STATISTICAL PROPERTIES OF UNIFORMLY HYPERBOLIC
MAPS AND TRANSFER OPERATORS’ SPECTRUM

CARLANGELO LIVERANI

ABSTRACT. This is a lightning introduction to some modern techniques used
in the study of the statistical properties of hyperbolic dynamical systems. The
emphasis is not in presenting a comprehensive theory but rather in fleshing out
the main ideas in the simplest and fastest possible manner so that the reader
can quickly get the intuition necessary to easily read the more technical (and
more complete) accounts of the theory.
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1. INTRODUCTION

This note is dedicated to presenting some basic modern techniques used to study
the statistical properties of chaotic systems. Here by chaotic I mean uniformly
hyperbolic systems. That is, systems that display a strong uniform sensitivity with
respect to initial conditions. I will stress in particular the so called functional
approach but I will also provide a simple introduction to the use of standard pairs.

The functional approach has its origin in the study of the Koopman operator
[35] (acting on L?) starting, at least, with Von Neumann mean ergodic theorem
[49] and further developed by the Russian school [13]. An important development
of this point of view occurred with the study of the transfer operator in symbolic
dynamics by Sinai, Ruelle and Bowen [55, 56,

Next, the functional approach developed further thanks to the work of Lasota-
Yorke [10], Ruelle [53], Keller [30, 26] and, more recently, Kitaev [34], just to
mention a few. This has eventually lead to the current theory, which has assumed
its present form starting with [9].

The basic idea being to study directly the spectrum of the Ruelle transfer oper-
ator without coding the system (even though the theory can be applied also to the
transfer operator of a system after inducing). In order to do so it is necessary to
consider the action of the transfer operator on an appropriate Banach (or Hilbert)
space or, more generally, in an appropriate topology. The non trivial part of the
theory rests in the identification of the appropriate topological spaces.

In this note we will discuss only uniformly hyperbolic systems, yet the techniques
presented here are relevant also in the non uniformly hyperbolic case, although they
must be supplemented with essential new ideas such as Young towers [60], coupling
[61, 21, 20] and Operator Renewal Theory [54].

The goal of this note it to explain which properties the above mentioned Banach
spaces must enjoy and to provide a guide on how to construct and adapt them
to the peculiarities of the systems at hand. Also I will briefly discuss the idea of
coupling in a specially simple case, but I will not provide any detail on Young towers
or Operator Renewal Theory. Moreover I will not discuss anything concerning
hyperbolic flows, non-uniform hyperbolicity or partial hyperbolicity [10]. This note
is a partial update with respect to the review [14]. For a much more in depth and
technical discussion of these topics see [1, 2].

The plan of the exposition is as follows: I start discussing the simplest possible
case, smooth expanding maps of the circle. This allows to illustrate, in the simplest
possible setting, the power of the functional approach and the type of results that
can be obtained once such a machinery is in place. In particular, I will show how
important properties of the system such as exponential decay of correlation, CLT,
stability and linear response easily follow from the spectral properties of the transfer
operator.

Next, I will discuss the case of attractors, where the need to consider spaces of
distributions becomes first apparent. Then I will develop the theory for the case
of toral automorphisms. This may seem a bit silly as toral automorphisms can
be studied directly using Fourier series. Yet, this will allow to illustrate in the
simplest possible case the main ideas of the theory (anisotropic Banach spaces and
coupling).

Finally, I will collect all the ideas previously illustrated and extend them to study
general uniformly hyperbolic maps.
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2. SMOOTH EXPANDING MAPS

By smooth expanding map I mean a map f € C"(T,T), r > 2, such that
inf, |f'(x)] > A« > 1. Clearly (f,T) is a topological, actually differentiable, dy-
namical system. Our first goal is to view it as a measurable dynamical system,
hence we need to select an invariant probability measure.

Deterministic systems often have a lot of invariant measures. In particular, to
any periodic orbit is associated an invariant measure (the average along the orbit).
Given such plentiful possibilities, we need a criteria to select relevant invariant
measures. A common choice is to consider measures that can be obtained by
pushing forward a measure absolutely continuous with respect to Lebesgue.

More precisely, let du = h(z)dz, h € L*(T!, Leb) and define, for all ¢ € C°(T,R),
the average

u(g) = / (@) dz)

and the push-forward

fenlp) = plpo f).
Note that if p is a probability measure (i.e., h > 0 and u(1) = 1), then also f.p is

a probability measure. Then
1 n—1
(15
k=0

is a weakly compact set, hence it has accumulation points. On can easily check
that such accumulation points are invariant measures for f, that is fixed points for
f« (this is, essentially, Krylov-Bogoliubov Theorem). We would then like to study
such fixed points.

A simple change of variables shows that dé{*c’é) = Lh where

h(y)
Lh(z)= Y =5
fly)=x F')

The operator L is called the (Ruelle) transfer operator. Of course, to properly
define such an operator we must specify on which space it acts. Since

/|£h(x)|da: < /E|h|(x)dm:/1of(x)|h(x)\dx:/|h(x)|dx,

it follows that £ is well defined as an operator from L!(T, Leb) to itself, moreover
it is a contraction on L'(T, Leb). In addition, if du = h.dz is an invariant measure,
then

neN

hidx = dyp = df o = Lh,dz,
that is Lh, = h,. Conversely, if Lh, = h,, then
du = hedxr = Lhodr = df.p

that is du = h.dx is an invariant measure.

We have thus reduced the problem of studying the invariant measures absolutely
continuous with respect to Lebesgue to the problem of studying the operator L,
more precisely the eigenspace associated to the eigenvalue one. We want thus to
investigate the spectral theory of the operator £. Unfortunately, the spectrum of
L on L' turns out to be the full unit disk, a not very useful fact.
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Following Lasota-Yorke, we look then at the action of £ on Wh!:!

(2.1) %ch _yy (;f) _y (h(;)Q) .

The above implies the so called Lasota- Yorke inequalities
LAl < (1Al
(LR L < AZHIB (|2 + D] L.

(2.2)

Such inequalities imply that £ is well defined as an operator from W' to itself. In
addition, when acting on Wh! it is a quasi-compact operator (see Theorem 2.1 for
the exact statement). That is, the spectrum oy 1,1(L) C {z € C : |z| < 1} while
the essential spectrum is strictly smaller: ess-opw1.1(L£) C {z €C : |2| < A1)

To illustrate the above facts, let us consider the special case in which the distor-
tion D = H%HLW is small, more precisely A\;* + D < 1.

Note that, if Leb(h) = 0, then also Leb(Lh) = 0, hence the space V= {h € L' :
Leb(h) = 0} is invariant under £. Also, if h € V, then, since W11 c C% by the
mean value theorem there must exists x, such that h(z.) = 0, thus

HMUAW@AAWMM§WML

Next, let us define the norm || h||y1.1 = ||A||p2 +al|k||L: for some a > 0 to be chosen
shortly.? Accordingly, for h € V, equation (2.2) implies

I£h]lwras < AT e + (D +a@)[hlle < AT+ D+ a)|[A ] 10

(2.3) .
< (A7 + D+ a) [l

We can then choose a such that v := A\;! + D + a < 1, which implies that £ is
a strict contraction on V, that is oy1.1(Lly) € {z € C : |z| < v}. Note that
L' Leb = Leb, hence 1 € 0(£') and then 1 € o(L£). Thus we have that there exists
h. € L' such that Lh = h, Leb(h) +Qh, where ||Q|lw1.1 < v and Leb @ = Qh, = 0.
Hence, (2.3) implies that, for each h € Wh1,
h— h*/hH
Wit

O S e (RN ) |
Wil w1

We have just proven that h.(xz)dz is the only invariant measure of f absolutely
continuous with respect to Lebesgue.?

As already mentioned, the above spectral decomposition, and hence the unique-
ness of the invariant measure absolutely continuous with respect to Lebesgue, holds
in much higher generality, in particular for each f € C? such that |f/| > A\, > 1,
due to the following theorem.*

Theorem 2.1 ([25]). Let B C B, be two Banach spaces, || - || and || - || being the
respective norms. In addition, let L : B — B be a linear operator such that there

1 Recall that g € Wh1if g€ L! and ¢’ € L!.

2 Note that all such norms are equivalent, so the choice of a special value of a is only a matter
of convenience.

3 To make the argument precise use that W1 is dense in L'.

41 am not stating the Theorem in its full generality as it is not needed in the following.
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exists M,C > 0 and ng € N such that L™ : B — B,, is a compact operator and for
eachn € N and v € B,

[1£7 0]l < CM™|[0]|u
[£70]| < CM" X" o] + CM" [[o]|w,

then L has the spectral radius bounded by M and the essential spectral radius
bounded by MM '.

Remark 2.2. In the following we will mostly use the above Theorem when M = 1.
Also, the compactness of the operator (for each ng € N) will often follow by checking
that the unit ball in B, {v € B : |jv|| < 1}, is relatively compact in By,. Finally,
if one can prove that there exists eigenvalues outside the essential spectrum (as we
have done before), then Theorem 2.1 implies that the operator is quasi compact
(that is, the mazimal part of the spectrum consists of point spectrum,).

Since it is not hard to show that smooth expanding maps are mixing, it follows
that £ cannot have eigenvalues of modulus one different from 1 and that 1 is a
simple eigenvalue hence £ must mix exponentially fast (see [1] for an exhaustive
discussion).

Problem 2.3. Derive further (2.1) to obtain a Lasota- Yorke inequality with respect
to the norms WPl WP=LL o, < —1. Show then that the essential spectral radius
of L when acting on WP is bounded by ;.

An interesting consequence of the above analysis is that smooth expanding maps
admit a unique physical measure. A measure p is a physical measure if there exists
a measurable set A (called the basin of attraction) of positive Lebesgue measure
such that, for all ¢ € C° and z € A,

n—1

lim % > o fMx) = pulp).
k=0

Problem 2.4. Show that if there exists h, € L' such that for all h € L' we have
limy, oo L*h = hy [ h, then h.(z)dx is the unique physical measure of the system
and the basin of attraction is the all space, but for a zero Lebesque measure set.

The above problem shows that, for the uniqueness of the physical measure,
the speed of convergence is immaterial. Yet, if one has estimates on the speed of
convergence (as in our case), then it is possible to obtain a much more useful bound.
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To see this, for ¢ € C1(T*, C), let us set ¢ = ¢ — u(p) and compute

Z/swf’“ - o fl(x) - hu(x)da

L2(p) k=0

2

— nu(p)

=i/|¢<x>2- @23 [For @) ¢ h(a)da
k=0 k>j j=0

n—1

(24) = nH@HLz(H) +2 Z(n — l) /Eo fl(aj) . @(m) . h*(:n)dx

=1

=n l”sﬁ”m(u) +2Z/<P0fl ) (@) - h (Tf)dff]
-2 ) - LY - hy)(x)dz — 2 Y 1| ¢(x) - LYG - hy)(z)d.
Z/ (¢ ; /sv ¢

Note that®

1£4(@ - ha)(@)] < ha(z) | [ (@ ha)(2)dz| + [1Q" (hu)llwa

= Q" (phs)llwrr < Cyllellerv™

for some v < 1. Thus the quantity in the last line of (2.4) is uniformly bounded in
n and the quantity in the square bracket of the next to the last line is well defined.
Accordingly,

llgller
n

(25) ||}1 S po @) —ule)| <Oy
k=0

L2 ()
The above is a refinement, in the special case of expanding maps, of Von Neumann
mean ergodic Theorem. Indeed, Von Neumann Theorem, together with the ergod-
icity of p, implies that the left hand side of the equation (2.5) tends to zero but
without any information on the speed of convergence. Since h, > 0, it also provides
and alternative solution to Problem 2.4. In addition it can be used to prove the
almost sure convergence of the ergodic averages.® The latter follows also from the
Birkhoff ergodic Theorem since h, > 0.

Summarizing: the ergodic average converges Lebesgue almost everywhere to the
average with respect to the unique invariant measure absolutely continuous with
respect to Lebesgue. A natural question is: what is the exact speed of convergence?

2.1. The Central Limit Theorem. Let ¢ € C(T,R) and set ¢ := ¢ — u(y),
then we know that

n—1

nl;n;o -~ Z pof¥(x)=0 Leb-ae.

5 Here, and the the following, we will use Cx to mean a generic constant, depending only on
the choice of f, which value can change from one occurrence to the next.
6 Use the usual trick to study the sum in blocks of size 2%.
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and (2.5) suggests that 1 371~ oo f¥(x) is of size O(n~7). It is then tempting to
define

n—1
1
v, = — o fF.
\/ﬁ;)wf

Accordingly, ¥,, a random variable with distribution F,,(t) := p({z : ¥, (z) < t}).
It is well know that, for each continuous function g holds’

(2.6) w(g(0,)) = / g(t)dF, (1)

where the integral is a Riemann-Stieltjes integral. It is thus clear that if we can
control the distribution F,, we have a very sharp understanding of the probability
to have small deviations (of order y/n) from the limit.

