m) and it is of finite dimension;
2. If for each X in & we denote by P(N\) the projection in L'(m)
to E(X), then the operator

2= - Y AP())
AEE

maps HY/P1(m) to itself, and there is p in (0,1) and a constant M >
0 such that for every integer n > 0 we have ||2"|o1 < Mp™. Fi-
nally, for each X in & the operators 2P (\) and P (N\)Z2 are both
identically zero, and for each N in & different from \ the opera-
tors P(N)Z(N) and P(N)P(N) are also identically zero. In par-

ticular, for every integer n > 1 we have

L= AP\ + 2",
AEE

3. The set & contains 1, and if we put h := P (1)(1), then v := hm is
a probability measure that is invariant by T'.

The following corollary follows from the previous theorem using known
arguments.

Corollary 2.4. Under the assumptions of Theorem [0, and assuming in
addition that T is topologically exact on X, we have the following properties:

1. The number 1 is an eigenvalue of £, of algebraic multiplicity 1.
Moreover, there is p in (0,1) such that the spectrum of $g|H1/p,1(m)

is contained in B(0,p) U {1}.
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2. There is a constant C' > 0 such that for every bounded measurable
function ¢ : X — C, and every function 1 in Hl/p’l(m), the mea-
sure v given by part 3 of Theorem|[d satisfies for every integer n > 1
that

/¢oT"~¢dy—/¢dy/¢du

3. Given ) in Hl/p’l(m), for each T in C the operator £, defined by
(1) i= 2, (exp(r) - b)

< Clidllooll®llryp,ap™

maps HYPY(m) to itself and the restriction fT]Hl/p,l(m) is bounded.
Moreover, T — ,,?T\Hl/p,l(m) is analytic in the sense of Kato on C,
and the spectral radius 0f$T|H1/p,1(m) depends on a real analytic way
on T on a neighborhood of T = 0.

After some general considerations on Keller’s spaces in the proof of
Theorem [6] is given in and that of Corollary [2.4]in

2.3. Relations to other function spaces. In this section we relate Keller’s
spaces to other function spaces. Throughout this section we fix a compact
subset X of R.

Given p > 1 and a function i : X — C, put

Var,(h)

k 1/p
= sup (Z |h(x;) — h(xil)\p> ck>1,x0,..., 0 € X290 < -+ < xp
i=1

and
1AllBv,, := Vary(h) + [|]joo-
Recall that h is of bounded p-variation if Var,(h) < 4+o0c. Let BV, be the
space of all bounded p-variation functions defined on X. Then || - ||gy, is a
norm on BV, for which BV, is a Banach space.
Given « in (0, 1], denote by H* the space of Holder continuous functions

of exponent a defined on X and taking values in C. For each function
h:X — Cin H*, put

h(xz) — h(z'
Ba=  swp TR g g = e + Bl
z,x' € X xH#x! |JJ -z ’
Then || - || is @ norm on H* and (H*, || - ||») is a Banach space.

Note that these definitions immediately imply that for each h in H®, we
have
Vary /o (h) < |sup X — inf X[ |h]4,
and therefore

(2.4) IhllBv,,, <max{L,|sup X — inf X|*} |Al|a-
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In the following proposition we summarize various results from [Kel85,
Theorem 1.13].

Proposition 2.5. Fiz A > 0, let X be a compact subset of R, and let m be
an atom-free Borel probability measure on X. Then for each o in (0, 1], the

space H*Y(m) defined in §2.2.1| satisfies the following properties:

L. (H*Y(m), || - ||a,1) is @ Banach space;
2. For each C > 0, the set
(2.5) {feu®(m):|fllas < C}

is a compact subset of L*(m).
3. For each function h : X — C in BV, we have [|h][o1 < 2%|R[Bv,

4. Each function in H*'(m) is essentially bounded. In fact, there
is a constant Cy > 0 such that each element h of H*'(m) satis-
fies ||hllco < Cullhlla,1-

Note that by combining ([2.4)) with parts 3 and 4 of the proposition above,
we obtain

H* C BVy,, C H*!(m) C L>(m).

We conclude that each of the spaces BV, and H*!(m) is dense in L' (m).
The rest of this section is devoted to the proof of Proposition

Lemma 2.6. For every p > 1 and € > 0, we have for every measurable
function h : X — R
/ osc(h,e,x)P dm(z) < 2e Var,(h)P.
X

Proof. Put a := inf X and for each ¢ in [0, m(X)], put

x(t) == sup{z € X : d(z,a) = t}.
Suppose first € > m(X)/2. Using that for every x in X we have osc(h, e, x)P <
Vary(h)?, we obtain

/ osc(h,e,x)P dm(x) < m(X) Varp(h)? < 2e Vary(h)?P.
X

It remains to consider the case ¢ < m(X)/2. For every ¢ in [0, 2¢], put
ne(€) := max{ nonnegative integer n : £ + 2ne < m(X)}.
Since the balls (Bg(z(€ + 2ke), ))ns(S) are pairwise disjoint, we have

ne(§)
Z osc (h, e, x(§ 4 2ke))P < Var,(h)P.
k=0

It follows that

2¢ Ne 5)
/ osc(h,e,z)P dm(x / Z osc(h, g, z(€ + 2ke’))P d¢ < 2e Var,(h)P,
b'e

and so we obtain the lemma. O
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Lemma 2.7. For every bounded measurable function h : X — C and every e

n (0, m(X)], we have

1
e < 2 oser(he) + y/hdm'
Proof. Putting
1
=— =h—h

we have

/ g(x) dm(z) = 0 and [[hl|, = |(h — ho) + holly < lglloy + [hol-

Since for every z € X we have osc(h, e, x) = osc(g, e, x), it suffices to prove

that ||g|| < %oscl (g,¢). Replacing g by —g if necessary, assume

19lloo = ess-supx g.
Since [ g(y) dm(y) = 0, this implies that ess-infx g < 0.
For each ¢ in [0, m(X)] put
z(t) == sup{z € X : d(z,inf X) < t},
and for each £ in [0,¢) put
n(&) := {nonnegative integer n : £ +en < m(X)}.

Then we have
n(¢)
X c | B@(¢+ke),e).
k=0
It follows that there are k; and ko in {0,1,...,n(£)} such that

€SS-SUDB(x(¢+k1e),e) I = l9lloc and ess-infp(z (et roe).) 9 <0,

SO
n(£)

l9]loc < ess-supy g — ess-infy g < Z osc(g,&,x(§ +ke)) .
k=0
Since this holds for every ¢ in [0 5) we have

loll, < = /0 Zosc ge,a(€ 1 2he)) de
k=0

= 8/osc (9,e,y) dm(y).

This implies completes the proof of the lemma.

O

Lemma 2.8. Let a be in (0,1], and let (h,)> be a sequence in HY (m).

If there is h in L'(m) such that (hy)t2S converges to h in L1 (m), then

|hlaq < liminf|hp|a.
n—+o00
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Proof. Tt is enough to show that for every ¢ in (0, A] and every z in X we
have

osc(h,e,x) < l,ﬂliﬁ.‘f osc(hn, €, x).

Let A : B(z,e) x B(z,¢) — R, and for each n let A,, : B(z,¢) x B(x,e) = R
be defined by

Az’ 2") = h(2") — h(z") and A, (', 2") := hp(2") — hy(2”).

