EQUILIBRIUM STATES FOR HYPERBOLIC
POTENTIALS

VANESSA RAMOS AND MARCELO VIANA

ABSTRACT. We prove existence of finitely many ergodic equili-
brium states associated to local homeomorphisms and hyperbolic
potentials. In addition, if the dynamics is transitive we obtain
the uniqueness of equilibrium state. Under the assumptions of
uniform contraction on the fiber and non-uniformly expansion on
some region of the base we also prove existence of equilibrium states
for partially hyperbolic skew-products.

1. INTRODUCTION

The theory of equilibrium states, developed by Sinai, Ruelle and
Bowen in the seventies and eighties, came into existence through the ap-
plication of techniques and results from statistical mechanics to smooth
dynamics.

In the classical setting, given a continuous map f : M — M on a
compact metric space M and a continuous potential ¢ : M — R, we
say that 1, is an equilibrium state associated to (f, ¢), if py is an f-
invariant probability measure characterized by the following variational
principle:

Py(0) = by ($)+ [ odng= su {hu<f>+ / cbdu}

HEM ¢ (M)

where Pf(¢) denotes the topological pressure, h,,(f) denotes the metric
entropy and the supremum is taken over all f-invariant probabilities
measures.

In the uniformly hyperbolic context, which includes uniformly ex-
panding maps, equilibrium states always exist and they are unique if
the potential ¢ is Holder continuous and the dynamics f is transitive.
However, the scenario beyond hyperbolic systems is pretty much in-
complete.

Recently, several advances were obtained outside the uniformly hy-
perbolic setting in the works of Bruin and Keller [5] and Denker and

Urbanski [8], for interval maps and rational functions on the Riemann
1
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sphere; Leplaideur, Oliveira, Rios [15] on partially hyperbolic horse-
shoes; and Buzzi and Sarig [7] and Yuri [20], for countable Markov
shifts and for piecewise expanding maps in one and higher dimensions,
among others.

Before proceeding a few words are in order on the nature of the two
problems: existence and uniqueness of equilibrium states. Existence is
relatively soft property that can often be established via compacteness
arguments. Uniqueness is usually more subtle, and requires a better
understanding of the dynamics. Examples of transitive shifts with equi-
librium states having nontrivial supports go back to Krieger [12]. So,
some conditions on the potential is certainly necessary.

For local diffeomorphisms which present expansion in a non-uniform
way we point out the results of Arbieto, Matheus and Oliveira [2];
Oliveira and Viana [16]; Varandas and Viana [19]. They obtained
uniqueness of equilibrium states for potentials with small oscillation. In
this context, they were able to construct expanding equilibrium states
absolutely continuous with respect to the conformal measure; more-
over, the equilibrium state is unique. The hypothesis on the potential
is used to ensure that most of the pressure emanates from regions of
the ambient where the dynamics is actually hyperbolic.

These findings motivate, to some extent, the approach that we follow
in the present paper. Indeed, we consider a certain inequality between
the pressure of the system (f,¢) on the hyperbolic and the nonhy-
perbolic regions of M, and we prove that, for local homeomorphisms,
this hyperbolic hypotheses on the potential is suffices for existence and
finiteness of equilibrium states. The results mentioned in the previous
paragraph fit in this framework.

Hyperbolicity of the potential is the essential condition in our results.
Closely related condition have been considered by Hofbauer and Keller
[11], Denker, Keller and Urbanski [9] for piecewise monotonic maps and
by Buzzi, Paccaut, Schmitt [6], in the context of piecewise expanding
multidimensional maps.

In the case of local diffeomorphisms, hyperbolicity condition of the
potential ¢ in our first results imply positive Lyapunov exponents for
the equilibrium measure. In this way, a natural objective is to obtain
existence and finiteness of equilibrium states for systems which present
some contraction direction. In this paper, we also study partially hy-
perbolic skew-products of fiber contraction maps over non-uniformly
expanding dynamics and we prove existence of equilibrium states for
this class of transformations.
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2. SETTING AND STATEMENTS

Let (M, d) be a compact metric space of dimension m and d be the
distance on M. Let f: M — M be a local homeomorphism. Suppose
that every inverse branches f~! are locally Lipschitz continuous, that
means, there is a bounded function = — o(z) such that, for each z € M
there exists a neighborhood V, of x so that f, : V,, — f.(V,) is invertible
and for every y, z € f,(V,) holds

d(f; (W), £ (2)) < o(x)d(y, =)

Given a positive constant o > 0, we denote by 3, = ¥(o) the set
whose points satisfy:

n—1
1 .
Yy = {x € M; limsup — g logo(f(z)) < loga}
-0

n—+oo N i

We say that a real continuous function ¢ : M — R is a hyperbolic
potential if the topological pressure of ¢ is located on Y, for some
o€ (0,1), ie.,

Pr(¢,57) < Pr(,55) = Pr(9).

Note that, for o € (0,1) we have f~! is locally a contraction. In
this way, Y, is a non-uniformly expanding region on M. A probability
measure /4 (not necessarily invariant) is expanding if u(3,) = 1.

Let C'(M) be the complete metric space of real continuous functions
1 : M — R equipped with the uniform convergence norm. The Ruelle-
Perron-Frobenius transfer operator L, : C(M) — C(M) associated to
dynamics f : M — M and a real continuous function ¢ : M — R is
the linear operator defined on C'(M) by

Low)(z)= ) Wy

yef~1(z)

The dual operator £}, of £, acts on the space M(M) of Borel measures
in M as follow:

[vdcin) = [ owas

for every real continuous function .

We say that a Borel measure (not necessarily invariant) v is a con-
formal measure associated to (f, ¢) if v is an eigenmeasure for L.

