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Chapter 1

Foreword

“Order out of chaos is our natural striving,
and when we achieve it we treasure it.”

The mathematical experience
By P. J. Davis, R. Hersh, E. Marchisotto

In the past years, dynamical systems have attracted a lot of attentions for their
ability to melt in one framework both the properties of the spaces in which they live
in and the properties of the transformations which define their development. In this
sense, from time to time, solutions came naturally by focusing on one or another of
these two elements. I believe that this in an unavoidable and lucky characteristic of
our field; in fact most methods yields best results once a “correct couple” is found;
moreover, at the end, by studying their interaction one knows more about them even
singularly. To some extent in dynamical system we are particularly lucky since we
can retain eye-naked visible properties (such as the undefined “chaotic” structures)
and at the same time we can hide all the machinery behind the scene.

From this point of view transfer operators have many characteristics which make
their study worthwhile. They bear connections with quantum chaos and statistical
mechanics, they have a deep connection with a class of zeta functions, and their
properties, obtained through spectral theory techniques, often reflect physical be-
haviors of the system, such as decay of correlations.

I structured this thesis to reflect this viewpoint.

The main purpose of the first chapter is to introduce the reader to the relation-
ship between continuous time hyperbolic systems and zeta functions and guide it
through the scattered bibliography available today. To do so I highlighted as much
as possible recent developments as well as connection with other fields.

The next chapter contains the following original result.

Theorem. For any C" Anosov flow ¢y with r > 2 on a d-dimensional manifold of

strictly negative curvature, the zeta function Cryeie(2) is meromorphic in a region

In(\)
2

R(z) > duIn([| D1 |o0) — (r—1)



2 1. Foreword

where X is the coefficient of the Anosov splitting and d,, < d is an integer.

As a corollary, one obtains that for a C*° Anosov flow the Ruelle zeta function
is meromorphic in the entire complex plane. To prove our theorems one studies
directly the transfer operator on suitable Banach spaces of anisotropic currents and
resort to regularized traces of operators which are not of trace class.

In the last chapter I shortly introduced two research problems which I began to
investigate and will be developed during the next years.



Chapter 2

Survey: Zeta Functions and
Continuous Time Dynamics

2.1 A Continuous Time viewpoint

The idea of a survey on the relationship between continuous dynamical systems
and zeta functions arose in two different ways. First it was a necessity in the
preparation of my thesis, second, in several discussions, some colleagues complained
about the lack of an overall references on the topic. In fact this paper addresses
the questions: “What is it known about dynamical zeta function for a continuous
dynamical system? And what it is not known?” In the last twenty years there
were some advances in understanding the theory of zeta functions as invariants of
dynamical systems; while the search for a unifying framework is still not concluded,
we can now recognize few familiar patterns.

Rather then being exhaustive in every possible direction, I will try to guide the
reader, assuming is either a mathematician or a physicist from the classical results to
the most recent ones. In doing so I tried to outline, when possible, the connection
between the dynamical viewpoint and other fields such as hyperbolic geometry,
noncommutative geometry, number theory and quantum chaos. At this stage I
want to remark that while this survey is not the first one to outline the relationship
between dynamical systems and zeta functions, it is perhaps the first one to take
firmly the continuous dynamic viewpoint. In fact if the reader is interested in the
discrete case, he can read through the many excellent introductions available (for
example [6], [7] or [8]) and the references contained therein. Going back to this
survey, its viewpoint allows me to highlight precisely phenomena which cannot be
seen in the other context, since typically the dynamics in the flow direction is neither
expanding nor contracting.

The statements of the theorems includes the necessary, even if sometimes techni-
cal, conditions. For what concerns the proof, I omitted most of them, but sometimes
I included a rough outline of the papers, so that a casual reader could appreciate the
elegance of the ideas, while those who are already acquainted with the techniques

3



4 2. Survey: Zeta Functions and Continuous Time Dynamics

can use this survey as a reference to original papers. On the other side I included,
where possible, examples of how zeta functions were used to solve, with a reason-
able approximation, problems arising from semiclassical analysis. In such context
the use of dynamical zeta functions has been quite successful, since its zeroes are
directly related to underlying physical phenomena. For example, in the study of
how a wave scatters around an obstacle one wants to compute the resonances, and
this turn out to be directly related to the zeroes of dynamical zeta functions. Some
ideas, like looking at averages on phase space as sums over a reasonable set of peri-
odic orbits, are exploited in many different situations, and are recurring “leitmotiv”
in the following.

In many settings, I will show that the properties of the dynamical zeta functions
in considerations become crucial to understand the evolution of densities in the
chosen space, i.e. to understand the “chaotic evolution” of the system. The next
sections are arranged in chronological order. Also within each section I tried to
follow a chronological order, though at some point I did not respect it to show the
links between ideas. The needed definitions are introduced along the way, following
or preceding the discussion of results.

2.2 The framework and the early days

Before moving to the core matter I need to “state the obvious” and setup a bit of
notation. As said before, this survey is about continuous dynamical systems that
is, an action of R on X a compact metric space, we will denote our flows by ¢;.
The attention here is restricted to metric spaces to simplify the presentation, but
in some occasions one could relax such hypothesis. Throughout the following 7 will
be an orbit and 7, be the prime orbit associated to it. Moreover A(7) indicates the
length of a orbit, and u(7) is its multiplicity with respect to its prime orbit so that
A7) = p(1T)A(1p). We will use T to indicate the set of orbits and 7, to indicate
the set of prime orbits, v will be reserved to closed geodesics. Moreover f is used
for the Fourier transform, and C' > 0 is a running constant, in particular it could
change value even within the same sentence.

In 1956 Selberg [72] produced a cornerstone of the relationship between the
objects we are interested in. He proved that for a surface of constant negative
curvature one has the following striking theorem

Theorem 2.2.1 (Selberg [72]). Let h : C — C be a suitable test function such
that h(s) = h(—s), h(s) is holomorphic in a strip 3(s) < 3 +¢€ for e > 0 and
|h(s)| < a(1+ |s]?)717¢ for some a > 0. Then

> Area )
g (pj) / h(p) tanh(mp)pdp + Z Z 2smh )/2) (2.2.1)

YETp

where p; are the eigenvalues of the Laplacian (see Marklof [45] for a neat introduc-
tion to the trace formula). This result is achieved by first identifying v € Tp with
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certain conjugacy class in I'/H? where T is a Fuchsian group, thus the requirement
on constant curvature and the inability (so far) to generalize the theorem. The for-
mula above is the starting point to prove that (selperg is meromorphic in the entire
complex plane.

o
Cseverg = [ [ 11 (1 - e_(‘**k””)) (2.2.2)

7 k=0
In fact Selberg was able to show more: each element []p2, (1 — e_(5+’“)/\(Tp)) has

zeroes precisely at s = % + 1'1//\2—77r with m € N, v € Z and their multiplicities can be
computed exactly. Moreover he proved the following

Theorem 2.2.2 (Selberg [72]). (Seiperg can be analytically extended to an entire
function on the whole C. Moreover it satisfies the following functional equation

CSetverg(s) = Cselberg(s — 1) exp (/0

He was able to do so by following a pattern which has been fruitful later on
in many different situations. First of all he tried to study the trace of R(z) =
(A —zI)~!, where A is the Laplacian of the surface. However the test functions h,
with the properties required by the statement of the theorem, do not behave well
with respect to such trace: in fact he was forced to construct an approximated (but
regularized) resolvent which is in trace class. Note that constructing an approximate
trace or an approximate resolvent will always be a fundamental step in many of the

1
5732

u tan(wu)du)

theorems which we will encounter.

Ten years later, the properties of the dynamical zeta functions were discussed
again in the seminal paper of Smale [74] where he asked if given an isolated, compact,
hyperbolic set for a flow on a manifold M, one could find a meromorphic extension
of (selberg Once the closed geodesics are replaced by closed orbits. In such case he
found that

Theorem 2.2.3 (Smale-Narasimhan [74]). Let ¢; be a suspension of f: M — M,
where f is Anosov diffeomorphism with an associated rational Artin-Mazur zeta
function. Then Selberg Zeta (for closed orbits) is meromorphic in an half plane.

This theorem is cited here as an example of reduction from continuous time
dynamics to discrete time dynamics, then the argument relies on counting fixed
points and then using Lefschetz trace formula. This reduction is not always possible
since one has to keep in mind the Anosov alternative [3], which says that either an
Anosov flow has strong stable and strong unstable manifold everywhere dense or
the flow is a suspension of an Anosov diffeomorphism by a constant roof function.
The most studied example of Anosov flow is the geodesic flow on a surface.

In his 1970 thesis, Margulis finds the following asymptotic estimates

Theorem 2.2.4 (Margulis [44]). Given a geodesic flow on a surface of negative
curvature one has for C >0 and L > 0

CL

{TET:)\(T)<L}~€C—L.
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While Margulis did not openly state so, this implies that there is always an
half-plane of convergence. Note that he obtained up to a constant, the correct
asymptotic estimate, while Sinai [73], few years before, obtained distinct upper and
lower bound for such estimate.

At this stage we recall that an Anosov flow is a flow such that there exists a
D¢y-invariant continuous splitting TM = E°@ E*® EY, constants C' > 0 and A > 0,
such that for ¢t > 0, EY is the one-dimensional subspace tangent to the flow and

|Dos(v)|| < Clv|le M if t >0,v € E
|Dp_¢(v)|| < Clv|le™ ift >0,v € BE™

A major breakthrough in studying dynamical zeta functions was obtained by
Ruelle [65] who introduced the zeta which bears his name after choosing orbits as

characters. That is .
CRuelle - H (1 - e_S)\(Tp)) (223)

Tp
Recall that by real analytic function in a neighborhood of a point we mean that in
such neighborhood the function is infinitely many time differentiable and the Taylor
expansion of f(x) converges to f(x). Thus, a real-analytic manifold is a manifold
such that the charts are real-analytic and a real-analytic foliation is a foliation such
that the map from each leaf to R is real-analytic. Ruelle obtained the following

Theorem 2.2.5 (Ruelle [65]). Let ¢ be a real analytic Anosov flow on a real an-
alytic manifold such that the stable and unstable manifolds form real-analytic folia-
tions. Then Cryelle extends meromorphically to the whole complex plane. Moreover
is the quotient between two entire functions di, da such that |d;(z) — 1] < e~ OR(2),

Note that whenever (Ruelle and (selberg are both defined we have

elberg\S Sa
CRuelle = CS b g( ) 5 CSelberg - H CRuelle(S + k) (224)

CSelberg(S + 1) k—0

To prove his result Ruelle introduced suitable Markov partitions (on how to code an
hyperbolic flow in symbols see [13]), then he constructed dynamical determinants
which can be formally defined as

1 (N(Dr9) e_ZA(T)) (2.2.5)

di(z) = exp (— Z: w(t)  det (1 — Do)

Then he shows (here lies one big novelty) that the properties of (3.2.1) can be
deduced from those of a “transfer operator”.

Definition 2.2.6. Let g : M — R a continuous “weight” function. Let f be a
function in a suitable Banach space. Then the Ruelle transfer operator is defined
as
Ligfx)= Y W f(y)
Pi(y)==
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To understand one of the main ideas behind transfer operators, one should
consider the definition above as a “formal one”, and then struggle to find suitable
spaces on which such operator is well-behaved. The following equation is the key
of the paper, and of many of the works which followed this approach

(dim M)—1
Cruete(2) = [ di(x)Y

=0
(dim M)—1 1 tr (Al(Dhyp¢A(T))) )\(T)ne—z)\(r)

= I e (-2

i = () det (11 - Dhyp@m)
(dim M)—1

— H exp (—Trace(R(z)))
=0

+1

(2.2.6)

where R(z) is the resolvent of the operator £;,. Note here that we wrote Trace,
since, a priori, one cannot use the standard trace of a finite rank linear operator.
In fact one has some freedom at this stage, either one constructs a family of ap-
proximated resolvents R¢(z) or one can construct an approximation of the trace.
Moreover, note the presence of tr (/\I(DTd))) and of the weight det(I — D,¢). Thus,
with respect to the definition of the transfer operator above, along the calculations
one is forced to use spaces of forms and to choose a suitable weight. The spectral
properties of Ey) are obtained through Grothendieck theory of nuclear operators,
and then are translated to the dynamical determinants d;(z).

On the other hand, while many people struggled to prove meromorphic exten-
sions of such functions, Gallavotti [29] constructed a suspension flow such that (Ryelle
associated to it has an essential singularity in a negative neighborhood of the origin.
He does so by first considering symbolic dynamics, specifically a full one sided shift.
Then he constructs a suitable roof function inspired by a Fisher potential (for more
details and the droplet model see [25]) of regularity r # oco. For such system, one
can explicitly perform calculations on the associated zeta functions and find that
the constructed mixing Axiom A flow does not have a meromorphic extension to
the entire complex plane.

2.3 Middle age

The years between 1983 and 1990 were very important and produced a serious of
results about zeta functions. The techniques which became available at the time
were related to a better understanding of Markov partitions, and the analysis of the
spectrum of £; on Hoélder functions. I will go rather fast on a remarkable series of
results obtained by Parry and Pollicott in this time frame (either independently or
as joint work) since the interested reader can already find an optimal presentation
of all such results in the monograph [53], written by the authors themselves.
Nevertheless a good starting point for this section is [52], where Parry and
Pollicott show that if a subshift of finite type is weak mixing then one has a non-
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zero analytic extension to R(s) > 1 except for a simple pole at s = 1. Here they
are able to show that if one begins with a weakly mixing flows then one obtains a
prime orbit theorem, that is the number of prime orbits of length less then a given
L > 0 are asymptotically e"”/hL where h is the topological entropy. Recall that

Definition 2.3.1. Let X be a nonempty compact metric space and T a continuous
map. A set A C X is said to be (n,€)-separated, if for all z,y € A with x # y
the d(T'x,T'y) > € for some i < n. Let w(n,¢) be the maximal cardinality of a
(n, €)-separated set in X. The topological entropy is defined as

htop(T') = lim lim sup

e—=0 n—oo

log(w(n,€)) .

For a discussion on equivalent definitions of topological entropy see Bowen [11].
Note that this result is both a refinement (here the constant is exactly the topological
entropy) and a generalization of that of Margulis cited before. Moreover note that
with the result above allows one to have another equivalent definition of topological
entropy as exactly the constant which satisfies that inequality. This feature can, as
matter of fact, be exploited in the context of zeta functions to actually compute the
topological entropy.