This can be achieved in various ways. In the following, I choose to compute the
characteristic function

on(N) = /R eMdF, (t)

of the distribution F,, since this provides the strongest results, but see [11] for a
softer approach or [24, 18] for a more general approach.
The characteristic function determines the distribution via the formula
1 A e—za/\ _ ,—ibX

2.7 F,(b) — F, = lim — ———p(N)dA

(2.1 A0 = Fufw) = Jim 5o [ g (an

as can be seen in any basic book of probability theory, e.g. [57, 58]. In the case when
there exists a density, that is an L! function f,, such that F,,(b)—F,(a f fu(t)
then the formula above becomes simply

1

(28) Ful0) = 5= [ P (an

and follows trivially from the inversion of the Fourier transform.
Recalling (2.6), we can thus start to compute

on(A) :/ N @ p (2)dx
T1
(2.9) — / ol om Tnso #of* o f()- e"ﬁ“”(”)h*(w)da:
T1
_ Si2gort @) | g (i
= I Zizo -L{eVnTh, dx.
/Tl (e ) (x)dx

It is then natural to define, for each v € R, the operator

(2.10) L,h(z) = [L (e”?h)] ().

7 If g e C(l), then

[oarn == [ Puwg @it == [ at [ dsh @i v, cz0 @ 0.

Applying Fubini yields

[oaba == [ do [ dtha@ii.. o,co @0 ® =~ [ dohiia) [T g0
R T! R T! Wy (z)

_ / dz b () g (U ().
T1

The results for g € CO follows by density.
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This idea is due to Nagaev and Guivarch [48, 39]. Using such an operator we can
rewrite (2.9) as

(2.11) P

v

= [ 25 () (@)
Tl
where the last line is obtained by iterating the previous arguments.

To conclude we must understand the growth of £", . That is, we want to

Vn
understand the spectrum of the operators £, for moderately large v. Since for
v = 0 we know the spectrum we can start by applying perturbation theory.

Lemma 2.5. There exists vg,zCy > 0 and & € (0,1) such that, for all v € [0, 1],
we can write L, = A1, + Q, where all the quantities are analytic in v and

Hu(@) = hugu(()o) ; Eu(hu) =1
A, —1— %0’2V2| < Cov?

S CQV2
Wil

0, — 1o — vy LH@ — LT+ v > LD — ) LH (L — 1)
k=0 k=0

2 = 5(x)? z)dx 3 5o R (x) - o(x) - x)dx
af/Tsomh*()d ”,;/T@ () - p(z) - hu(a)d

1Q7lIwra < Cog™,

where we have used ' for the derivative with respect to v and set L = Ly, TI = T1;.
In addition, o = 0 iff there exists g € CO(T,R) such that p = g—go f (i.e., ¢ is
a continuous coboundary ).

Proof. The spectral decomposition £, = A I, + Q,, its analyticity and the bound
on @, follow by standard perturbation theory, e.g. see [258]. Moreover, 112 = II,,,
L, =11,L, = MII, and I1,QQ, = Q,II, = 0. Recall that \g = 1 and Il =
Leb ®h,.

Next, we must Taylor expand in v the various objects. First of all note that,
since the projector Iy = h, ® Leb is a rank one operator, so is the projector II,,.
Hence, there exists a unique h,,, fT hy(z)dx = 1, in the range of II,. Next, chose
£, € (W) to have the same kernel as II, and normalise it so that £,(h,) = 1, it
follows that II,,(¢) = h,£,(p). Moreover,

LML, + LI, = X IL, + AL,
Multiplying by II, from the left, yields
(2.12) NI, = T, LLTL, = 6,(£,h, )L,
which, since £),h = L, (iph), gives
A, = idly (Phy)

and, in particular, A\ = 0.
Next, setting £, = \;1L,, we have

(L —21Qu) (L — L)L, = (1 — £,)IL, = AL [L)IL, — ALIL] = A N (L — IL,) £, 10,



TRANSFER OPERATORS AND UNIFORMLY HYPERBOLIC MAP 9
which implies
(213) (L -, = A0 S AFQEM — L)1, = A0S 251 — 10,) £ 11,

k=0 k=0

Note that the above estimates imply that there exists vy > 0 such that the series
is convergent for all v < vy. Analogously, from II, £, = A\ II,, we obtain

(2.14) I,(1 - 101,) = A\, fj I, L),(1 - I1,) L5 (1 — I1,,).
k=0
Noticing that II)IT, + II,II,, = II/, that is
11, = (1 — 11,11,
implies I 1T, 1T, = 0 and (1 — II,)II),(1 — II,) = 0. We can then write
0, = T0, 111, + (1 — T)T0 I, + T T0 (1 — 11,) + (1 — 1,11, (1 — 11,)

= (1 — I)IT, 0, + IT, 1T, (1 — 11,)
(2.15)

=002 - L)L, + A S ILL (L - TL,) 2 (L - I0).
k=0 k=0

Finally, differentiating (2.12), we have
NI, + A IL, = 10, 000, + 10, L010, + 10, £0)1T,

which, multiplying both from left and right by II, yields

N'IL, = ILIT, £ 10, + 1L, £711,, + 1L, £, T, 11,

= TIT,(1 — IL,) £, 1L, + 0, £/10, + I1,.£., (1 — I1,)IT I0,,.

hence,
(2.16) X! =0, (T (L —TL,) L hy, + LRy + £1,(1 — TL)TL,A,).
From the above and equations (2.13), (2.14) it follows

= - [ apn(aas - 23 [ #0 P@p@ph.(a)ds.

Note that (2.4) implies that —o? = A < 0, thus o is well defined. We are left with
the task of investigating the case 0 = 0. Equation (2.4) implies that if o = 0, then

HZZ;& po fk (x)HLz( : is uniformly bounded in n. Accordingly it admits weakly
o

convergent subsequences in L2. Let g € L? be an accumulation point, then for each
h € Wb we have

n;j—1 n;j
. . e 1 A k . — 1 A k .
/gof h - h, jgr&/’;¢of L(h-hy) jlggo/’;@of h - h,

nj—l
:—/cﬁ-h-h*—i— hm/Z¢of’f-h-h*+/¢mf(h-h*)
J—0o0 =0

:—/¢-h-h*+/g-h-h*.
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Since W1 is dense in L? it follows
hy = ghs — g o fha,

where, without loss of generality, we can assume [ gh, = 0.
It remains to prove that g € C°, this follows from Livsic theory [16, 47] but let
me provide a simple direct argument: Applying £ to the last equation yields

Loh, = —(1 — L)gh..
Since the above equation can be restricted to the space of zero average functions
and h, > 0 we can write
1
g= fh—(]l — L)' Loh,.

*

The claim follows recalling that Wt c CO. a

The next result is not really used in the following but it is necessary to prove
the Local Central Limit Theorem and it gives an idea of how the control on larger
A allows to obtain sharper results on the limiting distribution.

Lemma 2.6. For each v # 0 we have that the essential spectrum of L, acting on
Wl s contained in {z € C : |z| < A\;1} and ow1a (L)) C{z €C : |2] < 1}
provided ¢ is not a continuous coboundary.
Proof. Since

[LvhllLe < LAy < (Al 2s

d h f"h

—Lh=L, | = |- L, | == ivL(¢'h

& (7) - (fe) + e
we have the Lasota-Yorke inequality for the operator £,,. Then Theorem 2.1 implies
the inclusion ow1.1(L,) C {z € C : |z| <1} and that the essential spectral radius
is bounded by A;!. Accordingly the spectral radius can equal one only if it exists
6 € R ad h € WH! such that £,h = €*’h. But then |h| < £|h| which, integrating
yields

0< /£|h|(x) — |h|(x)dz =0
that is L|h| = |h|. Since the eigenvalue one is simple for £, it must be h,(z) =

em"(‘”)h*(x). As both h, and h, > 0 are continuous, it follows that «, can be
assumed to be a continuous function without loss of generality. In addition,

ﬁh* (a:) _ h* (33) — efiafia,,(:c)ﬁuhy(x) =L (efiﬁfia,,of%»ialﬁriu@h*) )
Taking the real part and integrating yields

0= / [1—cos(0—ay,of(z)+ a,(z)+vd(x))] he(z)da
T
which implies that there exists a function N : T — Z such that

0 —a,o f(x)+ a,(z) +vp(x) = 2N (z)r

Lebesgue almost surely. Hence N must be constant and, taking the average with
respect to pu, it follows 2N7 — 6 = 0. Thus, dividing by v, we see that ¢ is a
continuous coboundary. [
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Thanks to the above Lemmata we can compute ¢,,. For [\| < vgy/n we can use
Lemma 2.5 and equation (2.11) to write

o2

(2.17) on(N) = e~ ZFTHOWNVT) 4 o(em),

Next, let L > vy > 0. By Lemma 2.6 we have that the spectral radius of E%, for

I\l € [vov/n, Ly/n] is smaller than some vz, € (0,1).* Thus, for |\ € [vov/n, Ly/7]
we have that there exist Cr, > 0 such that

(2.18) len (M) < CrLaz-
While it is possible to obtain similar estimates for larger A, they are out of the
scope of this note (see [19, Appendix B] for details). Our estimates do not allow to

use (2.7) to compute the distribution F,. This problem can by bypassed in various
ways, a simple one is to smooth the density. To this end let Z be a bounded,
independent, zero average random variable so that |Z] < 1 with smooth density
1 € C*. We can then consider the random variable @n,a = V,, + ¢Z for some
e > 0. The random variable ¥,, . admits a density, which we denote with Npe. In
fact, denoting by ﬂ; the Fourier transform of ¢ and using (2.8), we have

1 ) T
Nae(y) = 2 Ja e RN )dA
1 . . ~
— [ e u(e ' )h(eN)dA
271' R

1 vov/n

L e~y |:€_ U22>\2 +0O(1//n) + O(fn) ’(Z(&?)x)d)\
27‘( —Vo\/ﬁ

1 ) . ~
FOCR) + 52 [ PPN
T JA>Lya

To conclude note that, for all p € N, [¢(1)| < Cpl|th|lcr+2|v| 7P for some C, > 0.
As an example let us choose p = 4. Thus, there exists ny, € N such that, for all
n Z nr,

2 1 1
€72 4+ O(— +

Noe(y) = N

1
ovV2T
To conclude note that

P(U,.€la+eb—c]) <PV, €[a,b]) <P, €[a—=¢b+el]).

Hence, calling Pg_ the probability distribution of a Gaussian random variable of
zero average and variance o, we have

b+e

1 y2 1 1
P(¥ < T 202 _
( ne[a,b])_/a_s e a|0(ﬁ+€4L3n3/z>

< Pg, (a,b]) (1 +0 (wfd)) +[b—alO (;;L + 54L31n3/2)

8 Indeed, the spectral radius is either smaller or equal than A;! or it is determined by the
point spectrum, and hence varies continuously by standard perturbation theory.
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Arguing similarly for the lower bond and choosing, for example ¢ = n~iand L =1
we have, for some C' > 0

1 b—
(¥ € fa,8) ~ P, (a.t)] < © (nt 4 L2A1)
which gives a non trivial bound for all a,b < Cxlnn and |b —a| > Cyn™7 .

The above means that, if the precision of the instrument is compatible with the
statistics, the typical fluctuations in measurements are of order ﬁ and Gaussian.

This is well known by experimentalists who routinely assume that the result of a
measurement is distributed according to a Gaussian.’

Remark 2.7. Note that, if we are not interested in the rate of convergence, then
the information that we obtained on the spectral properties of L, suffice to prove
the Local Limit Theorem.'’

2.2. Perturbation theory. Another natural question is: how do the statistical
properties of a system depend on small changes in the system?

Indeed, in real life situations the dynamics is known only with finite precision,
hence it is fundamental to know how small changes in the dynamics affects the
asymptotic properties of the system.

To answer such a question we need some type of perturbation theorem. Several
such results are available (e.g., see [33], [59] for a review and [38] for some more
recent results), here we will follow mainly the theory developed in [32] adapted to
the special cases at hand.

We will start by considering an abstract family of operators L. satisfying the
following properties.

