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Abstract

We study the relation between escape rates and pressure in general dynamical
systems with holes, where pressure is defined to be the difference between entropy and
the sum of positive Lyapunov exponents. Central to the discussion is the formulation
of a class of invariant measures supported on the survivor set over which we take the
supremum to measure the pressure. Upper bounds for escape rates are proved for
general diffeomorphisms of manifolds, possibly with singularities, for arbitrary holes
and natural initial distributions including Lebesgue and SRB measures. Lower bounds
do not hold in such generality, but for systems admitting Markov tower extensions
with spectral gaps, we prove the equality of the escape rate with the pressure and
the existence of an invariant measure realizing the escape rate, i.e. we prove a full
variational principle. As an application of our results, we prove a variational principle
for the billiard map associated with a planar Lorentz gas of finite horizon with holes.

1 Introduction

This paper is about leaky dynamical systems or dynamical systems with holes. A generic
setup consists of a triple (f, M; H) where M is the phase space of a map or flow denoted
by f, and H C M is an open set. We refer to (f, M) as a closed system and H as the
hole through which mass is allowed to escape from the system. More precisely, we follow
trajectories in M until they enter H. Once a point enters H, it leaves the system forever,
i.e. we stop considering it.

Holes can be large or small. Small holes are often used to model small (unintended) leaks
in physical systems; proximity of normalized surviving distributions to the physical measure
of the closed system is a form of stability. More generally, the study of (f, M; H) can be
viewed as the study of dynamics on non-invariant domains. As an example of why such
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studies are relevant, consider the following. It is well known that attractors are important
because they capture the large-time behavior of dynamical systems, but invariant sets that
are not attracting can substantially impact the qualitative behavior of a system as well: Let
A C M be such a set, and U C M a neighborhood of A. Then we may regard H = M \ U
as the hole. Slow escape rates from such holes are known to impact the speed of correlation
decay of the closed system.

Escape dynamics have been studied by many authors. We refer the reader to the part-
review article [DY], which contains many references, and will mention explicitly works that
are closer to the present paper as we go along. Most previous works have focused on specific
systems, such as Anosov diffeomorphisms, interval and billiard maps. In this paper, we seek
a general understanding for as large a class of dynamical systems as we can. Specifically, we
seek to relate escape rate to a dynamical invariant called pressure, which roughly speaking
measures the discrepancy between metric entropy and sum of positive Lyapunov exponents.
We now proceed to a discussion of what this paper is about.

Setting and questions

We begin with the simpler setting of a compact Riemannian manifold M without bound-
ary and a diffecomorphism f which is at least C'*¢ for some ¢ > 0. In order to include
applications to systems such as billiards, which are very important examples of dynamical
systems of physical origin, we also allow M to be the union of a (possibly open) Riemannian
manifold and a singularity set S, and f to be piecewise smooth. Precise conditions on & and
the behavior of f near it will be made precise in due course. Riemannian measure on M
(or M\ S) is denoted by p throughout. Unless otherwise stated, the hole H is an arbitrary
open set in M.

Let m be a reference measure on M. We think of m as the initial distribution of mass in
the phase space before any escape takes place, and take the view that initial distributions
related to p are of particular physical interest. Notice that m need not be f-invariant. Indeed
one can interpret the situation as follows: The escape of mass can begin before or after the
closed system f : M O reaches a steady state. In the first case, m is usually not invariant,
and we assume it has a density with respect to u. In the second case, we take m to be an
SRB measure, which may be singular with respect to p.

A basic quantity of interest is the escape rate, defined to be —p(m) where

p(m) = lim 1 logm(M™) (1)
n—oo 1

when the limit exists. Here M™ = N, f~*(M \ H) is the set of points which has not escaped
by time n. In general, the limit in (1) may not exist, and we write p and p for the liminf,_,
and limsup,, ,. of the quantity on the right hand side. Notice that while p(m) depends on
m, all initial distributions uniformly equivalent to m have the same escape rate, i.e. if @ is
a function with 1 < ¢ < ¢ for some ¢ > 0, then p(¢m) = p(m), and the same is true for p
and p. -
For an f-invariant Borel probability measure v on M, the pressure of v, denoted P,, is

defined to be

P, = h,,(f)—/vczy
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where h,(f) is the metric entropy of (f,r) and AT is the the sum of the positive Lyapunov
exponents counted with multiplicity. We will write Pg = sup,cg I, where G is a collection
of invariant measures.

Given an open system (f, M; H), we define the survivor set to be the f-invariant set
Q = NMpezf™ (M \ H).! Let T = Z(2) denote the set of f-invariant Borel probability
measures supported on €2, and let £ C Z be the subset of Z consisting of ergodic measures.
Assuming p(m) is well defined, we say p(m) satisfies a variational principle if

p(m) =Pg for a suitable class of measures G C 7 .

Of interest also is whether the supremum in Pg is attained, i.e. if there is a measure v € G
for which P, = Pg. Obviously, one can also ask if p(m) = P, for some v without mentioning
any variational principles.

The ideas in the last paragraph were suggested by a number of previously known results
some of which are recalled below, but let us first summarize the questions to be addressed.

This paper seeks to address for as large a class of dynamical systems as possible the
following three questions for natural initial distributions m:

Q1 (Escape rate) Is the escape rate p(m) well defined?

Q2 (Formula for escape rate) Is p(m) = h,(f) — [ ATdv for some v € T?
The same question can be posed for p(m) and p(m).

Q3 (Variational principle) Does p(m) satisfy a variational principle?

Partial answers are given for very general dynamical systems, and complete answers for
a more restricted class which includes many known examples. A concrete application to the
leaky periodic Lorentz gas is mentioned explicitly.

Earlier works

Theorem 1. [B] Consider a C'¢ Aziom A diffeomorphism f: M O of a compact Rieman-
nian manifold M. Let A C M be a basic set, and let T = Z(A). Then Pr <0, and Pr =0
if and only if A 1s an attractor.

This is the first result that systematically relates the escape of mass to pressure: In the
case where A is an Axiom A attractor, no mass can escape from a neighborhood of A, and
Pr = 0; for non-attracting basic sets such as horseshoes, mass escapes at exponential rates
and Pz < 0. The number Pz has been shown to be equal to the topological pressure of f
with respect to the potential —log | det(D f")| on A; see [B] or [W] for more detail.

The next result gives conditions under which the numerical value of Pz is explicitly
related to the rate of escape.

Theorem 2. [Y1, Theorem 4]* Let f : M O be a CY*¢ diffeomorphism of a compact Rie-
mannian manifold M, and let H C M be an open set. We assume

'If f is not invertible, we take n < 0 in the definition of .
2This result follows from the large deviation results in Theorem 1 (not Theorem 2) of [Y1]. Take ¢ =1
on a closed set K and <1 on M \ K where Q C int(K) C K C M\ H, and £ &~ —log|det(Df|g«)| on .



(i) Q is compact with d(2,0H) > 0, and
(ii) fla is uniformly hyperbolic.
Then p(p) is well defined and equals Pr.

In both of the settings above, Pr = Pg, and Pr = P, for some v € Z. (The latter follows
from the continuity of = +— log|det(Df|g«)| and upper semicontinuity of v +— h,(f); see
[B]). Thus for uniformly hyperbolic survivor sets 2 with d(£2, H) > 0, Q1-Q3 have all been
answered in the affirmative.

Several works went beyond Theorem 2 to give positive answers to Q1 and Q2 in a num-
ber of situations, including Anosov diffeomorphisms with Markov or small holes (with no
requirement on QN OH) [CM1, CM2, CMT], uniformly expanding maps admitting Markov
partitions [CMS], piecewise expanding maps, and Collet-Eckmann maps of the interval with
singularities [BDM]. Q3 was partially addressed in [CM1, CMS, BDM]: a variational prin-
ciple was proved for an associated dynamical system, namely the symbolic dynamics of the
original map (but not for the map itself).

2 Statement of Results

Three sets of results are stated:

— Sect. 2.1 contains partial answers to Q3: lower bounds for p(m) are proved for very
general dynamical systems; no results on upper bounds are reported.

— Sects. 2.2 and 2.3 provide complete answers to Q1-Q3 for systems admitting Markov
tower extensions with some additional conditions.

— These results are applied to the periodic Lorentz gas with small holes (Theorem F).

2.1 Lower bounds on p(m) for general dynamical systems

Our results in this subsection will assert, in essence, that
for very general dynamical systems, p(m) > Pg for reasonable choices of G.

Since Pg decreases with G, this inequality is not meaningful for G too small. Thus the
selection of a suitable G is an important part of the consideration. We start with &£, the set
of ergodic invariant measures supported on the survivor set €). To obtain G, restrictions will
be placed on £ on account of

I. the hole H,
II. the initial distribution m, and
III. singularities of the map f, if present.

We discuss these 3 types of restrictions separately. The conditions we impose are admittedly
motivated by our proofs, but the fact that they lead to a full variational principle for a large
class of dynamical systems (see Sect. 2.3) suggests that these choices of G are reasonable.

In Paragraphs I and II below, f : M O is a C'*¢ diffeomorphism; systems with singulari-
ties are discussed in Paragraph III. Throughout the paper, B(x,r) denotes the ball of radius
r in M centered at x € M, and N.(-) denotes the e-neighborhood of a set in M.
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I. Restrictions on G due to the hole H

The following definition gives a sense of which v € £ we think impact the escape rate. Define

Gy = {v € & | The following holds for v-a.e. z: given any v > 0,
Ir = r(z,v) > 0 such that B(f'z,re=") C M \ H for all i > 0} .

Notice that if v € &€ has the property that for some C,a > 0, v(N.(0H)) < Ce® for all
e > 0, then v is in Gy (see Sect. 4.2, Paragraph 4).

The definition of Gy can be relaxed in many ways; in particular, it is not necessary for
the entire ball B(f'z,re™ ") to be in M \ H. We mention one formulation, leaving the reader
to contemplate others: Given z € M, let W2(z) denote the local stable manifold of = of
radius e. We call an open set O a W#-neighborhood of x if O N W2(z) # () for every & > 0.
All of our results remain valid if

(0) in the definition of Gy, B(f'z,re™"") is replaced by f'(O) N B(f'z,re ")
where O 1s a W*-neighborhood of x.

II. Restrictions on G due to the initial distribution m

Two types of initial distributions are considered.

(A) Initial distributions with densities, possibly localized
Let m = u, = ou where ¢ > 0 is in L'(u). For such an initial distribution, we consider

G, ={v €& :3¢, >0 and an open set Z such that v(Z) > 0 and ¢|z > ¢,} .

