SENSITIVITY AND HISTORIC BEHAVIOR FOR CONTINUOUS
MAPS ON BAIRE METRIC SPACES

M. CARVALHO, V. COELHO, L. SALGADO, AND P. VARANDAS

ABSTRACT. We introduce a notion of sensitivity with respect to a continuous real-valued
bounded map which provides a sufficient condition for a continuous transformation, acting
on a Baire metric space, to exhibit a Baire generic subset of points with historic behavior
(also known as irregular points). The applications of this criterion recover, and extend,
several known theorems on the genericity of the irregular set, besides yielding a number of
new results, including information on the irregular set of geodesic flows, in both negative
and non-positive curvature, and semigroup actions.

1. INTRODUCTION

1.1. Historic behavior. In what follows, we shall write X to denote a compact metric space
and Y will stand for an arbitrary metric space. Given such a space Y and A C Y, denote
by A’ C Y the set of non-isolated accumulation points in A, that is, y € A’ if and only if y
belongs to the closure A\ {y}. Let C(Y,R) be the set of real-valued continuous maps on Y
and C°(Y,R) be its subset of bounded elements endowed with the supremum norm || - ||

A topological space Z is said to be a Baire space if the intersection of countably many open
dense subsets in Z is dense in Z. We say that a set A C Z is Baire generic in a Baire space
Z if it contains an intersection of countably many open dense sets of Z (that is, A contains
a dense Gy set).

Given a Baire metric space (Y, d), a continuous map 7 : Y — Y and ¢ € C°(Y,R), the set
of (T, ¢)-irregular points, or points with historic behavior, is defined by

n—1 .
Z(T,p) = {y DS (% 'Zo o(T7 (y))) . does not converge}.
Jj= n

Birkhoff’s ergodic theorem ensures that, for any Borel T-invariant probability measure p and

every u-integrable observable ¢ : Y — R, the sequence of averages (l Z?:_ol go(Tj(y)))n eN

n
converges at p-almost every point y in Y. So, the set of (T, ¢)-irregular points is negligible
with respect to any T-invariant probability measure. In the last decades, though, there has
been an intense study concerning the set of points for which Cesaro averages do not converge.
Contrary to the previous measure-theoretical description, the set of the irregular points may
be Baire generic and, moreover, have full topological pressure, full metric mean dimension
or full Hausdorff dimension (see [2, 5, 3, 4, 24, 26, 35]). In [9], the first and the fourth
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named authors obtained a simple and unifying criterion, using first integrals, to guarantee
that Z(T, ¢) is Baire generic in X whenever T': X — X is a continuous dynamics acting on a
compact metric space X. More precisely, given ¢ € C(X,R), consider the map L, : X — R
defined by
1 n—1 )
reX Lw(a:):limsuprgpoTj(x). (1.1)

n
n—00 =0

This is a first integral with respect to the map T, that is, L, o T = L,. The existence of

dense sets of discontinuity points for this first integral turns out to be a sufficient condition
for the genericity of the historic behavior.

Theorem 1.1. [9, Theorem A] Let (X,d) be a compact metric space, T : X — X be a
continuous map and ¢ : X — R be a continuous observable. Assume that there exist two
dense subsets A, B C X such that the restrictions of L, to A and to B are constant, though
the value at A is different from the one at B. Then Z(T, ¢) is a Baire generic subset of X.

The assumptions of the previous theorem are satisfied by a vast class of continuous maps on
compact metric spaces, including minimal non-uniquely ergodic homeomorphisms, non-trivial
homoclinic classes, continuous maps with the specification property, Viana maps and some
partially hyperbolic diffeomorphisms (cf. [9]).

In this work we establish a criterion with a wider scope than the one of Theorem 1.1. It
applies to Baire metric spaces and general sequences of bounded continuous real-valued maps,
rather than just Cesaro averages, subject to a weaker requirement than the one demanded in
the previous theorem. In particular, one obtains new results on the irregular set of several
classes of maps and flows, which comprise geodesic flows on certain non-compact Riemannian
manifolds, countable Markov shifts and endomorphisms with two physical measures exhibiting
intermingled basins of attraction. Regarding semigroup actions, we note that irregular points
for group actions with respect to Cesaro averages were first studied in [17]. We will provide
additional information on the Baire genericity of irregular sets for averages that take into
account the group structure. We refer the reader to Sections 10 and 11 for the precise
statements.

In the next subsections we will state our main definitions and results.

1.2. Sensitivity and genericity of historic behavior. Given a metric space (Y,d), a
sequence ® = (¢p)nen € CO(Y,R)N and y € Y, let

Wo(y) = {¢n(y) : neN}

denote the set of accumulation points of the sequence (¢, (y))n e n- The next notion is inspired
by the concept of sensitivity to initial conditions.

Definition 1. Let (Y,d) be a metric space and ® € C*°(Y,R)N. We say that Y is ®-sensitive
(or sensitive with respect to the sequence ®) if there erxist dense subsets A, B C'Y, where B
can be equal to A, and & > 0 such that for any (a,b) € A x B one has

sup Ir—s| >e.
reWg(a), s € Wg(b)
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In the particular case of a sequence ® of Cesaro averages

(Pn)nen = (% 2 (pOTj)neN

associated with a potential p € C’b(Y, R) and a continuous map T :Y — Y, we say that'Y is
(T, p)-sensitive if the space Y is ®-sensitive, and write W, instead of Ws.

We refer the reader to Example 2 for an illustration of this definition. We observe that
being (7, ¢)-sensitive is a direct consequence of the assumption on L, stated in Theorem 1.1,
though it may be strictly weaker (cf. Example 4). Our first result concerns ®-sensitive
sequences and strengths Theorem 1.1.

Theorem 1.2. Let (Y,d) be a Baire metric space and ® = (¢n)nen € C*(Y, R)N be a sequence
of continuous bounded maps such that limsup,, _, | o [|¢nllec < +00. If Y is ®-sensitive then
the set

Z(P) = {y €eY: lim ¢,(y) does not em’st}

n — +00

i$ a Baire generic subset of Y. In particular, if T : Y — Y is a continuous map, ¢ belongs
to C*(Y,R) and Y is (T, p)-sensitive, then Z(T,p) is a Baire generic subset of Y.

We emphasize that the previous statement does not require a guiding dynamical system, so
it may be applied to general sequences of bounded continuous real-valued maps rather than
just Cesaro averages. In particular, we may address the Baire genericity of the irregular set
of semigroup actions with respect to averages that take into account the group structure (cf.
Section 11 for more details).

1.3. Irregular points for continuous maps on Baire metric spaces with dense orbits.
In this subsection, building over [15, 20], we will discuss the relation between transitivity,
existence of dense orbits and the size of the set of irregular points for continuous maps on
Baire metric spaces.

Definition 2. Given a continuous map 7' : Y — Y on a Baire metric space (Y, d), one says
that:

e T is transitive if for every non-empty open sets U, V C Y there exists n € N such
that UNT (V) # 0.
e T is strongly transitive if Un20 T™(U) =Y for every non-empty open set U C Y.
e T has a dense orbit if there is y € Y such that {T7(y) : j € NU{0}} is dense in Y.
It is worthwhile observing that, if the metric space is compact and has no isolated points,

then the map is transitive if and only if it has a dense orbit (see [1, Theorem 1.4] and
Example 1).

Denote by Trans(Y,T') the set
{y € Y: the orbit of y by T is dense in Y}
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and consider the following notation:
H(Y,T) = {p € C*(Y,R): I(T,¢p) # 0}
D(Y,T) = {p € C°(Y,R): Z(T, ) is dense in Y}
R(Y,T) = {p € C°(Y,R): Z(T, ) is Baire generic in Y'}.
The set of completely irreqular points with respect to T is precisely the intersection

N Z(Te).

peH(Y,T)

Clearly R(Y,T) C D(Y,T) C H(Y,T). Inspired by [20], we aim at finding sufficient conditions

n (Y, 7T) under which the sets R(Y,T') and D(Y,T) coincide. We note that the set H(Y,T)
may be uncountable. Moreover, in (cf. [34, Theorem 2.1]), Tian proved that, if Y is compact
and T has the almost-product and uniform separation properties, then the set of completely
irregular points is either empty or carries full topological entropy. More recently, in [20], Hou,
Lin and Tian showed that, for each transitive continuous map on a compact metric space Y,
either every point with dense orbit is contained in the basin of attraction of some invariant
probability measure u, defined by

B(u) = {x € X: ngr_rgoo - ZO Ori(z) = (convergence in the weak topology)}

(so those points are regular with respect to any continuous potential), or irregular behavior
occurs on Trans(Y,T) and the irregular set is Baire generic for every ¢ belonging to an open
dense subset of C(Y,R) (described in [20, Theorem AJ). The next consequence of Theorem 1.2
generalizes this information.

