QUANTITATIVE RECURRENCE FOR FREE SEMIGROUP ACTIONS

MARIA CARVALHO, FAGNER B. RODRIGUES, AND PAULO VARANDAS

ABSTRACT. We consider finitely generated free semigroup actions on a compact metric space
and obtain quantitative information on Poincaré recurrence, average first return time and hit-
ting frequency for the random orbits induced by the semigroup action. Besides, we relate the
recurrence to balls with the rates of expansion of the semigroup generators and the topological
entropy of the semigroup action. Finally, we establish a partial variational principle and prove
an ergodic optimization for this kind of dynamical action.

1. INTRODUCTION

The research on partially hyperbolic dynamics brought to the stage iterated systems of functions
modeling the behavior within the central manifold. This circumstance led to the study of random
dynamical systems and a thorough understanding of the dynamical and ergodic properties of
these systems has already been achieved [26]. On the other hand, sequential dynamical systems
have been introduced to model physical phenomena: instead of iterating the same dynamics, one
allows the system that describes the real events to readjust with time, in a way that matches the
inevitable experimental errors [16]. However, it is not yet clear how the classical results on first
hitting or return times may be generalized to stationary and non-autonomous sequences of maps.

In this work we aim at an extension of the quantitative analysis of Poincaré recurrence to the
realm of finitely generated free semigroup actions. In this context, a first important contribution
was obtained in [19], where the authors proved that, for rapidly mixing systems, the quenched
recurrence rates are equal to the pointwise dimensions of a stationary measure. One should also
refer [4, 24, 25] on the distribution of hitting times and extreme laws for random dynamical
systems. Equally significant are the recent advances on the distribution of return times and on
quantitative Poincaré recurrence stemming from the discoveries in [1, 14, 26, 12]. Ultimately, we
are concerned with the description of the fastest return time when considering all the semigroup
elements instead of a single dynamical system. In a recent work [23], it has been introduced a
notion of topological entropy and pressure for finitely generated continuous free semigroup actions
on a compact metric space. Later, in [11], it has been shown that a free semigroup action of either
C! expanding maps, or, more generally, Ruelle-expanding transformations, has a unique measure
of maximal entropy which is linked to annealed equilibrium states for random dynamical systems
[5]. The main strategy to deal with such a system has been the codification of the random orbits
by a true dynamics, namely the skew product based on a full shift with finitely many symbols.
Keeping this approach in mind, here we address a few questions regarding recurrence, first return
or hitting time maps, and the connection between the rate of frequency of visits to a set, its size,
the entropy of the semigroup action and the Lyapunov exponents of the generators.

We will start proving that almost every point is recurrent either by random dynamical systems
or by stationary sequential dynamics. Then we will establish a Kac-like property for such return
times and estimate an upper bound for the Poincaré recurrence to balls, linking the latter to the
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quenched pressure of random dynamical systems. As return times are strongly related to other
dynamically significant quantities, like entropy and Lyapunov exponents, we will also show that,
in the case of random dynamical systems generated by expanding maps, the shortest fiber return
time to dynamic balls grows linearly, which implies that typical fiber return times to balls may
be expressed in terms of the random Lyapunov exponents of the dynamics and, consequently, are
independent of the point. Moreover, we shall study the connection between the maximum hitting
frequency /fastest mean return time to a set with its size when estimated by different invariant
measures, extending the ergodic optimization obtained in [15] to the random context we are con-
sidering. Finally, we will introduce the notion of measure-theoretic entropy of a semigroup action
and obtain a partial variational principle which improves the estimate in [18] and complements
[6, 7]. We refer the reader to Subsection 2.2 for the precise statements of the main results.

2. MAIN RESULTS

In this section we describe the free semigroup actions we are interested in and state our major
conclusions on the quantitative recurrence within this context. The concepts and results we
will consider in this work depend on the fixed set of generators G; but, to improve the general
readability of the paper, we will omit this data in the notation.

2.1. Setting. Given a compact metric space (X, d), a finite set of continuous maps g¢; : X — X,
i€P=1{1,2,...,p}, and the finitely generated semigroup (G, o) with the finite set of generators
Gi1 = {ld,q1,92,---,9p}, we write G = |, ¢, Gn, where Go = {Id} and g € Gy, if and only
if g = gi, - 9i,9:,, with g;; € Gy (for notational simplicity’s sake we will use g; g; instead of
the composition g; o g;). We note that a semigroup may have multiple generating sets. In what
follows, we will assume that the generator set G is minimal, meaning that no function g;, for
j=1,...,p, can be expressed as a composition of the remaining generators. Observe also that
each element g of G;, may be seen as a word which originates from the concatenation of n elements
in Gy. Yet, different concatenations may generate the same element in G. Nevertheless, in most
of the computations to be done, we shall consider different concatenations instead of the elements
in G they create. One way to interpret this statement is to consider the itinerary map ¢ : F, = G
given by

T =1p...11 9, = Yin -+ 9in

where IF,, is the free semigroup with p generators, and to regard concatenations on G as images
by ¢ of paths on F,,.

Set G7 = G1 \ {Id} and, for every n > 1, let G} denote the space of concatenations of n
elements in Gj. To cite each element g of G, we will write |g| = n instead of g € GX. In G,
one considers the semigroup operation of concatenation defined as usual: if g = g;, ... g;,9;, and
h=h;, ... hyhi,, where n = |g| and m = |h|, then gh = g;, ... i, Gi, iy, - - - hiyhiy € Gy

The finitely generated semigroup G naturally induces an action in X

S: GxX —» X
(g,z) = g(z).

We say that S is a semigroup action if, for any g, h € G and every x € X, we have S(gh,z) =
S(g,S(h, x)). The action S is continuous if the map g : X — X is continuous for any g € G. As
usual, z € X is a fized point for g € G if g(z) = x; the set of these fixed points will be denoted by
Fix(g). A point z € X is said to be a periodic point with period n by the action S if there exist
n € N and g € G}, such that g(z) = z. Write Per(G,) = U, =, Fix(g) for the set of all periodic
points with period n. Accordingly, Per(G) = |, - , Per(G,) will stand for the set of periodic
points of the whole semigroup action. We observe that, when G = {f}, these definitions coincide
with the usual ones for the dynamical system f.

The action of semigroups of dynamics has a strong connection with skew products which has
been scanned in order to obtain properties of semigroup actions by means of fiber and annealed
quantities associated to the skew product dynamics (see e.g. [11]). We recall that, if X is a compact
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metric space and one considers a finite set of continuous maps g; : X — X, i€ P ={1,2,...,p},
p > 1, we have defined a skew product

Fo: YfxX — Ex X (1)
(w,z) = (0(W),gu (7))

where w = (w1, ws,...) is an element of the full unilateral space of sequences ¥} = PN and o
denotes the shift map on ¥, We will write F¢(w, z) = (0" (w), f(z)) for every n > 1.