One can also find a more precise result about spatial distribution. In fact one
finds that given a test function f, and with respect to the measure of maximal
entropy (for the definition and the relationship with topological entropy see [44]
and references therein) then we have for x — oo

ehx
MTX):@ /T fdm ~ / fdm (2.3.1)

One more example of (ruelle Which has an essential singularity around z = 0 was
given by Pollicott in [57]. He constructed a flow starting from a full two symbols
shift by choosing an opportune roof function based on

—logp ifx=1
fla) = { —logq ifz=2
For such system He computed explicitly that (gruene has poles at p* + ¢* = 1.
Following the study of the zeroes and of the poles of the zeta functions one would like
to highlight the interconnection between such entities and the correlation spectrum.
In the same year Ruelle [66] constructed a flow which is mixing but not ex-
ponentially mixing. He did so by constructing a suspension flow starting from an
Anosov diffeomorphism encoded by symbolic dynamic as usual. The key ingredient
is to choose as a roof function for the suspension two different values for the two
symbols. That, in turns, gives only a mixing property. The zeta function for such
a system is computed and its zeroes and poles satisfy the equation e*0? + e?% =1
where Ag, A1 are the values chosen for the roof function.



2.3 Middle age 9

Settled the fact that not all hyperbolic flows mix exponentially fast, that is, in
our language, that there can be a pole arbitrarily close to 0 one still aims to find
instances of such behaviour. Recall that ¢; topologically weak mixing if restricted to
a basic set A there is @ > 0 and a non-trivial function f such that f(¢:(z)) = e’ f(z).
In this sense we have the following theorems

Theorem 2.3.2 (Pollicott [58]). Given a weak-mizing Anosov flow, if Cryelie has
an analytic extension to a domain R(z) > h — e except for a pole at z = h then
p(t) = 0 exponentially fast for every Holder continuous function.

Moreover we obtain that if ¢; is topologically weak mixing then there are no
other poles on the line £(s) = 1. On the other hand if ¢; is not topologically weak
mixing then it has poles at s = 1 + iak, £ € Z and (Rruelle has a meromorphic
extension to C with periodicity s = (s + iak), for k € Z .

Here we recall that, roughly speaking, an Axiom A flow is a flow such that the
nonwandering set (¢) is hyperbolic and the periodic orbits of ¢ are dense in Q(¢).

Theorem 2.3.3 (Pollicott [59]). Let ¢y be an Aziom A flow of topological entropy
h and contraction coefficient A\. Then Cryelle 1S meromorphic on the half plane
R(s) > h — C for an explicit constant C' = C(h, ). Moreover Cryeiie has a simple
zero at s = 1 and has zeros and poles determined by a family of transfer operators.

The proof of this result follows a scheme which was well established at the time.
Pollicott showed that the spectrum of £; is quasi-compact on the space of Holder
continuous functions, then constructed a suspended flow and concluded encoding
an Axiom A through symbolic dynamics. Again in the monograph [53] all the
details are nicely included. At the same time Ruelle kept studying the poles of the
correlation function, and called the poles of the Fourier transform resonances. To
make it clearer we have to give some definition. Given C*! flow we can define the
correlation function for two observables f, g in some reasonable class as

pla) = [ Fentaat@)d( (232

Then one can define its Fourier Transform to be

+oo |
Aw) = / (1) dt (2.3.3)
—0o0
He showed in [67] that p is meromorphic in a strip |[Sw| < 6. The poles of
are called resonances and their residues can be understood as some special Gibbs
distribution. From now on we will talk about mixing properties in the following
sense. If pi(z) — 0 for t — oo we say that the flow is mixing. on the other hand if
for a € (0,1) exists C,, > 0 and 0, > 0 such that |pi(x)| < || fllallgllae " we say
that the flow is exponentially mixing (again, coherently with the definition of the
transfer operator one has to find some reasonable norm || - || ).
In 1986 Fried published two papers. He relaxed a little the requirement on
analyticity and obtained the following theorem.
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Theorem 2.3.4 (Fried [27]). Let ¢, be a real analytic Anosov flow on a real analytic
manifold such that the unstable manifolds form a real-analytic foliation. Then (ryelle
extends meromorphically to the whole complex plane.

This result was used in the same year to connect geodesic flows and torsion. He
shows ([26]) that the value of (Ruene(0) is equivalent to the value of torsion (either
Reidemeister or Ray-Singer, since they are known to be equivalent) for a closed
oriented hyperbolic manifold.

In the same year Tangerman [80] showed by using heat kernel that if one begins
with o0 : M — M a continuous expanding map and construct an opportune semiflow
with cross-section M and return time r(x) , one finds that

Theorem 2.3.5. If (M,o,r) are of class C* with a k large with respect to the
dimension of M then Cryeile @S meromorphic in

k/3d
D(Crpuette) = {sref’<s> <9 }

~ dego
where \ is the expansion coefficient of o and P is the pressure.

Note that the requirement on regularity steams from the fact that the foliations
must be C*. Tangerman also uses Ruelle’s approach through forms by constructing
suitable exteriors operators and shows that these operator, once normalized, can be
recollected through a product formula.

In [60] Pollicott improves his previous results, here Theorem 2.3.3, and shows
that the extension is analytical and not just meromorphic in the same region, i.e.
R(z) > h — . This is obtained by showing that £; does not allow a sequence of
poles which accumulates near the eigenvalue one but distinct of one.

In the case of expanding maps, which trivially extends to expanding semi-flows,
in [68] Ruelle improved Tangerman estimates by introducing functions close in spirit
to Fredholm determinant (but with finite radius of convergence). With this ap-
proach Ruelle shows that if one starts with f,r € C*®1 where f : M — M is an
expanding map and r : M — R* then one can construct a semiflow by obviously
suspending f with respect to r. Ruelle’s result says that zeta function associ-
ated to the semiflow admits a meromorphic extension to the half-plane R(s) > n
where 7 is smaller than the topological entropy and is the unique number such that
P(f,—n-r) = log 8~ %) where P is the topological pressure and 6 is the expansion
coefficient. In the same year, it was shown by Baladi [5] that the results of Ruelle
are optimal in the expanding case.

While some authors focused on the relationship between (Rryecne and the phys-
ical properties of the system, some other tried to understand better its algebraic
structure.

Sarnak [71] and Voros [83] in two independent papers, showed that how one can
decompose the (gelberg into a product formula over its zeroes, as it is usually done

1C*) being the class of function k-times differentiable such that the k-th derivative has Holder
exponent a.
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in number theory with the Hadamard product for the (Riemann, provided that we
consider the spectrum of the Laplacian on a surface of constant negative curvature.
In the development of such formulas the main ingredients are the realization of
a functional determinant, which encodes the spectrum of the Laplacian, and the
employment of Barnes double gamma function.

These results add to the expected properties of (gelberg, and one might argue that
the study of the regularity of the factors of (seiperg might be easier. Moreover they
might provide insight in how to generalize a Selberg trace in the case of non-constant
curvature.

In the next year Pollicott, following Parry, slightly modified the definition of
CRuelle and studied the properties of

H 1— 73)\“

TET

where one replaces the least period with the expansion along the unstable manifold
around the flow. He obtains that

Theorem 2.3.6 (Pollicott [61]). Let ¢ : A — A be a smooth Aziom A flow re-
stricted to an attractor A, for which the unstable bundle is one-dimensional; then
the zeta function above has a meromorphic extension to the entire complex plane.

One finds an interesting application of zeta functions in a joint paper by Katok,
Knieper, Pollicott and Weiss ([40]). There (ryelle it is used to show that if one has
a real analytic Anosov flow and a real analytic perturbation of it, then also the
topological entropy varies in a real analytic sense. This is achieved by carefully
studying the dependence of the poles of (ruelle under the action of an external
parameter. Next we need to recall the following deﬁnitions On a real analytic
manifold for a real analytic Anosov flow let E%(z) = lim;_,o 1 + log Jac( D¢y E},;) be
the expansion coefficient. Let p be the SRB measure i.e. the unique ¢;-invariant
probability measure p such that there is a set of positive Lebesgue measure such
that for every continuous observable 1) one has

(see [88] for an introduction to SRB measures and reference therein). Then h(¢, u) =
J E*(z)dp(z) is the metric entropy. In this setup, Pollicott showed in [62] following
the same scheme of studying dependence from an external parameter, that the
metric entropy varies in a real analytic manner.

On a different direction, Mayer develops further the algebraic side of the prob-
lem, in particular we find that given the Gauss map G(z) = z~' mod 1 on the
unit interval and the geodesic flow of a modular surface i.e. the surface of constant
negative curvature constructed from a modular group one has the following striking
theorem
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Theorem 2.3.7 (Mayer [47]). (seperg for the geodesic flow related to the modular
group PSL(2,7) can be written as (seperg(z) = det(1 — L,)det(1 4 L.) with L, the
transfer operator of the Gauss map. Moreover (seiperg @5 meromorphic in the entire
complex plane with (possibly removable) singularities at the points z, = (1 — k)/2,

for k € N.

The importance of studying generalization of zeta functions, such as L-functions
it’s clear in the paper of Katsuda and Sunada [41]. In fact, one construct a dynamical
L-function associated to a unitary character x : Hi(X,Z) — U(1) as

L(s.x) = [T (1 - x(mple ) (2.3.4)

Tp

Given this definition, which ties the orbits to be in a specific homology class, Kat-
suda and Sunada prove an equidistribution theorem on orbits, as one is used to see
with primes, by carefully studying the location of poles. First they study the poles
located near the real axis by the means of perturbation theory, then they study the
location of zeroes or poles on and near the line of topological entropy. In this way
they can estimate the number of orbits in an homology class.

Zeta functions, as said before have also been investigated in other context. One
situations where they have proven to be quite successful is in the study of energy
levels of billiards. The eigenenergies of such systems are often calculated through
the boundary element method. In [31] Harayama and Shudo proved that one can
define a zeta function of the type of (semerg and that the zeroes of such function
encode the eigenenergies of the system. Their proof is constructive, in the sense that
the zeta function is actually derived from the boundary element method. Thus,
one is allowed to think of zeta functions as a good tool to numerically compute
eigenenergies, since the actual value of the eigenenergies can be computed with
some accuracy even by valuating a small number of orbits.

In a series of paper Ikawa ([34] ,[35] ,[36], [37] and references therein) studied the
relationship between poles of the scattering matrix and zeroes of a dynamical zeta
function for perturbed symbolic flows. Here the main concern is the study of periodic
rays i.e. periodic trajectories which involve a number of bounces on several strictly
convex bodies. Ikawa shows that one can define a suitable dynamical determinants
and shows that gives rises to a “correct” zeta function which has zeroes at the poles
of the scattering matrix.

Our interest in this paper also comes from the fact that, in this situation as
well as in many other, the usual det(I — A)~! in the expression of the dynamical
determinant, thus also in any trace formula, is substituted by det(I — A)~1/2. This
fact, which is often present in the “semiclassical” systems, is of its own interest and
tell us that, in understanding dynamical zeta functions, one should not constrain
oneself to study transfer operators with a unique weight, even when one restricts
himself to the symbolic setting.

Next I want to mention the work of Cvitanovi¢ and Eckhardt [18]. There they
look at the power spectra i.e. the resonances of the auto-correlation for generic
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smooth flows and show that also in such setting the zeta functions can be used
to carry on such computation. In the semiclassical sense Cvitanovi¢ and Vattay
([19]) construct a family of multiplicative evolution operators for which the trace is
meaningful and that can be extended meromorphically. They introduce a functional
determinant which is expected to be entire for Anosov flows. In fact they computed
Ruelle resonances for a family of scattering systems and found that such resonances
were better located through the use of dynamical determinants then it would be
with the Guitzwiller Trace formula.

They refrain from constructing an ad hoc zeta function, instead they show nu-
merically that the zeroes of such determinant correspond to those of the Gutzwiller-
Voros zeta function (as in [84]). There, roughly, one looks at a zeta function as a
regularized functional determinant. For example, Voros shows that (selberg in the
case of surfaces can be factored into the product of two functional determinants,
one related to the Laplacian of the sphere and one to the Laplacian of the surface
itself.

2.4 Modern age

In [69] Rugh studied a real analytic axiom A flow on a 3-dimensional real ana-
lytic manifold (along with a 2-dimensional diffeomorphism on a surface). By using
Markov partitions he constructed a Fredholm determinant and showed that there
is a cancellation effect so that (sclberg is entire on the whole C. That is if h(s) is

a complex valued function i.e. a weight, analytic on its hyperbolic set A, then one
has

mh

CSelberg_l(S> = exp (_ Z i Z ‘ )

meN m T€T ‘ det (]1 - DT¢—mA(T)) ‘

This result was later generalized to arbitrary dimension by [28] by using a mixture of
techniques on negatively curve real analytic manifold and adapted Markov partition.
Grouped together we find that

Theorem 2.4.1 (Rugh [69], Fried [28]). Let ¢+ be a real analytic Anosov flow on a
real analytic three dimensional manifold. Then Cryeile extends meromorphically to
the whole complex plane.

Following the idea of exploiting analytic flows, and the results of Rugh and
Fried, in [70] Morgado proves a stronger version of the theorem which relates the
torsion with the zeroes of the zeta function already obtained by Fried. With this
new approach he is able to get rid of the requirement of the extra regularity on the
foliations.

Theorem 2.4.2 (Morgado [70] , Fried [26]). Let ¢; be an analytic transitive Anosov
flow on an orientable closed 3-manifold M. Let p : m (M) — U(n) be an acyclic
representation. Suppose there is a periodic orbit T such that 1 and the holonomy

of T are not eigenvalues of p(1). Then the L-function is reqular at the origin and
Torsion,(M) = |Lg ,(0)].
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While the abstract framework of studying transfer operators for suitable sym-
bolic dynamics through Markov partition had already been exploited at the time,
zeta functions have been kept under investigation for their role in more physical
framework.

Recall that given K; disjoint compact subsets of R? with smooth boundary and
given 0 = R\ (U;K;) one can consider reflections as the usual geometrical optics.
Let M = Q x S? for ¢;. This dispersing billiard flow is the typical model to which
the result of the following papers apply.