Then (A,)>S converges to A in L! ((m]B(Iys)f), and therefore

n=1

osc(h, e, ) = ess-sup |A| < liminf ess-sup |A,| = liminf osc(hy, €, x).
n——+o00 n—+00
O

Proof of Proposition[2.5. Part 4 with C, = min{m(X)~, A== m(X)~ (0~}
is a direct consequence of Lemma [2.7| with ¢ = min{A, m(X)}.

To prove part 1 it suffices to check that H®!(m) is complete with respect
to || - la,1.- Let (hn)f25 be a Cauchy sequence in H*!(m). Then (h,) >
is also a Cauchy sequence in L!(m), and therefore there is h in L!(m) such
that ||, — h[j1 — 0 as n — 4oco. By Lemma [2.8] we have

’h’a,l < lim inf ’hn’cx,l < +00.
n—-+o0o

It follows that h is in H""l(m). To complete the proof of part 1, it is enough
to prove that for every § > 0 there is N > 0 such that for each integer
n > N we have

Py — hlag < 6.
+oo

In fact, since (h,); 2] is a Cauchy sequence in H*!(m), there is N > 0 such
that for each pair of integers k,n > N, we have ||hy — hplla1 < J. Fix
n > N, and note that h — hy + (hn, — h) converges to h, — h in L!(m) as
k — +o0. It follows from Lemma [2.8] again that

|hn — h|a71 < lim inf |h - hk + (hn - h))|a71 = liminf |hn — hk‘a,l < 0.
k—+o00 k=400
The proof of part 1 is complete.
Since L!(m) is complete, to prove part 2 it is enough to show that for

every € > 0 there is a finite subset of (2.5) that is e-dense with respect
to || - |l1. To do this, let & be a partition of X such that

P| = d Nex,2' e P
| 2| Ilgleagsup{ (x,z') :x, 2’ € }

satisfies

0 < | 2| < min {A, (s/(30))1/a} .
Then for each h in H*!(m) and each P in &, the number

1
h ::/hdm
PPy Jp
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satisfies
ess-inf {h(z) : 2 € P} < hp < ess-sup{h(z):x € P}.
It follows that
ess-sup {|h(z) — hp| : & € P} < ess-sup {|h(x) — h(z')| : 2,2’ € P},
and therefore that the function

hp =Y hp-1p
Pe

satisfies
(2.6) |h — hally <osci(h—hg,|2]) <|Z|% Varg,(h).
Thus, the image of (2.5) by the linear map L : H%!(m) — R? defined by

L(h) = (hr)pe

is bounded in R? with respect to the maximum norm || - || ». It follows that
there is a finite subset F' of such that, if we put &’ := |P|e/(3# ),
then L(F') is €’-dense in the image of by L. To prove that F' is e-dense
in with respect to || - [|1, let h be a function in this set and let h in F

be such that HL(h) - L(E)Hy < |Z|e/3. Using ([2.6) twice, we obtain

o, <t o], -]

<2:/3+ HL(h) _ L(E)Hg P;gz — R

This completes the proof of part 2.
It remains to prove 3. By Holder’s integral inequality and Lemma [2.6
with p = 1/a, for every ¢ in (0, A] we have

osci(h,e) < </ Osc(h,s,:r)l/o‘ dm(:z:)) < 2%% Vary /o (h).
X

It follows that |h[q,1 < 2% Vary /o (h). On the other hand, since ||A[[1 < [|h]|c,
we have

[Alla,t = 1Al + |hlay < [[Alloo 4 2% Vary o (h) < 2%(|B[|BV, ,,-
O
2.4. The 2 norms inequality. This section is devoted to the proof of
Theorem @ We follow [Kel85], though some places are streamlined. The

following is the main ingredient in the proof, which is usually known as the
“2 norms inequality”.
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Proposition 2.9 (2 norms inequality). Let T', g, and £, be as in
and assume that in addition we have v :=supy g < 1. Then for each § > 0,
there are A > 0 and K > 0 such that for each function h in HY/P1(m) we
have

Vary 1 (Z(h)) < (6 + 6)7'/? Vary 1 (h) + K |||

The proof of Theorem [0] form this result is a relatively standard applica-
tion of an ergodic theorem of Ionescu-Tulcea and Marinescu [ITM50]. Tt is
given at the end of this section. The proof of the proposition above is given
after a couple of lemmas.

Throughout the rest of this section we fix X and m as in

Lemma 2.10. Let I’ be an interval of R such that X' :== X NI’ satis-
fies m(X'") > 0. Then for every bounded measurable function h : X — C

and every € in (0,m(X")/2], we have
/ h dm' .
X/

Proof. Replacing I’ by its closure if necessary, assume I’ is compact. It
follows that X’ is also compact.
Putting

1
0OSC1 (h . ]]_X/,E) < 6/ ) 0OSC (h’X/,E,x) dm(g;) + 4gm

ho :—/ h dm and g := h — hy,
we have

osci(h-1xr,e) <osci(g-Lxr,e)+oscy(hg-Lxr,e)
< osci(g-Lxs,e) + 4e|hg|.

So, it is enough to show that
osci(g-1xs,¢e) < 6/ osc(g|xr, e, x) dm(z).
X/

For x in X that is not necessarily in X', put

osc(glxr, e, 2) = ess-sup{lg(y) — 9(v)| : v,y € B(z,e) N X'}
Note that when x is in X’ this coincides with the definition in §2.2.1} Putting

/ .
sup *

ol = inf X" and 2 = sup X,
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by Lemma with h = g|xs we have

osci(g-1x/,¢e) = / osc(g|xr, e, x) dm(x)
X/\B({zilnf7zéup}15)

+/ osc(g-1xr,e,x) dm(z)
B({I{npméup}’e)

<

/ osc(g|xr, e, x) dm(z)
X/\B({xi/nﬁx;up}’e)

dm(x)

[e.9]

+/ osclglxr,&,2) + |9l Beonx:
B({z] ¢2hup }€)

< / osc(glxr,e,x) dm(z)
B(X'e)

+2€(

)

‘Q‘B(xf o H9|B(:c;nf,28)mX'

inf?

2e)NX’

g/ osc(glx, &, x) dm(z) + 4 gl x ]l
B(X'e)

< / osc(g|xr, e, x) dm(zx) + 5/ osc(g|xr, e, x) dm(x).
B(X',e)\X' X'

For each ¢ in [0, m(X")] put
2'(t) :=sup{z € X' : d(z,inf X') < t}.
Noting that for every x in B(z! ;) \ X’ we have
osclglxr, e, ) < osclglxr, e, #'(d(alar, ),
and that for every x in B(zg,,,€) \ X’ we have
osc(glxr,e,2) < osc(glxr, &2 (m(X') = d(aly,, 7)),

we conclude that

/ osc(glxr, &, 2) dm(z)
B(X", e\ X/
m(X')

1>
S/%WWmﬂmﬁ+/ osclglx, e, 2/ (1)) dt
0 m(X')—e

g/ osc(g|zr,,e,x) dm(x).

