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ABSTRACT. The aim of this work is the thermodynamic formalism of finitely generated pseu-
dogroup actions on compact metric spaces. We introduce the notions of topological and measure-
theoretical pressures for those actions, which may not admit invariant measures. We prove a
variational principle and discuss the impact of the existence of a homogeneous probability mea-
sure. To clarify the scope of our main results and the relevance of our approach, we address
several examples and list a few applications of interest.

1. INTRODUCTION

The thermodynamical formalism was brought from Statistical Mechanics to Dynamical Sys-
tems by the pioneering works of Sinai, Ruelle and Bowen [10, 11, 42]. These authors established a
fruitful correspondence between one-dimensional lattices and uniformly hyperbolic maps, which
conveyed the notion of Gibbs measure and the role of equilibrium states into the realm of dy-
namical systems. The study of the thermodynamical formalism has since been advancing in
two main complementary directions, namely the theory of non-uniformly hyperbolic dynamical
systems and the study of semigroup actions. The latter can be used to model neutral behavior in
partially hyperbolic dynamical systems [26] and appear naturally in the theory of foliations [23].
Our work contributes to the development of the thermodynamic formalism of finitely generated
pseudogroup actions (we refer the reader to Subsection 2.1 for a precise definition), for whom
the extension of the classical theory has raised several difficulties and a global description is still
far from complete.

Regarding group and semigroup actions of continuous endomorphisms of a compact metric
space, it is often the case that there are several definitions of topological and measure-theoretic
pressures which are suitable for each specific type of action. Most of them are unrelated (see for
instance [13, 23, 21, 28, 9, 27, 29, 35, 37, 41, 47, 3] and references therein). A common aim of them
all is to link topological and ergodic properties by some variational principle. For instance, Ruelle
[40] considered finitely generated abelian groups on compact metric spaces, introduced notions
of topological and measure-theoretic pressures, established a variational principle between them
and gave sufficient conditions for the existence and uniqueness of equilibrium states. Later,
Ollagnier and Pinchon [37] generalized that information, having obtained a variational principle
for the entropy of countable amenable group actions, which are known to have invariant Borel
probability measures. More recently, a unified approach for the thermodynamical formalism of
continuous finitely generated group and semigroup actions was established in [8] using methods of
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convex analysis introduced in [6, 7]. Yet, in general, the known connections between topological
and measure-theoretic properties of group and semigroup actions are not enough to provide
a complete description of their complexity. This is mainly due to the fact that these actions
may fail to have Borel probability measures invariant by all the generators, as happens, for
instance, with the semigroup action on the unit circle generated by the north-pole/south-pole
diffeomorphism and an irrational rotation.

Our motivation to develop a thermodynamic formalism for finitely generated pseudogroup ac-
tions builds over the fact that the latter appear naturally in some dynamical and non-dynamical
frameworks. Let us mention two of the most relevant. Firstly, a special class of pseudogroup
actions arises as holonomy maps of foliations and became essential in the study of the geometry
of foliated manifolds since the work of Haefliger [25]. Moreover, whereas Ghys, Langevin and
Walczak introduced in [23] a notion of geometric entropy of a foliation and related it to a new
concept of topological entropy of the holonomy pseudogroup induced by the foliation, a varia-
tional principle linking the entropy of the foliation to a well suited notion of measure-theoretical
entropy remains unproven. Secondly, the local iterated function systems studied in fractal ge-
ometry are strongly related to pseudogroup actions (cf. Subsection 2.1 and [1, 31]), hence we
expect that the Hausdorff dimension of the corresponding attractors may be estimated using
the thermodynamical formalism developed here. Such a characterization is already known for
both dynamical systems and iterated function systems (cf. [12, 18] and references therein).

By developing a thermodynamic formalism for pseudogroup actions we expect to contribute
for a solution to these problems. However, extending the previous research to the context
of pseudogroup actions presents an additional difficulty: whereas semigroup actions deal with
endomorphisms of the same space, pseudogroup actions are defined by collections of local home-
omorphisms whose domains may be distinct. Therefore, these domains may diminish under
composition, and some compositions are not even admissible. A major effect of this complexity
is that the classical Bowen’s dynamical metric (cf. [46, Section 7.2]) may no longer be a distance.
Thus, we had to find a well suited dynamical metric for finitely generated pseudogroups, which
ought to coincide with Bowen’s definition when the pseudogroup is a group.

Inspired by [4, 29, 30], and aiming at a variational principle for finitely generated pseudo-
group actions acting on a compact metric space (X, d), in this work we explore the virtues of
the following concepts:

(a) Carathéodory-Pesin structures, which will be used to define a pressure function (we denote
by CP-pressure) for finitely generated pseudogroup actions, as done in [4] for the topological
entropy.

(b) Brin-Katok local metric entropy (cf. [14]), to find a matching measure-theoretic pressure
function for finitely generated pseudogroup actions, following a similar approach in [4] for the
topological entropy. This new notion will be connected with the previous CP-pressure by a
variational principle.

(¢) Ghys-Langevin-Walczak topological entropy of a pseudogroup (cf. [23]), to extend it to a
notion of topological pressure after selecting an adequate dynamical average for the potentials.
This way, we benefit from the role of homogeneous measures (see Definition 2.30), as suggested
by [4, Theorem 4.12].

This paper is organized as follows. In Section 2 we gather a few definitions. The main
contributions of this work are stated in Section 3. Preliminary information on the topological
and measure-theoretical pressures of pseudogroup actions may be read in Section 4. After these
general considerations, Sections 5 and 6 are devoted to enlighten the reader about the role of
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Carathéodory-Pesin structures within the thermodynamic formalism of pseudogroup actions.
The proofs of the main results will occupy Sections 7, 8 and 9. In the latter section we also
analyze the impact of the existence of a homogeneous probability measure on X. Finally, in
Section 10 we address some examples and applications.

2. MAIN DEFINITIONS
In this section we introduce finitely generated pseudogroup actions.

2.1. Pseudogroups of local homeomorphisms. Given a compact metric space (X,d), let
Homeo(X) stand for the family of homeomorphisms between open subsets of X such that any
g € Homeo(X) is uniformly continuous. For g € Homeo(X), denote by D, its domain and by
R, = g(Dy) its range.

Definition 2.1. [44] A set G C Homeo(X) is a pseudogroup if it satisfies the following proper-
ties:
(P1) If g, f € G and Rg N Dy # 0, then go f: f~1(Rf N D,) — g(Ry N Dy) belongs in G.
(P2) If g € G, then g~ € G.
(P3) The identity map of X, say idx: (X,d) = (X,d), is in G.
(P4) If g € G and W C Dy is an open subset of Dy, then g, € G.

(P5) If g: Dy — Ry is a homeomorphism between open subsets of X and if, for each point
p € Dy, there exists a neighborhood N of p inside D, such that gy € G, then g € G.

For any set G C Homeo(X) for which {J,c{DyU Ry: g € G} = X, there exists a unique
smallest (in the sense of inclusion) pseudogroup G which contains G, thus called the pseudogroup
generated by G1. By definition, g € G if and only if g € Homeo(X') and for any « € D, there are a

positive integer k, maps g1, ..., gr € G1, exponents e, ...,ex € {—1,1} and an open neighborhood
U of z in X such that

UcD, and g, = (97" 0.0 g")

lu”
If the set G is finite, we say that G is finitely generated. Throughout this paper we will always
consider finitely generated pseudogroups with symmetric generating sets, that is,

Gl - {lan g1, 91_17 92, 92_17 - dL, gzl}
for some L € N.

A finitely generated pseudogroup (G,G1) on a compact metric space (X, d) is said to be a
finitely generated group if D, = R, = X for every g € G. A finitely generated free group G
with generator set G consists of all the finite compositions that can be built with elements of
(1, where different compositions, even if they yield the same map on X, are considered distinct
elements of G.

Given an integer n > 1, write

Gn={9gi,0..0gi,09,: g, €G1 Vje{l,--- n}}
and |G| for its cardinality. Since idx € Gy, one has idx € G, for every n € N, G,,, C G,
whenever m < n, and Uge g Dy = X.
The notion of pseudogroup action is related to iterated function systems (IFS for short).

Indeed, given a compact metric space (X,d), a finitely generated local iterated function system
(LIFS) is determined by a finite collection of continuous maps G1 = {g1,92,..., 9k}, Where
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gi: X; — X, for some nonempty subsets X; C X, and the set G of their compositions is
defined as in (P1) above. Local iterated function systems are similar to the semi-pseudogroups
introduced by Waliszewski [45], and are interesting both from the theoretical point of view and
the applications. We refer the reader to [1, 2, 31, 32, 33] and references therein, where one
may find detailed information on connections between LIFS and fractal dimension, model stock
market returns, fractal image compression and biometric identification.

2.2. Topological entropy. There have been several extensions of the notion of entropy for
a map to the setting of finitely generated semigroup actions; for an account on this topic we
refer the reader to [3, 16, 43]. In the context of pseudogroup actions, the topological entropy
htop(G, G1) of a finitely generated pseudogroup action (G, G1) was introduced in [23] and defined
as follows.

Definition 2.2. [23] Given ¢ > 0 and n € N, two points z,y € X are (n,e)—separated by
(G, Gh) if there exists g € Gy, such that x,y € Dy and d(g(x), g(y)) > €. A subset E of X is said
to be (n,e)—separated if any two distinct points in E are (n,e)—separated. Denote by s(n,e) the
mazximal number of (n,e)—separated points in X .

We observe that the condition d(g(z), g(y)) = ¢ for some g € G,, means that, if g is given by
a composition g;, o --- o g;, where g;,...,g9;, € G1, then

d(gin © 09, (%), gin o 00 (y)) > e

Definition 2.3. [23] The topological entropy of a finitely generated pseudogroup (G,G1) is the
limit
1
hiop(G,G1) = lim limsup —logs(n,¢). (2.4)
e=>0t ns 400 N
The previous limit as e goes to 07 exists, since the map € > 0 — limsup,, _, o % log s(n,¢) is
monotone. It is known (cf. [44, Section 3.2]) that the topological entropy of a finitely generated

pseudogroup depends on the generating set. However, if G1 and G| are two generating sets of
the same pseudogroup G, then hiop(G, G1) = 0 if and only if hyp (G, GY) = 0.

Definition 2.5. Given ¢ > 0 and n € N, a subset F' of X is said to (n,e)—span X with
respect to the pseudogroup (G,G1) if for every x € X there exists y € F with d(g(x),g(y)) <e
for every g € G, such that x,y are both in the domain of g. The minimal cardinality of the
(n,e)—spanning subsets of X is denoted by r(n,e).

The condition d(g(z),g(y)) < € for every g € G,, such that x,y are both in the domain of g
ensures that, if such a g is given by a composition g = ¢;, o---0g;, where g;, ,..., 9, € G1, then

max {d(l‘,y), d(gil (x))gh(y))? AR d(gln O---0gi (.T),gin S Ogil(y))} <&

The topological entropy can be defined in terms of (n,e)—spanning sets, and the two ap-
proaches are equivalent if (G,G1) is a finitely generated group (cf. Subsection 4.4), that is,

1 1
lim limsup —logs(n,e) = lim limsup —logr(n,¢).
e=0t n—s400 N e=0t nstoo M
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2.3. Topological pressure. We now define the topological pressure of a finitely generated
pseudogroup action (G, G1) with respect to a continuous potential, which generalizes the notion
of topological entropy (2.4).