Our first result states the existence of a conformal expanding mea-
sure for (f,¢) associated to the eingenvalue A = (%) as well as the
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existence of a finite number of ergodic f-invariant probabilities abso-
lutely continuous with respect to this reference measure. In particular,
we get uniqueness of such ergodic measure when the dynamics f is
transitive.

Theorem A. Let f: M — M be a local homeomorphism and let
¢ M — R be a hyperbolic Holder continuous potential. Then, there
exist a conformal measure v associated to the eingenvalue \ = eF#(%).
Moreover, v is expanding and there is a finite number of f-invariant
ergodic measures absolutely continuous with respect to it.

Under the same hyperbolicity condition on the potential ¢, the exis-
tence of an expanding conformal measure v associated to the eingen-
value A = e7(9) implies that every equilibrium state of (f,¢) has to
be absolutely continuous with respect to v. Thus, we use the semicon-
tinuity property of the entropy map to ensure the existence of some
equilibrium measure and we combine this with the Theorem A to ob-
tain

Theorem B. Let f : M — M be a local homeomorphism and let
¢ : M — R be a hyperbolic Holder continuous potential. Then, there
exist finitely many ergodic equilibrium states associated to (f,¢). In
addition, the equilibrium state is unique if f is transitive.

Since each equilibrium state p, is an expanding measure, by a con-
sequence of this result we obtain that all the Lyapunov exponents of f
are positive at ji4-almost every point, if f is a local diffeomorphism.

We would like to point out that our results remains true if the poten-
tial ¢ satisfies a weaker condition than Holder continuity, that of having
summable variation on hyperbolic dynamical balls, which means that
there exist some positive constant K such that if for some n € N holds

d(f" (y), [ (2)) < o7d(f"(y), ["(2))

for every 1 < j < n and every vy, z in the dynamical ball Bs(x,n) then
n—1
K1 <) 6(f(y) —o(f(2) < K
j=1

A class of examples which satisfies our hyperbolicity condition on the
potential was studied by Arbieto, Matheus and Oliveira [2]; Oliveira
and Viana [16]; Varandas and Viana [19]. We describe this example
below.

Example 2.1. Let f : M — M be a C'-local diffeomorphism on a
compact manifold M. Assume that there exist positive constants o
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close to one and oy > 1, and a covering R = {Ry, ..., Ry, Ry+1, ..., Rs}
of M by domains of injectivity for f that satisfies

(1) For some open region A C M, ||Df~*(z)|| < oy for every z € A
and [|[Df~Y(z)|| < 0y * for all z € M \ A.

(2) The region A above can be covered by ¢ elements of the partition
R with log ¢ < log deg(f).

Suppose ¢ : M — R be a Holder continuous potential with small
oscillation, i.e., sup ¢ — inf ¢ < logdeg(f) — loggq.

The authors show that there exists some non-uniformily expanding
region ¥ C M such that P(¢,X°) < Ps(¢,X) = Ps(¢). Thus, there is
a finite number of ergodic equilibrium states for the system.

Besides this class described above, we can also apply our result on
the following class of examples.

Example 2.2. Let f : M — M be the dynamics of the last example
and ¥ C M be the non-uniformly expanding set. Since we have the
inequality hiop(f, 2°) < hiop(f, ) then any Holder continuous function
¢ : M — R that satisfies

sup{¢(z); z € X} < inf{¢(z); v € ¥}
is a hyperbolic potential. In fact,
Pr(6,5) < huop(f,5%) + 50D 9(2) < huoy(f, %) + inf 6(x) < Py(6,%)

reX®
Thus, by Theorem B, there exists finitely many ergodic equilibrium
states for (f, ¢). If f is transitive, the equilibrium is unique. Note that,
in this class it is not necessary ¢ has small oscillation. For example,
any positive potential that vanishes on 3¢ satisfies the hypoteses of our
theorem.

Example 2.3. Let fy : M — M be an expanding map and fix some
cover P = {P, P,...,P,} of fo by injectivity domain. On each P,
consider a fixed (or periodic) point p;. Deforming fy on a neighborhood
B; of p; by a Hopf bifurcation or Pitchfork bifurcation, the result map
f+ M — M coincides with the expanding map f; outside By U---UB,,.
Thus, if the deformation satisfies

(1) f(ByU---UB,) C BiU---UB,

(2) hiop(f, B1U---UBy) < hyop(f, (B1U---UB,)°)

then the f-invariant Cantor set

Lo =) f7((B1U---UB,)")

J20
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is a non-uniformly expanding and holds the inequality
htop(fa 22) < htop(fv EU)

Thus, there exist finitely many maximal entropy measure for f.
Morevover, any Holder continuous function ¢ : M — R such that

sup {¢(z); € By U+~ UB,} < inf {¢(x); x € (B U---U B,)"}

is a hyperbolic potential and, by Theorem B, there is a finite number
of ergodic equilibrium states for (f, ¢).

The next example shows that the hyperbolicity property is essential
for the uniqueness of equilibrium measure.

Example 2.4. Fix some positive constant o € (0,1) and define on S*
the local homeomorphism

x(1+ 2%2%), if 0<x< %

fa(x> =

r—2%(1—x)te, if L <a<1

Y

Then, f is a transitive non-uniformily expanding map. Consider the
potential ¢ : S' — R defined by ¢(z) = —log |f (z)].

Note that, by Pesin formula the SRB measure p satisfies the equality
hu,(f) — [log|f (z)| dug = 0 and by Ruelle inequality it is an equi-
librium state for (f,,®). On the other hand, for the Dirac measure d
supported at the fixed point 0 we also have hg, (f)— [ log | f (z)| ddy = 0.
Thus, ps and dp are two distincts ergodic equilibrium states. In this
case, uniqueness fails because the pressure on hyperbolic region is equal
to the pressure on nonhyperbolic region.

