TOPOLOGICAL ENTROPY OF LEVEL SETS OF EMPIRICAL MEASURES
FOR NON-UNIFORMLY EXPANDING MAPS

XUETING TIAN AND PAULO VARANDAS

ABSTRACT. In this article we obtain a variational principle for saturated sets for maps with some non-uniform
specification properties. More precisely, we prove that the topological entropy of saturated sets coincides with the
smallest measure theoretical entropy among the invariant measures in the accumulation set. Using this fact we
provide lower bounds for the topological pressure of the irregular set and the level sets in the multifractal analysis
of Birkhoff averages for continuous observables. The topological entropy estimates use as tool a non-uniform
specification property on topologically large sets, which we prove to hold for open classes of non-uniformly
expanding maps. In particular we prove some multifractal analysis results for C'-open classes of non-uniformly
expanding local diffeomorphisms and Viana maps [2, 30].

1. INTRODUCTION

The study of the thermodynamic formalism and multifractal analysis for maps with some hyperbolicity has
drawn the attention of many researchers from the theoretical physics and mathematics communities in the last
decades. The general concept of multifractal analysis, that can be traced back to Besicovitch, is to decompose
the phase space in subsets of points which have a similar dynamical behavior and to describe the size of each
of such subsets from the geometrical or topological viewpoint. We refer the reader to [19, 21] and references
therein. A first natural problem is the multifractal analysis of Birkhoff averages. Given a continuous map T of
a compact metric space X and an observable ¢ : X — R, it is natural to decompose

X = Xa U I4(T)
acR

where X, = {& € M : lim,_ %Snw(x) = «a} are level sets of convergence for Birkhoff averages and the
irregular set I,(T) is the set of points for which the Birkhoff averages for ¢ does not converge. The description
of these level sets arise in the analysis of level sets in several important quantities in dynamics. For instance,
in the special case of a C'! interval map f, the level sets on the multifractal decomposition associated to the
Birkhoff averages of the potential ¢ = log | f’| coincides with the set of points with the same Lyapunov exponent.

From the measure theoretical viewpoint, Birkhoff’s ergodic theorem guarantees that the irregular set has
zero measure for every invariant measure. Nevertheless, irregular sets may have full topological entropy and
full Hausdorff dimension [21]. A multifractal analysis program has been carried out successfully to deal e.g.
with the Lyapunov spectrum, self-similar measures and local entropies [25, 19, 20, 4, 26, 9, 13, 14, 5, 32]
in contexts of uniform and non-uniform hyperbolicity. Some methods to describe the topological entropy of
level sets include the use of the differentiability and convexity of the pressure function, the existence of large
deviations rate functions or the use of a specification property. Despite the fact that it provides stronger results,
the description of the level sets of Birkhoff averages using the strict convexity of the pressure function is often
possible only for observables that are at least Holder continuous.

A major question in multifractal analysis is to describe the topological entropy or Hausdorff dimension of the
so called saturated sets. A saturated set in X is the subset of points € X whose accumulation points Vr(x),
in the weak™ topology, of the empirical measures

n—1
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in the space of T-invariant probability measures coincides with a prescribed subset of invariant probability
measures. Saturated sets can be used to describe convergence properties of Birkhoff averages with respect to
every continuous observable. On the one hand, by weak* convergence, Vr(x) is a singleton if and only if the
Birkhoff averages of every continuous observable are convergent at . On the other hand, if the accumulation
set Vp(x) contains invariant measures y1, po that distinguish a continuous potential ¢ (i.e. so that [¢du, #
| ¢ dus) then z is a Birkhoff irregular point associated to ¢. Therefore, the global understanding of saturated
sets in the space of probability measures allows to derive as a consequence, important results on the multifractal
analysis of Birkhoff averages for continuous observables. One of the key difficulties to estimate the topological
entropy of saturated sets consists of the fact that, since these enclose information on the Birkhoff averages of all
continuous observables, no information on the strict convexity and differentiability of the pressure function can
be used, even in a uniformly hyperbolic context. These difficulties were overcomed by Takens and Verbistki [25]
and by Pfister and Sullivan [23] that used some notions similar to specification, to characterize the topological
pressure of saturated sets in the case of maps with some hyperbolicity, including the Maneville-Pomeau map
and fS-shifts. Some of the difficulties that arise in the use of the previous methods to obtain multifractal analysis
results for multidimensional non-uniformly expanding maps are that the pressure function is much harder to
describe and that specification is most likely to fail in the absence of uniform hyperbolicity (see e.g. [17, 24] and
references therein).

In the present paper we contribute to the description of saturated sets for non-uniformly expanding maps.
Although expanding and hyperbolic measures satisfy a non-uniform specification property [18, 28] (in rough
terms, any finite pieces of orbits of generic points can be shadowed by a true orbit of the dynamics and
that the time lag between pieces of orbits grow sublinearly on the size of the pieces of orbits) these notions
have been established for generic points of ergodic and invariant measures. For that reason, such notions are
not a suitable tool to describe multifractal analysis since ‘shadowable points’ consist of Birkhoff regular with
respect to every continuous observable. For that reason, we provide a criterium for non-uniformly expanding
maps to admit a topologically large set of points with (topological) non-uniform specification properties (cf.
Theorem B). In particular, this provides a criterium for creating Birkhoff irregular points using orbits of points
which are generic for different ergodic measures, something that was not possible using [18, 28]. This consists
of a method different from the improved shadowing lemma developed by C. Liang, G. Liao, W. Sun and X.
Tian [16] in the context of non-uniformly hyperbolic diffeomorphisms. Our main result (Theorem A) is that,
under (topological) non-uniform specification properties, the topological entropy of the set of points whose
empirical measures accumulates on two ergodic measures is bounded below by the minimum entropy among
both measures. Using this, we provide a description of multifractal analysis of Birkhoff averages for continuous
potentials for both irregular set and level sets (Corollaries A, B and C). We use our main results to study the
multifractal analysis of Birkhoff averages for multidimensional non-uniformly expanding maps including Viana
maps (we refer the reader to Section 2.3 for precise statements).

2. STATEMENT OF THE MAIN RESULTS

2.1. Topological entropy of level sets of empirical measures. Let T : X — X be a continuous map on a
compact metric space X and My (X), M5.(X) denote the space of T-invariant, T-ergodic probability measures
respectively. Given x € X, let Vip(z) C Mp(X) be the set of accumulation points of the empirical measures

n—1
1
5n(l‘) = E Z (STi(I).
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For any K C My (X) it is natural to consider both sets
GE ={zeX:Vp(2)NK #0} and Gg={rc X:Vp(z)=K}.
It follows from the work of Pfister and Sullivan [23] that for any non-empty, compact set K C My (X),

huop(T, G*) < sup{hy(f): p € K} (2.1)
and, if in addition K C Mp(X) is connected,
hiop(T, G ) < inf{h,(f): p € K}. (2.2)

Here we provide an extension of this result that makes use of some notions of non-uniform specification (we
refer the reader to Subsection 4.3 for the definitions). Qur main result here is as follows.