For every z € X and n € N, consider the set

Gﬁ:{geGn: a:EDg}. (2.6)

We note that g € G, if and only if € D, and there exist g;,,gi,,..., 9, € G1 such that
g = gi, ©- 0 ¢, o gi,. Moreover, G% # () for every z € X and n € N, since idy € G7 due to
property (P3) of Definition 2.1.

Denote by C°(X) the space of continuous maps 1/: X — R endowed with the uniform norm,
which we abbreviate into || - || co-

Definition 2.7. Given ¢ € C°(X), the topological pressure of the finitely generated pseu-
dogroup (G, G1) with respect to ¢ is the limit

1 . x
Piop((G,G1),¢) = lim limsup ﬁlog (sup{ Z eToT o ear S ( )}) (2.8)
E

=0T n—+4oo
+ e x€FEne

where g = g;, © ... © gi, © gi, for some g; , ..., g, € Gi, the supremum 1is taken over the
(n,e)—separated subsets Ey, . of X with respect to (G,G1) and

Sy () = ¥(x) + (g (2)) + o 4+ ¥V(gin 0+ 0 gin 0 gir (7).

In Definition 2.7, it suffices to take the supremum over those (n,c)—separated sets which
cannot be enlarged to a (n,c)—separated set. We also observe that, if (G,G1) is a finitely
generated group, then the previous topological pressure can be defined by using spanning sets
(cf. Subsection 4.4 for more information).

Remark 2.9. It is straightforward to show that the map I': ¢ € C%(X) — Piop((G,G1), 1) is
increasing and translation invariant. More precisely, if o, ¢ € C°(X) and ¢ € R, then:

(a) @ < ¢ = Ptop((Ga Gl)a 90) < Ptop((Ga Gl)a w)

(b) Ptop((Ga Gl), 1/) + C) = Ptop((G> Gl), @Z}) +c.

From the previous properties we conclude that I' is continuous since, for every ¢, ¢ € C°(X),
one has

L) = e =¢lloe = DW= llo = ¥llec) < Tp) < T+ llo = ¥lloc) = T'(¥) + [0 = ¥l
Therefore, the map 1 € C%(X) + Piop((G,G1),9) — max, ¢ x () is continuous as well.
2.4. Dynamical metrics. We expected to be able to define the topological entropy and pres-
sure of a pseudogroup using dynamical metrics, thereby generalizing to this setting Bowen’s
approach with dynamical balls [46, Section 7.2]. However, the classical Bowen’s metric, used to

define the pressure function for a single dynamics, may no longer be a distance in the context
of pseudogroup actions. In this subsection we will address this problem.

Recall that idx € G4, so
Vez,ye X, VneN idy € Gy NGY. (2.10)

Therefore, the next map is well defined.
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Definition 2.11. Givenn € N, let 7,,: X x X — [0, +00] be the map defined by
To(@,y) = max {d(g(z),9(y)): g€ GLNGL}.
For every n € N, the map 7,, is symmetric, non-negative and, due to (2.10), it satisfies
d(z,y) < m(z,y) Vz,ye X. (2.12)

It is reminiscent of Bowen’s metric, and it is indeed a metric if G is a finitely generated group.
We also note that, a subset E of X is (n,e)—separated if and only if for any two distinct points
x,y in E one has 7,(z,y) > ¢.

Definition 2.13. Given z,y € X and k€N, k > 2, let

Ai(x,y) = {(al,ag,...,ak) e x*: [a1 = x and a;, = y] or [a1 =y and ai, = x]}
For each fized n € N, define dy,: X x X — [0, +o0[ by
k
dn(7,y) = inf {Z T(aj—1, aj): k € N\ {1} and (aj)i<j<k € Ak(xvy)}'
=2

We remark that, for every n € N and all z,y € X, one has
dn(2,y) < To(z,y) (2.14)
since we may choose k =2 and a1 = x,a2 = v.
Lemma 2.15. For every n € N, the map d, is a metric in X.

Proof. Let (G, G1) be a finitely generated pseudogroup acting on a compact metric space (X, d).

Claim 1: Vz,ye€ X dy(z,y)=0 & xz=y.

Clearly, d,(z,z) = 0 since 0 < d,(z,x) < 7,(z,2) = 0. Conversely, assume that d,(z,y) = 0.
Then, given € > 0, there are k > 2 and (a1, as, ...,a;) € Ax(x,y) such that

k
To(aj—1, aj) < e.
=2

Using the triangular identity for the metric d and (2.12), we obtain

k
) < Z d(aj—1, a;) Z Tn(aj-1, aj) < €.
j=2

Since € > 0 is arbitrarily small, we conclude that d(z,y) = 0, hence x = y.

K:

Claim 2: Vz,ye X dy(x,y) = dy(y, ).
This property of d,, is an immediate consequence of the equalities

Ve,ye X Aw(z,y) = Ar(y,z) and  7o(z,y) = 7aly, ).

Claim 3: Vz,y,z€ X dy(z,y) < du(zx,2) + dn(z,9).
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Given z,y,z € X and ¢ > 0, there are integers k,¢ > 2, (a1,az,...,a) € Ag(z,2) and
(b1,b2,...,by) € Ay(z,y) such that

k 1
Z Tn(aj—1, aj) —dp(x,2) < €/2 and Z Tn(bj—1, bj) —dn(z,y) < €/2.
=2

Jj=2
We may assume that aq; = x, ap = 2z, by = z and by = y, since the maps 7,, and d,, are symmetric.

Therefore,
¢

k
Z Tn a’] 1, aj + Z Tn(bj*h b])
j=2 7j=2

since (a1 =x,a9,...,a,=2="01,by,...,bp= y) € Agi¢(x,y). Therefore,
dp(z,y) < dp(z,2) +€/24+dn(2,y) + /2 =dp(x, 2) + dn(2z,y) + €.
As ¢ > 0 is arbitrarily small, we deduce that
dp(z,y) < dp(z,2) + dn(z,y).
O

2.5. Dynamical balls. In what follows, given n € N and € > 0, the open dynamical n—ball
centered at x with radius ¢, determined by the pseudogroup action (G, G1), is the set

By (z,e) = {y € X: dp(z,y) < 5}. (2.16)
We might have defined the notions of separated and spanning sets using the metric d,, though

they would convey a new concept of topological entropy. Those new definitions would state that:

(a) Given € > 0 and n € N, two points x,y € X are (n,d,,e)—separated if d,,(z,y) > e. A
subset E of X is said to be (n,d,,e)—separated if any two distinct points z,y € E are
(n,d,,c)—separated. In particular, one has

Bp(x,e/2) N By(y,e/2) =0  Va,yeE.
Denote by 3(n,e) the maximal number of (n,d,,c)—separated points in X.

(b) Given € > 0 and n € N, a subset F' of X is said to (n,d,,c)—span X if for every z € X
there exists y € F with d,,(z,y) < €. In particular, one has

X = |J Bulze). (2.17)
zeF
The minimal cardinality of the (n, d,, e)—spanning subsets of X is denoted by 7(n,¢).

From (2.14) we deduce that, given ¢ > 0 and n € N, any (n, d,,, ¢)—separated subset E of X is
(n,e)—separated; likewise, any (n,e)—spanning subset F of X is (n, d,,, ) —spanning. Therefore,

s(n,e) = S(n,e) and r(n,e) = 7(n,e).

Consequently:
(i) Due to (2.17),

F C X is (n,e)—spanning = X = U B, (z,¢). (2.18)

(21) heop(G,G1) = lim, o+ limsup, _, o +log 3(n,e).
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We note that, if (G,G1) is a finitely generated group on a compact metric space, then the

map 7, is a metric for every n € N. We will show that, in this setting, 7, = d,,, and so

1
htop(G,G1) = lim limsup —log 5(n,¢).

0% n—stoo M
Lemma 2.19. Let (G, G1) is a finitely generated group on a compact metric space (X, d). Then,
VneN, Vz,yeX dx,y) < du(z,y) = ma(z,7)
and the metric T, is uniformly equivalent to d.

Proof. Fix n € N. We start by showing that the metrics 7, and d are uniformly equivalent.
Since idx € Gy, we already know (cf. (2.12)) that

vmvyEX d(l’,y) g Tn(xay)'

Therefore, the identity map id;y: (X, 7,) — (X, d) is continuous. Moreover, since each g € G, is
uniformly continuous, given € > 0 there is 6, > 0 such that

d(z,y) < 6, = d(g(x),9(y)) < e
As G, is finite, we may take 6 = min {d,: g € G} > 0 and deduce that

dlz,y) <6 = 7p(z,y) = max {d(g(x),g(y)): g e Gn} < e.
Thus, the identity map ids: (X,d) — (X, 7,) is continuous. In particular, the space (X, 7,) is
compact.
Let us now prove that d,, = 7,,. We already know (cf. (2.14)) that
Ve,ye X dp(r,y) < m(z,y).

In addition, since 7, is a metric (in particular, it satisfies the triangular inequality), given
x,y € X, an integer k > 2 and (ay,aq,...,ax) € Ag(z,y) such that a; = x and ay = y, one has
Tn(x,a2) + Th(az,a3) + - + m(ag—1,9) = m(z,y) = d(z,y).

Consequently, as 7, is symmetric, both 7,(x,y) and d(z,y) are lower bounds of the set
k

{Z Tolaj_1, aj): k € N\ {1} and (aj)1<;<i € Ak(:c,y)}.

j=2
For this reason, its infimum is bigger than or equal to 7,,(z,y). That is,
Ve,ye X dp(z,y) = m(x,y).
The proof of the lemma is complete. O
2.6. Measure-theoretic entropy. Fix a finitely generated pseudogroup (G, G1) on a compact
metric space (X, d), generated by a finite set G;. Denote by M;(X) the space of Borel proba-

bility measures on X and by Mg(X) C M;(X) the subset of probability measures which are
invariant by every element of G.