Hypotheses. Given two Banach spaces as in Theorem 2.1, consider a family of
operators L. € L(B,B), € € [0,1], with the following properties
(1) Uniform Lasota-Yorke inequality: for all e € [0,1]
I1£2hls < CAT"||hls + CllhllB,, [1£2h]B, < Clhls, ;
(2) [ L.h(z)dz = [ h(z)dz ;
(8) For L : B — B define the norm

LIl == sup [Lfls.,,
Ihlls<1

that is the norm of L as an operator from B — B,. Then there exists
D > 0 such that

[[€o — Lelll < De.
Hypotheses (3) specifies in which sense the family £. can be considered as an
approximation of the unperturbed operator £ := Lj. Notice that the condition

is rather weak, in particular the distance between L. and L as operators on B
can be always larger than 1. Such a notion of closeness is completely inadequate
to apply standard perturbation theory. To obtain some perturbation results it is
then necessary to restrict the type of perturbations allowed, this is the content of

9Note however that our proof holds in a very special case that has little to do with a real
experimental setting. To prove the analogous statement in for a realistic experiment is a completely
different ball game.

10 One must use the usual trick to prove the Theorem first for functions with compactly
supported Fourier transform and then extend the result by density.



TRANSFER OPERATORS AND UNIFORMLY HYPERBOLIC MAP 13

Hypotheses (1, 2) which state that all the approximating operators enjoys properties
very similar to £.!
To state a precise result consider, for each bounded operator L, the set

Ssr(L) :={z€C||z| <rordist(z,o(L)) < d}.
Since the complement of S5, (L) belongs to the resolvent of L it follows that
Hs, (L) :=sup{||(z— L) ||z | z € C\Ss,(L)} < oo.
By R(z) and R.(z) we will mean respectively (z — £)~! and (2 — £.)~ L.

Theorem 2.8 ([32]). Consider a family of operators L. : B — B satisfying Hy-
potheses (1-3). Let Hs, := Hs,(L); Ss, := Ss, (L), 7 > A"', 6 > 0, then there
exist £9,a > 0 such that, for all e < eg, o(L:) C Ss.+(L) and, for each z € S5,

IR(2) — Re(2)]]] < Ce”.

A simple, although not optimal, proof can be found in [44, Theorem 3.2].'? The
above perturbation theorem has proven rather flexible and able to cover most of
the interesting cases.

2.3. Deterministic stability. Let the £. be Ruelle-Perron-Frobenius (Transfer)
operators of maps f. which are C!-close to f, that is dei (f-, f) = € and such that
dez(fe, f) < M, for some fixed M > 0. In this case the uniform Lasota-Yorke
inequality is trivial. On the other hand, for all ¢ € C° holds

/(ﬁeh*ﬁhw:/h@ofs*@of)

Now let ®(x) := f(sx(;c ¢(z)dz, since
' (x) = —(Dmf)lefcf‘I’(fﬂ) + Do fe(Daf) " o(fe(2)) = o(f(2))-

It follows
/(Lh Lh)p /hd)’ /h (D2 f) " D2f®(x)+ (1= Dy f-(Daf) " (fo(2))].

Given that |®|. < A7e|ploo and |1 — Dy fo(Dof) Yoo < A7 Le, we have

/(Csh = Lh)p < [[Rllwra A" plooe + (R ATHB + Delploo < DlAflwrelploo

Taking the sup on such ¢ yields the wanted inequality
|Lch — L]y < D||h|lwiae.

We have thus seen that all the required Hypotheses are satisfied. See [31] for a
more general setting including piecewise smooth maps.

11 Actually only Hypotheses (1, 3) are needed in the following. Hypothesis (2) simply implies
that the eigenvalue one is common to all the operators. If Hypothesis (2) is not assumed, then
the operator L. will always have one eigenvalue close to one, but the spectral radius could vary
slightly, see [45] for such a situation.

12 Formally, the proof in [44, Theorem 3.2] deals with the case B = BV and B, = L!, yet it
carries out verbatim to the present, more general, case.
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2.4. Stochastic stability. Next consider a set of maps {f,} depending on a pa-
rameter w € ). In addition assume that €2 is a probability space and P a probability
measure on 2. Consider the process x, = fu, ©--- o fu, ¥o where the w are i.i.d.
random variables distributed accordingly to P and let E be the expectation of
such process when z is distributed according to u. Then, calling £, the transfer
operator associated to f,,, we have

E(h(zpns1) | o) = Lph(xy,) = /Qﬁwh(xn)P(dw).

If, for all w € Q,
|£wh|W111 < /\;1|h|W1,1 + BL,J|]7,‘L17
then integrating yields
[Lph(@)lwrs < EOGY)|lwia +E(B.)A|L

Thus the operator £p satisfies a Lasota-Yorke inequality provided that E(A;!) < 1
and E(B,) < oc.
In addition, if for some map f and associated transfer operator L,

E(|Coh — Lh]) < elhlywia

then we can apply perturbation theory and obtain stochastic stability.

2.5. Computability. If we want to compute exactly the invariant measure and
the rate of decay of correlations for a specific system we must reduce the problem
to a finite dimensional one that can then be solved numerically. To this end we can
introduce the function

0 ifx<—1
x+1 zel[-1,0]
11—z z€][0,1]
0 x> 1.

¢(z) =

Note that )., ¢(x —i) = 1. We can then introduce the operators

n—1
Pah=ny" ofnz — i) [ ony ~ Dhly)dy
L, = PHZTO
Note that P,(C°%) c C° and
[1Puhllpr < [l
[Puhllwrs < [[hflws

1
b= Pabllzs < ~[bllw

So we can again apply Theorem 2.8 to show that the finite dimensional operator £,
has the peripheral spectrum close to the one of £. The problem is thus reduced to
diagonalising a matrix, which can be done numerically (provided the matrix is not
too large). There exists a wide literature on the subject, see [43] for more details.
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2.6. Linear response. Linear response is a theory widely used by physicists. In
essence it says the follow: consider a one parameter family of systems fs and the
associated (e.g.) invariant measures p, then, for a given observable ¢ one want to
study the response of the system to a small change in s, and, not surprisingly, one
expects ps(p) = po(w) + sv(p) + o(s), for some measure or distribution v. That
is, one expects differentiability in s, which is commonly called linear response. Yet
differentiability is not ensured by Theorem 2.8. It is then natural to ask under
which conditions linear response holds.

For example linear response holds if the maps are sufficiently smooth and the
dependence on the parameter is also smooth in an appropriate sense. These type
of results follow from a sophistication of Theorem 2.8 that can be found in [37].

However, the reader should be aware that there exist natural and relevant cases
when linear response fails. See [5] and references therein for an in depth discussion
of this issues.

3. THE CONTRACTING CASE

Having illustrated the power of the transfer operator approach in the expanding
case, it is natural to investigate to which extent it can be generalised. A first
remark is that, when it works, it automatically implies that the system either does
not mix or mixes exponentially fast. Accordingly, the direct application of the above
strategy is ill suited to the cases where the decay of correlation is only polynomial
(although one can still apply it after inducing).

On the contrary, when the decay of correlations is expected to be exponential
one can reasonably try to implement a transfer operator approach directly. In par-
ticular, it is natural to investigate the possibility to apply it to uniformly hyperbolic
systems and partially hyperbolic system. To this end there are several technical
difficulties, some of them still outstanding.

Clearly the first obstacle is the existence of contracting directions. Hence, our
first question is: can we find appropriate Banach spaces for which the transfer
operator of a contracting map has good spectral properties? The answer is yes. In
fact, again, there exist several possibilities.'?

Let us illustrate a basic one in the simplest possible case: let f € C3(T, T) be an
orientation preserving diffeomorphim with two fixed points, one attracting and one
repelling. Without loss of generality we can assume that zero is the attracting fixed
point. Let ¢ € C?(T,R) be a positive function such that 1 = 1 in a neighbourhood
of zero and ¥ = 0 in a neighbourhood of the repelling fixed point. Also let us
assume that the support of ¥ be small enough so that

[ f leo < ATH < 1.

Consider the transfer operator Lh = (1h[f’]7!) o f~1. For a measure du = hdx we
have

[tz = [ dis.n)

Hence L is the restriction to L of the operator p — f.(u). In other words £ can
be naturally extended to the space of measures; abusing notations we will still call

13 They all have the same flavour, although they might be quite different in the details.
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L such an extension. With such a notation we have
/wd(ﬁu) /wfwdu’ < sup /sﬁdu‘-

lelco<1

Moreover, Ly = dg, thus the spectral radius of £, when acting on the space of
measures C°(T, R)’, is one. However, as in the previous example, to obtain a Lasota-
Yorke inequality we need to consider the operator acting on a different space. This
time the space cannot be C' otherwise we would obtain a spectral radius larger
than one. We need an idea.

Idea: let £ act on (C')’, the dual of C'.'* For each ¢ € C', ||¢|lcr < 1, we use
the following notation'’

Lhip) = /wﬁh - /gao foh = higo f1b),

which is particularly useful when h € L' C (C')’. Note that || o fi|lco < [|¢]lco
while [[(¢o f1)]lco < A7|¢'[|co + Cll¢llco. The above gives a promising estimate
for the derivative but not enough to establish a Lasota-Yorke type inequality. To
this end note that, for each € > 0 there exists . € C? such that ||¢pc[c1 < 1 and
llo — @ellco < e.'% Then, there exists By > 0 such that

/ pLh

where we have chosen e small enough.

sup
“Plcﬂgl

= sup
|90‘c0§1

< /I(@— pe) o fh| + V% ofwh‘ < 207 hl|ery + Bollhll 2y

Problem 3.1. Use computations similar to the above to show that there exists
C, B > 0 such that, for alln € N and h € (C'),

L™ hll(c2y < Cllhll(c2y

(3.1) . .
I£" Rl ey < CA Rl ery + Bllhl oy -

Problem 3.2. Prove that the unit ball {h € (C')" : ||h|j(cry < 1} is relatively
compact in (C?)'.

Problems 3.1, 3.2 and Theorem 2.1 imply that £, when acting on (C')’, has
spectral radius one and essential spectral radius bounded by A~!. We have already
seen that one belongs to the spectra. Suppose that e is in the spectra, then there
exists hyg € (C!) such that, for all ¢ € C* and n € N,

/e”"heso:/ﬁ”heso:/he [:1:[;1/)#’“1 po fr.

Note that, if supp ¢N{0} = 0, then there exists n large enough so that 1-@o f™ = 0.
By density this implies that supp hg = {0}, that is [ hop = ap(0) 4+ by’(0). But
then we must have, for all ¢ € C*,

"[ap(0) + b’ (0)] = ap(0) + by’ (0) f(0)

14 The idea is more natural than it may look at first sight: the dual of L is, essentially, the
composition with f, a contractive map. We have seen that, in such a case, looking at the action
on C! is a good idea. This suggests to consider £ acting on the dual of CT.

15 This is equivalent to using the same notation for a measure and its density.

16 Simply use a mollifier.
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which has a solution only for # = 0 and b = 0. In other words, one is the only
eigenvalue of modulus one and it is a simple eigenvalue. It follows that the system
is exponentially mixing.!” Moreover, all the transfer operator theory previously
developed can be applied to this situation. Indeed it is a good exercise to do so.

4. AN INTERLUDE: TORAL AUTOMORPHISMS

The next step is to treat higher dimensional systems in which both contraction
and expansion are present. The simplest such case is the uniformly hyperbolic case
in which only expanding and contraction directions are present. Before describ-
ing some elements of the general theory we discuss in detail the simplest possible
example: Toral automorphisms. For such simple systems we will discuss three dif-
ferent approaches that illustrate the basis of three different general theories used
to investigate the statistical properties of dynamical systems.
Let us consider the map from T? to itself defined by

f(z) = Az mod 1,

with A € SL(2,Z). Also, for simplicity, let us assume that A* = A and 4;; > 0.
In analogy with the previous section we can define the operator Lh = ho f~!, note

that
/cpﬁh:/ pof-h.
T2 T2

Simplifying even further, the reader can consider, as a concrete example,

A:G })

Note that the Lebesgue measure is invariant since det(A) = 1. Moreover Tr(A4) > 2.
Accordingly, the characteristic polynomial reads t2+Tr(A)t+1 and has roots A\, A\~
A > 1. We call v*,v° the two normalised vectors such that

Av® = "

4.1
(4.1) Av® = X\"1o®,

Note that, since the matrix is assumed symmetric, (v*, v®) = 0.
We have thus a natural reference measure. In fact, (f, T2, Leb) turns out to be
mizing, that is: for each h,p € C°

i [ bl (@)do =

n—oo T2 T

. h(z)dzx /T2 o(z)dz.

In alternative, the mixing can be stated in the following equivalent way: for each
probability measure p such that d’iﬁ = h € L' and, for each ¢ € C°,'®

(4.2) Jim f'u(p) = Leb().

This is a very relevant property from the applied point of view: it says that asymp-
totically our system is described by the Lebesgue measure irregardless of the initial

17 To be precise it is exponentially mixing for observables that are supported away from the
expanding fixed point. Given the above estimates, it is a simple exercise to study what happens
to a general observable.

18 Recall that u(p) = Jr2 p(z)h(z)de and f.pu(e) = p(eo f).
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distribution (provided the initial condition was distributed according to a measure
absolutely continuous with respect to Lebesgue).

