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BANACH SPACES FOR PIECEWISE CONE-HYPERBOLIC MAPS

VIVIANE BALADI AND SEBASTIEN GOUEZEL
(Communicated by Dmitry Dolgopyat)

ABSTRACT. We consider piecewise cone-hyperbolic systems satisfying a bun-
ching condition, and we obtain a bound on the essential spectral radius of the
associated weighted transfer operators acting on anisotropic Sobolev spaces.
The bunching condition is always satisfied in dimension two, and our results
give a unifying treatment of the work of Demers-Liverani [9] and our previous
work [2]. When the complexity is subexponential, our bound implies a spectral
gap for the transfer operator corresponding to the physical measures in many
cases (for example if T preserves volume, or if the stable dimension is equal to
1 and the unstable dimension is not zero).

1. INTRODUCTION

The “spectral” or “functional” approach to studying statistical properties
of dynamical systems with enough hyperbolicity (originally limited to one-
dimensional dynamics) has greatly expanded its range of applicability in recent
years. The following spectral gap result! of Blank-Keller-Liverani [3] appeared
in 2002:

THEOREM 1.1. Let T: X — X be a C3 Anosov diffeomorphism on a compact Rie-
mannian manifold, with a dense orbit. Define a bounded linear operator by

woT™1

1.1 w=——:"
(-1 |detDT o T7L|

we L®(X).

Then there exist a Banach space 9 of distributions on X containing C*(X), and
a bounded operator on 9, coinciding with £ on 98 n L*°(X) and denoted also by
%, with the following properties: The spectral radius of £ on 98 is equal to one,
the essential spectral radius of £ on 2B is strictly smaller than one, £ has a fixed
point in . Finally, 1 is the only eigenvalue on the unit circle, and it is simple.
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1vVarious improvements of this result have been obtained since then [11, 12, 5, 6], in particular
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It is a remarkable fact that “Perron-Frobenius-type” spectral information as
in the above theorem (possibly with a nonsimple real maximal eigenvalue of fi-
nite multiplicity and other eigenvalues on the unit circle) gives not only simpler
proofs of many known theorems, but also provides new information. Among
these consequences, let us just mention: Existence of finitely many physical
measures whose basins have full measure (working with slightly more general
transfer operators, one can treat other equilibrium states), exponential decay of
correlations for physical measures and Holder observables, statistical and sto-
chastic stability, linear response and the linear response formula, central and
local limit theorems, location of the poles of dynamical zeta functions and ze-
roes of dynamical determinants, smooth Anosov systems with holes, etc. (We
recall that the dual of £ preserves Lebesgue measure, so the fixed point of £
corresponds to the physical measure. See [5] and [12].)

One of the advantages of this “functional approach” is that it bypasses the con-
struction of Markov partitions and the need to introduce artificial “one-sided”
expanding endomorphisms (such endomorphisms only retain a small part of
the smoothness of the original hyperbolic diffeomorphism).

Billiards with convex scatterers, also called Sinai billiards, are among the most
natural and interesting dynamical systems: They are uniformly hyperbolic and
preserve Liouville measure; yet, they are only piecewise smooth. Analyzing the
difficulties posed by the singularities has been an important challenge for math-
ematicians, and it was only in 1998 that L.-S. Young [19] proved that the Liouville
measure enjoys exponential decay of correlations for two-dimensional Sinai bil-
liards (under a finite horizon condition, which was shortly thereafter removed
by Chernov [7]). It should be noted that these results were in fact obtained for
a discrete-time version of the billiard flow. Indeed, the question of whether the
original two-dimensional continuous-time Sinai billiard enjoys exponential de-
cay of correlations remains open. (Chernov [8] recently obtained stretched expo-
nential upper bounds.) It is well known that the continuous-time case is much
more difficult, and it seems that the ideas of Dolgopyat [10] that were exploited in
several smooth hyperbolic situations are not compatible, for example, with the
tools used in [19]: We believe that a new, “functional,” proof (via a spectral gap
result for the transfer operator (1.1) on a suitable anisotropic Banach space of
distributions) of exponential decay of correlations for discrete-time surface Sinai
billiards will be a key stepping stone towards the expected proof of exponential
decay of correlations for continuous-time Sinai billiards.

The recent paper of Demers-Liverani [9] represents an initial breakthrough in
this direction, as we explain next. Since none of the spaces of [11, 12, 5, 6] behave
well with respect to multiplication by characteristic functions of sets, they can-
not be used for systems with singularities. Demers-Liverani [9] therefore intro-
duced some new Banach spaces on which transfer operators associated to two-
dimensional, piecewise hyperbolic systems admit a spectral gap. However, both
the construction and argument presented by [9] are quite intricate; in particular,
pieces of stable or unstable manifolds are iterated by the dynamics, and the way
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they are cut by the discontinuities has to be studied carefully, in the spirit of [19]
and [7]. As a consequence, adapting the approach in [9] to billiards (which are
not piecewise hyperbolic, sensu stricto, because their derivatives blow up along
the singularity lines) is daunting.

Additional progress toward a modern proof of exponential decay of correla-
tions for discrete-time billiards is documented in our previous paper [2]. There,
we showed that ideas of Strichartz [17] imply that classical anisotropic Sobolev
spaces H;,’S in the Triebel-Lizorkin class® are suitable for piecewise hyperbolic
systems under the condition that the system admits a smooth (at least C 1y stable
foliation. Unfortunately, although it holds for several nontrivial examples, this
condition is pretty restrictive: In general, the foliations are only measurable!

In the present paper, we consider piecewise smooth piecewise hyperbolic dy-
namics. We are able to remove the assumption of smoothness of the stable fo-
liation whenever the hyperbolicity exponents of the system satisfy a bunching
condition (see (2.3) and (2.4) below). This condition is rather standard in smooth
hyperbolic dynamics, where it ensures that the dynamical foliations are C' in-
stead of the weaker Holder condition that holds in full generality (see [15], or,
e.g., [14]). The bunching condition is always satisfied in codimension one. (It
holds in dimension two, so our results apply to physical measures of all surface
piecewise hyperbolic systems previously covered in [19] or [9] and in particular
to hyperbolic Lozi maps possessing a compact invariant domain, see Appendix
D.) The present paper requires the dynamics to be C'*® on each (closed) do-
main of smoothness and therefore does not apply directly to discrete-time Sinai
billiards. However, we expect that it will be possible to adapt the methods here to
obtain the desired functional proof of exponential decay of correlations for two-
dimensional Sinai billiards. We shall use the terminology “cone-hyperbolic” to
stress that hyperbolicity is defined in terms of cones and that there is a priori no
invariant stable distribution, contrary to the setting of our previous paper [2].

We use the Triebel spaces H,f,’s as building blocks in the construction of our
new Banach spaces H;’S(R) (Definition 2.13) and H (see (2.20)). As a conse-
quence, we may exploit, as we did in [2], the rich existing theory (particularly
regarding interpolation) and again use the results of Strichartz [17].

The innovation with respect to [2] is that we define our norm by consider-
ing the Triebel norm in R% through suitable C' charts, taking now the supre-
mum over all cone-admissible charts & (Definition 2.8). We use the bunching
assumption to show that the family is invariant under iteration (Lemma 3.3). In-
deed, this is how we avoid the necessity for a smooth stable foliation. As in [2], we
do not iterate single stable or unstable manifolds (contrary to [19, 7, 9]), and nor
do we need to match nearby stable or unstable manifolds: Everything follows
from an appropriate functional analytic framework.

Our main result, Theorem 2.6, is an upper bound on the essential spectral ra-
dius of weighted transfer operators associated to cone-hyperbolic systems sat-
isfying the bunching condition and acting on a Banach space H of anisotropic

2See [18] and Definition 2.7 below; these spaces were introduced in dynamics in [1].
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distributions. If the complexity growth (as measured by (2.2)) is subexponential,
and if either detDT =1, or d; = 1 and d,, > 0, then one can always choose the
Banach space such that the transfer operator (1.1) has essential spectral radius
strictly smaller than 1 and thus a spectral gap. This spectral gap property gives
finiteness and exponential mixing (up to a finite period) of the physical measures
(see e.g. Theorem 33 in [2], or its generalization below, Theorem D.5).

Let us mention here that all existing results on piecewise hyperbolic systems,
including the present one, require some kind of transversality condition between
the discontinuity hypersurfaces and the stable or unstable dynamical directions
or cones (see Definition 2.3). (This condition is satisfied for billiards, modulo
Remark 2.4.)

The paper is organized as follows. In Section 2 we formally define the dynam-
ical systems for which our results hold and the anisotropic spaces H on which
the transfer operator will act: Subsection 2.1 contains the assumptions regard-
ing the dynamics and the statement of our main result, Theorem 2.6. In Sub-
section 2.2, we recall the definition of the Triebel spaces H;;s , and we define the
cone-admissible foliations & (Cy, C;), depending on two parameters Cy and Cj,
that should be suitably chosen. In Subsection 2.3, we combine these two ingre-
dients,together with a “zoom” by a large factor R > 1 to construct the Banach
spaces of distributions H;’S(R, Cy, C1). Subsection 2.4 contains a technical step
that reduces our main result to a more convenient form, Theorem 2.15, con-
structing along the way the final Banach spaces H from the H;,’S(R, Co, C1).

Section 3 is devoted to the proof of invariance of the class & of admissible
foliations. This is the heart of our argument, and the main new technical con-
tribution is Lemma 3.3. Its proof is based on the usual Hadamard-Perron graph
transform idea (see (3.11)—(3.13)), but needs to be spelled out in full detail in
order to clearly show the need for the pertinent conditions in Definition 2.8.

Section 4 contains various results on the local spaces H®, in particular, the
corresponding “Leibniz” (Lemma 4.1) and “chain-rule” (Lemmas 4.6 and 4.7) es-
timates and the fact that characteristic functions of appropriate sets are bounded
multipliers (Lemma 4.2). The results presented are largely adapted from [2].
Subsection 4.1 also contains a compactness embedding statement for spaces
H;’s (R, Cy, Cy) (Lemma 4.4), which is crucial for our Lasota—Yorke-type estimate
in the proof of our main result.

Finally, Section 5 contains the proof of Theorem 2.15.

The four appendices provide the following complementary material: Appen-
dices A and B contain useful technical results, Appendix C describes some ex-
tensions of our main result (allowing us, in particular, to sometimes weaken
our transversality assumption), and Appendix D gives consequences concern-
ing physical measures of our main result and its extension.

Note that the methods in this paper do not allow us to exploit the additional
smoothness available if T is Anosov or Axiom A and C” for r > 2 (even if they sat-
isfy the bunching condition), contrarily to [11, 12, 5, 6]. The present work is thus
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complementary to the approach of [11, 12, 5, 6], which gives more information
regarding the smooth case (but fails when there are singularities).

2. DEFINITIONS AND STATEMENT OF THE SPECTRAL THEOREM

2.1. The mainresult. Let X be a Riemannian manifold of dimension d = 2 with-
out boundary, and let X be a compact subset of X. We view 1 < d; < d -1 and
d, =d—d; =1 as being fixed integers, so constants may depend on these num-
bers®. We call C! hypersurface a codimension-one C! submanifold of X, pos-
sibly with boundary. We say that a function g is C" for r > 0 if g is C!" and all
partial derivatives of order [r] are (r — [r])-Holder. The norm of a vector (in the
tangent space of X, or in R4) will be denoted by |v].

Hyperbolicity will be defined in terms of cones, and we shall need the cones
to satisfy some form of convexity (in (3.8)). Even the simplest linear cone |x]? <
[y1 12 + |y2|2 in R3 is not convex in the usual sense (it contains (1,1,0) and (1,0, 1)
but not (1,1/2,1/2)). Therefore, we introduce the following definition:

DEFINITION 2.1. A cone of dimension d’ € [1,d — 1] in R is a closed subset C of
R4 with nonempty interior and invariant under scalar multiplication such that
d' is the maximal dimension of a vector subspace included in C.
A cone C of dimension d' is said to be transverse to a vector subspace E of R?
if E contains a subspace of dimension d — d’ that intersects C only at 0.
A cone C is said to be convexly transverse to a vector subspace E if C is trans-
verse to E and, additionally, for all z € R, Cn (E + z) is convex.
Two cones, C, and Cs, of respective dimensions d,, and d;, with d,, + ds = d,
are said to be convexly transverse if
e CynCs=1{0},
« for any vector subspace Es c C; the cone C,, is convexly transverse to Ej,
« for any vector subspace E, c C,, the cone C; is convexly transverse to Ej,.

We claim that if A: R% — R is a nonzero linear map, thentheset C4 = {(x,y) €
R% x R% | |x| < |Ayl} (which obviously contains the dy-dimensional vector sub-
space {(0, y)}) is a ds-dimensional cone that is convexly transverse to {(x,0)}. See
Appendix B for the easy proof of this claim. It follows that if C4 and C4 are cones
in R? associated (not necessarily for the same coordinates) to nonzero linear
maps A: R% — R*1 and A’: R% — R*2, then C4 and C, are convexly transverse
if and only if C4 N C4 = {0}. Definition 2.1 is slightly more flexible than such
linear cones. More importantly, it sheds light on the essence of the convexity
assumption.

DEFINITION 2.2 (Piecewise C!*% cone-hyperbolic maps). Let a € (0, 1]. A piece-
wise C'*% (cone) hyperbolic map is a map T: Xy — X, for which there exist
finitely many pairwise disjoint open subsets (O;);c, covering Lebesgue almost
all X, such that each d0; is a finite union of C! hypersurfaces and such that for
eachiel:

30ur methods also work when d s =0 or dy =0, but they do not improve on the results of [2]
since the stable and unstable manifolds are automatically smooth in this case.
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1. There exists a C'*® map T; defined on a neighborhood O; of O; in X that
is a diffeomorphism onto its image and such that T'|o, = T;lo,.

2. There exist two families of convexly transverse cones %i(”) (q) and € l.(s) (@) in
the tangent space 94 X, depending continuously on g € 0;, so that ‘gl.(”) (@)
is d,,-dimensional and € l.(s) (q) is ds-dimensional, and such that:
2a. Foreach g€ O;n T (0)), then DT; (q)%l.(”) (g) c %;”) (T;(g)), and there

exists 1; ,(q) > 1 such that

IDTi(@)v] = Aiyu(@lv], Vv e 6! (qg).

2b. For each g € 0;n T;(0;), then DT, (T;(q)6;" (Ti()) = 6," (4), and
there exists A; (q) € (0, 1) such that

DTN (Ti (@) vl = A (@lvl, Vv e 6 (Ti(@).

Note that we do not assume that T is continuous or injective on Xj.
We introduce some notation. For n > 1 and i = (ip, ..., ip-1) € I", we let T{" =

T;,_, o+--o T;,, which is defined on a neighborhood of O;, where Oy, = 0;,, and
2.1 Oig..in-1) = 19 € Oy | Tiy (q) € Oy} -

Denote by /li(’?(q) <1 and )L?fj(q) > 1 the weakest contraction and expansion
coefficients of T;" at 4, and by Ai(”;) (q) < Ai(”? (@) and Ai’;) (q) = Af’g (q) its strongest
contraction and expansion coefficients. We put
Asn(@) =sup V(@) <1, Aunlq) =infA (@) >1,
;0 ,
where the infimum and the supremum are restricted to those i such that g € O;.

As is usual in piecewise hyperbolic settings, we shall require a transversality
assumption on the discontinuity hypersurfaces”:

DEFINITION 2.3 (Transversality condition). Let T be a piecewise Cclra hyper-
bolic map. We say that T satisfies the transversality condition if each 60; is a
finite union of C! hypersurfaces K; ;. that are everywhere transverse to the stable
cones; that is, for all g € K; x, 94K; 4 contains a d,-dimensional subspace that

: (s)
intersects € ; (q) only at 0.