Theorem A. Let T : X — X be a continuous map of a compact metric space X and let A C X. Given two
invariant measures [, o € Mp(A),
(1) if T has non-uniform specification on A,

1 Doy (T, QG sy (€)) > min{hy, (T), by, (7)), (2.3)

where QG 1, (€) = {x € X|dpaus(Vr(z), K) < €} and K = {tp; + (1 —t)ps|t € [0,1]}.
(2) if T has strong non-uniform specification on A, then

htOP(T’ GH17M2) = min{hul (T)’ hlu (T)}’ (24)
where Gy iy = {2 € X| Vi) = {tus + (1 - Opa| t € [0,1]}}.

Some comments are in order. If T has strong non-uniform specification on A then it is expected that if
K C M7(X) is a non-empty, compact and convex set then

hiop(T, Gic) = inf{h, (T): p € K} = inf{h,(T): p € OK}.

This is coherent with the second item of Theorem A since, in the case that G, ., = {z € X|Vr(z) = {ti1 +
(1 —t)pa|t € [0,1]}} the affine property of the measure theoretical entropy implies that min{h,, 4+ (1—¢u, (T) :
t € [0,1]} = min{h,, (T), hu,(T)}. Although we do not pursue that here, it is also expected our method to
produce estimates on the topological pressure of saturated sets.

The classical approach to prove that the irregular set of continuous observables that are not cohomologous
to a constant has full topological entropy uses specification to create points whose Birkhoff averages oscillate
between space averages with respect to two ergodic measures 1, o. In this article we describe the set of
points whose empirical measures have a prescribed accumulation set. In rough terms, given ergodic measures
u1 and pa, the proof of Theorem A follows the strategy of Pfister and Sullivan [23] to bound the entropy of the
set of points whose empirical measures accumulate on a convex set K by the entropy of a Cantor sets whose
topological entropy is bounded below by the smallest entropy of the measures in K. The construction of such a
Cantor set uses the non-uniform specification property on some set that contains the basin of different ergodic
and expanding measures. In particular, we can use these results to provide some results on the multifractal
analysis of open classes of multidimensional non-uniformly expanding maps derived from expanding and Viana
maps [30, 29].

2.2. Multifractal analysis of Birkhoff averages. Given a continuous function ¢ : X — R let
n—1
1 .
Ry(T) := {x € X | Birkhoff averages — E o(T"(x)) converge as n — +oo}.
n
i=0

For convenience, we refer to R, (1) as the regular set with respect to ¢ (or simply ¢-regular set). The ¢-irregular
set is defined as I4(T) = X \ Ry(T'). These two sets describe different asymptotic behavior under the observation
of the given continuous function ¢. Clearly, if ¢ is cohomologous to a constant, meaning that ¢ = uoT —u+c for
some ¢ € R and u : X — R continuous, then the Birkhoff averages converge at every point and the irregular set
is empty. The next results show that if the dynamics satisfies some specification property then the topological
entropy of the irregular set is bounded below by the entropy of the measures supported in a set with non-uniform
specification. The notions of non-uniform specification are defined in Subsection 4.3 below.

2.2.1. Maps with strong non-uniform specification. For any continuous function ¢ : X — R and any a € R the
¢-regular set can be further decomposed in level sets. Indeed, given a € R let

Rya(T) := {x € X| lim ~ gqﬁm(m)) - a},

n—o00 N, 4
and observe that R4(T") can be written as the following disjoint union
Ry(T) = | | Ro.a(T).
a€R

Corollary A. LetT : X — X be a continuous map of a compact metric space X, let A C X and let p: X — R
be a continuous function. Given any real number a € R, if T has strong non-uniform specification on A, then

hiop(T, Rp.a(T)) > sup{h,(T)| p € Mr(A) and /qbdp =a}.
3



2.2.2. Maps with non-uniform specification. In what follows we also consider dynamics where do not require
the strong non-uniform specification. The first result concerns the irregular set of continuous observables.

Corollary B. Let T : X — X be a continuous map of a compact metric space X, let A C X and ¢ : X — R
be a continuous function. Suppose that T' has non-uniform specification on A. If

inf )/qﬁd,u < sup /qﬁd,u, (2.5)

HEMT (A HEM(A)
then
hiop(T', 14(T)) = sup{h,(T)| p € Mz (A)}.
In particular, if T admits a mazimal entropy measure supported on A then I,(T) carries full entropy.

Some comments are in order. It is well known that if T" satisfies the specification property then the following
are equivalent: (i) inf,en, [ @dpu < sup,ep, [ @dp, (i) the Birkhoff averages of ¢ are not uniformly conver-
gent to a constant, and (iii) the Birkhoff irregular set I4(7) is non-empty. Moreover, the Livsic theorem for
mixing uniformly expanding maps assures that the later conditions hold if and only if ¢ is not cohomologous to
a constant, or equivalently, there are expanding periodic points p; and ps so that [ P doo(p,) < Ik ¢ doo(p,)- In
many applications of our results to non-uniformly expanding maps, the set A C X of points where nonuniform
specification holds will be taken as the set of points whose sequence of hyperbolic times is non-lacunar, a notion
that is intimately related to the integrability of the first hyperbolic time map (cf. Subsection 7.1).

Returning to the multifractal analysis, if, instead of its strong version, the dynamical system satisfies the non-
uniform specification property then one could not estimate the topological entropy of level sets. Nevertheless,
given a continuous potential ¢, a € R and o > 0 one can estimate the size of the following sets obtained as
approximations of level sets

n—1 n—1

1 . 1 .
Rga0(T) = {2 € X| a— 0o <liminf ~ ; o(T'(z)) < lim sup -~ ; O(T'(z)) < a+o}.

More precisely

Corollary C. LetT : X — X be a continuous map of a compact metric space X, let A C X and ¢ : X — R
be a continuous function. Given any real number a € R, if T' has non-uniform specification on A, then

(1) for any o >0,
iap(T. R (T)) 2 5up{1,(T)] p € Mr(8) and [ 6dp & (0= a.0+0))
(2) for any o >0,
by (T R (1)) = sup{l(T)] p € Ma(&) and. [ 6dp=a).

2.3. Non-uniformly expanding maps. Throughout this subsection let T be a C'-map on X which behaves
like a power of the distance to a critical/singular region C: there exists B > 1,8 > 0 so that for all z € X \ C
and allv e T, X

(C1) %dist(z,C) < w < Bdist(z,C)

ol

and
_ _ dist(x,
(C2) | log [ DT(x)"|| — log || DT (y) || | < Bz,
dist(z,
(C3) | log|det DT(x) — log | det DT (y)| | < Bdi;t((ﬁy))g.

for all points x,y € X \ C satisfying dist(z,y) < dist(z,C)/2. Let B, be given by condition (C2) and take
0<b< {%, %} The choice of these constants is important for the construction of hyperbolic times (see
e.g. [2]).

Definition 2.1. Assume that n € My (X). We say that (T,n) is non-uniformly expanding if there exists o > 1
such that n-almost every x satisfies
n—1
1 .
lim sup — § log | DT(T?(x) 7! < —2logo < 0 (2.6)

n—oo N <
Jj=0 4



and the slow recurrence condition: for every e > 0 there exists 6 > 0 such that, for n-almost every point x € X,
1 n—1
lim sup — —log dists (77 (x),C) < e, (2.7)
j=0
where dists(z,C) =1 if dist(z,C) > 0 and dists(z,C) = dist(z,C) otherwise.