Corollary 1.3. Let (Y,d) be a Baire metric space and T : Y — Y be a continuous map such
that Trans(Y,T) # (0. Then:

(1) When (Y,d) has an isolated point,

DY, T) # 0 & Trans(Y,T) € (]  Z(T, ).
peD(Y,T)
Moreover, if Y has an isolated point and D(Y,T) # 0, then R(Y,T) =D(Y,T).
(4i) If § € C°(Y,R) and (| Z(T,y) is Baire generic in'Y, then

peEF
Trans(Y,T) N m (T, p) # 0.
pEF
1.4. Oscillation of the time averages. Define, for any ¢ € C*°(Y,R) and y € Y,
e~ 1=
lo(y) = liminf = > o(T%)  and  Ly(y) = limsup - Z p(T7y)

7=0 7=0

and consider
by, = inf ly(y) and Ly, = sup L,(y). (1.2)

y € Trans(Y,T) y € Trans(Y,T)
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For each a < 3, take the sets

I o, B] = {y €Y: l,(y) =cand f= L@(y)}
and
Ila, B = {ye Y to(y) <aand B< Ly(y)}.

The next result estimates the topological size of the previous level sets for dynamics with
dense orbits.

Theorem 1.4. Let (Y,d) be a Baire metric space and T :Y — Y be a continuous map with
a dense orbit. Given p € C*(Y,R), one has:

(i) 1yl L] is a Baire generic subset of Y. In particular, Z(T, ) is either Baire generic
or meagre in Y .
(i1) Z(T, @) is a meagre subset of Y if and only if there exists Cy, € R such that

n—1

. 1 ;
LC, €l = {yeY: lm — 3 o(T(y) =C,}
=0

is a Baire generic set containing Trans(Y,T).

Consequently, if (Y,d) is a Baire metric space, T : Y — Y is a continuous map with a
dense orbit and (J, ¢ vy Z(T ¢) is not Baire generic, then Y\ Z(T, ¢) is Baire generic for

every ¢ € C*(Y,R), and there exists a linear functional F : C*(Y,R) — R such that

1 n—1 '
-l - J _ b
Trans(V,T) C {y € Vs lim - Z% p(TI(y) = Flp) Ve C(V,R)}.
‘7:
Note that, if Y is compact, F is represented by the space of Borel invariant measures with
the weak*-topology. More generally, if Y is a metric space, then the dual of C*(Y,R) is
represented by the regular, bounded, finitely additive set functions with the norm of total

variation (cf. [16, Theorem 2, IV.6.2]).

Remark 1.5. Theorem 1.4 implies that, if (Y,d) is a Baire metric space and T': Y — Y is
a continuous minimal map (that is, Trans(Y,7T) = Y, then for every ¢ € C?(X,R) either
I(T,p) =0 or Z(T, p) is Baire generic.

Remark 1.6. It is unknown whether there exist a Baire metric space (Y, d), a continuous
map T:Y — Y and ¢ € C*°(Y,R) such that 7 has a dense orbit and Z(T,¢) is a non-empty
meagre set.

As a consequence of the proof of Theorem 1.2 and Corollary 1.3 we obtain the next corollary
as a counterpart of [20, Lemma 3.1] for continuous maps on Baire metric spaces.

Corollary 1.7. Let (Y,d) be a Baire metric space and T : Y — Y be a continuous map with
a dense orbit, and take p € C*°(Y,R). The following conditions are equivalent:

(1) Y is (T, p)-sensitive.
(ii) Z(T, p) is Baire generic in X.
(23i) Trans(Y,T)NZ(T,p) # 0.
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Remark 1.8. Under the assumptions of Corollary 1.7, if Y is (7, ¢)-sensitive then one has
R(Y,T) = {¢ € C*(Y,R): ;< L%}. We also note that one has (i) = (ii) in Corollary 1.7
even without assuming the existence of dense orbits.

Remark 1.9. An immediate consequence of the proof of Corollary 1.7 is that, within the
setting of continuous maps T : Y — Y acting on a Baire metric space Y and having a dense
orbit, the Definition 1 of (7, ¢)-sensitivity is equivalent to the following statement: There
exist a dense set A C'Y and e > 0 such that for any a € A one has

sup Ir —s| >e.
reWy(a), s€ Wy(a)

Indeed, the latter statement clearly implies Definition 1. Conversely, if X is (T, ¢)-sensitive,

then we may take a dense orbit A = {T7(xg): j € N U {0}} contained in Z(T, ), whose
existence is guaranteed by item (7ii) of Corollary 1.7. So, given two distinct accumulation
points rg, so in W, (z9) and choosing € > |rg — sg| > 0, then for every a, b € A one has
W(a) = Wy (b) = Wy(xo) and sup,, EWy(a), o € Wi (b) Ira — 1| = [ro — sol > e.

The remainder of the paper is organized as follows. In Section 2, we convey the previous
results to the particular case of continuous dynamics acting on compact metric spaces. The
aforementioned results are then proved in the ensuing sections, where we also discuss their
scope and compare them with properties established in other references. In Section 10 we test
our assumptions on some examples and in Section 11 we provide some applications, namely
within the settings of semigroup actions and geodesic flows on non-compact manifolds.

2. IRREGULAR POINTS FOR CONTINUOUS MAPS ON COMPACT METRIC SPACES

Suppose now that (X,d) is a compact metric space. Let P(X) stand for the set of Borel
probability measures on X with the weak*-topology and consider a continuous map T :
X — X with a dense orbit. For every z € X, let §, be the Dirac measure supported at x
and denote the set of accumulation points in P(X) of the sequence of empirical measures
(% Z?;& 6zj)n en Py Vr(z). Our next result imparts new information about the irregular
set without requiring any assumption about the existence of isolated points in X.

The next result is a consequence of [36, Proposition 1 and Proposition 2], [20, Corollary
2.2 and Proposition 3.1] and Theorem 1.4.

Corollary 2.1. Let (X,d) be a compact metric space and T : X — X be a continuous map
with a dense orbit. Then:
(a) XA = {z € Xt Uretrans(x,r) Vr(t) € VT(:U)} is Baire generic in X. Moreover,
Xa € Nyeoxr) Lolly: L], so the latter set is Baire generic as well.
(b) U@EC(X,R) Z(T, ) is either Baire generic or meagre. If it is meagre, there exists a
Borel T-invariant measure u such that
n—1

Trans(X,T) C {xEX: lim ! Z @(Tj(x)):/godu V@EC(X,}R)}.

n——+oo N 4
]:
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(©) Npenxm) Z(T, ) is either Baire generic or meagre. In addition,

ﬂ Z(T, @) is Baire generic < {go € C(X,R): Z(T,¢) # 0 and £}, = Lf;} = 0.
peMH(X,T)

We may ask whether the notion of (T, ¢)-sensitivity (cf. Definition 1) is somehow related
to the classical concepts of sensitivity to initial conditions and expansiveness. Let us recall
these two notions.

Definition 3. Let T : X — X be a continuous map on a compact metric space (X,d). We
say that:

e T has sensitivity to initial conditions if there exists € > 0 such that, for every x € X
and any ¢ > 0, there is z € B(z, ) satisfying
sup d(T"(z),T"(z)) > e.
neN
e T is (positively) ezpansive if there exists ¢ > 0 such that, for any points x, z € X with

T # z, one has

sup d(T"(xz), T"(z)) > e.
neN

It is clear that an expansive map has sensitivity to initial conditions. Our next result shows
that the condition of (T, ¢)-sensitivity often implies sensitivity to initial conditions.

Theorem 2.2. Let X be a compact metric space, T : X — X be a continuous map and
v € C(X,R). If X is (T, p)-sensitive then either T has sensitivity to initial conditions or
Z(T, ) has non-empty interior. In particular, if T has a dense set of periodic orbits and X
is (T, @)-sensitive, then T' has sensitivity to initial conditions.