Of course, property (4.2) is truly useful only if the speed in the convergence to
the limit is fast enough. Form this consideration follows the basic question that we
want to address in the following:

What is the speed of convergence in the limit (4.2) ?

4.1. Standard pairs. The first technique that I am going to illustrate is based
on the idea of coupling in probability. This is a widely used tool to study the
convergence to equilibrium of Markov chains. A similar technique was previously
used in abstract ergodic theory under the name of joining. The form I am going
to illustrate has been introduced in smooth ergodic theory by Lai-Sang Young [61]
and further developed by Dolgopyat.

The basic idea is to consider a special class of measures that behave under push-
forward in a similar way to the case of expanding maps. Such a class of measures
has a long history (e.g. from Pesin and Sinai [50] to [12]), but they have been
systematically developed and used by Dolgopyat under the name of standard pairs

22, 23].

Fix some a > 1 and define

h(t
D, = {h e C'(R,Ry) : Vi, s €R, h((s) < ealtsl}.

)
Also, for each b € Ry, x € T? and h € C°(R,Ry), ffb h = 1, define the measure on
T? (standard pair)

b
Hb,z,h (p) = /_bh(t)w(ertv“)dt.

The collection of standard pairs will be designated by

b
Saz{ub,z,h s be[1/2,1], 2 € T? h e D,, hzl}.
—b

The above are our building blocks, let us see what we can construct with them.
First of all we can take the convex hull: for each finite set {p;} of positive numbers
such that ), p; =1 and set {4;} C S, we can consider the probability measure

(4.3) = mez‘,

where the p; are called the masses of the standard pairs. The set {p;,p;} is called
a standard family and is often confused with the measure it defines via (4.3). Note
however that the representation of a measure by a standard family, if it exists, is
far from being unique. We will call S, the set of all standard families. The first
important fact is the following.

Lemma 4.1. The Lebesque measure belongs to the weak closure of Sq.""

Proof. Letting v* = (1 +u2)~2 (1, u), for each ¢ € C°,

1 1 1 Vitu?
Leb(¢p) :/0 dt./o dsp(t, s + ut) =/0 dS/O dtp(seq + tv®).

19 Recall that ., converges weakly to p if, for all ¢ € C°, we have limsy 00 fin (@) = ().
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Note that the the second integral can be written as the convex combination of
finitely many standard pairs, the results follows since the first integral is the limit
of finite sums. O

Next we want to know how the standard pairs behaves under push forward.
Lemma 4.2. For eachn € N and p € S, it holds true fl'p € Sy-ng-

Proof. Tt suffices to prove that if 4 € S, then f'u € Sy-n,. Then, recalling (4.1),
A™b

b
o son(9) = / hEelf (@) + 070" = / BN (f () + o).

—Anb
Next, let § € [1/2,1] and K € N such that A"b = 2K ¢ and define ¢; = —A\"b+ (2i +
1)6. We can then write
K—1

5
Fl i an(®) =Y pi /_6hi(t)<p([f(x) + twY] + tot)dt

=0
pi = / ’ RN (t; +1))dt
-5
hi(t) = p; (A" (t; + 1)),

Accordingly, the Lemma is proven provided h; € Dy-»,. This follows from
hz(t> _ h()‘_n(ti +t)) < ea)ﬁ"‘\t—s\.
hi(s) — h(A~"(ti +5)) ~

O

Remark 4.3. Note that the unbounded parameter contraction proven in the previ-
ous Lemma is a peculiarity of the linear systems we are studying. However in the
nonlinear case a fized contraction still takes place (provided a is large enough) and
this is all we will use in the following.

To continue, we call two standard pairs 1 = pp pn and po = Wy z+svs.h, S € [1,2],
matching, while we call pre-matching two standard pairs of the form 11 = pp 5 14,
H2 = [bb z+svs,hy- Lhe basic fact underlying our strategy is the following:

Lemma 4.4. Let uy, jig be two matching standard pairs, then, for each ¢ € Ct,*°
[fRp1(0) = R u2(0)| < 26 (|0sp]| oA ™"

Proof. Tt follows by a direct computation:

b
[f () = flp2(e)| = /4) h@)[p(f"(x) + A7 50" + A" 0") — o(f" (2) + A"tw")]

< 26|05l X"
([

The above Lemma is really a coupling between the two measures, see Remark 4.5.
The Lemma shows that the convenient topology in which to study the convergence
of the push-forward of standard pairs is (C!)’. In other words, it suggests that it
is natural to consider distributions rather than measures. Indeed, this is consistent
with our discussion of the contracting case in section 3.

20 We are using the notation ds¢ = (v%, V).
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Remark 4.5. Given a compact metric space X and two Borel probability measures
i, v a coupling of the two measures is a probability measure G on X? such that

| ewctaen = [ eptin) and [ otGdn.dn) = [ st

X
Let G(u, v) be the set of couplings of u and v, we can then introduce the Kantorovich
(sometimes called Wasserstein) distance

d = inf d dz, dy).
) = ot ) Glde.dy)

The following is a coupling between two matching standard pairs p1 = pp o.n and
H2 = HUbx4svs,h <

Gly) = / oz + tv", x + sv® 4+ tv")h(t)dt.
[_bvb]2
Using such a coupling we can reinterpret the proof of Lemma 4./ to obtain®'

A (f s [*p2) = d(z,y)G' (dz, dy) < 2be® X",

inf /
G eG(frur,fruz) Ja
where d(x,y) = infrere ||z — y + k||. Also it is not hard to prove that in this case
the topology associated to the distance dy is the weak topology.

With these definitions in place we are now ready to argue: given two standard
pairs pq, pa, we know that f'uq, fi'uo are standard families in Sy-n»,. Note that
there is some freedom in how to divide a segment of length A™b in segments of length
between 1 and 2. In particular one can check that, if n is large enough, one can
make the division so that the two families contain two pre-matching standard pairs.
That is, there exists a standard pair in the first family supported on {y+tv"};c(—p )
and a standard pair, in the second family, supported on {y + sv® + tv" };c_p ) for
some b € [1/2,1], s € [1,2] and y € T?. This is a consequence of the fact that the
flow ¢¢(y) = y+ tv™ is ergodic, since the ratio of the components of v* is irrational.

Accordingly, for n large enough, A" > 2 and there exist pre-matching standard
pairs for any initial couple of standard pairs. Let ng be the smallest of such n. Also
we call the two pre-matching standard pairs fip,1 and fig 2 respectively. Thus we
can write??

mi ma
Frop (@) = froua(e) =Y piafisa () — Y Bjafij2() + Pofior () — Po.2fio 2()
=1 =1

for some weights p;; > 0 and standard pairs fi;; € Sy-no,. Note that, if p;; # 0,
then p;,; > (2A™e?*)~! by construction. Also we know that

b() b(]
flo,1(p) = / ho,1(t)p(y +tv")dt 5 fio2(0) = / ho2(t)p(y + sv® + tv*)dt
7b() 71}0

21 Tndeed, for the stated coupling G of fl'u1, fipo,
[flui(p) = fluz(e) = ’A4[¢(I) - w(y)]G(dw,dy)‘ < NOsplloodr (fi 1o, f3 12)-
22 We can always arrange so that the two standard families obtained by push forward have the

same number of elements m1, for example by allowing some of the p; ; to be zero or by duplicating
the same standard pair giving half of the mass to each copy.
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for some by € [1,2], y € T? and ho; € Dy-noq-

To obtain a convergence to equilibrium we want to show that some part of the
push-forward measures behaves similarly. The tool to do so will be to use Lemma
4.4. To this end we have to exhibit matching standard pairs.

The idea to construct matching standard pairs is to single out a common part
of the density by using the fact that hg; > e’”‘woabal. Of course we want to still
have standard pairs, hence a small computation is called for. For each ¢ > 0 small
enough,

hoi(t) — 5= hoa(s)e el — e < Al ho,i(s) — ge=e "alt=sl
hoﬂ'(s) — ﬁ - h07i(5) — ﬁ - hovi(s) - ﬁ

1— 6—)\7"0a|t—s|

S 6)\*"0a|t—s| 1+C 5 T ‘| S e)\*ﬂoa‘t—‘s‘ |:1 +c
e —C

A™M0alt — s|
2e72A""0a _ ¢

Finally we choose ¢ so small that

c
= < 1.
7 2e—2A7"0a _ ¢ T

Hence
() — <
h’Oﬂ(t) 2bg < 6)\7”0(1(1+'Y)|t—5| < ea|t—s|
hoi(s) — 25 -

This means that we can write

bo q
fioa ()~ foa(e) = [ glply+ o) = ply -+ s+ o)t
—b, 200
bo hoy(t) — 5% b hoa(t) — 5%
+(1-¢) [/ Mg@(y—i—tv“)—/ %@(y—i—svs—i—tv“)dt .
—bg —C —bo —C

Note that we have constructed two matching standard pairs with mass c.

We are almost done. The only remaining problem is that the two pre-matching
standard pairs come with different masses. To take care of this we have to rearrange
a bit the standard families. Unfortunately the notation is rather unpleasant but if
the reader manages to see through the notation she will realise that the strategy is
the obvious one.

Let p, = min{po1,P0.2}, Po.i = Po; — p«c and define

130,2' — P«C
Poi=—F—"—;
1 —psc

bo forho(t) — BaC

Po,10,1 b “

110,1(0) =/ 20 oy + tu)dt
by Do,1 — PxC

bo o aho o(t) — B2C

DPo,2M0,2 s “

Mo,z(‘P):/ L 20y st -t )dt
by Do2 —p«c

Dji .
; i=—"—— Vje{l,...,
p]vl 1_p*c J { ml}

b

* © 1 u u

151 () = / Loty + o) — oy + o) de
s, 2bo

bo 1
oa(e) = [ gilety ) —oly + 50"+ 0
—Yo

Hji = ,aj,i V] (S {1, . ,ml}.
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The pf ; are matching standard pairs, po,; are standard pairs, Z;":lo pj: = 1 and
my

70 mi(0) = epatp ;(9) + (1= cpa) > pjittyi($)-
7=0

Then, for each n > ng, by Lemma 4.4 we have

mi
Frm(e) = fLua(e) — (1= puc) ij,l P () = > pia kT e ()

=0
< cp,Abe“b||('9S<p||Oo Ao,
Thus,

Frun () = flua(p) — (1 - pac) Z PjaPka [F27p51(9) = 117t ()]
7,k=0

< pu2be™ |05 ]| A0,
To conclude it suffices to iterate the above formula applying it to each couple of
standard pairs 11, ftg,2. Let n = €ng, then
£-1
21 (p) = frp2(@)] < 201 = puc)llllos + Y epu2be™]|Dsplloc (1 — pre) AT H TR
k=0
< CV([lelloo + [[0s¢lloo)
for some C' > 0 and v = max{(1 — p.c)'/™ A~'}. The same estimate carries over

to standard families and hence to the weak closure of S,. The reader can check,
arguing similarly to Lemma 4.1, that the above implies that for each h € C!,

h(z)p o T (x)dx — /TZ o(x)dx

We have thus established that the map is mixing and that the speed of mixing is
exponential with a prefactor depending on the smoothness of h along the unstable
direction and the smoothness of ¢ along the stable direction.

< C([[Plloc + 10uhtlloc) (llplloc + [10s6plloc )™

T2

4.2. Fourier Transform. The standard pairs method is very flexible and can be
adapted to a large range of situations. Yet, since the maps we are presently studying
are linear, a much more powerful too is available: Fourier series. Indeed, for each
kez?,

(Lrh)y, = / e2mik2) £ (1) dar = / A A) by () o
T2 T2

z/ eZ"i<Ank"z>h(x)dx = hang.
T2

Accordingly, for each h,p € C",
L 3 [12lle-llspller
<p£2nh_/<p‘ < E |(pkhA2n < o - -
/T2 ’ (A2 k]| + 1) ([[k[l + 1)

kez2/{0} kez2/{0}

(4.4)

[[2llerllspller
S Z n r —n r’
o2t TR+ 1y ([ A=K 5 1)
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For each k € R?, we write av* + bv® (recall (4.1)). It follows that A"k = a\"v* +
bA~"v® and A7k = a\T™v" + bA"v®. Thus

AT E[* + |A"E]* > (0% + a®)A™" = [|K] 22"

Accordingly,
(A"E[ + DA K] + 1) = [[RA™

We can thus conclude, for all r > 2,

Joen= [ e
T2

for some constant C,. independent on h and ¢.

We have thus proven, again, that toral automorphisms enjoy exponential decay
of correlation but we have also uncovered a new phenomena: the speed of decay
depends very much on the smoothness of the functions.