Together with the chain of inequalities above, this completes the proof of
the lemma. (|

Lemma 2.11. Let 22, T, and g be as in and suppose that in addition
we have v :=supy g < 1. Then for every € > 0, every I, in &, and every
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measurable function h : X — C, we have

/ osc((h-g)o T ' e,2) dm(z)
T(I.) *

< / osc (h
I*

3l [ osc(goTlrl e 2) dm(e)
(L)

1,76, y) dm(y)

Proof. Fix z in T'(I,) and put w := T|I_*1(z). Given z; and 22 in B(z,¢), if
we put wy := T|1T*1(zl) and wy := T’Zkl(ZQ), then we have
(R g) o T (21) = (h- g) o T (22))]
< [h(w1) = h(wa)] - [g(w)| + |h(w1) — h(w2)] - |g(w) — g(w1)]
+lg(w1) — g(w2)] - [h(w1)]|

Thus, for z in a subset of T'(I,) with full measure with respect to m, we
have

osc((h-g)o T|I:1,5, z)
<(go T\I_*l) (z) -osc(ho T|I_*1’E,Z) + 3|1l - 0sc (g oT\[_*l,g, z).

So the lemma follows from,
/ (9°T|I_*1) (2) - osc (hoT|I_*1,5,z) dm(z)

L,vey) AT Hm(y)

< / 9(y) - osc (h

I

<y /, osc (Rl 7ey) d(T];)am(y)

< [ osebli. ey dm(y).
I

Proof of Proposition [2.9. Put

(2y)'/P
72
Note that each function of bounded p-variation has one-sided limits at each
point, and that its set of discontinuities is at most countable. Hence, we can
refine & if necessary to assume that for every I, in & we have Var,(g|r,) <

d+, and that

0.

o =

I_:=min{m(T(L,)): I, € 2, m(T(l)) > 0}

and
'y :=max{m(T(L,)): I, € 2},
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satisfy I'y <20'_.
Put

A= %,A :=min{m(l,) : I, € Z,m(l,) > 0},

and

(4 4 6y1/P)AL-1/p

K = A

Then for each ¢ in (0, A] and each & in H'/P'| we have

oscl(Zg(h),s):/Xosc Z ((h- g)oT|I Lpry) .6 x| dm(z)

1.eZ?

Z / osc ((h-g oT|I (1)) & z) dm(z)

1.eZ?

= Z osci((h - g) OT\;} Az, €)-
l.e?

Since by definition I'_ = 2A4, we can apply Lemmas [2.10] and and the
definition of A to obtain

(2.7) osci(Zy(h),e)

<6 Z / 0sc ((h -g)o Tll_*l, s,x) dm(x)
(1)

I.e”
+4e Z hdm'
1,eZ
(I*)>0
<6 Z / osc (h|r,,ve,y) dm(y)
I.e”
_ de
#18 3 Al [ ose (9015 2) dm(e) + L Il
Le L)

< 60scy (h,ve) + —8HhH1

+18 Z 171, ] / )osc (goT|I—*1’5,z) dm(z).

1.eZ
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On the other hand, putting ¢ := 1 —1/p, by Lemma and the definitions
of 6; and A, we have for each I, in &

/ 0sc (goT|1T1,s, z) dm(z)
T(I.) ’

1/p
< m(T(L,))"1 </T(I )osc (goT|; e 2)" dm(z))

1
< m(T(I*))l/q (25 Var, (g o T|I:1)p) &
< 2T PP Var, (g]1.)
< 26,M/Pr! TP

= 7571/10 Al-1/p /P,
18

Together with (2.7]), the definitions of A and K, and Lemmawith e = A,
this gives us

osci(Zy(h), )

51/10
oscy (h,ye)  4et1/p
< 6L 5
1
+ oyl /P AP (/ osc (hlr,, A,y) dm(y) + / h de
2\, o W@
m(I«)>0
1/py A1-1/p
1/p0sc1 (h, ye) 1posci(h, 4)  (44077P)

= e PO A 7]l

< (6+ 0)7"/? Vary 1 (h) + K||h]1.-
Since ¢ is an arbitrary in (0, A], this proves the lemma. O

The following lemma is needed in the proof of Theorem [6]

Proof of Theorem[6 Put~y := 8 P and let k > 1 be an integer such that || gx||co <
~. It is easy to check that gy is also bounded p-variation. By Proposition|2.9
with ¢ replaced by gy, T replaced by T%, and with § = 1, there are A > 0
and K > 0 such that for each function A in H'/?!(m), we have

7
Vary ;1 (Zy(h)) < 3 Vary 1 (h) + K||h]|1.

Using that .7} is a positive linear contraction on Ll(m), we obtain

.i”gk(h) = Var1/p,1($gk(h)) + H'ng(h)’L

‘l/p,l

7
< g Varl/p@(h) + (K + 1)||h||1'
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This proves 8= % and C = K + 1.

In view of parts 1 and 2 of Proposition the assertions of 1 and 2 and
are a direct consequence of the inequality and the ergodic theorem of
Ionescu-Tulcea and Marinescu [ITM50], see also [PUL0, Theorem 5.5.5].

It remains to prove part 3. For each integer n > 1 put h,, := % Z?:_& Z(1).
Since .Z; is a positive operator, we have h,, > 0, and by part 4 of Proposi-
tion the function h,, is bounded. So, by hypothesis H3 we have

n—1
(2.8) /hn dm = iZ/gg(n) dm =1.
j=0

On the other hand, by part 2 for every integer j > 1 we have L= 9+
> osee M P(N). Tt follows that

n—1
Vil = |+ (ﬁ(n) 3 W(A)(ﬂ))

7=0 AEE 1/p,1

n—1 n—1

1 . 1 )
SO LU ED DN -9 DR | ESCVEM TS

j=0 Aeé J=0

If assume that 1 is not an eigenvalue of ., then we obtain ||hy|1/,1 — 0
as n — +o00. But this contradicts (2.8)), so 1 must be an eigenvalue of .7},

and the argument above also proves that h, — h as n — +o00 in Hl/p’l(m).
On the other hand,

Zy(h) = Zy(2(1)(A) = 2(1)*(1) = 2(1)(1) = h.

So, for every continuous function ¢ : X — C we have

/qjonuz/@oT)hdm:/.ﬁfg((qboT)h) dm:/¢zg(h) dm

— [ondn— [ o

This proves that the measure v is invariant by 7', and completes the proof
of the theorem. O

2.5. Topologically exact maps. The purpose of this section is to prove
Corollary We use the notation introduced in §2.2.1]

Lemma 2.12. Given « in (0,1], let C, be given by part 4 of Proposition .
Then for every h and g in H%!(m), we have

1P gllasr < 2Cu[|Alla,1 - [1gllar-

Proof. Using that each of the functions h and g is represented by a bounded
function, we have

osc(h-g,e,2) < ||h|loc0sc(g,e, ) + ||g|loc 0sc(h, &, x).
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We thus have

|h - glag < llso - 1gla + llgllec - [Bla,1,
and using part 4 of Proposition twice, we have
17 glla < NlAlloo - lglls + 1Allo - glax + llglloo - [Rla
< [[hlloo - I9llat + Cslhla,llglla,
< 2Ci[hlla - [19lar-

O

Proof of Corollary[24]. By part 3 of Theorem [f] the function h := 22(1)(1)
satisfies [ h dm = 1 and the measure v := hm is a probability. On the other
hand, each of the spaces

Ep := {¢ e HY/P1(m) : /11} dm = O} and E; :={ah:a € C}

is invariant by .Zj;. Moreover, since each function 1 in H!/ PL(m) can be
decomposed as

o= (fom)as (o~ (fom).

we have H/P(m) = E| & E.