Definition 2.20. For each probability measure yu € M1(X) and x € X, the lower local metric
entropy of p at x with respect to the pseudogroup (G, G1) is defined by

h,((G,G1),x) = lim liminf —%log w(Bp(x,€)) (2.21)

e—0+ n— 400
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where we specify that, if for some € > 0 one has u(By(x,€)) = 0, then log u(By(x,€)) = 0.
Similarly, the upper local metric entropy of of p at x with respect to the pseudogroup (G, G1)
s given by

hu((G,G1),xz) = lim limsup —%log w(Bp(z,€)). (2.22)

=0T n—+4oo

The maps h,((G,G1),-): X — [0,400] and h,((G,G1),-): X — [0, +00] are measurable (cf.
Lemma 4.2 in Section 4), so we may define the lower and upper metric entropy of p with respect
to the pseudogroup (G,G1) by the averages

h(G,G1) = /X h,((G, Gh), ) du() (2.23)
R(G.G) = [ Bul(G.G).o) dfa). (2.24)

2.7. Measure-theoretic pressure. The previous concept is generalized to every continuous
potential as follows.

Definition 2.25. Given u € M1(X), ¢ € C%(X) and = € X, the upper local metric pressure
at = of i, with respect to the pseudogroup (G, G1) and the potential ¢, is defined by

P(C.G1)..2) = lim lmsup —+ [log ,u(Bn(x,s))|Glz| > osi@] 22

Similarly, the lower local metric pressure at x of u, with respect to the pseudogroup (G, G1)
and the potential v, is given by

P,((G,G1),,x) = lim liminf —% [log w(Bp(z,€)) ! Z Sy, (m)} (2.27)

e—0T n—+o0 B |G%|g€G2§
The previous limits, when ¢ goes to 0T, exist and are measurable functions of z € X (see
Lemma 4.4 in Section 4). Therefore, we may define the lower and upper measure-theoretic

pressure of (G, G1) with respect to u € M1(X) and ¢ € C%(X) by

P((G,Gy).¥) = /X P.((G, 1), v x) dp(z)

Pul(G.G1).0) = [ Pul(GLG). . 2) duo)
Remark 2.28. We observe that, given ¢ € CY(X), one has for every » € X

. 1 g
n mip P(t) < wg;w Sy(@) < n max P(t).

Therefore, for every p € M;(X),
Fu(@.G1) + min 0() < Pu(C.C0),0) < Fu(@.Gh) + max (1) (2:29)

Similar estimates are valid for the corresponding notions h,(G,G1) and P,((G,G1), ).
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2.8. Homogeneous measures. Let (G,G1) be a finitely generated pseudogroup acting on a
compact metric space (X, d). The following is an important class of Borel measures on X.

Definition 2.30. A probability measure p on the c—algebra of Borel subsets of X is said to be
G'—homogeneous if the following conditions are valid:

(H1) For every compact set K C X one has p(K) < 4o0.

(H2) There exists a compact set Ko C X with u(Kgy) > 0.

(H3) For every e > 0 there are 0 < § = () < e and A = A(e) > 0 such that

1(Bn(y,0)) < Au(Bn(z,e)) Va,yeX VneN

The canonical volume form on a closed, compact, oriented Riemannian manifold determines
a G—homogeneous measure with respect to any finitely generated group of isometries on the
manifold. Another example of a pseudogroup with a G—homogeneous probability measure is
described in [4, Proposition 4.6].

3. STATEMENT OF THE MAIN RESULTS

Our first result is strongly inspired by [4], which concerns the topological and measure-
theoretic entropies, and by [30], whose results were stated in the context of finitely generated
semigroup actions.

Theorem A. Let (G,G1) be a finitely generated pseudogroup acting on a compact metric space
(X,d). For every ¢ € C%(X), one has:

(a) Rop((GaGl)ﬂw) > SUPy e My (X) B,u((G7G1)71/})

(b) If, in addition, G is a free group and there is a G—homogeneous, G—invariant, ergodic
probability measure n € Ma(X), then

P,((G,G1),¢) = hiop(G,Gy) + /X@bdn.

The precise computation of the topological pressure of a pseudogroup action usually demands
a substantial knowledge of the minimal cardinality of spanning sets, and so it is not always
feasible. An advantage of Theorem A is the fact that it provides a bound from below for the
topological pressure of a pseudogroup action, as illustrated by Examples 10.3 — 10.5.

The first part of Theorem A is a corollary of a more general statement that will be proved in
Sections 6 and 7. It addresses a notion of pressure conveyed by Carathéodory-Pesin structures,
whose precise definition will be recalled in Section 5.

Theorem B. Let (G,G1) be a finitely generated pseudogroup acting on a compact metric space
(X,d). Then:

(a) For every v € C°(X) and any Borel subset Z of X,
Pz((G,G1),¢) = sup {P,((G,G1),¥): p € My(X) and u(Z) = 1}.
(b) For every ¢ € CY(X),
Piop((G,G1),%) > Px((G,G1),).
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We note that, even if the pseudogroup (G, G1) is a group generated by G1 = {idx, f, f '},
where f: X — X is a homeomorphism of a compact metric space X, one cannot expect to prove
a general variational principle like item (a) of Theorem B with M;(X) replaced by the set of
f—invariant Borel probability measures on X. Indeed, in [20, Example 1.5] we find a set Z
with zero measure with respect to any f—invariant probability measure, though hz(G,G1) > 0.
Moreover, even if there are G—invariant probability measures supported on such a set Z, it may
happen that their information is not enough to estimate hz((G,G1)): see Example 10.6.

4. AUXILIARY LEMMAS

For future use, we gather in this section a few lemmas whose proofs are known in other
settings but need to be adapted to the context of pseudogroup actions.

4.1. Measurability of the local metric entropy. Fix a finitely generated pseudogroup
(G, G1) by local homeomorphisms of a compact metric space (X, d). Recall from Subsection 2.6
that, given a probability measure p € M;(X) and = € X, the lower local metric entropy of
with respect to the pseudogroup (G, G1) at z is defined by

h,((G,Gy),x) = lim_liminf —— log j(By(x,e)). (4.1)

e—>0tn—>+00 N

Lemma 4.2. The function h,((G,G1),-): X — [0, +00] is measurable.

Proof. Take a point xy € X, a positive integer n, a measure u € M;(X) and an ¢ > 0.
It is known that any semi-continuous function is measurable, and that the pointwise limit of
measurable functions is a measurable function as well. Therefore, we start by showing that the
function z € X — fr(z) = p(By(z,¢)) is lower semi-continuous at xg. For this purpose, fix
a € [0,1] such that f,,(z¢) > a. Notice that, for any positive integers k and ¢ with k < ¢, one has

By(zo,e — 1/k) C Bu(xo,e —1/¢) and | ] Bn(zo,e — 1/k) = Bn(xo,2).
keN

Therefore,
lin (Baloo,e — 1/8) = #(Balo,2))

k — +o0
and, since f,(x¢) > a, we can choose €1 € |0,¢[ such that u(By,(xo,1)) > a.
By assumption, every g € G is uniformly continuous and its domain Dy is open. Thus, for
each g € G such that xg € D, there exists o, > 0 such that
z € B(xo,0y) = x€ D, and g(z) € B(g(zo),e —e1).
As the pseudogroup is finitely generated, we may take
0, = min{d,: g € Gi°}.

This way, for every = € B(zo,d,) and any g € G°, we are sure that + € D, and that

d(g(z),g(z0)) < € — 1. In particular, 7,(z,z9) < € — 1. Hence, by the inequality (2.14),
one has d,(z,x9) < & —e1. That is, x € By (xg,e — €1).

Now take a point y € By (xo,£1). Then

dn(y,7) < dn(y,z0) +dn(v0,2) < €1+ —61=¢.
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Consequently, y € By(z,e). We have showed that B, (zo,e1) C By(x,¢), and this inclusion
yields

fn(x) = M(Bn(xve)) P M(Bn($0351)) > a.
So, fn is lower semi-continuous at zg € X.

A similar reasoning shows that the map h,((G,G1),-): X — [0, +0oc] is measurable.

4.2. Measurability of the local metric pressure. Recall from Subsection 2.7 that, given
p € Mi(X), € C%X) and = € X, the upper local metric pressure of u at = with respect to
the pseudogroup (G, G1) and the potential v is defined by

P,((G,G1),¢,x) = lim limsup —% [log p(Bp(z, Z S } (4.3)

e— 0t
n — +0o gEGfL

Lemma 4.4. For every p € M1(X), ¢ € C°(X) and x € X, the previous limit when & goes to
0" exists. Moreover, the map

reX = ?ll((GaGl)aw?x)
18 measurable.
Proof. Given x € X, if 0 < €1 < &9 then
1 9
log yi(Bn(z, 1)) — ] > Sh(x) < log p(Bu(x,e2)) |Gw > Sy
geGE geGs

so, taking the lim sup as n goes to 400, we conclude that the function

cee Ry — limsup—%[log,u( n(T,€)) |Gf”| Z S }

n — +00 gEG”

is non-increasing. Therefore, the limit as ¢ — 0% exists.

We proceed to show that the previous limit varies measurably with z. Fix p € M;(X) and
define the following sequences of functions

reX = fl(x):u(B (wﬁ))

re X — (x)

gEGZ

Then, for every n € N:
(i) The function z € X + f}(x) is measurable (cf. the proof of Lemma 4.2).
(ii) The domains of the generators g; € G are open subsets of X, thus the map x € X — |GZ|
is locally constant and the map z +— f2(z) is continuous.
Altogether, we conclude that z € X — —[Llog f}(z) — L f2(x)] is measurable. Since pointwise

limits of measurable functions are measurable functions, the map = € X — P,((G,G1),9, ) is
measurable.

Analogously, one shows that the map x € X — P, ((G,G1), %, x), introduced in (2.27), is well
defined and measurable.
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4.3. Vitaly covering lemmas. A metric space (X, d) is called boundedly compact if all bounded
closed subsets of X are compact (cf. [24, p.9]). In particular, compact metric spaces, Euclidean
spaces R"™ and Riemannian manifolds are boundedly compact. We denote the diameter of a
set A C X by diam(A). The following classical covering lemma for boundedly compact metric
spaces (see e.g. [34, Theorem 2.1]) is essential on further sections.

Lemma 4.5. (Vitaly covering lemma) Let X be a boundedly compact metric space and consider
a set B C X x Ry such that

sup { diam(B(z,r)): (z,7) € B} < +o0.

Then there is a finite or countable subset B C B such that {B(z,r): (z,r) € IE%} is a pairwise
disjoint collection of closed balls and

U B(z, 1) C U B(x, 5r).

(z,7)EB (z,r)efl%

A dynamically defined Vitaly covering lemma was established by Ma and Wen [30] in the
case of topological dynamical systems, yielding an analogous of Lemma 4.5 where balls were
replaced by Bowen dynamical balls. The argument to prove it extends easily to the dynamical
balls defined in Subsection 2.5 for a finitely generated pseudogroup (G, G1) acting on a compact
metric space (X, d). Therefore:

Lemma 4.6. Given r > 0, let B(r) = {By(z,r): « € X,n € N} be a collection of dynamical
balls of radius r, determined by a finitely generated pseudogroup (G,G1) acting on a compact
metric space (X, d). For any family F C B(r) there exists a subfamily G C F by pairwise disjoint
dynamical balls such that

U Bp(z, 1) C U By (z, 3r).