In what follows, we will denote by M the set of Borel probability measures on X invariant
by g; for all i € {1,--- ,p}. P, will stand for the Bernoulli probability measure in E; which is the
Borel product measure determined by a vector a = (a1, -, ap) satisfying 0 < a; < 1 for every
ief{1,2,---,ptand Y%  a;=1.

2.2. Statements. As a semigroup action is not a classical dynamical system, but rather an action
of several dynamics in the same ambient space which are selected randomly according to some
probability measure, the possible notions of recurrence must be carefully chosen and one needs to
guarantee that recurrence actually happens. In what follows, we shall examine recurrence either
from the point of view of individual concatenations of maps (associated to individual infinite paths
in the free semigroup) or by estimating the fastest return (the smallest return time associated to
any of the dynamics in the semigroup).

2.2.1. Poincaré recurrence for sequences of stationary maps. While using infinite concate-
nations of elements in (G, it is natural to consider the shift space Z; ={1,...p}"N. Any sequence
w € E; determines a sequential dynamical system (g,,,); ey and their compositions

n>1w f0=gu, w9 -

For any random walk P one expects to find generic paths for which the dynamics in X exhibits
recurrence, meaning that, if one disregards the first shift iterations of the sequence w € Z;‘ , then
almost every point in X returns infinitely often by the shifted stationary sequence of maps (a
notion that generalizes periodicity). Our first result asserts that this is indeed the case.

Theorem A. Let G be a finitely generated free semigroup, S be the corresponding continuous
semigroup action, v be a Borel probability measure invariant by every generator in G7 and P be
a o—invariant Borel probability measure on ZI')". Then, for any measurable subset A C X the

following properties hold:

(1) For any w € Z;, the set of points x € A for which there are positive integers n > k
SatiSYIng Gu, Gun_y - - - Guy (T) € A has full v—measure in A.

(2) For P—almost every w € XF, the set of the points x € A whose orbit (ff(x)) returns

keN
to A infinitely often has full v—measure in A.

2.2.2. Kac expected return time. Given a measurable map f : X — X preserving an ergodic
probability measure v, Kac’s Lemma asserts that the expected first return time to a positive
measure set A C X is V(lA). More precisely, if v(A) > 0 and the first hitting time of = to A is

defined by

() = inf {k eN: fk(z) € A} if this set is nonempty
A= oo otherwise

then n4 is v—integrable and

1
/A na(r)dvy = V(A (2)

where vy = ﬁ is the normalized probability in A. A version of Kac’s Lemma for suspension
flows may be found in [28].
In view of Theorem A(2), it is natural to define, for each measurable A C X and P—almost

every w € X, the first return time to A of x € A by the dynamics (ffj)keNo as follows:

w inf {k € N: f¥(z) € A} if this set is nonempt

n .
A +00 otherwise.
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We say that the semigroup action S is ergodic with respect to P and v if the measure P x v
is ergodic with respect to Fg. This assumption is somehow demanding, implying, in particular,
that P is ergodic with respect to o. In most instances, however, we will only need to assume
that P is ergodic and that, for any set A C X such that gi_l(A) = A for all 1 < i < p, we have
v(A) x v(X\A) =0.

In Section 4 we will show that ergodic semigroup actions satisfy a Kac-like recurrence property:
the average asymptotic behavior, as k tends to infinity, of the expected first return time to A by

the sequence (f:k(w))neN = (gwn O+ 0 Guyyy © gwk)neN is precisely ﬁ.

Theorem B. Let G be a finitely generated free semigroup endowed with a Bernoulli probability
measure P, and S be the corresponding continuous semigroup action. Consider a Borel probability
measure v in X invariant by every generator in G and assume that S is ergodic with respect to Py
and v. Then, for every measurable subset A of X with v(A) >0 and P,—almost every w,

1 k—1 ) 1
li £ j : o’ (w _ )
k—%r—I',-loo k =0 /A a (517) dVA(QT) I/(A)

Moreover, there exists a Baire residual subset R C Z; such that, for every w € R,

- 1
/AnA(:c)dl/A(m)fy(A).

Besides, there is wmin € Z;’ such that

/A némn () du(z) = min /A n% (2) dv(z).

wesnt

As a consequence of the last claim, there exists a dense set of values w € Z;‘ for which the non-
autonomous dynamics (f7)n>1 satisfy Kac’s formula (2). It is still an open question to determine
whether this formula holds for P, —almost every w.

2.2.3. Partial variational principle. The formula of Abramov and Rokhlin [2] for the measure
theoretical entropy of the skew product Fg with respect to the product measure P x v suggests
a way to define a relative metric entropy of the skew product, as done by Ledrappier and Walters
in [17], and also a fiber metric entropy h,(S,P) of a free semigroup action with respect to a
random walk P on Z;‘ and an invariant probability measure v on X. This will be explained in
Subsection 5.2, just before proving a partial variational principle which extends Lin, Ma and Wang
Theorem 1.2 of [18] to non-symmetric random walks. Meanwhile, recall that,

PY)(Fe,0,P) = sup {hu(Fo) - he(0) }
{n: Faop=p, m(n)=P}

is the quenched topological pressure of the skew product F with respect to the random walk [P (see
[5]), where 7, is the natural projection taking Borel probability measures in ZZ",‘ x X to probability
measures in Z;‘; hiop (S, P) stands for the relative topological entropy of the free semigroup action
S with respect to the random walk P (see [11] or Section 5) and htop(S) = heop(S,Pp) denotes the
topological entropy of the semigroup action S (see [23] or Section 5). -

Theorem C. Let S be a finitely generated free semigroup action with generators Gy = {Id, g1,...,9p}
and consider a Borel o—invariant probability measure P on E;‘. Then

sup Ay (S,P) < hiop(S) + (logp — he(0)) .
vE Mg

If, additionally, each generator g; is C* expanding (1 <i <p) and P =P,, then

sup B (S,Py) < PA2)(F,0,Pa) < hiop(S, Po). (4)
vE Mg

We remark that the second inequality in (4) may be strict, as shown by Example 5.5.
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2.2.4. Poincaré recurrence of balls. In this subsection we will refer to return times of a set to
itself by concatenations f' of dynamics in G; associated to a fixed w € E; . Given A C X and
w € E;, the w—shortest return time of A to itself is defined by

inf {k € N: f¥(A)N A0} if this set is nonempty
+00 otherwise.

7e(a) = { 5)

The shortest return time of the ball Bs(x) by the semigroup action S is equal to
T%(Bs(z)) = inf{k € N: 3 g € G}: g(Bs(x)) N Bs(z) # 0} (6)
whenever this set is nonempty. Or, equivalently,

T°(Bs(z)) = inf T*(Bs(x)).
wE Z;r
Concerning this concept, the next result asserts that, for P—typical infinite concatenations of
dynamics, the minimal returns of dynamical balls grow linearly with the radius, similarly to what
happens with a single dynamical system satisfying the orbital specification property and having
positive entropy (cf. [3, Theorem 1] and [27, Theorem B] for the case of return times to cylinders
and dynamic balls, respectively).