1. Let X\ be an eigenvalue of .,S,”g]Hl/p,l( satisfying |A| = 1, and let ¢ be a

m)
nonzero element of Hl/p’l(m) such that .Z;(¢) = A¢. By hypothesis H3, for
each integer n > 1 we have

[161am= [ 1ol dm= [1Z2@) dm < [ 23 Gol) dm= [ jo] dm.
and therefore
[ 26 - 123 @)] dm =0,
Since £ (|4]) — |-£5(#)| > 0, it follows that we have
(2.9) Z0(16l) = 120(6)| = 19

on a set of full measure with respect to m.

In part 1.1 below we prove that ¢ is nonzero on a set of full measure
with respect to m, and in part 1.2 we show that there is 6y in R such
that ¢ = exp(ifp)|¢| in H**(m). Using these facts, we complete the proof
of part 1 of the corollary in part 1.3.

1.1. Since ¢ is nonzero, there is kg > 0 such that {z € X : |¢| > Ko} has
positive measure with respect to m. Let Y be the set of density points of
this set, so m(Y’) > 0, and put

. m(Y)/i())fl!
o min { (ol ’A} '



36 JUAN RIVERA-LETELIER

Note that for each y in Y, the number
k(y) := ess-inf{|p(x)| : = € By(y,£0)}

satisfies

OSC(|¢’7€07 y) > Ko — K’(y)7
SO

/ ko — K(y) dm(y) < osci(|9]; c0) < &5l[@lllar < m(Y)ro/2.
Y
This implies that there is yg in Y such that

(2.10) ess-inf{|p(x)| : © € Ba(yo,€0)} = k(yo) > Ko/2.

Since by hypothesis f is topologically exact on X, there is an integer n > 1
such that T"(Bg(yo,€0)) = X. Combined with hypothesis H2 and (2.9),
the estimate implies that |¢| is nonzero on a set of full measure with
respect to m.

1.2. By part 1.1 there is v > 0 such that
Wi={x e X :|¢(zx)| > v}

satisfies m(W) > 1/2. Let W’ be the set of density points of W, so m(W') >
1/2.

For each x in X such that ¢(z) # 0, let 8(x) in R/27Z be such that ¢(z) =
exp(if(z))|p(x)|. Suppose by contradiction that the function 6 : X — R so
defined is not constant on a set of full measure with respect to m. Then there
are disjoint closed intervals © and ©’ such that the sets §~1(0) and §~1(0’)
are disjoint, and such that each of these sets has positive measure with
respect to m. By property , for every integer n > 1 we have

T (1 (071(9))) \{lél = 0} < 671(8).
Combined with part 1, hypothesis H2, and with our hypothesis that T is
topologically exact on X, this implies that for every y and every € > 0
the set 071(©) intersects By(y,e) on a set of positive measure. The same
property holds replacing © by ©’. Thus, if we denote by ¢ the distance
between © and O’ in R/27Z, then for every y in W’ and every ¢ in (0, 4],

we have
osc(¢, e,y) > 2vusin(d/2).

m(W’)(2vsin(6/2)) v sin(6/2) .

Therefore
oscy (¢, €)
o 2 S = -

Since this holds for an arbitrary € in (0, A], we obtain a contradiction. This
contradiction shows that the function 6 is constant on a set of full measure
with respect to m.

1.3. By part 1.2 there is 6y in R such that ¢ = exp(ify)|¢| in H*!(m). Tt
follows that £ (|¢|) = A|¢| is nonnegative, and therefore that A = 1. Since
by part 3 of Theorem [6| the number 1 is an eigenvalue of $g|H1/p,1(m), this
proves that the number 1 is the only eigenvalue of . of modulus 1.
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The existence of p in (0,1) such that the spectrum of $g|H1/p,1(m) is

contained in B(0, p) U {1} follows from part 2 of Theorem [6]
It remains to prove that the algebraic multiplicity of 1 as an eigenvalue
of $g|H1/p,1 m) is 1. Denote by Id the identity operator of Hl/p’l(m), and

2 -
let ¢ be in the kernel of (3 ]Hl/p L(m) Id) . Then ¢ := £, (¢) — ¢ satisfies

,iﬂg(qﬁ) = gi) Suppose qS is nonzero. Then we can apply parts 1.1 and 1.2
with ¢ replaced by ¢, to conclude that there is 90 in R such that c;S =
exp <m90> ]qﬁ\ in H*!(m). Using hypothesis H3 we obtain

0</y$ydm

= exp (—ig()) /Xg(qﬁ) — ¢ dm

— exp (—1'50) </ Z,(¢) dm — /¢> dm>

=0.

This contradiction proves that Z,(¢) — ¢ = q~5 is zero, and completes the
proof of part 1.

2. Let C, be the constant given by part 4 of Pr0p051t10nand let p and M
be the constants given by part 2 of Theorem @ Putting ¢ = ¢ — fX P dv,
we have

Co(d, ) = /¢ofn.$dy

- /(¢of”)-«$-hdm‘

S EACICRAOR

= [ 620 (d-n) dm‘

e |55 9],
(i

< ||¢|yoo.H$g” ¥ h)”up,l'

Noting that 12 - h is in Fy and using part 2 of Theorem @ we conclude that

IN

(2.11) O, ) < M|@llooll®r - Bll1 jp1p™
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On the other hand, by Lemma [2.12| we have

19 Pll1ypa < 2Cl1 1/ - Whll1pa
< (2Cu 17l spa) (161 g1 + 1l - 1]l)
< (2Chllypa X+ [1Bllo0)) 14011 /p,1-
Together with this implies the desired inequality with C' = 2M Cy||hll1 /5,1 (1 + [|h]l0)-
3. Let C, be the constant given by part 4 of Proposition Observe that
for each 7 in C, we have
lexp(T)[1/p,1 < exp(|7] - [¥lloc)IT| - [¥]1/p,15

so the function exp(71)) is in H/P!(m). Thus, by Lemma for every x
in HY/P(m) we have

1200y < (26 1250 - Nexp )l ) Il

This proves that .%. maps H'/P! (m) to itself and that £, ]Hl/p,l(m) is bounded.

To prove that 7 — Z;|;n /o1 is analytic in the sense of Kato, for each ¢

m)
in C let 7. : C — C be defined by 7.(z) := % — z and put ¥, :=n. 0.
Noting that Dn.(z) = exp(ez) — 1, we have
[the] < (exp(le] - [[#lloc) — 1) |¢]

on X, and

[Vel1/p1 < (exp(le] - [¥]loc) — 1) [¥]1/p,1-
It follows that
(2.12) [¥ell/p1 < (exp(le] - 1Plloc) = 1) 1¥0l1/p,1-

On the other hand, if for each 7 in C we define the operator 7, by Z;(x) :=
Z- (1 - x), then for every € in C and every x in Hl/p’l(m) we have

L) = L) g 0 = 2 ),

9

Combined with (2.12]), we have by Lemma

H $T+s(x)8— Zr(x)

- @T(X)

1/p,1
<20, 1% 1y Il
< (202 12l 10071 ) - @0(le] - [0l10) = 1) Il

XHl/p,l

o converges to 0 as €
P,
converges to 0, and completes the proof that 7 — $T|H1/p,1(m) is analytic in

This implies that the operator norm

Lyre— s
s,

the sense of Kato.
That the spectral radius of .27 |1/ (m) depends on a real analytic way
on 7 on a neighborhood of 7 = 0 follows from part 1 and from the fact
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that 7 — $T|H1/p,1(m) is analytic in the sense of Kato, see for example [RS78|,
Theorem XII.8]. This completes the proof of the corollary. U

2.6. Exercises.

Ezercise 2.1. Let I be an interval of R, and let f : I — R be a continu-
ously differentiable function whose derivative vanishes at most on a finite
set. Show that, if we denote by Leb the Lebesgue measure on R, then the
measure fy Leb |7 is absolutely continuous with respect to Leb, and that
for z in a set of full Lebesgue measure in I we have

df«Leb |y 1
B L = D .
e OED S 0]
yef~1(2)
Ezercise 2.2. Let I be a compact interval of R and let f : I — I be a
piecewise expanding map.
A. Under what circumstances the function

= Y IDf)IT
yef—(z)
is continuous?
B. Under what circumstances we have for each continuous function ¢ :
I — R that the function .Z(¢)) : I — RU {+o0} defined by

LW)(x) = Y IDFWI,
yef~(z)

continuous?