Theorem A. Let (f, M; H) be as above. Then

(Z) B(M) > PQH ;
(ii) more generally, p(ity) > Pgyng,,-

Remark. Clearly, G, = & if ¢ > ¢ for some ¢ > 0; thus (ii) reduces to (i). Here we permit ¢
to vanish on parts of M provided it is measurable with ess inf(¢) > 0 on an open set of M.
We do not claim that the restrictions imposed on G, are necessary, but if the support of ¢
is localized in the phase space, invariant measures supported elsewhere are clearly irrelevant
since they cannot be “seen” by the initial distribution .

(B) SRB measures as initial distributions

In (A), m = p, is not necessarily an invariant measure. If, however, a steady state is
reached before the leak begins, then it would be natural to take m to be an SRB measure
lsre, as we now do. For simplicity, we assume pgrp has no zero Lyapunov exponents.

The challenge here is to identify a class of invariant measures Ggrp that can be “seen”
by the SRB measure pgrs, which is often singular. We call Il C M a pgpg-hyperbolic product
set if the following hold.

(W.1) II = (UI') N (UI'*) where I'™ = {w} and I'* = {w'} are two sets of relatively open
local unstable and stable manifolds such that each w € I'* intersects every w’' € I'® in
precisely one point. In addition, there exist constants C' > 0, A < 1 such that

diam(7T7"w) < CA" Vw € T* and diam(7T"w') < CA" Vw' € T,

where diam(-) denotes the diameter of the unstable or stable manifold.
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(W.2) psrgs|n(A) > 0 for every relatively open A C II.

(W.3) There exists a constant cp > 0 such that for ugpg-a.e. w € I'*, the conditional proba-
bility of pggs on w has density v, > cr.

We remark that (W.3) is a general property of SRB measures [LY]; we have listed it separately
only for emphasis. Define

Gsrs = {r €& | v(l) > 0 for a pgps-hyperbolic product set I1}.

Theorem B. Under the conditions above, p(srs) > Pgyngsps-

Remark 1. Observe that if f has an Axiom A attractor A and pggg is the SRB measure on
the attractor, then Ggrp imposes no restriction whatsoever on v € £, i.e. Ggrpy = €.

Remark 2. In the case where the pushforward of Lebesgue measure p tends to pggrs, one
might be tempted to conclude that p(u) = p(psrs). This is not necessarily true, and the
reason is as follows: Suppose f has a Lebesgue measure zero invariant set A (such as a
horseshoe) away from the support of the SRB measure. The rate at which points escape
from a neighborhood of A will be reflected in p(x) but not in p(usrs); this can easily lead to

p(r) > pfiss)-

III. Restrictions on G due to the singularities of the map f

We state here a version of our results that can be applied to planar billiards; see Theorem
F below. Following [KS], we let U be an open smooth (at least C*) finite dimensional
Riemannian manifold, and assume that M = U is a compact metric space of finite capacity,
where U denotes the closure of U.

Let «(x,U) be the radius of injectivity of the exponential map exp, : T, U — U. We
assume that there exist constants s, ¢o,s > 0 such that for each z,y € U such that d(z,y) <
(z,U) and w = exp, !(y), we have

W@, U) = min{s, d(z, M\ U)*}, [ D(exp,)(w)|| < co, and [|D(exp;)(y)ll < co.  (2)

Let V be an open subset of U and let f : V — U be a mapping which is a C? diffeomor-
phism of V' onto its image. Let S = M \ V. We think of S as the singularity set of f. We
assume that there exist constants C,a > 0 such that for all x € V,

IDfell < Crd(z,8)™  and  [[Df] < Crd(z, £8)7". (3)

Let fx = exp}j o foexp, denote the induced map on 7,V wherever it is defined. We assume
that there exists b > 0 such that if z € V, v € T,V and f,(v) is well-defined, then

1D?fo (0)]| < Crd(exp, (v),8)™". (4)

log C(r)
—logr

of a covering of M by open balls of radius 7. For billiards with corners the set U is technically not a manifold
with boundary but a union of such glued together along some boundaries.

3This means there is some d < oo such that limsup,._,

= d where C(r) is the minimum cardinality



Notice that for dispersing billiards with finite horizon, a = 1 and b = 3 (see [KS, CM3]). In
what follows, we will assume without loss of generality that b > ¢ > 1.

Into such a system we introduce a hole H C M. With regard to the choice of G,
in addition to the considerations above, we must also restrict to invariant measures that
respect the singularities (see [KS]). Define

Gs ={v € & |3C,a > 0 such that Ve > 0, v(N.(S)) < Ce*} .

Theorem C. Let (f, M; H) be as above. Then

(i) for ¢ € L'(n), p(py) = Pgungsng, . and
(i) if f has an SRB measure gz with no zero Lyapunov exponents, then
p(:U’SRB) > Pgungsndsns -

We finish with the following.

Remarks on upper bounds and the attractor case: No general results are known for
upper bounds on p(m), not even for m = p. Consider the special case where @ C M is an
attractor. Assume there is a neighborhood O of  such that f(O) C O and Q = N,>0f"(O).
Let H = M\ O and m = p, so that p(m) = 0 by definition. Since h,(f) < A} for all
v € £ [R], showing that p(m) < Pg in this case is equivalent to proving Pe = 0. The
latter is known to be false in general, an example being the Figure 8 attractor (see Fig. 1),
so one must rephrase the question to include some notion of “typicality”. Still, P, = 0
means either A} = 0 or v is an SRB measure [LY], and whether attractors with nonuniform
expansion admit SRB measures is well known to be a very difficult question; see e.g. [Y4].
Since any result on upper bounds for p(m) must include this attractor case, we conclude
that in complete generality the question for upper bounds on escape rates is intractable at
the present time.

We will, however, identify a large class of dynamical systems for which p(m) = p(m) = Pg
for some G. This is the content of Sects. 2.2 and 2.3.

Fig. 1. Figure 8 attractor. The only invariant measure is 6, where p is the saddle point.

2.2 Escape rate formula

In this section, we assert for a class of dynamical systems the existence of © € £ the pressure
of which is equal to p(m), thereby answering Q1 and Q2 in the affirmative.

Let f : M O be a C'*¢ diffeomorphism or a piecewise smooth diffeomorphism as in the
setting of Theorem C, and fix a hole H C M. We assume

(A.1) (f, M) has a Markov tower extension (F,A);
(A.2) (F,A) has an exponential tail;
(A.3) (F,A) respects the hole H;



(A.4) the transfer operator on the “tower with holes” has a spectral gap.

While (A.1) and (A.2) are by now quite standard, and (A.3) and (A.4) have also appeared
elsewhere, it will take a few pages to make precise this entire formal setting; we postpone that
to Sect. 5.1. Let psps denote the (unique) ergodic SRB measure on 7(A) where m: A — M
is the projection, and let v < 1 be the leading eigenvalue of the transfer operator on the
tower with holes.

We will use the following notation: Let m = m(® denote a probability measure on M.
For n > 1, let m™ denote the normalized surviving distribution at time n, i.e. m™ =
fr(m|am)/m(M™), assuming m(M™) > 0. We call a measure m conditionally invariant with
eigenvalue ¢t if m is supported on M \ H and f.(m|yn) =t m.

Theorem D. Assume (f, M; H) satisfies (A.1)— (A.4). Then
(a) p(isps) is well defined and equals logt;

(b) M(SZ)B converges weakly to a conditionally invariant measure . with eigenvalue t;

(c) there exists U € Gy N Gs such that
p(tsrs) = Py = ho(f) — )\2_ 3

(d) U is defined by

v(p) = lim t_"/ O djiy for all continuous ¢ .

n— o0

In addition, v enjoys exponential decay of correlations on Holder observables.

Our construction of o generalizes that in [CMS, CM1], which assume the maps in question
admit finite Markov partitions. See [BDM] for the first generalization in this direction for
one-dimensional maps. Parts (a) and (b) of Theorem D are also known for the periodic
Lorentz gas [DWY]. We assert here that these results hold generally for any dynamical
system admitting a tower with the stated conditions.

2.3 A ftull variational principle

Combining the results of the previous two sections, we are able to state a full variational
principle (answering Q1-Q3 in Section 1) for maps admitting towers with a spectral gap as
described in Sect. 2.2. Let A C M be the reference hyperbolic product set which forms the
base of the tower A.

Theorem E. Assume (f, M; H) satisfies (A.1)- (A.4), and let v be as in Theorem D.
(a) If psps = op where o > § >0 on a neighborhood of A, then v € Gy N Gs NG, and

ptsrs) = Po = Pgyngsng, -
(b) If A is contained in a pgpz-hyperbolic product set, then v € Gy N Gs N Ggrp and

p(,USRB) =P, = PQHﬂgsﬂgSRB'



To our knowledge the condition in part (b) of Theorem E can be arranged in all known
tower constructions.

Remark on results for tower maps. We will, as an intermediate step to proving Theorems
D and E, prove the corresponding results for tower maps with Markov holes. These results
are stated as Theorems 4 and 5 in Sect. 5.2.

An illustrative example: The 2D periodic Lorentz gas

We conclude this section by stating an application of our results to a concrete example.
The setting here is as in [DWY]: Let f : M O be a billiard map associated with a two
dimensional periodic Lorentz gas with finite horizon whose scatterers are bounded by C3
curves with strictly positive curvature. The holes we introduce into M are derived from two
types of holes in the billiard table X. We say ¢ C X is a hole of Type I if ¢ is an open
segment of an arc in the boundary of one of the scatterers in X. We say o is a hole of Type
IT if it is an open convex set in X whose closure is disjoint from any of the scatterers. The
hole 0 C X induces a hole H, C M which we also call a hole of Type I or Type II. See
[DWY] for more general holes and details on the geometry they induce in M.

Theorem F. Let f be the billiard map in the last paragraph. Let H, be a hole of Type I or
Type II, and assume it is small enough in the sense of [DWY]. Then

(a) p(psrs) = Paungs:
(b) there exists v € Gy N Gs such that Py = p(tsps)-

Theorem F is an immediate consequence of Theorems D and E together with [DWY]:
In [DWY], towers with exponential tails respecting arbitrary holes of Types I and II are
constructed, and for small enough holes the spectral gap property is guaranteed. Thus the
conditions for Theorem D are satisfied.

For the Lorentz gas, psps = @pu where ¢ = ccosf so that we are in the setting of
Theorem E(a); however, ¢ = 0 only when 6§ = /2 so that G, = € since the set {§ = +7/2}
does not contain any invariant sets by the finite horizon condition and so cannot contain the
support of any invariant measure.

3 Ideas Common to the Proofs of Theorems A-C

In this section, we first give the ideas common to the proofs of Theorems A-C. Let f be the
mapping in question, let m be the reference measure (i.e. m = p, in Theorem A, m = fipp
in Theorem B, and so on), and let G be the relevant set of ergodic invariant measures with
respect to which the pressure term is defined (i.e. G = Gy N G, in Theorem A, and so on).
This “generic” notation is used throughout Sect. 3.