REMARK 2.4 (Transversality in the image). If the cone field is continuous (i.e.,
it does not really depend on i, as is the case with Sinai billiards), then one can
weaken this requirement by demanding only that the images T'(Kj ;) be trans-
verse to the stable cone (see Appendix C for details). When the cone fields are
not globally continuous, the stronger requirement in Definition 2.3 is necessary
to ensure that C! functions belong to the Banach space H that we shall construct
below (see the argument after Definition 2.13).

4This condition is unrelated to the “convex transversality” assumption on the cones!
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To estimate dynamical complexity, we define the n-complexities at the begin-
ning and at the end:

(2.2) DZ =maxCardf{ie I" | g € 0i}, D{ =maxCardfie I" | g€ T"(0y)}.
qgeXo qgeXo

REMARK 2.5. If T is a globally invertible piecewise cone-hyperbolic map for the
covering (O;, i), with n-complexity at the end D¢, denoted by D¢ (T, (O;, i)), then
T~! is piecewise cone-hyperbolic for the covering (T(0;)), and its n-complexity
at the beginning satisfies

DY(T™Y,(T(0y), 1) = D4(T, (O3, ).

For T'(x) = 2xmod 1 on [0, 1] we have D¢ = 2", but fortunately this quantity plays
no role for the transfer operator associated to g = |det DT|~! when d; = 0, up to
taking p close enough to 1 in Theorem 2.6.

Our main result can now be stated (all Jacobians in this paper are relative to
Lebesgue measure, and |det DT| denotes the Jacobian of T):

THEOREM 2.6 (Spectral Theorem). Let a € (0,11, and let T be a piecewise C1**
cone-hyperbolic map satisfying the transversality condition. Assume in addition
the following bunching® condition: For some n >0,
A A )
(2.3) sup T <1
iel", geO; Ai,u (@)
Let $ € (0, @) be small enough such that
/'L(n) (q)a—ﬁA(n) (q)l+ﬁ

(2.4) sup = o =l <1

i, qe0; Ai,u(CI)

Letl < p<ooandlett,seR besuch that
(2.5) 1/p-1<s<0<t<l/p, -B<t—|IsI<0, at+lsl<a.

Then there exists a spaceH = H(p, t, s) of distributions on X containing C L andin
which L*° NH is dense and such that for any function g: Xo — C whose restriction
to each O; admits a CY extension to O; for somey > t+|s|, the operator ZLg defined
on L™ by
(Zew) (@)= ). gqho(q)
T(qY=q
extends continuously to H. Moreover, its essential spectral radius on H is at most

u,n’ )

1/n
@6) lim (DY) P (D) MWI1P) | ) det DT"MP max(Az,, At |

[>®

where we set 8" (q) = [1}-3 §(T*(q)), forn = 1.

5Condition (2.3) always holds if d;, = 1.
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Our proof does not give good bounds on the spectral radius of £ on H. How-
ever, if g =|detD T|~! and the bound in (2.6) is < 1, then Theorem 33 in [2] im-
plies that the spectral radius is equal to 1 and that T has finitely many physical
measures, attracting Lebesgue almost every point of the manifold. For details,
we refer the reader to Appendix D, where we also explain how to iterate the map
in the other direction of time to get different conditions under which this con-
clusion holds. (These conditions are satisfied whenever ds = 1; they apply, for in-
stance, to any Lozi map with a compact invariant domain Xj, see Corollary D.4.)

The limit in (2.6) exists by submultiplicativity. We can bound A5 ; and /l;’ln by
A", where A > 1 is the weakest rate of contraction/expansion of T. Therefore, if
g =|det DT|™! then the essential spectral radius is strictly smaller than 1 if there
exist s, £ and p as in Theorem 2.6 with

. _ _1nl/ i —(f—
lim (Dz)ll(pn)_(Dz)(I/n)(l l/p)_”ldetDTnll/p l||Lo:l</1m1n(t, (¢ |s|)).
n—o0

In particular, if g = |detDT|™! = 1, then the essential spectral radius is strictly
smaller than 1 if

lim (DY) PP (pe)(1/ma-1/p) o jmin(t,-(t=Ish),
n—.oo

that is, if hyperbolicity dominates complexity.

Subsections 2.2 and 2.3 are devoted to the definition of spaces HZS(R, Co, C1)
that will give the space H of Theorem 2.6 via Proposition 2.16 (see (2.20)). Let us
now describe briefly this space H, which generalizes the spaces of [1, 2].

Intuitively, an element of H is a distribution that has ¢ derivatives in L” in all
directions together with s derivatives in L” in the stable direction. This amounts
to s+ t derivatives in L” in the stable direction, and ¢ derivatives in the trans-
verse “unstable” direction. Since t > 0 and ¢+ s = ¢t —|s| < 0, the transfer oper-
ator increases regularity in this space. The restriction 1/p—-1<s<0<t<1/p
is designed such that this space is stable under multiplication by characteristic
functions of nice sets (see [2, Lemma 23])—this makes it possible to deal with
discontinuous maps. If one assumes that there exists a C! stable direction, the
above rough description can be made precise, using anisotropic Sobolev spaces:
This was done in [2]°. In our setting, there is, in general, not even a continuous
stable direction, so we shall instead use a class of local foliations (with uniformly
bounded C!*# norms) compatible with the stable cones, and define our norm as
the supremum of the anisotropic Sobolev norms over all local foliations in this
class (Definition 2.13).

To ensure that the space so defined is invariant under the action of the transfer
operator, one should make sure that the preimage under iterates of T of a folia-
tion in our class remains in our class: This is the content of our key Lemma 3.3.
Since we want those foliations to have bounded C! norm (for otherwise, the ar-
gument for anisotropic Sobolev norms fails), we need the bunching condition
(2.3) to prove this invariance. (In the smooth, i.e.,, Axiom A case, equation (2.3)
would ensure that the stable foliation is C'—see e.g, [14, §19.1] in the case a = 1,

6The local spaces in Definition 2.7 are the same as those in [2].
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and the strengthening provided by (2.4) would even ensure that the stable folia-
tion is C'*#. However, in the general piecewise smooth case, the foliation is only
measurable, even if (2.3) holds.)

2.2. Anisotropic spaces HIZ’S in R and the class Z (z9, 6°, Cy, C1) of local foli-
ations. In this subsection, we recall the anisotropic spaces H;,’s in R? (which
were used in [2]), and we define a class & of cone-admissible local foliations in
R4 with uniformly bounded C 148 norms (in Lemma 3.3 we shall show that this
class is invariant under iterations of the dynamics). These are the two building
blocks that we shall use in Section 2.3 to define our spaces of distributions.

We write z € R? as z = (x,y), where x = (z1,...,24,) and y = (zg,+1,.-.,2d)-
The subspaces {x} x R% of R? will be referred to as the stable leaves in RY. We
say that a diffeomorphism of R preserves stable leaves if its derivative has this
property. For r >0 and z = (x, y) € R, let us write B(x,7) = {x' e R% | |x' — x| <},
B(y,r) ={y € R% | |y —y| < r} and B(z,1r) = B(x,7) x B(y,r). We denote the
Fourier transform in R? by F. An element of the dual space of R? will be written
as (¢,n) with { € R% and ne R%.

The local anisotropic Sobolev spaces H ;,'5 belong to a class of spaces first stud-
ied by Triebel [18]:

DEFINITION 2.7 (Sobolev spaces H;;s and H;, inRY). Forl1<p<oo,andt, seR,
let H ;;S be the set of (tempered) distributions w in R? such that

@2.7) lwl e = |F (@, Fw) |, <0,
where
(2.8) ars(&m =1 +IEP+ P2+ nH2.

For1 < p < oo, t € R, the set Hf, = ng‘o is the standard (generalized) Sobolev
space.

Triebel proved that rapidly decaying C* functions are dense in each H ,t,’s (see
e.g., [2, Lemma 18]). In particular, we could equivalently define H,f,’s to be the
closure of rapidly decaying C* functions for the norm (2.7).

We shall work with local foliations indexed by points m in appropriate finite
subsets of R? (defined in (2.15) below). The following definition of the class of
foliations is the key new contribution of the present work. We view a € (0,1] and
B € (0,a] as fixed (as in the statement of Theorem 2.6), whereas the constants
Co > 1 and C; > 2Cy will be chosen later. These constants play the following role:
if Cp is large, then the admissible foliation covers a large domain; if C; is large,
then the leaves of the foliation are almost parallel.

DEFINITION 2.8 (Sets & (m, €°, Cy, C;) of cone-admissible foliations at m € R%).
Let €° be a ds-dimensional cone in R4, transverse to R% x {0}, let m = (Xm» Ym) €
R%, and let 1 < Cy < C1/2. The set F(m,€?, Cy, C;) of €5-admissible local folia-
tions at m is the set of maps

¢ =¢r: B(m,Co) = RY, ¢r(x,y) = (F(x,),9),
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100 VIVIANE BALADI AND SEBASTIEN GOUEZEL
where F: B(m, Cy) — R% is C! and satisfies
(0,F(z2)w,w) € €S Nwe IRdS,Vz € B(m,Cy); F(x,ym)=x,Vx€e B(xpy,Cp),

and for all (x, y) and (x/, y') in B(m, Cy),

(2.9) IDF(x,y)— DF(x,y)I <ly—-y'1*/C1,
(2.10) |DF(x,y) - DF(x', )| < |x—x'\P/Cy,
and

(2.11) |DF(x,y) - DF(x,y")—DF(x',y)+ DF(x,y) < |x-x'|Ply—y'|*PiC;.

The set & (m,€°,Cy,C) is large, as we explain next: If the cone €° is d;-
dimensional and transverse to R%, then it contains a ds-dimensional vector
subspace E that is transverse to R%. Therefore, there exists a (possibly zero)
linear map E: R% — R% such that E = {(Ew, w), w € R%}. It follows that the
affine map Fg(x,y) = x + E(y — ym) is such that ¢f, € F(m,€°,Co, C1). Then, it
is easy to see that if F is C'*%, with F(x, yn) = Fg(x, ym) = x and F close enough
to Fg, then ¢p € F(m, 67, Cy, C1). (To check (2.11), consider separately the cases
lx—x'|<|y-y'land |x— x| > |y—'|.)

We now state easy but important consequences of the above definition. (See
also the remarks at the end of this subsection about the technical conditions
(2.9)-(2.11).) We shall see in Lemma 2.9 that the graphs

{(F, ), M) 1y = yml < Co} for |x—xml < Cy

form a partition of a neighborhood of m of size proportional to Cy (per the R-
zoomed charts to be introduced in Section 2.3, this will correspond to a neigh-
borhood of size of the order of Cy/R in the manifold), and that the tangent spaces
of these graphs are everywhere contained in 4. The map F thus defines a lo-
cal foliation (justifying the terminology), and the map ¢r is a diffeomorphism
straightening this foliation; that is, the leaves of the foliation are the images of
the stable leaves of R under the map ¢r. (The maps y — (F(x, y), y) for fixed x
are sometimes called plaques, while x — F(x, y) for fixed y is referred to as the
holonomy between the transversals of respective heights y,, and y.) Moreover,
if C; is large, then DF is close to constant, i.e., ¢r is close to an affine map. The
conditions in the definition up to (2.9) imply that the local foliation defined by F
is C17® along the leaves. Moreover, the next lemma shows that these conditions
imply uniform bounds on F (independent of Cy).

LEMMA 2.9 (Admissible foliations are C'*# foliations). For any dg-dimensional
cone €° transverse to R% x {0}, there exists a constant Cy depending only on €°
such that, for any 1 < Cy < C1/2, and any ¢r € F(m,€°,Co, C1), the map ¢ is a
diffeomorphism onto its image with | D$r | o5 < Cy and | Dz'|| .5 < Cy4. More-
over, p(B(m, Cy)) contains B(m, C; ' Cy).

The proof of these claims does not require (2.11).
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Proof. Let ¢ = ¢ € F(m,6%,Cy, C1). We first check that || DF|co = Cy. Ob-
serve first that 0, F is bounded since the cone 6 is transverse to R% x {0}. Since
F(x,ym) = x, we have 05 F(x, y,) = id and hence (2.9) gives

(2.12) |0xF(x,y)—id| =10xF(x,¥) —0xF(x, ym)| < |y — yml|*/C1 = C§/1Cy < 1/2.

In particular, |0, F| is uniformly bounded. This shows that [|[DF|c < C4. We
next observe that condition (2.10) together with (2.9) imply that DF is -Holder:
There exists a constant Cy (independent of Cy) such that, for all pairs (x, y) and
(x',y") in B(m, Cy),

(2.13) IDF(x,y)— DF(x', y")| < Ced((x, y), (X', y))P .

Indeed, (2.9) gives

IDF(x,y) - DF(x,y) <1y - y'I%,
and (2.10) gives

|DF(x,y")— DF(x,y)| < |x—x'IP.
Since § < a, (2.13) follows. We have shown that ||D({>||C,; < Cy.

For any vector v, (2.12) shows that (8, Fv, v) = |v|?/2. Integrating this inequal-
ity on the segment between x and x/, for v = x’ — x, we get

(F(x,y)—F(x,y),x—x'y=|x—-x'1/2.
In particular,
(2.14) |F(x,y)— F(x',y)|=|x-x'|/2.

By Lemma A.1, this implies that the map ¢ belongs to the class 2(Cy) defined
in Subsection A.1 for some Cy > 0 independent of Cy, C;. In particular, ¢ is a
diffeomorphism onto its image, and | D¢ 1| < Cy. Since D¢ is f-Holder, it follows
that D¢~ is also B-Hélder, and ||D(/)_1 ||C,5 < Cy.

Finally, Lemma A.2 shows that ¢(B(m, Cy)) contains B(¢p(m), C; ' Cy). O

We end this subsection with the promised remarks on the conditions in Defi-
nition 2.8 involving a and .

REMARK 2.10 (Condition (2.9)). Condition (2.9) is used in the proof of Lemma 2.9
to ensure that | DF| is uniformly bounded. It would seem more natural to replace
(2.9) by the weaker condition |[DF| = C. However, it turns out that this weaker
condition is never invariant under the graph transform, while (2.9) is invariant
if (2.3) is satisfied (see (3.11)). If T is piecewise C? one can take a = 1, and this
is what is usually done in the literature ([14, §19], [16, App. A]). In addition, be-
cause of the extra C'*® smoothness in the y-direction given by (2.9), Lemma 3.3
produces diffeomorphisms W and ¥, that belong to the space D!,  from Defi-

1+a
nition 3.1. This is useful in view of the composition Lemma 4.7.

REMARK 2.11 (Conditions (2.10) and (2.11): Holder Jacobian). Lemma 4.4 about
compact embeddings requires the foliations ¢ and their inverses (,b;1 to have
CP Jacobians for some B > 0. (Beware that, even if T is volume-preserving,
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the class of foliations satisfying |det D¢p| = 1 is not invariant under the dynam-
ics, because of the necessary reparameterizations in the proof of Lemma 3.3.)
Lemma 2.9 shows that the conditions (2.9) and (2.10) imply that the Jacobians

J(x,y) =|detD¢rl|(x,y) =|detd,Fl(x,y)

and
J(x,y) = |det D' |(x, y)
are -Holder (with a C# norm bounded independently of Cy).

Condition (2.10) will only be used to ensure that J and J are CP. It turns out
that the Holder condition on the Jacobians, by itself, is not preserved when the
foliation is iterated under hyperbolic maps, and neither is condition (2.10) alone.
However, the pair (2.10)—(2.11) is invariant if (2.4) is satisfied (see in particular
Step 3 in the proof of Lemma 3.3).

2.3. Extended cones, suitable charts and spaces of distributions. We now in-
troduce appropriate cones %isj and coordinate patches «; ; on the manifold in
order to glue together (via a partition of unity) the local spaces H ,f,'s and to define
a space H;,’S(R) of distributions’ using the charts in & (m, <€isj, Co, Cy1).