By (z,r)€F Bp(z,r)€G

4.4. Spanning vs. separated. Let (G,G1) be a finitely generated pseudogroup acting on a
compact metric space (X,d). Fix ¢ € C°(X). Recall that, in Subsection 2.3, we introduced the
notion of topological pressure of (G,G1) at 1, defined by

1 —_— g T
Piop((G,G1),¢) = lim limsup Elog (sup{ Z e‘Gl‘?”L| e )}>
E

=0T n—+4o0o
+ e $6En,€

where the supremum is taken over (n,e)—separated sets E, . of X with respect to (G, G1).
As done with the topological entropy, we could have used separated sets instead of spanning
ones, defining another concept of topological pressure by

g
Qtop((G,G1),9) = lim limsupllog<in { Z eﬁngecﬁ Sw(x)})

e— 07t n F
n — +00 n,e T € Fr.e

where the infimum is taken over (n,e)—spanning sets F, . of X with respect to (G,G1). One
can easily check that the functions

e>0 sup{ Z exp [PY(2)]: Ene is (n,e) — sepamted}

Ene " ge En
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e>0 }?nf { Z exp [PY(x)]: Fpe is (n,e) — spannmg}
n,e
’ T e Fn,E

are monotone, hence their limits as ¢ goes to 0" exist. In this subsection we will compare these
two definitions of pressure.

Lemma 4.7. Let (G, G1) be a finitely generated pseudogroup acting on a compact metric space
(X,d). Then

Qop((G,G1),¥) < Peop((G,G1), %) Ve CO(X).
Proof. Fix ¢ € C°(X). We start by observing that, in the previous definitions of P,op((G, G1), %))
and Qtop((G, G1), ), it suffices to take, for the former, the supremum over those (n, ) —separated

sets which cannot be enlarged to a (n,e)—separated set, and, for the latter, the infimum over
those (n,e)—spanning sets which do not have proper subsets that (n,e)—span X.

To simplify the notation, for each x € X and n € N we will write

Pia) = | Glx‘ S 8 (a). (4.8)

"geGy

Since an (n,e)— separated set F of maximal cardinality is (n,e)—spanning and the summands
exp [Pﬁf) (x)] are positive, for every € > 0 and n € N one has
it { Y eI} < sp{ 3 ew[PY@]).

€ Fne & x€Fne

Consequently, for every € > 0,

lim sup %log (g}fg{ Z exp [P,’f’(:c)]}) < limsup %log <Sup{ Z exp [P#’(a:)]})

n—+oo € F,. nr oo = O

and so, taking the limit as € goes to 0, we get

Qrop((G,G1), ) < Prop((G, G1),9). (4.9)
O

We now address the converse inequality, which is harder to show. Next lemma proves it in
the particular case of finitely generated groups (though its reasoning is also valid if (G, G1) is a
finitely generated semigroup).

Lemma 4.10. Let (G,G1) be a finitely generated group on a compact metric space (X,d). Then
Quop((G,G1),0) > Prop((G,G1),0) Vo € CO(X).

Proof. The following proof is an adaptation for finitely generated groups of the argument on
page 209 of [46], which concerns the topological pressure of a single map. The additional
assumption that G is a group simplifies the definition of pressure, hence the next computations,
since Gy, = Gy, for every z € X.

Given € > 0 and n € N, let E be an (n,e)—separated set with maximal cardinality and F' be
an (n,e/2)—spanning set. Define the map {: E — F by choosing, for each = € F, some point
&(x) € F satisfying

max {d(g(z), 9(§(x))): g € Gn} < e/2
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whose existence is guaranteed since F' is (n,e/2)—spanning. We claim that ¢ is injective. Oth-
erwise, if there are two distinct points x1, zo € E for which £(z1) = £(x2), then for any g € G5,
one has

d(g(z1), g(x2)) < d(g(z1), g(€(z1))) + d(g(22), 9(§(21))) < €/2+¢/2 = ¢
and so
max {d(g(z1), g(z2)): g€ Gn} < ¢
contradicting the assumption that E is (n,e)—separated.

Fix a potential ¢ € C°(X). As v is uniformly continuous, given 6 > 0 there is 0 < £(8) < §
such that, for every 0 < & < (),

dlz,y) <e/2 = [(x) = ¥(y)| < 4.
Then, for every z € X, n € Nand g = g;, ©gi,,_, ©.... 0 g1 € Gp,
|55 (@) = S5 ()| =
= |[(@) +- -+ (g, 00 g1 0 91y (2)] — [Y(E@)) + -+ (gi, 0+ 0 giy 0 91, (€(2)))]]

< () = pE@)| + -+ [9(gi, 0 0 91y 0 91y () = (g © -+ 0 giz © gir (€()))|
< (n+1)d.

Therefore, . 1
g T g . .
Gl 2 S0 - gy X S| < s
that is, -
|PY(z) — PY(&(x))] < (n+1)6. (4.11)

Now, by the injectivity of £, we have Card(g( )) < card(F ) hence

Z exp [PY(y Z exp [PY (&(x))].

yeF zeFE
Moreover,
S ep[PUEE)] = Y explPY(E() — PY()] exp[PY ()]
zeFE rekE
> min {exp[PY(E() — PY@)]: v e B} Y exp[PY ()]
rEER
> exp|[—(n+1)0 Z exp [P,
zeR
where the last inequality is due to (4.11). Consequently,
Z exp [PY(y)] > exp[—(n+1)d Z exp [PY (x
yeF reFE
. " _ P
n%f Z exp [P, > exp[—(n+1)J] Z exp [PY(z)]
yeF reElR
i ) > _ P
inf > exp[PY(y)] > exp[-(n+1)3] sup Y exp[PY(x)].

yeFr E 4 cE
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Taking logarithms of both sides and lim sup as n goes to +o00, we get

1 1
limsup — log (inf Z exp [Pff(y)]) > limsup —log (exp[—(n + 1)d] sup Z exp [Pff(m)])
n—4oo N F yeF n—4oo N E ey

1
- _ ; il P
= —0 + limsup - log (s%p g exp [P} (:c)])

n — 400 o

Finally, letting ¢ — 0" we obtain
Qtop((G7 Gl)a ’¢) 2 = + Ptop((Ga Gl)a 1/})

Since d > 0 is arbitrarily small, the proof of the lemma is complete. O

Bringing together Lemmas 4.7 and 4.10, we conclude that:

Proposition 4.12. Let (G,G1) be a finitely generated group on a compact metric space (X,d).
Then

Qtop((Gle)a’(/)) = Ptop((GyGl)v¢) VT/Je CO(X)
5. CARATHEODORY-PESIN STRUCTURES

In this section we introduce a notion of pressure of a finitely generated pseudogroups using
Carathéodory-Pesin structures (cf. [38, 39]). Carathéodory-Pesin structures were somehow
inspired by Bowen’s definition of the topological entropy of a continuous map in a way entirely
similar to the definition of Hausdorff measure and dimension. More precisely, in [38] Pesin
elaborated over the theory of the so called Carathéodory structures and proved that a continuous
endomorphism of a compact metric space dynamically defines a Carathéodory structure whose
upper capacity coincides with the topological entropy of the map. This approach has then been
successfully applied to many other classes of dynamical systems and group actions, using a
strategy very similar to Pesin’s but often skipping the details, and thus raising many doubts on
the mathematical validity of those generalizations. Therefore, for the sake of completeness and
elucidation, we proceed with a self-contained and comprehensive verification of all axioms that
define a Carathéodory-Pesin structure.

Consider a finitely generated pseudogroup (G, G1) generated by a finite set G of local home-
omorphisms of a compact metric space (X,d). Fix an arbitrary subset Z C X. Given N € N
and € > 0 denote by In(e) C Z x {n € N: n > N} a finite or countable set such that Z is
covered by dynamical balls B, (zj,¢), where (zj,n;) € In(¢) and n; > N. In other words,

Z C U Bu(je).
(zj,m5) € In(€)

Denote by Cz(N,¢) the family of all such subsets Iy(¢). For notational simplicity, we will write
J € In(e) to identify the pair (z;,n;) € In(e).

Definition 5.1. For a subset Z C X, a continuous map ¢: X — R, a positive integer N € N,
s 2 0 and € > 0, define

MZ(8,5,¢,N)—inf{ Z exp[—snj—i—mlgijl Z Si(wj)}:IN(6)€Cz(N,€)}

jEIN(E) QEG:%

where g = g, ©---0gi, 0gi, and |G37 | stands for the cardinality of the set Gy
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Lemma 5.2. Given s > 0 and & > 0, the limit
My(s,2,6) = |l My(s,,6,N)
1s well defined and satisfies
My(s,e,0) = sup{MZ(s,e,qp,N): N € N}.
Proof. If In+1(g) € Cz(N + 1,¢), then it clearly satisfies In41(e) € Cz(N,¢e). Thus

Z_ S5 (Ij)}

x

€ Gn;.

1
My(s,e,b, N +1) = inf [— S
z(s,e,, N +1) IN+1(6)61%Z(N+1,5){ Z exp Sn]-f-‘Gi;’
g

j EIN+1(€)

WV

. 1 ’
f T T E S5 (x5
IN+1(8)1202(N75) { Z exp |: S nJ ‘Gﬁ? ‘ 1/) (l‘])} }
g

J€IN+1(e) €G!

J€IN(e) 7€GZ§,

1 g
> inf (=it 5% ()]
In(e) énCZ(N,s) { Z P 51, |Gi§| Z P (xj)
g
= MZ(Sang)N)-
This shows that the sequence (Mz(s,e,1, N))n en is non-decreasing and proves the lemma. O

We claim that the function s — Mz(s,e,v) behaves like an s—Hausdorff measure: there
exists a unique critical parameter where it drops from infinity to zero. This is a consequence of
the following result.

Lemma 5.3. Given s < t, then

Myz(s,e,9) < 00 = My(t,e, ) =0
Mz(t,e, ) >0 = My(s,e,9) = +oo.

Proof. Fix t > s and assume that Mz(s,e,1) < +00. Notice that, for each family In(¢),

Z exp[—tnj—F’G%j" Z Si(l‘j)]

J€In(e) 9G]
1 g
= Z exp{—(t—s)nj—snj—i—m% S@(:L’j)}
jEIN() "lgean
1
< exp[—N (t — )] Z exp [— sn; + Vel 51% (:L'j):|
jelIn(e) | nj EGQCJ'
"

Therefore, taking the infimum, one gets the inequalities
MZ(ta &, d}a N) < eXp[*N (t - 5)] MZ(Sa €, sz)v N) < eXp[iN (t - 5)] MZ(57 &, ’Qb)
which, letting N go to 400, yield Mz(t,e,1) = 0. This proves item (a) of Lemma 5.3.
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We proceed to prove item (b). Assume that Mz(t,e,v) > 0. We start by noticing that

Z exp[—snj—i—‘Glx” Z S%(xj)}
n; g 4

. x
Jj€In(e) ny

1
> exp[N (t — s)] Z exp[—tnj—i—m Z Sq%(a:j)}

j€In(e) Tj

nj

. 1 Z g
exp[NV (t — s)] In (@) éHCZ(Nﬁ) ]- elgN(E) exp [ 1 |G | = " (wy)}

nj

Taking the infimum with respect to In(g) € Cz(N,¢e) and then letting N — +o00, we obtain
Mz(s,e,,N) > exp[N (t — s)] Mz(t,e,¢, N)

which guarantees that

My(s,e,v) = lim exp[N (t — s)| Mz(t,e, ) = +o0.
N — +oco
This completes the proof of the lemma. O
Lemma 5.3 indicates that the parameter Mz(e,1)) given by
Mz(e,) = sup{s > 0: My(s,e,1)) = +oo} = inf {s >0: My(s,e,¢) =0} (5.4)
is well defined. Moreover:
Lemma 5.5. The limit lim, _, o+ Mz(e,) exists.