With respect to such construction, Dahlqvist [20] approximates the zeta func-
tions by determinants with different weights and shows that for such family the trace
can be dominated by isolated zeroes or by the continuous spectra. He also notes
that there is a phase transition between exponential decay and polynomial decay
(reflected by the properties of the zeta functions) for different values of the largest
eigenvalue of the weighted operator. Such approach seems numerically stable, he
uses this approximation of the zeta functions to compute topological entropy (recall
the remark after definition 2.3.1) and the method seems adaptable to compute other
interesting features, such as Lyapunov exponents or rate of decay of correlations.
In the same setting Petkov ([54]) studied analytic singularities of dynamical zeta
functions. He showed that the properties of the semiclassical zeta function near
the line of absolute convergence are similar to the properties of the CRiemann_l near
R(s) = 1.

In this sense, Pollner and Vattay [64] begin by observing that is difficult to
compute topological pressure of a dynamical system by first finding an explicit
Markov partition. This problem can be avoided by recurring to transfer operators
and showing that its largest eigenvalue is directly related to the topological pressure.
Thus one is able to compute such pressure by summing over a reasonable number
of orbits.

Recall that the topological pressure is the leading zero of

. ez)\(‘r)
C(z,8)" = H (1_ As )

T€Tp

where A is the largest eigenvalue of D¢;| . Note that for s = 0 we recover the
topological entropy, for s = 1 it is the escape rate for open systems and its related
to the metric entropy. This approach allows them to see resonances which were
hidden, if one had to use the Gutzwiller Trace formula. Thus again we see that the
zeroes of zeta functions are intimately related to the properties of the system.

Wirzba and Henseler ([87]) analyze the flow of a scattering particle. and high-
lights relationship between zeta-functions based on semiclassical matrices and the
quantum mechanical counterpart. The zeta functions can be decomposed into the
product of distinct determinants, some of them collect the incoherent data of the
scattering while the others take into consideration the “smooth” scattering problem.
Here again one is led to approximate a determinant by an expansion through trace
class operators.
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In 1998, Chernov ([17]) showed in a remarkable paper, that the rate of mixing
for Anosov flow is, at worst, stretched exponentially. Dolgopyat, as Chernov before
him, did not translate his breakthrough papers (for example [22] [23] [24]) into the
language of dynamical zeta functions. However even if Dolgopyat does not state so
his results can be translated in the language of (ryelle- In fact his results prove that
CRuelle is analytic in the half plane to the right of the topological pressure (except for
the pole of at the topological pressure) for C?*¢ weak-mixing Anosov flow with C'!
stable and unstable foliations. In proving decay of correlations for C'*° weak-mixing
flows, Dolgopyat obtains that the opportunely weighted zeta function is analytic
(except as usual for the point of topological pressure) in a region |R(z) — hiop| <
|$(2)| ¢ for some ¢ > 0. That is, there is a small strip free of zeroes at the left of
the half plane of convergence. Moreover, the work of Dolgopyat has been directly
implemented by Pollicott and Sharp ([48], [49]) to improve the result of Margulis
and Parry and Pollicott by estimating the error term, obtaining that

Theorem 2.4.3. Let ¢y : M — M be a weak-mizing transitive Anosov flow. Then

there exists 6 > 0 such that
hT 1
L
w0 =5 (140 ()

In fact the proofs of this result relies on precise estimates on the location of the
poles of (Ryelle through the means of Dolgopyat calculations.

In Naud [50], one finds that for an open billiard flow in R? there is a generic
Diophantine condition which grants an analytic extension of ¢ on a strip to the left
of entropy of width polynomially decreasing. He define two generic determinants

s) = _1\mr )‘(Tp)eis)\(ﬂ
ZD()_T;( e P

Z Z mrT)\ )e—s/\(’rp)-i-étau

m=17,€T

where m, are the number of reflections, r, = 0 if A\(7,) has an even number of
reflections, 0 otherwise and §, = —% log(e1e2) where e; and ey are eigenvalues of
P:. He defines a dynamical zeta close in spirit to (ryente Such that Zp(s) = —¢'(s) To
show meromorphic continuation of such zeta one then introduces symbolic dynamics
into the billiard flow along with an irrationality condition.

Definition 2.4.4. An irrational number x € R is Diophantine if there exist v > 0
and M > 0 such that for all (p,q) € Z x Nx we have ’a?

Theorem 2.4.5. Assume ¢; has two primitive orbits 7,1 and 7,2 such that ;\\E:Z;g

is a Diophantine number. Then there exist C,p > 0 such that Zp has an analytic

continuation up to the domain {o +it € C: |t| > 1,z — \tlp <o <x}.
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The condition on the orbits is met with ease since can be deduced if we have
three obstacles such that d; 2/d; 3 is Diophantine. Here one estimate the resolvent
of the transfer operator using the regularity of the Gibbs measure, following the
same method of Dolgopyat ([22]). Since the resolvent acts naturally on S* then one
uses the irrationality condition to prove that ({1 — £;) is invertible.

In the same time frame, and along the same line of reasoning, one finds Stoyanov
[77] who studies billiard flows in R? with a visibility condition. In such a case by
using a Dolgopyat estimates they are able to prove exponential decay of correlations
for Holder functions. They prove their results through the use of horocycle foliations,
and requiring them to be smooth jointly non-integrable. In this framework they get
a meromorphic continuation of the dynamical zeta function derived from the billiard
upon R(s) < hyop — €.

In a series of a papers T. Harayama, A. Shudo and S. Tasaki ([79],[32]) studied
zeta functions in semiclassical terms for strongly chaotic billiards. Continuing and
improving the work presented in ([31]), it is possible to define a Fredholm determi-
nant starting from the boundary element method. Here the authors are able to show
that if one chooses the symbolic dynamic for the flow in a opportune manner, than
it is possible to show that such Fredholm determinant agrees completely with the
zeta function defined by Gutzwiller-Voros. Moreover their enquiry shows that, in
some cases, there is a substantial difference between the classical and semiclassical
weight in the resonances uncovered. Numerically the nice computability properties
of such determinant are presented for the case of a concave completely asymmetric
triangle billiard.

One more example of zeta functions which are not meromorphic come from Buzzi
[16]. He studies (ruene for a random map i.e. for a family of maps f, with w € Q
where (€2, P) it’s a probability space. Thus one is left to study random orbits. In
fact he proves even more, that (gruelle cannot be extended outside a disk of obvious
convergence, thus it does not define poles. Moreover, Lyapunov exponents can’t be
determined almost surely for the series defining (Ryelle-

2.5 State of the Art

Following the specialization along the years, at the present moment there are mainly
two line of investigations, one of them regards billiards and their power spectra, the
other one regards distributions and homology classes for orbits.

For what concerns a more physical point of view and billiards we start from the
work of Baillif. There the role of zeta functions is highlighted in [4] where one can
see that it is possible to consider, in some weak sense, the zeta function directly as
a power series of orbits, as the inverse of the determinant of the kneading matrix
(up to a polynomial function) by using results of Kitaev on kneading matrices.

Moreover the Casimir effect, that is the attractive or repulsive effect observed
when two neutral metallic plates are pulled very close to each other, can be com-
puted from quantum-mechanical billiard-type framework [86] hence its strength
can be deduced from the appropriate zeta-functions built starting from suitable dy-
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namical determinants as it is been done before. One in fact find a suitable trace
which only highlights the physically interesting eigenvalues (around an infrared
wavelength) and shows that the operator can be approximated for such a trace.
They show that in principle one could apply such calculations to any length of given
billiards, though good results are obtained only for medium to large separations of
scatterers.

Next I want to mention that in Petkov and Stoyanov ([55]) it is possible to find
an estimate on equidistribution of lengths of periodic orbits in no-eclipse billiards
on the plane. No-eclipse billiards are billiards where the the convex hull of any two
scatterers has empty intersection with any other scatterer. The billiard defined in
this way has many nicer properties. The approach of Petkov and Stoyanov relies
on the same arguments of Pollicott and Sharp, which we will discussed at a later
stage.

Last, for what concerns physical billiards, Stoyanov [78] takes the ideas of Ikawa
and he is able to show that on R3, under suitable hypothesis on the scatterers, the
semiclassical dynamical zeta function shows an infinite number of poles on a strip
near the real axis.

Anantharaman [1] uses a dynamical zeta to construct an asymptotic expansion
of the functions which counts closed geodesics (under cohomological constraint on
surfaces of negative curvature), they are able to do so by using the result of Dol-
gopyat and Chernov-Dolgopyat on standard pairs. The strategy there offers one of
the few examples where the properties of zeta functions are used to obtain results
on the orbits rather than the other way around.

Theorem 2.5.1. Given a manifold M such that dim M = 3 and an Anosov flow on
it. Suppose moreover that the characteristic foliations are of class C* and uniformly
jointly non integrable. Then there are analytic functions ¢, forn # 0 in D x R xR
such that for alln € N we have

N
co(e, )+ 3 el O(Tln)) (2.5.1)

77(6704757 T) = Tk
k=i

cTH(ET)—(u”|a)

Note that the requirements of foliations are coherent with the Anosov alternative
in the sense that if the characteristic foliations are jointly integrable then the flow
is a suspension of an Anosov diffeomorphism and is not topologically mixing. The
strategy of the proof it involves mainly two ingredient. First of all the regularity
of the foliations cannot be thrown away, and one has to ensure the regularity of
the partitions as Dolgopyat does. Then a zeta function is introduced naturally
as the inverse of the Laplace transform both for A(7) — 7" and for the homology
class of 7. Then the transfer operator is defined and it is shown that suitably
|Z — > Li| < e. Hence by proving properties of the transfer operator one can
then estimate the number of orbits and then obtain the required results.

The first paper on Anosov flows where one finds exponential decay of correlation,
without requiring the extraregularity of foliations, restricts the attention to contact
Anosov flow. This result can be found in Liverani ([42]). He builds on the work of
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Dolgopyat, and uses techniques which exploit the existence of invariant dynamical
cones, so he is able to study the transfer operator without passing to the usual
Bowen symbolic coding. Thus again with respect to zeta functions we obtain a
small strip free of zeroes at the left of the half plane of convergence. This approach
has been used again by the same author ([15]) where for generic Anosov flows one
can bound the essential spectrum of the transfer operator according to the regularity
of the flow, shrinking it to zero for smooth flows.

One more application of the work of Dolgopyat is given by Pollicott and Sharp
[63]. Here again the cancellation of oscillatory integrals plays a remarkable role in
proving estimates concerning the distribution on the lengths of closed geodesic on
a compact surface of negative curvature. In fact if one consider the fundamental
group of the surface and its generators, one can write for each closed geodesic an
element of the fundamental group conjugated to it. In their paper they prove that
given two geodesic which are close in the fundamental group (that is they both have
a conjugated element which is the product of the same number of generators ) then
there is an equidistribution theorem with respect to their difference in length.

One important result is that contained in [2] where the authors are able for
a compact hyperbolic surface to show that given eingenfunctions of the Laplacian
there is relation between Wigner distributions and Patterson-Sullivan distributions
i.e. residues of weighted dynamical zeta functions. In fact they show that such
distributions are asymptotically the same, in the region where they are both defined,
on any line parallel to the imaginary axis. Note that from this viewpoint it seems
that invariance under the reasonable wave group can be interpreted as invariance
under the geodesic flow.

Going back to directly studying the transfer operator I would like to mention
two works by Tsujii([81], [82]). In the first one he considers suspension semi-flows of
angle-multiplying maps and in the latter contact Anosov Flows. In both framework
he is able to construct suitable anisotropic Sobolev spaces which for which one can
find optimal bounds for the essential spectral radius of the transfer operator.

Last from the theoretical point of view I want to mention the recent work of
Naud ([51]). Here the fundamental theorem says that one can find infinitely many
resonances for (p) in a strip {—2h — € < R(z) < 0} for real analytic suspension
semiflows over uniformly expanding real-analytic map of the interval. Moreover one
has that (p) extends meromorphically to the whole complex plane.

I don’t think that at this point I need to give any other motivation to persuade
the reader of the general interest of such questions. Nevertheless I would like to
conclude this survey by the following “extraordinary path”. Alain Connes in “Non-
commutative Geometry and the Riemann zeta function” suggests that one could use
a suitable transfer operator to study the action of an opportune “Riemann flow”.
In fact, in his context he is able to define a suitable trace, similar to what we used
so far which coherently relies on what we called dynamical determinant. Next he
guesses that if we could find a replacement for the standard Selberg trace formula
for such Riemann flow, we could probably be on the right track to reformulate the
Riemann hypothesis in dynamical terms.



Chapter 3

Anosov flows and Dynamical
Zeta Functions

3.1 Introduction

In the theory of dynamical zeta functions Selberg defined for a surface of constant

curvature k = —1 the following zeta function
o
CSelberg(Z) = H H (1 - e—(z+n)l('y)) ,2z€C (311)
¥ n=0

where we denote by () the length of a closed geodesic 7. After noticing that it
converges to a non-zero analytic function on the half-plane Re(z) > 1, he showed
that (selberg has an analytic extension to the entire complex plane, using the trace
formula which bears his name [72]. He showed that the zeros of (sclberg €ncode the
spectral properties of the surface, in the sense that they correspond to eigenvalues
of the Laplacian (A, € Sp(—A)) and thus can be extracted from the information
provided by the geodesics, their lengths and their distribution. While this formula-
tion of a dynamical zeta function, which arose in the context of a surface of constant
curvature, can be generalized, there are few results, since Selberg’s methods are not
directly exploitable, partly due to the lack of a suitable trace formula.

In 1976, Ruelle [65] proposed a dynamical version, in which the Selberg closed
geodesics were replaced by the closed orbits of an Anosov flow ¢; : M — M, where
M is a C*°, d-dimensional compact manifold. We recall that an Anosov flow is a flow
such that there exists a D¢ -invariant continuous splitting TM = E° @ E*® E* and
a constant A\ > 0, such that for ¢ > 0, E? is the one-dimensional subspace tangent
to the flow and!

[Dge(v)]| < JJofle ift >0,veE?
|Do_(v)]| < |Jv]je™ if t > 0,0 € E%. (3.1.2)
|De:(v)|| = ||v]] if t € R,v € E°

!The usual definition allows for a constant C' on the right hand side of the equations, yet one
can find a Riemannian metric in which C' = 1 by the Mather’s construction [46, 65].