Exercise 2.3. Let T be a map as in §2.2.2] and assume in addition that T
is differentiable with Holder continuous derivative on each element of the
partition &?. Moreover, assume that for some constant A > 1 and some
integer N > 1 we have |DT™| > \. Show that if we choose g = 1/|DT]|
and m = Leb |7, then the hypotheses H1, H2, and H3 of are satisfied.

Ezercise 2.4. Let T, g, £, and m be as in §2.2.2 Show that £, maps the
space BV, into itself. Does a 2 norm inequality, like Proposition hold
on BV,?

Ezxercise 2.5. Fix p > 1, a compact subset X of R, and let g : X — R be a
function of bounded p-variation. Prove the following facts used in the proof
of Theorem [6

A. For every § > 0 there is a finite partition & of X into intervals (for
the corresponding order relation), such that for each P in & we have

Vary(glp) < 0.

B. If T': I — I is a piecewise monotone map, then for every integer n >
2 the function g, : I — R defined by
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is of bounded p-variation.

Ezercise 2.6. Given m, o, and H¥!(m) as in prove the following state-
ments that are some of the hypotheses of the ergodic theorem of Ionescu-
Tulcea and Marinescu [ITM50].
A. Let K > 0 and let (h,)!25 be a sequence of functions in H>®(m)
such that for every n we have ||hy|la1 < K. If (hy)12] converges
in L'(m) to a function h, then h is in H*!(m) and ||hlja1 < K.
B. Given a bounded subset B of H"®(m), prove that the closure of ., (B)
in L!(m) is compact.
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3. SMOOTH MAPS

The purpose of this section is to give some elements in the proof of the
following result, which is one of the weakest criterion’s available for the
existence of an acip for smooth interval maps.

Throughout this section we fix a compact interval I of R. A smooth
interval map f : I — I is non-degenerate if the set of points of I at which
the derivative of f vanishes is finite, and if at each of these points there is a
higher order derivative of f that is non-zero. For a non-degenerate smooth
map f : I — I, a periodic point p of period n > 1 is hyperbolic repelling
if D (p)] > 1.

Theorem 7 ([BRLSvS08], Main Theorem). Let f : I — I be a non-
degenerate smooth map having all periodic points hyperbolic repelling. As-
sume that for each critical point ¢ of f, we have

(3.1) im [Df(f(0))] = +oo.
Then f has an acip with respect to the Lebesque measure.

See also |[RLS14, Theorem I] for an alternative proof, and [BSvS06] for
the case of unimodal maps. Previous results on the existence of acip’s were
obtained in [BLVS03) I[CES0L [KN92, Mis&1), NvS91l [You92], among others.

The smoothness assumption can be relaxed substantially; the assumption
that at each critical point a high order derivative is non-zero is then replaced
by a “non-flatness” condition. However, as in many results of this type, the
finiteness of critical points and the non-flatness assumption are both used
in an essential way.

The Main Theorem of [RLS14] gives a quantitative version of Theorem
For each ¢ > 1 there is a constant K > 0 such that, if f is a non-degenerate
smooth map all whose critical points have order at most ¢, and such that
for each critical point ¢ of f we have

lim inf | D" (f(c))| > K,

then f has an acip. See also [BRLSvSO8, Main Theorem’] for a version
in which K also depends on the number of critical points of f. There
are examples showing that the condition liminf, .« [Df"(f(c))| > 0 is
neither sufficient, or necessary for the existence of an acip, see [BKNvS96]
and [Bru94], respectively.

3.1. On the regularity of the acip. For a non-degenerate smooth map f :
I — I, denote by Crit(f) the set of critical points of f. The order of a critical
point ¢ of f is the least integer £, > 2 such that the £.-th derivative f()(c)
is non-zero. We also put

lmax(f) := max{{. : ¢ € Crit(f)}.

For a measurable subset A of I denote by |A| its Lebesgue measure.
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The proof of Theorem [7| given in [BRLSvS0§| is based on the following
estimate: For every x in (0, 1) there exists M > 0 so that for each Borel set
A, we have

(3.2) [F(A)] < Mf(A)| T

The estimate for a general Borel set A is obtained from the special case in
which A is an interval through the “sliding argument”, used in an earlier
result of Nowicki and van Strien in [NvS91]. One of the features of this
method is that it gives an estimate on the regularity of the density of the
acip: For each p in [1, {iax(f)/(max(f)—1)), the density of the acip is in the
space LP(Leb), see below for a proof of this fact. This estimate is optimal:
The results of Ledrappier in [Led81] imply that for p = lax(f)/ (lmax(f)—1),
the density of the acip does not belong to the space LP(Leb).
Recently, LP estimates on the density of the acip have been used in [AFLV11]

to understand mixing rates of physical measures in arbitrary dimension. So
the following problem arises naturally.

Problem 3.1. Let f be a non-degenerate smooth interval map having an
acip v with respect to the Lebesgue measure. Does there exist p > 1 such
that the density of v is in the space LP(Leb)?

Under the additional assumption that v is exponentially mixing, this prob-
lem is solved affirmatively [RL12b), Corollary B].

Unfortunately, the sliding argument used in [BRLSvS08, NvS91] only
seems to work for interval maps and the Lebesgue measure as a reference
measure. The proof of Theorem [7] given in [RLS14], based on an induced
scheme, applies simultaneously to real and complex maps, and also gives an
estimate on mixing rates.

We now explain how to obtain the LP estimate of the density of the acip
form (3.2). We use the argument given above Theorem A in [NvS91], see
also [dMvS93l p. 378]. Let N be a positive integer and p € [1, /ma" ) be

max_]-
K

given. Then choose k € (0, 1) sufficiently close to 1 so that 1 — o— >p, let
C > 0 be such that for every measurable set A we have |f(A4)| < C|A|, and

put M’ = MC max . It follows from the inequality (3.2]) that, if we denote
the Lebesgue measure by m, then for each n > 1 the measure

n—1

Hn = % Z(fz)*m

1=0

is such that for every measurable set A we have pu,(A) < M’ |A[ﬁ Fix an
accumulation point p in the weak™ topology of the sequence (gt )n>1. Then p
is f-invariant and for every measurable set A we have pu(A) < M'|A|fmax . In

particular p is absolutely continuous with respect to the Lebesgue measure;
we denote by p its density. For each k£ > 0 put Dy = {p? > k} and observe



STATISTICAL PROPERTIES OF REAL AND COMPLEX MAPS 43

that

[ e < 3+ DIDA Dl = Y 1Dyl

k>0 k>0
For each £ > 1 we have

KP| Dy| < p(Dy) < M| Dy,

and |Dy| < k0~ 7mex)”' . By the choice of & we have p(l— )71 > 1,50
> k>0 |Dk| < 0o. This shows that p € L.