Proof. Fix a positive integer N, Z C X and 0 < e1 < e9. Afterwards, choose a covering
{Bn,(zj,e1)}jer of the set Z with n; > N for all j € I. As 0 <1 < &2, we have

Z C | Bu,(wj,e1) € | B, (w5.22)
jel jer
hence there exists a subset Iy C I such that

Z C U an(l'j,é‘g).

jel2
Consequently,
1 g 1 g
exp| —sn;+ — S= x-}> ex [—sn—i—% S= x}
2 p[ itigm 2 e (@) > ) exp itigm 2. e (@)
jel J QEGn; je 2 J QEGn;

from which we deduce that
MZ(S) €1, 1/}) 2 MZ(Sa €2, ¢)
The last inequality implies that

Mz(e1,v) = inf{s > 0: Mz(s,e1,v) =0} = inf{s > 0: Mz(s,e2,¢) =0} = Mz(ea, ).

Thus, the function ¢ — Myz(e,v) is non-increasing, and so the limit lim, _, o+ Mz(g,1) does
exist. 0

The previous lemma motivates the following definition.
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Definition 5.6. Given ¢ € CY(X) and Z C X, the CP-pressure of a finitely generated pseu-
dogroup (G, G1), when restricted to Z, with respect to the potential 1), is the limit

PZ((GaGl)a¢) = El—i{{)l* MZ(€7¢)'

It is not hard to check that this pressure function has the following properties (details in [38]).

Lemma 5.7. Consider a continuous potential v: X — R and sets Z1,7Z5 C X.
(CL) If Zl - ZQ; then PZl((G’ G1)7w) < PZQ((Gle)vw)‘
(b) If Z =Ugen 2k, then P7((G,G1),v) = sup {Pz,((G,G1),¥): k € N}.

6. A PARTIAL VARIATIONAL PRINCIPLE

In this section we adapt the argument in [30, Theorem 1] to finitely generated pseudogroups.
Analogous properties were obtained for the topological entropy of finitely generated semigroups
and for non-autonomous dynamical systems in [4, 5], respectively, and for the measure-theoretic
pressure of finitely generated free semigroup actions in [43].

Theorem 6.1. Let (G,G1) be a finitely generated pseudogroup acting on a compact metric space
(X,d) and Z be a Borel subset of X. For every u € M1(X), s >0 and ¢ € C°(X), one has:
(a) If P,((G,G1),%,x) < s for every x € Z, then Pz((G,G1),v) < s.
(b) If l(Z) > 0 and P,((G,G1),¥,x) = s for every x € Z, then Pz((G,G1),v) = s.

Proof. Let (G,G1) be a finitely generated pseudogroup, Z be a Borel subset of X and p be a
Borel probability measure on X.

(a) Assume that there is s > 0 such that P,((G,G1),¢,z) < s for every z € Z. Given e > 0
and k € N, consider the set

1 1
Zip = {:c € Z: limsup —— | log pu(By(z,71))

n—+oo N a ’Gﬁ‘

Y s @)} <s+e Vrelo, 1/k[}.

ge Gz
Thus,

z =] 7.

keN
Now fix k and r € |0,1/3k[. Notice that, by the definition of Z;, for any x € Z}, there exists a
strictly increasing sequence (n;(z));en satisfying

1 g

log 1By (07~ 1 X SH) > ~(a+my(e). (6.2)
ni(@) geas

- J

Moreover, for any N € N, the set Zj is contained in the union of the elements of the family
F = {By,@(x,r):xcZ; and mnj(z)>N}.

Combining equation (6.2) with Lemma 4.6, we find a (at most countable) subfamily by pairwise
disjoint dynamical balls, say G = {an (:L‘j,r)}jeJ C F, such that

Zy, C | Bu,(x;,37)
jed
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and
,u(an(xj,r)) > exp[ (s+¢e)n; + 93] Z S (x; }
9€Gn]
Therefore,
1
MZ;(S+€>3T7w7N Zexp |: 8+€) nj T ATG S’(% (:L'J)i|
jeJ |Gn] | G;c-

<) (B (zj,m) < 1
jeJ
where the last inequality is due to the disjointness of the elements in G. Taking the limit as
N — 400, we get
Mz:(s+¢,3r,¢) < 1
so, by (5.4), we conclude that
Mz:(3r,9) < s+e Vr € 10,1/3k[.
Letting » — 0T, we obtain
PZE((Gu Gl), 1/1) < s+e.
Thus, by Lemma 5.7,
Pz((G,G1),v) = sup {PZ;((Q G1),¥): keN} < s+e.
As € > 0 may be chosen arbitrary, the proof of item (a) of Theorem 6.1 is complete.

(b) Assume now that u(Z) > 0 and there is s > 0 such that P, ((G,G1),9,z) > s for any z € Z.
Fix € > 0 and define the sequence of sets (£} )ren by

. 1
E; = {ajeZ: Tlllglirg—ﬁ[log w(Bp(z,r) |G5’9] Z S } s —e, Vre]O,l/k[}.
geGy,
By the assumption, the sequence (Ef )y cn increases to Z, so, by the continuity of y,
lim w(Ep) = w(Z)>0.
k — 400

Thus, there exists kg € N such that u(Ej ) > $1u(Z) > 0. Take the sequence of subsets
(EZO,N)NEN defined by

BN = {xe Z: —%[log w(Bp(z,r) |Gx|g€z;1 S } —&, Vn>=N,Vre]o, l/kzo[}

The sequence (E,i0 ~N)N eN increases to Ey. and so, using once more the continuity of the measure
1, we can choose a positive integer N* such that

1
w(Egy n+) > 5#(5‘20) > 0.

Therefore, for any z; € Ef -, every nj > N* and all 7 €]1,1/ko[, one has

log M(an(xj, |G$]| Z S (xj) < —=(s—¢)ny
G]
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or, equivalently,

(B 7)) < exp [~ (s =e)my iz 2 SE )] (63
J sz

Now consider the countable covering H of Elio, N~ defined by

H = {Bu,(1j,7/2): yj € By oo my > N*, 1 € 10,1/ko[ and By, (5, 7/2) N B - # @}jEJ.

For any j € J, one can choose x; € By, (y;,7/2) N Eg, N+ such that By, (y;,7/2) C By, (xj,7)

and, by (6.3), ’ ’
1
1(Bn; (yj,7/2)) < p(Bn;(2j,1)) < exp [— (s —¢e)n; + G 51% (%‘)]
’ QEGZZ
Consequently,
Mz(s —e,r/2,¢,N) > MEEON*(S—E,T/Zw,N)
1
> Zexp[—(s—@”ﬁ'm ngp(iﬂj)}
jed " QEGZZ

WV

Z N(an (ij T/Q))

jeJ

(B n+) > 0.

Taking the limit as N — +o00, we conclude that My (s —e,7/2,1) > 0, which yields
My (r/2,9) > s —e.

As e > 0 is arbitrary, taking the limit as r — 07 we obtain Pz((G,G1),%) > s. This proves
item (b) of Theorem 6.1. O

WV

7. A VARIATIONAL PRINCIPLE

The first part of Theorem A is a consequence of the variational principle that Theorem B
establishes, besides the connection between the topological pressure and the CP-pressure of a
pseudogroup action which we will show in the next section.

Theorem 7.1. Let (G,G1) be a finitely generated pseudogroup acting on a compact metric space
(X,d). Then:
(a) For every ¢ € CY(X) and any Borel subset Z of X,
Pz((G,G1),4) = sup {P,((G,G1),¥): p € Mi(X) and p(Z) = 1}.
(b) For every ¢ € C°(X),
Ptop((Gv Gl)a "IIZ)) P> PX((Ga G1)7 d})

To prove item (a) of Theorem 7.1, we start by introducing the weighted topological pressure
for finitely generated pseudogroups, which yields an alternative formulation of the CP-pressure.
This strategy has similarities with the one of [43, Theorem 1.2], in the sense that it builds over a
modification of a very elegant argument by Feng and Huang (cf. [20, Lemma 4.3]). The proof of
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item (b) of Theorem 7.1 will be postponed to Section 8, after recalling the dynamically defined
Carathéodory-Pesin structures and the notion of capacity pressure.

7.1. Weighted topological pressure. Fix a subset Z C X and a pseudogroup (G,Gq) of
local homeomorphisms of a compact metric space (X,d), generated by a finite set G;. Let N
be a natural number and € > 0. Denote by Ix(e) C Z x N a finite or countable set indexing a
covering of Z by dynamical balls By, (x;,¢) such that x; € Z and n; > N for every j. Denote
by Cz(N,¢) the family of all coverings I(e) of the set Z. Unless it leads to misunderstandings,
we will write I instead of In(e).

For a set A C X denote by xa: X — [0,1] the map defined by xa(z) = 1if z € A and
xA(x) = 0 otherwise. Consider the sets

Fne = {(cj,an (a:j,a)): ¢; €R and Bn].(mj,a) € IN(a)}
and let Gy . be the family of all sets Fy .
Definition 7.2. For a subset Z C X, a continuous map ¢: X - R, N € N, s > 0 and ¢ > 0,
Wy(s,e, ¢, N) = inf{ ch exp {— snj+ |Glx]| Z S% (l‘j)] :xz < ch Xan(xj@)}
jel i j% jel
where the infimum is taken over all finite or countable families Fy . of Gy .

Lemma 7.3. The limit
Wz(s,e,¢) = lim  Wg(s,e,9,N)
N — 40

exists and
lim Wz(S,E,w,N) = Sup WZ(375,¢;N)'
N — 400 NeEN
Proof. The proof is similar to the one of Lemma 5.2, so we shall omit it. O

Lemma 7.4. Given s < t, then
Wyz(s,e,1) < 400 = Wy(t,e, ) =0
Wy(t,e, ) >0 = Wy (s,e,1) = +00.
Proof. The proof is similar to the one of Lemma 5.3, so we shall omit it. O

One can now define the weighted e—pressure of the pseudogroup (G, G1) with respect to the
potential 1) on the subset Z as the unique critical point of the function

520 = WZ(Sv & sz))
thus generalizing the concept of weighted topological entropy introduced in [20].

Definition 7.5. The weighted topological pressure of (G, G1) restricted to Z C X, with respect
to the potential ¢» € C°(X) is given by

Wz((G,Gl),w) = lim Wz(€,¢)

e— 07t

where

Wz (e, ) = sup {s >0: Wy(s,e,0) = —l—oo} = inf {s >0: Wy(s,e,¢) = 0}.
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We proceed by showing that, for finitely generated pseudogroup actions, the weighted topo-
logical pressure coincides with the CP-pressure.