Yet, there are also reasons of unhappiness: the requirement on the smoothness
of the functions (more than C?) is stronger than the one obtained by using standard
pairs. In addition our argument does not look very dynamical and seems to take
too much advantage of the special features of the example at hand, what to do with
a non linear map is highly non obvious.

It would then be very desirable to obtain the above results via a different, more
dynamical, strategy. In particular it would be nice if we could find a Banach space
on which it is possible to study the spectrum of the operator £ and such that the
above properties can be understood as consequences of the spectral picture.

This can be done in various ways. Let us start with a possibility still based on
Fourier transform.

h crllPlier \ —nr —nr
< WA A
k:EZ2/{O}

4.3. A simple class of Sobolev like norms.
To define a Banach space we can first define a norm on C°(T?,C) and then we
obtain the Banach space by completing C>°(T?, C) with respect to such a norm.
The usual Sobolev norms are ||h||2 = Zkezg<k>”\ﬁk|2 where (k) = 1 + ||k[|? and
p € R. If p > 0 then a finite norm implies some regularity while if p < 0 also
distributions can have a finite norm. However we have learned that hyperbolic
dynamics have very different behaviour depending on the direction. Typically L™h
will be a function regular in the unstable directions but with very wild oscillations
in the stable direction. Hence along the stable directions we can have convergence
only in a weak sense: in the sense of distributions. To handle this problem different
strategy have been proposed, the simplest one is to consider anisotropic Sobolev
spaces, that is spaces defined by a norm of the type

(4.5) R)12 = 37 (k)P ® [y 2
keZ

where p € Ry, k= (k1 : ko) is the projectivization of k = (k1,k2), that is the
equivalence class containing k with respect to the equivalence relation defined by
k ~ k' iff there exists A € R\ {0} such that k = A\k’. Finally, o € CO(P{(R),[~1, 1]).
In other words o depends only on the direction of the vector k. In the following,
to simplify notations, we will write a(k) as a(k).

We have seen that the action of the dynamics in Fourier coeflicients is also given
by Ak. It is then natural to consider the dynamics in the projective space P{R).

Obviously there are two fixed point v* and v*® (or, rather, their equivalence classes),
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the first is attractive while the second is repelling. Fix v € (A71,1), it is easy to
check that in P{R) there exists intervals I, 3 v“, I_ 3 v* and a constant K > 0
such that**

(Av)y > v 2(v) forallve Iy, |v]| > K
(Av) <v2(v) forallvel_, |jv]| > K.

Let fi = AF'[, c I.. We choose then an « with value 1 in f+, value —1 in 1_
and strictly monotone in between (it is possible to be more explicit about a and
optimise it in various ways, but I think it is more important to point out that the
above qualitative properties suffice). Note that in PY(R)\ (I, UI_) we have that
d(v, Av) > c for some fixed constant c,?" thus there exists v > 0 such that

(4.6) a() —a(A ) >y forallvgl, UT_.

This defines the norm.
From equation (4.4) it follows that, for all p € Ry,

L A-1E)(ATE)
IR, = S (ROl g2 = 3 AR T
kEZ kEZ (k)
If k € I} and ||v]| > K then

(A7) TD (A
R Vi

If ke I_ and |jv|| > K, then Ak € I_ and

(AR k),
(pe® = (atgy =

If k¢ I_ U, then, setting B = ||A~!|| and recalling (4.6),

A=y ATR) gL pyatk)—y _
| <k>>a<k> < <k>i(k) < Bk
t25

p
] (k)P g 2.

It is then natural to consider the se
P={kez®: (k) <max{[v ?B]"/7,K} =: L}.

Hence,
<A—1k>a(A*1k)

sup ————5—~—
hgr (k)o®

IR = V.

kel

<v?

)

and the weak norm

We can then write

(A7) | Lhllpa < \/v22lIRIZ0 + BIRIZ < 07 [Rlpo + BL7 Rl

23 Of course, I, _ correspond to cones in the vector space R2. I will abuse notation an use
Iy, I_ also for the cones of the vectors whose equivalence class belongs to I4, I, respectively.

24 The definition of the distance is not really important, for example the angle between the
two vectors will do.

25 Note that T is a finite set.
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Problem 4.6. Use equation (4.7) to obtain a Lasota-Yoke type inequality for the
norms || - |Ipa, || - ||w and deduce the quasi compactness of L (recall Remark 2.2).

For the reader amusement, let us deduce quasi-compactness by an alternative
argument. Note that setting Ph(z) = Y, hxe?™ " we have

[£(1 = P)hllpa < VP||B|pa-
We can then set A = LP and @ = L(1 — P), then, for each u > VP, we can write
(hl L) = (Lp - Q)" (1 - A(Tp—Q)7).

The claim follows then by the Analytic Fredholm alternative. We then conclude that
the essential spectrum of £ when acting on the Banach space obtained by closing
C® with respect to the norm || - ||po is contained in the set {z € C : |z| < vP}.
To study the discrete spectrum and obtain independently that it consists only of
{1} requires a little extra argument that we postpone to the end of section 4.4, see
Lemma 4.11 if you cannot held your curiosity.

The above it is not as precise as our explicit computation (also due to the choice
to reduce the technicalities to a bare minimum) but it provides the main idea of a
much far reaching approach.

4.4. A simple class of geometric norms.

We have seen how the anisotropy of the dynamics can be reflected by the norms
using a weigh (at time called escape function) in Fourier transform. Here we present
(always in a simplified manner, adapted to the special case at hand) a different,
more geometric, approach that has both advantages (it has been adapted to more
general systems, e.g. [3]) and disadvantages (for example, the dual of the space is
not a space of the same type). The presentation is a bit more detailed than the one
in Section 4.3 as we will use it as the base for further generalisations, see Section 5.

Let 0,0 = (v, Vo), fix § > 0, ¢ € C°([-6,6],C) and h € C*(T?,C) define,*"

[plq = sup sup (1) (2)]
q’'<q teR
(4.8) By ={p € C5°([-6,6],C) : |p|qg <1}

)
|llpsg = sup sup sup / (00 1)z + t0°) - o (t)dt.

z€T? p'<p p€By J—§

We will call BP¢ the closure of C*° with respect to the above norm. The first thing
we want to understand is which kind of objects we obtained by the closure. The
next Lemma shows that we are inside the usual space of distributions.

Lemma 4.7. For each p,q € N, p > 0, we have i : B»? — C4(T?,C)’, where i is
bounded and one-to-one.

Proof. As usual, define i : C>(T?,C) — C4(T?,C)’ by i(h)(¢) = [1. ph.
Let {¢;}}, be a smooth partition of unity such that supp ¢; is contained in a
ball of radius §/2 with centre z;. Let h € C>(T?,C), for each ¢ € CI(T?,C) we

26 We use the notation (9 () = ;qugo(t).
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have

[i(h) ()] =

/E2h90'<¥’/’ﬂ‘2h(p¢i
gzi:/ids

< 26||h||07q2 lodilca < Csq

8
/ dth(z; + sv°® + tv") (o) (x; + sv° + tv*)
-6

|h||p7q|50|C‘1-

From which it follows that i is bounded and can be extended to BP9,
Fix g € Cg°([-1,1],Ry), [ g = 1. For each x € T?, ¢ € C§°([-9,6],C) and € > 0
define
pe(y) = o({y — z,0")g({y — z,v")e e
Then, for h € C>(T?,C) we have

/hape = /dsg(se)s*1 /dth(x+sv“ + tv®)(t)

- / dt h(z + 1) (1) + O(el| 1] 1,q).

Finally, suppose i(h) = 0 for some h € BP9, Let h,, C C* such that h, — h in
BP9, then

0=1i(h)(pe) = lim hn e

n— oo

= lim [ dthy(z +tv*)e(t) + Oellhnll1,q)

n— oo

= /dt h(z +tv*)o(t) + O(el|h]|1,9)-
Taking the limit € — 0 we obtain
0= /dth(m ot )a(t).
Also, since i(h)((“)ggog) = 0, arguing as before and integrating by part yields, for all
P <p
0= /dt A h(z + tv®)p(t).
Taking the sup on x we obtain ||A||, , = 0. Hence i is injective. O

Before continuing it is convenient to make sure that the derivative acts in the
natural way on the spaces BP4.

Lemma 4.8. For each p,q € N the operator 0, is bounded as an operator from
BPtLa to BP9 and O, is bounded as an operator from BP9 to BP9l Moreover,
their kernels consists of the constants.

Proof. The boundedness follows immediately from the definition of the norms (and
integration by part in the case of 9y).
Next, for each h € C®, x € T? and ¢ € Cg“([—d, 4], C) let us define

4
h () = [ e+ )p(t)dr
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Then

/ Duh(@ + tv®)p(t)dt

6sh¢(x):[5%h(x+tv /hx—l—tv S (t)dt.

It follows that || Vhel|leo < [|h]|1,q/¢lq+1. Hence, for h € BP? and ¢ € C?T! we have
that h,, is Lipschitz (it follows by density).
We can now study the equation
Ouh =0

for h € BPT14. Let ¢ € C*, then have h, € C' and d,h, = 0. This implies
h, = const. Accordingly, for each set Qu 5 = {z + sv® +tv" : t,s € [-4,0]} and
¥ € CO (Ql‘ 5;

/hgo /dt/ dsh(z + tv" + sv”)p(z + tv* + sv?)
T2

= / dt/ dsh(z + sv®)p(x + tv* + sv°)

We can then set @, (s f dteo(z + tv* + sv®) and obtain

hsa hg, (x /h% dy—/Tzdy/ ds h(y + sv")Pe(s)

“ e

This shows that h — [ h is zero as a distribution, but then, by Lemma 4.7 it is zero
in BP9 thus the Lemma. Similar arguments holds for the study of the kernel of
Os. O

Lemma 4.9. For each p,q € N we have that BPY1971 embeds compactly in BP9,

Proof. Since the spaces are separable, it suffices to prove that each sequence {h,} C
C>=(T2,C), ||hnllp+1.4-1 < 1, admits a convergent subsequence. Using the language
of Lemma 4.8, for each € > 0, let {x;};cs. be a finite ¢ dense set, then for each
h € C™, ¢ € Byi1 there exists z; such that ||z — z;|| < ¢ and

|he (@) = hy(2:)| < €||Vhg oo < €llh]]1,q-
On the other hand, if |¢ — @|, < ¢, then
|he (@) = he(xi)] < €l[h]lo,q-
Finally, since the set B,11 is compact in By, there exists a finite set {¢;}jes. C

By+1 such that, for all ¢ € Byyq, inf; [¢ — @], < . Accordingly,

[Pllpgtr < sup  |hy, (zi)| + ellAllpraq-
i,j)ELe X Je
We can then conclude by the usual diagonal trick: Note that, for each € > 0, the
set {(hn)y,(x:)} is bounded, thus contained in a compact set, hence it is possible
to extract a subsequence {hy,} such that each sequence (hy,),,(7;) is converg-
ing. Accordingly, we can set €, = 27", and construct recursively the sequences



28 CARLANGELO LIVERANI

{hnms} A1} {Png, } = {hx} such that for each m there exists K., € N
such that, for all k, k' > K,,,

W = By |l < 22,

Mo, k

We can then choose the sequence hy, = R i, » 1t is easy to check that this is a
converging subsequence. O

We have thus described the Banach space, it is now time to study how the
transfer operator acts on it.

Lemma 4.10 (Lasota-Yorke type inequality). For each h € C* and p,q € N we
have
||£nh||p,q < C#thp,q

[L7hllp.g < CpA™ min{p’Q}n”th,q + Cullhllp-1,4+1-
Proof. Let h € C* and ¢ € C}([—a,a],C), then

/a(ﬁnh)(x + tv*)ho(t)dt = /a h(z + tA™v%)p(t)dt

A"a
=" h(z + to®*)p(A7"t)dt.
—A"q
Next, we consider a C* partition of unity {¢;} of R such that the elements have
support of size § and ||@;||cerr < C, for some fixed C' > 0. Clearly [—A"a, \"d]
intersects, at most, 4\™ + 1 < 5A™ such elements. Let ¢; belong to the support of
¢;. Then

/ a(ﬁ”h)(x + tvs)lup(t)dt‘ <y oA

= Z)\_thHO,q S 5Hh||0aq

ti+o
/ h(z + tv)p(A""t) g (¢t)dt
t;—0

(4.9)

This proves the first inequality of the Lemma for p = 0. To treat p > 0 define
i(t) = Z?;é W/\’”j (t —t;)7 and redo the above computation as follows
a ti+06
/ (C7h) (& + o) hp(t)dt = 3 A~ / B + 10" (A1) dt
a i t,-—é

ti+0

=3 [ b ) [ = )] )

t;+06

+y oA / h(z + tv®) s ()i (t)dt.
i t;—0
To continue notice that

ti+0
/ Bz + t0* Yo (£)u () dt

t;—4

< C|‘P|q||h||0,q+17

and
[p(AT") = e(A"ti)[q < CleplgA™™.
The above yields
1£7Rlo.q < CAT"|Allo,q + CllAllo.g+1-
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Next, notice that

a

/ " OP(L R (1 + o hp(t)dt = AT / (L [OPR)) (z + to" ) hp(t) dt

a

which, remembering 4.9, implies

p—1
||h||p7q < 5>\np||th,q +C Z An(pita) ||8;h\ 0, T O||h||p—17q+1
i=0
which proves the Lemma. (I

The above, together with Lemma 4.9, allows to apply Theorem 2.1 and conclude
that the essential spectrum of £, when acting on BP*¢ is bounded by A™P. To
complete our alternative derivation of the results obtained by Fourier Transform
we need to understand the discrete spectrum.