We also prove existence of equilibrium states for partially hyperbolic
skew-products whose base dynamics is a non-uniformly expanding local
diffeomorphism and the fiber dynamics is uniformly contracting. Let
us state the precise setting.

Let M be a compact manifold with dimension m and N be a compact
metric space. Consider f : M — M be a C! local diffeomorphism and
g: M xN — N be afiber contraction that varies S-Holder continuously
on M, i.e., there are constants C' > 0, A € (0,1) and 3 < 1 such that

dAn(92(y), 92(2)) < Adn(y,2) for all y,z € N and z € M
and
dn(g:(y), g-(y) < Cdas(z,2)? for all z,2 € M and y € N

Define on M x N the skew-product:
F:MxN—=MxN, F(z,y)=(f(z), 9:(y))
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Let v > 0 be a constant such that v < ||Df(z)]| for all x € M. Fix
§ < 1 some positive constant such that 6°y~! < 1. Thus there exists
& € (0,1) such that \y"? < A7 <G < 1forall z € M and we call F'
a partially hyperbolic skew-product.

Remark. If N is a compact n-dimensional manifold, f is partially hy-
perbolic of type E¢ @ E" and g is differentiable with || D,g|| < A for
all y € N then F' is a partially hyperbolic in the usual sense. But in
our work, it is not necessary N to be finite dimensional and f to be
partially hyperbolic.

Let ¢ : M x N — R be a Holder continuous potential. When we add
to ¢ our hyperbolicity hypothesis on the base M, which means that
there exists some non-uniformly expanding region ¥, on M such that

Pr(¢, X x N) < Pp(¢, 2, x N) = Pr(¢)
we obtain:

Theorem C. Let ' : M x N — M x N be a partially hyperbolic
skew-product and ¢ : M x N — R be a Holder continuous potential
hyperbolic on M. Then:

(1) There exist some equilibrium state pi, associated to (F, ¢).

(i) If the potential ¢ does not depends on the fiber N then there exist
a finitely many ergodic equilibrium states for (f,¢). In addition, there
exists only one equilibrium measure, if [ is transitive.

On the item (47) of the Theorem C, the condition ¢ does not depends
on the fiber, it has the meaning ¢(z,-) : N — R is a constant function
for each x € M fixed. In particular, Theorem C says that there exist
finitely many maximal entropy measures for the partially hyperbolic
skew-product, if the topological entropy of the base dynamics f is lo-
cated on the non-uniformly expanding region. And there exist only one
such measure, if f is transitive.

Example 2.5. Let f : T" — T" be a local diffeomorphism like in the
Examples 2.1, 2.2 or 2.3 with M = T". Consider any Holder conti-
nuous map h : T" — T" and a positive constant A < 1 such that
AMIDf(z)||~' < 1 for every x € M. Then the skew-product

F:T'"xT" - T"xT", F(z,y)=(f(z),h(z)+ A\y)

satisfies the hypotheses of the Theorem C. Hence, it has finitely many
ergodic equilibrium states associated to any Holder continuous poten-
tial ¢ : T" x T™ — R hyperbolic on M and constant on the fiber. In
particular, if f is transitive then there exists a unique maximal entropy
measure.
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3. PRELIMINARY RESULTS

In this section, we state some facts and notations which will be used
throughout this work. This content may be omitted in a first reading
and the reader can return here whenever necessary.

3.1. Equilibrium States. Let f: M — M be a continuous transfor-
mation defined on a compact metric space (M, d). Let ¢ : M — R be
a real continuous function that we call by potential.

Given an open cover o for M we define the pressure Pr(¢, ) of ¢
with respect to a by

Pf(¢a 05) = lim —log inf {Ze¢n(U)}

n—+oo N Ucan
veud

where the infimum is taken over all subcover U of o™ =\/ . f"a and

n—1

¢, (U) indicates 2161[1]) jz:; ¢po fl(x).

Definition 3.1. The topological pressure P(¢) of the potential ¢ with
respect to the dynamics f is defined by

Pi(¢) = hm{ sup Pr(¢, a )}

|a| <8
where |a| denotes the diameter of the open cover a.
An alternatively way to define topological pressure is through the
notion of dynamical balls. This approach is from dimension theory and
it is very useful to calculate the topological pressure of non-compact

sets.
Fix § > 0. Given n € N and = € M let Bs(z,n) the dynamical ball:

Bs(x,n) = {y € M/ d(f'(z), f'(y)) <0, for 0<j <n}
Denote by Fy the collection of dynamical balls
Fn ={Bs(z,n)/ x € M andn > N}

Given a f-invariant subset A of M, non necessarily compact, let U
be a finite or countable family of Fx which cover A.
For every v € R define

mys(p, A, 0, N,7) mf {3 emmrsnotBstan)y
Bs(z,n)eU

As N goes to infinity we define
mf(gbv A7 5a 7) = NEIEOO mf(¢7 A7 5a N7 ’7)



EQUILIBRIUM STATES FOR HYPERBOLIC POTENTIALS 9

Taking the infimum over v we obtain

Pr(¢, A, 6) = inf {y / ms(¢,A,,7) =0}
The relative pressure Ps(¢,A) of a subset A of M is given by

Py(, A) = lim P;(6,,0)
and holds the inequality
Py(¢) = sup{Pr(9, A), Pr(o, A%)}

We refer the reader to [17] for more details and properties of the
relative pressure.