Proposition 7.6. For any finitely generated pseudogroup (G, G1), acting on a compact metric
space (X, d), any subset Z C X and any potential 1) € C*(X), one has

WZ((Ga Gl)’w) = PZ((Ga G1)7¢)

This proposition is a direct consequence of the following uniform estimates between weighted
pressure and the CP-pressure at small scales.

Lemma 7.7. Consider a finitely generated pseudogroup (G,G1) acting on a compact metric
space (X,d), a subset Z C X and ) € C°(X). For every s >0, ¢ > 0 and 6§ > 0, there exists
Ny € N such that

MZ(8+57457’¢7N) < WZ(8757¢7N) < MZ(SangaN) VN P NO-
Proof. Our reasoning is similar to the proofs of Proposition 3.2 in [20] and Proposition 4.1 in

[43] (which also follows closely the former).

We start by showing the first inequality. This part of the argument is an adaptation of the
proof of Lemma 8.16 in [34], where the relation between Hausdorff dimension and Hausdorff
weighted dimension is established.

Fix a subset Z C X, ¢ € C%(X), s >0, > 0 and § > 0. Select Ny € N such that Ny > 2
and n? exp[-n 6] < 1 for every n > Ny. Choose a family

{(Cj’an('rjvg))}jej

where I is countable, z; € X, ¢; € |0,400[ and nj > Ny. Take t > 0 and, for each k,n € N,
consider the sets

I, = {jEN: nj:n}

Ly = {j€l: j<k}
Zpnt = {a:EZ: Z chBn(xj,€)>t}
jeln

Zn,k:,t = {‘T €Z: Z €j XBn(zj,¢) > t}'

j € In,k

Since I, , is a finite set, by approximating the c¢;’s from above we may assume that each c¢; € N.
Let m be the least positive integer with m > t. Given k € N, choose a family of balls

B = {Bu(zj,e): j €Ik}
By induction, we define m + 1 functions
Vg, U1y eoey Um: B — 7
and m subfamilies By, Bs, ..., B, of B in the following way:
(i) For every By(zj,¢) € B, let

w(Balz;.2) = ¢
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and define the subfamily B; as the union of pairwise disjoint dynamical balls satisfying
the condition

U Bp(xj,e) C U By (xj,3¢)

Bn(xj,s)EB Bn(l'j,E)GBl

a valid step due to Lemma 4.6.

(2i) Proceed recursively, defining, for j = 1,2,...,m, pairwise disjoint subfamilies B; of B
such that

Bj C {Bn(acj,s) e B: vj_l(Bn(xj,e)) > 1}

Inkt C U By (xj,3¢),
Bn(xj ,6) (S B]'

as well as a finite sequence of functions v; such that

vj_l(Bn(xj,e)) -1, if Bn(l’j,&“) S Bj

vj<Bn(xj7€)) N { Uj—l(Bn(l'j’E))? if Bn(xj’g) € B\BJ

Notice that, for j < m, we have

Zoge € {aie Y i(Balwse) 2 m—j}

Bn(zj,e)€B

and so every point z € Z,; belongs to some ball B, (z,e) € B with v;(By(z,e)) > 1. In
particular,

jz::\[)’\exp[—sn—l—|ch]| Z S x])}

geGy )

> 01 (Balj.2)) — vy (Balag. )] exp [ —snt o 37 8% (ay)]

j=1 B, (z,.¢) €B;

S Y a(Balas ) —vi(Balap ) exp [ snt o 3 8% (ay)]

Bn(zj,e)eB; j=1

<
<
m
Q
3
<

N

< Y wBape) e[ -snt e 38y
Bu(z;.e)€B G| v
n (T, geGyp

= Z cj exp[—sn—i-mja;j’ Z Sq%(xj)]'
GEInk "lgeay
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Select now jo € {1,2,...,m} such that |Bj,| = min{|B;|: j € {1,2,...,m}}. Then

|Bj,| exp [—sn—i—‘Glflj’ Z ST% (a:j)}

T

geGy’
< 1 E c-exp[—sn—i—L Z Sg(:v-)]
com g G| o=,
]EImk geGnJ
1 1 ’
< - Z cjexp{fanLT Z S@(xj)]
t . |GV | -
Jj€l, i g i

Let
Tkt = 17 € It By(xj,¢) € Bjy }.

25

Since Z, 1+ is a nested sequence of sets convergent to Z,; as k — +o00, there exists kg > 1 such

that Z,, ;+ # 0 for every k > kg. Define

En7k7t = {$jl VES Jmk,t}-

From the sequence of compact sets {Ey, 1+ }ren in the compact metric space X one can choose
a subsequence {E, 1, + }scn converging in the Hausdorff distance to some compact set E,,; C X
as ¢ goes to +oo. Since, for every ¢ € N, any two points in E,, j,+ are (n,e)—separated, so do
the points in E,, ;. Thus, E,; is a finite set. Additionally, F,, 1, = I, for large £. Therefore,

for large enough ¢ one has
Znket © \J Bul2;3e) =  |J  Bulzji3e) € |J Balw;,7¢/2).
JE€ Ikt Tj € Ep gyt zj € Eny

Thus, for large enough ¢,
Znket € | Balwj,4e).

Xj € En,t
Note that the equality E, 1, = Ey t, which holds for large ¢, yields

1 g 1 1 g
|Entl exp | —sn+ 7\G;§j| Z Sy (xj)} < n Z ¢j exp [— sn+ 7\G;§j| Z Sy (xj)}
QEG»,IL. J€In QEG»,IL.

and

1
Mz, (s + 6,4,9,N) < |En| exp[—n(s—i-(s)—i-‘ij’ PACH]

gEGij
1 1 g
S tend Z € xp [—sn—l— G| Z Sy (xj)}
j€ln "lgeah

1 1
< e ch exp[—sn—l—|G£j| Z Sl%(xj)}

Jj€n QEG?

where the last inequality is a consequence of the assumption that n? exp[-nd] < 1 for all

TL}NQ
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Fix t € ]0,1[ and N > Ny. Since Z — Mz(s,e,1, N) is an outer measure and

—+00

Z c | Zop-
n=N

then

My(s +6,4¢,4,N) < Z Mgz, (s +0,4e,4, N)

Z Z ¢j exp[—sn—F‘Gl;m Z Si(xj)]

T

jel, g€ G
1
g;chexp{—s \GIJ| ZS acj]
jel geGhy Tj
< WZ(3»57¢aN)-
The previous estimate is precisely the first inequality in the statement of Lemma 7.7.

The second inequality is simpler to prove. Fix N € N and notice that, taking n; > N and
c; = 1for j €I, we get

Z XBo, (@) Z X2 = Z C U B, (zj,¢€).

jel jel
Consequently,
: 1 g
lnf{z Cj exp[—sw%—m Z S& (x])} : ZCjXan(Ij@) 2)(2}
jel "l geat jel
EA J

< inf{Zexp[—snj—l-Wliq > Si(xj)]: ZXan(xj,€)>XZ}
J ge ’

Tj Jjel

< inf{Zexp[ snj+ |sz| Z S azj)]: Z C U an(xj,s)}.
Jjel €Gy J jel
This ensures that Wyz(s,e, 9, N) < MZ(5,5,¢,N), as claimed. The proof of Lemma 7.7 is
complete. 0

7.2. Proof of Theorem 7.1(a). Fix a non-empty compact set Z C X and ¢ € C°(X). Let
€ M1(X) be a Borel probability measure such that u(Z) = 1. First we will prove that

PZ(<G7G1)7¢) > Bﬂ((GaGl)aw) (78)

Taking into account that
P,((G,G), /P ((G,G1), %, z) dp(x)

we deduce that, given § > 0, the set
- {1’ €7: B/L((G7 G1)7¢7$) 2 Bu((Gﬂ Gl)ﬂﬁ) - 5}
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is a positive y—measure subset of X and, by definition,
P,((G,G1),¥,x) = P,((G,G1),9) =6 Vae Z§.
Therefore, Theorem 6.1 implies that
Pye((G,G1),¥) = P,((G,G1), ) — 0.

Taking the supremum over all Borel probability measures u satisfying p(Z) = 1, we conclude
that

Pz((G,G1),¥) = Pze((G,G1),¢) = sup{P,((G,G1),¢) —8: p € Mi(X) and p(Z) = 1}.
Since § > 0 is arbitrary, this proves (7.8).
To finish the proof of Theorem 7.1 (a), we are left to show the converse inequality, namely
PA((G, Gr), ) < sup {P,((G,G1),¥): j1 € My(X) and pu(Z) = 1}. (7.9)
Taking into account that, for every t € R,

PZ((G7G1)7w+t) = PZ((GaGl)aw)_Ft
P,(G,G1),v+t) = P,((G,G1),¥) +1
we may assume without loss of generality that Pz((G,G1),) > 0. Therefore, by Proposition 7.6,
WZ((G’G1)7¢) = PZ((Gle)vw) > 0.

Take s € |0, Wz((G,G1),¥)[, € > 0 and N € N such that W(s,e,9, N) > 0. We observe that
the fact that Wx(s,e,1, N) > 0 is essential in the proof of the next proposition; we will use it
when K = Z.

Proposition 7.10. Consider a finitely generated pseudogroup (G,G1) acting on a compact
metric space (X,d), a non-empty compact subset Z C X and a continuous potential ¢ : X — R
such that Pz((G,G1),¢) > 0. Assume that s > 0, N € N and ¢ > 0 are such that ¢ =
Wik (s,e,9,N) > 0. Then there exists a Borel probability measure ug € My (X) satisfying u(Z) =

1 and
1

g
to(Bn(z,€)) < Eexp[—sn—i— Z Sy (x)} VeeZ ¥Yn>= N.

1
S e
Proof. Fix a compact subset Z C X and s > 0, N € N and € > 0 as in the statement of the
proposition. Define a functional P: C°(X) — R by

P(h) = %inf{ch exp[snj+|G1zj| Z Si(xj)]: hngzchan(zj,g)}
jel nj g Gfé. jelI

where the infimum is taken over all finite or countable families I = Fx . of Gy (recall Defini-
tion 7.2). Let 1 denote the constant function equal to 1 with domain X.

Claim 1: For every fi, fo € C°(X), one has:
(C1) P(fr+ f2) < P(f1) +P(fa).
(t f1) =tP(fr) for every t > 0.
(1) =1.
< P(f) <Al
(f1) = 0 for every f; € C°(X) with f; <0,
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The proof of the previous properties is not hard and is left to the reader. Denote by Cons(X)
the space of all constant functions defined on X. By the Hahn-Banach Theorem we can extend the
linear functional ¢t € R +— ¢ P(1) from the space Cons(X) to a linear functional L: C°(X) — R
satisfying

L(1)=P(1)=1 and —P(—f) < L(f) <P(f) V[felC(X).
Notice that, if f € C9(X) is such that f > 0, then P(—f) = 0, and so L(f) > 0. Thus, by the

Riesz representation theorem there exists a Borel probability measure py € M;(X) such that

L(h) :/ hdug — VheCX).
X
Claim 2: po(Z) =1.