The previous discussion together with well known examples yield the following scheme of
connections:
T is strongly transitive
and has dense periodic orbits

\
T has dense periodic orbits 51
and dense pre-orbits Expansiveness (2.1)
) 4K

Jp e C(X,R): X is (T, p) — sensitive = Sensitivity to initial conditions.
and the interior of Z(T, ) = 0

When X is a compact topological manifold there is a link between expansiveness and
sensitivity with respect to a well chosen continuous map ¢ : X — R. Indeed, Coven and
Reddy (cf. [14]) proved that, if T : X — X is a continuous expansive map acting on a
compact topological manifold, then there exists a metric d compatible with the topology of

(X,d) such that T': (X,d) — (X,d) is a Ruelle-expanding map: there are constants A\ > 1
and Jp > 0 such that, for all z,y, z € X, one has

d(T(z),T(y)) > \d(z,y) whenever d(z,y) < do;
B(z,00) NT~1({z}) is a singleton whenever d(T(z),z) < .



8 M. CARVALHO, V. COELHO, L. SALGADO, AND P. VARANDAS

In particular, if X is connected then T is topologically mixing. Moreover, as Ruelle-expanding
maps admit finite Markov partitions and are semiconjugate to subshifts of finite type, one can
choose ¢ € C(X,R) such that Z(T, ¢) is a Baire generic subset of X. Moreover, the interior
of Z(T, ) is empty by the denseness of the set of periodic points of T'. Therefore, summoning
Corollary 1.7, we conclude that:

Corollary 2.3. Let (X,d) be a compact connected topological manifold and T : X — X be a
continuous expansive map. Then there exists ¢ € C(X,R) such that X is (T, ¢)-sensitive.

It is still an open question whether for each expansive map T on a compact metric space
X there exists ¢ € C(X,R) such that X is (7', p)-sensitive. Although we have no examples,
it is likely to exist continuous maps on compact metric spaces which have sensitivity to initial
conditions but for which X is not (7', ¢)-sensitive for every ¢ € C'(X,R).

Another consequence of Theorem 1.2 concerns the irregular sets for continuous maps sat-
isfying the strong transitivity condition (see Definition 2).

Corollary 2.4. Let T : X — X be a continuous map on a compact metric space X. If T
is strongly transitive and ¢ € C(X,R), then either Z(T,p) =0 or Z(T, ) is a Baire generic
subset of X.

We note that, as strongly transitive homeomorphisms on a compact metric space X are
minimal, Corollary 2.4 extends the information in Remark 1.5 to strongly transitive continu-
ous maps on compact metric spaces.

3. PROOF OF THEOREM 1.2

The argument is a direct adaptation of the one used to show [9, Theorem 1]. Suppose that
there are dense subsets A, B of Y and ¢ > 0 such that for any (a,b) € A x B there exist
(Ta; ) € {pn(a) : n > 1} x {@n(b) : n > 1} satisfying [r, —rp| > €. Fix 0 < n < 5. Since
the maps ¢, are continuous, given an integer N € N the set

Av={ye¥:lealy) —em®)|<n ¥m,n>N}
is closed in Y. Moreover:

Lemma 3.1. Ay has empty interior for every N € N.

Proof. Assume that there exists N € N such that Ay has non-empty interior (which we
abbreviate into int(Ay) # 0). Hence there exists a € A such that a € int(Ay). Since ¢y is
continuous, there exists dy > 0 such that |pn(a) — ¢n(y)| < n for every y € Y satisfying
d(a,y) < dn. By the denseness of B, one can choose b € B such that b € int(Ay) and
d(a,b) < dn. Besides, according to the the definition of Ay one has

[pn(a) —pm(a) <n and  [on(b) —emd) <n  ¥m,n>=N.

For the previous pair (a,b) € A x B, choose (rq,75) € {on(a) :n > 1} x {pn(b) :n > 1}
satisfying |r, — 73| > €. Fixing m = N, taking the limit as n goes to +o0 in the first inequality
along a subsequence converging to r, and taking the limit as n tends to 4+o0 in the second
inequality along a subsequence convergent to 7, we conclude that

Ira —pn(a)| <n and lry — @ (b)] < 7.
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Therefore,
e < |ra—m| < lon(a) = ral + [on(b) = o] + [on(a) —on(b)] < 3n

contradicting the choice of 1. Thus Ay must have empty interior. O

We can now finish the proof of Theorem 1.2. Using the fact that limsup,, , | o [|¢nlec <
+00, one deduces that Y \Z(®) C [Jx_; An. Thus, by Lemma 3.1, the set of ®-regular points
(that is, those points for which ® is a convergent sequence) is contained in a countable union
of closed sets with empty interior. This shows that Z(®) is Baire generic, as claimed.

The second statement in the theorem is a direct consequence of the first one. O

Remark 3.2. It is worth mentioning that the proof of Theorem 1.2 also shows that one has

o
{y € Y: limsupy,(y) — limninf on(y) <n} C U AN
" N=1

and so the set
{y € Y: limsupp,(y) — limninf enl(y) =0}
n

is Baire generic in Y.

Remark 3.3. The argument used in the proof of Theorem 1.2 adapts naturally to the con-
text of continuous-time dynamical systems. This fact will be used later, when applying
Theorem 1.2 to geodesic flows on non-positive curvature (see Example 6).

4. PROOF OF COROLLARY 1.3

We start by showing that the existence of an irregular point with respect to an observable
¢ whose orbit by T' is dense is enough to ensure that Y is (7', p)-sensitive.

Lemma 4.1. Let (Y,d) be a Baire metric space, T :'Y — Y be a continuous map such
that (Y,T) has a dense orbit, and p € C*(Y,R). If Z(T, ) N Trans(Y,T) # O then Y is
(T, )-sensitive.

Proof. Suppose that ¢ € C*(Y,R) and Z(T, )N Trans(Y,T) # (). Let y € Y be a point in this
intersection. Then there is ¢ > 0 such that ¢ < limsup,, _, ;o ¥n(y) — liminf, o ©n(y).
Since ¢ is a bounded function, the values

|
—

n—1

©(T7(z)) and limsupl Z o(T7(2))

n
n — +o0o =0

. 1%
liminf —
n——+oo N 4

<
Il
o

are constant for every z € {T7(y) : j € NU{0}}. This invariance, combined with the fact
that {T™(y) : n € NU{0}} is a dense subset of Y, implies that Y is (T, ¢)-sensitive. O

Let us resume the proof of Corollary 1.3.

(i) Take y € Trans(Y,T). Assume that Y has an isolated point and D(Y,T') # (). Then there
exists N € NU {0} such that TV(y) is an isolated point of Y. Take 1) € D(Y,T) whose set
Z(T,) is dense in Y. Since {T™V(y)} is an open subset of Y, one has {TV (y)} NZ(T, ) # 0,
hence T (y) belongs to Z(T,1). Therefore, TV (y) € Ny epm) LT, ¥).



10 M. CARVALHO, V. COELHO, L. SALGADO, AND P. VARANDAS

In fact, more is true: y € ﬂweD(Y,T) Z(T,v). Indeed, suppose that there exists 1y €
D(Y,T) such that y € Y \ Z(T, ¢0). Consider the aforementioned integer N € NU {0} such
that TV (y) € Nyepyr Z(T,¢). As Y \ I(T,4) is T-invariant and y € Y \ Z(T', o), we
have TV(y) € Y \ Z(T,1o). This contradicts the choice of N. So, we have shown that
Trans(Y,T) € Ny epryr) Z(T,9).

We are left to prove that, if (Y, d) has an isolated point and D(Y,T) # 0, then R(Y,T) =
D(Y,T). Suppose that D(Y,T) # (. As we have just proved, Trans(Y,T') C Ny ey Z(T, ¥).
This implies that for each ¢ € D(Y,T') one has Z(T, 1) N Trans(Y,T) # 0.
and Theorem 1.2 we conclude that Z(T',v) is Baire generic, so ¢» € R(Y,T).

By Lemma 4.1

(73) Suppose that Z(T, p) is Baire generic. By hypothesis, there exists y in Y such that

PpET

={T"(y) :neNU{0}} =Y

so Y is separable. This implies that, if w(y) = €,, then ¥ does not have isolated points, and
so T is transitive. Since Y is a Baire separable metric space, Trans(Y,T) is Baire generic as
well (cf. [1, Proposition 4.7]). Therefore, Trans(Y,T) N, Z(T, ¢) is also Baire generic.
Thus Trans(Y,T) N, ¢z Z(T’ ¢) is not empty.