If G = (), then P; = —oo and the theorem is vacuously true. Consider v € G. Leaving

precision for later, our proof will proceed as follows: For n > 0, we introduce dynamical
balls in M™ of the form

B(z,n,g) ={y € M :d(f'z, f'y) < g(f'x),0 <i <n}nM"



where M" = N, f~"(M \ H) and g : M — R" is a suitable function to be specified (think
of it as g = ¢ for the moment). We will prove

I Relation to entropy: v(B(z,n,g)) ~ e (/).

II. Volume estimate: m(B(z,n,g)) = e~ where AT is the sum of positive Lyapunov
exponents for v-a.e. x.

From Estimate I, we deduce that M™ contains > e™(/) disjoint sets of the type B (x,n,q).
This together with Estimate II gives

m(M™) > M) . e (5)

Taking log, dividing by n and letting n — oo, gives p(m) > h,(f) — A, which is what we
need.
We now proceed to make these ideas precise.

I. Relation to entropy. For this part we cite the following very general result.

Proposition 3.1. Let & : X O be a measurable transformation of a compact metric space
of finite capacity, and let 6 be an ergodic invariant measure for ®. Let . be a family of
functions satisfying |ge|sc < € and [, —logg.df < oo, and define B(a:,n,gg) ={ye X:
d(®'z, P'y) < g.(®'z),0 <i < n}. Then for b-a.e. x,

1 - 1 .
lim liminf ——log §(B(z,n, j.)) = lim limsup - log 6(B(z,n,§.)) = he(P).

e—01t m—oo n e—=0t noo0o
Proposition 3.1 follows from [M, Lemma 2| and [BK, Main Theorem|. Note that although

[BK] is phrased in terms of a continuous map, the proof does not use this fact.

In the proofs of Theorems A—C, Proposition 3.1 will be applied with ® = f, § =v € G
and
J:(x) := min{e, d(z,S)}

(S = 0 in Theorems A and B). Observe that intersecting B(x, n, §.) with M™ does not affect
its v-measure since v is supported on the survivor set. From v(N.(S)) < Ce®, we have

[ ~loB@dv < ~loge + 3 v(Newrn(S)\ Mmoo (S))(n + 1 - loge)
M n=0
o (6)
< —loge + Z Ce%e™ ™ (n+1—loge) < o0

n=0
so our ¢, satisfies the hypotheses of Proposition 3.1.

II. Volume estimate. Let g. = % g-. Continuing to let m denote the initial distribution
and v € G, we state the following desired volume estimate:

Proposition 3.2. There exists a measurable set E C Q with v(E) > 0 such that for v-
a.e. xr € F,

1
sup lim sup —— logm(B(z,n, g.)) < Af. (7)
n

e>0 n—oo
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Proof of Theorems A—C assuming Proposition 3.2: Let v € G be given. We fix § > 0,
and let 0 := v(E) where E is as in Proposition 3.2. Using Propositions 3.1 and 3.2, we may
choose first ¢ > 0 sufficiently small, and then ny = ng(d,e) € Z* sufficiently large and a
measurable set £’ C E with v(E') > 0/2 such that for every x € £,

(i) v(B(x,n,3g.)) < e "w=9) for all n > ny;
(ii) m(B(z,n,g.)) = e+ for all n > ny.

For n > ny, let C,, C E’ be a maximal set of points such that B(z;, n, g.)NB(z;,n,g:) =0
whenever z;, z; € C,, x; # x;. By the maximality of C,, for every y € E’, there exists z; € C,
such that B(y,n,g.) N B(x;,n,g.) # 0. We will show momentarily that y € B(x;,n,3g.).
This will imply E' C Uy,ec, B(z;, 1, 3g.), and hence |C,| > Ze"("=9) by (i).

To show y € B(z;,n,3g.), it suffices to show d(f*y, f*z;) < 3g.(fFx;) Yk < n, since
y € ' C M". Now B(y,n,g.) N B(z;,n,g.) # () means there exists 2 € M such that
d(frx;, f¥2) < g.(ffz;) and d(f*z, ffy) < g.(f*y) for all 0 < k < n. Thus the assertion
above boils down to the following lemma.

Lemma 3.3. For any x,y € M, if there exists z € M with d(x,z) < g.(z) and d(z,y) <
9:(y), then d(z,y) < 3g.(z).

Proof of Lemma. It suffices to show g.(y) < 2¢.(z), for that will imply d(z,y) < d(z,z) +
d(z,y) < ge(x) + g-(y) < 3g-(x), proving the lemma. Observe that

d(y,S) d(y,z) + d(z,x) + d(z,

< S)
< ge(y) + g-(2) +d(z,8) < 1d(y,S) + 3d(x,S),

the last inequality following from g.(-) < d(-,S). Altogether, this gives d(y,S) < 2d(z, S).
To finish, consider the following two cases:

Case 1: d(z,8) > . With g.(z) = 3¢, g-(y) is automatically < 2g.(z) since it is < ie.

Case 2: d(z,8) < e. In this case ¢.(y) < +d(y,S) < 2d(z,S) = 2¢.(x). O
For each x € E’, we have B(x,n,g.) C M™ by definition. Since the B(z;,n,g.) are

disjoint, we may estimate m(M™) by

m(M") > 3" m(Bxi,n,g.)) > |Cal - min m(B(xi,n,g.)) > SetemOeni)

xiecn fEiGCn - 2
This yields
lim 1nf log m(M™) > h,(f) — A} — 24.
n—oo
The theorem is proved since § was chosen arbitrarily. 0

To complete the proofs of Theorems A—C, it remains only to prove the volume estimate
in Proposition 3.2.
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4 Volume Estimates

In this section we prove Proposition 3.2 in the various settings of interest. The basic argu-
ment, which treats the case S = 0, m = p, and v € Gy is presented in Sect. 4.1. Proofs of
other cases in Theorems A—C are presented as modifications of this one.

4.1 Proof of Proposition 3.2: Basic setup

We consider here the most basic setup, namely where S = 0, m = pu, and v € Gy (as
defined), and give a proof of Proposition 3.2.

I. Plan. From the pointwise nature of the result and the fact that the quantity on the left
of (7) increases as ¢ — 0, it suffices to show that given x > 0, for v-a.e. = and arbitrarily
small € > 0, there exists ¢(z, ¢) such that

m(B(z,n, g.)) > c(z,)e ™™+ foralln>0.

Here, g.(-) = 3¢; remember that B(z,n, g.) is a dynamical ball in M™ (and not in M). Such
an object is cumbersome to work with since it involves both the dynamics and the hole. To
remove the hole from consideration, we introduce

B*(w,n,e,v) ={y € M :d(f'z, fly) <ee " for 0 <i<n}.

By definition of Gy, for any v > 0 and v-a.e. x, B*(x,n, %5, v) C B(x,n,g.) for small enough
€. Thus it suffices to prove, for a suitably chosen v and arbitrarily small ¢ > 0,

m(B*(z,n,2,7)) > c(z,2,7)e "™+ foralln>0. (8)

This is what we will do. Our strategy is to make these volume estimates in Lyapunov charts
and pass them back to the manifold.

II. Lyapunov charts and hyperbolic estimates. Let Ay < ... < A, be the distinct Lyapunov
exponents of (f,v), with multiplicities my, ..., m, respectively, and let E;(x) be the subspace
of T,M corresponding to \;. For each i, we let R;(r) denote the ball of radius r centered
at 0 in R™ and let R(r) = II!_, R;(r). We recall below the following facts about Lyapunov
charts, following the exposition in [Y2].

Proposition 4.1. [Y2, Sect. 3.1] Let § << min;x;|\; — A;| be fized. Then there is a
measurable set V' C M, v(V') = 1, a measurable function ¢ : V' — [1,00) satisfying
((f*x)/l(z) < €®, and a family of charts {®, : R(60(x)"') — M},evr with the following
properties:
(a) (i) Po(0) = ;
(ii) D@, ({0} x --- x R™ x --- x {0}) = E;(x);
(iii) for all z,2" € R(60(x)™1),
K'd(®,z,®,2) < |z — 2| < U(2)d(Pypz, D7)

where K is a constant depending only on the dimension of M.
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(b) Let fr= (IDJTQ o fo®, be defined where it makes sense. Then
(i) 70v| < |Df,(0)v] < eMH|u| for v € {0} x -+ x R™ x --- x {0};
(ii) Lip(f, — Df.(0)) < 6;
(iii) Lip(Df,) < {(x).

The following notation is used: Let T,M = E®(z) ® E°(x) where E(z) = ®;x,>0Ei(2)
and E*(x) = ®;n,<0Fi(z). We will estimate the volume of the sets in question by looking at
slices parallel to £*, and will do so in Lyapunov charts. Let R® and R® be the subspaces
in the charts corresponding to £ and E®, and let R(r) and R*(r) denote disks of radius
r centered at 0 in R and R*® respectively. We will work with compositions of chart maps,
writing

fg? ::ffnflxo"'ofx>

and study graph transforms by f* of functions from R(r) to R*(r). The precise assertions
are as follows:

(a) For all v > 0 sufficiently small, there exist 6,0 > 0 small enough and a chart system
(with & as in Proposition 4.1) such that the following holds for v-a.e. x: Let r < 6f(z)7?,
and let go : R®(r) — R*(r) be a C* function with |go(0)| < ir and | Dgo|| < 0. Then
for i = 1,2, -, there exists g; : R®(e™r) — R*(e”7'r) defined on exponentially shrinking
domains and with ||Dg;|| < o for all ¢ such that inductively

fri-1z(graph(gi—1)) N R(e™"'r) = graph(g;) .
That is to say, if I', is the graph transform by f,, then for each 4, Lfic1,(9i-1) = G-

(b) For g : R®(r) — R*(r) and y € graph(g), let T,(y) denote the tangent space to the
graph of g at y. If § and o in (a) are small enough, then for y € graph(gg) such that
fi(y) € R(e ') for all i < n,

| det[D £ (y) |z, ]l < €O+

where AT ="\ _ m;\; and k =dim(E).

N>

Notice first that with 26 < v, we are assured that R(e™'r) lies in the chart at f'xz; this
is because ((f'z) > e 7"4(x); see Proposition 4.1. Since most of the other assertions in (a)
and (b) follow from standard (uniformly hyperbolic) graph transform estimates, we will only
sketch the arguments for a few key points. (A version of these estimates can be found in
[Y2, Sect. 3.1]; see also [Y1, Sect. B] for similar results.)