The non-uniform hyperbolicity property for an ergodic measure p implies on the exponential non-uniform
specification property on its basin of attraction B(u) [18, 28]. We are interested in extending this fact to sets
that contains the basin of several invariant measures. This motivates the following definition.

We say that T is non-uniformly expanding if

M = U Mm(s#@

o>1,0>0

where, for any 0 > 1 and § > 0, M, 5 C Mp(X) denotes the space of T-invariant probability measures 7 that
have a non-lacunar sequence of (o, d)-hyperbolic times. It is known that if the first hyperbolic time is integrable
then the sequence of hyperbolic times is non-lacunar (see e.g. [29]). We refer the reader to Subsection 7.1 for
the definitions. The following result provides a criterium for a non-uniformly expanding map to satisfy the
(strong) exponential non-uniform specification property.

Theorem B. Let X be a compact Riemannian manifold and let T : X — X be a topologically exact C'-
endomorphism. If Ml £ () then T satisfies the (strong) exponential non-uniform specification property on a set
A C X such that n(A) = 1 for every n € M. More precisely, for any points x1,xa, ...,z in A there exists
0 >0 and o0 > 1 (depending on the points) so that the following property holds: for any ni,...,ng > 1 there
erists y € X so that

d(Tj(:L.i)’Tj+n1+P1+"'+nifl+pi71(y)) < Eafé(ni—j)
forevery0<j<n;, 1<i<kand0<e <.

We observe that the dependence of the constants §, 0 on the points can be dropped out, for instance in the
case that the set A consists of generic points for a finite number of ergodic and expanding maps (cf. Remark 7.1).

3. SOME EXAMPLES

It is clear both the non-uniform and strong non-uniform specification properties hold for uniformly hyper-
bolic diffeomorphisms and expanding maps. In particular, our results extend some well known results on the
multifractal analysis in the uniformly hyperbolic setting. Moreover, our results can be applied for the one-
dimensional Maneville-Pomeau transformations and Benedicks-Carleson quadratic maps. In what follows we
focus on providing some new results on the multifractal analysis of multidimensional non-uniformly expanding
maps.

3.1. Local diffeomorphisms with non-uniform expansion. The first class of examples we shall consider are
multidimensional local diffeomorphisms obtained by local bifurcation of expanding maps, considered originally
by Alves, Bonatti and Viana [2].

Let Ty be an expanding map in T" and take a periodic point p € T™ for Ty. Let U be a C'-open set of local
diffeomorphisms so that every T € U is a C'-local diffeomorphism obtained from Tj by a bifurcation in a small
neighborhood V of p in such a way that:

(1) every point x € T™ has some preimage outside V;

(2) V can be covered by ¢ < deg(T) domains of injectiveness for T

(3) |DT(x)7Y|| < o=t for every z € T"\V, and |DT(z)~ || < L for every z € T" where o > 1 is large
enough or L > 0 is sufficiently close to 1 (cf. [2]);

(4) T is topologically exact: for every open set W C T™ there is N > 1 for which TV (W) = T".

Although the original expanding maps satisfy the specification property it is expected that most local diffeo-
morphisms in U should not satisfy the specification property (we refer the reader to [24] for such a discussion
in the case of partially hyperbolic diffeomorphisms). The coexistence of expanding and contracting behavior
constitutes an obstruction to a global description of the multifractal description of the dynamics. We describe

some applications in two situations: 5



(a) Equilibrium states for potentials with low variation. If ¢ : T" — R is a Holder continuous potential so that

sup ¢ — inf ¢ < logdeg(f) — logq (3.1)

then there exists a unique equilibrium state ji4 for T" with respect to ¢, it is fully supported and it is an expanding
measure with an integrable first hyperbolic time map ([29]). In particular 7" has a unique maximal entropy
measure. Theorem B implies that there exists a dense set A C T™ where T satisfies the strong (exponential)
non-uniform specification property. There exists ty > 1 so that the potential t¢ also satisfies the variation
condition (3.1) for every ¢ € [—tg, tg]. To the best of our knowledge the following was the only result known on
the multifractal analysis of these class of dynamics: the pressure function [—to,to] 3 t > Prop(T, t¢) is C! and,
if a1 = dPtop (T, t¢)/dt |t:7t0 and Qo = dPtop(T, tgb)/dt |t:tg then

htOP(Tv R¢,a(T)) = 22£{Pt0p(Ta tg) — at}

for every a € [a1, as] (see [9, Proposition 7.2]). Our main result, Theorem A (2) implies that

Btop(T, Gy) = Iy (T) = Proy(T, ) — / bdug

Moreover, if ¢ : T" — R is any continuous observable so that [t¢ dus # [ dus for some expanding mea-
sures (1 # po then it follows from Corollary B that the irregular set carries full topological entropy, that is,
hiop(T, Iy(T')) = hiop(T).

(b) SRB measures. It follows from [2] that T has a unique (ergodic) probability measure u1 absolutely continuous
with respect to Lebesgue, with density bounded away from zero and infinity and integrable first hyperbolic time
map. Moreover, p; is an equilibrium state for the potential ¢ = —log|det D f| (that might not satisfy the low
variation condition) and is an expanding measure. If A is as above and

inf /log|det DT|dp < sup /1og|det DT|dp
HEMT(A) HEMT(A)

then Corollary B implies that hop(T, I5(T)) > by, (T).

3.2. Non-uniformly expanding endomorphisms with critical region. We also prove that the C3-robust
class of multidimensional non-uniformly expanding maps with singularities known as Viana maps also satisfies
the non-uniform specification property on a dense set.

In [30], Viana introduced a robust class of multidimensional non-uniformly hyperbolic maps with singularities.
More precisely, these are obtained as C® small perturbations of the skew product 7" of the cylinder S x I given
by

T(0,z) = (df(mod 1), 1 — ax?® + a cos(270)),

where d > 16 is an integer, a is a Misiurewicz parameter for the quadratic family, and « is small. These
maps admit a unique SRB measure p (it is absolutely continuous with respect to m = Leb, has only positive
exponents and du/dm € LP(m) where p = d/(d — 1)) and are strong topologically mixing on the attractor
A = Np>oT™(St x I): for every open set W there exists n > 1 such that T"(W) = A. See [30, 1] for more
details. Since T carries full supported expanding measures then there exists a dense set A C A of points where
the strong non-uniformly expanding property holds. We observe that there are infinitely many expanding
measures, including periodic Dirac masses at repelling periodic points. Moreover, it follows from [22] that T'
has a unique expanding map that is a maximal entropy measure and, consequently,

hiop(T' I(T) = htop(T)

for any continuous observable ¢ so that the function p +— [ ¢ du over all expanding measures is not constant.