3.2. Backward contraction and nice sets. In the proofs of Theorem
in [BRLSvSO08] and in [RLS14], a weak hyperbolicity condition is used as
an intermediate step. This weak hyperbolicity condition is known as “back-
ward contraction”, and it is defined below. In fact, the hypothesis
in Theorem [7] is only used to prove that the map f is backward contract-
ing, see [BRLSvS08, Theorem 1]. Then it is shown that every backward
contracting map having all periodic points hyperbolic repelling has an acip,
see [BRLSvS08,, §2] and [RLS14, Main Theorem)].

To define the backward contraction condition, let f : I — I be a non-
degenerate smooth map, and let CV(f) := f(Crit(f)) be the set of critical
values of f. For each ¢ in Crit(f) and each § > 0, denote by B(c,d) the
connected component of f~!(f(c)) containing c. Note that for § small,
the set B (c,0) is an interval whose length is comparable to o/ up to a
multiplicative constant independent of 4.

Definition 3.2. Let f be a non-degenerate smooth map having all pe-
riodic points hyperbolic repelling. Then f is backward contracting, if for
every r > 1 and every sufficiently small § the following property holds: For
each ¢ in Crit(f), each integer n > 1, and each connected component W

of f7"(B(¢, 1)),
(3.3) dist(W, CV(f)) < ¢ implies |W| < 4.

The backward contraction condition was first introduced in [RL07], in the
complex setting. Li and Shen showed that for a non-degenerate smooth map
having all periodic points hyperbolic repelling, the backward contraction
condition is actually equivalent to (3.1]), see [LSI0, Theorems A’ and B’
See also [LS13], [RLO7, Appendix A], and [RLSI3l Theorem 1] for related
results.

One of the features of backward contracting maps that is used in a crucial
way in [BRLSvS08] and in [RLS14], is the existence of “nice sets” at every
scale. We proceed to state this more precisely. For a non-degenerate smooth
map f : I — [ having all periodic points hyperbolic repelling, an open
subset V of I is a nice set for f, if the following hold:

e Kach connected component of V' contains precisely one critical point

of f;
e For every integer n > 1, the set f(0V) is disjoint from V.
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For a nice set V' and a critical point ¢ of f, we denote by V¢ the connected
component of V' containing c.

For a non-degenerate smooth map that is topologically exact, arbitrarily
small nice sets can be easily constructed using periodic points. Roughly
speaking, the following property asserts that for a backward contracting
map there is a nice set at every scale.

Proposition 3.3 ([BRLSvS08], Proposition 3). Let f : I — I be a non-
degenerate smooth map that is backward contracting. Then for every suffi-
ciently small § > 0 and each critical point c of f, there is an open interval V°
satisfying

B(c,8) C V¢ C B(c,26),

and such that UcECrit(f) V¢ is a nice set for f.

The (short) proof of this result is below. It follows the proof of the
analogous statement in the complex setting [RLO7, Lemma 6.2].

Proof. Let & > 0 be sufficiently small so that the backward contracting
property holds with » = 2. For each integer n > 0, put

=l U FIB0)).

J=0 ceCrit(f)

and for each critical point c of f denote by V,¢ the connected component of V;,
containing c¢. Note that Vo, 1= zi'i V,, is such that for every integer j > 1
the set f/(0Vy) is disjoint from Va. Thus, it is enough to show that for
every critical point c of f, the connected component V< of Vi containing c

is contained in B(c,25). Since we clearly have V< = [J2 V¢, it is enough

to show that for each integer n > 1 the set V¢ is contained in B(c,25). We
proceed by induction in n, the case n = 0 being trivial. Let n > 1 be an
integer such that for each critical point ¢ of f, the set V¢ ; is contained
in B(c,20). Let Z be a connected component of f(V,)\ B(f(c),d). Note
that for each z in Z there is an integer m(z) in {0,...,n — 1} and a crit-
ical point ¢(z) of f, such that f™(®)(z) is in B(c(z),d). Let zp be a point
in Z for which mg := m(zp) is minimal, and put ¢o := ¢(zp). Then f™0(2)
is contained in V;°, ~; C V;°,. By the induction hypothesis we conclude
that f70(Z) is contained in B(co, 28). Then the backward contracting prop-
erty implies that |Z| < d. This proves that f(V,¢) is contained in B(f(c), 24),
and therefore that V)¢ is contained in B (¢,20). This completes the proof of
the proposition. O

3.3. Proving backward contraction. In this section we give a proof of
the following result, which is an intermediate step in the proof of Theorem 7]
Given N > 1, lyax > 1 and K > 0, denote by A(N, lpax, K) the collection
of all non-degenerate smooth maps f : I — I that have at most N critical
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points, such that every critical point has order at most f;,.x and such that
for every critical value v we have

o S
liminf |Df"(v)| = K.

Theorem 8. For real numbers fnax > 1 and r > 1, there exists K =
K (r,bmax) such that if f is a map in the class A(N, bmax, K) for some N > 1,
then it satisfies property BC(r).

A sequence of open intervals {G; }3’720 is called a chainif foreach 0 < j < s,
G is a component of f~(Gj41). The order of the chain is defined to be the
number of j’s with 0 < j < s and such that G; contains a critical point.

For each critical point c and € > 0, let E(c, ¢) be the connected component
of f=Y((f(c) — ¢, f(c) +¢)) containing c. Moreover, let

B(e) = U Blc,e).

ceCrit(f)

Note that provided that ¢ is small enough,
Ble,re) = r'/%B(c,e).

Lemma 3.4. For any p > 0 and lpax > 1, there exists K > 1, and for each
[ e Une1 AN, bax, K) there exists g > 0 with the following property. Let
¢, € Crit(f) and e € (0,e0). If f5(c) € B(c,€) for some s > 1, and if J is

the component of f~5(B(c,¢€)) containing ¢, then
J C B(c, pe).

Proof. We may assume that p € (0,1). Put r = 2% and consider the
chains {G;}i_y and {H;}i_, with G; = B(d,re) D Hy = B(,e) and
Go D Hyp = J. Let s; < s be maximal such that G, contains a critical
point ¢;. Let H] |, be the convex hull of H,, 11 U{f(c1)}, and observe that
H;ﬁ-l C G51+1.

Claim. Provided that ¢ is small enough and that K is large enough, we

have
(3.4) H,, C B(cy, pe).
In fact, since
fS_SI_l : G51+1 — G

is a diffeomorphism with |Gs| small, it follows from the one-sided Koebe
Principle (Proposition (ii)), applied to each of the connected components
of G, 11\ {f(c1)} intersecting H; ,,, that for each z € H; ., we have

(3.5) D=7 x)| = CID 7 (f(en))

where C' > 0 is a universal constant. Provided that ¢ is small enough, we
have

[DfFH (fle) = K
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by the hypothesis. Moreover, by non-flatness of the critical points there is
a constant C7 > 0 such that

s G
D e < 0
|G|
e DF (f(e) (X
o s—81 1 . s
D517 f ()] = > KC .
| D= D pEsrten] = 1rc]
This, equation (3.5) and the mean value theorem imply
|Gs| 1 |G|
>CC; 'K ,
[H, b G
which implies that
’H.;1+1| S pE

provided that K is sufficiently large. The claim follows.
If s1 = 0 then the proof of the lemma is completed. For the general case,
the lemma follows by an easy induction on s. U

Let us say that f satisfies property BC*(r) if the following holds: for any
e > 0 small enough, ¢,¢ € Crit(f), and s > 1, if f5(c) € B(c,re) and J
is the component of f~5(B(c’,r¢)) which contains ¢, then J C B(c,e). (So
the difference with property BC(r) is that in equation , the assumption
dist(W, CV) < ¢ is replaced by W N CV # ().)