The “overflowing property” of the graph transforms can be justified as follows. Consider
first the case where go(0) = 0. By Proposition 4.1(b)(i), |Df.(0)v] > e™°|v| = (1 — §)|v]| for
v € R. By Proposition 4.1(b)(iii) together with chart size, we have, for all n € R(r),

|Df.(n)v — D f.(0)v| < Lip(D fo)r|v] < vl .

This gives |Df.(n)v] > (1 — 36)|v| ~ e 3 |v| for v with a small enough component in R*.
Thus with 6 and o sufficiently small relative to v, the overflowing property is assured from
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step to step for go with go(0) = 0. For graphs that do not pass through 0, we pivot them at
y € W Ngraph(gy) where W}, is the stable manifold of z in its chart. Since |f2(y)| < e+
where A\, = max{\; : \; < 0}, movements of f(y) in the R®-direction are negligible assuming
v << |Ag]-

The assertion in (b) is proved similarly: We view det(D /™) as a product of determinants.
At each step, | det(D ffi,(0)|ge)| < € T* and we may assume that approximations of the
type in the last paragraph increase the error by a factor < e2*9.

III. Completing the proof. Putting assertions (a) and (b) in II together, we arrive at the
following: Define

B*(:c,n, r,y) ={y € R%(r) x Rs(%r) : f;(y) € Re"'r) fori=1,2,--- ,n}.

We foliate B*(x, 0,7, ) with planes { P} parallel to R®(r) x {0}, and view them as graphs of
constant functions. By the overflowing property of the graph transform at each step, fiy) €
R(e™'r) for all i < n is equivalent to f(y) € R(e™""r). Pulling back f(P)N R(e”"r), we
use the bound in assertion (b) to estimate the area of PN B*(z,n,r,v). We then integrate
over {P} to obtain

Leb(B (o) 2 (5) (e oo )
where d =dim(M).

We now return to the argument outlined at the beginning of the proof. Let x > 0 be
given. Assuming always 7 << ||, we now take it small enough that 4ky < k, and let § be
small enough (with respect to 7) for assertions (a) and (b) to hold in the chart system {®,}
associated with 6. For v-typical z, we consider ¢ small enough that B(f'z,ee™")NH = () for
all i > 0. Choosing r < ¢/K where K is as in Proposition 4.1(a)(iii), we define B*(z,n,7, )
in the chart at « as above, and observe that ®,(B*(z,n,7,7)) C B*(x,n,e,~). To finish, it
remains to pass the estimate in (9) back to M. Proposition 4.1(a)(iii) gives a bound on the
Jacobian of ®,, allowing us to conclude

m((bx(g*(xy n) /ra 7)) Z E(x)_d * Leb(é*(l', n’ ’I"’ ’}/)) 2 C€_n(>\++’€)

for some constant ¢ depending on x, ¢ and 7. O

4.2 Adaptations of basic argument to various settings

We now explain how each of the other results in Theorems A—C is deduced from the proof
in Sect. 4.1.

1. The W#-neighborhood condition (O): We continue to assume S = () and m = . To
relax the condition from the original definition of Gy in Sect. 2.1 to the one given by (O), the
proof in Sect. 4.1 is modified as follows: Given k, we fix 7, d, a chart system {®,}, and a v-
typical x € M. Let O, a W¥-neighborhood, and ¢ be such that f{(O)NB(fix,ce™") C M\ H
for all i. We need to show m(O N B*(x,n,2,7)) > c(x,e,7)e "™+ Let r < ¢/K.

The following notation is used: For y € R(r) and small n > 0, let R(y,n) =y + R(n); if
y = (y°“,y*) are the coordinates of y with respect to R“* and R*, we write R (y°“,n) = y*“+
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R°(n), and so on. To define the analog of B*(z,n,7,7) in Sect. 4.1, let z € O N W, () be
sufficiently close to z, let Z := ®;'(z), and let r' < r be small enough that ®,(R(Z,7")) C O.
Define B*(x,n, z,1’,7)

= {y € R(Z"r") x R(Z°, 3r') « fily) € R(f(2),¢77) for i = 1,2, . n} .

Since z € W (), fi(2) — 0 as i — oo. It is straightforward to check that modulo a

constant, Leb(B*(x,n, z,7’,7)) is bounded below by the quantity on the right side of (9),

and that ®,(B*(x,n, z,7",v)) C (ON B*(x,n,e,7)). O

In the settings below, we will revert back to Gy as defined, leaving it to the reader to
extend the proof to include the condition (O) if they so choose.

2. Initial distributions with densities: Continuing to assume S = (), we let m = p,
for some ¢ € L*(p). Let v € Gy N G,, and let Z and ¢, have the meaning in the definition
of G,. Observe that for v-a.e. x € Z and small enough ¢, one has p,(B*(z,n,e,v)) >
c,m(B*(x,n,e,7)). An argument identical to that in Sect. 4.1 proves Proposition 3.2 with
E=17. O

3. SRB measures as initial distributions: Continuing to assume S = (), we let m = jgpp
as in Theorem B. Given v € GyNGggg, we fix a g hyperbolic product set 1T = (UT™)N(UL?)
with v(II) > 0, and show that the volume estimate for m(B*(x,n,e,7)) in Sect. 4.1 holds
for v-a.e. x €1l

Let x € w) Nw? € II be a v-typical point, where w? € I'* and w? € I'*. Note that due to
the uniform contraction of 7"w? and T~ "w¥ required by (W.1) of Sect. 2.1.B, = can have no
zero Lyapunov exponents. Let VV;;C denote the image of the local unstable manifold through
2 in its chart. Since local unstable manifolds are unique (up to size), ®;*(w®) C Wi, which
has the dimension of R" and is tangent to it at 0. (Since no zero Lyapunov exponents is an
assumption for Theorem B, we have R" instead of R®.) By conditions (W.1) and (W.2), for
all small enough r > 0, there exists I'y C I'* such that (i) pisps(Uwer,w) > 0 and (ii) for every
w € Ty, P, (w) N R(r) is the graph of a function from R*(r) to R*(r) with the properties of

xT

go in Sect. 4.1. Define
B*(J}',n’ T, F07/7) = {y € UwEFOq);lw : f;(y) S R(e_'yir) for i = 07 1727 e 7n} .

With r small enough relative to ¢, clearly ®,(B*(x,n,r,Ty,7)) C B*(z,n,¢,7). To estimate
the measure of this set, it is more convenient to bring pigrp to the chart (instead of doing it on
M): Let a be the measure (9, ). (fsrs|u,cr ) Testricted to R(r). By (i) above together with
(W.3), a(B*(x,0,7,T,7)) > 0. We disintegrate « into conditional probability measures on
the leaves {®_'w}, letting ar denote the measure in the transverse direction. To estimate
the a-measure of B*(:c, n,r,To,7), we do it one ®1w-leaf at a time, integrating with respect
to ar afterwards. Condition (W.3) ensures uniform lower bounds of the type in (9) for
ar-almost all leaves. O

4. Maps with singularities: We discuss the case m = u, leaving the others to the reader.

Let v € Gg N Gs, and observe the following lemma.
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Lemma 4.2. Let E.., = {x € M : d(f'z,S) > ce™ " for all i > 0}. Then for any fized
v >0, lim._,ov(E.,) =1.

Proof. This follows from the simple estimate,

V(M Eep) = 3 vlf (Nogri(S))] = D vV (8)] £ 30 O™ < O

i>0 i>0 i>0

the first inequality coming from the definition of Gs. (See also [KS, Part I, Lemma 3.1].) O

This means that for x € E. ,, we again have B*(z,n, %6,’}/) C B(z,n,g.), for g.(f'x) =
smin{e, d(f'z,S)} > zee™

Continuing to follow the proof in Sect. 4.1, we note that the definition of Gs together
with (3) implies that [, log™ [[DfF!|| dv < oo where log™ 2 = max{logz,0}, so Lyapunov
exponents are well defined r-a.e. In addition, the Lyapunov charts described in Proposition
4.1 exist for this class of maps with some modifications due to the presence of singularities.

Observe first that (a)(i), (a)(i¢) and (b)(:) of Proposition 4.1 hold as stated since these
quantities depend only on Df at a typical point z (see [KS, Part I, Theorem 2.2]).4

The other items of Proposition 4.1 are modified as follows. Fix ¢ as in Proposition 4.1.
Then there exist a set V' with v(V’') = 1 and a measurable function ¢(z) : V' — [1,00),
with ((f*x) < €?{(x), such that for all £ > 0 sufficiently small, the charts ®, are defined
on R(6¢(x) tg.(x)), where b is the exponent from (4), and satisfy

(a) (i7'") For all 2,2 € R(64(x) g.(x)?),
K 'd(®,z,®,2) < |z — 2| < l(2)d(Ppz, D7)
where K is a constant depending only on the dimension of M and ¢y from (2).

(b) Let f, = <I>ijl o fo®, be defined where it makes sense. Then

(ii') Lip(f. — Df.(0)) < 6;
(idi") Lip(D fy) < 0(x)g-(z)™".

Although the construction of these charts is similar to that found in [P, KS], we include the
necessary arguments in the Appendix since the statements we need are somewhat different
from those found in the literature.

With the charts {®,} in place, the proof follows a similar line to that given in Section
4.1, with slight modifications due to the singularities. For example, assertion (a) is no longer
a uniform statement for all z € V’; rather, we need to choose r < §¢(x)"1g.(x)’, but only
after ¢ is fixed depending on the rate of approach of = to the singularities. We state precisely
these changes below.

Fix k > 0 and choose 7 << |Aq| such that (b+ 4)ky < k. Using Lemma 4.2, we choose
e > 0 such that v(E,,) > 1 — k. Next we choose § > 0 with 2§ < +, so that there exists a

4 Although [KS] uses only a single splitting, T, M = E,(z)® Eg(x), one can just as easily split the tangent
space into @;E;(z), one for each Lyapunov exponent, to obtain Proposition 4.1(b)(7) using an argument
identical to that in [Y2, Sect. 3.1].
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chart system {®,},cy+ with the modified properties as listed in (a)(iii")-(b)(ii7’") above. Note
that v(V'NE.,) >1— k.

We now choose x € V' N E. ., and prove the estimate (8). Note that B(f'x,ee™")N(H U
S) = 0. Finally, choosing r < §¢(x)1g.(z)® guarantees that the assertions (a) and (b) of
Sect. 4.1 hold along the orbit of # with + replaced by v(b+1), for then R(re~"*) lies in the
chart at f'z by definition of E. ., and choice of 7. In particular, f;:, is defined on R(re="7(t+1)),
We shrink  further if necessary so that r < £/(3K) and define B*(z,n,r,v(b+ 1)) as in
Sect. 4.1. Then by item (a)(iii') above, ®,(B*(z,n,r,v(b+ 1)) C B*(z,n, 5¢,7) and the
rest of the proof follows line by line with only minor changes to constants. For example, (9)
has the factor (re="(*+1)* as indicated above.