DEFINITION 2.12. An extended cone € is a set of four cones (6°,6;,6",6;")
such that
e ¢° and €" are convexly transverse,
* 6, contains {0} x R%,
. <€O” contains R% x {0}
Cé(f ~. {0} is contained in the interior of €°,
* 6, {0} is contained in the interior of €.

Given two extended cones € and €, we say that an invertible matrix M: RY — R%
sends € to € compactly if M€Y %70” and M™% c G-

For all i € I, we fix once and for all a finite number of open sets U; ;o of X,
for 1 < j < Nj;, covering O; and included in the fixed neighborhood O; of O;
where the extension T; of To, is defined. Let also x; j: U; jo — R%, for i € I and
1 < j = N;, be a finite family of C* charts, and let 6; ; be extended cones in R4
such that wherever «; joo Tj o Kl_} is defined, its differential sends 6 ; to €y, jr
compactly. Such charts and cones exist, as we now explain. Since the map is
hyperbolic and the image of the unstable cone is included in the unstable cone,
small enlargements of the unstable cones are sent strictly into themselves by
the map. Therefore, if one considers charts with small enough supports, and

locally constant cones ‘51.5)]., Cgi’fj slightly larger than cones Dx;, j(q)cgl.(s) (@) and
Dx; (q)%i(”) (g) and slightly smaller than cones <€; ].yoand‘g if‘ 0 they satisfy the
previous requirements. (Convex transversality in the extended cone follows from

our convex transversality assumption on %i(s) and ‘61.(”).) We also fix open sets
Ui,j1 covering Xo such that U; j 1 < U; j0, and welet V; ; x =x; j (U j x), k=0, 1.
"This is a modification of the space denoted jf;,’s in [2].
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The spaces of distributions will depend on a large parameter R = 1 that will
play the part of a “zoom:” If R = 1, and W is a subset of R%, denote by W the set
{R-z|z€ W} Letalso k]! ;(q) = Rx;,j(q), so k] (U i) = VI

i,j,k’
Let
(2.15) Zij(R) =tme Vi ;nz? | Bim,Co)n V| # o1,
and
(2.16) Z(R)={(i,j,m)|ie[,lsjsNi,mc—:Z,-,j(R)}.

To { = (i, j,m) € Z (R) is associated the point g; := (1<f?].)‘1 (m) of X. These are
the points around which we shall construct local foliations, as follows. Let us
first introduce some useful notation. We write,

O; =0y, K?ZK?J and 6, =€¢;; for{=(,jmeZ(R).

These are, respectively, the partition set, the chart, and the extended cone that
we use around ¢g;. Let us fix some constants Cy > 1 and C; > 2Cy. If R is large
enough, say R = Ry(Cy, C1), then, for any { = (i, j, m) € Z(R) and any chart ¢; €
=97:(111,(5(5,C(),Cl), we have ¢ (B(m, Cp)) ij_o. For ¢ = (i, j,m) € Z(R), we can
therefore consider the set of charts (R, Cy and C; do not appear in the notation
for the sake of brevity):

217)  FQ)= 0=« odr: Bim,Co) = X, ¢pp € F(m, 6}, Co,C1)} .

The image under a chart ®; € % ({) of the stable foliation in R? is a local fo-
liation around the point g;, whose tangent space is everywhere contained in

(DK?)_I(%(S). This set is almost contained in the stable cone ‘gl.(s)(q(), by our
choice of charts x; ; and extended cones 6, ;.
Let us fix once and for all a C* function® p: R? — [0,1] such that
p(z2)=0if|z|=d  and Y plz—m)=1.
mez4

For { = (i, j,m) € Z(R), let p;y(z) = p(z— m), and
pgi=pg(R) = pmoky: X —[0,1].

Since p;, is compactly supported in Kfj(Ui, j0) if me Z; j(R) (and R is large
enough, depending on d), the above expression is well defined. This gives a par-
tition of unity in the following sense:
Y. Piim@=1YqeU;j1, pijm(@=0,Yq¢U;jo.
meZ; ;(R)

Our choices ensure that the intersection multiplicity of this partition of unity is
bounded, uniformly in R; that is, for any point g, the number of functions such
that p;(g) # 0 is bounded independently of R.

The space we shall consider depends in an essential way on the parameters
p, t, and s. It will also depend, in an inessential way, on the choices we have

8Such a function exists since the balls of radius d centered at points in z% cover RY.
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made (i.e., the reference charts x; ;, the extended cones €; ;, the constants Cy
and Ci, the function p, and R = R((Cy, Cy)): Different choices would lead to dif-
ferent spaces, but all such spaces share the same features. We emphasize the
dependence on R, Cy, and C; in the notation, since all other choices will be fixed
once and for all.

DEFINITION 2.13 (Spaces H;,’S(R, Cy, Cy) of distributions on X). Let 1 < p < oo,
s,teR, letl < Cy< Cy/2andlet R = Ry(Cy, Cy). For any system of charts,

O={P; e F ()| Z(R)},

let for w € L°°(Xp)
1/p
(2.18) lolo={ 3 (R -1ow)od|?. |
(eZ(R) P
and put

lolygsnc,.c = suplolle,

the supremum ranging over all such systems of charts ®. The space H;,’S (R, Co,C1)
is the closure of {w € L*°(X) | IIwIIst(R’CO,Cl) < oo} for the norm ”w”Hﬁ;"(R,Co,Cl)'

For fixed R, the sum in (2.18) involves a uniformly bounded number of terms.
Since the charts ®; have a uniformly bounded C! norm, the functions (p¢(R) -
) o®; are uniformly bounded in C! if w is C!. Moreover, H ,t,'s contains the space
of compactly supported C ! functions on R? when |7| + |s| < 1. Therefore, if there
were no multiplication by 1o, in (2.18), then llwlgts g , ¢,) Would be finite for
any C! function w. When s, t € (1/p—1,1/ p), multiplication by 1o, 0@ leaves the
space H[;s invariant (see Lemma 4.2 below). Therefore, all C! functions belong
to H;,'S(R, Co, C1) in this case.

REMARK 2.14. A priori, the space H;,’S(R, Co, C1) is not isomorphic to a Triebel
space H;,'S(Xo). However, our assumptions ensure that H;O(R, Cop, Cy) is isomor-
phic to the Sobolev-Triebel space H;,'O(Xo) when —f < t < 1+ 8 (regardless of the

values assigned R, Cy, C;). See Lemma 4.4 for various embedding claims on the
spaces H,Z’S(R, Co, Cy).

2.4. Reduction of the main result. In this subsection, we shall deduce Theo-
rem 2.6 from the following result about the spaces introduced in Subsection 2.3.
To simplify the statements, we will use the following convention throughout
this article: the sentence “for all large enough x, y, z,...” means that if x is large
enough, then, if y is large enough (possibly depending on x), then if z is large
enough (possibly depending on x and y), ....

THEOREM 2.15. Let T, g, and p, t, s satisfy the assumptions of Theorem 2.6. There
exist Cop > 1 and Cy > 0 such that for any N > 0, any large enough C, > 2Cy, any
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large enough integer n that is a multiple of N, and any large enough R, the oper-
ator fg” is bounded on HZS(R, Co, C1), and its essential spectral radius is at most

(2.19) (C#N)n/N(DZ)l/p.(DZ)I—I/p.

g(n) | detDTl’l|1/pmaX(A;’l‘n, A;(nt—lsl)) ”LOO .

The above theorem will be proved in Section 5. Below, we deduce Theorem 2.6
from Theorem 2.15 using the following proposition (which will be proved at the
end of Section 5).

PROPOSITION 2.16. Let T, g, and p, t, s satisfy the assumptions of Theorem 2.6,
and let Cy be given by Theorem 2.15. For any large enough Cy > 0 and R > 0,
and any large enough C} > 0 and R' > 0, then for any large enough N, ?jév is

continuous from H;,’S(R, Co,Cy) to H;,’S(R’, Co, C)).
Proof that Theorem 2.15 implies Theorem 2.6. Theorem 2.15 does not claim that

the space H,[;S(R, Co, C1) is invariant under £y, yet this issue is easily addressed
as follows: Consider Cy, n and R such that Theorem 2.15 applies to £ acting on

H};(R, Co, C1), and let
H(any CO) CI) = H(p) L,s,n, Rr CO) CI)

be the closure of L*°(X,) for the norm

n-1 X
2.20 w - fo w‘ .
( ) || ||H(p,t,s,n,R,Cg,C1) j;) g HE;S(R.C(),Cl)

Since
n
| o]

< Cllwllyyes
H;}s(R,CQ,Cﬂ ” ”Hp (R,Co,Cy)

by Theorem 2.15, it follows that the operator £ is continuous on H(n, R, Cy, Cy).
Moreover, for any C! function w and any j, the function

Ho=F 00001
1

is a sum of C? functions multiplied by characteristic functions of nice sets. The
discussion following Definition 2.13 (with C! replaced by C7) implies that féw
belongs to H;,'S(R, Co, Cy). Hence, H(n, R, Cy, C;) contains C! (in particular, it is
not reduced to {0}).

To finish, we shall prove that the claim on the essential spectral radius of £,
holds on H = H(n, R, Cy, Cy), if C1, n and R are large enough. If ./ is an operator
acting on a Banach space E, we denote by regs (4, E) its essential spectral radius.

First claim: ress(Lg, H(n, R, Co, C1)) < ress (L4, H* (R, Co, C1) ™.
Let us admit this claim for the moment. Then, by (2.19), the essential spectral
radius of Z¢ on H(n, R, Cp, Cy) is at most

(C#N)llN(DZ)I/(pn) ] (Dz)(l/n)(l—l/p) . ”g(n) |det DT" VP maX(A;ytn’/l;(nt—lsl)) ”Zj '

Since (CsN)Y"N tends to 1 when N — oo, this factor is not troublesome. How-
ever, we do not have Theorem 2.6 yet: In (2.6), there is a limit in 7, while our last
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bound is for a fixed n. This is why we need to show the following statement:

Second claim: Let r be the limit in (2.6). If C1, n and R are large enough, we
have ress(£}, Hy (R, Co, C1)) < 1"

Combining now the first and second claims, we deduce that the space H =
H(n, R, Cy, Cy) satisfies the conclusion of Theorem 2.6 if C;, n and R are large
enough.

It remains to prove the above two claims. For this, we recall a characterization
of the essential spectral radius of an operator .# acting on a Banach space E.

1. Let 7 > 0 and assume that there exists a sequence j(n) — oo and a sequence
of compact operators K, : E — Ej, (for some Banach spaces Ej) such that

|47 w| <71 jwip+ 1K wig,

for any w € E (or, equivalently, in a dense subset of E) and any large enough
n. Then regs (A, E) <T.

2. Conversely, if T > ress (A, E), there exists a sequence of compact operators
K, : E — E such that, if n is large enough,

4" w|;=t"lwlg+IKawlg
forany we E.
The first assertion was proved by Hennion [13] using a formula of Nussbaum.
The second assertion follows from the spectral decomposition .4 = K+ A where
KA = AK =0, K has finite rank (and corresponds to the eigenvalues of .# of
modulus = 1), and the spectral radius of A is smaller than 7 (just take K;, = K™).
We prove the first claim. Let 7 > regs(ZL ”,HZS(R, Co,C1))''". By Item 2, there
exists a sequence of compact operators Ky, : H;,'S(R, Co, C1) — H;,’S(R, Cop, C1) such
that, for large enough £,
|

H.*(R,C,,C =
p (R,Co,Cy)

Therefore, for w € H(n, R, Cy, C1),

kn
T lollgss g 0y + 1Kkn@llats 000 -

|l -5 il
j=0

H(n,R,Cy,C1) H,*(R,C,,C1)

Zgw‘

+ HKkn,%g]a)‘

H,* (R,Cy,C1)

n-1 B
< E Thn
=< .

j=0 H;'(R,Cy,C1)

™ 0l e, R, o) + ”I?kﬂw”H;’S(R,Co,Cl)"’

where the operator I?kn from H(n, R, Cy, C;) to H;,’S(R, Co, C1)" is given by
Kienw = (Kign®, Kgn Lo, ..., Kin L5 ™' 0).

Since this operator is compact, Item 1 above gives that ress(Zg, H(n, R, Cy, C1)) <
7 and thus verifies the first claim.

Finally, we prove the second claim. The idea is to use Proposition 2.16 to go
from H;* (R, Co, C1) to H;* (R, Co, C}) for large C] and R, use the control on the
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essential spectral radius on H;,'S (R', Cy, C{), and then return to HZS(R, Co, Cy). Let
C1, n and R be as in the statement of the second claim. Consider 7 > r, and let
us fix C] > 2Cy, k and R’ large enough such that regs (:fk”,H,t,’s(R', Co,C))) < rkn.
This is possible by Theorem 2.15. Therefore, by Item 2, for large j, there exists a
compact operator K, : H;’S(R’, Co, C}) — HZ’S(R’, Co, C}) such that

i

jkn .
ey =7 0 15000 g,

By Proposition 2.16, we can now choose m such that the operator 2;7" sends
H};* (R, Co, C1) to H;*(R', Co, C}) and H;* (R', Co, C}) to Hy,* (R, Co, C1) continuously,
with a norm bounded by a constant that we denote by C. Then, for any w €
H;*(R, Cy, C1)

’|$S(v]k+2m)nw|

<C Hg(jk+m)nw|
HS'(R,Co,C1) g

H,*(R',Co,C})

< Crlkn

$é""w)

+ ”K $m"w|
HE R, Gy IR T8

H,*(R',C,,C})

2__jk
<C /M ”w“H;,’S(R,Co,Cl) + “K]knggmnw|

H}’ (R,Co,C))

The operator K, := Kjrn<g™" is compact from H;;‘S(R, Co,C1) to H;,'S(R’, Co, C}).
Therefore, Item 1 ensures that

ess(Lg, Hy (R, Co, C1)) < liminf(C27/*m) M Uk+2m) — g1
J—00
This ends the proof of the second claim and of the theorem. O

3. INVARIANCE OF THE CLASS OF CONE ADMISSIBLE LOCAL FOLIATIONS

In order to prove the bounds necessary for Theorem 2.15, we need to check
that the class of admissible foliations defined in Subsection 2.2 is invariant un-
der the iteration of the map T~! (viewed in charts). This is the purpose of the
key Lemma 3.3 below, which says that if ¢, € & (m, €, Cy, C1) is an admissi-
ble foliation, then the chart ¢/, obtained by pulling it back by a diffeomorphism
g1 of R% and by reparameterizing in order to put it in standard form, is still
admissible if the map I is sufficiently hyperbolic, C'**, and satisfies a bunching
condition (see (3.1)). This fact is not surprising: It is well known (see e.g., the
Hadamard-Perron arguments in [14, §6.2, §19]) that C! foliations remain C! af-
ter a graph transform if the transformation satisfies a bunching condition. How-
ever, the statement of Lemma 3.3 is a little involved because (in order to avoid
exponential proliferation of the number of charts) we need to “glue together” all
pulled back charts ¢, associated to a set .# of “well-separated” points m. This
must be done carefully, controlling the size of the domains of definition of the
new chart ¢’ thus produced.

If the pullback of a foliation ¢(x, y) = (F(x,y),y) under a map J is given in
standard form by a map ¢’ (x, y) = (F'(x, ), y), this means that 7 "o = ¢’o T for
some map T defined on a subset of R? and which sends stable leaves to stable
leaves. This map T is needed to straighten 9 ~! o ¢, which typically does not
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have the form (x, y) — (F'(x, y),y). The map T corresponds to  ~! in the charts
¢, ¢, and it will be important to control well its smoothness and hyperbolicity.
In particular, the following definition will be useful.