Theorem D. Let G be the semigroup generated by G1 = {Id, g1,...,gp}, where the elements in G}
are C! expanding maps on a compact connected Riemannian manifold X preserving a common
Borel probability measure v. Consider the continuous semigroup action S induced by G and a
o—invariant probability measure P on E;. If hy,(S,P) > 0, then, for v—almost every x € X one
has
lim sup To(Bs(x)) < L
50 —logd log A

(7)

where A = min; <;<p [|Dgill. If, in addition, all elements in G5 are conformal maps, P = P,
and the semigroup action is ergodic with respect to P, and v, then, for Pg—almost every w and
v—almost every x € X,

lim T¥(Bs(x)) dim X

= 8
§—»0 —logé >F a; [log|det Dg;| dv ®

where dim X stands for the dimension of the manifold X.

We note that, in the special case of finitely generated semigroups of conformal expanding maps
for which | det Dg;()| is constant for every 1 < 4 < p, the expression in the denominator of the
right hand-side of (8) coincides with the quenched pressure of the skew product Fg with respect
to the null observable and the random walk P, (cf. definition in [5]), and this is bounded above
by the topological entropy of the semigroup action with respect to P, (cf. definition in [11]).
Consequently, in this setting, for P, —almost every w and v—almost every x € X, we obtain

lim T%(Bs(x)) - dim X

> 0.
550 —logd T hiop(S,Pg)

2.2.5. Ergodic optimization. Our last result, inspired by [15], deals with the relation between
the maximum hitting frequency, the essential maximal mean return time and the size of a set when
measured by different measures. For the required definitions and the proof we refer the reader to
Section 7.

Theorem E. LetS be a finitely generated free semigroup action with generators G1 = {Id, g1,...,gp}
and P be a Borel o—invariant probability measure on Z;‘. For every closed set A C X there exists
a marginal v on X such that

P — esssup sup lim sup #{0<i<n fo(x) € A} _
rx€eX n—+oo n

v(A).
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3. PROOF oF THEOREM A

Let S: G x X — X be a semigroup action generated by a finite set {g1,92,...,9p} of p > 2
dynamics acting on a compact metric space X endowed with a Borel probability measure v which
is invariant by g; for every i € {1,2,...,p}. Consider the shift map o on the full unilateral space
of sequences £ = {1,2,...,p}" and a o—invariant Borel probability measure P in %f. The
corresponding skew product Fg : X} x X — X x X has been defined in (1) and preserves the
probability measure P x v.

3.1. Random Ergodic Theorem. Let us recall a generalized ergodic theorem from [13]. Let Z
and X be measure spaces with probability measures P and v, respectively. Suppose that U : Z — Z
is an [P preserving transformation and denote by @ : Z x X — Z x X the skew product defined
by Q(z,z) = (U(2),T.(x)), where the family (7%), . , is assumed to be measurable and, for each
z€ Z, T, : X - X is a v—measure preserving map. The skew product ) is measurable and
preserves the probability measure P x v. Write T = T, and, for k € N, TF = Tyrezy - Tue) Ts.
If p: X — R is a v—integrable function, using Birkhoff Ergodic Theorem applied to the skew
product @, the probability measure P x v and the P x v—integrable map 1: Z x X — R defined
by ¥(z,x) = p(z), we conclude that there exists a full (P x v)—measure subset £ C Z x X such
that, for every (z,x) € E, the averages

(jl S ol (x)))
neN

Jj=0

converge to a v—integrable function ¢%: X — R satisfying

/ o(z) dv(zx) :/ /w(z71) dud]P’:// ©i(x) dv(z) dP(z).

Then, Fubini-Tonelli Theorem ensures that, for P—almost every z € Z, the set E* of points z € X

whose averages (% Z;:Ol o(T? (w))) , converge to ¢* has full v—measure. If, moreover, P x v
ne
is ergodic with respect to the skew product @, then ¢*(z) = [ pdv for P—almost every z € Z and

v—almost every x € X.

3.2. Recurrence via the skew product. We will start deducing properties on recurrence of
stationary non-autonomous sequences of dynamical systems and fiber maps.

Proposition 3.1. Consider the skew product Fa, a o—invariant probability measure P on E;_
and a Borel probability measure v in X invariant by every generator in G. For any measurable
subset A C X the following properties hold:

(1) For P—almost every w € X.f, the set of the points x € A whose orbit (ff(w))keN returns
to A infinitely often has full v—measure in A.

(2) For every w € E;{, the set of points © € A for which there are positive integers n > k
Satisfying Gu, Gun_y - - - Guy, () € A has full v—measure in A.

(3) If v is ergodic with respect to one of the generators, say g1, then there exists a subset
Q C X with P(Q) > 0 such that for every w € Q there is a set Y, C X with v(Y,,) =1 so
that, for any © € Y, we may find £ = l(w,x) € N such that the orbit (ff(gf(x)))keN of
gi(x) enters infinitely many times in A.

(4) IfPxv is ergodic with respect to Fg, then for P—almost every w € Z;‘ the orbit (folj (m))k cN
of v—almost every x € X enters infinitely many times in A.

Some comments are in order. Items (1) and (4) provide expected results on the recurrence of
almost every point with respect to almost every random path. Item (2) indicates that, for any
stationary sequence of maps, recurrence surely happens up to a convenient shifting of the orbits.
Item (3) imparts a dual statement by replacing this shifting by a finite transient of some generator
g1, which is assumed to be ergodic with respect to v. We also remark that, in the case of finitely
generated free abelian semigroups, the generators commute and probability measures invariant by
any generator do exist.
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Proof. Given k € N and w = wjws ... € Z;, recall that we write f* = g, gu,_, - - - gu, - Let A be
a measurable subset of X with v/(A) > 0 and consider ¥} x A. As the probability measure P x v
is invariant by the skew product F¢ and (P x v)(X} x A) = v(A) > 0, by Poincaré Recurrence
Theorem there is a subset £ C ¥ x A with (P x v)(E) = v(A) > 0 such that every (w,z) € E
returns to 2; x A infinitely often by the iteration of Fg. Observe now that

Folw,z) = (0" (w),05(x) €SF x A & fi(z)e A (9)

so the property describing the set F informs that, for every (w,x) € E, there are infinitely many
values of k > 1 such that f¥(z) € A. Besides, by Fubini-Tonelli Theorem we have

v(A) =P xv)(E)= /X P(E®)dv(z) = /z:+ v(E*) dP(w),

where E* = {w € ¥ : (w,z) € E} and E¥ = {z € A: (w,x) € E}. Thus, for P—almost every
w e XF, we must have v(E“) = v(A). This completes the proof of item (1).