19



20 3. Anosov flows and Dynamical Zeta Functions

For such a flow the zeta function took the form

Cruetle(2) = [] (1 _ e—zm))’ ,zeC (3.1.3)

T€TH

where 7, denotes the set of prime? orbits and A(7) denotes the period (length)
a closed orbit 7. Note that (guee converges to a well defined non-zero analytic
function for (2) > hiop, Where hyop denotes the topological entropy as in [13]. It
is easy to see that we can relate the Ruelle and Selberg zeta functions by

CRuelle (Z) - CSelberg (Z +1 ) /CSelberg (Z)

when they are both defined. The basic example being geodesic flows on manifold
of constant curvature, which are special cases of mixing Anosov flows. Note that,
whenever they are both defined, it is possible to reconstruct Selberg’s zeta function
from Ruelle’s through the identity

(Selberg (2 H CRuclle (2 + ) 7!

=0
Explicitly, if R(z) > —(n — hiop) then
n—1
CSelberg(Z) = CSelberg(Z + n) H CRuelle (Z + Z-)_l
i=0

so that regularity results for one translate to the other. Moreover, we can write
(Selberg in terms of a sum

—zm)\(T)
(Selberg(2) = eXP( > Z e—mA(T)> '

T€T m= 1

However, Ruelle’s definition of a dynamical zeta function is more attractive to us,
since it resembles closer the Riemann zeta function

gRiemann<z) = H (1 _p7Z>*1
p prime

and allows us to expect properties shared by most zeta functions, such as extension
to the whole C, existence of functional equations and tight localization of zeros. To
begin such project for (rueie We have that

— 1
CRuelle(Z) = H (1 — _Z’\( ) —exp Z Z E —zm)\

T€T TET, m=1 (3 14)

= exp (Z (1T)6_Z)‘(T)> ,

TET ©

2An orbit 7 is a closed curve parametrized with respect to the arch length i.e. 7 :[0,00) — M.
A prime orbit 7, is the restriction such that 7, = T|[O A(m)] 18 one-to-one with its image. The
support of 7 is indicated by supp(7) and its the image of 7.
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where p(7) is the multiplicity of the associated orbit 7 (as in Ruelle [65] and Bowen
[13]) and T is the whole set of periodic orbits on M.

In the very special case of Anosov flows with real analytic stable and unstable
foliations, Ruelle already showed that his zeta function has a meromorphic extension
to C; this result was generalized by Fried (]27],[28]) still assuming strong regularity
conditions on the foliations, particularly analyticity of unstable foliations.

The structure of the paper is as follow: in section 3.2 we will develop the proof of
the main statement assuming few lemmas which will be proved later; in section 3.3,
“Cones and Banach spaces”, we construct the spaces on which our operators we will
act; in section 3.4, “Transfer operators and Resolvents”, we prove our estimates on
the operator; in section 3.5 “Extending the determinants” we produce a relationship
between our operator and a sum over the orbits of the considered flow; last, in section
3.6, “Linearity of extended determinants” we show that our operators behave, with
respect to the standard trace, like linear operators.

3.2 Statement of Results

Our main result is as follow:

Theorem 3.2.1. For any C" Anosov flow ¢y with r > 2, the zeta function Cryelie(2)
is meromorphic in a region

In(\)

R(z) > duIn([| D1 loc) — (r—1)

where \ is the coefficient of the Anosov splitting and d,, < d is an integer.

Note that d,, is given precisely by equation (3.3.7) in the next section. Moreover
it is well known that (ruele(#) is analytic and non zero for R(z) > h(¢) apart for a
single pole at z = h(¢), [53, Page 143].3 Hence we have the following corollaries

Corollary 3.2.2. For any C*° Anosov flow the zeta function Cryene(z) is mero-
morphic in the entire complex plane, moreover it is analytic and non zero for

R(z) > h(¢) apart for a single pole at z = h(p).

Corollary 3.2.3. (pyeie(2) and Cseperg(2) are meromorphic in the entire complex
plane for any smooth flow on a compact manifold with variable strictly negative
sectional curvatures.

In our proof we will use dynamical determinants, as it has been done already
starting from Ruelle [65], which arise naturally in the dynamical context and are
formally of the general form

t /\é D . —2zA(T)
de(z) =exp | — Y ! r( S )))e . (3.2.1)

reT () det (]l — Dhyp¢A(7))

3By h(¢) we mean the topological entropy of the flow.
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The above quantity is well defined if §(2) is large enough where the symbol Dyyp,éx(r)
indicates, in some orthonormal base, a (d — 1) dimensional matrix associated to the
flow on a local transverse section to the orbit 7 at the time A(7) (see equation (3.4.16)
for a precise definition and properties). That is we are considering Poincaré maps
and we will show that the quantities we are interested in depend only on the orbit.
We denote by AYA the matrix associated to the action of A on the standard /-th
exterior product.
As a direct consequence of the linear algebra identity, for n x n matrices

n

det(1 — A) = (—1)*tr(A"A) (3.2.2)

=0

(see [85] for more details) one obtains from (3.1.4), (3.2.1) and (3.2.2) a product
formula a la Atiyah-Bott

(dim M)—1

Cruetie(2) = [ de(x) V. (3.2.3)

(=0

Thus Theorem 3.2.1 follows by the analogous statement on the dynamical determi-
nants dy(z). To prove that dy(z) is meromorphic we will proceed in the following
roundabout manner. First of all we define the following more general object.

Definition 3.2.4. For w sufficiently small, let

‘ € D ; A n ,—z\(T)
dz(w 2) = exp ( Z Z : r< e ))) s ) a2
— n! = p(T det (11 - DhypgbA(T))

which converges trivially for |w]| sufficiently small and R(2) sufficiently large. Then
we establish a relation between dy(w, z) and dy(z) by the following lemma

Lemma 3.2.5. Let 0 < ¢ < d—1,§,z € C, R(2) sufficiently large and |§ — z|
sufficiently small. Then we can write

dé(f - 275) =

0" (3.2.5)

Proof. By a direct calculation we can see that

-2 =exp [~ E2 1 tr (AN (Diypain)) Alr)me A0
de(§ — 2,§) = exp ( Z Z (7) det (]1 — Dhyp¢)\(7—)>

nl
— exp (_ Z 1 tr (/\E(Dhyp%(r))) (672/\(7) B 65/\(7)>) _ d(2)

n=1 ' TET K
reT /‘L(T) det (]]. - Dhyp¢A(T)>

since the sum runs from n = 1. O
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Hence if all the dg(fo —z,&p) are meromorphic in z for some &, then the meromorphic
extension of (gyelle is given by the product formula (3.2.3). More precisely, Theorem
3.2.1 follows from the following.

Proposition 3.2.6. For any C" Anosov flow, with r > 2, the function dy(w, z) is
meromorphic, for R(z) sufficiently large, in a region

In(A

—
—~
=
|
—
~—

R(w) > dy (][ D1 loc) —

with A, dy, as in Theorem 3.2.1.

The rest of the paper is devoted to the proof of such a proposition.

Note that Ruelle’s original definitions and proofs are based on a suitable deter-
minant and its properties are studied through Markov partitions and Grothendieck
theory, hence the requirement of analyticity.

Here instead, to deal with the finite smoothness case, we prove Proposition 3.2.6
using the methods of extending determinants through the choice of suitable Banach
spaces, based on the approach of Liverani-Gouezel [30], Butterley-Liverani [15] and
Liverani-Tsujii [43]. This approach allows us to apply transfer operator methods di-
rectly to the manifold M by resorting to currents, avoiding the obstructions of other
methods arising from studying the regularity of foliations or the differentiability of
the potential associated to the measure of maximal entropy.

We begin by constructing a family of spaces BP%¢ as the closure of a proper
subspace Qéj (M) C QY(M) with respect to a suitable anisotropic norm so that the
spaces BP9* are an extension of the spaces in [30]. We start from an opportune
cone structure considering an equivalence relation on T'M with respect to a preferred
direction, which will later on play the role of the flow direction. Here Q%(M) is the
space of {-forms on M i.e. the C® sections of AY(T*M) and Qés (M) is a subspace
which only considers forms null with respect to our preferred direction.

In the next section we prove that in such spaces we can define a family of
operators for h € Q°0, s(M) as

LO(h) = ¢*4h

where ¢* ,h is the pull-back of h with respect to ¢_;. This generalize the action of
the transfer operator £; on the anisotropic Banach spaces BP of [30].

We prove that for each ¢ the operators Lge) form a semigroup. Note that in this
way we mimic the action of standard transfer operators on sections transverse to
the flow, in fact we morally project our forms on a Poincaré section. In this setting
we have that R() satisfies

n 1 ° n— —Z

Next we evaluate a trace for an operator A : AY(TM/~) — AY(TM/.). First we
d—1
4

construct a local isomorphism 4, : T1,BP%¢ — (Hpr,q,d)( ) (see lemma 3.3.4 for
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the details) where 1 is a partition if unity which allows the localization. Given
the identification 4,, above we can write Ag}; for the elements in a matrix represen-
tation of A with respect to a basis, ordered by the index ¢, of the product space
(Hpr’q)Cizl) . Let 14,5 suitable partitions of unity for BP4‘. We define an
operator trl¥) (A)(f) : BP? — BP by

w Q) = Y ((iwﬁnwﬁ)B(H%i;i))M (3.2.7)
k,a,B

where we note that A;; = eg (Ae;) for an element of a basis and its dual. Then we
can define our “flat trace” as

Trace®(4) = lim | fie(y) (19(4)) () ()eo(dr)w(dy) (3.2.8)

by properly choosing the family of approximations jm‘l. In section 3.5 we show

that for the flat trace defined above on the quotient space just constructed we have
the following remarkable lemma.

Lemma 3.2.7. For R(2) > d, In(| Dé1]lee) — 2 (r — 1) and n € N,
Trace (R(Z)(z)") < oo. In addition,

t ¢ D . A n ,—zA(T)
Trace (R©(2)") = 1 Il G G i - (329
(n— 1! & p(r) det (]1 - Dhyp@(f))
Hence, we have that
T _ e (=) ©) (e\n
dg (§ — 2,8) = exp ( nz::l - Trace(RY () )) (3.2.10)

In section 3.3 and 3.4 we define precisely what we mean by

o) = )\Tin{du,d—l—f}e—)\max{ds—£,0}7 Opq = e—Amin{p,q}

In section 3.4 we prove the following lemma

Lemma 3.2.8. For ¢ € C, R(€) > 0, the operator RY(€) is quasi compact on each
BPat p g e N. Moreover

pess(Rw)) S C(%(g) - ln(ap,q) - ln(o—ﬁ))il

The result above will be used together with the following lemma from section
3.6.

*From now on we will abuse of the notation and drop the index ¢ from Trace'® (A) since it will
always be clear from the context to which space of ¢-forms we are referring.
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Lemma 3.2.9. There exists a finite rank operator Pg(e) such that

Trace(RA(€)") = tr (PY(©))") + O ([ap,qagm(g)fl]") (3.2.11)

where “tr” is the standard trace.

Once we have established these results we can prove theorem 3.2.6.

Proof of Theorem 3.2.6. Let £ such that a = R(§) > dy In(||Dé1|lec) — %(r - 1)
is sufficiently large. Let [¢ — 2| < (max; A;¢) ™%, Ai¢(€) be the eigenvalues of P()(¢).
Let pgpq = In(o¢) —In(op4). Then \;y € B (5, pZ;q) for all i we can conclude that

as long as [ — z| < “—y we have

(du In([| Dg1lloc) = =5~ (r—1)

e -6 —esn (3 S B0 ) -

n=1

= exp 3 7(5 — Z)n Z

n=1 n ) -1
AzeB(Eapr‘q)

€= +0 ([Pe,p,q%(f)flr)
N (3.2.12)

oo 5 b 55 S e

Az‘GB(&PZ;,q) n=1

_ §—N\i
S| e
AieB(i,p[%q)

where ¢ (w, z) is analytic in B(, pZé q). Now we can choose £ where the convergence
of dy(&) is granted, as noted after equation (3.2.1), and we can freely move it along a
line parallel to the imaginary axis. Hence we obtain that Jg(f —z,&) is meromorphic
in a strip beyond the original region of convergence by using the identity (3.2.5)
which concludes the proof of proposition 3.2.6. It follows that for C*° flows we found
that dy are analytic for all z € C since B(¢, pZ;’ q) can be arbitrarily large. O

3.3 Cones and Banach spaces

Our first task is to introduce appropriate Banach spaces in which the various op-
erators we are interested in have the expected spectral properties. It is very con-
venient to outline a general construction of such spaces based only on an abstract
cone structure.

Consider an atlas given by {(Uqs, ©q)}a=1,..n where 6 > 0 is fixed (and to be
chosen later) such that

(i> Ga(Ua) = B<0745)
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(i) Ua®-1(B(0,8)) = M.

Define {%q}a=1,..N to be a smooth partition of unity induced by our atlas such
that supp(¥a) C U, and ¢a|eal(3(075)) = 1. Moreover we choose the charts so that
there is a “preferred coordinate”, in the sense that for any two charts ©,, ©3, given
# € R and z4 € R we have

B 0 05" (T + s24) = O 0 05 (F) + sz4a. (3.3.1)

Note that the above is equivalent to saying that there exists a vector field V,
|V (z)|l = 1, such that, for all «, (04)«(0z,) = V. In other words the ©, are
flow box charts for the flow generated by a vector field V.

Let [ € {0,---,d} and AY(T*M) be the algebra of the exterior forms on M.
Given two I-forms v A- - - Avp, wi A---Aw; € AT M) we define the scalar product®

(v, w1)g .. (U1, W)y
(Vg A== ANvpywy A== Awy), = det : : , (3.3.2)

(v, w1)g .. (v, W)z

which, by linearity, defines a scalar product on each A(TXM), x € M, (see [38,
Section 2] for more details).

Let QL(M) be the space of C* sections of A/(T*M). It is helpful to introduce,
in each Q%(M), the scalar products

(9o = | (@) g(@))se0(e) (333)

where w is the Riemannian volume form.

Let h = Y, v¥ah = Y, ha so that h, € QUU,). Let i =ip <ipg < ... <1
belong to the set Z; of I-multiindices ordered by the standard lexicographic order.
Also, define the local bases dz,; = (04)"(dz;), €,; = (©:1)4(e;) where we have
introduced the notation dz; = dxi, A - ANdzy, € = O A -or A 8%.6 Given

he € QL(U,) and (©;1)*h, € QL(B(0,46)) we can write them uniquely as

ho =Y hyidr,; and (07")*ha =Y hy;(0;")dx;. (3.3.4)

i€T) €T,

Let us now introduce the following equivalence relation: for v,w € T, M, v ~ w
if and only if there exists A € R such that v = w + AV (x). Let ¢ € {0,--- ,d — 1},
let Q%~(M) be the space of C* sections of A*((TM/~)*). Let ¥ : TM — TM/~ be
defined as W(u) = [u], hence U* : Q4™ (M) — QY(M)

\IJ*(h)(vl, ooy Ug) = h([vl], ey [Ug]).