Assume now that w(y) € ©,. Then Y has an isolated point. As §) # § C D(Y,T) and YV
has an isolated point, by item ( ) we know that Trans(Y,T) C (\, ¢ p(y,7) Z(T, ¢). Moreover,

as § C D(Y,T), one has (, e pry,r) Z(Ts ) € N, e 5 Z(T, ). Consequently,

Trans(Y,T) m (T
pEF

5. PROOF OF THEOREM 1.4

We will adapt the proof of [20, Lemma 4.1]. Consider the sets

I
—

1" .
. — R . - ¥ — p*
e~ (e )
j=0
1 n—1 )
AL* = {y cY: limSup - @(ij) = L:;}
® n—+4oo T <=
7=0
and, for every a > (¢,
+oo 400 1 n-1 .
:mU{yEY EZ (le)<oz}.
N=1n=N =0

As o > E* there exists yo € Trans(Y,T) such that yo € B,. Consequently, for every N € N

the set {y ey: Z?:_ol o(T'y) < a} is an open, dense subset of Y. Therefore, B, is
Baire generlc in Y for any a > (G,



SENSITIVITY AND HISTORIC BEHAVIOR ON BAIRE SPACES 11

Take a convergent sequence {an}j{g in R such that limy, o0 an = £, and ay, > £ for
every n € N. Then ﬂ:i’i B,, C Ag:}. This implies that Ag; is Baire generic in Y. We deduce
similarly that A Lz is Baire generic in Y. Thus Ag; NnA Ly =1y [E:;, L:;] is Baire generic in Y.

We are now going to show that either I,,[¢7,, L] C Z(T, ¢) or I,[(7, L] € Y \Z(T, p). For
any y € I,[l7, L], we have

|
—

|
—

lim inf (17 (y))-

(T (y)) = €, < L, = limsup

n
1 1
n n—+oo M £

<
I

o
<
I

o

Therefore, if €7, < L7, then I,[¢7, L] C Z(T, ) and Z(T), ¢) is Baire generic in Y. Otherwise,
if €7, = L, then I [0, Ly] €Y\ Z(T, ¢). These inclusions imply that Z(T, ¢) is either Baire
generic or meagre, and characterize the case of a meagre Z(T, ¢). O

Remark 5.1. According to [30, Proposition 3.11], in the context of Baire ergodic maps T,
for any Baire measurable function ¢ : Y — R there exist a Baire generic subset SR of Y and
constants ¢ and ¢ such that

ly(y) = 7 and Ly(y) = ¢  VyeR

6. PROOF OF COROLLARY 1.7

(i) = (4#4) By Remark 3.2 there exists n > 0 such that D = {y € Y : Ly(y) — £,(y) > n} is
a Baire generic, hence dense, subset of Y. Note that, for any z and w in D, one has either
|Ly(2) — Lo(w)| > 3 or |Ly(w) — €y(2)] > 4. This implies that Y is (7T, ¢)-sensitive, and so,
by Theorem 1.2, the set Z(T, ¢) is Baire generic.

(73) = (i13) Apply item (iz) of Corollary 1.3 with § = {p}.

(i4i) = (¢) Assume that Trans(Y,T) N Z(T,¢) # 0. Then, there are yo, y1 € Trans(Y,T)
(possibly equal) and convergent subsequences (¢n, (y0))ken and (¢m, (y1))ken whose limits
are distinct. Let A be the (dense) orbit of yo, B the (dense) orbit of y; and € equal to half the
distance between the limits of the convergent subsequences (¢n, (y0))ken and (©m, (Y1))keN-
This is enough data to confirm that Y is (7', ¢)-sensitive. O

7. PROOF OF COROLLARY 2.1

(a) Suppose that X is a compact metric space that has a dense orbit. From [36, Proposition
1 and Proposition 2] or [20, Corollary 2.2 and Proposition 3.1], we know that Xa is Baire
generic in X.

We proceed by showing that XA C ﬂtpEC(X,R) Ip[l:, LE). Take x in XA and ¢ € C(X,R).
We claim that £, (7) < £, and L7, < Ly(x). Assume, on the contrary, that £,(z) > 7. Then
there exists a transitive point x¢ such that £, (x) > £,(xo). Therefore, there is a subsequence
(nk)k en such that

1 ng—1
L) > Lp(ao) = Tim — 3 (T (zy)

k— 400 Ng %
Jj=0



12 M. CARVALHO, V. COELHO, L. SALGADO, AND P. VARANDAS

Reducing to a subsequence if necessary, we find p € Vp(xg) such that i Z?ial O7i(y) con-

verges to p in the weak*-topology as k goes to +oo, and so l,(z) > l,(zo) = [pdp.
Since, by hypothesis, p belongs to Vp(x), there exists an infinite sequence (n4)sen such
that niq Z?igl 074 (y) converges to u as g goes to +oo. This yields to

ng—1
/soduz lim D @(T(x) = by(x) > Ly(o) Z/sodu

q—+o00 ng “
q =0

which is a contradiction. Therefore, we must have £, (z) < 7.

—

We prove similarly that L7, < Ly(x) for every x € Xa. Thus z € I,[€%, L]
(b) We start by establishing the following auxiliary result.

Lemma 7.1. Let (X,d) be a compact metric space, T : X — X be a continuous map with a
dense orbit. If R(X,T) =0, then N, e cxr) X \Z(T,p) is Baire generic in X.

Proof. Since R(X,T) = 0, from Theorem 1.4 we know that Z(T, ) is meagre for every
¢ € C(X,R). Hence X \ Z(T, ¢) is Baire generic for all ¢ € C(X,R). Let S be a countable,
dense subset of C'(X, R), which exists because X is compact (cf. [22]). Then (), ¢ X\Z(7,¢)

is Baire generic in X. We are left to prove that

N X\ZTw) ¢ () X\IT.9).

Ppes peC(XR)

Take z € (e s X\Z(T,¢) and ¢ € C(X,R); we need to show that  belongs to X\Z(T, ¢).
As S is dense, given € > 0 there exists ¢ € S such that || — 9| < §. Since z € X\ I(T, ¢),
there is N € NU{0} such that, for every n,m > N, we have ¢, (z) — ¥ (z)|| < §. Therefore,

ln (@) = om (@) < llpn(2) = Yn (@) + 1¥n(2) = bm ()| + [[Ym(2) — om(@)] <e
sozisin X \ Z(T, ¢). O

Let us go back to the proof of item (b). We begin by showing that UgoeC(X,lR) Z(T, )
is either Baire generic or meagre. Suppose that UgaeC( X,R) Z(T, ¢) is not Baire generic, so
R(X,T) is empty. By Lemma 7.1, the set ﬂgoeC(XJR)X \ Z(T, ) is Baire generic in X,
and so UgoeC( X.R) Z(T, ) is a meagre set. Moreover, due to the compactness of X, Riesz
representation theorem and Theorem 1.4, there exists a Borel invariant probability measure
1 such that

n—1

1 .
Trans(X,T) C {w € X'ngrﬂ - ]E:O (T’ (z)) = /godu Ve C(X,R)}.

Hence, Xa = {x € X: u € Vp(z)} thus, by item (a), Xa is Baire generic in X. This implies
that the set

n—1

1 )

_ . 3 _ ¥ —

Xan X\I(T,go)_{xex.ngrﬂoo s> e(T (J:))—/godu chEC’(X,]R)}
p € C(X,R) Jj=0

is Baire generic in X.
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(c) Firstly, we note that, since Corollary 1.7 shows that
R(X,T) = {p € C(X,R): € < L}
then one has

H(X,T) = R(X,T) U {p € C(X,R): Z(T,p) # 0 and £, = L}

Proposition 7.2. Let (X,d) be a compact metric space and T : X — X be a continuous map
with a dense orbit. The following statements are equivalent:

G#( U V)t

t € Trans(X,T)
(i) R(X,T) 0.
(1it) R(X,T) is open and dense in C(X,R).
(iv) Xa C ﬂ(peR (X.T) (T, ).
() Nyerex) Z(T, ) is Baire generic.
(vi) Trans(X,T) N, erx.r) Z(T, @) # 0.
(vii) Uy e o(x,r) Z(T' ) is Baire generic.

Proof. We will prove that (i) < (i), (ii) = --- = (vit) and (vit) = (i7).

(i) = (i7) Suppose that # (U:pGTrans(X,T)VT(x)) > 1. Then there exist two distinct Borel
probability measures u, v in Ug;eTrans(X,T)VT(ﬂf) and ¢ € C(X,R) such that [odu # [edv.
This implies that {u, v} C Vp(x) for all z € Xa, and so XA C Z(T, ¢). Therefore, Z(T, ¢) is
Baire generic since, by item (a), the set X is Baire generic.