Indeed, take a compact set £ C X \ Z. By the Urysohn’s lemma there exists hy € C°(X)
such that 0 < hg < 1, ho(z) = 1 for x € E and ho(z) = 0 for x € Z. Thus, hoxz = 0 and,
consequently, P(ho) = 0. Hence, uo(E) < L(ho) < P(ho) = 0. Since £ C X \ Z is an arbitrary
compact set, by the regularity of the measure py we conclude that po(X \ Z) = 0, thus proving
the claim.

We are left to estimate the measure ug of dynamical balls. Fix x € Z and n € N. Using
Urysohn’s lemma once more, for each compact subset E C B, (z,¢) there exists fp € C9(X)
such that 0 < fp <1, fg(y) =1 for any y € E and fr(y) =0 for any y € X \ B, (z,¢). Then

po(E) < /XEdMO < L(fe) < P(fE).

Notice that, for every (at most) countable set I and nj; > N, one has

i 1
lnf{ZCjeXp[—Snj‘mej‘ Z 5’1%(95]} fEXZz < ZCJXB,L x,,}
nj ge /

jer j jel

"

ginf{Zexp[—sn] |G$J‘ Z S %} fEXz < ZXBn(zj,s}

jel G J jel
Sep|—sntm 2 S) }
|G | geGy
where the last inequality is due to the fact that fg xz < x Bn(ac &) SO
1
#o(E) < P(fp) < - exp | —sn+ x, > s@)-
geGy,
Taking into account the regularity of ug, we may add that, for every x € Z and every n > N,

po(Bn(z,€)) = sup {po(E): E C Bp(z,¢) is compact }

< %exp[ sn+ \Gz\ ;T Sﬁ (m)] (7.11)

The proof of the proposition is complete. O



VARIATIONAL PRINCIPLES FOR FINITELY GENERATED PSEUDOGROUP ACTIONS 29

Take the Borel probability measure pg € M;(X) such that pg(Z) = 1 provided by Proposi-
tion 7.10. From (7.11), we easily deduce that, for every n € N,

1 1
- log po(Bp(z,¢)) ]Gl‘\ gezc:,c } s+ Elogc

and so P, ((G,G1),9,r) > s for every x € Z. Therefore,

P (G.G1). ) = /X P, (G, G), 2)dpuo() > s

and
sup{ (GG, 8): e My(X) and p(Z) = 1} > s

Finally, since s can be chosen arbitrarily close to Pz((G,G1),v) = Wz((G,G1),%), we obtain
the inequality (7.9). The proof of Theorem 7.1 (a) is complete. O

We are left to show Theorem 7.1 (b). We postpone this proof to the next section, after the
presentation of a special dynamically defined Carathéodory-Pesin structure which conveys a
reformulation of the notion of topological pressure of a pseudogroup.

8. CAPACITY PRESSURE vs. TOPOLOGICAL PRESSURE

Consider a finitely generated pseudogroup (G, G1) acting on a compact metric space (X, d)
and a potential 1 € C°(X). Recall from Subsection 4.4 that

Qtop((G,G1),v) = lim limsup — log<1nf{ Z e‘GZ‘Z"EGIS U})

+ n
e—=0T n—o4o0 e Fn .
where g = g;, 0+ -0 g, © g;,, the supremum is taken over all (n,e)—spanning sets F,, . C X and

S5 () = () + (g0, (2)) + - +1(gin © -+ © Giy © g (7).
Taking into account that, for every t € R,

Qtop((G7 G1)71/1 + t) = Qtop((Gv G1),¢) +1

we may assume without loss of generality that Qop((G, G1), %) > 0.
In what follows we will keep the abbreviation (4.8). Given ¢ > 0 and a positive integer N,

denote by { By (x;, 6)}x cri(e) @ finite or countable family of dynamical balls satisfying
i€y

U Bw(ie) =X

x; €I3(¢)

and by C% (N, e) the collection of all sets I% (). For any s > 0 and ¢ € C%(X) let

M*(s,e,0,N) — inf{ 3 exp[—sN—i—P;f’(a:j)]:I}k\;(a)EC}"((N,a)}
ZjEI;](E)

M*(s,e,v) = limsup M*(s,e, ¢, N).
N — 400
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By an argument entirely similar to the one used to show Lemma 5.3 we deduce that the map
s — M*(s,e,1) behaves like as s—Hausdorff measure, that is, it has a unique critical point
cy(€), where it drops from +o0 to 0; hence

cy(e) = sup{s > 0: M*(s,e,9) = +o0}.
Moreover, by a standard reasoning, as in the proof of Lemma 5.5, we guarantee the existence of
the limit
cy = lim cy(e).

e— 0t

Definition 8.1. The number ¢y, = ¢ (G, G1)y is called the (upper) capacity pressure of (G,G1)
with respect to the potential 1) € CY(X).

Proposition 8.2. Consider a finitely generated pseudogroup (G,G1) acting on a compact metric
space (X,d) and an arbitrary ¢ € C°(X). Then

C (G, Gl)w < Qtop((G7 Gl): w)

Proof. Fix 1 € C°(X) and, to simplify the notation, let a(i)) = ¢(G,G1)y. Given £ > 0 and
v > 0, choose a sequence (myg)i e of positive integers such that

M (a(y) —v,e) = lim M*(a(y) —7v,e,mp) = +oo.

li
k— 400
Thus, for every sufficiently large k, the quantity M*(a(y) — v,e,my) is arbitrary large. In
particular,

M*(a() —v,2,mp) > 1.

Therefore,

inf{ Z exp [—(a(y) —v) my + Pﬁf’lk (z5)]: I, () € C}’}(mk,e)} > 1

T; € I;‘;lk (E)
and

inf { Z exp [—(a(v)) —v)mk—i—Pgﬁk(:ﬁj)]: X = U Bmk(:nj,s)} > 1

ka N
szka’E aszka,E

where the infimum is taken over all (my, e)—spanning subsets of X and we are summoning the

infomation in (2.18) regarding the connection between spanning sets and coverings of X by open

dynamical balls. Consequently,

inf {3 ewPh ) X= ) Bulw9)} > ew[-(al) ) m

Fn
ko€
’ .IjEka’E Zj Ekay‘g

Taking logarithms and dividing both sides by m, we obtain

1 .
pro log (me { Z exp [P;ﬁk (x)]: X = U Bmk(acj,s)}) > a(y) —7.
k koS Tj € Fmy e zj € Fmy e
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Since + is arbitrarily small, taking limsup as k goes to +o00 and lim when ¢ — 0T, we deduce
that

Qtop((Ga Gl)adj) =
> lim limsup L log(Finf { Z exp [P%k(:z:])} X = U Bmk(mj,e)})

e 07 k— +oo Mk Z‘jEka’g T Eka’g
z a(y) = c(G,Gr)y.
]

8.1. Proof of Theorem 7.1(b). We can now connect the three notions Px ((G, G1), ¥), ¢ (G, G1)y
and Pyop((G, G1),), for every ¢ € C°(X), and thereby conclude the proof of Theorem 7.1.

Proposition 8.3. For a finitely generated pseudogroup (G,G1) acting on a compact metric
space (X,d) and an arbitrary ¢ € C°(X), one has

PX((G’G1)7¢) < C(G7G1)¢ < PtOP((Ga Gl)’d})

Proof. Fix ¢ € CY(X) and ¢ > 0. Notice that, for every positive integer N, any finite or
countable covering { By (z;,€) : #; € X} belongs both to I} (¢) and In(¢). Thus, for every s > 0,

Mx(s,e,p,N) = inf{ Z exp[—sN—FP;\l;(xj)]:IN(s)ECX(N,a)}

JE€IN(e)
< inf{ Z exp [—sN—}—P}Vb(xj)]: Iy(e) € C}'}(N,s)}
Jelx(e)
= M*(s,e,9,N).
Therefore,
Mx(s,e,¢) < M*(s,e,9)  Vs=0
and so

Mx(e,) < cyle) Ve > 0.

Taking the limit when ¢ — 0, we get
Px((G,G1),¢) < ¢(G,G1)y.
Consequently, Proposition 8.2 and Lemma 4.7 imply that
Px((G,G1),¥) < ¢(G,G1)y < Quop((G,G1),¢) < Prop((G, G1), ¥).
The proof of Theorem 7.1(b) is complete. O

An immediate consequence of Theorem 7.1 is Theorem A(a), namely:

Corollary 8.4. Let (G,G1) be a finitely generated pseudogroup acting on a compact metric
space (X,d). Then, for every ¢ € C°(X),

Rop((Gv Gl)a'@D) = sup B#((Ga Gl)v¢)
neEMi(X)
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9. G—HOMOGENEOUS PROBABILITY MEASURES

In this section we complete the proof of Theorem A. We start by extending [4, Lemma 4.10]
to the upper local measure-theoretic pressure defined in Subsection 2.7.

Lemma 9.1. Let (G, G1) be a finitely generated pseudogroup acting on a compact metric space
(X,d) and endowed with a G—homogeneous probability measure . Then, for every z,y € X,

P,((G,G1),¢,z) = P,((G,G1),,y).

Proof. Fix 1 € C°(X) and 7 > 0. Since 1 is G—homogeneous, there exist 0 < ¢ <y and A\; > 0
such that

n(Bn(y.€)) < M n(Bnl(z,7))
and there are 0 < § < € and Ay > 0 such that

n(Bn(x, 5)) < Mg r](Bn(y,s)) Ve,ye X VneN
for every x,y € X and n € N. Hence,
0(Bu(,0)) < den(Bu(y.e) < A ran(Ba(z,7))
and (recall the abbreviation (4.8))
n(Bn(x,9)) exp—[PY (x)] < Aan(Bu(y,e)) exp—[PY(z)] < M Aen(Bu(w,7)) exp—[PY(x)]

for every z,y € X and n € N. Applying logarithm to both sides of the above inequalities,
dividing by —n and taking the lim sup when n — —+o00, we get, respectively,

log 1(Bn(z,08)) — P¥(z) < log Az +log n(Bu(y,e)) — P (x)
< log (A1 Ag) + log U(Bn(x,fy)) - Pff(:n)

and
1 1
limsup —— [1og n(Bn(a:,(S)) — Pff(x)} > limsup —— [log n(Bn(y,s)) — Pff(x)}
n — 400 n n — 400 n
1
> limsup —— [log 1(Bn(z,7)) — Pép(x)}-
n — +oo n
Let

Ac(x,y) = limsup 1 [log n(Bn(y,f-:)) — Pff(w)}

n—+oo N

Since § < € < 7, taking the limit as v — 0T we obtain
Py((G.Gr)vye) < lim Ac(z,y) < Py((G,Gh), ¢, ).
This means that the transformation
(@,y) = lim Alzy)
does not depend on y. In particular, when y = x we get
lim A(y.y) = Py((G,Gh),dy)  and  Py((G,Gh) @) = Py((G,G1) o).