4. SOME PRELIMINARIES

4.1. Entropy. Let T : X — X be a continuous map of a compact metric space X. Now let us to recall the
definition of topological entropy in [6] by Bowen. Let E C X be a T-invariant set and §, (F, €) be the collection
of all finite or countable covers of E by sets of the form By, (z,€) with m > n. We set

C(E;t,n,e,T) :=inf{ Z 271 CeFa(E, e},
B (g:€)eC



and C(E;t,e,T) := lim,, 0o C(E;t,n,¢,T). Then
hiop(E,€,T) :=1inf{t : C(E;t,e,T) =0} = sup{t: C(E;t,e,T) = oo}

and the topological entropy of E is defined as hiop (T, E); = lime 0 htop(E, €, T'). In particular, if E = X, we also
denote hiop(T, X) by hiop(T). It is known from [6] that if E is an invariant compact subset, then the topological
entropy hiop (T, E) is same as the classical definition using the exponential growth rate of the maximal cardinality
of separated points (see Chapter 7 in [33]). Let us recall two basic facts about topological entropy from [6]: (i)
for any subsets Y7 C Ys C X,

htop(Ta Yl) S htop(Ta YVQ)a (41)

and (ii) if one considers a collection {Y;};2% of subsets of X then

“+o0
heop(T, | Yi) = = sup hiop(T, Y3). (4.2)
1=1 v

Let M(X) denote the space of all Borel probability measures supported on X. Let £ = {V;|i=1,2,--- ,k}
be a finite partition of measurable sets of X. The entropy of v € M(X) with respect to & is

H(v,&) == =Y v(Vi)logv(Vy).
Vieg
Given A C Z we write TV"¢ := \/, ., T~"¢. The entropy of v € My (X) with respect to ¢ is
1
h(T,v, &) = lim —H (v, T""™¢),
n—oco N

and the metric entropy of v is h,(T) := supg h(T,v,§). For more information of metric entropy we refer to
Chapter 4 of [33].
Let p € M(X). The measure-theoretical lower and upper entropies of u are defined respectively by

1lT) = [ By (T0) duta), Tul(D) = [ FulT,) dia),

where

h,(T,z) = lim lim mf —— log w(Bp(z,¢)),

e—=0n—+

1
hu(T,x) = Jing Tim sup — log 11(Bn(,€)).

Brin and Katok [8] proved that for any € M%(X), b, (T, z) = by (T, z) for pa.e. x € X,and [h,(T,z) du(z) =
hu(T). So for p € Mp(X),

h,(T) = hu(T) = hyu(T).
From [12, Proposition 1.2] we know that if £ C X is non-empty and compact, then

hiop(T', E) = sup{h,,(T) : p € M(X), u(E) = 1}. (4.3)

We also need to recall Katok’s definition of metric entropy (see [15]). It is defined for ergodic measures and
equivalent to the classical one. Let Z C X. A set S is (n,¢e)-separated for Z if S C Z and d,(z,y) > & for
any z,y € S and x # y. A set S C Z if (n,e)-spanning for Z if for any x € Z, there exists y € S such that
dn(z,y) <e. Let p € M5(X). Fore >0, pe (0,1) and I > 1, let N/*(e, p) be the minimal number of e—balls
By(z, €) in the d;—metric, which cover a set Z C X of measure at least 1 — p. Define

h,(T,e) = hmmf log Ni*(e, p), h,,(T,e) = limsup -

l—soo l—00 l

logN (€, p)-
Then from [15] we know

e—0

h(T) = lim h, (T, 2) = lim by, (T ). (4.4)
7



4.2. Invariant measures. Let {¢;}, y be a dense subset of C(X,R) and set [[¢;|| = max{[p;(z)| : 2 € X}
The expression

2|4
defines a metric on M(X) which is compatible with the weak* topology (see [33]). Observe that
p(&,7) <2 for any £, 7 € M(X). (4.5)

It is well known that the natural projection x — J, is continuous and, if we define the push-forward operator
Tt on M(X) by Tru(A) = p(T~1(A)), we can identify (X, f) with T} restricted to the set of Dirac measures
(these are conjugate). Therefore, assume without loss of generality that the metric d is inherited from p, defined
by d(x,y) = p(dz,dy). The following facts are simple consequences of (4.5) and the fact that p(dz,d,) = d(z,y):

e de — d
p(E’T):Z|f(pJ€ f(pj 7-|
Jj=1

Lemma 4.1. [11, Lemma 2.1] Let (X,T) be a continuous dynamical system and let x € X.
(1) If 0 < k <n <m then p(Ep(x),En(TH(2))) < 2(m —n+k);
(2) Given e >0 and p € N, for every y € By(x,e) we have p(E,(y), Ep()) < &;
(8) Given e > 0 and p,q € N satisfying p < g < (1+¢/2)p, for every y € By(x,e) we have p(Eq(y), Ep(2)) <
2e.

4.3. Some forms of specification. In the last years some different versions of non-uniform specification have
been introduced, many of them unrelated. Here we define the notions that will be used throughout this paper.
For any n € N, the d,-distance between x,y € X is defined as

dp(x,y) == Ogr%af_l{d(Tlx, T'y)}.

Let z € X, n > 1 and € > 0. The dynamical ball B, (z,¢) is defined as the set
B, (z,e) :={y € X|dn(z,y) < e}

The following definition is the topological counterpart of [28, Definition 2.2].

Definition 4.2. We say that T satisfies the non-uniform specification property on the set A C X, if there exists
0 > 0 such that for every € A, every n > 1 and every 0 < € < § there exists a positive integer p(z,n,e) > 1
so that )

lim lim sup —p(x,n,e) =0

e=0 nosco N
and the following holds: given points x1,- -,z in A and positive integers nq,- -+ ,nk, if p; > p(a;, n;, €) then
there exists z € X that e-shadows the orbits of each z; during n; iterates with a time lag of p(x;, n;, €) in between
T™i(x;) and x; + 1, that is, z € B(x1,n1,¢) and TPt tni-i¥pi-1 () € B(x;, n,, ) for every 2 <14 < k.

In the case that T is a topologically exact C'-local diffeomorphism and pu is a T-invariant and ergodic
probability measure with infinitely many hyperbolic times then f satisfies the non-uniform specification property
on the set B(u), where

=
B(p) = {x e M : - Z Ori(z) — i in the Weak*—topology}
j=0
stands for the ergodic basin of attraction of u (see [28]). Here we also consider two similar-flavored notions with
a (summable) control of the distances during the ‘shadowing’.

Definition 4.3. We say that T satisfies the strong non-uniform specification property on some set A C X, if the
non-uniform specification property holds on A,
1
limsup —p(z,n,e) =0
n—oo T
for every 0 < £ < § and the shadowing sizes during the non-uniform specification process satisfy

n.;fl

Z d(Tj(xi),Tj+n1+p1+‘“+n¢71+l)i—1(y)) <e, Val <i< k.
=0

This condition is weaker than the following one, which requires the shadowing distances to be exponentially
small and that holds for broad classes of non—uniformly8 expanding maps (recall Theorem B).



Definition 4.4. We say that T satisfies the ezponential non-uniform specification property with respect to the
exponent A > 0 on the set A C X, if non-uniform specification property holds on A,

. 1
lim sup —p(z,n,e) =0
n—oo N
for every 0 < € < § and the shadowing sizes in the non-uniform specification can be taken exponentially small,
ie.,
d(T (a;), TIHmtpitdnictpion () < e Aminlini=it g < j <, 1<i<k.