To prove item (2), we will pursue another argument without calling up the skew product, aiming
the recurrence by the (possibly non-generic) random orbits ( 1o ) Given w = wjwaows ... € E; ,
write

keN’

B, = ﬂ ﬂ {r€A:gu, gu,_ i - gu.(x) ¢ A}
k>1n>k
Points in B,, are in A but never return to A by any concatenation of dynamics given by the
sequences (gu;); >k, for all & > 1. We claim that {(gw, ...9w,)(Bw)}j>1 defines a family of
pairwise disjoint subsets of X. Indeed, given positive integers m > n, if (g, ... gw,) 1 (By) N
(Gu,, -+ - Gy ) "1(By,) # 0, then there would exist z € X such that 2 = g, gu, _, - - gu, (¥) € By, as
well as gu,. Gwm_1 -+ - Guwnsr (2) € Be, which contradicts the definition of B,,. As v is invariant by
g; for every i € P, it is also invariant by gy, 9w, _, - - - 9w, for every n € N. Therefore,

o0 o0 oo
S vBu) =Y v ((GunGuns - Gu) (Bw)) =v <U (Geon G ...gw1)1<Bw>> <1
n=1 n=1 n=1
and so v(B,) = 0. Thus, for v—almost every x € A, there exists n > k > 1 such that
9w Gwn_1 -+ - 9o () € A. Tt is not hard to adapt the previous argument to show that, for every
w € Z;, there exists a full v—measure subset of points x € A which exhibit infinitely many returns
to A (that is, which admit infinitely many values n¢ > k; such that gu,, g, 1 - Guy, (z) € A).
We now focus on item (3). As the probability measure P x v is invariant by the skew product
Fa, we may apply to ¢ = x4 the Random Ergodic Theorem quoted in Subsection 3.1. This way,
we conclude that, for P—almost every w € E;, the frequency of visits to A given by

n—1
S#{0<jsn-1:fim e = 3 xatrd(e)

is convergent for v—almost every x € X. As v(A) > 0, we may add that, for P—almost every
w € Z+ and v—almost every x € A, those averages converge to the value at = of a v—integrable
functlon ©F, that satisfies [ [ ¥ (z) dv(z) dP(w) = [ ¢(z)dv(z) = v(A) > 0. Consequently, the set
C C X} x X of the points (w, x) for which we have ¢} (x) > 0 satisfies (P x v)(C) > 0. Therefore,
for every (w,z) € C, the point fk( ) is in A for infinitely many choices of k € N. By Fubini-
Tonelli Theorem, we get (P x v)(C) = [ v(C*¥)dP(w) > 0 where C¥ = {z € X : (w,z) € C} =
{x € X : fF(z) € Afor inﬁmtely many ke N}. Thus, there must exist a subset Q C ¥} with
P(Q) > 0 such that, for every w € Q, we have v(C*¥) > 0. Notice, however, that, if v(A) < 1, the
previous property is not enough for us to be sure whether v(ANC*) > 0 for some relevant subset
of elements in ). Nevertheless, under the assumption that v is ergodic by one of the generators,
say g1, we may take for each w € 2 the set

= J af(cv)

keN
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and conclude that, as Y, C g7 *(Y,), we have v(Y,,) = 1. That is, for each w € Q and every
T €Y, there is k € N such that ¢g¥(z) € Cv.

Concerning item (4), observe that, if P x v is ergodic with respect to Fg, then ¢}, = [ @dv =
v(A) > 0 for P—almost every w € Xf" and v—almost every x € X. That is, (P x v)(C) = 1 and
there exists a subset Q C ¥F with P(Q) = 1 such that, for every w € Q, we have v(C¥) = 1.
Observe now that, even without assuming the ergodicity of v with respect to one of the generators,
the first part of the argument in the previous paragraph shows that, for P—almost every w € Z;
and v—almost every x € X, the orbit (f]'(z)),, cy of # returns infinitely many times to A. This
completes the proofs of Proposition 3.1 and Theorem A. O

Remark 3.2. The full v—measure subset mentioned in Proposition 3.1(1) depends on the sequen-
tial dynamical system ((f2), eE;) oy Nevertheless, the argument used in its proof contains a
n=

stronger statement if the semigroup G is finite or countable (as, for instance Z% ): if A is a positive
v—measure subset of X, then there exists B C A such that, for every w € E;, there are positive
integers n > k such that g, Guw, _, - - - Gu, () € A.

Example 3.3. Let X be a compact connected Riemannian manifold, m stand for the volume
measure in X, A C X be an open set, Diffﬁl(X ) denote the group of C! volume preserving
diffeomorphisms on X and G; C Diff} (X) be a finite set. Then, for any sequence (f,)nen in
GY, there exists a full m—measure subset of points x € A for which we may find infinitely many
positive integers k;(x) < ¢;(z) such that f,, 0---o f,(z) € A

4. PROOF OF THEOREM B

Throughout this section we will study recurrence properties for semigroup actions using ergodic
information about the skew product Fg and the measure P x v. Take v € Mg and a Borel
o—invariant probability measure P. The corresponding skew product Fg : E; XX — E;‘ x X,
defined in (1), preserves the probability measure Px v. The next result is a quenched version of the
expected first return time and provides an averaged fiber Kac’s Lemma, from which Theorem B
is a consequence.

Proposition 4.1. Assume that P X v is ergodic with respect to the skew product Fg. Then, given
a measurable set A C X with v(A) > 0, for P—almost every w in X one has

1 Rt 3 (W) 1
g ;o /A na @) dvaz) = T

Proof. Firstly, the Proposition 3.1 ensures that, for P—almost every w € E;r, the set A, of points
x € A whose orbit (fo’f(x))keN
we may consider the map ¢ : E;‘ — R defined by

we s o) = [ @

where n% (-) denotes the first hitting time to the set A by the sequence (f7),>1 (cf. definition in
(3)). The map ¢ is measurable and, as we are assuming that P x v is ergodic with respect to Fg,
then, by Kac’s Lemma, ¢ belongs to L*(P) an

d
/cde / /nA )dv(z) dP(w) = (10)

Besides, as P is ergodic (a consequence of the ergodicity of P x v), the application of Birkhoff
Ergodic Theorem to ¢ and P yields that, for P—almost every w,

. a'Jw)
kEIEOOkZ/ ) dv(x //nA dv(z)dP(w) =

returns to A infinitely often has full v—measure in A. Therefore,
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Lemma 4.2. The map ¢ : 2;[ — R is lower semi-continuous.

Proof. First of all, we notice that n%(x) < oo for P—almost every w € Z; and v—almost every
x € X (cf. Theorem A). For such an w = wjwy --- € X} and k € N, let Ay be the set
{z € A: n{(x) = k} and [w; ...w;] denote the set of sequences 6 € X such that 6; = w; for all
1 <i < k. Observe also that, if 6 € [w; ...ws], then n4 (x) = nf () for any x € Ag. Besides, as

/ w4 () dv(e) = 3 kv(Ay) < oo
A k=1

for any € > 0 there exists N(e) € N such that ZZOZN(E)+1 kv(Ai) < e. Therefore,

N(e) o N(e)
Zk‘u (Ag) + Z kV(Ak)<ZI{JV(Ak)+€
k=N (e)+1 k=1

and so

N(e) N(e) , ,
W) —e < ; kv(Ay) < ; kv(Ar) +/A n%, (2) du(z) = /A n%,(2) dv(z) = o (0).