5In the following we will drop the subscript & in the scalar product as this does not create any
confusion.

1t is understood that f* denotes as usual the pullback and f. the pushforward. Moreover
dzg i(eq ;) = 67
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Note that ¥*(h)(...,V,...) = 0 by construction, on the other hand any section with
such a property acts naturally on equivalence classes. Hence ¥* is an isomorphism
between Q5~(M) and the subspace

Qf (M) ={he QM) : h(...,V,...) =0}. (3.3.5)

Remark 3.3.1. From now on we will identify Qf)’ (M) and Q%™ (M) without further
comments.

Moreover, if we consider the usual map iy : QN (M) — Q4(M) defined by
iv(h)(vi,...,v0) = h(V,v1,...,v) we have iy : Q5P (M) =5 Qf (M). Indeed, it is
clear that iy Q5T (M) € Qf (M), while, if h € Qf (M), (=1)tiy (R AdV) = h
where dV is any one form such that dV (V') = 1. In particular, iy is an isomorphism
between Q¢(M) and Qg;l(M). For further use we set

& = iyw, (3.3.6)

where w is the Riemannian volume.
Next we assume that there exists a continuous family of cones C(z) C T, M and
sufficiently small p > p_ > 0 such that for each z € U, we have that

{(s,u) € R™xRY : lul| < p— 5]} € (©a)uC(z) € {(s,w) « [lull < plis|}, (3.3.7)

where ds + d,, = dim(M).

Given such data we are going to construct several Banach spaces. To do so we
first define norms on smooth forms and then we take the completion of such norms
to define less regular elements in the new spaces. For sufficiently large L > 0,
€€ B(0,6) CR% and dy. = d,, + 1 let us define

Fp={F:B(0,38) = R% : F(0)=0; |F|lc1 <p; |Fler < L}. (3.3.8)

Moreover for each F' € F, let Gy p(§) = =+ (£, F(§)). Let us also define Y=
{Gor : = € B(0,6),F € F.}. For each chart, indexed by a, and G € % we
associate the leaf W, ¢ = {@;1(;(5)}&63(0,25), which form our set of stable leaves
Y (not to be confused with stable manifolds), its reduced and enlarged version
Wi = {02'G(O) } een0,241)0)-

Also, we denote by Fg’s (o, G) the C* sections of the fiber bundle on W, ¢, with
fibers A“(T*M), which vanish in a neighborhood of W, ¢.

Let V(a, G) be the set of C" vector fields defined in a neighborhood of WIG.
Write L, for the Lie derivative along a vector field v. Next, let d(vol)w, . be the
volume form induced on W, ¢ by the Riemannian structure of M. Finally, for all
a, for all W, g, and G € 3, g€ I‘é’o(a,G), v1,...,0p € V(a,G) and h € QL~(M)
we define

]a,G,g,vl,...,vp(h) = /W <g, Lv1 o vah> d (VOI)W%G €R. (3'3'9)
a,G
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Next, forpe N, ge Ry, p+g<r—1let

[Up,q,é = {]a,G,gml,...,vp | I1<a<N,Gek, ’g’ré,p+q(a7G) <1, |Uj’0q+p < 1}
(3.3.10)
where by |vj|ce+r < 1 we mean that there exists an open set U}, D W;G such that
vj is defined on U/, and |vj|ca+r(ur) < 1.

Finally, given h € Qf;j:q(M ), we define the following norms
Al g0 = sup j(h) VpeN, ge R

I<Upa (3.3.11)
17 lp,q.e == sup ||h||’r:,q7f VpeN, geR".
n<p

For each ¢ € Rt,p € N, £ € {0,...,d — 1} we define the spaces BP%* to be the
closure of Q5 (M) with respect to the norm || - |, 4.¢-
The above spaces are the natural extensions of the spaces defined in [30] to the

case of /-forms, the case that we need in the following. There the Banach space BP¢
was defined for h € C"(M,R) as’

lh|lgr.a = sup sup sup sup / Ly, +++ Ly, (h) - pd(vol)w.
0<E<p WeS vi, v VW) pecd(wir) /W
[viler <1 lelokta<y

Yet, if we define the isomorphism % : C"(M) — Qg;l(M) by i(f) = f - @ one can
verify that ¢ extends to an isomorphism between the Banach space BP¢ in [30] and
the present Banach space BP¢4~1,

Remark 3.3.2. From now on, throughout this section and in the following ones as
well, ¢ will be used in multiple situations and will represent a generic nonspecific
constant which could change from time to time, even within the same equation.

Note that any function ¢ € C*°(M) is a bounded multiplier on BP%* (hence also
on BP4). More precisely we have the following lemma.

Lemma 3.3.3. Let II,(h) =1 - h. Then

HHwhHBM’l = ||w ’ hHBva < CHhHBva-

“In [30] the coordinate charts are chosen with slightly different properties. However for our
purposes they are equivalent.
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Proof. We have the following inequality for || - ||;51.q.¢.

sup sup /W (9, Lo(¢ - h)) d (VOI)Wa,c

<1W,
Iglré7q+1< Kok 1 a,G

= s (0l [ GEES b aay,

N Wao |9(Loh)lg41 (3.3.12)
gy
+ gy 1/ , Lyh) d (vol
9%+ ac<‘9¢|q+1 o) d( )WQ’G
<clhllg g +ecllhlligr < cllhllig,

Then we can repeat the argument by induction with respect to the several Lie
derivatives Ly, ..., Ly, present in (g, Ly, - - - Ly,p) thus obtaining our estimates
for || - [|p,q.¢- M

The following structure Lemma clarifies the relations between BP¢! and BP9,

Lemma 3.3.4. There exists an isomorphism iy, : Iy, (BP9%) — [I1,, (Bp’q)](dzl).

Proof. Let us consider the map j,, : Q4™ (Uy) — CY(Us, R(dzl)). First we recall that
we have an obvious bijective map s from {1,..., (dzl)} to the set Z of lexicographic
orderings of i1,...,4;. Thus, given (3.3.4), we can define

Falha) = (hasys- s Py g (1))

that is, colloquially, we mapped a form to the vector made of its local coefficients.
Then we set iy, (Ty, h) = jo(Yah) = jolha) € My, (€))("¢)). We define a norm in
1, (B2 ) as

IIhall(prq) a1y =3 N llsra. (3.3.13)

i€T

Then for each |g|Fl,q+1 <1 and W, g we have
0

(@)
/W (9, Luy -~ Luyha)d (vol)yy.

a,G
23 /W {0 L+ Ly (g ) (ol

p—1

<2, sl o + e 3 Mraglhsrs

k=0
i
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To prove the opposite inequality chose g = ¢dz,, 3, [¢lepta <1,

/ (0, Loy -+ Ly ha)d (vol)yy.
Wa,G ’

p—1
>3 [ e Loy heg) = e 3 Iolkarot
= IWaa k=0

Taking the sup on ¢ and W, g, summing on 7 and using the previous upper bound
yields

p—1
cHh(XH;q[ Z Z Hha,ngaq - CZ ||hOCH];q+p—k:'
1€ k=0

Hence it follows immediately that there exists C' > 0 such that

14

-1 < < _
C HhH(Bp’q)(dzl) < |Allgpae < CHhH(Bp’q)(d oY

which proves the Lemma. O

The product structure of our space BP%‘ will be useful later on in several situa-
tions. Hence most of the theorems obtained in [30] extend to the present situation
by using this identification. For example, the compactness lemma used there can
now be stated in our context.

Lemma 3.3.5. For each £ € {0,...,d — 1}, the unit ball of BP9 is relatively
compact in BP~HatLE,

Proof. Given our atlas (U,,0,) with an induced partition of unity we have that
d—

oo (Bp’q’z> is relatively compact in (ITy, (Bp*17q+1))( ) by the results of [30]. Then

Lemma 3.3.4 implies the result. O

Given a form h of degree ¢, we can define a functional
am(g) = (g.h)qe  where g€ QM) (3.3.14)

The space of such functionals, equipped with the x-weak topology of Qf; (M), gives
rise to the space of currents of regularity s. We indicate the space of currents of
regularity s and degree ¢ by £, In analogy with [30, Proposition 4.1] and [30,
Lemma 2.1] we have the following

Lemma 3.3.6. For each £ € {0,...,d— 1}, there is a canonical injection from the
space BP9 to a subspace of E£+q

Proof. We begin by recalling that 7 : Q%(M) — Ef; +q 18 such that if we foliate locally
M with d-dimensional manifolds with tangent space in the constructed cones it
readily follows that |j5(g9)] < Cl|hl[go.acllgllz(ary- Thus j can be extended to a

continuous immersion of BP9 in & Consider a sequence {h,} C Qas that

p+q-
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converges to h in BP%* such that j(h) = 0. Then, for each manifold W, ¢ € 5 and
test form g = godzx, ; we have

[ gt = [ a6 F©)hy 056 F©)TF()d
Wa,c B(0,6)

where JF takes into account the change of variables. Now consider a smooth
approximation of the § at zero, and let Gy, r(§) = (£, F(§) +n) = G(&) + (0,7).

Then
a0 =8 o, oD ) = iy 0

where g,(2) = g(z — (0,1)) and §-(&,1m) = ke(n)gy(Gr,r(€)). By the above repre-
sentation it follows

90.8) = 0, @) < [ due)

Rdu+1

/ <hn - hmyg77>
Wa,Gn

< Nglgto oy llan — ol
< C”g”ré,q(a,g)th — hmllo,g,e < Cllhn — hmlo,q,0

Now, given the previous inequality, we can consider the limit for n — oo i.e. hy, — h
and obtain

[ ey = tim [ (g = limgn(@) = 0.
Wa.c . e—0

Thus by taking the sup on «, G, g we obtain ||h||gq¢ = 0. By similar computations
(involving the necessary derivatives) it follows | k||, 4.0 = 0 . Thus 7 is injective and
we obtain the statement of the theorem. O

3.4 Transfer operators and Resolvents

Let ¢ : M — M be a C" flow on a C" Riemannian d-dimensional compact manifold
with » > 3. Without loss of generality we can take |V (z)| = 1 where V(x) is the
vector field generating the Anosov flow.

Remark 3.4.1. The definition of Anosov flows already implies a suitable "cone"
field structure, in the sense that the Anosov splitting can be used to construct the
required cone fields of the previous section. In fact without loss of generality we
can assume that atlas introduced has the following extra property

DoO,1{(0,u,0) : u € R%} = E*6;(0))
Dy©;%{(5,0,0) : s € R¥%} = E5(0(0)) (3.4.1)
651((57%0) = d)t@;l((svuv 0))

where ds = dim E®, d,, = dim E* and t € R. Moreover, C*(z) = {(s,u,t) € TM; :
[ull + [|#]] < |Is||} is an invariant cone field associated to the stable direction with



32 3. Anosov flows and Dynamical Zeta Functions

the property that any vector in the cone is strictly expanded by (¢—¢).. By an
harmless linear change of coordinates we can finally assume that C*(x) satisfies the
condition (3.3.7) with p_ = 1. Thus we can use section 3.3 to define a spaces BP%!
in the present context.

Let h € QS}S(M) as in the previous section. Let h € Q%T1(M) such that iy (h) =
h, then

iv(rh) (o1, .. v0) = GFR(V, o1, .. vg) = h(V, (¢r)sv1, - -, (1) <00)
= ¢rivh(vy,...v0) = ¢rh(vy, ... vp).

Thus gﬁfﬂé’s(M) C Qé,s(]\/[) for all £ € R. We can then define the operators £§€) :
0,5 (M) = Qg,5(M), t € Ry, by

£9h = ¢* ,h. (3.4.2)
Hence locally we can write®

(L1 (1) 3 (@) = (@) Y- hai(6-i(@)) - (6-0)" (d57) (e 5(2))
B,

(3.4.3)
= Ya(2) Y hgi(6a(2)) det (Dup )27
By

where i = (i1, ...4p) with i] <ip < --- <1y < d. )
In the special case of a d — 1 form, for h € Qggl(Ua) we have h = h@ where
h € C*(M,R) and & is defined in (3.3.6). Then ?

L9 =ho¢_ det(Do_ )i = (Lih)@.

Thus we recover the standard Ruelle-Perron-Frobenius.
Analogously, we can argue in coordinates. Setting ¢?’B = Ogogo 0,! and
z = (#,14) € RY we have ¢ (2) = (627 (%), 7P (%) + t), thus

~a75 2 a7ﬁ
a,fB Df¢ 0 - (DI¢) 0
D¢ = (vfréﬁ 1) = ( voes 1) (3.4.4)

8Here det (qu,t)%ﬁ is the determinant of the “minor” matrix obtained by choosing the i-

columns and the j-rows from the matrix D¢_; with respect to the atlas and the partition of unity
indexed by «, 8.
“Note that det(D¢;)w = ¢;w. Hence,

O((@r)xv1, ..o, (Dt)wva—1) = w((@t)«V, (Q1)wv1, ..., (Gt)wVa-1)
(prw)(V,v1,...va—1) = det (D¢ )w(V,v1,. .. v4—1)
det(Doy)w(v1, ..., va—1).

qﬁ:&;(vl, e ,’Ud_1)

That is ¢p;® = det(D¢y)w.
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Note that in equation (3.4.3) if j, = d, then since iy < d, the determinant would
have a zero column and hence be zero. It follows that we can restrict to multiindexes
with values in the set {1,...,d — 1} and

(L1 (0)a5(2) = Yal2) S hgi(@-2(w)) - (6-0)" (dg ) e ()
. ) oi (3.4.5)
= %(33) Z hﬁ,i(¢—t(x>) det (szb—t) 5
B,

i

For further use let us define

Ap = [[Do1] oo,
o= )\?in{dmd—l—ﬁ}ef)\max{dsfé,(]}, (346)
Opg = e Amin{p.g}

where A is the expansion rate in (3.1.2).

We begin with the following Lasota-Yorke type of result for EEZ).