In the previous definitions the term ‘non-uniform’ refers to the time lag between the shadowing of the pieces
while the terms ‘strong’ and ‘exponential’ refer to sharper approximations of the distances involved in the
shadowing. Specification properties have been proved to be strongly related to hyperbolicity. The original
specification property was first introduced by Bowen in [7] (see also [10]) and requires the function p(x,n,¢)
to depend just on £. Thus, in comparison with non-uniform specification properties, the time required to be
able to shadow the finite pieces of orbits does not depend on their size. Similarly, exponential specification
is stronger than exponential non-uniform specification in the same sense (see e.g. [27]). Indeed the following
relations hold:

mixing hyperbolic basic pieces

I
exponential specification = exponential non-uniform specification
I
U strong non-uniform specification
I
specification = non-uniform specification

5. PROOF OF THEOREM A

5.1. Proof of Theorem A (1). We assume without loss of generality that the measures p1, uo are ergodic.
In general, since one can use the ergodic decomposition of invariant measures exactly as in [23, Lemma 6.2] we
shall omit the details here. Let h* = min{h,, (T'), hy,(T)}. We will show that for any v > 0, g > 0, there is
some € € (0, €y) such that

htop(T; QG uy s (€)) = ™ = 5. (5.1)
This implies that for any v > 0, ¢y > 0,

h’tOP(Ta QG#IHUQ (60)) Z h’* - 577

because QG u,(€) € QG s (€0). Then (2.3) holds. Now we fix v > 0, ¢g > 0 and start to prove (5.1).

Step 1. Choice of separated sets.
Fore > 0,1 > 1,60 > 0, define

(x,n,e)

Ag,z = {$€A|p < 6 holds for any n > 1}.

Note that if { > I’, then Ag,l D A?,y and for any p € My (A) and 6 > 0, one has
lim lim M(Ag,z) =1.

e—=01l—o0

Fix a rational number 6 € (0, $¢o) such that
——(h* —3y) > h" — 4. 5.2
R RS 52)

Fix a number py € (0,1). For the measures p; and ps, by Katok’s definition of metric entropy, take ¢ € (0, %60)
such that for ¢ =1, 2,

1
hy, (T, 4e) = liminf —log N} (4e, po) > hy, (T) — 73 (5.3)

n—-+oco N

and simultaneously, lim;_, Mz‘(Ag,z) >1—pg. Let e = §+ 20. By the choice of € and 6, one has € € (0, €).



Take [ large enough such that
p(AL) >1—=po, pa(A2;) > 1—po.

Let g : N — {1,2} be given by g(k) = (k + 1)(mod 2) + 1. Choose a strictly decreasing sequence 0 — 0 and a
strictly increasing sequence Ly — oo so that the set

Jpi={z € Ag’l 2 p(En(x), pgery) < Ox for all n > Ly}

satisfies fig(y)(Jx) > 1 — po for all & > 1. This is a simple consequence of the fact that the ergodic basin of
attraction of y; is a full j;-measure set. Let EF be a maximal (n, 4¢)-separated set for .J;,. Notice that a maximal
(n, 4¢)-separated set for Jj, is also a (n,4¢)-spanning set for J; and thus EF is also a (n, 4¢)-spanning set for
Jy. Since gy (Jr) > 1 — po, then by (5.3)

lim nf % log #E* > limn inf % log Ni*™ (4, po) > by, (T) = - (5.4)
Take nj be a strictly increasing sequence such that ng > Ly, % log #E,’jk > Py ey (T) — 3y and n:il — 0. We
may assume in addition that each ni0 is always integer. Let
Sk =B | i = pgr), mi = nib.
From above construction, we have
#Si, > exp((hp, (T') — 3v)nk). (5.5)

Step 2. Construction of the fractal F.

The purpose here is to construct a fractal F' with topological entropy bounded below by h* and in such a way
that the accumulation points of empirical measures associated to points of F' remain e-close to the line segment
K ={tus + (1 —t)uz : t € [0,1]}. Let us choose a sequence with Ny = 0 and Ny, increasing to oo sufficiently
quickly so that

N1 + Mpy1 Nl(nl +m1)++Nk(nk+mk)

li =0, 1 =0. 5.6
TN ga Nirt (56)
Let z; = (xf,...,2% ) € SNi. For any (z,,...,x;,) € SN x ... x S,iv’“, by non-uniform specification property,
we have
kN -
B(z,,.. lk) = ﬂ ﬂ T— 210 NL(ermL)*(Z*l)N*(]*l)(nieri)Bni (:C;, £) # 0. (5.7)
i=1j=1

For every k > 1, consider the set F} defined as
Fk:{B(gl,...,gk):(gl,...gk)Eval X...XS,JCVk}.

Note that each set of Fj is non-empty and compact. Moreover, since Fjy1 C Fj for every k > 1 then
F :=(N;—, Fy is compact and non-empty.

Lemma 5.1. For any p € F, dgaus Vr(p), K) < €. In other words, F C QG , ., (€).

Proof. The proof is standard. Define ¢}, = Zf:o N;(n; +m;). Choose p € F and let py := T*-1p. Then there
exists (zf,..., 2% )€ S.* such that

Ny, neg—1
i € ﬂ T— =D (nk+my) ﬂ T*tB(Tt:C?,E).
Jj=1 10 t=0



By Lemma 4.1 items (1) and (2), the distance between empirical measures of each of the x}s can be bounded
as:

1
— ;
Py 2 Eele): Bt

1 .
S T D P (), By (TO D40
j=1
Ny
1 j— NE+Mpk
< 2 p(En (). £ (TUTD w0, ))
=1
1 _ |
+N_k Z p(gnk (T(J*l)(nwrmk)pk)’ 5nk+mk (T(]*l)(nkerk)pk))
j=1
< e4o M o499 .
Nk + mi

Using Lemma 4.1 (1) one more we deduce that

p(gtk (p>a :uk)

Nk Nk
1 1
< p(E(p), E—tis (Pr)) + P(m > & (@), €ty (1)) + N, > p(Eny (@), )
j=1 j=1
tr — (b — t—1) + ti—
< 2% (b tk 1)+ bt + (e 4 20) + 0y
k
Then limsupy_, . p(&, (p), p:) < €. For other subsequences the strategy of the proof follows well known ideas
by constructing an appropriate convex sum of the measures p; and po. Here we omit the details. O

Step 3. Construction of a special sequence of measures wy.

We must first undertake an intermediate construction. For each z = (z4,...,z;) € val X ... X S,]CV’“, we
choose one point z = z(z) such that z € B(zy,...x;). If T is the set of all points constructed in this way we
compute its cardinality below.

Lemma 5.2. Given k > 1, if z,y € SlNl X ... X S,iv’“ are distinct then any z, = z(z) and zy = z(y) are
different points. In particular # T, = #SlNl e #S,]CV’“.