The relationship between the topological pressure Pr(¢) and the me-
tric entropy h,(f) of the dynamics is given by

Theorem 3.2 (Variational Principle). Let M (M) be the set of proba-
bility measures invariants by a continuous transformation f : M — M
defined on a compact metric space M and let ¢ : M — R be a conti-
nuous potential. Then,

Py(¢) = sup {hu(f) +f cbdu}

neM (M)

When A is a non-compact f-invariant set for the relative pressure
holds the inequality Ps(¢, A) > sup {hu(f) + [ gbdu} where the supre-
mum is taken over all invariant measures p such that pu(A) = 1.

The variational principle gives a natural way of choosing important
measures of M (M).

Definition 3.3. A measure 1, of M (M) is called an equilibrium state
for (f, ¢) if ue is characterized by the variational principle:

Pr(6) = () + / 6 dus.

3.2. Hyperbolic Potentials. Let f : M — M be a local homeomor-
phism defined on a compact metric space (M,d) and ¢ : M — R be
a hyperbolic potential, that means, there exists some o € (0, 1) such
that

Pi(¢,%5) < Pr(9,%,) = Py(o).

where >, denotes the set

n—+oo N i

n—1
1 A
Y, = {x € M; limsup — E logo(f/(z)) < loga}
=0
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The above inequality allows us to explore the non-uniform expansion
property on 3. In this direction, the key ingredient are the so called
hyperbolic times.

Definition 3.4 (Hyperbolic Times). Given o € (0,1) we say that n is
a hyperbolic time for x if for each 1 < k < n — 1 we have
n—1
II o(F(@) <o’
j=n—~k
The next lemma shows that every point in 3, has infinitely many

hyperbolic times. In fact, these times appear with a positive frequence
6 > 0. For details see [1] and replacing ||Df(-)7!]| by o().

Lemma 3.5. If x € M satisfies

. 1 n—1 ;
l;rgilop - ;loga(f (z)) <logo < 0.
Then, there exists @ > 0, that depends only on f and o, and a sequence
of hyperbolic times 1 < ny(z) < --- <my(zx) < n for z with | > On.

Moreover, if n is a probability measure for which the limit above holds
in almost everywhere then for every borelean A C M with positive 1-
measure we have

n—1
1 e=gAnys) 6
1 f_.g A S DA S
17%%;1 n = 77(4) - 2

where YJ; denotes the set whose points have j as hyperbolic time.

The next result point out that on hyperbolic times the dynamics f
locally behaves as if it were an expanding map: we see the existence
of inverse branches with uniform backward contraction on some small
neighborhood.

Lemma 3.6 (Distortion Control). There exists 6 > 0 such that for
every n. = n(x) hyperbolic time for x, the dynamical ball Bs(z,n) is
mapped homeomorphically by f onto the ball B(f"(x),d) with
d(f" 7 (y), [ (2)) < o7d(f" (), ["(2)) (3.1)
for every 1 < j <mn and every y,z € Bs(z,n).
Moreover, given a Holder continuous potential 1 there exists a posi-
tive constant K such that

K1 < e Snv+Snv(a) < | (3.2)
for every y, z € Bs(x,n).
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Note that, since the potential v is Holder continuous, the inequality
(3.2) above is a direct consequence of the local contraction until hy-
perbolic time n given by the first property (3.1) of the Lemma. For a
proof of the property (3.1) see [1] and replacing ||Df(-)7|| by o(-).

In order to finish this subsection, we observe that every f-invariant
set contains a topological disk up to a set of zero measure.

Lemma 3.7. Let v be an expanding measure. If A is an f-invariant set
with positive v-measure then there exists a topological disk A of radius

d/4 so that v(A\ A) = 0.
For a proof of this result, see [19].

3.3. Natural Extension. Let (M,d) be a compact metric space and
let f: M — M be a continuous non-invertible transformation. Define
the space

~

M ={&:=(...,29,71,m0) € MY; f(w;11) = x; for all i >0}.
0,

Fixed 6 € (0,1) we can define the following metric on M :

dyy(2,9) =Y Fdy(x,y;).
720

The natural extension of f is the homeomorphism
f L M — M: f@) = f(---7$2,$1,9€0) = (vy T2, 71, T0, f(20))
Let # : M — M be the natural projection, which is,
7(z) =7(...,x9,21,T0) = To

Note that, 7 is continuous, surjective and (semi)conjugates f and f )

On ergodic point of view, given an ergodic measure p defined on
Borel subsets of M there exists a unique measure ji defined on Borel
subsets of M such that et = p, that mean,

p(A) = a(77(A)), for every measurable set A C M.
Moreover, since

) ={(.., 921, 20) € M; 29 =}

) =
we observe that htop(f, 771 (z)) = 0 for every x € M because we can
choose a subset of 771 (x) with finite cardinality as n-generator for every
n € N.
Thus, we apply the Ledrappier-Walter’s formula, and we conclude
that if /i projects on p then hﬂ(f) = h,(f).
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Theorem 3.8 (Ledrappier—Walter’s formula). Let M , M be compact
metric spaces and let f : M — M, f: M — M, ©=: M — M be
continuous maps such that w is surjective and mwo f = f ox then

sup (P =)+ [ Bl Fom ) )
[ fi=p

See [14] for a proof of this theorem and [18] for more details about
natural extension.

4. PROOF OF THEOREM A

Here, we will show the existence of an expanding conformal measure
v for (f, ¢) associated to the eingenvalue A = e(9). Next, we will cons-
truct invariant ergodic measures absolutely continuous with respect to
v. In addition, we will get the uniqueness of such ergodic measure
when the dynamics f is transitive.