Lemma 4.11. For each p,q € N we have opr.a(L)N{z € C : |z] > \7P} = {1}.
Proof. Suppose that Lh = ph, |u| > A7P. Then
pOuh = 0y Lh = X" LI, h.

Thus d,h € BP~14 is an eigenvector of £ with eigenvalue Au. Doing it p time we
have that 92h € B%9 is an eigenvector with eigenvalue APu, but [A\Pu| > 1 while
the spectral radius of £ is bounded by one, hence it must be O°h = 0. But then
Lemma 4.8 implies that 92~ 1h is constant. Integrating we see that the constant is
zero. Iterating this argument p times we have h = const, but then p = 1. (I

5. UNIFORMLY HYPERBOLIC MAPS AND BANACH SPACES

In this section we build on what we have learned in the previous sections to treat
the general non-linear case in which expanding and contracting directions are both
present simultaneously but there is no neutral direction.

The goal is to develop Banach spaces on which the transfer operator has nice
properties. This can be done in various way [9, 37, 38, 6, 7, 36], here we will describe
the so called geometrical approach which generalises the construction detailed in
Section 4.4. Alternative approaches are the Sobolev space approach and the (similar)
semiclassical approach, which generalise the norms detailed in Section 4.3. The
description below is intend as an introduction, see [37, 38] for more details and [2]
for a much more in depth discussion of all the different functional spaces.

In the geometrical approach one would like to divide the stable and unstable
direction in such a way that one can integrate along the stable direction, similarly
to what we have done in Section 4.4. The simplest possible generalisation would
be to integrate on pieces of stable manifold (as in Section 4.4). This is possible (it
was indeed the case in the first successful attempts to construct such spaces [9])
but it has the draw back that the Banach space depends badly on the map. Such a
feature is very inconvenient if one wants to study an open set of maps, a necessity
when investigating the dependence of the SRB measure from some parameter or
in the study of random maps. The construction described in the following avoids
such a problem, at the price of some extra work.
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5.1. Anosov maps.
Let us define more precisely the class of maps we want to study: C” Anosov maps,
r > 2. A diffeomorphism f € Diff"(M, M),>” where M is a d-dimensional com-
pact Riemannian manifold, is called an Anosov map if there exist two uniformly
transversal close continuous cones fields C*(z), C*(xz) C T,,M and X > 1 such that
d, fC"(x) C int C(f(z)) U{0}, do f1C%(x) C int C*(f~1(z)) U {0} and

[defoll > Allv]| Vv e C*(x)

5.1
(5.1) ||dzf*111\| > Av|| Vv e C%(x).

Note that in higher dimensions cones can have a variety of shapes.”® We ask
that for each v € C*(x) there exists a d* dimensional subspace E of T,, M such that
v € E C C"(x), and for each v € C*(x) there exists a d° dimensional subspace E
of T, M such that v € E C C*(z).*

It is well known that the above cone invariant and contracting properties are
equivalent to the existence of two invariant distributions [29]. More precisely:
at each point * € M there exists two transversal subspaces E*(z) C C*(z) and
E*(z) C C*(z) such that DfE%/3(z) = E*/*(f(x)) and, in addition, E*/*(z) vary
in an Holder continuous way with respect to x.

It is possible to choose an atlas {U;}; so that for each U; there exists a special
point z; € U;, call it the centroid, such that D, ,¢;E*(x;) = {(£,0) : ¢ € R}
and D,,¢;E*(z;) = {(0,n) : n € R}, Also, without loss of generality, we can
assume that ¢;(z;) = 0 and ¢;(U;) = By, (0,r;) x Bg,(0,7;) where, for all d’ € N
and z € RY, By(z,r) = {z € RY : |z —z| < r}. Clearly, there exists § > 0
such that M = U;¢; (B, (0,7, — 28) x By, (0,7; — 26)) =: U;U;. In other words,
a small shrinking {(ﬁl, #i)}, of the charts still forms an atlas. Finally, we can
always arrange so that (5.1) holds with respect to the euclidean norm in the charts
for vectors in {(0,7) : n € R%} and {(£,0) : n € R%}, respectively.®

By the continuity of the distributions and the contraction of the cones it follows
that, provided the r; are chosen small enough, the constant cones C: = {(£,n) €
RY : [gll < JIg)} and C¥ = {(€,m) € RY : |i¢]| < ]}, ave invariant. That is,
when the composition makes sense,

D¢;DfD¢; *C* C int C* N {0}
D¢;Df D¢ C: C int C5 N {0}.

Remark 5.1. Maps for which there exists cones C’f/s that satisfy (5.2) and the
equivalent of (5.1), with respect to the Euclidean norm in the charts, are called cone
hyperbolic. Note that if the map is smooth we just argued that cone hyperbolic is
equivalent to Anosov. Yet, the notion of cone hyperbolicity applies more generally,
for example to piecewise smooth maps [1].

(5.2)

Remark 5.2. Note that if f is cone hyperbolic, then there exists a neighbourhood
U C C' such that each f € U is cone hyperbolic with respect to the same cones.>*

27 1 fact endomorphisms can be treated in the same way, but let us keep things simple.

28 A cone is a subset C of a real vector space such that if v € C, then Av € C for each \ € R.

29 The sophisticated reader will recognise that it might be more elegant to defined the cones
as subsets of the Grassmannian.

30 For example one can use the exponential map at x; composed with a linear coordinate
change to define the chart.

31 1t follows from a standard compactness argument.
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5.1.1. Transfer Operator.
Let us compute the Transfer operator. A change of variable yields®?

/ h-pof :/ ho f~ldet Df|™ o f~ L.
M M

It is then natural to define, for each h € C°, the transfer operator
(5.3) Lh(x) = (h|det Df|™Y) o f~1(x).

The reader can easily check that

L™ = (h|det Df™|~Y) o f7™.

Joren= [ o= [ wever= [ a,

L is a contraction in the L' norm, hence we would like to define, as in the previous
section, a norm for which the spectral radius is one and the essential spectral radius
is strictly smaller. In other words, we would like a Banach space on which £ has
spectral radius one and it is quasi-compact.

Since

5.2. A set of almost stable manifolds. By the general theory of hyperbolic sys-
tems, [29], it follows also a less local statement: there exists two invariant foliations,
the stable and unstable foliations. More precisely, at each point x € M there exists
two local C"-manifold W*(z), W"(z), of fixed size, such that W*(x)NW*"(z) = {«}
and, for each y € W*/*(z), E*/*(y) is the tangent space to W*/*(z) at y. The in-
variance means that fWW*(z) D W¥(f(z)) and fW*(x) C W*(f(z)).

Clearly the above foliations yield a natural candidate for the direction on which
to integrate and indeed this was the original approach in [9]. However, as already
mentioned, such a choice has at least two drawbacks: first, although the manifolds
are as regular as the map, the foliation is, in general, only Holder [29]. Second, if
one would like to have a Banach space in which to analyse not just one map but
an open set of maps, then it is necessary to integrate on manifolds that are fairly
independent from the map. Both problems have been solved in [37], the idea being
to introduce an “invariant” set of manifolds rather than an invariant distribution
(in some sense, the equivalent of an invariant cone, see Remark 5.2).

To make precise the above idea it is more transparent to work in charts. Let,
0 > 0 be small enough and define

Y= {G € C"(R%,R%™) : ||Gllco < 74; ||DGE < 1},

where || - || is equivalent to the || - ||¢r-1 norm and will be defined in Lemma 5.5.
Given G € X7 we have (y,G(y)) € Bq,(0,7;) X Bq, (0,r;) for all y € Bq,(0,r;),
thus the manifolds

(5.4) Wize={0;" (0, GW)}yepa. =) ; Wi o= {07 (v, GW)) }yeBa, (2,26)

32 Unless differently stated the integrals are always meant with respect to the volume form
associated to the metric.
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are well defined ds dimensional C" sub-manifold of M for any i € {1,..., N},
z € By (0,7; —20) and G € £7. We finally define the announced set of manifolds:

(5.5) = U U Wi-c.

=1 z€Bg,(0,r;—28) GEX]

Given W =W, , ¢ € " we will call W= WLZ,G its enlargement.
The above set of manifolds will play the role of the invariant foliation (but it is
much more flexible) as is illustrated by the next Lemma.

Lemma 5.3. For each Anosov map f € Diff" (M) there exist norms || - ||cr and
| - I3, constants 6 > 0 and n € N such that for all W € X" and n > n there exist
m € N and a collection {W;}™, C X" such that,**

7w | Jwi i w).
i=1
Moreover, there exists a constant Cs > 0, depending only on 4, and a partition
of unity of f~"W, subordinated to {W;}7, U {f~"W \ f—"W}, with C" norm
bounded by Cs. That is, a set {¢;} of functions, from f~"W to [0,1], such that
supp @; C Wi, sup; ||@;llerow, ») < Cs, and 3", p(x) =1 for each x € f~"W.

Proof. Since we will need to control high derivatives it is convenient to use the fact
that, for each finite dimensional Banach algebra A, C*(R?, A) is a Banach Algebra
as well, provided we choose the right weighted norm. For example

gllco = sup [lg(z)]]

(5 6) zER4
llgller+ = sup |0z, 9
K2

lex + allgllcx

for a > 2 will do. Note that this implie534

k
B\ o .
(5.7) lalles =3 (j)ak 7 sup 0o

=0 la|=3

From now on we use such a norm with an a that will be chosen shortly.

Let W € ¥" and n € N large enough, then f~"W will be a larger manifold and
the distance between the boundaries 9f "W and df "W will be (in charts) larger
than 2§ due to the backward expansion in the stable cone. First of all note that,
for each point © € f~"W there exists j, € {1,... N}, 2z, € Bq,(0,r;, —26) and
% € C’"(R@,Rdi){7 with o = ¢j_11(z$,G$(zw)) and ||Gylleo < 75, — 26, such that
Wi, 2o C f7"W. Then {W;
of f7"W in f’”w. Accordingly, we can extract a finite covering {Wj}m, =
{ijkvzwkawk} of f~»W by compactness. The existence of a partition of unity

with the wanted properties and subordinated to the covering is a standards fact,
see [27, Theorem 1.4.10].

wp 220y .Gy} COVers the closure of a § neighbourhood

33 With a bit more work one can prove it for each 7 € N, but let us keep it simple.
34 Here I use the usual PDE notation in which a = (i1, - - - , i) is a multiindex, |a| = k, and
0“ =0, 0,
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To conclude it remains to show that G, € X7 . Note that, by hypotheses,
Tk

—n - Avd B —i,j
Dy(2)0iDaf ™" Dy, ()i L= (O”Eg D”Ei%) =: " (z)

where, by construction, if f™(z;) = x;, then

-y AV 0
(5.8) M (xi) = < 0 Diﬂ')
with |[(A2))~1| < A" and || DY|| < A", Thus, by continuity, for each y > 0 we

can write
g =200 4 AB

where 227 is a constant matrix with the same properties of 2% (x;) in (5.8) and

(5.9) A ]| < 7,

provided the r; > 2§ have been chosen small enough.