DEFINITION 3.1. For C > 0 let Di +¢(C) denote the set of C! diffeomorphisms ¥

defined on a subset of R?, sending stable leaves to stable leaves, and such that

D¥(x,y)-D¥(x,y
max(sup |[D¥ (x, y)|,sup [D¥ " (x, )|, sup DY (% y) - o))l
0y |y—y ¥

Before we state Lemma 3.3, we need one more notation:

)=C.

DEFINITION 3.2. Let € and € be extended cones (Definition 2.12). If an in-
vertible matrix M: R? — R? sends € to € compactly, let 1,(M) = )Lu(M,Cg,‘g)
be the least expansion under M of vectors in €%, and let A;(M) = As(M,€,€)
be the inverse of the least expansion under M~! of vectors in €°. Denote by
Ay(M) = Ay(M,€,€) and A;(M) = As(M,6,€) the strongest expansion and
contraction coefficients of M on the same cones.

The key lemma can now be stated:

LEMMA 3.3. Let€ and € be extended cones, leta € (0,1] and let B € (0, a). For any
large enough Cy (depending on € and €) and any C, > 2C,, there exist constants
C (depending on €, € and Cy) and e (depending on €, €, Cy and C,) satisfying
the following properties:

LetT beaC'*@ diffeomorphism of R4 with I (0) = 0 and, setting M := DI (0),
such that

||F/“1 oM — id||C1+a <e, M sends€ 0€ compactly,
B.D  AMTPALMPAM T <e, AWM > A M) > e
Let 4 < RY be a finite set such that|\m—m'| = C forall m # m' € ., and consider

any family of charts {¢p, € ?(m,%s, Co,C1) I me 3.
Then, defining

M :={me M |Bm,d)nT (BO,d) # o},
and settingI1(x, y) = (x,0), we have:
(@ Mm-Tm'|=Cy forallm# m' in H'.

(b) There exist ¢’ € F(0,€°,Co, C1) and diffeomorphisms T ,, for m € ', such
that

B2 T lopu=¢'oT, on ¢, (BimdnT (BOA), Vme.' .
(c) Foreachme ', wecan writeT,, =¥ oD oW, where
e The diffeomorphism ¥, is in D}, ,(C), its range contains B(Ilm, C}'?),
and ¥ (7,1 (B(m, d))) < B(Ilm, C}/12).
e The matrix D is block diagonal, of the form D = (# %) with

|Av| = C A, (M)|v| and |Bv| < CAs(M)|v|.

1

1, ,(C), its range contains B(0,C}'?).

o Thediffeomorphism V¥ isin D
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Note that (c) implies in particular that each T,, sends stable leaves to stable
leaves. Note also that if Cy is large enough, then ¢' € Z (0,67, Cy, C;) implies
@)1 (B(0,d)) = B(0,C}/?/2) (because ||(¢)'llc1 < Cy by Lemma 2.9).

Statements (b) and (c) are the main result of the lemma: (b) shows that the
pullback of all the relevant charts ¢, can be glued together to form an admissi-
ble chart ¢/, while (c) gives an expression of T,,; that is, ! in the charts ¢,,,
¢', as the composition of two well controlled diffeomorphisms ¥, ¥,,, and a
matrix D with good hyperbolic properties. Statement (a), although an essential
consequence of hyperbolicity, has a more technical nature: It is used in Step 2
of the proof of the lemma (when gluing foliations), and also later in the proof
of Theorem 2.15. At the first reading, the reader can ignore the information on
the ranges of ¥ and ¥, (but beware that they will be important in the proof of
Theorem 2.15).

REMARK 3.4. Composing with translations, we deduce a more general result
from Lemma 3.3, replacing 0 by ¢ € RY and allowing 9 (¢) # ¢: Just replace M
by DI (¥), the projection II by I1(x, y) = (x, Y5 (), where I (£) = (X5 (¢}, YT (0))»
and assume that

[T+ T (0]-0)oDT () —id| civa <€
and that DI (¢) sends ¥ to € compactly. One then uses the condition
Bm,d)nJ (B(¢,d)) # @
to define .#'. Of course, ¢' is then in & (¢,€~, Cy, C1), equality (3.2) holds on
G (Bim,d)n T (BU,d))),
and the range of ¥ contains B(¢, Cé/ 2. Finally, we have
@) (B, d) < B,CL?12).

Proof of Lemma 3.3. We shall write ; and r, for the first and the second projec-
tion in R? = R% x [RdS, respectively.

Step zero: Preparations. We shall write Cy and €4 for a large, respectively small,
constant, depending only on €, %€ that may vary from line to line. For the other
parameters, we will always specify if they depend on C or C;.

The set M(R% x {0}) is contained in %" and hence uniformly transverse to
{0} x R%. Therefore, it can be written as a graph {(x, Px)} for some matrix P with
norm depending only on €. Let Q(x, y) = (x,y — Px), so QM sends R% x {0} to
itself. In the same way, M “1({0} x R%) is contained in €° and is hence a graph
{(P'y, y)}. Letting Q' (x, y) = (x—P'y, y), the matrix D = QM(Q")~! leaves R% x {0}
and {0} x R% invariant, i.e., it is block-diagonal, of the form (4 %), and moreover
|Av| = C#_l/lulvl and |Bv| < CgAs|v| (since the matrices Q and Q’, as well as their
inverses, are uniformly bounded in terms of € and %).

We can readily prove assertion (a) of the lemma. Let m € .#'. There exists
z€ B(m,d)nJ (B(0,d)). The set

Q7 (B(0,d)) = DQ'(T ' M)" (B(0,d))
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is included in {(x, ) | |y] = Cy} for some constant Cy (the role of Q is important
here). Since Qz € Q9 (B(0,d)), we obtain |12 (Qz)| < Cs. Since |z—m| < d, we also
have |Qz— Qm| < Cy, hence |12 (Qm)| < Cy (for a different constant Cy). Since

Qm—1IIm = (X, 12(Qm)) — (X;,,0) = (0, 712(Qm)),
we obtain
(3.3) |IQm—IIm| < Cy.

Since the points m € .#' are far apart by assumption, the points Qm for m € .4’
are also far apart, and it follows that the points [1m are also far apart. Increasing
the distance between points in .#’, we can in particular ensure that |TIm—IIm'| =
Co for any m # m' € .4, proving (a).

The strategy of the proof of the rest of the lemma is the following: We write

(3.4) gl=gM-Q) ! D!Q.

We shall start from the partial foliation given by the maps ¢,, for m € .4, apply
Q (Step 1) to obtain a new partial foliation at Qm, modify it via gluing (Step 2)
to obtain a global foliation, and then push this foliation successively with D!
(Step 3), (Q")~! (Step 4), and I ! M (last step).

We shall use in this proof the spaces of local diffeomorphisms 2(Cy) and of
matrix-valued functions £ (Cy) = £ “'ﬁ(C#) introduced in Appendix A. As in
Remark A.6 of this appendix, we will write £ (Cy, A) for the functions defined
on a set A and satisfying the inequalities defining .# (Cy) (A will sometimes be
omitted when the domain of definition is obvious). The map ¢, belongs to
2(Cy) (see the proof of Lemma 2.9), and the matrix-valued function D¢, be-
longs to £ (Cy, B(m, Cp)) (boundedness of D¢, is proved in Lemma 2.9, while
the Holder-like properties are given by (2.9)-(2.11)).

First step: Pushing the foliations with Q. We formulate in detail the construc-
tion in this first step (a version of Lemma 3.5 will be used also in the last step,
replacing Q by 9 ~! M, while steps 2-3-4 are much simpler).

LEMMA 3.5. (Notation as in Lemma 3.3 and Step 0 of its proof.) There exists a
constant Cy such that, if Cy is large enough and C, > 2Cy, for any m = (X, Ym) €
A there exist two maps ¢\, : B(IIm, C}'?) — RY and ¥ ,,: B(m, C2/%) — R? such
that

¢V oW, = Qo ond),) (B(m,d)).
Moreover, ¥, is a diffeomorphism in D} +a(C) whose range contains B(Ilm, Cé/ 2y,

and ¥ 1, (¢} (B(m, d))) < B(IIm, C}/?/2). Finally,
oV (x,y) = (FV(x,3),y) on B(lim,C}'?),

with F,%) a C! map such that
F,%) (x,00=x
and DFY belongs to
H (Cy, B(Ilm, CL'?)).
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Note that if & is the foliation given by ¢, (x,y) = (Fiu(x,¥), y), then by defi-
nition ¢} sends the stable leaves of R to the foliation Q(&); that is, ¢ is the
standard parametrization of the foliation Q(&).

Proof of Lemma 3.5. Fix m = (X, ym) € 4. The map Qo ¢, does not qualify as
¢ for two reasons. First, 75 0 Qo ¢, (x, ) is generally not equal to y. Second,
710 Qo (x,0) is generally not equal to x. We shall use two maps r® andr®
(sending stable leaves to stable leaves) to compensate for these two problems.
The map '@ will have the form '@ (x, ¥) = (x, G(x, y)) where for fixed x, the map
y — G(x, y) will be a diffeomorphism of the vertical leaf {x} x R%, such that 7, o
Qo oT Y (x,y) = y. In particular, Qo¢,, o'V (x,0) is of the form (LV (x),0), for
some map LY. Choosing T (x, y) = (L)~ (x), y) solves our second problem:
the map
W= QogpoT®or®

satisfies both 7, o (p(,,ll) (x,y)=yandm o (/)5,11) (x,0) = x, as desired. Then, the map
¥, = T orW)~1 gends stable leaves to stable leaves and Qo bm = (,}l) o¥,,.

We shall now be more precise, justifying the existence of the maps mentioned
above, and estimating their domain of definition, their range, and their smooth-
ness.

The map I'Q, For fixed x, the map y— G(x, y) should satisfy

m20Qopm(x,G(x, ) = y;
that is, it should be the inverse to the map
3.5) Lyt y—m20Qodm(x,y)=y—-PFn(x,y),

where we denote ¢, (x,y) = (Fn(x,y),y). We claim that this map is invertible
onto its image and that there exists eg > 0 such that

3.6) LGNV -LiWIZ€eYY' —yl, YxeBm Co), Y¥Y €Bym Co).
Indeed, fix x € B(x,;,, Cp) and let w = y' — y. Writing F(y) = F;,(x, y), we have

1
3.7) Lx(y’) —Ly(y) = w—P[ OyF(y+ tw)wdt.
=0

Each vector (0, F(y + tw)w, w) belongs to £*. Since this cone is convexly trans-
verse to R% x {0}, the set €SN (R% x {w}) is convex, hence

1 ~
(3.8) vy i= ( 0,F(y+tw)wdrt, w) €€6°.
=0
On the other hand, since the graph of P is included in €%,
1 1
l/23=( 0yF(y+tw)wdt, P 0yF(y+ tw)wdt)
t=0 =0

belongs to €. Let €9 > 0 be such that

Bw,eYlvhn€ =0
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for any v € €° \ {0}. Since v; € €° and v, € €%, we get |v] — V2| = eglvll. As v;
and v, have the same first component, this gives |7, (v)) — 72 (v2)| = egl v, ie,

1
‘w—P 0yF(y+tw)wdt Zeglwl,
=0

which implies (3.6) by (3.7).

The map AD: (x, ¥) — (x,Lyx(y)) is well defined on B(m, Cp), its derivative is
bounded by a constant Cy, and its second component satisfies (3.6). Lemma A.1
(with x and y exchanged) shows that AO e 2(Cy) for some constant Cy. In par-
ticular, A admits an inverse I'?), which also belongs to Z(Cy).

By Lemma A.2, the range of A© (which coincides with the domain of defi-
nition of I'?) contains the ball B(A® (m), Co/Cy). Moreover, AO(m) = Qm. By
(3.3), we have |Qm — IIm| < Cy, hence the domain of definition of I'® contains
B(ITm, Cy/ Cy — Cy). If Cy is large enough, this contains B(IIm, C2'3).

The map TY. Consider ¢ := Qo ¢, oT®. It is a composition of maps in
2(Cy), hence it also belongs to 2(Cy). Moreover, its restriction to R% x {0} has
the form (x,0) — (LY (x),0). It follows that the map LY (defined on a subset
of R%) also satisfies the inequalities defining 2(Cy). In particular, it is invert-
ible, and we may define Y x, y) = (LMY~ (x), ¥). This map belongs to 2(Cy).
By construction, c/)%) = Qoo Ir'9o1rW can be written as (F,(,?(x, ¥),y) with
F(x,0) = x.

We have (,b(,(,)l) (Qm) = Qm. Since |I[Im — Qm| < C4 by (3.3), and (,b(,(,)l) is Lipsch-
itz, we obtain Igb(,?l) (IIm) —IIm| < Cy, i.e, LD (X;) — Xml| < Cg. Since LW e D(Cy),
Lemma A.2 shows that L (B(xy, Cg/?’)) contains the ball B(x,,, C§/3/C# — Cy).
Therefore, it contains the ball B(x;;, Cé’ 2)if Gy is large enough. Hence, the do-
main of definition of the map 'Y contains B(I1m, Cé/ 2). This shows that (/)5}1) is
defined on B(Ilm, Cé/z).

The map ¥ ,,,. We can now define ¥,,, = Y o TW)~! = (LW (x), L, (3)), so
Qodpy = (/)(,,ll) o¥,,. We have seen that ¥,, € 2(Cs), hence D¥,, and D‘I’;}
are uniformly bounded. To show that ¥, € D} +a(Cy), we should check that
|IDWY . (x,y) — DY 1, (x, )| < Cyly — y'|%. This follows directly from the construc-
tion and the corresponding inequality (2.9) for DF,,. Finally, since ¥, € 2(Cy),

W (¢r) (B(m, d))) € ¥y (B(m, Cy)) € B(¥ 1,(m), Cy).
Since Qm = gb(,}l) (W, (m)) and IIm = (/)91) (ITm), we get
|Win(m)—IIm| < CylQm—IIm| < Cy

by (3.3). Therefore,
W () (B(m, d))) < B(ITm, Cy),
and this last set is included in B(I1m, Cé/ 212)if Cy is large enough.

The regularity of DF'Y. To finish the proof, we must prove that DF,(,I,) satis-
fies the bounds defining .£# (Cy), for some constant C4 independent of Cy. Since
OV =Qo¢h, oT®oT® we have

(3.9) D(P%) — (DQ ° (Pm ° 1—'(0) or(l)) . (D(pm ° 1"(0) ° 1"(1)) . (DF(O) ° 1"(1)) . Dr(l) .
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Since £ is invariant under multiplication (Proposition A.4) and under compo-
sition by Lipschitz maps sending stable leaves to stable leaves (Proposition A.5),
it is sufficient to show that D¢,,,, DT®, and DI''V all satisfy the bounds defin-
ing & (Cy). For D¢y, this follows from our assumptions (note that this is where
(2.10)—(2.11) are used).

Since T® = (A®)~1 we have DI'® = (DA@)~1oT©@, Since DA© is expressed
interms of DF,,, it belongs to £ . As £ is invariant under inversion (Proposition
A.4) and composition, we obtain DI'? € % (Cy).

Since D¢ (x,0) = id, it follows from (3.9) that, on the set {(x,0)}, DT is the
inverse of the restriction of a function in %, and in particular DI'V(x,0) is a -
Hoélder-continuous function of x, by (A.7). Since DT (x, y) only depends on x,
it follows that DT'!) belongs to . . This concludes the proof of Lemma 3.5. [

We return to the proof of Lemma 3.3:

Second step: Gluing the foliations ¢>§},) together.

Lety(x, y) be a C* function equal to 1 on the ball B(Ccl,/ 2/2), vanishing outside
of B(Cé’z). Let </)(,,1} (x,y)= (F,(,P (x,¥),y) be afoliation defined by Lemma 3.5, and
put

(3.10) @ (x, ) = (r(x = X, Y)FD (x,3) — %) + 1, 3).