\UN(E) Ay

As ¢ is lower semi-continuous, ¢ has a residual set C of points of continuity and there exists
Wmin Where ¢ attains its minimum, that is,

/A nymn (x) dv(z) = wrreli;; /A n4 (z) dv(z).

(A similar reasoning proves that ¢ attains a minimum when restricted to the support of P.)

If P = P,, then it gives non-zero measure to every nonempty open set, and therefore we may
take w. in C N suppP. Besides, as P, is ergodic, o is continuous and O’(Z;) E*, we may also
find wy € Z; with a dense orbit (the set of dense orbits is Baire residual in Z; ; cf. [29, Theorem
5.16]) and belonging to the full P,—measure set where Proposition 4.1 holds (which is dense as
well). Therefore, there exists a sequence nj — oo satisfying

lim o™ (wg) = we
— 00
S "3 (wa)
. oI (wa _
kHIJIrlooE E:O /AnA dv(z) = 1.

Consequently, as w, is a continuity point of ¢, we conclude that

k—

1
we _ — 3 _ T
[ @) = ple = lim_plo™ (i) = tm_ 3 gosa(o ()
= B
- kEIEoo k j=0 /A " () =1.

This ends the proof of Theorem B.

5. PROOF OF THEOREM C

Firstly we will recall from [11] the definition of relative topological entropy of the free semigroup
action S, quote from [5] the concept of quenched topological pressure of the skew product Fg, and
introduce the definition of measure-theoretic entropy for a free semigroup action. Afterwards, we
will deduce a partial variational principle.
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5.1. Topological entropy of a free semigroup action. Given ¢ >0 and g := g;, ... gi, i, in
G, the dynamical ball B(z, g,¢) is the set

B(z,g,e):={yec X: d(g_(y),gj(x)) <eg, forevery 0 <j<n}.

The dynamical metric dy : X x X — R* is given by dy(,y) := maxo<j<n d(gj (x),gj( y)). Notice
that both the dynamlcal ball and the metric depend on the underlying concatenation of generators

Gin - - - 9i; and not on the semigroup element g, since the latter may have distinct representations.
Given g = gi, ... gi, € Gn, we say that a set K C X is (g,n,¢)-separated if dy(z,y) > € for any
distinct 2,y € K. The maximal cardinality of a (g,e,n)-separated set on X will be denoted by
s(g,n,e).
Definition 5.1. The topological entropy of the free semigroup action S is
1
hiop(S) = hH(l) lim sup Elog (p Z s(gm,s)). (11)

n— oo
lg|l=n

If, instead of P, we take another o-invariant Borel probability measure IP, then we are consid-

ering an asymmetric random walk on Z; and may generalize the previous concept of topological
entropy of S as follows:

Definition 5.2. The relative topological entropy of the semigroup action S with respect to P is

htop(S,P) = lim lim sup — 1og/ $(Gu,, « -+ Guy, Ny €) dP(w)
ZP

€20 psco N
where 5(gu,, - - - gu; s 1, €) is the maximum cardinality of a (g, n,¢)-separated set, w = wiws - -- and
9= G -+ Gor -
5.2. Measure-theoretic entropy of a free semigroup action. Let P be a o —invariant proba-

bility measure and v a probability measure invariant by any generator in Gj. Given a measurable
finite partition 8 of X, n € Nand w = wiwy -+ € ¥, define

Brw) = g8V 95les 8N -\ oolen) 90l B (12)
Biw) = BV AW and B w) =\ AT w)

n=1
Then the conditional entropy of S relative to 5{°(w), denoted by H,(5|5{°(w)), is a measurable
function of w and P—integrable (cf. [21]). Let h,(S,P,8) = fz* »(B167° (w)) dP(w). Proposition
1.1 of [21, §6] shows that

hy(S.P,8) = lim / H, (53(w)) dP(w). (13)

where H, (8 (w)) is the entropy of the partition 5§ (w).

Definition 5.3. The metric entropy of the semigroup action with respect to P and v is given by
h,(S,P) = Slﬁlp ho (S, P, B).

For instance, if P is a Dirac measure 51 supported on a fixed point j = jj---, where j €
{1,---,p}, then h,(S,d;) = h,(g;). If, instead, P is the symmetric random walk, that is, the
A J

=)—product probability measure Py, then

Bernoulli ( Sy

hy(S,Pp) = sup lim % Z% Z H, (6 (w))

ﬁ n — +oo

The last equality is precisely the concept of metric entropy of a semigroup action employed by
Lin, Ma and Wang in [18, Definition 4.1] to prove a partial variational principle when the random
walk is symmetric.



QUANTITATIVE RECURRENCE FOR FREE SEMIGROUP ACTIONS 11

Let us start proving Theorem C. For every v and P as prescribed before, Abramov and Rokhlin
proved that

h]P’XV(]:G) = hIP’(U) + hV(S>IP) (14)

If we now summon Bufetov’s formula hyop(Fa) = log p + hiop(S) from [10] then we conclude that,
for every o—invariant probability measure P, we have

sup hy(S,P) < sup {hpxo(Fg)—hp(o)} = sup {hpx,(Fg)} — he(o)
veEMg veE Mg veEMg
é htop(fG) - hIP(U) = htop(S) + Ing - h]P(J)~
When P =P, as h]pg(O’) = log p we obtain

sup hv(Sv ]P)g) S htop(S)-

veEMg
If each generator g¢;, for i = 1,---,p is C? expanding and P is a Bernoulli probability measure
P, for some probability vector a = (a1, -- ,ap), then
sup  h,(S,Py) = sup {hp,xv(Fg)}—he,(0) < sup {hu(Fg)} = he,(0)
veEMg veMea i (Fa)sp=p, mxpu=Pq
= Pt(gg(fG’()vPQ) < Pt(cilpz (]:Gvovpg> = htOP(S’ PQ)'

This finishes the proof of Theorem C.