(71) = (i) Suppose that that there exists ¢ € C(X,R) such that Z(T, ¢) is Baire generic. By
Corollary 1.7, one has Trans(X, T) NZ(T,p) # 0. Given y € Trans(X,T) NZ(T, ¢), one has
lo(y) < Ly(y ) and so #Vr(y) >

(it) = (4ii) For every x € X, denote by U, the set {9 € C(X,R) : z € Z(T, ) }. If U, # 0,
then U, is an open dense subset of C'(X,R) (see [20, Lemma 3.2]) and, by Corollary 1.7,
R(X,T) = Uxeﬂans(XyT) U. Therefore, if R(X,T) # 0, then R(X,T) is open and dense in
C(X,R).

(791) = (iv) Suppose that R(X,T) is open and dense in C(X,R). In particular, R(X,T) is
not empty. From Corollary 1.7, R(X T) = {p € C(X,R): £, < L3}. Using item (a), we
know that Xa €, cc(xr) [Z L%]. Moreover,

XaC () LlLi=| () LiL:]n ﬂ I, (65, L]
peC(X,R) LE<Ly
and
XaC () Ll L*]
€*<L*
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Consequently,

€@<L; pER(X,T)

(iv) = (v) Suppose that Xa & ﬂWGR(X,T) I(T,¢). By item (a), Xa is Baire generic; hence
Neerx,r) Z(T, ¢) is Baire generic in X.

(v) = (vi) Suppose that (¢ x,r) Z(T,¢) is Baire generic. By item (ii) of Corollary 1.3,
we know that Trans(X, T) N, e r(x 1) Z(T, @) # 0.

(vi) = (vit) This is clear from Corollary 1.7.

(vii) = (i) Suppose that U, cc(xr)Z(T, ) is Baire generic. If R(X,T) = (0, using
Lemma 7.1 one deduces that ﬂgaeC( xR) X \ Z(T, o) is Baire generic. Then

0= ( )0 () X\IT)
peC(X,R) peC(X,R)
is Baire generic as well, so it is not empty. This contradiction ensures that R(X,T') # 0.
O

We now resume the proof of item (c¢). Suppose that H (X, T) is not empty. If {¢ € C(X,R):
I(T,p) # 0 and £}, = L} is empty, then H(X,T) = R(X,T) is not empty. Therefore, by
Proposition 7.2, we conclude that [, ¢ x ) Z(T’¢) is Baire generic.

Assume, otherwise, that {¢ € C(X,R) : Z(T,¢) # 0 and £, = L} is not empty. Then
there exists ¢ € C(X,R) such that Z(T, ) # 0 and £}, = L,

Claim: The set Z(T, ) is meagre.

In fact, suppose that Z(T, ) # 0 and £}, = L7,. Denote by 7 this common value. Then
by item (i) of Theorem 1.4, the set I [y, 7] is Baire generic in Y. Moreover, we have
Trans(X,T') C I,[y, 7). Therefore, by item (iz) of Theorem 1.4, Z(T', ¢) is meagre. O

As Nyenxm Z(T,¢) S I(T,p), we conclude from the previous Claim that the set
,¢) is meagre as well. So, we have shown that , ) is either
venien LT, 9) i 1L So, we have shown that (¢ (x.1) Z(T, ) is eith
Baire generic or meagre.

Actually, we have proved more: the set ﬂsoE’H( X.T) Z(T, ) is Baire generic if and only if
{p € C(X,R): Z(T, ) # 0 and £, = L7} is empty. O

As a consequence of the Corollary 2.1 we get the following dichotomy between uniquely
ergodicity and Baire genericity of historic behavior.

Scholium 7.3. If (X,d) is a compact metric space and T : X — X is a continuous minimal

map, then either T is uniquely ergodic or the set m@EH(X,T) Z(T, ) is Baire generic.

Proof. Let T : X — X be a continuous minimal map which is not uniquely ergodic. Suppose,
by contradiction, that there is ¢ in C(X,R) such that Z(T',¢) # 0 and ¢}, = L},. Then there
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exists xg € X such that £, (xg) < L,(zg). Since T' is minimal, one has Trans(X,7T) = X; in
particular, the orbit of zq is dense in X. Consequently,

6:; < &p(l'()) < Lw(x()) < L:;

But this contradicts the assumption 6’; = L. Thus
{e e C(X,R): Z(T, ) #0 and £, =L%} = 0
and therefore, by item (c) of Corollary 2.1, the set ﬂ<peH(X,T) Z(T, ) is Baire generic. O

8. PROOF OF THEOREM 2.2

Let (X,d) be a compact metric space and ¢ € C(X,R) such that X is (T, )-sensitive.
Recall that this means that there exist dense sets A, B C X and € > 0 such that, for any pair
(a,b) € A x B there is (rq, 1) € {¢n(a) : n € N} x {p,(b) : n € N} satisfying |rq — ry| > €.
Using the uniform continuity of ¢, one can choose § > 0 such that |¢(z) —¢(w)| < § for every
z,w € X with d(z,w) < é.

Assume, by contradiction, that Z (T, ¢) has empty interior and 7" has no sensitivity to initial
conditions. The latter condition implies that for each 6 > 0 there exist zy € X and an open
neighborhood Uy, of zg such that d(T"(zg), T"(z)) < 0 for every x € U, and n € NU {0}.
Choose 6 = g and take zg and U,, as above.

As Z(T, ) has empty interior, the set X \ Z(T, ) is dense in X. Therefore, there are
ac ANUy,, be BNU,, and a g-regular point ¢ € U,, satisfying

(T (a)) = p(T™(c))| < 5 and  |p(T™(b)) —(T™(c))| <5  Vn,meNU{0}.

Consequently, for every n,m € NU {0}, one has

;’§;¢<Tf<a>>—;’§;¢<Tj<c>> <5 and a"ijw(w(b))—;mi: A(Ti(e)] < <.

Taking the limit as n goes to +oo in the first inequality along a subsequence (ng) N converg-
ing to r, and taking the limit as m tends to +oco in the second inequality along a subsequence
(mg)ren convergent to 7, and using that ¢ is a ¢-regular point, we obtain

TLk—l mk—l

re — lim L Z (T (c)) g% and |rp, — lim L Z o(T7(c))| <

k—+oo My 4 k—oo Mg =
Jj=0 Jj=0

| ™

and so |r, — 75| < . We have reached a contradiction, thus proving that either T has
sensitivity on initial conditions or the irregular set Z(T, ¢) has non-empty interior, as claimed.

Assume now that X is (7, ¢)-sensitive and 7" has a dense set of periodic orbits. As the
periodic points of T" are ¢-regular and form a dense subset of X, the set Z(T, ¢) must have
empty interior. Thus, by the previous statement, 7" has sensitivity on initial conditions. [

9. PROOF OF COROLLARY 2.4

Let T : X — X be a strongly transitive continuous endomorphism of a compact metric
space X. Given ¢ € C(X,R) satisfying Z(T, ) # 0, let us show that Z(T,p) is a Baire



16 M. CARVALHO, V. COELHO, L. SALGADO, AND P. VARANDAS

generic subset of X. Fix xg € Z(T', ) and let € = L (x9) —£,(x9) > 0. The strong transitivity
assumption ensures that, for every non-empty open subset U of X, there is N € NU{0} such
that zy € TV (U). Thus, the pre-orbit O%(z¢) = {z € X: T"(z) = z¢ for some n € N} of
xq is dense in X. Moreover,

sup  |r—s|>e¢ Vo e Or(x).
r,s € Wy(x)

This proves that X is (7, ¢)-sensitive and so, by Theorem 1.2, the set Z(T), ¢) is Baire generic
in X. ]

10. EXAMPLES

In this section we discuss the hypothesis and derive some consequences of the main results.
The first example helps to clarify the requirements in Theorem 1.2 and Corollary 1.3, besides
calling our attention to the difference between transitivity and the existence of a dense orbit.

Example 1. Consider the space X = {1/n : n € N}U{0} endowed with the Euclidean metric.
Let T : X — X be the continuous map given by T'(0) = 0 and T'(1/n) = 1/(n + 1) for every
n € N. Notice that X has isolated points and T" has a dense orbit, though Trans(X,T) = {1}.
However, T is not transitive. Moreover, Z(T, ¢) = ) for every ¢ € C(X,R).

The second example illustrates Definition 1.
Example 2. Consider the shift space X = {0, 1}V endowed with the metric defined by

+o0
an — by,
d((an)nENa (bn)nEN) = zjl ‘2n|
and take the shift map o : X — X given by o( (an)nen) = (@nt+1)nen. Then the sets
A = {(an)nen|INEN: a, =0 Vn
B = {(ap)nen|INEN: a, =1 Vn

are the stable sets of the fixed points 0 and 1 of o, and are dense subsets of X. Besides, if
¢ € C(X,R), then for every a € A and b € B one has

Jm elo"@) = g0 and lim olo™(@) = o(D,
Therefore,
1 n—1 n—1
Jim ; p(0’(a) =¢(0)  and  lim ; o(o? (b)) = p(1).