Then (,b(,fl) defines a foliation on the ball of radius Cé/ 2 around IIm, coinciding
with ¢ on B(Im, C}/?/2), and ¢'7 is equal to the identity on the boundary of
B(IIm, Cé/ 2). By construction, (/)%21) (x,y) = (F,(fl) (x,¥),y) with F,(,? (x,0) = x. More-
over, DF,(,%) is expressed in terms of y, Dy, F,(,P and DF,(,IZ). All those functions
belong to £ (Cy) (the first three functions are Lipschitz and bounded, hence in
A (Cy), while we proved in Lemma 3.5 that DF,%) € X (Cy)). Therefore, DF,(,%) €
A (Cy) by Proposition A.4.

We proved in (a) that the balls B(ITm, C(}’ 2) for m € 4" are disjoint, and there-
fore all those foliations can be glued together (with the trivial vertical foliation
outside of U, B(IIm, Cé/ 2)) to obtain a single foliation parameterized by

P : R - R4,

We emphasize that this new foliation is not necessarily contained in the cone
Q(Cg %), since the function y contributes to the derivative of (,b(z). Nevertheless, it
is uniformly transverse to the direction R% x {0}, and this will be sufficient for our
purposes. Let us write ¢ (x, y) = (F® (x, ), y), where F® coincides everywhere
with a function F? or with the function (x, y) — x. Since all the derivatives of
those functions belong to . (C), it follows that DF® € % (Cy) (for some other
constant Cy, worse than the previous one due to the gluing). Since we will need
to reuse this last constant, let us denote it by Cg)).
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Third step: Pushing the foliation ¢p'* with D™!. This step is simple, although
this is where (3.1) is needed: Define a new foliation by
(3.11) FO%»=Aa""F?Ux,By), %y =FYwxy),),
so D71¢p® = p® D! The map F® satisfies F® (x,0) = x. Moreover
0:FP(x,y) = AN 0:F®)(Ax, By) A, 0,FP(x,y) = A7 (0, F®)(Ax, By)B.

In particular, if |A~!| and |B| are small enough (which can be ensured by de-
creasing € in (3.1)), we can make 0, F® arbitrarily small. Since |B| <1 < |A], it
also follows that

IDF®(x,y) - DF®(x,y)| < |A""||AlIDF® (Ax, By) - DF®) (Ax, By))|
<1A7141C” By - By'|
(3.12) <|ATAICY 1BIYy - y'|°.
In the same way,
IDF®(x,y) —~ DF® (x,y) — DF® (', y) + DF® (', )]

<|A7'|AIIDF® (Ax,By) - DF® (Ax, By

(3.13) - DF®(Ax',By) + DF® (Ax', By")|
<|A714IC? | Ax - AX'|P|By - By'|* P
<1A71AICY AP B F x - X/ |Ply - y'1°7P.

If the bunching constant € in (3.1) is small enough (depending on C; ), we can en-

sure that the two last equations are bounded, respectively, by |y —y'|*/(2C;) and

|x— x’lﬁ ly— y’l"‘_ﬁ / (4C§ Cy), i.e, the map F® satisfies the requirements (2.9) and

(2.11) for admissible foliations, with better constants that will be useful below.
Taking y' =0 in (3.13), we obtain

IDF® (x,y) - DF® (, y)| < 1x - x'1Ply1* P 14C2Cy) + IDF® (x,0) - DF® (', 0)].
Moreover, 0, F® (x,0) = 0,F® (x',0) = id, so
IDF® (x,0) - DF®(,0) =10, F® (x,0) - 8, F® (x',0)|

<|A7YIBl16,F® (Ax,0) -0, F® (Ax',0)|
<1A7NIBICY | Ax - AX'|P
<|AMIBIC AP |x— x'1P.

The quantity | A~!||B||Al? is bounded by C#/I;%SAQ. Choosing e small enough

in (3.1), it can be made arbitrarily small. For |y| < Cg, this yields

(3.14) IDF® (x,y) -DF® ', ) < [x-x'1P12Cy),

which is a small reinforcement of (2.10).
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Fourth step: Pushing the foliation ¢® with (Q")~'. Define a map
FP0x,y) =F¥x,» +P'y,

and let gb(4) (x,y)=(F @ (x, ¥),¥). The corresponding foliation is the image of gb(3)
under (Q")~!. Let us fix a cone %, that sits compactly between ‘55 and €°. Since
the graph {(P'y, y)} is contained in ‘65, the foliation F® is contained in ‘615 if
0yF ® is everywhere small enough. Moreover, the bounds of the previous step
concerning DF® directly translate into the following bounds for DF®, for all
x,x' € R% and all y, ' € B(0, Cg):

(3.15) IDF® (x,y) - DF® (x, ) < ly - y'|*/(2Cy),
(3.16) IDFW (x,y) - DFW(/, y)| < |x - x'1P14CECy),
IDF® (x,y) - DF®(x,y") - DF¥(x', y) + DF¥ (', /)|

(3.17)
<lx-xPly-y1*PIecy.

In particular, since 0, F @(x,0) = id, the bound in (3.15) implies that 0, F @ s
bounded and has a bounded inverse on a ball of radius C; = 2Cj.

Last step: Pushing the foliation ¢ with ' M. Let % = 9 ~' M, and consider
¢' the foliation obtained by pushing the foliation ¢* with 2. We claim that
¢’ belongs to & (0,6°,Cy, C1), and that we can write 2 o ¢p = ¢' o ¥’ for some
W' € D1 (Cy).

To prove this, we follow the arguments in the proof of Lemma 3.5 (with sim-
plifications here since % is close to the identity). First, fix x and consider the
map Ly: y— mpo% ogb(‘” (x,y). Writing % =id + 7 where ||V || c1+« < €, we have
Ly(y)=y+m oV (FW (x, ¥),y). Since F% isbounded in C! on the ball B(0,2Cy), it
follows that, if € is small enough, then the restriction of Ly to the ball B(0,2C;) (in
R%) is arbitrarily close to the identity. Therefore, its inverse is well defined, and
we can set T (x,y) = (x,L;!(y)). By construction, the map % o p™ oT© (x,0)
has the form (LY (x),0) for some function LY that is bounded in C 148 and arbi-
trarily close to the identity in Clifeis small. Let TV (x, y) = (LMW1 (x),3), then
the map ¢’ := % 0(/)(4) oT'@oTW jg defined on the set {(x, ¥) I 1yl = Cy} (which
contains B(0, Cy)), and it takes the form ¢'(x, y) = (F'(x, ), y) for some function
F' with F'(x,0) = 0.

Since ¢’ is obtained by composing ¢ with diffeomorphisms arbitrarily close
to the identity, it follows from (3.15)—(3.17) that F’ satisfies (2.9)—(2.11). Indeed,
the present analog of (3.9) is

D¢' = (DU oW oT@ oTW). (DPW o T@ oTW) . (DT oTM). pr®,

where T'® and T here satisfy the same properties as the maps with the same
names in the proof of Lemma 3.5, and where D% o ¢ oT'® o T is bounded
and a-Hélder and thus belongs to £ (see the remark before Proposition A.4).
We may thus argue exactly as in the last step of the proof of Lemma 3.5.
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Moreover, since (9, F @ (z) w, w) takes its values in the cone 67, it follows that
(0yF'(z)w, w) lies in the cone € if % is close enough to the identity. Hence,
the foliation defined by ¢' is contained in ¢°. This shows that ¢’ belongs to
F(0,%€°,Co, Cy).

Finally, the function ¥ = (I'” o T™W)~! belongs to D{*%(Cy). This concludes
the proof of Lemma 3.3. O

REMARK 3.6. An inspection of the proof of Lemma 3.3 shows that one can obtain
stronger conclusions: For any C’' > 0, one can ensure that the final chart ¢’ is
defined on a ball of radius C’ and satisfies

ID¢'(x,y) = D¢’ (x, Y < ly-y'1%1C,
as follows. If the bunching and hyperbolicity conditions in (3.1) are large enough,
the third step of the proofyields a chart ¢ with

IDF® (x, ) - DF¥ (x, " <61y - y'1*

for arbitrarily small § > 0. Hence, in the inequality (3.15) regarding the map F®
(which is defined on R9), the constant 2C) can be replaced with an arbitrarily
large constant, allowing an arbitrarily large domain of definition for ¢’. The same
observation holds for (3.16) and (3.17). This remark is the key to the proof of
Proposition 2.16.

4. RESULTS ON THE LOCAL SPACES H,?s.

4.1. Basic facts on the local spaces H ;;s. We start with reminders from [2]. The
proof of Lemma 22 from [2] implies the following:

LEMMA 4.1. Lett >0, s <0 and a > 0 be real numbers with t + |s| < @. For any
p € (1,00), there exists a constant Cy such that for any C% function g: R% — C,

”g'w”H}?S < Gyliglcalwl s -

The following extension of a classical result of Strichartz (see [2, Lemma 23])
is the key to our results. It follows from Lemma 23 of [2] and a linear change of
coordinates.

LEMMA 4.2. Letl<p<ooandl/p—-1<s<0<t<1/p. Lete,...,eq be a basis
of R%, such that ed, +1,---»eq form a basis of {0} x R%. There exists a constant
Cy (depending only on p, s, t and the norm of the matrix change of coordinates
between ey, ..., ey and the canonical basis of R?) such that, for any subset U of
RY whose intersection with almost every line directed by a vector e; has at most M
connected components,

||1Uw||H£'S = C#MllwllH}t;s .
The following is essentially Lemma 28 in [2].

LEMMA 4.3 (Localization principle). Let K be a compact subset of R4. For each
m e 79, consider a functionn,, supported in m + K, with uniformly bounded C'
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norm. Forany p € (1,00) and t, s € R with |t| +|s| < 1, there exists C4 > 0 such that
foreachw € Hy*

1/p
(5 Ity <cion
p

mez4

Proof. Consider a compactly supported C* function y, equal to 1 on K, and
write v, (2) = y(z—m). Then n,, =,y m, and

1m0l e = I e = Co Yol
by Lemma 4.1. The result follows by applying [2, Lemma 28]. O

For any real number ¢ and any 1 < p < oo, we set Hl’; (Xo) to be the Sobolev-

Triebel space defined as the distributions that have finite H”, (R%) norm in any
(fixed) smooth coordinate system.

As usual, a compact embedding statement a la Arzela—Ascoli will be used (re-
call that X, is compact):

LEMMA 4.4. Lets<0< twitht+|s|<1,andletl < p <oo. Assume that t —|s| >
—pB. Then, for any R, Cy, C1, the space H;,'S(R, Co, C1) is continuously embedded in

H;,_lsl (Xo). In addition, we have the continuous embeddings
4.1) H.*(R,Co,C1) cHL (R, Co, C1) if t' < t and s’ <3s.
Moreover, this inclusion is compact if t' < t.

Proof. Before proving the lemma, we start with a functional analytic prelimi-
nary, required because t — |s| will be strictly negative in our application of the
lemma. If 1/p+1/p' =1for1< p, p’ <oo, and r > 0, then classical duality re-
sults (see e.g., [2, Lemma 20] and references therein) yield (le,)* = H;,’. If Gis
a diffeomorphism of R? then the dual operator L* on Hy to L(w') = w'o G is
w— |detDGlwoG™!. Forr €0,1], H; is invariant under the composition by a
C! diffeomorphism G (since this is the case of Hg =[P, and H},). By duality, HI; r
is invariant under w — |det DG !|- wo G~!. Therefore, Lemma 4.1 shows that
H, " is invariant under the composition with diffeomorphisms whose Jacobian
is CP for some > r.

We now turn to the proof of the lemma. In any admissible chart, the continu-
ous embedding claim (4.1) follows from the definitions and properties of Triebel
spaces, taking the supremum over all admissible charts. For the rest of the proof,
let us fix R, Cy, C;. To simplify notations, we will write H;,’s for H;,'S(R, Co, Cy).

Consider now s’ < sand t’ < ¢. Fix also fy < t with tp—|s| > —f. Since H;,’S isin-
cluded in H,Z_ISI'O, it follows by taking the supremum over the admissible charts
that H,t;s is included in H;_lsl’o. Moreover, for any admissible charts ¢1,¢, €
Z () for some ( (recall (2.17)), the change of coordinates ¢ o (/)Il is C! and
has a (uniformly) CP Jacobian. It follows from the functional analytic prelimi-
nary that changing the system ® of charts in the definition of the Hﬁ,"s"o-norm
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]Z_ISI'O is isomorphic to the Triebel space

gives equivalent norms. Therefore, H
H,t,_ls| (Xp). Since the inclusion of H;“Sl (Xp) in H;;’_'S'(Xo) is compact, it follows
that the inclusion H,Z’S — HZ’_“"O is also compact.

Consider now a sequence w, € H;,'S, with norms bounded by 1. To prove that
the inclusion of H’t,’s in HZ’S’ is compact, it is sufficient to show that, for any e,
there exists a subsequence of w, along which

4.2) limsup llwy, — 0wy ||H"~" <2e.
p

We can assume without loss of generality that w, converges in H;?_lsl’o. Let C(e)
be such that any distribution w on R? satisfies

(4.3) lwll,,oe <€l es + C€) |l ,, 0-1510 .
H;; s Hp HpO

To prove that such a constant C(e) exists, let us note that the kernel a, ¢ defin-
ing the Hg’sl-norm is bounded by ea; s outside of a compact set, where it is
bounded by C(e)ay,— 5,0 if C(e) is large enough. Therefore, (4.3) follows from
the Marcinkiewicz multiplier Theorem (see e.g., [2, Theorem 21] or [18, Theorem
2.4/2)).

Taking the supremum of the equation (4.3) over the admissible charts, we ob-
tain

(4.4) lwn — wm”H;}’,s' <ellwp— wm”H;S +C(e) lw, — wm”H;o—\sm .

Since the quantity ||lw, —w m”HtOf\s\,O converges to 0 when n, m — oo, this proves
p
(4.2). O

The following lemma on partitions of unity is Lemma 32 from [2]:

LEMMA 4.5. Let t and s be arbitrary real numbers. There exists a constant Cy
such that, for any distributions v., ..., v; with compact support inR?, belonging to
H ,?S, there exists a constant C depending only on the supports of the distributions
v; with

p

I l
(4.5) =CmP Y lvill? , +C Y lvill?
i=1 i=1

t,s =187
Hy, Hy,

I
D Vi
i=1

where m is the intersection multiplicity of the supports of the v;’s; that is,

1,8
Hy

m = sup Card{i | x € supp(v;)}.
xeR4
4.2. The effect of composition on the local space H ;,’S. In view of Theorem 2.6,

we describe how the local spaces Hf;s behave under composition with hyper-
bolic matrices and appropriate maps preserving the stable leaves.
The following lemma is a particular case of [2, Lemma 25].

LEMMA 4.6. Foralls<0<tandt—|s| <0, forall p € (1,00), and every t' < t there
exists a constant Cy (depending only on t, s, p, t') such that the following holds:
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Let D = (49) be a block diagonal matrix such that | Av| = A,|v| and |Bv| < A4|v|
for 1, > 1 and As < 1. Then there exists a constant C such that, for all w € H;;'s,

-1 1/ -t 1—(t
o D7 e = Celdet DI"P max(y, A7) 0l e + Cleol g

Adapting the second part of the proof of [2, Lemma 25] gives:

LEMMA 4.7. Let C >0, and let —a < s <0< t <1 with at +|s| < a. There ex-
ists a constant C' > 0 such that for any ¥ € Dha (C) whose range contains a ball
B(z, COI/Z), and for any distribution w € H;,’S supported in B(z, Cé/2/2), the com-
position w o WV is well defined, and

(4.6) llwy oWl s < Cllll e

Proof. Without loss of generality, we may assume z = ¥~!(z) = 0. Let y be a C®
function equal to 1 on B(0, Cé/ 2/2) and vanishing outside of B(0, Cé/ 2), We want
to show that the operator .4 : w — (yw)oV¥ is bounded by C’ as an operator from

H;;‘S to itself. By interpolation, it is sufficient to prove this statement for H. 1’0,
for LP, and for Hg'_“. This is done in the second step of the proof of Lemma 25
in [2]—the result there is formulated for C1*% diffeomorphisms, but a glance at
the proof indicates that the C regularity of the Jacobian is only used along the
stable leaves, in the argument for Hg’fa, and the definition of D!, (C) ensures

1+a
that the Jacobian is indeed regular along stable leaves. O

5. PROOF OF THE MAIN THEOREM ON PIECEWISE CONE-HYPERBOLIC MAPS

In this section, we prove Theorem 2.15 and Proposition 2.16.