This proves Proposition 3.2 for all z € E.,. But since x > 0 was chosen arbitrarily, by
Lemma 4.2 we conclude that Proposition 3.2 holds for v-a.e. x. O

5 Towers with Holes

This section is exclusively about escape dynamics on towers. Sect. 5.1 reviews basic facts
and notation for towers making precise (A.1)-(A.4) in Sect. 2.2. In Sect. 5.2 we formulate
results analogous to Theorems D and E for towers with Markov holes. Proofs are given in
Sects. 5.3 and 5.4.

5.1 Review of definitions and basic facts

I. Closed systems (without holes)

Let f: M O is a (piecewise) C'*¢ diffeomorphism. The material below is taken from
[Y3]. We recall only essential definitions, referring the reader to [Y3] for detail.

Generalized horseshoes: The idea of a generalized horseshoe with infinitely many branches
and variable return times, denoted (A, R), is as follows: A C M is a compact subset with
a hyperbolic product structure, i.e., A = (UI'*) N (UI'*) where I'* and I'* are continuous
families of local stable and unstable manifolds, and p,{w N A} > 0 for every w € I'* where
kw is the Riemannian measure on the unstable manifold w. We say A® is an s-subset of A
if A* = (UI'™) N (UD®) for some I'* € I'*, and u-subsets are defined similarly. Modulo a set
the restriction of which to each w € I'"* has p,-measure zero, A is a countable disjoint union
of (closed) s-subsets A; with the property that for each j, there exists R; € Z* such that
S (A;) is a u-subset of A. The function R : A — Z* given by R|x, = R; is called the return
time function to A.

The definition of a generalized horseshoe includes conditions on hyperbolicity formulated
as (P1)—(P5) in [Y3]. We will omit them and focus instead on the estimates derived from
these conditions that we will need. Let w®(x) and w*(z) denote respectively the elements of
I'* and I'* containing .

e There is a separation time s : A — Z* with the property that (i) s(z,y) = s(z/,y’) for
¥ e wi(z),y € wi(y); (ii) for x,y € Aj, s(x,y) > R;, and (iii) for x € A;, y € Ay,
j 7é j/a S([L’, y) < min(Rj7 Rj')'
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e There are constants C' > 0 and « € (0, 1), related to the hyperbolicity and distortion
of f, such that if y € w®(x), then d(f"x, f*y) < Ca™ for all n > 0.

The following facts about the Jacobian in the unstable direction are useful. For w,w’ € ',
the holonomy map O, : wNA — w' N A is obtained by sliding along stable curves, i.e.
Ouw () = wi(z) Nw'. Fix an arbitrary leaf & € T*. We let O(z) be the unique point in
w*(z) Nw, and define a(x) =log [[.2, %, where det D f*(z) = det(D f(2)|gu(z)) is
the unstable Jacobian of f. This function is used to define a family of reference measures
{my,w € T'*}, where m,, is the measure on w whose density with respect to p,, is e* - 1 nx.
For x € wNA;, let w’ be such that ff(wNA;) = w'. We define J*(f#)(x) = Jpym_, (fF](wnN
A;))(x), the Jacobian of f# with respect to the measures m,, and m,.

Remark on notation: It is convenient in this section to follow the notation in [Y3], some
of which conflicts, however, with earlier notation. For example, m in the last paragraph is
not intended to signify any relation to initial distributions in escape dynamics, and C below
is not related to the same notation in Sect. 2.1, Paragraph III. We do not believe this will
lead to problems as the contexts are quite different.

Lemma 5.1. ([Y3, Lemma 1]) (1) For allw, w' € T, (O )My, = myy.
(2) For each w € T" and x € w, J*(f)(x) = JU(fF)(y) for all y € w*(z).
(8) 3ACy > 0 (depending on C' and o) such that for eachw € T, i € Z and all x,y € AjNw,

JUf) () oS (R fRy) 2
T 1| < ‘ 1o

(4) sup,c, a(z) < oo and |a(z) — a(y)] < 4Caz*@¥) on each w € I'".

We say (A, R) has ezponential return times if there exist Cyp > 0 and 6y > 0 such that
for all w € T, p,{R > n} < Cyby for all n > 0. This property (in fact, integrability of
R is sufficient) guarantees that f has a unique SRB measure pgpg with psps(A) > 0 ([Y3,
Theorem 1]).

“Hyperbolic” Markov towers: Given f with a generalized horseshoe (A, R), it is shown
in [Y3] that one can associate a Markov extension F' : A — A which focuses on the return
dynamics to A. The set A is the disjoint union Uy>¢A, where Ay, the ¢** level of the tower,
is defined to be Ay = {(z,¢) : x € A, R(z) > ¢}, and F is defined by F(z,¢) = (z,{+ 1)
for ¢ < R(z) — 1 and F(x,¢) = (ff2,0) when ¢ = R(x) — 1; that is to say, ' maps (z,0)
successively up the tower until the return time for x is reached. A projection m : A — M
with mo F' = f o7 is uniquely defined assuming the natural identification of Ay with A.

For notational simplicity, we will often refer to a point in A as x when the level ¢ is made
clear by context.

The separation function s(-, -) above defines a countable partition {Ay;} on A: for z,y €
Ao, s(z,y) = inf{n > 0 : F"z, F"y lie in different A,;}. It is easy to see that {A;} is a
Markov partition for F' with Aq as a single element. Let A;; = A,; N F~'Aq. Note that
F| Aj, maps A7 ; bijectively onto a u-subset of Ay, and if we rename the collection {F _ZAZ it
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as {(Ag);}, then {(Ap);} is a countable collection of closed subsets of Ay the m-images of
which are precisely the {A;} in the paragraph on generalized horseshoes.

Stable and unstable sets for Ay ; are defined as follows: Let I'*(w(Ay;)) and I'(7(Ag;))
be the stable and unstable families defining the hyperbolic product set m(A,;). We say
W C Ay is an unstable set of Ay; if m(0) = w N w(Ay,;) for some w € I'™(m(Ay;)). Since
there can be no ambiguity, we will use I'*(Ay;) to denote the set of all such @, and let
I'“(A) = U ;I"(Ay;). Stable sets of Ay and ['*(A) are defined similarly.

Two reference measures fi,, and m,, are defined on w € I'(A) as follows: On A, identi-
fying w € T%(Ag) with w’'NA for w" € T%(A), iy, is simply pi|ona and my, is my,,. Once these
measures are defined on w € T™(A), there is exactly one way to extend them to Uy o™ (Ay)
so that if Ji/(F) and J*(F) denote the Jacobians of F' on unstable sets with respect to fi,
and 7, respectively, then J*(F) = J¥(F) = 1 on A\ F~'(Aq). Notice also that if we extend
a to Ups0l by a(x) = a(F~'z), then dm,, = e*dji,, on all w € T*(A).

Quotient “expanding” towers: Associated with F': A — A is a quotient tower F : A —
A obtained by collapsing stable sets to points, i.e., A = A/~ where for z,y € A, z ~ y if
and only if y € w(x) for some w € I'*(A). Let ¥ : A — A be the projection defined by ~.
We will use the notation A, = 7(A,), Ay; = 7(Ay;), and so on.

Lemma 5.1(1) and (2) together imply that there is a natural measure m on A with
respect to which the Jacobian of F, JF, is well defined: specifically, we have JF = 1 on
A\F (D), and for z € Ny, JF (2) = Ju(fF)(y) for any y € w*(z). Finally, with the
definition of separation time inherited from Ay, the distortion bound in Lemma 5.1(3) holds
for JFR on Ay.

(>

II. Systems with holes
The setting is as in Paragraph 1. We fix an open set H C M and call it “the hole.”

Towers with Markov holes (following [DWY]): Let (F, A) be the tower arising from the
horseshoe (A, R). We say (F, A) respects the hole H if the following conditions are satisfied:

(H.1) 7 'H is the union of countably many elements of {A,;}.

(H.2) m(A¢) € M\ H, and there exist § > 0, §& > 1 such that all x € 7(A) satisfy
d(frz,SUOH) > 6&;" for all n > 0.

Because of (H.1), we refer to 7' H, the hole on A, as a “Markov hole.” This implies in
particular that for every i and ¢ with 0 < ¢ < R;, f(A;) either does not meet H or it is
completely contained in H. Equivalently, on the tower (F,A), each (Ag); either falls into
the hole completely on its way up the tower or returns to A intact.

Earlier on we have used (f, M; H) to denote an open system. Observe that (F, A;7~'H)
and (F,A; H) where H = w(7~'H) are open systems of the same type. As before, we write

A= F(A\m'H)={z€A: Fla¢ n'Hfor 0 <i<n},

and A® = N2 A", In particular, A = A\ 77H. The notation F" = F"|xn for n > 1 is
sometimes used to distinguish between the system with and without holes. Corresponding
objects for (F, A, H) are denoted by A" and A™ etc.
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III. Abstract towers and a notion of spectral gap

In Paragraphs I and II, we considered towers that arise from generalized horseshoes.
Towers can, in fact, be defined in the abstract. Leaving details to the reader, an abstract
expanding tower is a dynamical system F : A — A where A is a compact set, A = UpoA,
has a tower structure, F moves points up the tower until their return time R; there is a
countable Markov partition {A;;} on A which is a generator and a reference measure m
with respect to which we have (i) JF = 1 on Z\F_I(ZO) and (ii) modulo a set of m-measure
zero, Ay = U;(Ag); where " maps each closed set (Ag); homeomorphically onto A, with
the distortion bound in Lemma 5.1(3). Abstract expanding towers with Markov holes H are
defined in the obvious way, as are abstract hyperbolic towers.

Given (F,A) with m{R > n} < Cyfy for some Cy > 1 and 6y < 1,° we fix 8 with
1 > B > max{6p, v/a} where « is as in Lemma 5.1(3), and define a symbolic metric on A by
dg(w,y) = B5@¥. Since B > y/a, Lemma 5.1(3) implies that JF is log-Lipshitz with respect
to this metric. Let B = {4 € L'(A,m) : ||¢|| < oo} where ||[¢|| = ||¥|ls + [|%||1:, and

1]l = sup sup [¢(x)8, 9]l = sup Lip(¥lz, )5 .