Let L4 : C(M) — C(M) be the transfer operator of (f,¢) :

Lo)(x)= Y "Wy

yef~ )

Since f is a local homeomorphism defined on a compact metric space
and ¢ is a continuous function follows that £, is a linear continuous
operator with ||Ly]| < deg(f)el¢l=

Note that, by induction, we have for all n > 1 :

Lo ()= ) e Wy(y)

yef(z)
n—1
where S,,¢ denotes the Birkhoff sum S,,¢ = Z po f*.
k=0

Let (C(M))* be the dual space of C'(M). Since M is compact we
can identify (C'(M))* with the space M(M) of finite signed measure
defined on M, ie., (C(M))* ~ M(M). Therefore, the dual operator
L7 of Ly acts on (C(X))* as follow:

L5 (CON) —s (M)
po— Ly(p):C(M) —R
WH%MM:/%MW

L5(1)

Let @ : (C(M))* — (C(M))* be the operator: ®(u) = m
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This operator is continuous on M(M) because L} is continuous and
L= Y &V > deg(f)e = =c >0
yef~'(z)

implies

/ Ls(D)dp > cu(M) >0, Yue M(M).

In particular, ® gives invariant the convex compact subset
Mi(E,) ={n € Mi(M); n(X,) =1}

of all probabilities measures defined on M whose full weight is lo-
cated on the non-uniformly expanding region X,. So, we can apply
the Schauder-Tychonov theorem to conclude that there is some fixed
point v € My (%,) for ®.

Theorem 4.1 (Schauder-Tychonov). Let K be a compact convex subset
of a locally convex topological vectorial space and let & : K — K be a
continuous application. Then, ® has some fixed point.

This fixed point v is an eigenmeasure for L7 :
d(v)=v = Li(v) =\ where )\ = / Lys(1)dv >0
M

Next we derive some importants properties of this eigenmeasure.
The Jacobian of a measure p with respect to f is a measurable
function J, f satisfying

n(f(A)) = /AJufdu

for any measurable set A such that f|4 is injective.

In general, a jacobian may fail to exists, in the meantime it is a
standard result that a A-eigenmeasure has jacobian and it is equal to
Ae~?. Indeed, let A be a measurable set such that f|, is injective. Pick
a limited sequence {,} € C'(M) such that v, — x4 for v-qtp. Then,

AMWM=%MWMZ@%M%M%%MMD

Since the first member converges to [ A e~ ?dv, we conclude that

/A J,fdv = v(f(A)) = /A e dy.
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From now on, we will consider hyperbolic potentials ¢ : M — R,
that mean, there exists some constant o € (0, 1) such that

Py(¢,%5) < Pr(9,%,) = Py(o).

The above inequality allows us to explore the non-uniform expansion
property on X,. In this direction, we will use frequently the hyperbolic
times. For remenber this property see the preliminaries.

Fix § > 0 such that the dynamical ball Bs(z,n) is mapped homeomo-
morphically by f™ onto the ball B(f"(x),d)whenever n is a hyperbolic
time for x.

Proposition 4.2. Let f : M — M be a local homeomorphism and let
¢ : M — R be a hyperbolic Hélder continuous potential. A conformal
measure v (L3 (v) = \v) associated to (f,¢) has the following proper-
ties:

(1) Fized ¢ < 0 there exists K. > 0 such that if x € supp(v) and n is a
hyperbolic time for x then

1 Y(Be(z,n))
Ko < S amniosn = Ke

for all y in the dynamical ball B.(x,n).

(1t) The pressure of (f,¢), Pr(¢), is equal to log \.

(11i) Any two conformal measures associated to A are equivalents.

() If f is transitive then v is an open measure, i.e. v(U) > 0 for
every open subset U C M.

Proof. (i) Let x € supp(v) and n be a hyperbolic time for z. Since
f™ maps homeomorphically B.(x,n) into the ball B(f"(z),e) and the
jacobian of v is bounded away from zero and infinity follows that there
exists a uniform constant 7. depends on the radius € of the ball such
that

U B = [ ey <1
Be(z,n)

By distortion control on hyperbolic times (Lemma 3.6), we have

n,—Snd(z)
Ve S/ A5G gy = / \e ™) (—/\ ¢ 3 )dy
B:(z,n) B:(z,n) Ame no(y)

< Ke onoWitnlogdy, (B (1 n))
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and
Anefsnd)(z)
—Snd(y)+nlogA (B <K Ao Sno(y)
€ V( s(xa n)) = B.(zn) € )\ne—anﬁ(y) v
Thus,
V(BE(SL’,’N,))

’yEKfl <

— eSnzi)(y)fnlog)\ S K

for all y € B.(z,n).

(77) To see the equality Pr(¢) = log A, let a be a cover of M with
diameter less than . Given n € N denote by U a subcover of a”. As v
is an eigenmeasure we have

)\”:/\”V(M):/ Lg(l)dy < Z/es"‘b(m)dl/
M vcu’U

< Z eSn¢(U)V<U)

vcu

< Z enoU)

vcu

Taking the infimum of all subcover U of o™ we obtain the inequality

1
log A\ < —log inf { SW(U)} "2 p <p
og A < —log inf L;/le — Py(¢,a) < Pr(o)

The converse inequality will be consequence of the property of the
conformal measure v on hyperbolic times. Since every point x of ¥, has
infinitely many hyperbolic times, given £ < ¢ small we can fix N > 1
suficiently large such that

Yo C U U B.(x,n)

n>N x€X,

where ¥, denotes the set whose points have n as hyperbolic time.

By Besicovitch’s covering lemma, see [17], there exist a countable
family F,, C X, such that every point x € ¥,, is covering by at most
d (depending only the dimension m of the space M) dynamical balls
B.(xz,n) with z € F,, for each n > N.