Thus, B B
Pﬁ((Ga Gl)’d}7$) = PT)((G’ Gl),d}) Vz e X.
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9.1. Proof of Theorem A(b). We are ready to prove the second part of Theorem A. It
generalizes Corollary 4.13 of [4], whose proof depends on the validity of Proposition 4.12, and
which asserts that, if (G,G1) is a finitely generated group on a compact metric space endowed
with a G—homogeneous probability measure 7, then

hop(G, G1) = hy (G, Gh).

Fix 1 € C%(X) and consider, for every z € X, the sequence of averages (so called n—th
Cesaro averages of the n—th spherical averages of ¢ at x) defined by

neN — R(z)= ’GI > Sy
ge Gy

Given an ergodic probability measure y € M¢(X), it is known that, under suitable assumptions
on the pseudogroup action, the sequence of averages (%% (31:))n ¢ converges at pu—almost every
z € X to [¢du. We refer the reader e.g. to [22, 36] for more information regarding those
pointwise ergodic theorems.

Assume that (G,G1) is a free group and that n € Mg(X) is a G—homogeneous ergodic
probability measure. By [15], the sequence (%%(x))n oy converges to Jx ¥ dn for n—almost
every x. Denote by Y the subset with n(Y) = 1 of those points z. Select z € Y. Then, by
Lemma 9.1 and Corollary 4.32 of [4], one has

Py((G,G1),v) = Py((G,Gh),4,x)
1 1 g
= lim l,ifsjilj - [log 1(Bn(z,¢€)) — Gal > S (x)}
geGy,
= lim [hmsup —— log u(Bn(x,e)) — | dn]|.
e—=0t Lno+4oo X

— Ty((G,Gy), /wdn
= EU(G,GH) +/X1/1d77
(G Gh) + /X .

This ends the proof of Theorem A.

Question: Assume that (G,G1) be a finitely generated pseudogroup, acting on a compact
metric space (X, d) and endowed with a G—homogeneous probability measure 7. Is it true that,
for every 1 € C°(X), one has

PtOP((G7 G1)7w) = Pn((Gv Gl)’w) ?

10. EXAMPLES

In this final section we provide several examples by which we illustrate the complexity of
computing the topological pressure for pseudogroup actions and some applications of our main
results.
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Example 10.1. Our first example indicates that the topological entropy of a finitely generated
pseudogroup action may be positive even if all its generators have zero entropy.
Consider the interval [0, 1] with the Euclidean distance and the open subintervals J; = ]0,1/3]
and Jy = ]2/3,1[. Let g1: ]0,1[— J; and g2: ]0,1[— J2 be the homeomorphisms given by
g1: ]071[ - ]Oa%[ and g2: }071[ - ]%71[
x x 9 -
Take G1 = {id[o,l], g1, gfl, g2, g;l} and let G be the pseudogroup generated by G1. We will
show, by adapting a reasoning in [23, page 131], that hiop(G, G1) > log2.
Given n € N and positive integers 41,149, - ,i, equal to 1 or 2, define
Jiryig, o yin = 9ir © iy ©++ © gi,, (10, 1]).
Fix z¢ € ]0, 1] and denote
'I(ila/iQ?' te 7Zn) = Giy ©Giy ©° - ° Gi, (xO)
Then the set
Ep 2y = {x(in, i, ,in): g€ {1,2} VI<L<n}
has cardinal 2" and is (n,e)—separated for every 0 < & < % Indeed, let z # w be two points in
En, o, say
z :‘r(il)iza'”)iky ik—i—l)"'vin) and w :x(i1>i27'”>ik7jk+1)"'7jn)
where 0 < k < n and jgy1 # igr1. Then the map

_ -1 —1 —1
9 = 9 Ogik+1 °r o g

is in G and is defined in the interval J;, 4, ... i,, to which both z and w belong. Moreover,
9(2) € Ji,,, and g(w) € Jj, . Since jyi1 # igy1, if 0 < e < 1/3 then

|g(z) —g(w)| > 1/3 > e.
So, z and w are (n,e)—separated. Thus, s(n,c) > 2", which implies that hip(G,G1) > log2.

Example 10.2. In view of Example 10.1 we may inquire whether the topological entropy of
a pseudogroup reflects the existence of generators with zero topological entropy, even in the
context where some of the generators have positive topological entropy. This is precisely what
happens in the following example.

Consider the space Yo = {0, 1}? with the distance

Ap — bn
d((an)n627 (b”)”ez‘) - Z ‘2"|
nez

Let 0: X9 — Yo and T': 39 — 39 be the homeomorphisms given by

U((an)nGN) = (an-l-l)nEN and T(<an)n€N) = (an)neN
where a, = 1 if a, = 0 and @, = 0 if a, = 1. Let G be the group generated by G; =
{ide, o,0 T, T‘l} and p = (%, %)Z be the symmetric Bernoulli measure in ¥s. Since T is
an isometry, for every x € ¥5 and € > 0, one has

By(z,e) = {y € $o: d(0?(2), 07 (y)) <&, V-n<j<n} = O'n<§2n+1(0'7n($)75))
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where N

By(z,e) = {y € 2: d(c’(y), 07(2)) < e, VO<Lj<k}
denotes the Bowen’s one sided dynamical ball for the shift o, with length £ > 1, radius ¢ > 0
and center z € ¥9. Now observe that

1
h,(G,G = lim liminf ——1 B = 2log 2
b, ((G,G1), @) = lim liminf ——log u(Bn(z,¢€)) = 2log
for every x € Y9 while, using the Brin-Katok formula [14],
S 1 ~
hu(o) = hy,(0,2) = lim liminf —>log u(Bn(, €)) = log 2

at p-almost every x € 5. Altogether, this shows that
h,(G,G1) = 2log2 = 2h,(0) = 2h,u(0)

which turns out to be the expected value if G; was reduced to {idy,, o, o1}

Example 10.3. The precise computation of the topological pressure of a pseudogroup action
usually demands a thorough understanding of the collection of spanning sets with respect to the
pseudogroup action. The next example explore Theorem A as a tool to provide a lower bound
for the topological pressure of a pseudogroup action.

Consider the interval [0,1] with the Euclidean distance and the subintervals Iy = [0,1/3],
I, =11/3,2/3] and Is =]2/3,1]. Let G be the pseudogroup generated by the collection of
homeomorphisms {id[o,l}v g1, gfla 92, 9;1, g3, 95;1}7 where

w03 > 030 e B30 - 3w 130

; [0,1]
T — 2z T = T+ 3 x

_)
= 3—3x
These generators have a Markov property, in the sense that
g1(l1) D [1UIz, go(I2) = I3 and g3(I3) D [1ULL U3,
In particular, the equality go(I2) = I3 guarantees that, for every = € ]0,1[, n € N\ {1} and
g = Gi, ©° "G, © gi; € Gy, one has
#{1<j<n: ij=2} < n/2.
Indeed, taking into account the domains of g, g2 and g3, we are sure that
gi; =92 and j<n = g, = gs

Since g2 is an isometry and the absolute value of the derivatives of both g; and g3 is bounded

from below by 2, then

Bn(x,e) € B(z,272¢e) Vzel0,1], Ve>0, VneN)\{1}.
Thus, taking u as the Lebesgue measure on the interval [0, 1], Theorem A yields, when ¢ = 0,

htOP(G7G1) > ﬁu(G7G1) > H}ll)fl[ hu((GaGl)vl‘) > (10g2)/2
xz e |0,

Therefore, from Remark 2.9 we conclude that, for every 1 € C°([0, 1]) which is C°-close enough
to the constant map equal to zero,

Ptop((Ga Gl)’w) > :Elg%},{l] ¢
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We stress that, within the setting of dynamical systems and under mild assumptions, the latter
inequality is sufficient for the existence of conformal measures (see [19] for more details).

Example 10.4. Consider now a compact metric space (X,d) and let G be a pseudogroup
generated by a finite set of local isometries on X. Then, for every x € X, n € N and ¢ > 0,
one has By, (z,e) = B(z,¢) and the maximal number of (n,e)—separated points in X does not
depend on n. Therefore, hiop(G,G1) = 0. Moreover, for every p € M;(X) and z € X,

~ log u(Ba(r,2)) = — log n(B(,)).

So, for every x € X,

_ 1 1
hu((G,G1),xz) = lim limsup —— log u(Bp(x,e)) = lim limsup —— log u(B(x,e)) = 0.
n

e>0T ns400 N e—=0% n—+oo
Thus, h,(G,G1) = 0. In a similar way we show that h,(G,G1) = 0.
As stated in Remark 2.28, for every pu € M1(X) and every ¢ € C(X), one has
Ry (G, Gh) + min o (z) < Pu((G,Gh),¢) < hu(G,Gh) + max ¢(z).

and similar inequalities for h,(G,G1) and P, ((G,G1),9). In this example, since hu(G,Gy) =
0= h,(G,G1) for every u € M;(X), we obtain

min ¢(z) < P,((G,G1),9) < Pu((G,G1),9) < max 1(x)

for every u € M1(X) and ¥ € C°(X). Therefore, by Theorem A, for every 1 € C°(X) one has
Ptop((Ga G1)7¢) = xrrélgl{ w(x)

Example 10.5. Consider the 2—dimensional sphere S? of radius one, with the Haar measure,
which we denote by 7. Take two irrational rotations Ry: S? — S? and Ry: S? — S%. Let G be
the free group generated by G = {idgz, R1, Rl_l, Ry, Ry 1}. Since G is generated by isometries,
one has By(z,e) = B(w,e) for every * € S, n € N and ¢ > 0. Thus, the measure 7 is
G—homogeneous. Moreover, like in Example 10.4 we have h, (G, G1) = 0. More generally, given
¥ e C(S?),

min, $(z) < P,y((G,G1),9) < max ¢(z).

In addition, as n is a G—homogeneous, G—invariant and ergodic probability measure, we also
conclude from [4, Theorem 4.12] and Theorem A that, for every ¢ € C%(X),

Pn((Gle)v¢) = /S2¢d77

Example 10.6. The next example shows that even if G-invariant probability measures exist
they may carry low entropy, hence fail to be the candidates to describe the thermodynamic
formalism.

Consider the 2—dimensional sphere S? and an Axiom A diffeomorphism g;: S? — S? with
htop(g1) > 0. Take two distinct periodic points of gi, say p, g. Choose now a Morse-Smale
diffeomorphism go: S? — S? so that p and ¢ are fixed points of go and the only periodic orbits
of go. Take the group G generated by G = {idsz, g1, 92, gl_l, 92—1} and note that

htop(GaGl) P htop(gl) > 0.
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Moveover, the space of G—invariant probability measures is precisely
M(S?) = {t6, + (1 —t)34: t€[0,1]}.
In addition, one has
htaﬁ(l—t)éq (G,G1) =0
for every t € [0, 1]. Consequently,

hiop(G,G1) > hg2(G,Gh) by Theorem B(b)

= sup {QM(G, Gi) } by Theorem B(a)

€ M1 (S?)
= hiop(g1) by [38, Theorem 11.5]
> 0
= sup { hﬂ(Gv Gl) }

wE Mga(S?)
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