And so, if ¢(0) # ¢(1) and one chooses € = |¢(0) — ¢(1)|/2, then we conclude that for every
(a,b) € Ax B there are rq € W (a) and r, € W, (b) such that |r,—r| > . Consequently, X is

(0, p)-sensitive with respect to any ¢ € C(X,R) satistying ¢(0) # ¢(1). So, by Theorem 1.2,
for every such maps ¢ the set Z(T, ¢) is Baire generic in X.

Remark 10.1. We note that a similar reasoning shows that, if T': Y — Y is a continuous
map acting on a Baire metric space such that T" has two periodic points with dense pre-orbits,
then there exists ¢ € C*(Y,R) whose set Z(T, ) is Baire generic in Y.
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In the following example we will address the irregular set in the context of countable Markov
shifts. These symbolic systems appear naturally as models for non-uniformly hyperbolic
dynamical systems on compact manifolds (see [29] and references therein), hyperbolic systems
with singularities [10], including Sinai dispersing billiards, and certain classes of piecewise
monotone interval maps [19], which encompass the piecewise expanding Lorenz interval maps,
just to mention a few.

Example 3. Let A be a countable set, A = (a;;)i jec.4 be a matrix of zeroes and ones and
Y a € AN be the subset

YA = {(xn)neN e AN: Ugpany =1 VN € N}.
Endow X4 with the metric

o-min{keN: zx#ye}  if {k cN: 0
d((zn)neN; (Yn)nen) = { 0 Otierwise, k7 Uky 7

We note that a; ; = 0 for all but finitely many values of (i, j) € A x A if and only if ¥
is a compact metric space. Besides, the metric space (Xa,d) has a countable basis for the
topology, generated by the countably many cylinders, and it is invariant by the shift map
o: AN = AN,

If o5, has the periodic specification property (see examples in [32]), then the set of periodic
points of oy, is dense in X and all the points in X have dense pre-orbits. Therefore, there
exists ¢ € C°(X4,R) such that X4 is (0, ¢)-sensitive, whose Z(o, ) is Baire generic by
Theorem 1.2. Indeed, for each ¢ € C?(Z4,R),

a) either there exists a constant ¢, € R such that, for every periodic point p,
©
n(p)-1 .
p(0’(p)) = ¢y
j=0
where 7(p) € N denotes the minimal period of p;
(b) or there are two periodic points p, ¢ € ¥ such that
-1

1 "® 1 ™97
X A TZ

0

and so X, is (o, @)-sensitive, since the pre-orbits of p and ¢ are dense and therefore
provide two sets A and B complying with the Definition 1 (see Remark 10.1).

The next example shows that the existence of a discontinuous first integral L, with two
dense level sets for a continuous map 7 : Y — Y acting on a metric space Y may be indeed
stronger than requiring (7', ¢)-sensitivity.

Example 4. Let (¥;);cr be the Bowen’s example, that is, a smooth Morse-Smale flow
on S? with hyperbolic singularities {01, 09,03,04,5, N} and displaying an attracting union
of four separatrices, as illustrated in Figure 1. More precisely, there exist four separatrices
Y1, Y2, v3 and 4 associated to hyperbolic singularities o1, o5 of saddle type, while all the other
singularities are repellers. Let ¢ : S? — R be a continuous observable satisfying ¢(z) € [0, 1]
for every x € S?, p(01) = 1 and ¢(03) = 0. Consider the time-one map T : Y — Y of the flow
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FIGURE 1. Flow with historic behavior.

(Uy)¢er. As the orbit by T of every point in Y = §2\ (U?:1 ’yi) accumulate on the closure
of the union of the separatrices, it is immediate that the first integral L, defined by (1.1), is
everywhere constant in Y: L,(y) = 1 for every y € Y. However, as W,(y) = [0,1] for every
y €Y, the space Y is (T, p)-sensitive.

Our final example in this section concerns a skew-product admitting two invariant proba-
bility measures whose basins of attraction have positive Lebesgue measure and are dense.

Example 5. Consider the annulus A = S x [0,1] and the map T : A — A given by

T(x,t) = (31‘ (mod 1), t + t(13; 2 cos(27rx)> YV (z,t) € St x [0,1].

In [21], Kan proved that 7" admits two physical measures (that is, T-invariant probability
measures whose basins of attraction have positive Lebesgue measure), namely pg = Lebg X dg
and p; = Lebgi x 01, whose basins of attraction B(ug) and B(u1) are intermingled, that is,
for every non-empty open set U C A

Leba (U N B(uo)) >0 and  Leby (U N B(py)) >0

where
1 n—1 ‘
B(p) = {:BGA: (5250(T3(y)))n€N converges to /godu, Ve C(A,R)}.
j=0

Later, Bonatti, Diaz and Viana introduced in [6] the concept of Kan-like map and proved
that any such map robustly admits two physical measures. More recently, Gan and Shi [18]
showed that, in the space of C? diffeomorphisms of A preserving the boundary, every C?
Kan-like map T admits a C?-open neighborhood 7 such that the following holds: for each
T € ¥ and every non-empty open set U C A,

the interior of A C U T"(U).

n=0

Using Theorem 1.2 we conclude that, if T' is a Kan-like map and ¢ € C'(A,R) satisfies the
inequality [ pdpo # [ ¢ dp, then Z(T, ¢) is a Baire generic subset of A. More generally, the
argument that established Corollary 2.4 also ensures that, for any ¢ € C(A,R), one has

(a) either Z(T, ) N interior of A = ()
(b) or Z(T, ¢) is a Baire generic subset of A.
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In particular, when Z(T), ¢) is dense then it is Baire generic; thus D(A,T) = R(A,T).

11. APPLICATIONS

As it will become clear in the remainder of this section, Theorem 1.2 has a wide range of
applications according to the class of sequences ® = (¢p,)n>1 of observables one considers.
Let us provide two such applications, one with a geometric motivation and another in the
context of semigroup actions.

Application 1. The irregular sets of uniformly hyperbolic maps and flows on compact
Riemannian manifolds have been extensively studied. One of the reasons for this success is
that these dynamical systems can be modeled by symbolic dynamical systems which satisfy
the so-called specification property. Irregular sets for continuous maps acting on compact
metric spaces and satisfying the specification property have been studied in [23]. Many
difficulties arise, though, if one drops the compactness assumption. An important example of
a hyperbolic dynamical system with non-compact phase space is given by the geodesic flow
on a complete connected negatively curved manifold. The next example applies Theorem 1.2
precisely to this setting.

Example 6. Let (M, g) be a connected, complete Riemannian manifold. We will discuss
the Baire genericity of points with historic behavior in the following two cases (we refer the
reader to [12] for precise definitions and more information):

(I) (M, g) is negatively curved and the non-wandering set of the geodesic flow (¥7);cr
contains more than two hyperbolic periodic orbits.

(IT) (M, g) has non-positive curvature, its universal curvature has no flat strips and the
geodesic flow (¥7);cr has at least three periodic orbits.

Regarding (I), by [12, Theorem 1.1] it is known that the space £ of Borel ergodic probability
measures fully supported on the non-wandering set Q (that is, every point in Q belongs to
their support) is a G5 dense subset of all Borel probability measures on T'M which are
invariant by the geodesic flow. In particular, as #& > 2 due to the assumption that the
geodesic flow has at least two distinct periodic orbits, one can choose a continuous observable

¢ : T'M — R such that
inf /apdu< sup /gpdu.
MEE [.LES

As the ergodic basins of attraction of the probability measures in £ are dense in €2, one
concludes that .
Lo() = limsup 7 [ o(w1())ds
t— +o0 0
is a first integral for the geodesic flow (¥Y);cg. Moreover, there are subsets A, B C T'M
which are dense in €2 and whose L, value is constant, though the value in A is different from
the one in B. The existence of A and B means that  is (T, ®)-sensitive, where T' = U¥ is the
time-1 map of the geodesic flow and ® is defined by ® = fol(cp o ¥?)ds. Then Theorem 1.2
ensures that Z(T, ®) is Baire generic. Consequently,

1 t
Z(9)ier, @) = {y eQ: lim - / ©(PY(y))ds does not exist}
0

t—+oo t
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is a Baire generic subset of {2 as well.