Lemma 3.4.2. For eachp+q<r—1,0€{0,...,d— 1} the linear operators £§€)
are bounded in the || - ||pqe norm. Accordingly, they can be uniquely extended to

bounded operators'’ EEE) : BPat — BP9t They satisfy
1L B 0.0 < coblhl|gon (3.4.7)

|h||gpuae + cop| XPRh| goptac.  (3.4.8)
In particular, HE,@H < co} for all t € Ry. Moreover, EEZ) is strongly continuous
semigroup.

Proof. From the definition (3.4.2) and equation (3.4.5)!

4
1E87 Bl gnae < cofl|Bllgo-rarre + cotal, |

det (D¢_t)z f g;
b

< ~
sup sup dct(Do_y)

Bl — ~
Wa,GES ‘glFé’q(a,G)Sl

J=in

hgiody
Byirj
 det(Do—1) dvolw, o (3.4.9)
=~ 15
det (Do)
Z?J

< sup sup _
a,GeL gl a g, o<1 g3 det(Do—y)

b9, :

[ Lthg ;]| go.a-
re(a,G)

Note that 12

0That, by an harmless abuse of notation, we still designate by EEZ).
11n the last line we identify hg; with the element hg;w of BYP¢ where w is the Riemannian
volume form.

12We used the fact that, for A € GL(d,R),
det(A); ; = (1) (i)e(j) det(A) det (A7), (3.4.10)

i3 icje
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[0}

a?lﬁ

Jeue

P det(Do) ! = (~1)De(i)e() det (Do)

]

det ([)qﬁ,t)

~ ’/B
Since (qut)iy _ corresponds to the action of the dynamics on the d — 1 — ¢ forms
Jese

it follows that its norm is bounded by col, since oy clearly bounds the rate of
expansion of £ volumes. Note that £; is the usual Ruelle transfer operator, the one
which action on the spaces BP9 (the same as the current BP%9~1) is studied in [15].
Hence, using [15, Lemma 4.1] and Lemma 3.3.4, we obtain

YA d
1L R go.ae < cob 3 1L hg 3l goaa < cobllBlgoae.
/37Z

For the second equation, involving p-derivatives, we consider here the case p = 1
and the other ones can be computed by induction on p. We have that, for all W, ¢
and ‘g‘Fz,H-q <1,

0

/W > <9a,jd%,j, Ly {(hm. o ¢_y) det (ng,t)f“’f d%l} >

*C Bij
=+ Z ‘<gayjdxa7j, L, [det (f)gb,t);’éc dxa,i
g
<ga7;dma’3, L, [det (f)qb_t);’gc dwa,f:| >
S

o] )

<ga7jdxa’j,LU [det (Do-i).", du;
det (f)gb_t)
q+1 /Wa,c;

Ethﬂﬁ

q+1 (3.4.11)
a,B
ic,i¢ gai

Je
~ a,B

x Ly(Lihg ;) d(vol)w,

< cob||h|| go.asie + cob (Z HLv(ﬁthm) Bl,q)
575

det (Dqﬁ_t);’?c Goi

£

Bii

where £(4) is the sign of the permutation that sends {1,...,d} into {i1,...,ic,45,...,i5_,}. Indeed,
for each w € A%(RY), A*w = det(A)w and for each u € A*(R?) , v € AT ¥(R?)

A'uhNv=A" (u A (A*)_lfu) = det(A) (u A (A_l)*'u) .

Thus for u = dzi; A. . .Adz;;, and v = dzj, A.. . Adzxj, ,, where i = (i1,...,i¢) and j = (j1,...,Ja—e¢)
are ordered multiindexes, we have

s(j) det(A)ic,; = det(A) det(Ail);C,js(i),

the results follows since £(j¢) = (—1)“?=9¢(j).
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where in the last inequality we have used standard distortion estimates. Next, [15,
Lemma 4.1] implies

IZo(Lihg )lisra < cot goillhllgra + copl| XPhg llsoa+q

Thus, from the equation above, Lemma 3.3.4, equation (3.3.13) , equation (3.4.11)
and the induction on p, we obtain

l
1L Rl goae < cobllhllgo-1as1e + cota Rl grac + cob| XPR] gopar.

The general case follows similarly remembering Lemma 3.3.4. In particular, from

the above estimates, follows HLEZ) lp.qe < cob, for all t > 0.

We now need to prove that operators Egz) form a strongly continuous semigroup.

It is easy to verify that 5,@ is strongly continuous on Q%(M). The result follows
then by a standard density argument: let h. be an approximation of h

. ¢ . ¢
tim £{7h = lim £{”h + O(|h = hellpge) = he + O(Ih = hellp.0)
and then considering € — 0. O

Given the two lemmas above one cannot use directly Hennion result [33] for the
(0)

spectral radius of £;’, instead we have to look at their generators X () and at the
related resolvent. By standard results, see for example Davies [21], X @ is a closed

operator on BP%¢ such that X (f)ﬁge) = %EEQ. Hence we can define the resolvent by
~1
RO (z) = (z - X(£)> , where z lies outside the spectrum of X (). This is again a

linear operator on BP%¢. If we compute X OR® (2) and RY (2)X® we obtain the
following identity

> (0
RO (z) = / e * L, dt
0
for each z € C and R(z) sufficiently large. This expression is generalized to

Lemma 3.4.3. For n € N we can write

n 1 1 —zt ol
R(Z)(z) :(n—l)!/o " le tﬁg)dt

In particular, for ®(z) > In oy we have that R)(z) is a bounded linear operator.
These two facts, along with the next lemma, are easily obtained arguing as in Lemma
3.4.2 and using [15, Lemma 4.3].

Lemma 3.4.4. Let p,g € R ,p+q<r, z€C, for a=R(z) > 6y we have
IR (2)" | goe < e(a—60)7"
IR (2)"hllgpae < e(a— 60— 6p,g) " hllgrac + cla = 60) " |2[|IRllgo-rav1.e,

where 6y = Inoy and 6p 4 =Inoy, 4.
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Thus, arguing as in [42, Proposition 2.10, Corollary 2.11].

Lemma 3.4.5. For p+ q < r the spectrum of the generator X© of the semigroup
Eif) acting on BP%! lies on the left of the line {6y + ibyper and in the strip &, >
Re(z) > 64 — Amin{p, q} consists of isolated eigenvalues of finite multiplicity.

To conclude this section we define and compute tr(g)ﬁgz). Given a vector space
V4 over R and a matrix representation of a linear operator A : V¢ — V¢ we can
naturally construct, by the standard external product, a matrix representation of
AA - AV — AYVT) of elements a; ;. In this framework, we can define the

following operator tr(®) : L(AH(V4), AL(V®)) — L(V, V) as

trl(ATA) =3 det(A;;) (3.4.12)

where, again, A;; is the minor matrix corresponding to the choice of i-rows and
i-columns from A. This is due to the fact that a;; = det(4;;) (for more details
see [9]). Now given B : BP%! — BP9 we can extend tr(®, with a slight abuse of
notation, to an operator trlf) : L(BP®f, BPat)y — L(BP4,BP9). Let a,  be indexes
of two atlas coherently with what has been done so far. Recalling Lemma 3.3.4 we
have

oPB) =3 ((%HW)B(H%@D)M (3.4.13)

ka8

Let eg be a basis for (Bp’q)(dzl) over BP4. Then by using (3.4.2) and (3.4.5) for
f € BP? we have that

k,a,B
= > (ef ((uly,)om My ig)) ) eg) f

rel (3.4.14)
= _Z (él})T <(i¢5n¢5) Z(foz © th)d(gbt)mk(éa,ﬁ))

k.o, n
= > (fap 0 =) det(Do_i)if = (f 0 dr) tr(A (Do)

k.o,

Note that tr® is invariant with respect to change of coordinates A, since one can
write é; = Aé; and linearly apply both A and A~! in the previous computation.
Last we compute tr(A'(D¢_)) in terms of Dyypd—¢ where, locally, we have

Oho—¢ . Ohp—¢
a.%a’l Bza7d71
Dhypdp—t = : : (3.4.15)
Oa—10—t . OGa—1¢—t

axa,l 8xa,d— 1
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Note that locally we have chosen the one forms dz1, ..., dzg such that dzg(V(x)) =
1, dzqg(K(z)) = 0 for K(x) # AV (x) and {dz;(V(x)) = 0};=1,... 4—1. Thus we have

tr(A'(Dg—y)) = Y det(Do—) Dig = Zdet Dhypd—t)i
R (3.4.16)

= T(Al(Dhyp¢—t))

3.5 Extending the Determinants

We would like to define something akin to the trace and the determinant for op-
erators which are not of trace class. For example note that the linear operators
A = RED(6)7TRE=D(2) are bounded, provided z,£ € C are not in the spectrum
of X(@=1) but not trace class. Recall that in our case A : B4 — BPaL,

We start by choosing a suitable approximation of d,. For x € M, ¢ > 0, let
Bue(z) ={y € M : d(z,y) < €}; let jye € C°(M,R") be a family of approxima-
tions to the usual ¢, supported on By (x) such that lime_,o [3; je»(y) f(y)w(dy) =
f(z) for all f € C% where w(dx) stands for the Riemannian volume. We recall that
our trace has been defined in Section 3.1 as

Trace(A) = lim |, o(y) (r9(A)) (o) (y)w(d)wo(dy) (3.5.1)
e—0 Jpr2
where tr()(A) is defined by (3.4.12).

In order to make precise our definition of trace we specify an explicit family
of approximate identities jex(y). Let ks € C®°(R®,R™) such that [p. ks(§)dE =1
where supp(ks) C {x € R® : ||z|| < r} for some appropriate r € (0,1). Moreover,
we define k € C®°(RY, R*) as k(z1,...7q) = kg_1(x1,...,24_1)k1(z4). Note that
given € > 0, f,h € C°, one has for k,

li_>r% e | ks(e (x4 eh(z)) f(x)dx = lir% ks(z + h(ez)) f(ez)dz
€ Rs €—> Rs (3.5'2)
= 1) [ ki(=+ h(0))dz = £(0)

Let {©4,Uqs,%a} be the atlas with the related partition of unity already used in
Section 3.3. Recall that 3 ¢y > 0 such that if « € supp 9, then By, (z) C U, for
all a. Let € < ¢y and define

Jeae®) = 9e(@) " €M (¢ (Oal@) = €alw) o) (3:5.3)
where g, is the normalization factor
-y / U (2)k (€1 (Oa() — 2)) wa(2)dz. (3.5.4)

such that wy(2)dz = (@;1)*(0.:) so that
hm gE Z Vo (T)we © On ().
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O (supp(

C—2\ .
U
e P

Ua

NU)

M V. C B(0, 45)

Figure 3.1. The framework of our lemma

After recalling that we used 7T for the set of orbits for the flow and 7, for the
set of prime orbits, we now establish the following

Lemma 3.5.1. For R(z) sufficiently large and n € N, 0 < ¢ < d — 1 we have
Trace (RO (2)") < oo. In addition,
1 1 tr (AZ(Dhypgb)\(T))) A(T)nefz)\(‘r)

Trace(z)(R(g)(z)n) =
(n — 1)' T M(T) det (]l - Dhyp¢A(T))

Proof. Recall that by equation (3.3.1), (04, Uy) have been chosen such that we can
write T = O4(z) = (Z,24) € Vo C R x R and O (%, 24 + 5) = ¢5(0; (%, 24))
for a neighborhood of z. Let y be in a Bjs¢(z), from equation (3.2.8) and Lemma
3.4.3 we can write

O ( RO (\ny _ 1 Jae(y)
Trace'™ (R (2)") lg]% M2w(dx)w(dy)(n—1)!

% tr(f) (/0 dt tn_le_ZtE§£)> (]x,e)(y)

Notice that the integrand is zero when d(z,y) > € or d(z, ¢—(y)) > €. Hence, for
any t, integrating on M? is the same as integrating on (see figure 3.1)

(3.5.5)

Dey = {(z,y) € M? : d(z,y) < e,d(z,p_s(y)) < €}

Now we recall the shadowing theorem for flows as in Bowen [12], with the formu-

lation explicitly given by Plugging in [56] as theorem 1.5.1, adapted to our case.
First of all we define the (eg, L)-pseudo-orbits t;. Let t(¢) : R — M be a map such
that given ¢g > 0, L > 0 for any ¢’ € R we have d(¢;(ty), t(t +t')) < €g if |t| < L.
Note that we did not require t(¢) to be continuous. Then we have the following

Theorem 3.5.2 ([56]). Let M be a smooth manifold and ¢; a C* Anosov flow.
There exists positive numbers €y, ¢ such that given a (e, c)-pseudo orbit ; with € < €
there is a unique orbit T, a point p € T and a reparametrization o(t) for all t € R,
we have

d(te, 9o(1)(p)) < ce where |o(t) —t| < celt].
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Now for each 7 € T we define
Acr = {(m y) € M? . d(x,y) < e, d(pe(y),T) < ce for t € [0, \(7)(1 —i—ce)]}
then, by the theorem above for all ¢,e¢ > 0 we have that

Dy C U A (3.5.6)
TET A(T)€[t(1—ce),t(1+ce)]

Note that we can choose € so that there are no orbits 7 such that \(7) < ce, since
there exists a minimum period for the orbits. Now we can establish the following
lemma.

Lemma 3.5.3. For all sufficiently small € and sufficiently large R(z),

/M2 (dw)w(dy) / dt jnzi(1§ et (£9) (]xe)(y)’:()'

lim sup
L—00 ¢>0

Proof. By (3.5.6) we have

{(:L",y,t) € M?* xRT : (2,y) € Dey,t > L} C
U Acr X A7) = ce), A1) (1 + ce)] .