The above lemma can be reformulated as

Proposition 3.5. For any lyax > 1 and r > 1 there exists K > 1 such that
each f € UN—1 AN, lmax, K) satisfies property BC*(r).

Property BC*(r) is closely related to BC(r). Clearly the latter implies
the former. The other direction is shown in the following proposition.

Lemma 3.6. For any f € A, BC*(8%axr) implies BC(r), where fmay is
the mazimum of the order of the critical points of f.

Proof. Let e > 0 be a small constant. Then for all ¢ € Crit(f), B(c, 8™ re)
contains the 3-scaled neighborhood of B(c, re).

Let ¢, € Crit(f) and = € B(c,e). Let s > 1 be such that f*(z) €
B(c,re) and let Jj, be the component of f~(~%)(B(c,re)) which contains
f¥(x). We want to show that |.J;| < e.

Let us prove this by induction on s. For s = 1 the statement is trivially
true. Fix sp and assume that the statement holds if s < sg. To prove the
statement for s = sq, consider the chain {Gj}jzo with G4 = E(c’, glmaxye)
and Gy 2 x. We distinguish two cases:

Case 1. There exists 0 < s; < s such that G, contains a critical point c;.
By the definition of the BC* property, it follows that Gg, C E(cl,s). If
s1 = 0, then ¢; = cand Jy C Gy C E(c,s). Otherwise, the statement
follows by the induction hypothesis.
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Case 2. For any 0 < k < s, (G contains no critical point. Then
f5~1: Gi — Gy is a diffeomorphism. By the Macroscopic Koebe Principle
(Proposition (iii)), we obtain that G; contains the 1-scaled neighbor-
hood of J;i. Since ¢ ¢ Gy, f(c) € G1 and f(z) € B:(f(c)), it follows that
|J1| < e. |

Proof of Theorem[§ Combine Lemma [3.6] and Proposition O
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4. EXPONENTIAL MIXING RATES

In this section we focus on exponentially mixing acip’s. For simplicity,
we restrict our discussion to interval maps f : I — I that are topologically
exact. This is not a serious restriction, since every non-degenerate smooth
map having an acip can be decomposed into maps satisfying this property.
More precisely, for every non-degenerate smooth map f : I — I having an
acip v, the support of v can be decomposed into a finite union of cycles
of intervals, in such a way that for each of these intervals I’ there is an
integer n > 1 such that f™(I') = I', such that the non-degenerate smooth
map f" : I’ — I' is topologically exact, and such that | is an acip of ™.

Let (X,dist) be a compact metric space, T': X — X a continuous map,
and v a Borel probability measure on X that is invariant by T'. Given a pair
of square integrable functions ¢, 1/ : X — R, and an integer n > 1, define

%(%w)iZ/XsDOf”-U}dV—/X@dV/XMM

The measure v is (strongly) mizing, if for every pair of square integrable
functions ¢, ¥ : X — R we have

(4.1) Cn(p, ) — 0 as n — 4o0.

In order to quantify mixing rates, it is customary to restrict the func-
tions ¢ and ¢ in to Banach spaces that are usually smaller than the
space of square integrable functions. Here, we restrict our discussion to re-
sults where ¢ is in the space of bounded functions, and 1 in that of Lipschitz
continuous functions. It is the setting of Young’s general method to esti-
mate mixing rates, see [You99] and also [BMDO05], [Gou04, IMT12) [Sar01] for
extensions and refinements. For smooth interval maps, most of the results
in the literature have been obtained through Young’s method. There are
exceptions, like for example some of the earliest results [KN92, [You92] in
which the function % in is taken in the space of functions of bounded
variation. However, in all the exceptions we are aware of, Young’s method
can be applied as an alternative approach.

The measure v is ezponentially mizing, if there are constants p in (0, 1)
and C > 0 such that for every bounded and measurable function ¢ : X — R,
and every Lipschitz continuous function ¢ : X — R, we have for every
integer n > 1

(12) e ) R
where [[$Lip = SUPy s AL,

In §§4.1] we discuss exponential mixing rates for unimodal, and for
multimodal maps, respectively.

4.1. Unimodal maps. For interval maps, the first general result on mixing
rates were obtained independently by Keller and Nowicki in [KN92], and by
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Young in [You92|]. To state this result, we make the following definition that
will be important in what follows.

Definition 4.1. Let f : I — I be a smooth non-degenerate unimodal map
having only repelling periodic points. If we denote by c¢ the critical point
of f, then f satisfies the Collet-Eckmann Condition, if the lower Lyapunov
exponent of f at f(c) is strictly positive:

(4.3) timinf ~ In | Df"((c)] > 0.

We note that in the case f has negative Schwarzian derivative, like for
example when f is a quadratic map, implies that all periodic points
of f are hyperbolic repelling.

By the results mentioned above, a smooth non-degenerate unimodal map
satisfying the Collet-Eckmann condition has a unique acip. In [KN92|
You92| it was shown that this acip is exponentially mixingﬁ Later, Now-
icki and Sands showed in [NS98] that in fact the Collet-Eckmann condition
characterizes the existence of an exponentially mixing acip.

Theorem 9 ([NS98|, Theorem A). Let f be a smooth non-degenerate uni-
modal map that is topologically exact. Then f has an exponentially mizing
acip if and only if f satisfies the Collet-Eckmann condition.

In fact, [NS98, Theorem A] gives a long list of equivalent formulations of
the Collet-Eckmann condition, of which Theorem [J] is just a sample. The
proof of these equivalences in [NS9§| relies on delicate combinatorial argu-
ments that are specific to unimodal maps. A substantially simpler proof can
be found in [RL12a], where these equivalences are extended to multimodal
maps.

The list of equivalent formulations of the Collet-Eckmann condition in [NS98]
was enhanced by Nowicki and Przytycki in [NP9§|, about the same time:
The Collet-Eckmann condition is equivalent to a technical condition for-
mulated in purely topological terms. A consequence of this last result is
the rather surprising fact that the Collet-Eckmann condition, and therefore
the existence of an exponentially mixing acip, is invariant under topological
conjugacy.

The Collet-Eckmann condition is known to be abundant in various set-
tings. In the quadratic family (f\)xe(,4), there is a subset of positive mea-
sure of parameters A for which f) satisfies the Collet-Eckmann condition,
see [BC8Y, [Jak81], and also [GS14] [Tsu0l, WY06] for similar results for
more general families of interval maps. In fact, Avila and Moreira showed
in [AMO5], based on the results of Lyubich in [Lyu02], that there is a set
of full Lebesgue measure of parameters A in (0,4] such that either f) has
an strictly attracting cycle, so fy is uniformly hyperbolic, or f) satisfies the
Collet-Eckmann condition. See also the recent approach in [GS14], where

$The mixing rates obtained in these results are for test functions of bounded variation.
However, these maps are exponentially mixing as defined here.
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this result is obtained as a consequence of a general result for multimodal
maps.