If Wiem C fT"Wi.q, then setting F(z) = ¢j 0 f~" o ¢; ' we have that there
exists o € C"(D, B4, (0,7;)), D C Bg,(0,r;), such that
(5.10) Fz, G(z)) = (a(z), H(a(z))).
Hence, for each & € R%,

—ij A3 B
(Dag. DH saDag) = =4(¢.068) = (A1) 1)) (6.0G¢)
which implies
Da = A% + B" DG
(5.11) DH = {(C" + D" DG)(A" + B*'DG)"'} oo™
= {(C" + DY DG)(1 + (A)"'BY DG) (A™) T} oa™

To estimate the higher order derivatives it is convenient to consider =2/ (and its

block constituents) as an operator mapping a vector filed in the chart i to a vector
field in the chart j. The norm of such an operator is naturally defined to be®®

12l = sup |[Evcr
lvfler <1

To estimate such a norm it is helpful the following results.
Sub-lemma 5.4. For each r € N and = € C"(RY, GL(R?, R?))
(5.12) sup a” 1020 < |IE]IE < € (r)? sup a”1|0°E]| .

lo<r lo|<r

35 Note that, by definition, ||AB||* < ||A|* | B]|.
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Proof. Remembering (5.7) we have

ol =3 (7)o  sup 0 ()] < Z( Jot ()il

k=0 la|+|8|=k
rk 1Al k—[B8|= &)
< 0 Ell o ||0”v
WZMZW (1) T 121t
oo \r _
< 3 I e ol
|a]=0

<e (7‘) sup a_‘o‘|||8a5||oo\|v||cv~.

o <r
That is
=1 < e (r)? sup a™1*[9°E o
laf<r
On the other hand, if we restrict to v that are constant vector fields with ||v|| =1

we have, for each |a] <r,
r
=12 a (1) sup 1020l > a0
@]/ jol=1
O
From Sub-Lemma 5.4 and equation (5.9) it follows that, by choosing a large
enough (depending on « and 72),
1A% <y,

Accordingly, for each constant C, 4 > 1, choosing v small enough and n large
enough, we obtain

l l 1
sp |87 + 1 < g
(5.13) sup | (4"9) 1t < 2
7 QCr,d
sup [ D ]; <
i r 20

From the above and equation (5.11) it follows

I(Da) =7 = | + (A™) "' B DG)~H(A™) 7}

(5.14) 1 -1 1 2

< AW)TIBHI D

<56 Zn &7 < 5o
Note that, by similar arguments, we can prove

2

5.15 Da)H)71Ir <
(515) (D))~ < 55—

where A is the transpose of the matrix A.
Unfortunately, to estimate (5.11) we need to control the norm of Zo a~! rather
than simply the norm of =. To this end we need another technical Lemma.
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Sub-lemma 5.5. For each k € N and C* function g, we have

lgoaler < lgllcx.
Moreover
[Eoa™!|i < CHIE|L

Proof. By equations (5.6) the Lemma is true for £k = 0, moreover we can write
lg oo lexs = sup 19z (g 0 @™ Hller +allg o @™ e
We can thus argue by induction and, remembering (5.15), conclude
lgoa™ ks < sup || [(92,9)[(Da)™j.i] 0 @™ Hler + allgllex
< (D))~ Vgllex + allglle
1((Da)) %IV gller + allgllex

IN

IA

2d
sup ||(0y., a <
st P 102, 0)er -+ allgler < lglleser

provided we have chosen C, 4 large enough.
To conclude, recalling (5.6), (5.7) and Lemma 5.4

[E0a™; <er(r)? sup a”[[0%(E 0 a™) e < € (r)? sup a2 0 a i
al<r la|<r
|
<e"(r1)? sup a 12| < €7 (r1)? sup <a|) sup a1 9°2] o
la|<r la|<r j=0 J Bl=j
< 2" (r)?|E)}-
O
Applying Sub-Lemma 5.5 to formula (5.11) and recalling (5.13), (5.14) yields
IDH|; < [ {(C™ + D™ DG)(1 + (A7) "' B* DG) 1 (A™) ' oa |y
< C|(C™ + D" DG)(L + (A7) 'B* DG) ™ (AW) 7|z
2C,
S
6C; ,

provided, again, we have chosen C, 4 large enough. This concludes the Lemma. [

2
(1+IDG) < 5 <1,

Remark 5.6. Note that, given fo € C" and norms || - |lcr, || - || for which Lemma
5.3 holds, there exists a neighbourhood U C C" of fo such that Lemma 5.3 holds,
with the same norms, for each f € U. This is the equivalent of Remark 5.2.

5.3. High regularity norms. If W =W, , ¢ € X7 and ¢ € C}(W,C), we define
loler = llood;to Gller (Bq, (2,6),0)

where, again, G(z) = (z, G(x)). We are finally ready to define the relevant norms.
For each p €N, ¢ € Ry and h € C" (M, C) let*°

(5.16) Illpg = sup sup B sup /WW%
|a|<p WeEr QDECng‘al(Wyc) w
[elog+ial <1

36 Since, by definition, W belongs to one chart we can define 0z ;h := (0z; (ho ¢>;1)) 0 ;.
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where, for W =W, ., ¢ € ¥7 and g € C°(W, C) we define

/ g= / g0 67 (2, G(x))dz,
w Bds(z,zi)

and b will be chosen later. BP9 is the closure of C"(M, C) with respect to || - ||p.q4-

The above norms have been introduced in [37] and are the generalisation of the
norms (4.8). They allow to prove that the transfer operator is quasi compact with
essential spectral radius smaller than A™in{#.a},

Here, to simplify the presentation, we discuss only the case p < 1 < ¢ and we
do not attempt to obtain sharp bounds. We refer to [37] for the general case and
more precise estimates. As done in the previous section we aim at using Hennion’s
Theorem, to this end we need a Lasota-Yorke type inequality and a compactness
result.”

Lemma 5.7. For each ¢ € (0,7 —2), p € {0,1} and v € (A~ ™14} 1) there ewists
C, B > 0 such that, for all h € C"(M,C) and n € N,

||‘Cnh||0,q < CHhHO,q
L7 hllp.g < CV™[[hllpq + Bllhl

Proof. By a change of variables we have

/ E”hgo:/ h|det Df™|Jw f" - o f"
w f-nw

0,g+1-

where Jy f™ is the Jacobian of the change of variables.”® We can then use Lemma
5.3 to write

m

foem <X

j=1

[ nlde D s e e,

J

m
< lhllog Y |1 det DI 7 Tw ™ 0.0 £ 05 g gy
j=1
where Wj = ij,zj,Gj~
Remembering Sub-Lemma 5.5 and equation (5.10) we can write

n|—1 n n n|—1 n
Hdeth | JWf 'QOOf §0j|cg(Wj) < Cé ||deth | |cq(Wj)"JWf |Cq(Wj) |<p|Cg(Wj)'
To estimate the above integral we need a technical distortion Lemma.

Sub-Lemma 5.8 ([37, Lemma 6.2]). There exists Cs > 0 such that, for eachn € N
and g < r —1, holds true

m
-1

Z H det Df"| ’C«(Wj) ) |Jan|cq(Wj) < Cs.

i=1
Remark 5.9. I refer to [37, Lemma 6.2] for the proof, however let me give some
intuition about this estimate. If A\, A7 are, roughly, the expansion and contraction
in the unstable and stable directions, respectively, then |det Df"|=™1 ~ A\ A"
while Jw f* ~ A7. Hence the summands are roughly equal to \;;™. However, if

37 From now on we consider § fixed once an for all, hence we will often not mention the fact
that several constants depend on §.

38 Note that we are changing variables on a submanifold, hence the Jacobian differs from
| det D f™| which corresponds to a change of variables on the full manifold.
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we consider a thickening of size A", in the unstable directions, of each W; then it
corresponds to the image of a thickening of size one of W under f~". Since the
map 1s a diffeomorphism, this implies that all such regions are disjoint, thus their
total volume (essentially Zj ;8% ) is uniformly bounded by the total volume of
M, hence the Lemma. The above argument is essentially correct, a part for some
standard distortion estimates.

Hence we have the first inequality in the statement of the Lemma.:>"

(5.17) 1£7"Rllo.q < Clihllo.q-

To prove the second inequality we first consider the case p = 0. We can write*’

/ Lhp = /~ Lhp = /N Lhpe + /N L7h(p — @e).
w w w w

where |¢e — @lea-1 < gl@|ca, |¢ — @elea < Oy and |pc|earr < Cye™t. Tt follows™!

(¢ = we) o f"ea < (0% — 0%c) o [+ (Duf")|co + Ctl(p — pe) © f]ca—
< Cg max{e, \71"}.
Arguing as before, and choosing ¢ = A™9", the above considerations yield
(5.18) 1£7Rllo.g < CA™ " |hllo.q + CullPllo.g+1-
To continue we must compute
(O (L7h 0§77 1)) 0 i ().

To this end we must exchange the order of 0., and L". Unfortunately, doing so will
produce a multiplicative factor larger than one due to the contracting directions.
A natural idea to overcome this problem is to decompose the vector fields 0,, into
a vector field along the manifold W, that can then be integrated by part without
the need of commuting it with £", and a vector field in the unstable direction that,
upon exchanging the order of 9,, and £" will produce a contracting multiplicative
factor. The obstacle to this strategy is that the unstable vector field is, in general,
only Holder, and hence a vector field along the unstable direction cannot have the
required regularity.

To deal with this last problem we will use an approximation instead of the real
unstable direction. Indeed, what is really necessary is that the vector field contracts,
while being pushed backward, only for a time n. If E = {(0,1) € R% x R%}, then

(5.19) En(@) = Dy o p-nogy () (S, 0 [ 0 ¢; ) E = {(Un()n, 1)} peza.

is an C" approximation of the unstable direction with the required property.

Sub-lemma 5.10 ([37, Appendix A]). Given the decomposition (5.19), we have
[Un 0 dio f 0 byt 0 Gjller(my, (=;.0).e) < Cip-

39 Recall that § has been fixed and its choice depends only on f and M, hence we will no
longer keep track of the dependence of the constants from §. Also we will use, as before, Cx to
designate a generic constant depending only on f and M.

40 £ g given a mollifier j. having support £ < §/2, define @, = Jjelx—y)po ¢>i_1 o G(y)dy
and e (2) = @e 0w o ¢;(z), where 7(xs, xy) = Ts.

41 We use Oz f™ to mean Oz (¢p; o f™ o qﬁkj 0 G;). Which is nothing else that the contraction of

the dynamics in the stable direction.



38 CARLANGELO LIVERANI

Remark 5.11. The Lemma is technical and the proof is rather uneventful, so I
refer to [37, Appendix A] for the details. However, the reader unwilling to look at
another paper can simply carry out a proof by herself using the analogous of (5.11)
and (5.13) in the future rather than the past.

Sub-lemma 5.12. For each k € {1,...,d}, n € N and z € W € X" we can write
er = v(z) + w(z)
where v(z) € T,W, w(z) € En(¢:i(2)) and such that
lvo fPler(p-nw,ray + [wo [ |er(p—nw,re) < Cp.

Proof. Since T,W and F,(¢;(z)) are transversal (the first belong to the stable
cone while the second to the unstable one), we can uniquely decompose a vector
field along such two subspaces and the decomposed vector field will have uniformly
bounded C° norm. It remains only to check is that the decomposition has the
required regularity. Since W is a regular manifold, the issue is reduced to analysing
E,(¢:(2)). The result follows then from Lemma 5.10. Indeed, the computation
boils down to compute the norms of (1 — DGU,,)" ' o ¢; 0 f* and (1 — U,DG) 1o

¢io f. These are uniformly bounded in C°, since ||U,| o0 || PG|l < 1 (provided we
have chosen the r; small enough), and the C¥ norm can be computed by induction

recalling the definition (5.6). O
Accordingly, for each k € {1,...,d},
(5.20) / 00, L™h :/ o{w, VL h) + p(v, VL"R).
w w

By construction and Lemma 5.12 there exists @, ||7I]HCHQ(R4’R%) < Cy, such that
(pw) 0 ¢, 0 G = Dg; ' DGw. Hence

7

/<w,v>c”h:/ (Dé; DG, [VL"h] 0 ¢ H(G(z)))dx
w Bd (Z,(S)
:/ (@, % [(£"h) 0 671 0 G])da
Bga,(z,0)

_ / (divd) [£7h] o 67} (G(x))da
Ba,(z,0)

= / pL"h
w

where ¢ = [div] o 7o ¢;, m(z,y) = . Since |@|ca < Cyx by (5.17) it follows

/W<w, V)L h

To conclude we must analyse the second term on the right hand side of equation
(5.20). Recalling (5.3) we can write

/ (v, VLY = / (0, [(h]det DF"[~) o £])
w

w

(5.21) b < Cybllhllo,q < Cybllhll1,q-

- /W (DS, [V(h] det DF"|71)] o f~)

- / (v, L"Vh) + / BLh,
w w
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where o = @D f~"v and ¢ = o(Df~"v, [V(]det Df"|~1)] o f7").

By construction we have ||7]lc < CxA™", and the usual distortion estimated
yield [|9]jci+e < CxA™™. We can then use (5.17) and the obvious inequality
bl|0z, hllo,g+1 < [|h][1,4 to write

(5.22) b \ / @(v,Vﬁ”M‘ < CpA g + Cubl[hllgs.
w

Collecting equations (5.18), (5.20), (5.21) and (5.22) yields
1£7 01 < Coomax{A=0,0Y" AT [Al|1q + (b+1)Cl |

0,q+1;

for some constant C,. We are almost done, the only remaining source of unhappi-
ness is that the constant in front of the weak norm seems to depend on n, also we
have still to choose b.