{reT :A(7)>L(1—ce)}

By the definition of the transfer operator and the linearity of tr®), given Op.g.l
derived from Lemma 3.4.2, we can apply Fubini-Tonelli to obtain!3

’/Mzw(dw)w( ‘7“ /dtt” 1—Zt(tr(>£f) (jzﬁ)(y)’

)\ 7)(14ce)
<e X / T [, ldoyu(dy) 2ol R ostimac)
{TGT:A(T)>L(1+C€)} )\(?)(1—06) Ae,‘r
< Z ‘)\ (—R(z)+Hog(lop,q,eDA(T) |

{r€T:X\(7)>L(1+ce)}

Therefore, since the growth of the number of orbits of periodicity A(7) < L for
Anosov flows is at most exponential (see [39]) we can establish absolute convergence,
given R(z) sufficiently large. O

If we define

Kepnz(z,y,t) = (‘Z;Z”’E(?i))!t” (tr@w) (o) () (3.5.7)

the equation (3.5.5) can be rewritten by Lemma 3.5.3 as

L
Trace(R(2)") = lim lim dt/ w(dz)w(dy) Kepp (2, y,t).
De,t

L—ooe—0 Jg

3Note that m(Ac,,) is bounded by the measure of a ce neighborhood of 7 times the volume of
a e ball i.e. m(Ac,) < A(7)ed et
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Now let us define
Acr ={(z,y,t) € M2 xR : (2,y) € Acr, |t — A(7)| < A(7)cel}

Lemma 3.5.4. Let 71,7 € T with A(7;) < L, i = 1,2 . There exists e;, > 0
such that for all € < er, if we have A7 N Acr, # @ then 71 = To. Moreover

Utelo,0) Det % {t} C UreTir<r} Ber-

Proof. Let (x,y,t) € Aem ﬂ&en. Then ¢ € [A(71)(1—ce), \(11)(1+ce)|N[A(T2)(1—
ce), A(12)(1+ce)], thus [A(11) = A(m2)| < 2ceL. Now let (z,y) € Ac -, NA¢ r,, then by
the previous theorem there exists 7 € T, such that supp(7) C (supp(71) Nsupp(72)).
Thus since both the support and times must coincide we have 7, = 1 for € < €.

Note that this is granted as soon as e, < vL™l¢ for v the minimum period of an
orbit on M. Last, if (,y,t) € Usejo 1] Dest X {t} by (3.5.6) we have that there exists

7 € T such that (z,y) € Ac - and [t —A(7)| < A(7)(1—ce). Thus (z,y,t) € AG,T. O

Hence we obtain

Trace(R®(2)") = lim lim Z / Kepn(2,y, t)w(dr)w(dy)dt

L—)oo e—0
TET
A(T)<L

Given the definition of ng) and passing to coordinate charts we set
Qaer = (04 X B x 1) ((Ua x Uy x R) N AE’J

SO we can rewrite our integral as

Trace(RY (2)") = lim lim Z / (g0 ©, (@) ~"

a Lol N <ry ! Qe
_ _ tnle=#t 3.5.8
X (o 00,1 (T))e dk( (UC—Z/))W (3:5.8)
x (689L) (o1 ) ) (O (@)wa(@)wa (7)dTdFdt.

Next we compute (tr(é)ﬁg))(jegl(f) J)(O51(®@)) for (T,7,t) € Qqcr. From the defi-
nition of jg-1 ) ., equations (3.4.14), (3.4.16) and (3.5.3), we obtain

(1O L) (Gt (2 )03 @) = (=1 (m)) © D-1(O3 (@) tr(A (Drypé—r))
= tr (A (D) (9002 @) Y (450071 @)
B
(7 (0500, @) ~0500-106.1(@)))

For each V,, let ¥, = {v = (0,v4) € Vo : vg = 0}. Let 7., be the connected
components of O, (supp(r) N U,) indexed by i. Let Qacri D Ta,i be the related
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neighborhoods such that Q¢ = U; Qacri- Furthermore let 7, ; = T, N X4 and
[Ma.i—T| < ce. Let bar—+(T) = Oq0h_;00(T) where it is well defined. Define rq 7 ; :
Yo = R as rq 74(0) = inf{t € [A(7)(1—ce), A\(7)(14ce)] : ¢a, 100, 1(3,0) € Za}
and note that 747 (7a,i) = M(7). Let Py : Vo = 3q as Py (7) = (;Sa —vy(T) so that

Ga,—t(7) = ba—t+y,(Pa(¥)) = Pa—ttyatrari(Pa@) © Parrar.s(Pa(m) (Pa(@))

In particular we have that [@a, ¢(7)]a = —t +Ya + ra.r.i(Pa(7)) provided [t — (1) <
ce.

Let IT : R — R4 such that II(vi,...,vq) = (v1,...,v4-1) and recall that we
have invertible maps G, g : R — R4 and maps Fop: R4 — R such that

0500, (2) = (Gaplz1,- -y 2d0-1) Fa g2,y 2a-1) + 2ad) -
Hence we have the decomposition
E(e! (0500, (@) ~05006-100,'m)))
= kg 1(€7(Gas(®) = Gayp 0 110 Gat(@))) bt (€ o ps(7, 1))
where we have set

hoe,ﬁ,ff,i(fa Y, t) = (Fa 5( ) +xq — Fa,B(H © éaﬁt(g)) — Ya — ra,ii(Pa(y)) + t)

For (Z,7,t) € Qa.,r we can define the following transformation Z : Qq ¢ 7; — R2d+1
as

(3.5.9)

E(f7 yv t) = (i' - g: Td — Yd, Ga,ﬁ (':E) - Ga,ﬁ ollo (Z)a,—t(y>7 Xd, t)
= (§,84, 05 pas 1)

Lemma 3.5.5. E is a diffeomorphism between Qg ¢ ; and its image.

(3.5.10)

Proof. To see that it is a local diffeomorphism we begin by writing explicitly

1 10, -1 | 0

o 1y T o 170

DE = | DiGap | 0| —Dyos. ,5Gas Dy, Di- 1 5Pa—tr | O T
0 1! 0 "0 70

0 101 0 0 11

We use D, f for the standard derivative matrix of f at y. Note that by construction
Go,pollo ¢ () does not depend on y4. Moreover

Dy - Da1gba,-t =

Pa,—t
! o J)a,f (7)) 0 d;a,f (7))
1 ... 0‘0 1ay1ty 18yd,t1y
P : : = Dhypa,
0 R 1 ! O 8d¢;a,—t(§)) . ad‘lga,—t(y))
‘ Oy1 Oya—1

MWith a little abuse we write Ta,7, for Ta,Fa i thus avoiding repeated and double subscripts.
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where Dhyp(ga,—t is an hyperbolic matrix. Hence for this transformation, using the
properties of determinants, we have that

1 | -1 0
| det(DE)| = ﬁii@:I::::O::i::[iﬁ
D3zGa,p ‘ Dno¢ ()Gaﬁ Dryypda,—¢ 1 0
R T 1
N D3Gap ‘ Dno¢ ()Gaﬁ Dhyp‘;a —t
1, 0
| DsGap ' DiGap — Doy, 5)CGap " Diypo—t

= ’DiGa,ﬁ’ ) ’]l - (DiGoc,B)_1Dno$a’_t@)Ga,B ) Dhypd;oz,ft’

Now observe that (DzGq ) D Go,p =1+ o€) so that

Hoéa,ft(y)
1 (DfGa,ﬁ)lenoéa,_t@)Ga,ﬁ ’ Dhypa’a,—t - (]1 - Dhyp‘z’a,—t) (1 —eA)
for some uniformly bounded matrix A. Therefore

| det DZ| = Z; |1 = Diyp, o] [1 = €A #0 (3.5.11)

Now let Z(z,y,t) = Z(w, z, 5) for opportune variables z, y, w, z, t, s. By applying
the transformation we must have trivially ¢t = s, 4 = wg and yq = 24. Since our
transformation is defined on €2, ¢ - ; we must have t ~ \(7). Moreover z, y arbitrarily
close ie. |z —y| <e. Thus |z —w| < e,|y — 2| <e. Hence z = w,y = z since E is a
local diffeomorphism. O

To simplify our expression let

Hop e ) = tr (A (Digpd—1) ) (9c 0 05 (@) 2
tn—le—zt (3512)
% (Ya 0 031 ()03 © 07 () 7~y wa(@)walD)

Given 7, ;, recall that |7, ; — Z| < ce then, for all 7, ; we have

Faﬁ( ) (ﬁa ) FaB(N_ﬁa,i)—f_o(e)A

FOl 5(1_[ o ¢Oc —t(y)) - 04 ,3(77(1 z) + Dy Fa,ﬁ(n 0 ¢a,—t(y> - ﬁa,i) + 0(6)

razi(Pa() = A7) + ( ﬁa,iraﬁﬂ)@ Ta,i) + o(e)-

(3.5.13)

Moreover, after recalling that G, g are invertible maps of at least class C'! and
recalling the definition of E we also have that p = G, (%) — Gagollo gZA)a —+(m) =
D5, Gap(Z —TTo ¢ (7)) + ol€) so that & —TTopa, ¢(7) = Dy, .G, 5'0+0( €). From
this equality and by (3.5.13) and (3.5.10) we have

G~ Tas = (1= Dy, (Mo das))  (Dr,,Cabp—€) +o(0)



3.5 Extending the Determinants 43

Hence we can write
k1 (€ g i@ 5, 1)) = ka (€7 (€a+ £ = A(T)
+ Dy, rari(l = Dy (o ¢a, ) (D, ,Golp — &)
+(Dy, Fas)(D5, Gl + ole) ) )

Hence after setting Qqcri = Z(Qa,cri) by rewriting equation (3.5.8) our integral
reads

Trace(R“(2)") = lim lim Z /7 e 2d

ap L e <Ly Qe
=-1 _ _ _
X Hopper©E (&.€a, ps past) ka—1 (6 15) k1 (6 lfd) kq—1 (6 lp)
x ki (€71 (€4 -+t = A7) + Dy, s (1~ Dy, (1o $a 1)) ! (3.5.14)

< (D5, G0 = &) +(Ds, Fap) (D5, Golo + o)) )
x ’det(DE)_l‘ dedé dpdpadt

Now we rescale the variables by setting 5 = e l¢, Ed =€y p=¢€clp s =
e 1(t — A(7)). We set

v

ha,ﬂ,E,T,ES—‘r)\(T),i(g? /v)) = Dﬁa,iTa,T(]]' - Dﬁaﬂ- (H © d;a ,—es—A(T )))_1((Dﬁa i 7,15)[) g)

We can take the limit for e — 0 and obtain

cA(T)
Trace(R Z hm / dﬁdfddpdpd / ds
)

{TET)\ )<L} —eAlr
(0 0,0, pas N(7)) a1 (€) ki (€a) ka1 ()
b (54 €0 + ho g oraini(6:9)) [det(DE) 7.

HosponoZ (3.5.15)

Note that £ is uniformly bounded for all es+A(7). Thus in the above equation we can
choose the constant ¢ large enough so that all the s for which k; (s + éd + 7104,570’7.,)\(7) (5, ﬁ)) #*
0 belongs to [—cA(T), c\(7)]. Last, we integrate with respect to ds, d€, d€y, dp. Note

that if Z(z,7,A(1)) = (0,0,0,p4,A(7)) then T = § = (7,,,pa). Thus, setting
Pai = 05 (Ma.i, 0), we obtain

46
Trace(R Z hm Z / dpd tr A(Dpypd_ A(r ))
7B Z {’TET )\ <L}
% )‘(T)nileiz)\( 7) wa o (Z)Pd (pa,i) ¢B o ¢Pd (pa,z')

(n — 1)! (Zv Py o ¢pd(pa,i)w7 00,0 ¢Pd(p°"i))2

X Wa (Oa © Ppy(Payi)) wp(Op 0 Py, (Payi)) det (11 - Dhyp¢—)\(r))
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We can then choose p, € supp 7. Then {¢¢(p-) }1ejo,x(r)] cross each connected com-
ponent of supp 1, Nsupp 7 (and hence each p, ;) exactly p(7) times. Accordingly,

A(7)
Trace(RY) (z)") = lim Z / dpq tr (/\K(Dhypd)_,\(ﬂ))

B 7 e <ny 70

% A(T)nil —2(r) Yo © Pp, (pr) P50 ¢p, (pr)
2
(n = 1)t (Z Yy © Ppy(Pr)wy © Oy 0 ¢pd(p7))
X Wa(Oq 0 Ppy (p‘r)) wﬂ(@ﬁ °© Pp, (pr)) det (]l Dyypo— )\(7'))

Dhyp¢ )\7‘))))\( )n— B_Z)\( 7)
Z / (n—1)! )det(]l Dryypd—x(r )

1

= lim
L—oo

By taking the limit for L — oo we finally obtain

1 1 tr(/\g(Dhyqu—)\(T))))‘(T)neiz)\(ﬂ-)
(n— 1! = u(7) det (]1 - Dhyqu_A(T)) '

Trace(R®) (2)") =

3.6 Linearity of extended determinants

We will extend the methods of Liverani-Tsujii [43] to the dynamical determinants

(£)

just studied. To do so we first introduce the adjoint operator of £;”, we will compute
its expression and then we will construct a suitable “product” operator. We start
by computing
¢ ¢ *
1,90y = [ (€10 F.gha@) = / (6" 1) (@) A xg(a)
= [ sl AGie)@) = [ H@ndita@)  (361)
= [ D00 @) = (1.2 g

where d is the dimension of M, * indicates the Hodge dual and xxg = (—1)Z(d_£)g
for each ¢-from g, see [38, Lemma 2.1.1], and we have defined

—=(0) . _ *
£%9 = (=)0 (6] (xg))- (3.6.2)
Thus given g € Qg <(M) we have the local expression!?
(1 9)ag = Ve (9550 01) (~1)“De(i)e(j) det(Der)%: (3.6.3)
Byi

1514 follows from (3.4.5) applied to *g, with ¢; instead of ¢_;, and noticing that xdz; =
(—1)*Ddz;e, see [38, Section 2] for more details.
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where ¢ is an ordered (d — ¢)-multiindex such that (dz;,d,.. ) form a complete base

and (i) is the sign of the permutation that maps {1,...,d} to {i1,... iz, 5, ...,i5 | ,}-

Note that, if g € ths(M), then iy < d thus, recalling the representation (3.4.4), it

follows that in (3.6.3) ¢ has always the last component equal to d. Thus, only the

j such that j, < d contribute to the sum. In other words ZEE)(Qf),S) C Qf , and on
such a subspace we can write

(1 9)ag = Ve (9550 01) (~1)“De(@)e(j) det(Den)2: (3.6.4)
Bii

Remark 3.6.1. Note that i in (3.6.3) is a d — ¢ ordered multi-index while in
(3.6.4) is a d — 1 — ¢ multi-index since its components can take value only in the
set {1,...,d—1}. The latter is the situation in the present section, and we will not
warn the reader any further.

Our goal is to use the operators E,@,ZEZ) to construct an operator that acts
naturally on an appropriate subspace of QEZ(M 2). As a first step we define the
subspace of interest.