4,5 :EEZLj 4,5

Lip(+) in the last displayed formula is with respect to the symbolic metric dg, and (B, || - ||)
so defined is a Banach space. - B
Now consider the open system (F,A; H) where H is a Markov hole. Following [BDM],
we let £ denote the transfer operator associated with F'|x1 defined on B, i.e., for ¢ € B and
€A,
Li(z) =1x(x) Y d)IF(y) "
yeA’nF o}
We say (F,A; H) has a spectral gap if
(i) £ is quasi-compact with a unique eigenvalue t of maximum modulus, and
(ii) v is real with 8 < v < 1; it is simple, with a one-dimensional eigenspace.
Notice that if i € B satisfies Lh = th, then him defines a conditionally invariant measure for
F with eigenvalue v, i.e. Fl.(hm)|a\ g = t- him.
Finally, if (F, A) is an abstract hyperbolic tower that projects onto (F,A), and fz C Ais

a Markov hole which projects onto H, then we say (F, A; H) has a spectral gap if (F,A; H
does.

The conditions (A.1)-(A.4) in Sect. 2.2 have now been made precise.

5.2 Variational principles for (F,A; H) and (F,A; 7 1H)

As noted earlier, our aim in this section is to prove, as an intermediate step for Theorems
D and E, a version of the corresponding results for the open system (F,A;7n~'H). These
results are deduced from some previously known results for (F', A; H), which we first recall.

5Our default rule is to use the same symbol for corresponding objects for f, F and F_When no ambiguity
can arise given context. Thus R is the name of the return time function on A, Ag and Ay.
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I. Results for expanding towers

We consider here an abstract expanding tower (F,A; H) with Markov holes. The fol-
lowing notation is used: Let B be the function space above, and define By to be the set of
bounded functions in B whose Lipschitz constant is also bounded, i.e. the definition of By
is the same as that of B, but with the weights 3¢ removed. Let M#(A™) denote the set of
invariant measures on A", and define

Gx = {1 € Mz(A™) | n(log JF) < o0} .

Theorem 3. (mostly [BDM]; see Remark below) Assume m{R > n} < Cob%, and (F,A; H)
has a spectral gap with largest eigenvalue v. Let h, € B be the unique eigenfunction of v with
[ hodm =1. Then:

(a) There exist constants D > 0 and 7 < 1 such that for all i) € B,

e L — d(y)ha|| < D|||7",  where d(1) = lim v | pdm < .

n—oo A

Assume additionally B
(*): 3C >0 and 6 € (v7'6p,1) such that log JF”|ZOH{R:n} < CO™ for allm > 0.

A

(b) logt = Pg, := sup {hﬁ(F) — /_log deﬁ} .
e A
(c) Let U be defined by

7(p) = lim t_"/ p h,dm for all v € By .
n—o0 Zn

Then v € Gx and attains the supremum in (b).

(d) Other properties of U are that (F,7) is ergodic, and enjoys exponential decay of corre-
lations between o and o F for ¢ € By and ¢ € L*.

Remark. The restriction 7(log JF) < oo, which appears in the definition of G4, is omitted
in [BDM], as is the condition (*), which is extremely mild,® but a condition of this type is
needed to ensure that 7 € Gx. Since a main novelty of Theorem 3 is the noncompactness of
the phase space A, and these conditions are directly connected to the finiteness of various
quantities, we will provide sketches of corrected proofs of Theorem 3(b) and (c) in Sect. 5.3.

The proofs of parts (a) and (d) in [BDM] are unaffected.

I1. Results for hyperbolic towers arising from (f, M; H)

%We observe that (*) holds for all the towers constructed in [BDM]; indeed, in that setting,
log JFn|Zom{R:n} < Cn and all measures 77 € Mf(AOO) satisfy 7(log JF') < oo.
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We now return to the setting of Sect. 2.1, where f : M 9 is a O'*¢ diffeomorphism with
or without singularities. Let H C M, and assume that the open system (f, M; H) satisfies
(A.1)-(A.4) in Sect. 2.2.

We first recall the following result proved in [DWY] as part of our study of billiard
systems with holes. Let B be the class of measures o on A with the following properties: (i)
o has absolutely continuous conditional measures on unstable leaves; and (ii) 7,0 = ¢, dm
for some v, € B.

Theorem 4 ([DWY]). Under the conditions above, the following hold for (F, A;7~'H):

(a) For all o € B with d(,) > 0, where d(¥,) > 0 is as in Theorem 3(a),

1
logt = lim —logo(A") i.e. p(o)=1logr.

n—oo N,

(b) There ezists a conditionally invariant distribution fi, € lgi, such that ﬁ*ﬁ* = T [ly,
Tyfbs = hom, and for which the following hold: For all o € B,

. — — o
lim ¢ ™" Fl'o =d(v,) - i, andifd(y,) >0, then lim —— = [ly

where the convergence is in the weak™ topology.

The measure fi, can be thought of as the physical measure for the leaky system (F, A; 7~ H).

We formulate in Theorem 5 the results which, along with Theorem 4, will give the analogs
of Theorems D and E for (F, A, 77 H). Let Mp(A>) denote the set of invariant probability
measures supported on A*, and define

Ga = {n € Mp(A>) | n(log J,F) < oo} .

Furthermore, let CY(A) be the set of bounded functions on A which are continuous on each
Ay ;. We postpone the definitions of Lip*(A) and Lip“(A) (other function spaces that will
appear) until after the theorem.

Theorem 5. Let (F,A;7~YH) be as above. Then the following hold.

(a) logt = Pg, = sup {hn(F) —/ logJﬁFdn}.
A

nega

(b) Let v be defined by

v(p) = lim t_"/ o djfi, for all p € CP(A) .

n—oo
Then v € Ga and it attains the supremum in (a).

(c) Other properties of U are that (F, D) is ergodic, and exhibits exponential decay of cor-
relations between ¢ and 1 o F™ for ¢ € Lip“(A) and ¢ € Lip*(A).
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The function spaces Lip®(A) and Lip“(A) are defined as follows. For w® € I'*(A) and
T,y € w® C Ay, we denote by dy(z,y) the distance between 7(z) and m(y) according to
the Riemannian metric on M, and extend d, to w® € Upsol'*(A,) by setting dy(Fx, Fty) =
aldy(z,y) for all ¢ < R(x) and y € w?(x). It then follows from Sect. 5.1.1 that d,(F"z, Fy) <
Co™ for all n > 0 and z,y € A, y € w'(z). For ¢ € C}, let |¢|?, be the supremum of
Lipshitz constants of ¢|,s with respect to ds, as w® ranges over all stable sets in I'*(A). Then
Lip*(A) = {¢ € CF : |¢]f,, < oo}. The function space Lip*(A) is defined similarly using

o|t, where |t is the Lipschitz constant of ¢ restricted to unstable sets in the metric dg.

5.3 Outline of Proof of Theorem 3(b),(c): [BDM] amended

We assume part (a) of Theorem 3 has been proved, and proceed to the proofs of parts (b)
and (c), following mostly [BDM] and highlighting several finiteness issues.

1. Return map to ZS" and the full shift T : X, O

Since F is not defined everywhere on A, let us first make precise the definition of the
survivor set A . Recall from Sect. 5.1 that modulo a set of m-measure 0, Ay is the disjoint
union of a countable number of closed subsets (A) ; with the property that

(i) in the absence of H, F maps each (Ag); homeomorphically onto A, and

(ii) with H present, each (Ag); either falls entirely into H on its way up the tower or

returns to Ay intact.
We rename the subcollection {(Ag);} that return to Ag in (ii) as {A;}, and define

AX =AM R = Nuso(F) ™ (UA)

It is easy to see that there is a bijection 7y : Ay — Yoo = I2°,{1,2,3,---} such that
o © FR = T omy where T : X O the full shift. Moreover, with Zgo given its relative
topology as a subset of Aj, and Y. given the topology defined by cylinder sets, 7 is a
conjugating homeomorphism.

Let Z, denote the set of cylinders in ¥, defined by coordinates 1,--- n, and write
Z = Z,. We introduce a metric d on Yo, compatible with its topology defined by {Z,}:
For 7,y € Y., define §(z,y) = min{i € N | Tz, T’y lie in different Z € Z}, and let
d(z,y) = 5@ (where § is as in Sect. 5.1). We say a function ¢ : £, — R is locally Holder
continuous if

sup{[o(x) = 9(u)] - 4 s 2,y € 2} < .

2. Sarig’s abstract results on the pressure of T : Yoo O

We recall here a few relevant results for 7' : ¥, . These results were proved in [S] in
more general settings of topologically mixing countable Markov shifts. Given ¢ : ¥, — R,
let S,¢ = 2?2—01 ¢ oT?. The Gurevic pressure of ¢ is defined to be

o L Snd(x)
Pa(¢,Z)—7}LH;oglog< dooe

Trhr=x;x€Z
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where Z is any fixed element of Z. For ¢ locally Holder continuous, it is shown in [S],
Theorem 1, that the limit above exists and is independent of Z. This number is < oo in
general, and is equal to co for many ¢ given that 7" is an infinite shift.

We will also need the following definitions: The transfer operator associated with ¢ is
given by

Lop(z) = e*Wy(y),  for bounded .

Ty=x

Let M7(X4) be the set of T-invariant Borel probability measures on ¥.,. Given a potential
¢ Yo — R, we say n € Mrp(Xy) is a Gibbs measure for ¢ if there exist constants C' > 1
and P, € R such that for any n > 1, Z,, € Z, and = € Z,,,

o 1 Sn(b )—nP, < n( ) < Cesm nPn. (11)

The following version of results from [S]| are adequate for our purposes:

Theorem 6. Let T : X, O be as above, and let ¢ : Yoo — R be locally Holder continuous.
Assume |L4l|o < 00. Then:

(1) [S, Theorem 1] Ps(¢) < oo;

(2) [S, Theorem 3]

Po($) = sup{hy(T / b | 1 € Mr(Sa) and n(—¢) < oo} |

(3) [S, Theorem 8] Suppose n is a Gibbs measure for ¢, and n(—¢) < oco. Then
Po(6) = P = hy(T) + / o,

It follows from (1) and (2) above that for n € Mp(X), hy(T') < oo provided |£41]0 < 00
and n(—¢) < 0.
Notation: In what follows, we will identify F. Ay O with T : ¥4, O and use the two sets

of notation interchangeably. We also introduce the following notation: given 7 € MF(ZOO),

let 77, denote the measure ( )| ax. It is easy to see that 7, € Myr(A AD).

B !
3. Relating pressure on (F,A™) to that on (FR,ZSO)

Let ¢ :_—log(tRJFR). The aim of this step is to prove that for every 77 € MF(Z“’)
with 77(log JF') < oo,

! {hy(F) —7(log JF) —logt} = hy, T +7,(8) < Palo) < oo . (12)

The last two inequalities follow from Theorem 6(a),(b) once we check (i) ¢ is locally
Holder continuous with respect to the metric d, (i) [£41]e < 00, and (iii) 7y(—¢) < oc.