Remark 5.4. Observe that, when a = p, we have (cf. [11])

hiop(S, Bp) = hiop(S) and PY(Fa,0,B,) < P& (Fg.0,P,).

top top

So, in this case, we get sup, ¢ a1, (S, Pp) < htop(S)-

Example 5.5. Let g; : S — S! and g5 : S' — S! be the unit circle expanding maps given by
g1(2) = 2% and go(z) = 23 and consider the free semigroup G generated by Gy = {Id, g1, g2}
Their topological entropies are log 2 and log 3, respectively. Let S be the corresponding semigroup
action. According to [11, Section §8], we have hyop(Fg) = log5 ~ 1.609, hiop(S) = log(2) ~ 0.916

and P\ (Fg,0,Py) = los3+loe2  ( ggq.

top

Remark 5.6. Each time we fix w = wjws - -+ € E;‘, we restrict the semigroup action to a sequential
dynamical system, we denote by w—SDS, whose orbits are the sequences (fJ()){neny;ze x}-
Given w € E;‘ and v € Mg, we may define the measure-theoretic entropy of the w—SDS by
h, (w—SDS) = supg h, (w—SDS, ), where 3 is any measurable finite partition of X,

1
hy(w=SDS, 8) = lim — H,(5}(w)) (15)

and A (w), B7(w) are as in (12). Using the Dominated Convergence Theorem, it is not hard to
prove that, for every probability measure v € Mg, we have

hy(S,P) < / hy, (w—SDS) dP(w).

=5

6. PROOF OF THEOREM D

We will start this section recalling the notion of orbital specification property introduced in [23]
and a few facts about recurrence by the skew product associated to a free semigroup action. The
reader acquainted with this preliminary information may omit the next two subsections.
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6.1. Orbital specification. We say that the continuous semigroup action S : G x X — X
associated to the finitely generated semigroup G satisfies the weak orbital specification property
if, for any § > 0, there exists ¢(§) > 0 such that, for any ¢ > ¢(J), we may find a set G, C G,
satisfying limg oo # ép /# G = 1 and for which the following shadowing property holds: for any
hy; € qu with ¢; > ¢(6), any points z1,...,2, € X, any natural numbers nq,...,n; and any
concatenations 9y = Gingoi -+ Ging Jirj € Gp; with 1 < j <k, there exists x € X satisfying
dist(g“(x) , g“(xl)) <6,V =1,...,n1 and dist (gz’j by, g, 50y £n1,1(x) ) gm(xj)) <46
forallj=2,...,kand £ =1,...,n;. If Gp can be taken equal to G}, we say that S satisfies the
strong orbital specification property. If the point & can be chosen in Per(G), then we refer to this
property as the periodic orbital specification property. For instance, it is true for finitely generated
semigroups of topologically mixing Ruelle expanding maps (cf. [23, Theorem 16]).

6.2. First return times. Although the recurrence for a semigroup action S and for the random
dynamical system modeled by the skew product F are not the same, they are nevertheless bonded.
Given a measurable subset A of X and z € A, we may define the first return of x to A by the
semigroup action as follows

i w . + . . .
ni(x) _ { inf {nA(x). we X} } if this set is nonempty

+00 otherwise. (16)

Then n(z) = inf {k > 1: F& (S5 x {z}) N () x A) # 0}. Moreover, given B C ©.f x X, we may
take the shortest return time of B to itself by the skew product F¢, that is,

T7¢(B) =inf {k € N: F&(B)N B # 0}.
In particular, if B = X} x A, we obtain

inf n%(z) =T7¢ (S x A) = inf T(A)

€A went
and (see Definition (6))
TE(A) =inf{k > 1: FE(EF x A) N (SF x A) £ 0} =TT (3] x A). (17)

The pointwise return time functions for the semigroup action S and the skew product F¢ are also
related: by (9), given a measurable set A C X, for every z € X and w € E; we have

Fa
i xA

n%4(z) =n

(w,z) = first return time of (w,z) to the set ¥.F x A by Fe.
6.3. Shortest returns of balls and Lyapunov exponents. In the special case of semigroups
of topologically mixing expanding maps, it is known that the skew product map Fg satisfies the
periodic specification property (see e.g. [23, Theorem 28]). Moreover, if P x v has positive entropy
with respect to F¢ then, using (17), for P x v—almost every (w,z) one has (cf. [3, 27])

Fa Fo
lim lim sup T7¢(Bs((w,z),n)) — lim liminf T7¢(Bs((w, x),n))

0—=0 n—ooo n 6—0 n—o0 n

where BY (z,n) = {y € X: d(f)(z), f2(y)) <&, VO < j < n — 1} stands for the dynamical ball
with center x, radius § and length n for the dynamics (f/),>1. The next result generalizes this
statement.

=1

Proposition 6.1. Let G be the semigroup generated by G1 = {Id, ¢1,..., gy}, where the elements
in G5 are C! expanding maps on a compact connected Riemannian manifold X, satisfy the orbital
specification property and preserve a Borel probability measure v on X. Consider a o—invariant
Borel probability measure P on Z;‘ such that h,(S,P) > 0. Assume also that P x v is ergodic with
respect to Fg. Then, for P—almost every w and v—almost every x € X, we have

w w w w
lim limsup M = lim liminf M

0—=0n— +o0o n §—0n—+oo n

=1.
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Proof. Firstly, observe that, as we are considering the product metric in E; x X, then Bs((w,z)) =
Bs(w) x Bs(x) for every (w,z) € ¥ x X and any § > 0. Moreover, dynamical balls with respect
to the skew product dynamics F¢g are in fact dynamical balls for the random composition of
dynamics; that is, for every n > 1,

Bs((w,z),n) = U {6} x BY(z,n). (18)

6 € Bs(w,n)
Besides, if we take A = maxy << p.z e x [|[Dgi(2)] and A = ming < < p;w e x | Dgi(x)]|, then clearly
B(S(w7n) X Bsp-n (I) C B(;((w,os),n) c B5(wan) X Bé)\*"(z) (19)

for every z € X and n > 1, which implies that the corresponding first return times are in decreasing
order.

The periodic orbital specification property of the skew product guarantees that, for any ¢ > 0,
there exists N5 > 1 such that, given n > 1, we may find a periodic point y € BY (z,n)NFix (7).
In particular, 7% (BY (z,n)) < n+ N;s and, consequently,

T(By(wm) _ |

lim lim sup
0—=0n— +oo n

To complete the proof we are left to show that, for (P x v)—almost every (w,z),
limTim inf (D8 (£:™)
§—0n— +oo n

We will proceed arguing as in [27, pages 2372-2373]. Notice that, as Px v is ergodic and h, (S, P) >
0, Theorem 2.1 of [30] informs that, for P x v—almost every (w, z),

> 1. (20)

1 1
lim limsup —— logv(B§ (z,n)) = lim liminf —— log v(B§ (x,n)) >0 (21)

0=0np 5400 N §—=0n—+o0
and that )
ho(S,P) = / lim lim sup — logv(BY (z,n)) d(P x v)(w, x).