Let us first choose the smallest 7 such that at C, A~ ™in{e1} < 7 Then we
choose

b=1v"C L.

At last, for each n € N we write n = ki +m, m < 7i, and

1€ Bllq < VP17 Rl + 2R E7 Rl g1 < V€7

1.q T Cllhllo.g+1

k—1
<L hlg + Cp Y M hfloger < Cpr"[Rllg + Cllhlloger-
§=0
This concludes the Lemma. O

Remark 5.13. Note that the Lasota- Yorke inequality is proven in Lemma 5.7 only
for h € C". However by density it follows immediately that it holds for all h € BP9

The last ingredient of the argument is the compactness of L.
Lemma 5.14. For each ¢ > ¢’ > 0 the operator L : B4 — B4 s compact.

Proof. The proof proceeds along the same lines as Lemma 4.9 and is left to the
reader as a useful exercise. O

Lemmata 5.7 and 5.14, together with Theorem 2.1, imply that £ has spectral
radius one and essential spectral radius bounded by v.

5.4. Low regularity norms. Here we consider norms adapted to maps with min-
imal regularity. Such norms are inspired to [14] (of which they constitute a simpli-
fication) where they have been developed to treat maps with singularities. Subse-
quently they have been modified to study the statistical properties of billiards in
[15, 16, 17, 3]. However, such norms turn out to be useful also in treating C'*©
maps, with a € (0,1).

The problem in handling the f € C'*®, o € (0,1), comes from the fact that
p € N, thus the minimal, non trivial, allowed p is 1 while the arguments of the
previous section need, at least, that p < a. To overcome this limitation one must
introduce the equivalent of a Holder or Sobolev norm in the unstable direction. This
can be done in many ways, the one proposed in [14] being the most geometrical.

The basic idea is that any distribution A that can be integrated along a stable
curve naturally gives rise to a function

U(h): Qq ={(W,9) + W e pllcsmwe) <13 = C
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defined as
U (h)(W, ) :=/ hep.
w

Thus it suffices to define a distance on 2, and impose and Hélder regularity on
U (h) with respect to such a distance. As we find convenient to work in charts we
will define a distance in each ;4 = {(W,¢) : W € 1+, [|gllcaqw,cy < 1} Note
that the sets €); 4 are not disjoint, yet we will consider their disjoint union, so an
object with two different representations will be treated as two different objects.
Then, for each (W; ..c,¢), (Wi o, ¢') € ;4 we define
d(Wiza ), Wizan¢')) =z =2 +[|GoT. — G oTullcos,, (0,26))
tlpod; oGor, —¢ 0d; ! oG oTllcip,. (0.6))
where 7,(z) = 2 + z and G(z) = (z,G(z)). The reader can easily check that the
above is a semi-metric in ; ;. Indeed, two curves with the same centre that differ
only outside a ball of radius 20 have zero distance. This is reasonable as the value
of G outside such a ball is totally irrelevant and we defined G on all the space
just for convenience, while the introduction of enlarged manifolds was simply a
device to avoid invoking some fancy extension theorem to enlarge our manifolds
when needed. Thus, it is natural to consider the equivalence classes with respect
to the equivalence relation W ~ W' iff d(W,W’') = 0. In the following we will do
so without further mention. We have thus defined a metric and we can now define,
for each p < ¢ < @, and a > 0, to be chosen later,

(5.23)

UW he = fw h50/|
[Allp,q = allhllo,g—p + sup sup )
pq TP W wehear A(Wp), (W, ¢h))P
d(W,p),(W',¢")<6/4

Once the norms are defined we can again close the C**1! functions with respect to
the norms | - ||o,q and || - ||,4 to obtain the spaces B%? and BP9, respectively. Next,
we need to prove the Lasota-Yorke inequalities.

Lemma 5.15. For each 1 > a > ¢ > p > 0 and v € (\~™P9=P} 1) there exist
C, B > 0 such that, for all h € C*T*(M, C),

1£"hllo,g < CllAlo,q
1£%hllp,q < CV™ R

pq + Bllh

0,q-
Proof. The first inequality has been proven in Lemma 5.7. In addition, by (5.18),**
(5.24) 1£"hll0q—p < CeA™ P [hllo,g—p + Cullhllo.g-

For the second, let (W, @) = (Wi ..c, ), W', ¢') = (W, 2r.cr, ') € QF and recall
from the beginning of the proof of Lemma 5.7 that

n _ n|—1 ".po fhp..

/W Lhe=Y /W B det D"~V £ 0o fe,
Let ijvzjygj = ¢1;1({Gj($)}reBds(zj,6/2)) be the restriction of Wy, ., ¢,. Since
the construction of the decomposition holds for any choice of §, we can arrange so
that supp¢; C /Wszjgj and that Uj/V[?kthgj D f_"W. Let G;- be the function
describing the part of the graph of f~"W" in the chart Uy, which is Cud(W, W )A™"

42 Since 1Rllo,qr < llhllo,q for all ¢” < ¢ and g —p+1>q.
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close to Wi, >, ;- Then {Wy, ., ¢/} is a covering of f™"W’. Next we define

¥ ijyzj-,G; = Wh; 2.6, as

$i(C) = ¢y, 0 Gjomo ¢y, (€),

where 7(z,y) = z. Setting ¢, = ¢, 0 9; we have
@0 ¢,:j1 0oGj(x) =, 0 QS];Jl o G;(x).

IfIe ={j : ¢;0f7"(C) > 0}, then, by definition, } ;) ;o f"(¢) = 1. For
all j, ' € T(¢), we have d(;(C), 6y (€)) < CyA=d(W, W) Accordingly,

(5.25) D=1 < CypdW, W)
J ct
Next we set
Zj = | 1det D" Iw [ leaqwy s Z5 = | |det D™ T f™ |eaqwry
v = Z; et DY L 75 A = (Z))7 et Dy £
pj=pof; @i=¢ of"
@j = o [ oty
By the usual distortion arguments if follows that
(5.26) | Z3; — Zjvj o bjlea-r < Cpd(W,W')PZ;.
In addition,
@jo ¢1;1 o Gj(z) —@jo (b,;l 0 Gj(x) = ¢jo d)’;l 0 Gj(x) — ;o gb,;l o G,(x)
hence, recalling Sub-Lemma 5.5 and definition (5.23),
(5.27) 16— Bilers < Cud((W,0), (W', ).
Then, recalling (5.25) and Sub-Lemma 5.8,

£rhg' — 3 /W Bl det D™~V £ -l o gl < Collong—pd (W, W7).
j=1

W, .1 qr 2 G
i,2" G k,],zJ,Gj

Moreover, by (5.26) and (5.27),

/W crhe' -3 7 /W b o5 - 23| < Clhllo.a—pd (W, ), (W', &)
j=1

el iz G
i,2/,G kJ,zJ,Gj

We can finally compute

\ [
Wi za w,

SZm:Zj /

j=1 Wi

+ Cyl[hllo.g-pd((W, @), (W', &))"

hyjpie; */ hryj 0 Y85

Il e G X ’
i,z G §%5:Gj kj’zj’cj

43 Tndeed, 3 (C) # 1/ (C) only if k; # kj/. In such a case the vertical movement in the chart &/
will correspond to a movement in a different vertical direction in the chart k; (but always inside
the unstable cone). Since the manifolds Wy, .. o, and ij z;,G are at a distance less than

125,G

CyuA~"d(W, W), it follows that the point can move horizontally by at most CyuA~"d(W, W’).
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At last notice that, recalling (5.23),
A((Wij 25,655 7505P5) Wiy 25,6575 © ¥ 9595)) < CpA™"d(W, W').
Taking the sup on the manifolds and test functions and recalling (5.24) yields
1L Bllp,q < Cx max{A™",a™ AP0}kl + Cullh]lo,g,

for some constant C, > 0. To conclude we choose 7 such that
pmin{p.a=pt > [C'* max{A™"P, )\(p_q)n} v )

and then choose a = v~"C,. The Lemma follows arguing exactly as at the end of
Lemma 5.7. ]

We leave to the reader the (simple) proof that the unit ball of BP9 is weakly
compact in B%? for each ¢ € (0,a) and p € (0,q). Hence the transfer operator is
compact as an operator from BP9 to B%%. We obtain thus the quasi compactness
also in this case. Note however that, due to the low regularity of the map, the
essential spectral radius is rather large and it cannot be shrunk by using smaller
Banach spaces since on them the Transfer Operator is not well defined.

Remark 5.16. The above discussion proves that the essential spectral radius of L
can be made arbitrarily close to \=*/2. The factor 1/2 in the exponent first appeared
in the pioneering work of Kitaev [34] and is most likely unavoidable.

5.5. A comment on the discontinuous case. Another case in which a map has
low regularity is when it is only piecewise smooth. This requires a new idea.

Up to now in the definition of the norms we used manifolds of a fixed, possibly
small, size (§) and the test function were always of compact support. If the map is
discontinuous, then f~'W will be cut by the dynamics in several pieces and hence
one cannot avoid arbitrarily small manifolds and test functions that are different
from zero at the boundary of the manifold. We are thus forced to include in the
set of allowed manifolds ¥ arbitrarily small manifolds and for W € ¥ consider
¢ € C1(W, C) rather than ¢ € C(W,C).

This implies that we cannot integrate by part (otherwise we would produce
boundary terms that we do not know how to estimate), hence we are limited to
p < 1, even if the map is very regular away from the discontinuities.

Luckily a second look at Section 5.4 shows that we never integrated by part, thus
we could have worked with C¢(W, C) as well.** However, a quick inspection to the
previous arguments shows that they do not work for arbitrarily small manifolds, as
the constants in the Lasota-Yorke inequality depend on §. It is necessary to treat
small manifolds differently.

A possible solution to this problem, first implemented in [14] and inspired by
[12], is to add to the strong norm a term of the form

sup 1 / hp
wpyeas (W@ Sy 77
for some o € (0,1). This means that the integral of h on a small manifolds is

small, but not proportional to the volume of the piece, hence h is not necessarily a
function and it can have a very wild behaviour on small scales.

44 Indeed, there was no need to restrict to functions vanishing at the boundary of the manifold.
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6. STATISTICAL PROPERTIES OF UNIFORMLY HYPERBOLIC MAPS

In section 5 we have seen how to extend the functional approach to general
Anosov maps. Yet, we did not explained what are the consequences. Here we very
briefly discuss what can be obtained by this formalism. We limit the discussion to
C” Anosov maps.

6.1. Decay of correlations and Limit Theorems. In Section 5.3 we have seen
that £ is quasi compact, hence it has only finitely many eigenvalues of modulus
one. Moreover, since L is a positive operator (it sends positive functions in positive
functions) it is possible to prove that the spectrum on the unit circle forms a group
under multiplication. In addition, the operator is power bounded and hence it
cannot have Jordan blocks, thus the geometric and algebraic multiplicity of the
peripheral spectrum are the same. Hence, since one is an eigenvalue, the dimension
of the eigenspace associated to the eigenvalue one corresponds to the number of
SRB measures. This is quite a bit of information, however the fine structure of the
spectrum is not know in general.

In particular, it is not known if Anosov maps always have a unique SRB measure.
This depends on global topological properties that are not easily read from the study
of the transfer operator. If the map has a unique SRB measure, then there is a
dichotomy: either the map is not mixing (there are other eigenvalues, besides one,
on the unit circle) or it mixes exponentially fast (one is the only eigenvalue on the
unit circle and hence the operator has a spectral gap).

Accordingly, if the system is mixing, then the rate of mixing is determined by
the eigenvalues of the point spectrum of £. In particular, if an observable belongs
to the kernel of the spectral projection of the largest eigenvalues, then it will mix
faster.

Without entering in any detail let me conclude by just pointing out that we have
now the technology to upgrade all the results of Section 2 to the case of uniformly
hyperbolic maps. In particular, we can study operators with a smooth potential
hence obtain the CLT, Local CLT and Large deviations. Also the perturbation
theory of Section 2.2 applies and we can prove stochastic and deterministic stability.
Moreover, the slightly more general perturbation theorem in [37, Section 8] implies
linear response. In addition, using weighted operators one can construct manifold
invariant measures and use the thermodynamic formalism to estimate the Hausdorff
dimension of many dynamically relevant sets. There is however an issue that we
have not discussed: if one wants to study, e.g., the measure of maximal entropy,
then one has to consider a transfer operator with a weight given by the expansion
in the stable direction. This, unfortunately, is (in general) only Holder also for very
regular maps. Of course one could study such a situation using the norms detailed
in Section 5.4, however the question remains if it is possible or not to shrink the
essential spectrum radius or one has to live with a very large essential spectral
radius also for very regular maps. The answer is that the essential spectrum can
be shrunk exactly as in Section 5.3. In order to do so it is however necessary to
consider slightly more general Banach spaces, the details can be found, e.g., in [38].
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