We may fix once and for all a constant Cy > 1 large enough so that the assump-
tions of Lemma 3.3 are satisfied for the finite set 6; ; of extended cones chosen
in Section 2.3.

The following lemma implies Theorem 2.15 since the inclusion of H;'S into

H;,/’s is compactfor s<0< tif ' < t,and t+|s| <1, t —|s| > —f, by Lemma 4.4.
LEMMA5.1. Leta, T, g, p beasin Theorem 2.6 and letl/p-1<s<0<t<1/p,
with als|+t < a. For any t' < t there is Cy4 such that, for any N, if C; is large

enough, then for any large enough n that is a multiple of N, and for any large
enough R, there exists Dy, such that

p

51 | rol <Dylloll?, *
OD L @l o0 = P19y 00

H,’(R,C,,C)

Proof of Lemma 5.1. To simplify notation, we write x <, y if x < y up to compact

terms, i.e., terms that are controlled by l|w|l,, . for some ¢’ < t. Note that if
H,”(R,Cy,C1)

t" < tis such that t” < ¢/, then an upper bound in terms of ¢” trivially implies the

upper bound for ¢’ because ||| s S Cloll s Conversely, an upper bound in
p p
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terms of ¢’ implies the upper bound for ¢’ because, for any € > 0, there exists a
constant C(e) such that for all v

loll s <€llwll g+ Cle) lwll
Hy

t/ s o
H, H),

(The above bound is proved just like (4.3).) We shall apply the above remark
implicitly whenever we have a bound x <. y. This allows us to replace ¢” < 0 by
0 < t' < t when invoking Lemmas 4.1 or 4.7.

Before starting the proof, let us describe the order in which we choose the
constants. First, N is fixed in the statement (it will be used in the second step of
the proof in order to apply Lemma 4.2). Then, we choose C; large, in the second
step below, so that the admissible charts ¢, are close enough to linear maps (C;
depends on N). Then, we fix n to be some large multiple of N, depending on
C; (it should be large enough such that every branch of T" is hyperbolic enough
such that Lemma 3.3 applies). Finally, we choose R large so that, at scale 1/R,
all the iterates of T up to time 7 look like linear maps, and all the boundaries of
the sets we are interested in look like hyperplanes. For the presentation of the
argument, we will start the proof with some values of Cj, i, R, and increase them
whenever necessary, checking each time that C; does not depend on n, R, and
that n does not depend on R, to avoid bootstrapping issues. We will denote by
Cy a constant that does not depend on N, Cy, 1, R, and may vary from line to line.

For every i € I"', we fix a small neighborhood O; of O; such that T; admits an
extension to O; with the same hyperbolicity properties as the original T;. Reduc-
ing these sets if necessary, we can ensure that their intersection multiplicity is
bounded by Df’l, and that the intersection multiplicity of the sets T;0; is bounded
by D¢.

For { = (i, j, m) € Z(R), let us write

A=A, R = (Kf)_l(B(m, d)) c X.

The set A({) is a neighborhood of ¢;, of diameter bounded by CyR™!, and con-
taining the support of p;. Let us fix some system of charts ® as in the Defini-

tion 2.13 of the H;;S(R, Cp, C1)-norm. We want to estimate ”.,%gw ”q).

First step. The sets {T;"(Oy) | i € I"'} have intersection multiplicity at most Dy,.
Writing” Zfw = ¥ilrno,(g"w) o T; ", we get by Lemma 4.5 that for each { €
Z(R)

P _
” (p¢ - Lo L5 w) o P ”Ht <c Gy(DRPP Y.
P

iel”

(pclo 11708 w)o T, 00|

p
Hy
Summing over { € Z (R), we obtain

p -1
|pol <ccnonet 5
(eZ(R),iel"

_ p
(0cLoc1 10,8 @) o T 0| ..
P

9Elements of L™ are defined almost everywhere, and the transfer operator is defined initially
on L, so the fact that U; O; = X only modulo a zero Lebesgue measure set is irrelevant.
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ForieI,letUj 2, 1< j < N;, bearbitrary open sets covering a fixed neighbor-
hood 5? ofUi, such that T]z c Uj,j1 (they do not depend on n, R, or any other
choice). For each { € Z(R), and i = (i, ..., in-1) € I" such that T} O; intersects
A(Q), the point Ti_”(q() belongs to 6?0 if R is large enough, and we can therefore
consider k such that it belongs to U;, r». Then Zielio,k(R) Qi k¢ isequalto 1 ona
neighborhood of fixed size of 7, "(qy), so that ¥, Zig 1 (R) Pio k.0 © T, " is equal to
1 on A({) if R is large enough (depending on n but not on ® or ¢{). Since the in-
tersection multiplicity of the supports of the p;; x,¢ o T; " is uniformly bounded,
Lemma 4.5 gives, if R is large enough (uniformly in @, {, k, i)

[ect01570,E " w o 1

=:Cy ”(P(long”O,(on,ké g(n)w)oT
iezlok(R)

Taking R large enough and summing over { € Z(R),i€ I" and kin {1,...,N;}
such that T, " (q;) € Uj, 2, we get (writing {' = (io, k, ¢) € Z (R))

62 |pol, <ccuppr I(Xé/”(Pclole"ol(P("8(")0))0T

where the sum is restricted to those (,i,{’) such that the support of P is in-
cluded in O, the support of p¢ is included in T;0;, and O = O;, (this restriction
will be implicit in the rest of the proof).

Second step: Getting rid of the characteristic function. We claim that, if R is
large enough, then for any ¢, i, {’ as in the right-hand-side of (5.2)

63 |wclodnotec-g oMo,
p

=GN (e L0, pp - g™ w) o T Mo

P

Note that 1770, = 1770, (10,0 T ). Hence, to prove this inequality, it is sufficient
to show that the multiplications by 1¢, o ®; and by 171, o ®; act boundedly on
H ,Z’s, with norms bounded respectively by Cy and (C4NP)™'N. We shall show the
latter, the former is similar. Let kx = n/N, we decompose i = (iy,...,iy—1) into

subsequences of length N, as (io,...,ix-1). Then 172o, = ]'[" 11 y ifi(T(:j)iNl.
e

N (Oi].). It is sufficient to show that each multiplication

Define aset P; = T} jeredet
by 1p; o®; acts boundedly on H b$, with norm at most CyN”. Let us fix such a set
P = P;. Locally, its boundary is contained in the images of the boundaries of the
sets O; under iterates of the map T. Let L > 0 be such that the boundary of each
O;, i € I, is made of at most L hypersurfaces, it follows that the boundary of P
consists of at most LN hypersurfaces Qp (which are all uniformly transverse to
the stable cone).

We wish to use our transversality assumption to apply Lemma 4.2. Write { =

(i, j,m). Since the support of p; o (1<é?)’1 = pm is contained in the ball B(m, d),
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it is sufficient to prove the bounded multiplier property for distributions sup-
ported in gb(‘I(B(m, d)). In B(m, d), the boundary of the set Kf (P) is contained

in UK?(Qh). If R is large enough, all the hypersurfaces K?(Qh) look like hyper-

planes in R¥.
We will need the following easy geometrical lemma.

LEMMA 5.2. Foranyd >0, 6 >0 and M > 0, there exists € > 0 satisfying the fol-
lowing property. Consider M hyperplanes H,,..., Hy in R%, such that every H fi
contains a dy-dimensional subspace E; making an angle at least 5 with {0} x R%,
Then

e For any unit vector f € R%, there exists a vector e € R? with |e— f| < ' mak-
ing an angle at least € with every H;.

o Forany unit vector f € {0} x R% , there exists a vector e € {0} xR% with le—fl<
6' making an angle at least € with every H;.

The first point is proved by arguing that the measure of the e-neighborhood of
Hjintheball B(f, &) tends to 0 when € tends to 0. Therefore, if € is small enough,
there exists a vector e in B(f,8’) avoiding all those neighborhoods, hence satis-
fying the required conclusion. For the second point, we obtain in the same way
a vector e € {0} x R% with |e — f| < 6’ that is e-transverse to Hjn ({0} x R%) for
1 < j < M. Since E; in the assumptions is uniformly transverse to e, the result
follows.

Let us fix 8’ > 0 such that any family e, ..., e; that is §’-close to the canon-
ical orthonormal basis (fi,..., fg) of R4 is still a basis, and the matrices of the
coordinate changes are bounded by a constant Cy.

The pullback of every hypersurface K?(Qh) under the differential D¢ (m) is

close to a hyperplane in R%. Applying the lemma with M = LN, we therefore
obtain vectors ey, ..., e, that are 6’-close to an orthonormal basis of R?, such
thateg,4+1,...,e4 form a basis of {0} x R%, and that make everywhere an angle at
least € with the hypersurfaces Kf (Qp), for some € > 0 depending solely on N.

Consider now a straight line directed by one of the vectors e;. Its image under
¢¢ is no longer a straight line. However, if ¢; is close to a linear map (which is
true if C; is large enough), then it will almost be a straight line. In particular, its
direction will deviate by at most €/2, hence it will be transverse to the hypersur-
face K? (Qp), and it will intersect it in at most one point.

We have proved that, if C; is large enough, then any line S directed by one
of the vectors e; intersects each boundary hypersurface of @El (P) in at most one
point. Since q)(_l (P) has at most NL boundary hypersurfaces, S intersects CIDE1 (P)
along at most NL connected components. Therefore, Lemma 4.2 (together with
our assumption that 1/p—1 < s <0 < t < 1/p) implies that the multiplication
by the characteristic function of this set acts boundedly on H5*, with a norm
bounded by Cy N L. This proves (5.3).
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Combining (5.3) with (5.2), we get

(5.4) ”csfé?w”i <. C#(C#Np)”’N(Dfl)p‘l (%/ “ (pc(Lo, P .g(n)w) o Ty ™oy ”2;,3 .

Third step: Using the composition lemma. The right-hand side of (5.4) involves
a sum over ¢’ and ¢, and has therefore too many terms. In this step, we shall use
Lemma 3.3, to pull the charts ®; back at time —n, and glue some of the pulled-
back charts together to get rid of the summation over (.

Let us partition Z(R) into finitely many subsets Z 1 .., ZE such that Z¢ is
included in one of the sets Z; ;(R), and |m — m'| = C(Cp) whenever (i, j, m) #
(i, j,m") € Z¢, where C(Cp) is the constant C constructed in Lemma 3.3 (it only
depends on Cp). The number E may be chosen independently of 7.

We shall prove the following: For any {’ € Z (R), any i€ I" (such that the sup-
port of py is included in 51 and Oy = O;)) and any 1 < e < E, there exists an
admissible chart ' = @’,. € .%({’) such that

{'\ie
(5.5) ) )
Z (p((lo(,p(r.g(n)w)o T;")o@c H ts SC C#xn (10(,pc;-w)0q)2,,i’e s
(eZe Hn Hp
where
(5.6) xn = |ldet DT"Imax(;%,A; 5P 18" 1P| -

As always, the sum on the left-hand side of (5.5) is restricted to those values of {
such that the support of p; is included in T; O

Let us fix {’, i and e as above, until the end of the proof of (5.5). All the objects
we shall now introduce shall depend on these choices, although we shall not
make this dependence explicit to simplify the notations. Let i, j be such that
Z¢c Z;j(R),andlet 4 ={m| (i, j,m) € Z*}. Since the points in . are distant
of atleast C(Cp), Lemma 3.3 will apply.

Increasing R, we can ensure that the map

o .— .. R n Ry-1
g '_Ki,joTi O(K(,)

is arbitrarily close to its differential M = DI (¢) at ¢ := k¢ (qy), i.e., the map
(T -+ T ()] - ¢)o M is close to the identity in C'*#, say on the ball B(0,2d).
Moreover, recalling the notation from the beginning of Section 3, the matrix M
sends 6y to 6;,j compactly, and

5.7) Cy = Ay(M, 6,6 )IAN (qr) = C

with similar inequalities for A¢ and A,,. Since T is uniformly hyperbolic and sat-
isfies the bunching conditions (2.3) and (2.4), we can ensure by taking » large
enough that M satisfies (3.1) for the constant € = €¢(Cyp, C;) that was constructed
in Lemma 3.3. By Lemma A.3, since the map (9 ~[- + 9 (£)] - £) o M is close to
the identity on B(0,2d), there exists a diffeomorphism of R?, close to the identity
and coinciding with this map on B(0,d). Composing with M~! and translating,
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we obtain an extension of 7 !, coinciding with ! on B(J (¢), d), and still de-
noted by 9 1. Taking R large enough, we can ensure that

[T+ T (O1- 0 0 M—id|| c1.e <€(Co, Co).

We may therefore apply Lemma 3.3 (see also Remark 3.4), and we obtain a
block diagonal matrix D, a chart ¢’ around ¢, and diffeomorphisms ¥ ,,,, ¥ such
that, for any m in the set .#' of those elements in .# for which p¢ - pgro T, " is
nonzero,

(5.8) T lopr=¢'o¥oD o,

on the set where (p; - pgr o T}") o @ is nonzero.
Writing o' = (1o, p¢-g " w)o (K?)‘l, we have (recall that (i, j) is fixed such that
Z°cZi(R)

Z ||(p((10(,p(/ .g(n)w) o Tl_”) o(D(”P

leZe H;;'S
= Y lomedijm-o 0T o jm|} e
mel’ p
:mgﬂ,”(pm"(l’i,j,m"‘y%l'w’°¢/°‘P°D_1)°‘Pm||Ip1£’S'

Using the notations and results of Lemma 3.3, the terms in this last equation are
of the form v o ¥,,, where v is a distribution supported in

¥ (@7} (B(m, d))) < B(IIm, Cy'*/2).

Since the range of ¥, contains B(I1m, Cé/z), and since at + |s| < a, Lemma 4.7
gives [vo W, |l HE < Cyllvll HE yielding a bound

Cr 2 llomodijmo¥y -0 og oWo D!V, .
me.' P
The functions p, 0 ¢;,jm o ¥, have a bounded C! norm, and are supported in
the balls B(Ilm, Cé/ 2/2), whose centers are separated by at least Cy, by Lemma
3.3 (a). Therefore, by Lemma 4.3, the last expression is bounded by

Cilw' o o®oD!|7,, .
p

We may apply Lemma 4.6 to the composition with D! (to obtain an improve-
ment in the H[;s norm, up to compact terms). Now, since ' is supported in

B(¢, Cé/ 2/2) while the range of ¥ contains B(¢, CO” 2 (by Lemma 3.3), Lemma 4.7
implies that the composition with V¥ is bounded. Summing up, we obtain

6.9 >

(eZe

_ p
(pc(oup-g™w)o T o
p

P

t,s
Hy,

<c G (@) |(ogpe - 8P w) o () o

where
1D (gp) = (1det DT max(A,,,, A )P (gp) .
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Let v > 0. Since (kj})~' contracts by a factor 1/R, we can ensure by increasing R
that the C” norm of g™ o (k) ™! on B(¢, d) is bounded by C¢|g" (q¢)| +v (recall
that, by assumption, g belongs to C" for some y > ¢+ |s|). The term v here is
necessary when |g| is not bounded away from 0. Choosing v small enough, we
can ensure that (g™ ()1 +v)? ' (qy) < 2. Hence, (5.9) and Lemma 4.1 yield

)3

(eZe

_ p _
(pc(lo{,pc/ . g(”l)w) o Ti n) o QJ( ||ths <c C#Xn (10(,p(r(1)) o (KC},?,) 1 o(pl’
p

p
Hy

This concludes the proof of (5.5). Summing over all possible values of {’, i and,
e, we obtain

E
P _ p
|| <c GG N Do, 3 Y | o, ppw) 0@,

610 | Lo y
¢ {ie=1 Hy

Fourth step: Conclusion. The right-hand side of (5.10) is essentially of the form
lwll g, for some family of admissible charts @', with the difference that to a point
qr for {' € Z(R) correspond several admissible charts around it. Since E is inde-
pendent of n, the number of those charts around g, is at most

Cy-Card{i| O;n A) # o).