0—=0p— +o

Take now a finite measurable partition § of X satisfying v(98) = 0 and h, (S, P, 8) > 0. Let V5(95)
stand for the neighborhood of size § of X} x 9 in ¥ x X; notice that (Pxv)(Vs(93)) = v(Vs(9p)).
The Random Ergodic Theorem (cf. Subsection 3.1) assures that, for any small 4 > 0, there exists
0 > 0 such that, at P x v—almost everywhere, one has

LS o (P ) < 2B x V(08)) < (22)
7=0

Fix w € X} in the full P—measure subset of ¥, where (21) and (22) hold. As the semigroup
action S is ergodic (cf. definition in Subsection 2.2.2), for any £, € > 0 small enough there exist
N € N and a measurable set B¢ C X satisfying v(E¢) > 1—¢,

eGP B T < (Br(w)(z)) < e MG A) =) (23)

and Z;L;Ol 0Fi (way < yn forall @ € B and n > N. Besides, by equation (23), there exists
G s
K, > 0 such that

K e n G BH+O < (a7 (w)(2)) < Ko~ (e EFH =€)

for every n > 1 and z € E¢. As & > 0 was chosen arbitrary, in order to prove (20) for v—almost
every z, it is enough to show, using Borel-Cantelli Lemma, that v({z € B¢ TY(Bf§ (z,n)) <
(1 —¢)n}) is summable for every small §.

We proceed covering the dynamical ball BY(xz,n) C X by a collection B{J’(w) of partition
elements in A7 (w). If § > 0 is chosen small enough, then (22) implies that the piece of orbit
(f2(z))}—o enters the j—neighborhood of J3 in at most yn iterates. The argument used in [27,
Lemma 3.2] implies that, for any o > 0, there exist v > 0 and § > 0 (given by (22)) so that
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B¢ (x,n) C X is covered by a collection G(w) of at most e*™ partition elements of 4§ (w), for
every r € E¢. Therefore,

(1-)n
v({z e B T*B§(z,n) <(1-¢&n}) = Z v({z e B : T*(B§ (z,n) = k})
k=0
(1-5)n
Y wmna
F=0 Qedyw)
FEQ) € By (w)
Notice that By (x,n) is covered by at most e®” elements of B{} (w) and, among these, every @ €
B (w) satisfying fX(Q) € B (w) is determined by the first k elements of the partition 3 that are
visited under the iterations of fZ, 1 < j < k. Thus
1/({3: € B¢ T¥(B§ (z,n)) < (1-§) n}) <
(1-6)n ] ]
< Ko 0GR -0 con N7 4l € frw): 5@ € Bw)}
k=0
(1=&)n
< Ko nERA =0 on S k(RS +)
k=0
< K2 (1= €)ne=n(heGRA) =) gan (1= (b (82,6) +)

and so it is summable provided that «, £ are small enough. O

If we restrict to either C' expanding or conformal maps on a Riemannian manifold, we obtain
the following corollary and finish the proof of Theorem D.

Corollary 6.2. Let G be the semigroup generated by G1 = {Id,g1,...,9p}, where the elements
in G% are C! expanding maps on a compact connected Riemannian manifold X preserving a
common Borel probability measure v on X, and P be a o—invariant Borel probability measure on
E;, Assume that P x v is ergodic with respect to Fo and that h,(S,P) > 0. Then, for P—almost
every w and v—almost every x € X, we have
w w

< liminf W < lim sup T(Bs(x)) < L
log A 50 —logd §—0 —logd log A

(24)

where A > X > 1 are, respectively, A = maxi <i<p ||Dgillco and A = min; <; <, [[Dgilco-

Proof. As a consequence of [23, Theorem 16], we know that every finitely generated free semigroup
action by C' expanding maps on compact connected manifolds satisfies the orbital specification
property. Moreover, for every z € X, n e N, w € E; and 6 > 0, we have By-ns(z) C BY(x,n) C
By-ng(x). Thus, if v is a probability measure invariant by all elements in G, P x v is ergodic for
Fe and h,(S,P) > 0, then we conclude from Proposition 6.1 that

“(B “(Bx-n “(BY 1
lim sup M < lim limsupM < lim limsup T(B§ (@,n)) = .
s0 —logo §0p— oo —log(A~"4) 6-0n oo nlog A log A
The lower bound estimate is obtained by a similar reasoning. O

It is a straightforward consequence of (24) that, in the case of semigroups of C!—expanding
maps one has
B 1
lim sup T2 (Bs(x)) < .
50 —logé log A
Although we believe that a similar lower bound holds, we have not been able to obtain it.

Remark 6.3. Notice that, if the generators are not expanding maps one expects larger return
times. For instance, if the semigroup action is generated by circle rotations with rotation «g and
a satisfying 0 < ap < a < oy < 1, then it is not hard to check that 7°(Bs(z)) < (a% +1)% for
every § > 0 and x € S'. However, it is not clear whether this bound is optimal.
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If, besides being expanding, all elements in G are conformal, then Dg;(z) = ||Dg;(z)||Id and
det |Dgi(x)| = ||Dgi(z)||4™X for every 2 € X and any i € {1,2,---,p}. In particular, it follows
from Oseledets Theorem that all the Lyapunov exponents of the skew product F¢g along the fiber
direction are equal and coincide with

1 1
lim log|deth"( )| = Zlog)det Fl(w,z)

dlmX n—+oomn dlan—>+oon

1 0Fa 1
- 1 ‘dt . [ log| det Dg;| dv.
dimX//Og °t o dimX;a/Og|e gil dv

(Notice that, in the last but one estimate we have used the ergodicity of P x v.) Moreover, the
expanding nature of the generators in G7 and the assumption that P = IP,, for some probability
vector a, imply that y > 0. Observe also that, since ||Dg;(x)|| = det|Dg;(x) TX then, as a
consequence of the Mean Value Theorem, given ¢ > 0, for P, X v—almost every (w,x) there exists
N = N(w,z) > 1 such that, for all n > N,

B, (xteyn s(x) C By (x,n) C Bo—(x—2)n §().

z)| dv(z) dP,(w) =

Therefore, an argument identical to the one used in the first part of this proof yields that

T¥(Bs(x)) 1
<l < .
X+0 - a0 —logd ~x-0

To obtain (8) it is enough to let § go to 0. This ends the proof of Theorem D.

Remark 6.4. If the measure P x v has positive entropy and Fg has the specification property,
then it is a consequence of [9, 27] that, for P x v—almost every (w, x),

lim lim sup w = lim liminf M

0—=0mn— +oo n 6—0n—+oo n

=1

This differs substantially from the fiber assertion provided by Theorem D.

Example 6.5. Consider the generators ¢g; and g, of Example 5.5, the Lebesgue measure Leb on
S! (which is invariant by both dynamics) and the symmetric random walk corresponding to the
Borel probability measure Po. The maps g; and go are conformal, C* expanding, |det Dg; (-)| = 2
and | det Dgs(-)| = 3. Besides, Py x Leb is ergodic with respect to the skew product F¢ (it is even
weak Bernoulli; cf. [20]). Therefore, by Corollary 6.2 and Example 5.5, for P, —almost every w in
¥4 and Leb—almost every z € S', we have

. T¥(B(z,9)) 2 1
lim = > .
§—»0 —logé log3+1log2 = hyop(S)

7. PROOF OF THEOREM E

In this section we examine the connection between maximum random hitting frequency and the
size of sets when evaluated by different measures. We start reviewing these concepts. Denote by
Mz, the set of all probability measures invariant by the skew product F¢. For every pn € Mz,
the marginal of ;1 on X is the probability measure (mx).(u) := pomy" where 7y : YExX =X
is the natural projection.