Proof. Since z # y, there exists 4, j such that x; =+ y; We have

dn, (2, T"21) < e and dy, (y},T"22) < e,
where h = Y2170 Ni(ng + my) + (j — 1)(n; + my). Since dy, (z%,y5) > 4e then dp, (T"21,T"z) > 2e, which
guarantees that the points are distinct. |

Now we start to define the measures on F. For each k >1 consider the measure
vy = Z 0,
2E€Tk
obtained as the sum of Dirac measure at points of 7. Consider the probability measure wy, := ﬁyk obtained
by normalization of v.

Lemma 5.3. Let w be an accumulation point of (wi)k>1 in the weak® topology. Then w(F) = 1.

Proof. For any fixed | and every p > 0, notice that wii,(Fi4,) = 1 and Fj4, C F;. Then w4, (F;) = 1. By
assumption there exists [, — oo such that w = limy_, o wy, . Since each Fj is closed, by weak* convergence,

W(FY) > lim supw, (F) = 1.

k—o00

This implies that w(F) = lim;_, o w(F;) = 1. u O



Step 4. Estimate of hiop(T, QG s (€)).
The strategy of the proof is to use (cf. equation (4.3)) that

hiop(T', F) = sup{h,,(T) : p € M(X), p(F) =1}
and to provide lower bounds on the lower entropy of probability measures supported on the fractal F'. Let B :=
B, (g,¢) be an arbitrary dynamical ball with BN F # ). Let k be the integer number such that tx < n < tgy1.
We firstly consider n with ¢, < n < tg11 —my. Let j € {0,..., Npy1 — 1} be the number such that
b + (Npg1 +mpg1)) <n <tp + (e +meg1) (G + 1).

We suppose that j > 1 (and leave the details of the easier case j = 0 to the reader). Now we start to estimate
the number of points in the set BN Ty4p.

Lemma 5.4. For every integer p > 1, one has wiip(B) < (#Tx) ™ (#Sk11) 7.

Proof. Firstly let us assume that p = 1 and prove that wi.1(B) < (#7x) ' (#Sks1)™?. We need an upper
bound estimate for the number of points which can be in the set Tr41 N B. If wii1(B) = 0 we are done. Thus
we may assume throughout that wg+1(B) > 0 and, in particular, Tz+1 N B # 0.

Since Trr1NB # O there exist z € S{Vl X.. .xS,]CVk and 2, € S,ﬁfl“ and some point z = z(z, 24, 1) € Try1NB.
Fix x and 2, , as above and consider the set

Cg;zl ..... T; — {Z(iaylv'- '7yNk+1) S 77c+1 ‘Y1 =21y, Y5 = :Cj}'

This corresponds roughly to the ‘cylinder’ formed by all possible choices of points that shadow the coordinate
elements that determine the point x and the first j components of the point z; ;.

Claim: 1f 2" = z(y, Qk+1) € Tk+1 N B for some y and Ypir then 2’ € Cyony,... -

J

) € Try1 N B for some y and Yyir- We prove that x; = y; for [ €

Proof of the claim: Take 2’ = z(y,y,
z

+1
{1,2,...,7} (since the proof that y

is completely similar we shall omit it). Since z, 2’ € B = B,(q, ) then
dn(2,2') < 2e, (5.9)

Assume by contradiction that there exists 1 <1 < j so that y; # x;, and let a; = tx, + (I — 1)(ng41 + Mp41)-
Recall that dy, ., (21,y1) > 4¢. Using

) (TU2, 1) < € and dy,, (T2, y1) <&,

then we obtain that

dn(2,2") > dp,, (T"2z,T"2)
Z dnk+1 (‘rl)yl) - dnk+1 (Talzaxl) - dnk+1 (Talzlﬂyl) > 26)
which contradicts (5.9). This proves the claim. O

We proceed with the proof of the lemma. By the claim we have that

Vk-i—l(B) < #Cm;zl,...,zj = (#Sk+1)Nk+l_j
and, consequently, ‘ ‘
Wi1(B) < (#Tk1) " (#Sup)) Ve 7 = (#Te) ™ (#Ske1) .

This proves the lemma in the case that p = 1. In the case that p > 1, similar estimates as above yield that _
Vkip(B) < #Coiar,....a; (#842) V41 L (F#Sptp) Ve Dividing by # T, it follows that wyi,(B) < (#7T5) ~H (#Sk+1) 7
O

proving the lemma.

To finalize the proof of Theorem A (1) we are left to give the estimate on the topological entropy of the set
QG .,y (€). Using (5.5), (5.2) and m; = n;0, we have

#ﬁ(#SkH)j > eXp{(h* — 37)(N1n1 + Nong + ...+ Niny —|—jnk+1)}

exp {m%mn} (5.10)

exp{(h* — 47)n}.

Y

Thus
Witp(B) < (#Ti—1) " (#Sk);” < exp{—(h* — 47)n}. (5.11)



This proves the theorem in this first case that ¢, < n < tgx41 — mg.

Now we consider the case that tpy1 —mp <n <tpy1. Using B C By, | —m,—1(q,€) together with Lemma 5.4
and (5.10), we have that for p > 1,

wk-‘rp(B) < wk+P(Btk+1—mk—1(qa E)) < eXp{—(h* - 47)(t7€+1 -—mg — 1)}
Thus, if k is large (by using ImfI — 0) then

Wrtp(B) < exp{—(h" —47)(tp+1 — mx — 1)} < exp{—(h" = 57y)n}. (5.12)
Combining (5.11) and (5.12) we have for all n,
lim sup wi(Bn (g, €)) < exp{—n(h" = 57)}.

l—00
The later implies that w(By(q,€)) < exp{—n(h* — 4v)}. So for any ¢ € F,
h,u(Ta q) > h* — 57

By (4.3), hiop(T, F) = sup{h,,(T) : p € M(X), p(F) =1} > h* — 5. This finishes the proof of the first part
of the theorem. O

Proof of Theorem A (2). From (2.2), we know that

htOP(Ta GM17M2) < min{hul (T)’ hlu (T)}
Thus in order to prove (2.4), we need to prove

hiop(T', Gy up) 2 mindhy, (T'), hy, (T)}-

We assume without loss of generality that the measures pu1, o are ergodic. In general, since one can use the
ergodic decomposition of invariant measures exactly as in [23, Lemma 6.2] we shall omit the details here. Let
h* = min{h,, (T), h,,(T)}. We need to show that for any v > 0,

hiop(T, Gy ps) 2 h* = 5. (5.13)
Then (2.4) holds. Now we fix v > 0 and start to prove (5.13).