Let Fx = {B.(z,n); x € F,, and n > N} be the family of dynamical
balls centered on the points x € F,, with diameter less than . In this
way, JFy is a countable open cover for ¥, .
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Now, given v, 7 > log A, using the definition of relative pressure and
the property (i) above we calculate
inf Z e~ Sné(Be(zm)) < Z Ke—(w—logk)n{ Z v(B.(z, n))}

UCF
NBe(x,n)EL{ n>N zeGnp

dK Z e—(’y—log An

n>N

IN

dK _(-0g 0N
1— 6_(7—10g A)

IN

Taking the limite on N we obtain

mf(q§, Eo, g, ’y) = Nl_lg_loo lgf efanrSnd)(Bg(x,n))
n>N
< lim K e~ (y—log )N

N—too 1 — e~ (v-logd)

= 0
Since this inequality is true for every € and every v > log A we have
Py(¢,5,) < log A
Since by hypothesis, Pr(¢,3S) < Pr(¢, X,) = Pr(¢) we conclude

Py(¢) = Ps(¢,%;) < log A

(7i1) Let v; and v two conformal measures. By inequality that we
obtained in (i), if n is a hyperbolic time for = then there exist some
positive constant K such that

K~y (B.(z,n)) < vi(B-(z,n)) < Kv(B.(x,n)).

Since the family of hyperbolic dynamical balls has small enough dia-
menter and it covers the full measure set Y, we get this inequality is
true for every Borel set. Therefore v; and vy are equivalent measures.
(7v) Suppose that f is transitive, given U C M an open set, we have
M =, ().
Since for each s, f* is also a local homeomorphism we can decompose
U into subsets Vj(s) C U such that f*|y,( is injective. Hence,

L=v(M) <> v(f(U) < > Z/V( ))\Se‘ssd’(@dy
< DX sup (3w (Vi(s))

. 2€Vi(s)
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Thus, there exists some V;(s) C U such that v(U) > v(Vi(s)) > 0.
Ul

Until now, we have shown the existence of an expanding conformal
measure v associated to the eingenvalue A = e7(®)_ In the following, to
conclude the proof of Theorem A, we will construct f-invariant ergodic
measures absolutely continuous with respect to v and, by a compact-
ness argument, we will get the finiteness.

Let (), be the sequence of the averages of the positive iterates of
the measure v restricted to the expanding set >,:

n—1
1 )
/"l’n = E Zfi(y|zo')
7=0

Denoting by XJ; the set of points in ¥, that have j > 1 as hyperbolic
time, we consider the sequence

Applying Lemma 3.5 there are some # > 0 and ny € N such that for
all n > ng holds:

v(E,NE;j) > 0u(E,).

Since the jacobian of the measure v is a positive function bounded
away from zero and infinity follows that each 7, is absolutely continuous
with respect to v.

Let (nx) be a subsequence ny — oo such that p,, and 7,, converge
in the weak* topology to measures u and 7 respectively. By construc-
tion, p is an f-invariant measure and 7 is a component of p absolutely
continuous with respect to v. Therefore, if we decompose (= fige + s
with .. absolutely continuous with respect to v and s singular to v
we get fae(Xo) > n(Xs) > 0. Normalizing p,., we show the existence
of some f-invariant probability measure absolutely continuous to v.

Suppose, by contradiction, that there is an infinite number of ergodic
f-invariant probabilities ju1, pio, p3... absolutely continuous with respect
to v. Let B(u;) be the attraction basin of the measure p;, for each
i = 1,2, ... Since the basins B(y;) are disjoint invariant sets of positive

v measure, we can apply Lemma 3.7 to conclude that there exists a
topological disk A; of radius 6/4 such that v(A; \ B(u;)) = 0, for
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each i = 1,2, ... But due to the compactness of the space M, it is just
possible to the existence of a finite number of such topological disks,
which is a contradiction.

Remark. If the dynamic f is transitive then we get uniqueness of such
ergodic measure because in this case, given two distinct ergodic mea-
sures p1 and ps absolutely continuous with respect to v, applying the
same argument on the attraction basins B(uy) and B(us), there are
topological disks A, Ay such that v(A; \ B(u)) = 0, for i = 1,2.
Thus, by the transitivity property of f we have (A1) N Ay # () for
some positive iterate. Since B(uj) and B(us) are invariant sets and
v is an open measure whose jacobian is uniformly bounded we obtain
v(B(p1) N B(pz)) > 0, that is a contradiction.

5. PROOF OF THEOREM B

In this section, we are interested on the existence and finiteness
of equilibrium states for local homeomorphisms. In our setting it is
enough to require hyperbolicity condition on the potentials.

Lemma 5.1. The map n — hy(f) + [ ¢dn is upper semicontinuous
over the measures that gives full weight to the expanding set 3.

Proof. Let P be a finite patition with diameter less than ¢ and 7 be an
expanding measure. For each n > 1, define the partition P, by

Po={P,=P,n---nf " p _);PeP,0<j<n-1}

Let P,(z) be the atom of P, that contains the point . Note that,
by Lemma 3.6, if k is a hyperbolic time for z then diamPy(x) < o¥d.
Since n-almost every point x € M has infinitely many hyperbolic times
and the sequence diamP, (z) is non-increasing, we conclude that the
diameter of P, (z) goes to zero when n goes to infinity for n-almost
every x € M.

Thus, P<P; <... <P, <--- is a non-increasing sequence of par-
titions with diam?P,(x) — 0 for n-almost every point x € M. By
Kolmogorov-Sinai Theorem, holds that h,(f) = h,(f,P) for any ex-
panding measure 7).

On the other hand, if n(0P) = 0 then the map S +— hg(f,P) is
upper semicontinuous on 7.