The previous argument can be easily adapted to the case (II) to yield the conclusion that
I((¥{)iecr, p) is Baire generic since, according to [13, Theorem 1.1], the space £ of Borel
ergodic probability measures with full support on the non-wandering set 2 also form a G
dense set.

Application 2. Recall that a locally compact group G is amenable if for every compact
set K C G and § > 0 there is a compact set F' C G, called (K,¢)-invariant, such that
m(FAKF) < dm(F), where m denotes the counting measure on G if G is discrete, and stands
for the Haar measure in G otherwise. We refer the reader to [28] for alternative formulations
of this concept. A sequence (F},), of compact subsets of G is a Falner sequence if, for every
compact K C G and every 6 > 0, the set F,, is (K, ¢)-invariant for every sufficiently large
n € N (whose estimate depends on K). A Fglner sequence (Fy,), is tempered if there exists
C > 0 such that
m( U F'F)<Cm(F) V¥nen
1<k<n

It is known that every Fglner sequence has a tempered subsequence and that every amenable
group has a tempered Fglner sequence (cf. [25, Proposition 1.4]). Furthermore, if G is an
amenable group acting on a probability space (X, ) by measure preserving maps and (F,),
is a tempered Fglner sequence, then for every ¢ € L!(u) the limit

_ 1
nllg—Il—loo’rn(Fn)/ p(g(x)) dm(g)

exists for p-almost every x € X; if, in addition, the G-action is ergodic, the previous limit is
p-almost everywhere constant and coincides with [ ¢ dp (cf. [25, Theorem 1.2]).

Let (X, d) be a compact metric space and G be a group. We say that a Borel probability
measure 4 on X is G-invariant (or invariant by the action I' : G x X — X of G on X)
if u(g7t(A)) = u(A) for every measurable set A and every g € G. We denote the space
of G-invariant probability measures by M (X), whose subset of ergodic elements is Eq(X).
A group action of G on X is said to be uniquely ergodic if it admits a unique G-invariant
ergodic probability measure (a property equivalent to the existence of a unique G-invariant
probability measure if G is a countable amenable group, due to the ergodic decomposition;
see [27]). Given p € Mg(X), the basin of attraction of p is defined by

1
B(p) = {x € X: W Z dg(z) — 1 (convergence in the weak” topology)}
n ge Fy,

where § stands for the Dirac probability measure supported on the point g(z).

g9(z)
Consider ¢ € C(X,R) and the sequence ® = (), en of continuous bounded maps defined
by
1
Clearly, ||¢nlloo < ||¢lleo for every n € N. Moreover, if we assume that there are fully
supported G-invariant ergodic Borel probability measures p1 # u2, then there is ¢ € C(X,R)
such that X is ®-sensitive, since the basins of attraction of p; and pg are disjoint and both

onlz) = / o(g(a)) dm(g). (11.1)

n
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dense in X. Thus, under these assumptions, Theorem 1.2 ensures that, for the map ¢, the
irregular set

1

{x e X: nngrrloo m(F) /Fn ©(g(z))dm(g) does not ex1st}

is a Baire generic subset of X.

In what follows, we will introduce a requirement weaker than the previous one, which is
satisfied by countable amenable group actions with the specification property and also ensures
that the irregular set of some potential is Baire generic. Afterwards, we will check it on an
example (cf. Example 7).

Definition 4. Following [11, 31], we say that a continuous group action I' : G x X — X has
the specification property if for every € > 0 there exists a finite set K. C G (depending on ¢)
such that: for any finite sample of points xg,z1,2,..., T, in X and any collection of finite
subsets Fo, ﬁ’l, Fg, .. ,FH of (G satisfying the condition

K.F,nF;=0  for every distinct 0<4,j <& (11.2)

there exists a point x € X such that

d(g(z), g(x;)) <e  forevery g€ U E}. (11.3)

0<j<k

In rough terms, the previous property asserts that any finite collection of pieces of orbits
can be shadowed by a true orbit provided that there is no overlap of the (translated) group
elements that parameterize the orbits. We note that, if G is generated by a single map g,
then Definition 4 coincides with the classical notion of specification for g (cf. [33]).

It is known that, if X is a compact metric space and T: X — X is a continuous map with
the specification property, then the basin of attraction of any T-invariant ergodic probability
measure is dense in X (see [33, Proof of Theorem 4]). To extend this information to countable
amenable group actions with the specification property (and the counting measure m, which
we denote by | -|), consider the generalized basin of attraction of any G-invariant ergodic
probability measure p, defined by

C(p) = {xGX: ,LLEV(x)}

where V' (z) denotes the set of accumulation points, in the weak*-topology, of the sequence

(]F1n| Z 5g(m)>neN'

geFn

Lemma 11.1. Let G be a countable amenable group, (F,)nen be a tempered Folner sequence,
(X,d) be a compact metric space and I': G x X — X be a continuous group action satisfying
the specification property. If p is a G-invariant ergodic probability measure on X then C(u)
is a dense subset of X.

Proof. As X is compact, the space C'(X,R) is separable. Given a dense sequence (py)sen in
C(X,R) and ¢ € N, by the Ergodic theorem for countable amenable group actions [25] there
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is a full g-measure subset X, C X such that, for every z € Xy,

m S w(g(w))—/wdu-

n — +0o ‘Fn| gEFy
Therefore,
M X: € B(w) < C()
leN
and so

n(B(p) =1 = p(C(p)).
Moreover, given z € (), oy X¢, a continuous map ¢ € C(X,R) and a compact set F' C G, as
lim,, , o0 || = +00 one also has

1
li _ = .
Jim s 2 ele) /sodu
gEF\F
We are left to show that C(u) is dense in X. The following argument is inspired by [33,
Theorem 4].

We start by noticing that, given € > 0, let K. C G be given by the specification property.
Then, for every k € N, one can choose a positive integer nj such that, as k goes to 400 one
obtains

K5/2k

|

Fusl

— 0 and
||

il
Recall that, by the compactness of X, given a continuous map ¢ € C(X,R), its modulus
of uniform continuity, defined by

Ge() = sup {|p(u) — (v)]: v € B(u,e), u€ X}
where B(u,¢) stands for the ball in X centered at u with radius €, converges to zero as € goes
to 0T,
Fix z € X and 0 > 0. We claim that C(u) intersects the closed ball B(zx,¢) of radius &
around z. The idea to prove this assertion is to shadow pieces of orbits of increasing size in

C(p) which start at the ball B(z,d). More precisely, take z € [, X¢ and consider zg = =,
x1 = z and the finite sets (which satisfy (11.2))

Fy = {id}

o= (K, B \ Fo)) \ Koo
where K;! = {g7!: g € K,} for every a > 0. By the specification property there is y; €
B(z,0/2) such that d(g(y1),g(z)) < € for every g € Fi. In particular, given a continuous map
¢ € C(X,R) one has

1 1
| A2 #ol) -~ e Y #(9(2)] < ¢ (),

ge R ge

Consider now x2 = y; and x3 = z and the finite sets (which satisfy (11.2))
B = FpUR

By = (K5 [Fny \ F2]) \ (K502 3)
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Hence, setting Fy = Fy U F3 and using the specification property once more, one obtains
a point yo € B(y1,0/2%) such that d(g(y2),9(z)) < € for every g € F3, from which it is
immediate that for every continuous map ¢ € C(X,R) one has

1
\wgﬂg(“” - w% P9(2))] < ¢4 (9)

Proceeding recursively, given y; € B(yj_1,6/27) and the finite set F i C G containing {id},
we take

By = (Kb, Py \ B\ (Ko B5) (11.4)
and, by the specification property, we find y;1+1 € B(y;,§/2711) satisfying

d(9(yj+1),9(y;)) <e for every g € Fj

d(9(yj+1),9(2)) <e for every g € Fj+1
and, for every continuous map ¢ € C(X,R),

= Y o)) -

‘ J+1’ g€ B

1
|

> elg()] < s (0.

9613}'+1

Thus, by construction, (yx)ren is a Cauchy sequence in B(x,d), hence convergent to some
point Yo, € B(x,d). Moreover, the choice of the sets F) ensures that

|Fp A,

lim el =0.

k— 400 |Fnk’

In addition, from the initial selection of z and the previous estimates we conclude that, for
every continuous map ¢ € C'(X,R), the subsequence of averages given by

(;M Z so(g(yoo)))neN
geF,

converges to [ ¢ du. Thus ys belongs to C(u). O

The following dichotomy is a direct consequence of Lemma 11.1 and Theorem 1.2.