Step 1. Choice of separated sets.
Fix a number py € (0,1). For the measures p1 and po, by Katok’s definition of metric entropy, take small
number € > 0 such that for i =1, 2,
hy, (T, 4e) = ngirg % log N (4e, po) > hy, (T) — 7. (5.14)
Fix a rational number 6y > 0 such that
1
146,
Take a strictly decreasing sequence of positive rational numbers 6,, | 0 with 67 < 6.
Let g : N — {1, 2} be given by g(k) = (k + 1)(mod 2) + 1. Choose a strictly decreasing sequence d; — 0 and
a strictly increasing sequence Lj — oo so that the set

(h* —3v) > h* — 4~. (5.15)

x,n,e)

Ji = {.T cA: p( o < Oy p(fn(ac),,ug(k)) < Oy, for all n > Lk}

of points whose empirical measures are dx-close to px satisfies pg(x)(Jx) > 1—po for all k > 1. This is a simple
consequence of the fact that the ergodic basin of attraction of y; is a full y;-measure set. Let EF be a maximal
(n, 4e)-separated set for Ji. Notice that a maximal (n, 4e)-separated set for Jj is also a (n,4¢)-spanning set for
Ji, and thus E¥ is also a (n,4¢)-spanning set for Jj,. Since py() (Jix) > 1 — po, then by (5.14)

S koo qiioe L Fig(k)

ngigg - log #E; > lﬁglfg - log N*™ (4e, po) > hyy ) (T) — - (5.16)
Take (ng)r a strictly increasing sequence of positive integers such that ny > Ly, % log #Eﬁk > Ty (1) — 3y

and Zi - — 0. We may assume in addition that each nOy is always integer. Let

n

Sk = E} i = Mg(kys M = Ntk



From above construction, we have
#Si, > exp(hy, (T) — 3v)ng. (5.17)

Step 2. Construction of the fractal F.
We mimic the construction of F as in the proof of Theorem A (1), by considering

k N; . _ _ . _
B(z;,...z;) = ﬂ ﬂ 7= XiZo Nilmtm) =(i=)N=(=D(nitmi) f (zk,€) # 0,
i=1j=1

where B, (z,¢) = {y : Yo L d(T(z), T (y)) < e}, instead of the sets defined in (5.7). Here the non-emptyness
of B(zy,...z;) follows from the strong non-uniform specification property. After the construction of F', we need
to replace Lemma 5.1 by following lemma.

Lemma 5.5. F C Gy, -

Proof. The proof is analogous to the one of Lemma 5.1, replacing (5.8) by the following estimate

Nk Zgnk gtk —tk— 1(pk))

< Nik;pwnk(xf),swm (LU=, )
< Nikip(gnk(x]),e (TU=Dtme) )
=
+Ni;c iﬂ(fnk (TU=D ) g, Epy o, (TUT D))
p
< niksnL Qﬁ < nikEJr 20y (5.18)

Here the part 5- Zjvz’“l P(Eny (x8), Eny (TU=Dmetmi)p, ) < ¢ follows from strong non-uniform specification:

1 . | — n m
N, > p(Eny (25), Eny (TUmtmR)p, )
=

_ Nk Z - Zd T(] 1)(nk+mk) %))

Using Lemma 4.1 (1) we deduce that
p(gtk (p)a Mk)

< p(gtk (p)75tk*tk—1(pk)) + p(]\lfk ZS (56?)75%*%71(27’6)) + NL]C Zp(gnk (zf)vﬂk)

th— (te — the1) + tre 1
< ol (e =te1) ML (—e 4 26k) + Gk
tr Nk

Then limsup,,_, o p(&, (p), k) = 0. For other subsequences the strategy of the proof follows well known ideas
by constructing an appropriate convex sum of the measures p1 and py. Here we omit the details. O

Then one can follow Step 3 and 4 same as the proof of Theorem A (1) to end the proof of Theorem A
(2), just in Step 4 replacing QG ., (€) by G, .., replacing m; = n;0 by m; = n;0;, and replacing (5.10) by

> exp{(h—e‘?)n}. O
14



6. MULTIFRACTAL ANALYSIS

In this section we prove the corollaries of Theorem A to the multifractal analysis of Birkhoff averages for
continuous observables.

Proof of Corollary A. Let T': X — X be a continuous map of a compact metric space X and assume that
T satisfies the strong non-uniform specification property on A C X. Let ¢ : X — R be a continuous function.
Given a € R let D = {u € Mp(A)| [ ¢dp = a}. To prove the Corollary A it is enough to prove that
hiop(T, Rp.o(T)) > h,(T) for every p € D. Notice that G, C Rgo(T). Together with relation (2.4) in
Theorem A this implies that
htop(T; Rp,a(T)) 2 htop(T, Gpp) = hy(T).
This finishes the proof. O

Proof of Corollary B. Let T': X — X be a continuous map of a compact metric space X so that T has
non-uniform specification on A C X, and let ¢ : X — R be a continuous function. Denote h = sup {h,(T) | p €
Mrp(A)}.

For any 7 > 0, choose an invariant measure p € Mrp(A) such that h,(T) > h — 7. Then we select a
number 0 < 6 < 1 close to 1 such that 6h,(T) > h — 7. By assumption, there exists w € Mrp(A) such that
Jodu # [ ¢dw. If v = 0p + (1 — O)w then we observe that h,(T') > 6h,(T) > h— 7 and [ ¢du # [ ddv. Let
K = {tp+ (1 —t)v|t € [0,1]}. Choose € > 0 small enough such that if z € X satisfies dyqus(Vr(z), K) < €
then Vp(x) is not a singleton and

inf /qﬁdm <  sup /qﬁdm. (6.1)
meVr (z) meVr(x)
By relation (2.3) in Theorem A, reducing e if necessary,

hiop(T, QG (€)) > min{h,(T), hy(T)} — 7 > h — 2T,

where QG (€) = {z € X|dpaus(Vr(z), K) < €}. By (6.1), every x € QG,,,,(€) belongs to I4(T"). Therefore
we conclude that
hiop(T, Ip(T')) > hiop(T, QG i (€)) > h — 27.

Since 7 was chosen arbitrary this completes the proof of the corollary. O
Proof of Corollary C. Let T : X — X be a continuous map of a compact metric space X and A C X so

that T has non-uniform specification on A. Let ¢ : X — R be a continuous function. Since the item (2) is a
direct consequence of item (1) we only need to prove the later. Given a € R and o > 0 let

Dy = {p € Mr(A)] /qbdu €(a—o,a+0)}.

For any /1 € D, take € > 0 small enough such that [ ¢dv € (a —o,a+ o) whenever v € B(u, €) (here the ball is
determined by the metric p). To prove that hiop(T, R a,0(T)) > h,u(T) first notice that QG u(€) € Rg.a.0(T).
This property together with the estimate (2.3) of Theorem A yields

htOP(Tv Rga0(T)) > htop(T7 QGuﬁu(e)) > hu(T)-

The proof is now complete. 0

7. NON-UNIFORMLY EXPANDING MAPS

7.1. Hyperbolic times and exponential non-uniform specification. We first recall some properties of
hyperbolic times in the case of C'-maps on a compact Riemannian manifold X. A sufficiency criterium for the
existence of hyperbolic times is given as application of Pliss’ lemma.

Lemma 7.1. [2, Lemma 5.4] There exists constants § > 0 and 6 > 0 (depending only on T and c) such that if
x € X\U, T"(C) satisfies (2.6) and (2.7) then the following holds: for every large N > 1 there exist a sequence
of integers 1 < nq(x) < na(x) <--- < n(x) <N, with | > ON so that
N-1
H DT (T (x)~ | <o™F and dists(TN % (x),C) > o®*. (7.1)
j=N—k

One of the main features of hyperbolic times is the fgllowing backward contraction property.