This shows that if 7(0P) = 0 then the map S +— hg(f) is upper
semicontiuous on 7 when restricted to the expanding measure. In fact,
given € > 0 we have

hg(f) = hs(f, P) < hy(f,P) +& = hy(f) + ¢
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Thus, combining this fact with the continuity of the integral we con-
clude that the map 1 +— h,(f) + [ ¢dn is upper semicontinuous when
restricted to expanding measures.

O

Let {yu}r be a sequence that aproximate the pressure, that is,

lim sup {h#k( f)+ / ¢duk} = Py(9)

k——+o0

Since the potential ¢ is hyperbolic, by the Variational Principle, we
have that u; is expanding for k£ big enough because

Py0.55) < Pr0yD) = Py(6) = tnsup {0y, (1) + [ o}
—+00
By compacteness of M;(M), there exist some acumulation point p
of the sequence {p}r. Using the upper semicontinuity of the map

N+ hy(f) + [ ¢dn, we obtain

Py(6) = lim sup {h%(f) +f qﬁduk} <)+ [ du < Pr(o)

k—+4o0

This show that u is an equilibrium state associated to (f, ¢).

To get the finiteness of this measures, we need to evoque the following
abstract result done by Ledrappier [13] for SRB measures and extended
by Varandas and Viana [19] for conformal measures.

Theorem 5.2. Let f: M — M be a local homeomorphism, ¢ : M — R
be a Holder continuous potential and v be a conformal measure such
that J,f = Xe™®, where A = e¥(®)_ Assume that n is an equilibrium
state for (f, @) gives full weight to supp(v). If n is expanding then n is
absolutely continuous with respect to v.

Now we are in position to conclude the Theorem B. Let n be an
equilibrium state for (f, ¢). By The Ergodic Decomposition Theorem,
we may assume that 7 is an ergodic measure. Observing that

Py(¢) = Pr(¢, %) > Pr(,X5) = supthyu(f) + /(bdu}

where the supremum is taken over all measures such that p(X5) = 1,
we conclude that if 7 is an ergodic equilibrium state then we must have
n(¥,) =1, i.e. n is an expanding measure.

Applying the Theorem 5.2. we have that 7 is absolutey continuous
with respect the reference measure v. By the Theorem A, there is only
finitely many ergodic measures with this property. In particular, if f
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is transitive there is only one such a measure. This ends the proof of
Theorem B.

6. PROOF OF THEOREM C

Finally, we are going to prove the existence of equilibrium states for
partially hyperbolic skew-products F' : M x N — M x N and Hélder
continuous potentials ¢ : M x N — R. In this scenario, it is enough to
require uniform contraction on the fibers and hyperbolicity condition of
the potential on the base, i.e., there exists a non-uniformly expanding
region Y, on M such that

Pr(¢, 5% x N) < Pp(¢, Sy X N) = Pp(6).

Let us start to proving the item (ii) of the Theorem C.

Consider ¢ : M x N — R be a Holder continuous potential hyperbolic
on M that does not depends on the fiber. This means that the function
¢(z,) : N — R is constant, for each x € M fixed.

In this way, fixed a point yo € N, the potential ¢ induces a Holder
continuous potential ¢ : M — R defined by ¥ (z) = ¢(x, yo).

Let m : M x N — M be the projection on M, ie., n(z,y) = =,
for every y € N. Observe that the application 7 is a continuous semi-
conjugation between F' and f because 7(F(z,y)) = f(z) = f(7(z,y)).
The next lemma states that there exist a bijection between equilibrium
measures of (F,¢) and (f,v).

Lemma 6.1. Let p, € Mi(M) be an ergodic measure. There exists
only one ergodic measure jiy € My(M x N) such that p, = m.ps.
Moreover, if uy is an ergodic equilibrium state of (f, ) then pgs is an
equilibrium state for (F, ).

Proof. Suppose the existence of two ergodic measures ,ué and /LZ such
that W*ﬂé = by = W*ui.

Denote by B, (F) and B, (F) the attraction basins of pg and p3
respectively. Since ¢ is a fiber contraction and ué, ,ui are ergodic
measures follows that

Ble}z,(F) :Al XN, BH?,(F) :A2 x N with AlmAQZQ

From the ergodicity of the measure p, and the f-invariance of the
sets W(Bﬂgb (F)) and W(Bui(F)) we conclude that

pp (m(Byy (F))) = pop(m(Byy (F)))) = 1
Thus,
(B (F)) N(B,e (F)) # 0
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i.e. A1 N Ay # 0. Hence, by ergodicity, ), = 3.

For the second statement of the lemma, observe that the uniform
contraction of g on the fiber 77 ({z}) gives us hyy,(F, 7 *(z)) = 0 for
every x € M. Applying Ledrappier-Walters formula, we have

Py(y) < Pr(¢) = sup {h,;(F) + /¢dﬁ}

= s {0+ [hup(Fr @) duto) + [

= Pr(y)

This inequality shows that Pf(y) = Pr(¢). Thus, if p, is an er-
godic equilibrium state of (f,) then pg4 is an equilibrium state for
(F, ¢). Conversely, note that any equilibrium for (F, ¢) projects on an
equilibrium for (f,).

U

To complete the proof of item (ii) of Theorem C, it is just observe
that ¢ : M — R is a hyperbolic potential. In fact,

Pf(¢723)SPF(gbaZgXN)<PF(¢7EUXN):PF(¢):PJC(¢)

Thus, by the Theorem B jointly with the above lemma, we conclude
that there exists finitely many ergodic equilibrium states for (F,¢).
In addition, the equilibrium measure is unique if the dynamics f is
transitive.