If R is large enough, we can ensure that this quantity is bounded by the intersec-
tion multiplicity of the sets O;, which is at most D2 by construction. Therefore,
we obtain

n, P py\nINneyp—1 b p
| 240, scCucanm NP D gl - =

Proof of Proposition 2.16. Remark 3.6 shows that the charts ¢’ we constructed in
the third step of the proof of Lemma 5.1 can be defined on larger balls, and with
better bounds. In particular, these new charts will be admissible when looked at
ascale R’ and with a smoothness constant C}, for any R/2 < R'<2Rand C;/2 <
C] <2C;. The proof of Lemma 5.1 therefore gives the following statement:

For any large enough C; (say C; = C{O)), for any large enough n (say n =
n@(Cy)), and for any large enough R (say R = R (n,Cy)), then for any R’ €
[R/2,2R] and Ci € [C1/2,2C4], the operator ffg” maps continuously H;,’S(R, Co, C1)
to Hy (R, Co, CY).

It follows that, for any C; = C” and R = R® (n”(Cy), Cy), and for any C] >
C{” and R' = R®(n(C}),C}), there exists an integer n such that £} maps
HZS(R, Co,C1) to H,t,’s(R’ ,Co, Cy). Moreover, if n' is large enough, then .Efgf‘/ maps
H;,’s (R, Cy, Cy) to itself. Writing a large enough integer N as n' + n, we get that
£y maps Hy,* (R, Co, C1) to H,* (R', Co, CY). O

APPENDIX A. CALCULUS FOR SOME CLASSES OF MAPS

This appendix groups some straightforward results about classes of maps 2
and £ that appear in the proofs of Lemma 2.9 and Lemmas 3.3-3.5 (together
with an easy result, which is useful for the proof of Lemma 5.1).
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A.1. The class 2. For Cy > 0, let us denote by 2(Cy) the class of C! maps f de-
fined on an open subset of RY, satisfying

(A.1) Cillz—Z < If(2) - f(2) < Cylz— 7],

for any z, z’ in the domain of definition of f. It follows that f is a local diffeomor-
phism, and that | Df|| < Cy, [|(D) 7| = Cy.

LEMMA A.1. Assume that f(x,y) = (g(x,y),y) is defined on a set Ay x A, where
Ay and Ay are convex, that|Dg| < C, and that |g(x,y) — g(x',y)| = C™'|x - x| for
some C>0. Then f € 2(Cy), for some constant Cy depending only on C.

Proof. Since the second coordinate of f(x,y) is equal to y, while the derivative
of f is bounded by C, we have

(A.2) ly—=yI<1f(x, ) - &, Y=< Cilx—x1+1y-y'D,

for some constant C; depending only on C. This proves the (trivial) upper bound
in (A.1).
Consider now two points z = (x, y),z' = (x', ') € Ay x Ay. If

ly—y'I=Cx-x1/2C),

we have in particular |y — y'| = eilz — 7| for some ei, and we get from (A.2) that
If(2)— f(2) = eilz— Z'|. Otherwise,

If (e, )= =1 f(x,9) = FI=1f &, y) = fFx, 0]
>C x—x|-CHy-y1=Clx-x|/2.
This proves the lower bound in (A.1) in all cases. O

LEMMA A.2. Let f € D(Cy), and assume that the domain of definition of f con-
tains a ball B(z,r). Then the range of f contains B(f(2),1r/Cy).

Proof. Let r' < r, and consider A = f(B(z,1")) N B(f(z),r'/Cs). Since f is a local
diffeomorphism, this is an open subset of B(f(z), 7’/ Cs). Moreover, if |z —z| = 1/,
then f(z') does not belong to B(f(z),r'/Cs), since

If(Z) = f(2)| =12 —zl/Cy=1'1Cy.
Therefore, A is also equal to
f(B(Z,r)NB(f(2),r'ICy).

This is a closed subset of B(f(z),r'/Cy) since f(B(z/,r)) is compact.

Finally, A is open and closed in B(f(z), '/ Cy). By connectedness, it coincides
with this whole ball. In particular, the range of f contains B(f(z), '/ Cy). Letting
r’ tend to r, we conclude the proof. O

Let us also mention the following easy result, which is useful for the proof of
Lemma 5.1.
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LEMMA A.3. Let a € (0,1] and let f: B(0,1) — R be a diffeomorphism such that
|| f- id|| ci+a 1S Small enough. Then there exists a diffeomorphism f of R%, coin-
ciding with f on B(0,1/2), and such that || f —id|| c1va < Cy || f —1d]| c1+a, for some
universal constant Cy4 depending only on the dimension d.

Proof. Let us write, for z € B(0,1), f(z) = z+ w(z) with |W||c1+a small. We may
define the required extension f of f by f(z) = z+ Y(2)w(z) where y is C*, equal
to 1 on B(0,1/2) and supported in B(0,1). Now if || -1+« is small enough, then
(Df(z) v, v) = |v|?/2 for any point z and any vector v. Integrating this inequality,
it follows that | f(z) — f(z/)| = |z— 2'|/2. Therefore, f belongs to the class 2(2). By
Lemma A.2, it is surjective, hence it is a diffeomorphism of R%. O

A.2. Theclass #. Letusfixa € (0,1] and B € (0, @). We denote by # = & %P the
class of matrix-valued functions K on R? such that, for some constant C and for
all x, x' € R% and all y, y' € R%,

A.3) IK(x,y)|<C,
(A.4) IK(x, ) - K(x',y)| < Clx—x'1F,
(A.5) IK(x,y) = K(x,y) < Cly-y'l*,
(A.6) IK(x,y) - K(x',y) - K(x,y) +K(x,y) < Clx—x'|Ply—y'|27P.

If K € &', we write | K| for the the smallest C satisfying the inequalities above.
We write £ (C) for the functions in £ with | K| < C.

For instance, any bounded a-Hdlder-continuous function K belongs to £ (to
obtain (A.6), treat the cases |x—x'| < |y—y'| and |x— x| > |y— )| separately). Note
also that if K is C! then the left-hand-side of (A.6) can be rewritten as

yl
|f 0y—yK(x,1)—0y_,K(x', 1) dt|,
y

i.e., it is a finite-difference-type expression for 0,0, K.
PROPOSITION A.4. A function in A satisfies
(A7) IK(x,y) = K&, ) <3IKN (1x = x| +1y = y'DP.

If K,K'e X, thenK+K' € &, with |K+K'| < |K|l + |K'||. Moreover, KK’ €
K, with | KK'| <6 K|l |K’|. Finally, if K is everywhere invertible and |K™'| < h
for some finite number h, then K' € % and | K~!|| < 5max(1, k*) max(1, | K|%).

Proof. Notice first that we have
(A.8) IK(x,y) = K(x, ) <2 1Ky -y1°7F.

Indeed, this follows from (A.5) if |y — y'| < 1, and from (A.3) if |y — y| > 1. This
inequality also holds if | y— y'|%# is replaced with |y — y'|? (with the same proof).
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Therefore, by (A.4),
IK(x,y) - K(x', ) < |K(x,y) - K, )| +1K(x', y) = K(x', Y
<|IKlllx-x"1P+21Klly-y'P
<3| Kl max(lx-x'I, |y - /).

(A.7) follows.

Consider now K,K' € . It is trivial that ||K+ K’|| < K| + ||K’H We turn to
KK'. Let us write a, b, ¢, d for K(x, y),K(x',y),K(x,y"),K(x,y). Similarly, we use
a,b',c',d for K'. The inequality (A.3) for KK’ is trivial, (A.4) follows from the
equality aa’' —bb' = a(a’'—b') + (a—b)b', and (A.5) is similar. For (A.6), we use the
identity

aa —-bb' —cc'+dd =cad -b' - +d
+(a-b-c+d)d
+(a-c)a -b)
+(a-b -d),
and the bounds for a—c¢, @' — V', a— b and b’ — d’ given by (A.4) and (A.8). This
concludes the proof for KK'.

Finally, assume |K ~1| < h. Then (A.3) holds for K~!. Moreover, (A.4) follows
from the equality lat—=b ! =|a Y (b—a)b!| < h®|la—- b|. (A.5) is similar. For
(A.6), we use the identity

al-bl-cl+a'l= a_l(b+ c—a- d)b_1
+ a_l(c— a)c_l(d— c)b_1
+cMd-ob Nd-bd Y,
and the bounds (A.4) and (A.8). O

We recall that the subsets {x} x R% of R? are called “stable leaves” of R in this
article.

PROPOSITIONA.5. Let¥: RY — RY send stable leaves to stable leaves, and assume
that its best Lipschitz constant L is finite. Then, for K € X, the function Ko ¥ also
belongs to %, and | K o ¥| < 3max(1, L) [|K]l.

Proof. The inequality (A.3) is trivial for Ko W. For (A.4), we write using (A.7)
IKoW(x,y) —Ko¥(x, )| <3IKIld(¥(x,y), ¥, y)P
<3IKILPd((x,y), &, y))P
<3|Kllmax(1, L)|x - x'|P.

(A.5) for Ko V¥ follows from (A.5) for K and from the fact that ¥ sends stable
leaves to stable leaves and is Lipschitz continuous.

We turn to (A.6). We write W(x,y) = (x1,y1), Y(x,¥) = (x1,y)), Y(x',y) =
(x2,¥2) and W (x', y") = (x2, y3).
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Assume first |y — y'| < |x— x'|. Then
|K(x1,y1) — K(x1,y1) — K(x2, y2) + K(x2, y3)|
< |K(x1,y1) = K(x1, YD1+ 1K (x2, y2) = K(x2, y3)|
< 1Kl yy =y 1%+ 1Kl Hy2 =y,
<2|IKIL*ly-y'I*.

Since L% < max(1,L) and |y — y'|* < |x—x'|#|y— y'|*~P, this is the desired conclu-
sion. Assume now |x — x'| < |y — y'|. Then

|K (x1, 1) — K(x1,y1) — K (X2, y2) + K(x2, y5)|
<|K(x1,y1) — K(x1, ) — K(x2, 1) + K (x2, y1)|
+|K(x2, y2) — K(x2, y)| + [K (2, y3) — K(x2, y))I
(A.9) < 1Kl 1x1 = x21P 1y = 1% 7P + 1K y2 =y + 1K vy - Y119

Since V¥ is Lipschitz continuous, we have |x; — xz| < L|x—x'| and |y, — ;| < LIy -
¥'|. Moreover,

ly2 — 11 < d((x1, 1), (X2, y2)) = d(¥(x, ), ¥ (X', ) < Ld((x,y), (x', ) = LIx—x'I.

Since |x— x'| < |y — y'|, we obtain |y, — 1% < L¥|x — x'|* < max(1, L)|x — x'|P|y -
y'1%7P. Moreover, |y, — y}| satisfies a similar inequality. Finally, (A.9) is bounded
by 3||K [ max(1,L)|x — x'|#|y — y'|*~P. This concludes the proof. O

REMARKA.6. If A; and A, are convex subsets of R% and R%, respectively, we can
define analogously a space £ (C, A} x Ay) of matrix-valued functions defined on
A; x Ay and satisfying (A.3)—(A.6). The previous results also hold for this space,
with the same proofs, up to the following small modification: In Proposition A.5,
if K is defined on A; x Ay, we need to require that ¥ be defined on A} x A’ with
W(A| x A}) c A; x Ay. Successive applications of the proposition in the proof of
Lemma 3.5 will require stronger conditions. The interested reader is invited to
check that this does not cause any problems in the proof of Lemma 3.5.

APPENDIX B. CONVEX TRANSVERSALITY

We prove the claims made after Definition 2.1. Consider the cone {(x, y) | |x| <
| Ay|} for some nonzero linear map A. We should prove that, for any vector space
E such that Cn E = {0}, the set C N (E + w) is convex for all w € R4,

Proof. Pick z;, zp in Cn (E + w), we want to show that the segment [z}, z»] is
included in Cn (E + w). The line directed by zj := z, — z; is contained in E, so
20 = (X0, Y0) € C, i.e., | Ayol? < |xol>.

Let D = {(x1 + txo, y1+ ty0), t € [0,1]} be the segment between z; = (x1, 1) and
zy. The leading coefficient of the polynomial ®(¢) := lx(D)? - |Ay(t)|2 =|x +
txol? - |Ay1 + tAyol2 is |xo|% — |Ay0|2 > 0. Therefore, the set {t | ®(t) < 0} is convex,
i.e, CnD is convex. Since z; and z belong to Cn D, we find D c Cn D, as
desired. O
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APPENDIX C. A MORE GENERAL SETTING

For the sake of simplicity, we have formulated all our results for the transfer
operator associated to a map. However, it turns out that the same proof applies
to a wider class of operators, which would formally correspond to the transfer
operators of multivalued maps. This kind of generalized transfer operator has
been studied in one dimension in [4].

In our main result, we also assumed that the continuity domains of the stable
and unstable cones coincide with the domains of definition of the branches of
the map. Although this assumption is quite natural, it plays no role in the proof
and can therefore be removed.

These remarks lead to the following general setting that turns out to be useful
for many applications (see the comments after the statement of Theorem C.1).
We consider finitely many subsets (O;);e; of a manifold X (that may not be dis-
joint, and may not cover everything), with compact closure, and maps 7;: O; —
X such that T; admits a C'*% extension to a neighborhood of 0;, for some a €
(0,1]. Consider also finitely many disjoint open subsets (Il;).c g, covering almost
all X, and assume that on each of these subsets are given two convexly transverse
cones %é”) (@) and Cgés) (g) in the tangent space 94 X, depending continuously on
q € I, and that extend continuously up to the boundary of I1,.

The following transversality conditions are needed. For the domains II,, we
require transversality with the stable cones at time 0: the boundary of each set I,
is a finite union of hypersurfaces P, ; such that, for all g € P, ;, the tangent space
T 4P, is transverse to €' (g). For the domains O, we only require transversal-
ity at time 1 (i.e., in the image): the boundary of each set O; is a finite union of
hypersurfaces K; ;. such that, for all g € K; ;. and all e such that T;(q) € 11, the
cone ‘66(3) (T;(q)) is transverse to 3~T,~(q) (T (Ki, 1)

We will need hyperbolicity: for each g € O; NI, N Tl._1 (TT¢), then

DTi()€M (q) =« €5 (Ti(q)),
and there exists 1; ,(q) > 1 (independent of e, ') such that
IDTi(q) vl = Aiu(@)lv],Yv e € (q).
Moreover, foreach g € Uiml'l_aw Tl._l (l'[_er), then DTl._1 (T; (q))%”é,s) (Ti(q) < ‘6(53) (q),
and there exists 1; s(¢g) € (0,1) (independent of e, ¢’) such that
IDT N (Ti(@)vl = A; y(@)lv], Vv e € (Ti(q)).