7.1. Random mean sojurns. Let G be a finitely generated free semigroup, with corresponding

action S, and P a o—invariant probability measure on E;.

Definition 7.1. For a measurable subset A C X, the maximum random hitting frequency of A
with respect to IP is given by

Ye(A) = P — esssup sup Yu.e (A) (25)
reX
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where

Yon(A) = limsup FLOSEsn—1: fi(x) € A}

n — +oo n

(26)

The absolute mazximum hitting frequency of A with respect to P is defined by

Y(A) = sup Ve,z(A)-
(W) ETF x X

Given a measurable set A C X, consider the upper bound of its sizes when estimated by all
probability measures in Mz, which project on PP, that is,

ap(A) = sup p(S) x A).
{ne M]:G : T p=P}

Lemma 7.2. If A is a closed subset of X, then there exists an ergodic probability measure pa €
Mz, with mapa = P and such that ap(A) = pa(X) x A). Moreover, the set of maximizing
measures is compact.

Proof. Firstly, endow the space Mz, with the weak* topology. Therefore, as A is closed, the
functional

VpgtppeMr, + M(E;XA)

is upper semi-continuous (cf. [29]). Moreover, Mz, p := Mx,Nm 1 ({P}) is a non-empty compact
subset of M r,. Hence, ¥4 attains a maximum in Mz, p.

Let Erg(Fq,P) be the ergodic members of Mz, p, and consider a measure {4 € Mx,p
where ¥, attains its maximum, whose ergodic decomposition (cf. [29, 22]) in Mz, p is €4 =
fErg(]__G’P) mdr(m). As £4 maximizes Wa, we know that m(X} x A) < a(X) x A) for ev-
ery m € Mggp. Therefore, as E4(X) x A) = [ 5, p m(Z] x A)dr(m), we must have
m(Ef x A) = £4(3}F x A) = ap(A) for T—almost every m. Thus, we may take an ergodic
maximizing measure of U4, as claimed.

We observe that the upper semi-continuity of W, also implies that the set of maximizing
probability measures is compact. Indeed, if a sequence of measures {4, € Mg, p satisfies
lim, s yoo €an = & in the weak™ topology and ap(A) = fA,n(Z; x A) for every n € N, then
& € Mx,pand, as ¥4 is upper semi-continuous, we conclude that

ap(4) = lim Ean(E) x A) = Sm  Wa(Ean) < Walé) = £} x A)
< s (S x A) = ap(A)
{MEM]:G: T =P}
so U4(&) = ap(A). O

We are now ready to compare the rates of visits with the size of the visited set.

Proposition 7.3. Let P be a o—invariant probability measure on E;r. Then:

(1) ap(A) < Ap(A) < v(A) for every measurable set A C X.
(2) If P is ergodic, one has:
(a) For every x € X, there exists an Fg—invariant probability measure pup , such that
T (upz) =P and v, . (A) < mpﬁm(E;r x A) for every closed set A C X.
(b) vp(A) = ap(A) for every closed set A C X.

Proof. Consider a measurable set A C X. The inequality vp(A) < v(A) is immediate. Conversely,
if p is an Fg—invariant and ergodic probability measure on EZ x X, then it follows from Birkhoff
Ergodic Theorem that, for p—almost every (w,x),

i 20Sisnol:fi@)ed) lim #{0<i<n—1:Fsw ) e} x A}
n — +0o0 n o -

= u(Ef xA).
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Thus, taking the supremum and the essential supremum in the first term of the previous equalities,
we conclude that

0<i<n—1:ft A
vp(A) =P — esssup sup limsup #{0=i=n fo(@) € }
zeX n—+oo n

> u(S) x A).

This proves item (1) since p is an arbitrary ergodic measure and, as a consequence of the Ergodic
Decomposition Theorem, we have

sup n(S) x A) = sup (S} x A).
{n € Mzg: T u=P} {neMzg: mp=P & p is ergodic}

Concerning item (2), assume that P is ergodic and take a point w € X" in the ergodic basin of
the measure P

B(P)={weSl: lim Z Soiw) =

n—4+oco N

Fix © € X and a closed set A C X. From Definition 7.1 (26), we may find a subsequence
(ng = nk(x))g en going to +o0o and such that

von(A) = Tim #{Ogignk—lzfj}(x)eA}.

k— +o0 Nk

By compactness of the set of probability measures on the Borel subsets of E* x X, the sequence

of measures (ug)r>1 given by py == e LS L Fi(w,z) admits a weak™ convergent subsequence
to some Fg—invariant probability measure ,up@ Assume without loss of generality, that pup, =
limg 400 pk- Moreover, the continuity of the projection 7, and the choice of w imply that

nE— 1 ’ﬂk*l
. 1
T(ppe) = Hm m, ( E OF; (wx) =t o E , Oai(w) =P.

Moreover, as E; x A is a closed set and (Mk) keN is weak®™ convergent to up ., we get

<i<mnp—1:Fft
Yoz(A) = lim #lOsism—l:ful@ A} lm (37 < A) < pp o (B x A).
k— +oco Nk k—)Jroo

This ends the proof of the item (2(a)) and also implies that

p(A4) =P —esssup sup o(4) < pp (3 X A)
rzeX

for every closed set A C X. Finally, notice that items (1) and (2(a)) together yield the equality
ve(A) = ap(A) for every closed set A C X. O

To complete the proof of Theorem E we have just to assemble the statements of Lemma 7.2
and (2(b)) of Proposition 7.3, and take the marginal (mx).(pa).

Example 7.4. Let g1 : [0,1] — [0,1] and g5 : [0,1] — [0, 1] be the maps given by g1 () = 4a (1—x)
and g2(x) = 22 mod 1, and consider the continuous semigroup G generated by G1 = {Id, g1, 92}
Given n € N, take ¢1 € {sin 2(2;7“), 2(2nfl+1)> and /o € [2n+1’ = 1“)
5 of [15], if Ay, = [IEE", lzzi], then the maximum hitting frequency for the map g; is equal to
vi(Ag,) = % (¢ =1,2). Moreover, there are periodic points z1, zo € [0, 1] with period n and 2n by
g1 and g2, respectively, whose orbits hit A,, with maximum frequency (i = 1,2).

sin By Theorems 3 and

Let P = %51 262 and p = ﬁ (Z;L )t ZJ 1 }-J @, Zﬁ)). Then p is Fg—invariant
and, although PP is not ergodic, we have m,u = P. Be81des, by [15], for all £ € [2,11“, o 11+1) N
[sin 2(QZL’H),sin 2(2nf1+1)), we obtain yp(A4y) = % = ap(Ay).
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