For (i), notice that by Lemma 5.1, ¢ is locally Hélder continuous with respect to the
separation time metric dg, and $(x,y) < s(z,y).
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For (i), let Z(y) denote the element of Z containing y € A, . We fix z € A, and use
the bounded distortion of JF given by Lemma 5.1(3) to write

Lol(x) =Y e TOIF )t <0 Y v m(zZ(y))

Ty=x Ty=x
<CY vm{R=n}<C'Y v < oo
n>1 n>1

Here we have used v > 6, and the fact that F" maps each Z € Z bijectively onto A, .
For (iii), we will show 7(log JF) < oo implies 7,(—¢) < oo: Since JF =1 on Z\F_IZO,

—R — 00\ _
/_OO log JF© diy =7(4A,) 1/_1_00
2 F RS

log JF dij = Tj(Ay )" / log JF dj .
Zoo

Thus if j(log JF) < oo, then, noting 7(Ay) [ Rdf, = 1, we have

ﬁo(—ﬁb):/ 10g(tRJFR) dﬁ(]:/ Rlogtdﬁ0+/ logJFRdﬁo
Ay’ Yy Ay (13)

= (logr+7(log JF)) - 7(Ay )" < o0 .

This completes the verification of (i)—(iii).
The equality in (12) follows from (13) together with the general formula of Abramov [A],

which says that hg(F) = hy (F)7(Ay ). In all the references we know of (e.g. [Pe, §6.1]),
this equality is proved assuming the invertibility of the transformation. In the situation
above, I is clearly not invertible, but the same result is easily deduced by passing to natural
extensions; see Appendix B.

4. Ezxistence of a pressure-mazximizing invariant measure U
Let ¥ be the linear functional on C?(A) defined by

7(¢) = lim t_"/ L" (hy) dm = lim t_"/ Yh, dm .
.

n—oo K n—o0

We refer the reader to [BDM] for verification that 7 is a well defined, F-invariant probability
measure on A~ .
The aim of this step is to show that plugging 7 = 7 into (12), we get

hoo F™) +T0(6) = Pa(¢) =0 and  hy(F) — 7(log JF) = logt . (14)

Observe from the definition of ¢ in Step 3 that e3¢ = v=5:B@)(J(F)(z))~1. The

following lemma shows that 7 is a Gibbs measure for the potential ¢, with P, = 0.

Lemma 5.2. [BDM, Lemma 5.3] There exists a constant C' > 1 such that for any n > 1,
any n-cylinder Z,, € Z,,, and any y. € Z,,

R

Ce S RO (J(F) ()t < To(Zn) < CemSe B (J(F) ()
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It remains only to check that T(log JF') < oo, for this bound implies 7y(—¢) < oo (see
Step 3 above), and once we have that, Theorem 6(c) gives the first equation in (14). The
second equation follows from (12) and the first.

In what follows, C' will be used as a generic constant the value of which is permitted to
vary from line to line. To prove T(log JF) < oo, we first estimate

m{R=n} = Y. m(Z) < Y C(JF )T

ZeZ:R(Z)=n ZeZ:R(Z)=n

<C D) v'mZ) < Ch

Z€Z:R(Z)=n

(15)

where y, is an arbitrary point in Z. The first inequality comes from Lemma 5.2, the second
from Lemma 5.1(3), and the third from the tail bound for (A, F'). Using the invariance of 7

and the fact that JF =1 on A\ F_I(Z), we obtain 7(log(JF))

—Z Z /log JF dV—ZI/{R—n}HogJF |OO§C'ZHt_1 ng-n

n>1 R(Z n>1 n>1

The inequalities above come from condition (*) in Theorem 3; this is the only place in the
entire proof that uses this condition. We have also used the fact that 7{R = n} is bounded
by 7(A,) times the last quantity in (15).

Parts (b) and (c) of Theorem 3 follow immediately from Steps 3 and 4. O

5.4 Proof of Theorem 5

We will prove this theorem by leveraging the corresponding results for expanding towers.

Variational principle (Theorem 5(a),(b)): First, we show
sup {hn(F) — /log J;j(F)dn} < sup {hn(ﬁ) — /log J(?)dn} , (16)
negGa negx

which follows immediately from the following lemma:

Lemma 5.3. Let n € Ga and definej =7.m. Then ) € Gx and
(i) [ylog J'F dn = [xlog JF di;
(i1) hol(F) = ho(F).

Proof of Lemma 5.3. Let ) € Ga. The fact that 7 = 7.np € M#(A™) is clear. That 7 € Gx
will follow once we prove assertion (i) of the lemma: From Sect. 5.11, we see that log Ji I’

and JF are related by JF o7 = JUF - e*"=% for a bounded function a (Lemma 5.1(4)). It
follows that

/logJﬁFdn:/ (logJF oT+a—aoF) dn:/logjfdﬁ, (17)
A A A
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the invariance of 1 being used in the second equality.

Assertion (ii) follows from (a) the entropy of a transformation is equal to that of its
natural extension, and (b) the natural extension of (F,7) is isomorphic to that of (F,7). See
Appendix B for more detail on (b). O

To complete the proof, we will show that (i) the results of Theorem 3 are applicable to
the quotient tower, and (ii) 7 as defined in part (b) is in Ga and projects to 7. These two
steps together will show that (16) is in fact an equality, and the quantity on the right is
= log .

To apply Theorem 3, it suffices to show that condition (*) holds in the present set-
ting, i.e. for the quotient tower of a hyperbolic tower arising from (f, M; H) and satisfying
(A.1)-(A.4). Notice first that (*) holds if |[Df]| is bounded, for JjF™ can grow at most

exponentially and JF' on the corresponding set is < JyF" el?= where a is as in Lemma 5.3.
Thus there is a potential problem only in the setting of Theorem C, where || D f|| may become
arbitrarily large as one approaches the singularity set S. Here it is (H.2) of Section 5.1.11
and (3) in Sect. 2.1.III that give what we need: Since F7A; = {z € A : R(z) > j}, we have
d(rA;,S) > 6677 for some § > 0 and & > 1 by (H.2). This together with (3) implies that on
7(4A;), | det(Df|ga)| < (C16-9€7)P where p is the dimension of E*. Thus on Ay N {R = n},
we have

n—1
log J;F" = Zlog |det(Df|g«) o f7| < const n? ,
=0

which, as explained above, gives (*).

It remains to produce 7 with the properties in (ii). Let fi, be the physical conditionally
invariant distribution from Theorem 4. For ¢ € Lip“(A), define i to be the measure such
that dfi¥ = pdji,. Notice that since T, fi. € B and [p|o + |pf;, < 00, we also have 7, i* € B.
Let @so denote the density of 7, /i? with respect to m. Now using Theorem 4(b),

lim t_"/ pdfi. = lim v (1a0) = lim v "FPe(1) = ().
n n—00

n—oo n—o0

Let Q(¢) = d(v,). Then Q is clearly linear in ¢, positive and satisfies Q(1) = 1. Also,
1Q()| < |¢|o@(1) so that @ extends to a bounded linear functional on CP(A). By the
Riesz representation theorem, there exists a unique Borel probability measure v satisfying
7(p) = Q(yp) for each ¢ € CP(A). Since 1an = 1an-1 o F, the invariance of 7 follows from
ﬂ(goo]j”) = lim t_"/l*(goolj’V Ian) = lim t_”}%*/l*(gwlAnq) = lim v "L (- 1an1) = ()
n—o0 n—oo n—o0

by the conditional invariance of ji,.

Since (Tufix)|an = (ham)|x» for every n, it follows that 7.0 = ¥. To place v € Ga, we
need to show (log J;/F') < oo. This is true by (17) with n = # and the fact that the integral
on the right is known to be finite.

Other properties of . The ergodicity of v follows from that of 7. To show that 7 enjoys
exponential decay of correlations, we begin by decomposing 7 into conditional measures
v on w*-leaves and a transverse measure Uy on the set of stable leaves in each Ay ;. For
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¢ € C}, define p(z) = [

ws(z

By definition, P is constant on w*-leaves and () = ¥(p) = V(). Also if p € Lip*(A), then
® € Lip“(A) so that we may consider ¥ € By as a function on A.
Now let ¢ € Lip“(A) and ¢ € Lip*(A) with o(¢) = 0(1p) = 0. Define @ as above and let

(1) = fws(m) 1o F*dir*. Note that 7(1,) = 7(1)) = 0. Then setting n = k + £, we write

o(pp o F") = i(p (o F" — 4y 0 ) + 0((p — ) ¥y 0 F) + 0( 3y 0 F). (18)

Since 7 and ¥, are constant on w*-leaves, we have #(G ¥, o F¥) = T(G v, o F ) and 7(F) =
7(¢),) = 0. Then since B € By and ¢, € L=(A), the last term in (18) is < C7°)|D]|5, ¥ |0
for some 7 < 1 by Theorem 3(d) (see also [BDM, Prop. 2.8]).

The second term of (18) is identically 0 since,

ﬂ(so%oF”)z/ (/ so@koFfdﬁS) dﬂT:/ (/ godﬂs>@koF£dﬁT
(A) M Jws rs(A) N Jws

:/ Py, o Fhdip = 0(@e),, o FY).
s(A)

)apdﬁs. Since each 7° is a probability measure, we have g € Cy.

To estimate the first term in (18), notice that |1) o F™ — ), o F¥|o < |[¢p 0 F¥ — 4, |o. Then
since ¢ o F* is continuous on each w*, there must exist x,y € w® such that ¥ o F¥(x) <
(W) <o F¥(y). Thus

7 (o F" — g 0 F))] < |l [ 0 F* = 9hyfo0 < 2l [0

by definition of ds. Taking both k and ¢ to be approximately n/2 completes the proof.

iipoak (]‘9)

6 Proof of Theorems D and E

We now return to the original open system (f, M; H), where f is any dynamical system
admitting a tower with the properties in Sect. 2.2 (see Sect. 5.1 for detail).

6.1 Proof of Theorem D

Let fisrs be the SRB measure for F' on A before the removal of the hole. Note that 7, fisps =
Usrs, the unique SRB measure for f with pgrs(A) > 0. It follows from [Y3, Section 2]
that fisns € B, so that p(fisrs) = logt by Theorem 4(a). Since pigrs(M™) = Tefisrs(M™) =
fsrs(A™) for each n > 0, we have p(usps) = logt and part (a) of Theorem D is proved.

To prove part (b), define p. = m.fi. where ji, is the conditionally invariant measure from
Theorem 4. We use f" = f"|yn to describe the surviving dynamics at time n. It follows
from the relation f om=moF that for any Borel subset A of M \ H, we have

pa(fTHA) = (77 (fTA)) = (BT A)) = (T A) = i (A) (20)
so that p, is a conditionally invariant measure for f with eigenvalue t. By Theorem 4(b),

. .]LCZLMSRB L 7T*(ﬁ*n/jLSRB) _ ~ Y
im = = lim e — T (fle) = s
mree f* MSRB(M> e F* /J“SRB(A)

28



proving part (b).