For i € I"", we define O; and T; as in Paragraph 2.1, and we also define the
complexities Dﬁ’l and D¢, at the beginning and at the end, and the best expansion
and contraction coefficients A;,(q) and A;s(q). In this generalized setting, we
obtain the following variant of Theorem 2.6:

THEOREM C.1. Let T satisfy the piecewise hyperbolicity and transversality condi-
tions just given. Assume that the bunching conditions (2.3) and (2.4) are satisfied
for some parameters «, B, and consider parameters p, s, t satisfying (2.5). Then
there exists a space H of distributions on X with the following properties.
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Consider functions (g;)ic1, defined on O; and admitting a CV extension to its
closure for somey > t+|s|. Define an operator (£yw)(q) = Y.1,(4)=q &i (g w(q").
Then this operator acts on H. Moreover; its essential spectral radius on H is at most
the limit when n tends to infinity of

1 1 1 1 1
(DZ)W ,(DZ)ﬁ(l—;]‘ sup ”gi(")ldetDTi”I?max(/lT[ Ai_,g(t_lﬂ)) n

. . . Lu
i=(ig,erin-1)

120y’

where we setgi(”)(q) = H,’C’;é gik(T(k (@), forn=1.

B0yeerik—1

In the case of a single-valued map, and when the sets 1, and O; coincide,
this theorem reduces to Theorem 2.6. However, this extension is useful in many
cases. For instance, if there is a single cone field (i.e., IT; = X), then the transver-
sality condition is only on the images T (0;), it is therefore weaker than the con-
dition in Definition 2.3 (we already mentioned this fact and its relevance for Sinai
billiards in Remark 2.4). Another point of interest of Theorem C.1 is that the class
of operators studied there is closed under time reversal. Indeed, for all functions
w1, w2, we have

(C.1 f w1 Lgwrdleb =) f w1 - (giwz)o T; ' dLeb
7 JTi(0)
=Z[ (IdetDT;|g; - w10 T;)-wodLeb.
i JO;

Therefore, the adjoint of £y is the operator w — }_; 10, Jac(T;)g; -wo T}, to which
Theorem C.1 also applies (if transversality with the unstable cones is satisfied).
It is sometimes more convenient to apply the theorem in this direction, since its
statement is not completely symmetric with respect to the stable and unstable
directions. An important particular case, which will appear in Proposition D.3
and its Corollary D.4, and which is useful when studying e.g., Lozi maps, is when
gi =|detDT; |~ for all i, and the O; form a partition of Xj. In this case, the dual
operator is just 4 (w) =wo T.

Sketch of proof of Theorem C.1. The proof of Theorem 2.6 applies almost directly
to yield Theorem C.1, we should only modify slightly the charts and the norm to
take into account the fact that the sets I1, and O; do not coincide, by introducing
an additional dependency on e.

More precisely, for every i, e, we can consider as in Subsection 2.3 charts x; ¢,
(for 1 = j < N; ) whose domains of definitions Uj ¢ 0 cover a neighborhood of
I, N O;, and extended cones %6 e,j such that, wherever ks ¢ joo Tj ok
fined, its differential sends 6 ¢ j to €y, jy compactly.

Let Uj ¢, j,1 be a subset with compact closure of U; ¢, j 0 such that the sets U; ¢, j 1
(1 < j < N;,) still cover IT, n O;. We can then define sets Z; ¢, j(R) and Z(R) =
{(i,e,j,m) | me€ Z;, j(R)} as in (2.15) and (2.16). For ¢ = (i,e, j, 1) € Z(R), let
II; = I1,. We can then follow line by line the discussion in Subsection 2.3, define

1 .
ie,j 18 de-
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anorm
1/p

lole=| X [oc(R-1mw)o ||,
(eZ(R) P
for any system of charts @, and finally put |llyzs g ¢, ¢,) = SUPo ll@llo-

The proof of Theorem 2.15 still works in this context, with trivial notational
modifications (one should replace 1¢, and Lo, by 15, and i, and insert a char-
acteristic function 1 " in (5.2)). The transversality of the boundary of I, with the
stable cone is used at the beginning of the second step to show that the multi-
plication by 1y, is bounded on H,f,’s, while the transversality of the boundary of
the image of O; with this cone is used to show the same multiplier property for
1 T O;-

Finally, the result follows from the analog of Theorem 2.15, by the arguments
of Subsection 2.4. O

APPENDIX D. PHYSICAL MEASURES

In this appendix, we discuss the existence of physical measures, combining
our main result Theorem 2.6 (or its extension Theorem C.1), with Theorem 33
of [2]. The discussion is essentially straightforward once the above results are
given, apart from a more subtle point: one should check that the possible physi-
cal measures would give no mass to the discontinuity set of 7.

Let us first give a convenient definition:

DEFINITION D.1. Let T be a measurable map on an open subset Xy with com-
pact closure of a manifold. A physical description of T is a finite number of
probability measures y;,..., 4; that are T-invariant and ergodic, and disjoint sets
Aj,..., Ay such that y;(A;) =1, Leb(A;) >0, Leb(XO\ng1 A;) = 0 and, for every
x € A; and every function f € C%(Xy), we have %Z;’;& f(zj) — ffdui. More-
over, for every i, there exist an integer k; and a decomposition p; = 1+ +H; i,
such that T sends p; j to u; j+1 for j € Z/k; Z, and the probability measures k;u;
are mixing for T%:.

We could strengthen the requirements by requiring that the measures y; ; be
exponentially mixing for 7% and Hélder observables, and that all kinds of sta-
tistical limit theorems (Central Limit Theorem, strong invariance principle, etc.)
be satisfied. These additional properties will also hold in the examples below.

Consider now a piecewise hyperbolic map T. We will deal with a true (i.e.,
single-valued) map 7T, but we will not necessarily assume that the continuity
domains of the cone families coincide with the continuity domains of T, as in
Appendix C.

We give two results, corresponding to the application of our main theorems in
forward or backward time.

PROPOSITION D.2. Let T be a piecewise C'*% hyperbolic map on a domain X,
with compact closure in a manifold X, such that
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* the boundaries of the continuity domains of the cone families are transverse
to the stable cones,

o the images under T of the boundaries of the continuity domains of T are
transverse to the stable cones.

Assume, for some f € (0, ), the bunching condition

@A
sup <1

€I, ge0; A;ynu)(q)

Assume also that, for some parameters p € (1,00) and t, s € R with
1/p-1<s<0<t<l/p, -B<t—|s|<0, at+]|s|<a,

we have for some n

1/n
D.1) (Dz)l/(pn)'(Dz)(l/n)(lfllp).H|detDTn|1/p71maX(/17t A;(nt—lsl))”Lw <1

u,n’
Then T admits a physical description.

PROPOSITION D.3. Let T be a piecewise C'** hyperbolic map on a domain X,
with compact closure in a manifold X, such that

 the boundaries of the continuity domains of the cone families are transverse
to the unstable cones,

o the preimages under T of the boundaries of the continuity domains of T are
transverse to the unstable cones.

Assume, for some ( € (0, a), the bunching condition
(n) —-B A0
A @ P ()P
sup o) >1
iel", geO; /11,5 (@)

Assume also that, for some parameters p € (1,00) and t, s € R with
1/p-1<s<0<t<l/p, -B<Is|-t<0, «alsl+t<a,

we have for some n

1/n

<l1.

(D.2) (Dz)l/(pn)_(Dz)u/n)u—l/p)_“|detDTn|1/p—1maXM|sl—t ﬂlsfln) .

u,n

Then T admits a physical description.

In both propositions, if D? and D¢ grow subexponentially fast and det DT =
1, the limit in (D.1) and (D.2) is < 1 for any valid choice of parameters p, s, ¢.
If detDT # 1, one should choose the parameters more carefully, as in the next
corollary.

COROLLARY DA4. If Dﬁ’l and D¢, grow subexponentially fast, d; = 1, and the
transversality conditions of Proposition D.3 are satisfied, then T admits a phys-
ical description.
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Proof. Since ds =1, we can fix § > 0 such that the bunching condition of Propo-
sition D.3 is satisfied. Then the limit in (D.2) is < 1 if p is close to 1, t = §/2
and s = 1/p —1 +e¢ for some small €: the easy computation is the same as in [2,
Example 3]. Therefore, Proposition D.3 gives the result. O

We state here the slightly stronger version of [2, Theorem 33] that we shall
need to prove the two propositions above:

THEOREM D.5. Let T be a nonsingular measurable map on an open subset Xy
with compact closure in a manifold X. Let us define its transfer operator £ by
Jx,Zu-vdleb = [y u-voTdLeb whenever v is bounded and measurable. It is
given by L u(x) = ZTy:xldetDT(y)l_lu(y).

Let Hy be a vector subspace of L>*(Leb) endowed with a (possibly non-
complete) norm, ||-||. Assume that

1. There exist a > 0 and C > 0 such that, for any u € Hy and f € C*(X), then
fueHyand | fu| <C|f]callul.

2. There exists C > 0 such that, for any u € Hy, | [ udLeb| < Cllul.

3. The transfer operator £ associated to T sends Hy to itself and satisfies
IZLul < Cllull. Therefore, £ admits a continuous extension to the com-
pletion H of Hy (still denoted by £). We assume that the essential spec-
tral radius of this extension is < 1, and that the iterates of £ are uniformly
bounded.

4. There exist fy € Hy taking its values in [0,1] and Ny > 0 such that fy =1 on
T (Xo).

5. Forany u € H thatis a limit of nonnegative functions u, € Hy and for which
there exists a measure i, such that (u, g dLeb) = [ g du,, for any C* function
g, then the measure |1, gives zero mass to the discontinuity set of T.

Then T admits a physical description.

In the fifth point, (1, gdLeb) is defined as follows. A function u € Hy can be
multiplied by g and then integrated against Lebesgue measure. Those opera-
tions are continuous for the norm (by the first and second assumption), and
therefore extend to H.

Theorem D.5 is stronger than [2, Theorem 33] for the following reasons:

+ We do not assume that the space H is a space of distributions, i.e., there
may be elements u € H with (4, gdLeb) = 0 for any C* function g. The
space Hy used in the proof of Proposition D.2 is a space of distributions,
but this is not clear for the space Hy used in the proof of Proposition D.3 (it
would be true if C! were dense in H, but we do not know if this holds). This
is why we had to refrain from using this assumption in Theorem D.5.

e The conclusion “T admits a physical description” gives the convergence of
Birkhoff sums for all continuous functions, while [2, Theorem 33] obtains
such a convergence only for functions in the closure of Hy for the C° norm.

We next show how to reduce Theorem D.5 to [2, Theorem 33].
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Proof of Theorem D.5. We first deal with the second issue, that [2, Theorem 33]
proves the convergence of Birkhoff sums only for functions in the closure of Hy
in the C° norm. In fact, the proof in [2] gives this convergence for any countable
family of functions in Hy. Let g, be a family of C% functions, dense in C°. We
obtain the convergence of Birkhoff sums for all the functions gy, fy, since they
all belong to Hy by assumption. Moreover, for all k = Ny, (g, fo) o T = g, 0 T*.
Therefore, the convergence of Birkhoff sums also holds for all the functions g,.
Since they are dense in CY, this concludes the proof.

Let us now deal with the first problem, that H is not necessarily a space of dis-
tributions. Let G c H be the problematic subspace, i.e., G = {u € H| (u,gdLeb) =
0 for all g € C%}. If G = {0}, the results of [2] directly apply, otherwise we have to
eliminate this problematic subspace G. We can not work directly with the quo-
tient space H/G, since it is possible that G is not invariant under .£. On the other
hand, for |[1] = 1, let Ej c H be the eigenspace of £ for the eigenvalue A, then
F) = EynGisinvariant under Z. All the arguments in [2] then apply on H/ @ F)
(modulo straightforward adjustments). O

Proof of Proposition D.2. By Theorem 2.6, under the assumptions of the propo-
sition, we may construct a Banach space H (of distributions) on which the es-
sential spectral radius of £ (as defined in the statement of Theorem D.5) is < 1.
To simplify notations, we will pretend that H is the space H;;S(R, Co, C1), and not
the more complicated space constructed using (2.20).

We wish to apply Theorem D.5 to Hy = Hn L*°(Leb), to obtain the conclusion
of the proposition. The first four assumptions of this theorem are trivial, but the
fifth one should be checked more carefully. The norm in H is a supremum of
norms along admissible charts. Let us fix one such chart, and consider H the
space obtained by using only the norm in this chart. This space is not interesting
from the dynamical point of view (it is not invariant under %), but H is con-
tinuously contained in H. Moreover, [2, Lemma 34] shows that, if an element
u € H satisfies (u, gdLeb) = [ g du, for some nonnegative measure i, then u,,
gives zero mass to the discontinuities of T. Since H is smaller than H, this readily
implies the same result for H. O

Proof of Proposition D.3. Consider the operator .4 u = uo T. This operator is ob-
tained locally by composing with hyperbolic maps, therefore we may apply The-
orem C.1 to it (under suitable transversality assumptions that are exactly those
of Proposition D.3)—one should simply be careful with notations, since stable
and unstable directions are exchanged. The assumption (D.2) ensures that the
essential spectral radius of .# on the space H constructed in Theorem C.1 (for
the parameters p' = p/(p—1), s’ = —t and t' = —s) is < 1. Moreover, since H is a
space of distributions, one may prove as in the first step of the proof of [2, The-
orem 33] that there is no eigenvalue of modulus > 1 and no Jordan block for the
eigenvalues of modulus 1, i.e., the iterates of .4 on H are uniformly bounded. As

above, we will pretend that H=H ;/ ;S/ (R, Cp, Cy) to simplify notations.
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Define a (possibly infinite) norm ||| (dual to the H-norm) on L*°(Leb) by

(D.3) lull = sup
veHNL>®(Leb), [vllg=<1

’

f uvdLeb

and let Hj be the set of elements of L°°(Leb) with || u|| < co. Since the dual of .4
is & (as defined in the statement of Theorem D.5), it follows that & leaves Hy
invariant, that its essential spectral radius on the completion of Hj is < 1, and
that the iterates of £ are uniformly bounded.

We wish to apply Theorem D.5 to this space Hy, to conclude the proof. As
above, the first four conditions of this theorem are easily checked, but we should
be more careful regarding the last one.

For any hypersurface Q bounding a domain O;, consider a decreasing se-
quence K, (Q) of neighborhoods of Q, with sides parallel to Q (in local coordinate
charts), and converging to Q. It follows from the argument in the second step of
the proof of Lemma 5.1 that the HZ;S’ (R, Co, C1) norm of 1k, () in any admissible

chart is uniformly bounded. Therefore, |1k, ) ||H < C for some constant C inde-
pendent of n. The same argument even shows that 1k, () is uniformly bounded
in the space H;/;’S/ (R,Cy,Cy) if £ € (¢',1/p'). By Lemma 4.4, this space is com-
pactly included in H, therefore the sequence 1, (g) is compact in H. Any of its
cluster values has to be 0 as a distribution (since Leb(K,(Q)) — 0). Since His a
space of distributions, it follows that all the cluster values of 1k, ) are 0, hence
1k, (@) tends to 0 in H.

Let K, be the (finite) union of the K}, (Q) for all boundary hypersurfaces of the
sets O;. Then K, contains the discontinuity set of T in its interior, and 1g, tends
to 0in H.

Consider u in the completion H of Hy, such that u is a limit of nonnegative
functions u;;,, and such that, for some measure p,, we have (1, gdLeb) = f gduy
for any C* function g. Consider a C* function g such that 0 < g < 1x,. We have
(Um, ) < {um, 1k, since u,, is anonnegative function. Letting m tend to infinity,
we get (u, g) < (u,1g,) < llull || 1k, || g Choosing g equal to 1 on the discontinuity
set of T, we get u,(DiskT) < |lull H 1k, ||y Since this quantity tends to 0 when
n — oo, this concludes the proof. O
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