For the proof of item (i), we will understand the dynamics of the
skew-product

F:MxN— MxN, F(z,y) = (f(x), g-(%))

from the natural extension of the base dynamics.
Let f be the natural extension of f:

f M — M, f(ﬁf) = f(--->$2,331,930) = (..., w2, 21, T0, f(70))

Since § < 1 is fixed, we will consider M provided with the metric

dy(2,9) =Y Fdu(xj, yy).

Jj=0
Define the new skew-product on M x N by
F:MxN—MxN; F(i,y) = (f(2), Ii(2)W))

In order to not load the notation, we will denote gz (y) by g(Z,y).
However, it is clear that g depends only on x and not of his past, that
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means, if 7(2) = 7r( ) then g(z,y) = g(2,y) for all y € N. Moreover,
we will denote by ¢" the iterates of g:

9" (@,y) = g(f"(2), g" (&, y)) with ¢"(&,y) = g(2,y)
for all (,y) € M x N.

Note that, f is a homeomorphism dominated by g, because for all

n € N holds
dy (F7(2), fM(2) <0 "dy(2,2) and M '<s<1  (6.1)

Furthermore, g is a fiber contraction which varies 5-Hélder continu-
ously on M:

dn(9(2,9),9(2,y) < Cdy(z,2)? < Odyy (3, 2)° (6.2)

for all #,2 € M and y € N.

Thus, we can apply the following proposition due to M. Hirsch, C.
Pugh and M. Shub [10] which ensures that F has an attractor A given
by a graph of a Holder continuous function.

Proposition 6.2. Let M be a compact metric space and N be a com-
plete metric space. Consider ' : M x N — M x N be the skew- product
F(i,y) = (f(z), Gx3)(Y) )- Suppose that f - M — M is a homemor-
phism satisfies (6.1) and g - M x N — N is continuous satisfies (6.2).
Then, there exists a Hélder continuous function £ : M — N such that
the graph of & is F-invariant and attracting for all (Z,y) € M x N.

This result allows us to ensure that the behavior of the skew-product
I is essentially equal to the behavior of the base dynamics f. In fact,
given a potential ¢: M x N — R, since graph(§) is an attracting inva-

riant set for ' we have, by variational principle, P (gb) = Ps (gb araph( g))

Let FF: M x N — M x N be the partially hyperbolic skew-product
F(z,y) = (f(x), gz(y)) and ¢ : M x N — R be a Hélder continuous
potential, hyperbolic on M.

Define the potential ¢ : M x N — R by ¢(&,y)=¢ (#(2),y) where
#: M — M is the natural projection. Notice that (5 is Holder conti-
nuous on M x N:

dR(é('i’? y)7 (Zg(éa w))

|
2

=
=
>
=
S
=
>
©
£

INIA
ol

QU

=

X

= =

for all (&,y), (2, w) € M x N.
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~

Lemma 6.3. There exist some equilibrium state ju; for (F, b).

Proof. First we observe that since f is a C! local diffeomorphism then
the natural extension f‘l is locally Lipschitz continuous, i.e., given
& € M there exists a neighborhood V; such that for every §,2 € f(V;)
we have

dy(f71@), [71(2)) < 6(2) dy (3, 2)
where 6(2) = |Df7}| o 7 (2).

In particular, if 3, is a non-uniformly expanding set on M then for
every & € 7~ (3,) holds

n—+oo N =

n—1
1 A
lim sup — E loga(f’/(z)) <logo <0
3=0

Hence, f is a non-uniformly expanding map on 3, := A7 1(%,).

Furthermore, since Rec(F) = graph(¢) and € : M — N is a Holder
continuous function follows that $ induces a Holder continuous poten-
tial @/A) for f defined by

U M = R, (&) = §(#,(2)) with P(d) = Pp(0],ne) = Pil(9)

Note also that fixed ¢ > 0 and ny € N, if F,, is a collection of
dynamical balls

ﬁno :{Be(i,n)/i’e Mananno}

that cover 3¢ C M then the collection F,, of dynamical balls

A

Fno = (,8)(Fng) = (7, ) (B:(#,n)) /71 (2) € M, §(%) € Nandn > no}
cover X¢ x £(2¢) € M x N and for every o € R holds

inf et P(Be(2n)) < inf Z o=+ Snd((7,€)(Be (1))
) T Be(wg@)m)
Thus for every ¢ holds
Pf(@&,ig,g) S PF(Qb,Eg X N,E)

So,

Py(1,35) < Pp(9, 55 x N) < Pp(9, %, x N)
Pp(¢)
< Pp(¢) = Pi(v)
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In this way, zﬁ is a hyperbolic Hélder continuous potential for f .
Hence, by the semicontinuity of the map n — h,(f) + [ 1dn, there
exists some equilibrium state y; for ( 1, @@)

Let 7 : M x N — M be the canonical projection. Since g is an
uniform contraction on the fiber 77Y2) follows that hy F, 7 1(2))=0

for all # € M. Thus, we can apply the Ledrappier-Walter’s formula to
conclude that the measure 5 such that m.pu; = 1 is an equilibrium

state for (F, $):

Pp(0) = Pp(¥) = hapy, () + [ ddpinp,

To complete the proof of item (i) of the Theorem C, we consider
ey = (fr, id)*,uq; the projection of p; by (ﬁ,id). In this way, pe is an
equilibrium state for (F, ¢) :

Pe(d) 2 Pr(6) > hyy(F) + / b

= g (F) = [P i) ) dna(2) + [ S

= Pp(9)
On the equality, we used the fact hy,(F, (7,id)"'(z)) = 0 for all

2z € M x N because f is the natural extension of f and ¢ is a fiber
contraction.
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