Corollary 11.2. Let G be a countable amenable group, (Fy,),cn be a tempered Folner se-
quence, X be a compact metric space and I': G x X — X be a continuous group action
satisfying the specification property. Then, for every ¢ € C(X,R), either

/wdm = /wdm Y, po € Mg(X)
or

1
{:c € X: lim 7l Z o(g(z)) does not em’st}

n — 400
gEF,

is a Baire generic subset of X.
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Proof. Fix ¢ € C(X,R) and suppose that there are two probability measures ui, po €
M (X), which we may assume to be ergodic (using the ergodic decomposition [27]), such

that
/sodm + /soduz-

Their generalized basins of attraction C'(u;) and C(u2) are both dense in X by Lemma 11.1.
Define e = % | [pdui— [ pdus| > 0. Using the sets A = C(u1), B = C(u2) and € we confirm

that X is ®-sensitive, where & = (gon)n ey and
1
en(®) = 7 > wlglx)).
" ge Fy

Consequently, by Theorem 1.2, the irregular set

Z ©(g(x)) does not exist}

geFn

{“X: A TR

is a Baire generic in X. O

We observe that Corollary 11.2 has an immediate consequence regarding the empirical
measures distributed along elements of a tempered Fglner sequence: under the assumptions
of this corollary, one has that either the amenable group action is uniquely ergodic or the set

1
{x € X: <— Z 5g(x))n€N does not converge in the weak” topology}

1Ful e

is Baire generic in X. This extends Furstenberg’s theorem (see [27, Theorem 3.2.7]), according
to which an amenable group action by homeomorphisms on a compact metric space is uniquely
ergodic if and only if there is a constant ¢ such that the sequence of averages (11.1) of every
continuous function converges to c.

Example 7. Consider the 2-torus T?, with a Riemannian metric d, and the linear Anosov

diffeomorphisms ¢; and go of T? induced by the matrices 4; = < % 1 > and As = ( i (1] >

As Ay = A3, the maps g1 and go commute and induce a Z2-action on the 2-torus given by
r:z*xT - T2
((myn),z) = (91" o g3)(2).

Moreover, this action has the specification property. Let us see why.

Given € > 0, let k. € N be provided by the specification property for the Anosov diffeo-
morphism go and K. = [~k., k:]> C Z2. For any finite collection of points zg, 21,2, ..., 2.
in T2 and any choice of finite subsets Fy, F, Fb, ..., F, of Z? satisfying the condition

K.E;n ﬁ'j =10 for every distinct 0 <i,7 < K (11.5)
we claim that there exists a point & € T? such that

A(L () (), Ty (7)) < € for every (m,n) € U FJ

0<j<k
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Indeed, consider the map © : Z? — Z given by O((m,n)) = 2m + n and notice that
I'((m,n),") =g ™) Vm,nezZ (11.6)

The choice of the sets K. together with assumption (11.5) imply that ©(K.F;) N O(F;) = 0
for every i # j. Consequently,

inf {\u —oliue O(F), ve e(ﬁ’j)} > k..

To find = € T? as claimed, we are left to apply the specification property of go (valid since go
is an Anosov diffeomorphism) and the equality (11.6).

Consider now a tempered Fglner sequence (F},), ey on Z?; for instance, the one defined by
F,, = [-n,n]? C Z%. If P is the common fixed point by both g; and go, then the probability
measure g3 = dp belongs to Mg(X), and the same happens with the Lebesgue measure
(say p2) on T2, Thus, given ¢ € C(T? R) \ {0} such that ¢ > 0 and p(P) = 0, then
Jodui =0# [ @dus, and therefore Corollary 11.2 asserts that

1
{:1: e T?: nEIEoo ] gez]; ©(g(x)) does not exist}

is a Baire generic subset of T?.

Application 3. Let G be a free semigroup, finitely generated by a finite set of self-maps
G1 = {Id,g1,--- ,gp} of a probability measure space (X,B, ). Assume that p is invariant
by gi : X — X for every 1 < i < p. The choice of G; endows G with a norm | - | defined as
follows: given g € G, then |g| stands for the length of the shortest word over the alphabet G
representing g. Denote by Gy, the set {g € G: |g| = k}.

Now take ¢ € L>°(X, ) and consider the sequence of its spherical averages

1
keN Sk(@)Zm Y. woyg
9€Gy,

where # stands for the cardinal of a finite set (if Gy = 0, we set sx(¢) = 0). Next consider
the Cesaro averages of the previous spherical averages, that is,

S|

neN - &, =

n—1
> su(e). (11.7)
k=0

The main results of [7, 8] establish the pointwise convergence of the sequence ((I)”)n cn at
p-almost every point x € X.

As a consequence of Theorem 1.2, if there exists a dense set of points x € X such that
Wag(x) is not a singleton, then the set of ®-irregular points is Baire generic in X. Let us
check this information through an example.

Example 8. Consider the unit circle S' = {z € C: |z| = 1} and the self-maps of S! given
by g1(z) = 2z* and go(2) = 27. These transformations commute and have two fixed points in
common, whose pre-orbits by g; and g, are dense in S'. Take the free semigroup G generated
by Gy = {Id, g1, g2}, and let © be in C(S}, R).
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Regarding the averages (11.7) of ¢, in this case they are given by

1 n—1 1 k ‘
<2 X 2 () eertont )
=0 " j=0

Let zg € S! be a common fixed point for g; and go. The sequence (@n(zo))n oy converges

to p(zp) as n goes to +00. We claim that, for every = in the pre-orbit O~ (zg) of zp by the
semigroup action (made up by the pre-images of zy by all the elements of the semigroup G),

the sequence (@n(x))n c converges to (z9) as well. Let us show this claim.

Given z € O™ (2), there exists g = gi, ©--- 0 ¢i, 0 gi; € G, where i; € {1,2}, such that
g(x) = zp. Yet, as g1 and g2 commute, one can simply write g = g{ o gg for some non-negative
integers a and b. Assume that a,b > 1 (the remaining cases are identical). If k£ > a + b, the

sum N
. > (5} woddods (1L8)

may be rewritten as

a—1 k
ok §:<.>(9009{°9157 +§ <>a0091092 N+ D (.>(wog{°9§ )(x)
j=0 J j=a j=k—b+1 J

The absolute values of the first and third terms in the previous sum are bounded above by

alpll max{<’5>,.._ | @)}ﬂ
bllello max{(}f_lz_i_l)’“_ | (/;)}2_k

respectively, and both estimates converge to zero as k goes to 4+o0o. Thus, their Cesaro
averages also converge to 0. Regarding the middle term, as ¢g; and go commute and zy is fixed
by every element of GG, one has

2k Z ( ) (poglog ) () Qk Z ( ) pogl "ogy ") (gt o gh)()

and

= =
-5 Z (5) ot o100 =[5 kzj (5] ot

whose limit as k& goes to +oo is precisely ¢(zg). This proves that the sequence (11.8) converges
to ¢(zp), hence the same happens with its Cesaro averages.

Therefore, if zg € S' and z; € S! are the two common fixed points by g; and g2, and we
take x € S! in the pre-orbit by the semigroup action of zy (which is dense, since the pre-orbit
of 2o by g1 is dense) and y € S! belongs to the (also dense) pre-orbit by the semigroup action
of z1, then the sequence (@n(x))n converges to ¢(zp) and the sequence (@n(y))n converges
to ¢(z1). So, if we choose ¢ € C(S!,R) such that ¢(z0) # ¢(21) then, by Theorem 1.2, we
conclude that the irregular set Z(®) is Baire generic in S!.
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Remark 11.3. As the generators of the semigroup action described in Example 8 commute,
one could consider, alternatively, the sequence (V¥,,),, where

n—1
Ta() = 5 3 (podtosd))
k,£=0

If zp € S! is a common fixed point for G and € O~ (z), then this sequence can be rewritten
as

1 _ _
— > (pogiogh (@) + > (pogioghi ™))
(k,2) € [a,n—1]x [b,n—1] (k,£) ¢ [a,n—1]x[b,n—1]
where the sum is taken over pairs of integers (k, ). The first term is equal to
1 ca . b n—a)(n—>o
LY (peded O = MY oy
(k,2) € [a,n—1]x[b,n—1]

and converges to ¢(zg) as n goes to +0o. The second term has absolute value bounded above
by “ ||||o, Which goes to zero as n tends to +oo. Thus, if zp € S! and z; € S! are two
common fixed points and ¢(z9) # ¢(z1) then, by Theorem 1.2, one concludes that Z(¥) is
Baire generic in S'.
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