Lemma 7.2. [2, Lemma 2.7] Given o > 1 and 6 > 0 there ezists a constant 61 = 01(0,9,T) > 0 such that if
n is a hyperbolic time for a point x then T™ maps diffeomorphically the dynamical ball By, (x,01) onto the ball
B(T™(x),61) around T™(x) and radius 61 and

AT (y), 7" (2)) < o7 d(T"(y), T"(2)) (7.2)
for every 1 < j <n and every y,z € By(x,061). In particular
diam B, (x,01) < o286 <o 2 diam(X).

Given o > 1, > 0, we say that x € M admits a non-lacunar sequence of (o, d)-hyperbolic times if (ng(z))rk>1
is a sequence of (o, d)-hyperbolic times and

i 1) = ni(2)

=0.
k— o0 nk(x)

If the first hyperbolic time map is integrable then the sequence of hyperbolic times is almost everywhere well
defined and non-lacunar (see e.g. [29]).

7.2. Proof of Theorem B. The topological exactness assumption implies that for every § > 0 there exists
Ns > 1 such that T™s(B) = X for every ball B of radius §. This fact plays a key role in the proof of the
exponential non-uniform specification property for a full measure set with respect to all probability measures
in M. Given o > 1,9 > 0, let A5, denote the set of points x € M that admit a non-lacunar sequences sequence
(nk(2))k>1 of (o,6)-hyperbolic times. Since T is non-uniformly expanding then the set A = [Js ,.o Qs is
non-empty. Moreover, if z € As,, 0 < & < 4§, n > 1 is large and ng(x) < n < ngy1(z) are consecutive
(0,0)-hyperbolic times for x then By, (z,e) C By(x,¢) and

TN (B, (r,2)) = TV (BT (2), €)) = X.

MNk+1
Then the map

P =Deo - As,a — N

defined as p(z,n,e) := N + ng41(z) — n verifies

N _
lim sup Lx’ ™€) < lim sup — + 1 () — ()

=0

for every x € Aj, (this is well defined at scale d for all measures n € M, 5).

Since the previous limit is zero independently of the scale 0 < ¢ < ¢, in order to complete the proof of the first
part of the proposition it remains to prove the strong non-uniform specification property holds with exponential
shadowing estimates. Given any x1,...,2, in Asy, 0 < € < §, any positive integers ni,...,m, > 1 and
pi > p(xi,ni,e) we get that TPt (B, (z;,6)) = X for all 1 <4 < m. Therefore there exists z € By, (z1,¢)
such that

Tn1+p1+‘“+7u71+17i—1(z) c Bn (:Eiag)

i

for every 2 < i < k. In particular, relation (7.2) yields
d(Tj (1'1), TitnitpitAni—1+pi-a (y)) < ngé(nifj)

for every 0 < j < m; and 1 < i < k. This proves the theorem. Indeed, given x1,...,zr € A let n1,...,mm be
probability measures on M so that x; € B(n;) for every i, and take 0 < § < mini<;<m dy,. O

Remark 7.1. While, in general, one cannot expect the scale 0 in the proof of Theorem B to be taken uniform for
all points with some non-uniform expansion, the proof yields the following (stronger) exponential non-uniform
specification for all points in the basin of a finite number of ergodic expanding measures. More precisely, if the
T-invariant and ergodic probability measures (p;)¥_, are ezpanding and A = |J,.,,, B(p;) then there exists
A > 0 so that T satisfies the strong exponential non—uriz(']form specification with exponential \.



7.3. Cohomology criterium and closing lemma. In the present subsection, of independent interest, we
address the problem of determining criteria equivalent conditions for the relation

inf dy < su / d
ueMT(A)/¢ a ;LGME(A) by

can be derived for non-uniformly expanding maps. Let A C X be T-invariant and let Vy(A) denote the
accumulation points of the empirical measures (€,(x)),>1 for points € A. First we observe that ¢ is a
coboundary if the previous relation holds for all measures that are accumulation points of empirical measures
associated to points in A. More precisely,

Lemma 7.3. The following properties are equivalent:

(1) inf ey (a) [ ddp < SUDP e vp(A) [ odu

(2) ¢ & Cob(A)
(8) the sequence %Sngb is not (uniformly) convergent to ¢ € R on A.

Proof. Since the lemma mimics the ideas from Lemma 1.9 in [31] we shall omit the details. O

Observe that if A is compact then Vp(A) = Mp(A) and relation (2.5) is equivalent to say that ¢ is not a
coboundary nor C°-accumulated by coboundaries. In general, the later conditions could be distinct. For that
reason we prove the denseness of periodic measures on Mrp(A).

Proposition 7.1. Let T : X — X be a C local diffeomorphism and let A C X be a T-invariant and dense
subset. Assume that there exist o > 1 and 6 > 0 so that every x € A has infinitely many (o, §)-hyperbolic times
and that T is topologically exact. Then every p € MS(A) is accumulated (in the weak™ topology) by periodic
measures.

Proof. By ergodic decomposition it is enough to prove that every p € M%(X) is approximated by periodic
measures in the weak* topology. Set L = sup,cx [[DT(x)||. Let ¢ > 1 and 6 > 0 be so that every z € A has
infinitely many (o, d)-hyperbolic times.

Fix 0 < £ < § arbitrary. By topological exactness, there exists K. > 1 so that T5<(B(z,¢)) = X for every
z € X. Let Ni(e) > 1 be so that

o~ ME K <, (7.3)
For any u € M%(A) pick z,. € B(u) C A and let Na(z.,e) > 1 be so that
p(gn(l'*),ﬂ) <e Vn > NQ(:C*aE)'

Set N = max{Ni(g), Na(z«,e)}. Using that z, € A has infinitely many hyperbolic times one can choose a
(0,8)-hyperbolic time n,, for z, so that n,, > N. In particular, T"=+TX<(B, (z,,e)) = X and there exists
B C B, (%.,¢) a domain of injectivity for 7"+ T¥¢ in such a way that 7"« "X« : B — B, (z,,¢) is a C*
diffeomorphism. It is not hard to check that

d(y, z) < o~ LRed(TM e (y), T (2))
< o NLEed(T" e e (y), T (2))

for every y,z € B. Thus, the inverse branch G : B,,, (z4,€) — B of T™=+*X< is a contraction on a complete
metric space. By Banach’s fixed point theorem there exists a unique p € B,,, (.,¢) so that T"=« = (p) = p.
Using that p € By, (2«,¢), it follows that p(&,, (+),&n,, (p)) < € and, by Lemma 4.1,

p(gnm* (), 5nm*+Ks (p)) < 2e.

This proves that p(u, &, +k.(p)) < 3e. Since 0 < € < 0 was taken arbitrary this proves that y is accumulated
by periodic measures. This finishes the proof of the proposition. O

We observe that the periodic measures obtained in the previous proposition may be associated to periodic
points that could not be uniformly expanding. As a direct consequence of the previous proposition we obtain

the following: 17



Corollary 7.1. If inf,c p1,(A) fd)du < SUPLe iy (A) fgbdu then there are periodic points p1,ps € X of period
w1, Mo > 1, respectively, so that

1 1
W_lsﬂ'ld)(pl) < 7T_2S7r2¢(p2)' (74)

Conversely, if (7.4) holds for a pair of expanding periodic points py,pz € A for T then inf,c pip.(a) [odu <
SUP e () S @1
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