4.2. Multimodal maps. To discuss exponentially mixing acip’s for non-
degenerate smooth maps with several critical points, we first introduce the
Collet-Eckmann condition.

Definition 4.2. A non-degenerate smooth map f : I — [ satisfies the
Collet-Eckmann condition, if for every critical point c of f the sequence (|Df"(f(c))|)
grows exponentially in n, and if all periodic points of f are hyperbolic re-
pelling.

“+oo
n=1

As for unimodal maps, a non-degenerate smooth interval map that is
topologically exact and satisfies the Collet-Eckmann condition has an ex-
ponentially mixing acip, see [BLVS03|] for the case where all the critical
points have the same order, and [RLSI4, Remark 2.14] for the general
case. For multimodal maps, the Collet-Eckmann condition is also abun-
dant, see [GS14] Tsu01].

In contrast with the case of unimodal maps, the Collet-Eckmann condition
does not characterize the existence of an exponentially mixing acip. This
follows from the examples given in [PRLS03, §6.1], together with [RLS14]
Remark 2.14]. Other examples are described in Example[d.4] below. We note
also that, in contrast with the unimodal case, the Collet-Eckmann condition
is not invariant under topological conjugacy, see [PRLS03, Appendix C].

For multimodal maps, the existence of an exponentially mixing acip has
several equivalent formulations in the spirit of [NS98], in spite of the fact
that the Collet-Eckmann condition is not among them, see [RL12a]. One of
the simplest equivalent formulations is the following strong form of Pesin’s
non-uniform hyperbolicity condition: There is x > 0 such that for every
invariant Borel probability measure p we have

x(p) = /lnlDfI du > x.

We say that f is asymptotically expanding if it satisfies this property. From
the technical viewpoint, the following equivalent formulation of asymptotic
expansion is perhaps the most useful.

Definition 4.3. Let f : I — I be a non-degenerate smooth map. We say
that f satisfies the Faponential Shrinking of Components Condition if there
are constants § > 0 and A > 1 such that for every interval J contained in I
that satisfies |J| < 0, the following property holds: For every integer n > 1
and every connected component W of f~"(J) we have |W| < A\™™.

For a map satisfying the Exponential Shrinking of Components Condi-
tion, the existence of an exponentially mixing acip is shown in [PRL0O7] in
the case of complex rational maps; the proof applies without change to a
non-degenerate smooth map that is topologically exact, see [RLS14, Re-
mark 2.14] for a proof written in this setting.
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These results are summarized in the following theorem, see [RL12a] for
further details.

Theorem 10. For a non-degenerate smooth interval map f that is topolog-
ically exact, the following properties are equivalent.

1. f is asymptotically expanding.

2. f satisfies the Exponential Shrinking of Components Condition.

3. f as an exponentially mizing acip.

Finally, we remark that the result of Nowicki and Przytycki in [NP9§],
combined with [RL12a], implies that for a non-degenerate smooth map that
is topologically exact the existence of an exponentially mixing acip is invari-
ant under topological conjugacy, see [RL12al, §1.4].

Ezample 4.4. The following are examples of non-degenerate smooth maps
having an exponentially mixing acip, but that do not satisfy the Collet-
Eckmann condition.

For v in (0, 1], consider the real polynomial

27
gy(x) = 4—731’@ — 7)2.

Note that the critical points of g, are ¢(y) := v/3 and ¢(7y) := . Further-
more, g, maps ¢(y) to x = 0, which is a hyperbolic repelling fixed point
of gy, and that g, maps ¢(y) to = 1. Finally, note that g,(1) > 0 and that
when g¢,(1) < 1, the map g, maps [0, 1] to itself.

For a first example, let 7o in (0, 1) be such that g,,(1) = ¢(70). Then g,
does not satisfy the Collet-Eckmann condition because in this case 930 (c(y0)) =
c(0), and therefore for every n > 1 we have Dg5 (9(70)(c(70))) = 0. It is
easy to see that g, is topologically exact on [0,1]. Moreover, g,, has an
exponentially mixing acip by [RLS14, Remark 2.14]. The existence of an
exponentially mixing acip can be shown more directly in this case, using the
Markov partition of g, formed by the intervals

[07 0(70)]7 [C<70>7 5(70)]7 and [E(’YO)? 1]7

and using the fact that g, is uniformly expanding with respect to a singular
metric on [0, 1].

A more subtle example can be constructed by choosing the parameter ~
so that the forward orbit of ¢(y) under g, approaches ¢(v) very closely at
certain special times, without hitting ¢(7y) exactly. If at this special times the
approximation is super-exponential with respect to time, then the Collet-
Eckmann condition fails for g,. If in addition the forward orbit of ¢(v) under
stays at a positive distance from ¢(7y), then g, has an acip by [Mis81]. It
follows from [RLS14, Remark 2.14] that this acip is exponentially mixing.
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APPENDIX A. THE KOEBE PRINCIPLE

Proposition A.1 (Koebe principle). For any f € A, there exists n(f) >0
such that the following holds. Let s > 1 be an integer and let T = (a,b) be
an interval. Assume that f*|T is a diffeomorphism onto its image and that

[T <n(f). Then
(i) (the Minimum Principle) for every x € T,
[Df*(x)] 2 0.9min (|Df*(a)],[Df*(b)]);
(ii) (the one-sided Koebe Principle) Let x € T be such that |f*(a) —
@) = r[f*(z) = f5(b)]. Then
2
DF@) =09 () DO,

(iii) (the Koebe Principle) If J is a subinterval of T such that f*(J) is
T-well inside f*(T), then for any x,y € J,

2 s 2
0_9( T ) <]Df (:c)|<1<1—|—7) ;
1+7/) — |Dfs(y)] — 0.9 T
(iv) (the Macroscopic Koebe Principle) If J is a subinterval of T such

that f5(J) is T-well inside f°(T), then J is 7'-well inside T, where
™ =0.972/(1+27).

Proof. Let us say that a diffeomorphism ¢ between intervals is almost linear
if for any x,y in its domain, we have |Dp(z)| > 0.9|Dg(y)|. It suffices to
prove that there exists 0 < sg < s such that

o 5750 f50(T) — f35(T) is almost linear;

e cither so =0 or f% : T — f%(T) has negative Schwarzian.
By the third statement of Theorem C in [vSV04], there exists a neighborhood
U of Crit(f) such that for any z € X and n > 0 with f*(z) € U, we
have Sf"!(z) < 0, where S¢ denotes the Schwarzian derivative of ¢. Let
V & U be a smaller neighborhood of Crit(f). Provided that |f*(T)| is
small enough, max{_ | f(T")| < d(dU, V), so that for each i € {0,1,...,s},
either f4(T) C U or f{(T)NV = (. Let sy € [0,s) be minimal such that
fUTYNV =0 for all sg < i < s. Then either s = 0 or f0~}(T) C U so that
f50: T — f*(T) has negative Schwarzian derivative. Moreover, by Mané’s
theorem, f is uniformly expanding outside V. Thus provided that |f*(T)|
is small enough, f57%0 : f50(T) — f5(T) is almost linear. O
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