To prove part (c), define v = w7 where © is from Theorem 5. Arguing analogously
to (20), we see that © is an invariant measure for f supported on 7(A>) C Q. Write
JUf(x) = | det(D fu| pu(z))|. We will show

(i) [ylog JiFdy = [, log J"f di, and

(i) ho(F) = ol )

Integrating over sets of the form U}~ F*(Ay N {R = n}) before summing over n, we see that
the left side of (i) is equal to on log JﬁFRdD and the right side is equal to [, log J R dr, (D] a,),
the latter using the invariance of 7 and relation 7, (F"), = (f*),m,. These two integrals are
easily seen to be equal: Let J"m denote the Jacobian with respect to fi, for w € I'"(A) and
oy where m(w) = w’. Then on Ay, J%7m =1 as A is an isometric copy of A, so we have

R_J“WOFR

Jifftom = JiFt ——

_ qupR
= J P

For (ii), that h;(f) < hz(F) is obvious. The reverse inequality follows from [Bu, Proposi-
tion 2.8] since 7 is at most countable-to-one. Combining (i) and (ii) and using Theorem 5(b),

Pjisms) = log t = ho(F) —/ log JUF d7 = hy(f) —/ log J* f dis = P,
A M

The following lemma completes the proof of part (c).
Lemma 6.1. 7 € Gy NGs

Proof. That v is ergodic follows immediately from the fact that 7 is ergodic. In order to
show that 7 € Gy N Gs, we will show that there exist C,«a > 0 such that for each ¢ > 0,
V(N.(SUOH)) < Ce®. Once this is established, we conclude by an argument similar to
Lemma 4.2 that p-a.e. point approaches S U OH at an arbitrarily slow exponential rate.

To establish this bound, we need estimates on how 7 decays up the levels of the tower.
Recall 7 = 7. In the proof of Theorem 5, we established that d(7A,,S UOH) > 6&7°,
¢ > 0, by using (H.2) of Section 5.1.II. Thus we have

ﬁ(NE(S U 8H)) < l?(UZ:&&;zSEAg) < Z C’Qgt_e < C//(d—lg)log(teal)/log&’
£>log(6/2)/log &1
using (15) and 7(A,) = 7(A,). O

Finally, we prove part (d). If ¢ is a continuous function on M, we define its lift to A by
¢ = pom. This lift is continuous on each A, ; and |@|s < |@|o s0 that ¢ € CP(A). Using
Theorem 5(b), we have

() = 5(@) = Tim v / pdji, = lim v / oy,
n n—00 n

n—oo

SINCe [ly = Ty fbs-
To complete the proof of Theorem D, it remains to show that 7 enjoys exponential decay
of correlations. Let C?(M) denote the Holder continuous functions on M with exponent p.
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If p € CP(M) and p > logf3/loga, then ¢ o € Lip*(A). This can be proved as in [D,
Section 6]. Also, taking ¢ € CP(M), for x € Ayj, y € w¥(x) and zg = F~x, yo = F 'y, we
have
[Womo F™(x) = omo F"(y)| < [lerd(m(F™* ag), m(F"* yo))
< [lovd(f* (o), 7 (myo) )P < [W]erCa™.

So taking ¢, v € CP(M), we may apply (19) to ¢ o m. We follow (18) and note that
Hpwo ") = Apom o from) = i(por Yoo Fm),

to conclude that the exponential decay of correlations for o follows from that for ».

6.2 Proof of Theorem E

As an immediate corollary of Theorem D, we have

p(MSRB) < PgngS ) (21)

since we have identified a measure, namely 7, in Gy N Gs with P, = p(usps). We will call
upon the results in Sect. 2.1 to provide the reverse inequality — once we put ourselves in a
viable setup. Notice that o = 7, necessarily gives positive measure to A = 7(A).

(a) pspy = pp with ¢ > 6 > 0 on a neighborhood of A. In this case, U € G, since we
can simply take the set Z in the definition of G, to be this neighborhood. By Theorem C,
p(psrs) = p(e) > Pgyugsug,- This together with (21) gives the desired result.

(b) A is contained in a psps-hyperbolic product set. Taking this set to be II in the definition
of Ggrp, it is immediate that o € Ggrp. Theorem C and (21) then give the two halves of the
desired equality.

Appendix

A. Lyapunov charts for maps with singularities

In this section, we prove the statements (a)(iz’), (b)(i7’), and (b)(i7i") made in Section 4.2.4
regarding the Lyapunov charts {®,}. All notation is as in Section 4.

We begin with v € Gs and the set V' of regular points in the sense of Oseledec.
Each € V' has p distinct Lyapunov exponents Ay, ..., A, with corresponding subspaces
Eqi(z),..., Ey(z) such that T,M = &;E;(x). Let g.(z) = $ min{e, d(z, S)}.

Fix 0 > 0. It follows by standard arguments (see [Y2, Sect. 3.1]) that for v-typical z,
one can define an inner product, (-,-)’  on the tangent space T, M such that item (b)(z) of
Proposition 4.1 holds. Denote by || ||’, the norm induced by (-, ). and by || - ||, the Euclidean
norm on 1, M. It follows from the same construction that there exists a measurable function
lo(x) : V! — [1,00), with £o(fix) < e®ly(x) for i > 0 and

p_1/2||v|| < || < bo(x)]|v]| forall v e T, M. (22)
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Define a linear map L, : T,M — R? which takes E;(x) to {0} x --- x R™® x ... x {0}
for each 7 and such that (L,u, L,v), = (u,v)’. Then ®, := exp, o L' is a Lyapunov chart
satisfying properties (a)(i) and (a)(iz) of Proposition 4.1.

The construction outlined thus far is standard and is not affected by the presence of
singularities (see [KS, Part I, Theorem 2.2]). We now proceed to prove the statements of
Section 4.2.4 which are affected by the singularities. We drop the subscript x for simplicity
of notation and write || - || and || - ||" in what follows.

Notice that in the notation of Sect. 4, R(r) = R(r;|| - ||') denotes the ball of radius r in
the (Lyapunov) norm || - ||’ since that is the norm of the Lyapunov charts ®,. To distinguish
between norms, we use R(r; || - ||) to denote the ball of radius r in the Euclidean norm on
T, M. We identify T, M and R? and view L, formally as a change of norm.

Proof of (a)(iii"). Recall the injectivity radius from Section 2.1, «(z,U) > min{s, d(z, M \
U)<}, given by equation (2). Since we have assumed b > <, we have «(z,U) > g.(x)" for
e < s. Thus again using (2), for y € B(z,0, g.(7)?) and w =exp; 'y, we have

ID(exp,)(w)| < e and  [[D(exp; ) (w)]| < co.

This implies that exp, maps R(c;'g.(z)% | - ||) injectively into B(z,0,g.(x)?). Thus for
u, v € Ry ge(x) || - |]), we use (22) to estimate,
d(®,u, ®,v) < d(exp, o L u,exp, o L;'v) < ¢ol| L u — L] < co/p ||u — vlf’
< cov/Blo(@)u — vl] < /B lo(a)d(@,u, D0),
which establishes (a)(iii') with K = ¢o\/p and {1(z) = c§/plo(z). Note that by (22),
R(t7(2)g:(2)") € Rlcy ' ge(x)"s || - |]), with room to spare.
Proof of (b)(iii"). Recall that

fm = exp;j o foexp, while fm =d lofod, = Ly o fm oL
Taking u,v,h € R(cy"g-(2)% || - ||), we use (22) to estimate

Df(w)h— Df,(0)h|] _ ||Dfue(u)h — Dfs(v)h A
DL PR  WPEWEE PR, y(a) < D27t e = vl tate)

A (23)
for some z € R(cy g-(2)% |- ||)- By (4), |D%*f.(2)] < Clgi(expx(z),S)_b. Since exp,(z) €
B(z,0,g.(x)®), we have d(exp,(2),S) > g.(), so that ||D?f,(2)]| < Cig.(x)~°. Finally, since
|u— | < \/pllu—v], we conclude that

Lip(Df,) < plo(x)Chg-(x)~".
The statement follows by taking ¢(x) to be the larger of p Cily(z) and ¢1(z) = ¢§\/p lo(x).
Proof of (b)(ii"). We use (23) with v = 0 and u € R(6(z)  g.(z)?). This yields

1D fa(u) = DF(O)" < €(z)ge ()" |Jull < 6.

This implies that restricted to R(6¢(x) " g.(x)?), we have Lip(f, — D f,(0)) < & as required.
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B. Natural extensions of tower maps

Let T : (X, A,v) O be a measure-preserving transformation (mpt) of a probability space.
Recall that the natural extension of T : (X, %, v) O, denoted here by T*% : (X¥ X# vf) O, is
defined as follows:

)(ﬁ = {(1’1,1’2, N ) S HZOEOX : F(IZ‘+1) = LE‘Z‘},

Tﬁ(l'l,l'g, T ) - (T(l’l),l’l,xQ, T )7

¥ is generated by cylinder sets with ¥ in each coordinate, and
v oy € Ay, an €AY =v(A,NT A, N---NT" A .
These following facts about tower maps (see Sect. 5.1 for notation) are used:

(1) Consider F': (A>,3,n) O where 1 is any F-invariant Borel probability measure, and
let F' : (AOO,Z,ﬁ) O be the corresponding quotient system. We claim that the natural
extensions of these two mpt’s are isomorphic.

Proof. Define 7 : Af — A* by 7(zy, 2o, - - ) = (7(21),7(22), - - ). Clearly, 7o Ft = F* o7,
7t (n*) =7, and 7 is onto. The assertion follows once we show 7 is 1-1.

Suppose 7 (1, T2, ) = T (Y1, Y2, - - ). Letting w*(x,) denote the stable set of x,, we
have, by definition, z; € N2, F" ! (w*(x,)). The uniform contraction of F' along stable sets
implies that this intersection consists of a single point. Likewise, {yo} = N, F" 1 (w*(y,)).
Since 7(x,) = 7(y,) is equivalent to w*(x,) = w*(y,), we have proved z; = y;. Applying the
same argument to the sequences (g, Txyi1,-..) and (Yg, Yki1, - - .), we conclude that zj = yi
for all £k > 1. O

(2) Next given F : (A, %,7) O and Ay € A”, we call 7. (Ay,20,Ty) O with 7, =
m&) normalized its induced map on Ay, and claim that the induced map of ' on Zﬁ =

{(z1,29,--+) € A x1 € Ay} is the natural extension of F". The proof is easy.

Fact. For an arbitrary mpt T : (X, A, v) O, it is proved in [Ro] that h,(T) = h,:(T%).
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