Consider the projections m; : M? — M, i € {1,2}, such that 7 (x,y) =  and
ma(z,y) = y. For each pair of (-forms f,g in QL(M) we have that 7ff A Thg €
Q2 (M?). We define then Q5 (M) = span{r{f A735g : f,g € Qf (M)}.16

Next, we want to use section 3.3 to define a norm that reflects the relevant
dynamical properties. On M we consider two systems of charts: the one used in
section 3.4, that we will call (U,, © ) and the other constructed exactly in the same
way but with respect to the flow ¢_; rather than ¢, that we will call (U,,0%).'"
Also we consider the associated adapted partition of unity {t¢,}. We consider then
the atlas, of M?, (U, x Ug, ©, X 92;)’ subordinates partitions {1a g}, Ya.p(2,y) =
Yo (z)1s(y), and the cones C such that

(07 x OF)LC(w,y) = {(&n) € Rz [&c] + Incl + &l + nsl < 15| + Imul} -

Note that we can assume without loss of generality that C are strictly invariant
cones with respect to the Ri action ¢_; X ¢s.

We use the above structure on M? to define norms || || 4.¢.2 using the construc-
tion in Section 3.3. We define then the Banach space Bg’q’e as the closure of QQS(M)

with respect to the norm || - {5,462

We can finally construct operators .Cg) = ng) ® Zg) in analogy with what has

been done in [43] for the case of diffeomorphisms.'®

18T ocally, the C® closure of Qgs(M) contains all the forms of the type > 3 w(z,y)dzi, A. .. dzi, A

1
dyi, A...dy;, with w € c* (M?), for each s’ > s.
"In particular, the relevant cone is C*, not C®, and its representation in chart will contain
{lIsl| +¢| < |Jul|}. Note that one can always reduce to this case by eventually refining the covering.
Note that in the present setting we are forced to introduce a ]Ri action since the product of
two flows has a two dimensional central bundle.
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Given f,g € Q€7S(M) we define

LA Amsg) = (7L ) A (1L g)) (3.6.5)

which extends by linearity to an operator L(Z) Qg,s (M) — QQS(M).
To express h € Q2,s( ) locally, we adopt the natural extension of the previous
notation, i.e. hy g = 1 gh and

hap(x,y) Z ho pi5(Ty)dzy; A dygs. (3.6.6)
7]612

Accordingly, we can write L’gs)h as

(‘Cl(f,es)h aﬂz,] Z wa,ﬁ hvémno(ﬁ t X Os
V:9m,m (3.6.7)
x (=1)%4=0¢(5)e(n) det (Do el de t(Dgs )20

jemne’

In the case of d — 1-forms, from equation (3.6.1) and setting wy = 7@ A T3©,
we have

L (fwa) = f o (6—s X 1) det(De_¢)uws. (3.6.8)

That is, we recover the same type of operator studied in [43].
We can then proceed exactly as in section 3.4 to prove the following Lemma.

Lemma 3.6.2. For each ¢ € {0,...,d — 1}, ngs) : Bg’q’g — Bg’q’g are bounded
operators. Furthermore, for each o > 2 there exists C > 0 such that, for R(z) > 06y,
the operator

0 \n 1 [ 1 —a(tts) ot
RY(2) T /O /0 (ts)"1e=2t+9) £O dtds (3.6.9)

1s a linear quasi-compact operator on Bg’q’g with spectral radius bounded by C(opa=1)?"

and essential spectral radius bounded by C(oyopqa=1)?".

To follow the scheme of [43] we need to define a suitable delta function in Bg’q’ﬁ.
For each f,g € Q4(M), let

(mis nmig) = [ (f.9)a(d).

Such a definition extends by linearity to all sections in Qé, J(M), thus 65 € Qg (M)
Since for h = Qgﬁ <(M) we have the coordinate expression

h= ZZ% (x y)dao; A dyg;, (3.6.10)
56 Z,]
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we obtain
3(0) =X [ dal@)s(@)hes (@,0)(da s da ) da)
apB i
=33 [ vl @ht @ zw(d) (36.11)
a76 ;

-Yy /M ba(2)hE (2, 2w (de).

Next we need the equivalent of Lemma 3.3.6, the proof is omitted since it is exactly
the same as before starting from the space Qg’S (M).

/
Lemma 3.6.3. There exists an injective immersion ¢ : Bg’q’z — (QgS(M))

Next we have the following

!
Lemma 3.6.4. The current 8% extends uniquely to an element of (Bg’q’g) .
Proof. Since Bg’q’e is defined by the closure of the sections on which 55 is defined,
it suffices to prove that there exists ¢ > 0 such that [05(h)| < c[|h||pg2- This
follows immediately from (3.6.11) since 05 corresponds to integrating on the man-
ifold Wp = {(x,y) € M? : z = y}. If z € Uy we can foliate Wp, in the
local chart V,, with the manifolds W, ¢, € ¥ given by the graph of the functions
Gs(z®,y") = (z°,y", 5,2% y", 5). Accordingly,

3] < Y Is5(vah)] < Y [ ds

| Wtz Ay )| < cliblgac
Woz,Gs 2

O

Next we want to see that, if (z) large enough, Ra(2)d4 can be naturally iden-
tified with an element of Bg’q’g. Let us begin with a definition

Je(w,5) = 30 3 Yal)jea(y)dig: A dy, (3.6.12)

Then, J. € Qg’S(M ) and given h € QQS(M ), remembering the representation
(3.6.10),

<J‘5’ h>Q§Q = Z /M Ya (I)ja,:c (y)<d$a’; A dya’;, h>(m7y)w(l‘)w(y)
= Z /M %(:v)je,m(y)h%a(x, y)w(x)w(y).

Thus, for each h € Qg}S(M), lim. 0 ¢(Je)(h) = 5S(h)-
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Lemma 3.6.5. There exists ng € N such that each z € C, R(z) > 06y, we have
that Rg) (z)"J. form a Cauchy sequence in Bg’q’g. We call 65(2) the limit of such
a sequence. Moreover, 1(J.) converges to 8% in (Bg’q’g)’.

Proof. First of all a direct computation shows

(L4 ap55 =D Yo - By (0—t(®)) e, (o) (6 (1) (—1) e () ()

vsn

x det(Dy¢—¢)27 det(Dyes)2

C/r-LC

Given a d dimensional admissible manifold Waﬁglg test form g € F%é (o, B,G) we
can write

1
(RO (2 7, g) =G0 s dsdt (ts)"0e >0+ 3 / L 0-t@)ga 555w y)

,B,7,6,3,1
X Jeipo(a) (@5 (1)) (= 1) e (f)e(R) det(Drg—) 27 det(Dys)5
—z(t+s) tg)no
_ dsdte(n_f)fg > /{ﬁ o @00,535(61(2), 64 1)

2
R

Je,ne

,B,7,0,3, W B G
X e (9) (= 1) e (G)e(R) det(Dy, () —+) 27 det(Dy_, () 6s)5 e
X KES(:Ea y))
(3.6.13)

where K ¢(z,y) is the Jacobian of the change of coordinates. Next, note that
¢—t X ¢ps(Wy 5.c), in coordinates, is a graph of the type

G(:L,S’ yu) = (xs) Gu(xsu yu)a GO,I(CCS) yu)v Gs(gjs’ yu)7 yuu G0,2 (ajsa yu)) )

where | DG|| < 1. Then we perform the change of variables

(&n) = (2° = Gs(2°,y"), Gu(2®, y"*) — y*) -

Such a change of variables is invertible with determinant bounded by (ts)~"° for
some ng € N. The Bg’q’e norm is uniformly bounded in ¢, via a direct computation
in the style of (3.5.10) Section 3.5 . The extension to B5% is treated similarly
after integrating by part p times. Now given ¢,&’ we directly apply our estimates

to | By ()"0 J. — Ry (2) =
Corollary 3.6.6. For each z € C, %(2) > 060, 1(05(2)) = Ré(z)’&é.
Lemma 3.6.7. For each z € C, such that R(z) > 06y, holds true

55" ((R@)""O 55”(;;)) — Trace® (RO (2)?"), (3.6.14)

9To make the following calculations more readable, from now on every time we drop the inte-

gration variables we mean that we are integrating with respect to the volume of the integration
bound.
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Proof. From Lemma 3.6.5 we obtain

5 ((R(@)" " 5“)(z)) = Jim Jim [ (. (R)"2)

e1—0e2—0

_ 1 n—1_—z(t+s) ©
= Jim /M2 [, dsdtts)" e (o, £0.).
ea—0 +

Next, by (3.6.12), (3.6.7) and remembering footnote 12, we have

<J€13‘cg,es)‘]62>(m,y) = Z wa ]ﬂ,x Tﬂﬁ(gf) ( ))jez,¢,t(az)(¢8(y))

a,B,i,j
x det(Dy—) 2 det(Dys )52 2 (i)e(j)

= Y Cal®)je e (WVs(S—1(2) ey 0y w) (D))
a,B,i,j

x det(Dyd_ )-Lﬁdet(D¢()¢ )fi’zﬁdet(ﬁygés)

Thus, remembering that the integrals are uniformly convergent with respect to time
(see Lemma 3.5.3),

n—no 1 n—1_—z(t+s
55<(R§Z)) 55@('2)):@_1'2/ , dsdi(ts)"~leH 00

X Jimy, Tin /M2 Z 1/104 ]q,x ( ))¢B(¢—t($))jez,¢4($)(y)

€1—0e2—0
757 7]

x det(Dye— ):ﬁdet( Dy )E.“ﬁ

o 1 n—1 —z(t+s)
lg% (n—1) '2/ / ds di(ts)

Xz¢a .76:1: —5— ( ))det( :L“Qb*tfs){o}a'

By changing variables to (t',s") = (t + s,t) and integrating by parts n — 1 times
w.r.t. ;4 we obtain

o (Rl y=a0) =t o [, [ e oyt
XZd}a ]ex ( ))det( xﬁzs—t)g’g

‘ t2n 1 .o
:lg%/ / dt m — 1 6 ]ex [Z wa det :cqb—t)g’% ] .

Note that the integrand is different from zero only for d(z, ¢_(z)) < e, we can then
use the piece of orbit {¢_s(z)}se(o, to create an arbitrarily close e-pseudoorbit.
Then, for £ small enough, Theorem 3.5.2 implies that there exists a unique close
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orbit 7 such that d(¢_s(x),7) < ce for all s € [0,¢] and |\(7) — t| < ceA(7). Hence
(x,t) € Qr = {(z,t) € M xRy : |t = A(7)| < ec\(7), d(p—s(x),T) < ceVs €
(0, (14¢)A(7))}.2° That is, setting F. (z,t) = 5= j)! T Val®) det(Ded )5
and My = M x Ry we have

/Mjw(qﬁ (2,) = / Jea(61(2)) Fulz, ).

TET

Next, by (3.5.3) we have

/M+ e (61(2)

Note that, for R(z) large enough, the sum is uniformly convergent in e since the
number of closed orbits grows at most exponentially. It is then convenient to define

Frae(1) = Fo(051(6),1)9:(05"(€))¥a(051(€))@al(€)

where @, (€)d¢ is the induced volume form in V,,. We also define ¢, = ©,0¢_;00_1
and recall that for our adapted charts we have O, (x,t) = (O4(x),t). We can then
write

/Mje,m(qb (2) S / e e G ORET (€~ 92, (9))) dedr.

T€T a

)= Y [ Platg.@va@he (@ale) - Oaé-i(o)).

TET &

Note that (:)Q(QT N Uy x R4) consists of e-neighborhood of a finite number of lines
(the connected pieces of On(T U U,) ), let us call {,;} the collection of such

connected components. Let us now consider the changes of variables = ; : Qa,i —
R defined by

Ea,i(£7t) = (El —Cbgt(f)l,---,gd 1— Qb (g)d 1, gd? )

= (C1s-- -, Cd-1,p: 8).

Let us introduce the matrices A;j = J; ; — %, i,7 € {1,...,d —1}. Note that
det(DZ, ;) = det(A) # 0 since ¢ is hyperbolicJ Moreover if 2, ;(&, t) = Eai(€, 1),
then t = t/, £ = &), hence [|€ — &'|| < ce and thus { = ¢ since E,; is a local
diffeomorphism. Also note that for (£,t) € QM, setting &€ = (£,&4) we can define
a smooth function r, ;(§) such that ¢_ Fees(€) (€,0)4 = 0. By construction, for each
i, there exists a unique p,; € R¥! such that (pa,0) € 7 and ((pa.s,0),A(7)) €
Qoiy then 1ai(pa) = A7) and ¢2,(§) = 6 2 (£,0) + (0,—t + 70, + &) Then
=(p,0,t) = (0,0,t), hence

E=p+ A (D) +O()
Fa(&) = A7) + Ogras(p)A~ (0)C + O(C).

2ONote that, by Theorem 3.5.2 again, Q, N Q. # ( implies 7 = 7’. Hence such sets are all
disjoint.
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It follows,

/MJr Jea(P—t(x)) Fa(z,t) = Z / i) Fiaeo E;}(C, P )

TET,OL ua,i(Qa,i

X ka_1(e 7 O)k1(e7 (s — rai(€)) dC ds dp.

At this point we make the change of variables = e ~1(, v = ¢71(s — A(7)), yielding

[, detoa)E@n = 3 [

 Frae0Z(en, p, A7) + ev)
TeT ,a Eai($ai)

X ka1 (k1 (v — Ograi(p) A~ (p)v + O(ev?)) dn dv dp.

We can now take the limit for ¢ — 0 and obtain, after integrating first in v and
then in 7,

0
liy [ el @Pla) = X3 [ oo (9o 0). A7) dp.

e—0 My reT ai
Thus,

1 1 t AN(D ) 2n ,—2 (1)
5%5) ((Rgf))nfnoééﬁ)(z)) _ T Z r(A%( h}’p¢ ¢ ))) (r)"e

reT n(T) det (]l — Dhyp¢—A(T)>

O

We obtained an expression only for the traces of even exponents of the resolvent.
Completely analogous computations yields the following Lemma.

Lemma 3.6.8. Let 1 be the identity operator on the space Bg’q’g
s ((Ré”)"_"“ (B(2) x 1) (of (z))) = Trace (R (2)?"1) (3.6.15)

Finally we can harvest all the previous results. By Lemma 3.6.2 we have

Rg) (z) = PQ(K) (z)+U2(£) (z) where PQ(Z) (z) is a finite rank operator, the spectral radius

of UQ(E) (2) is bounded by (o0, 4a71)? and PQ(Z)(Z)UQ(Z)(Z) = Q(Z)(Z)Pz(é)(z) =0.

Lemma 3.6.9. Let R (z) = PO (2) + UW(2) be the spectral decompositions of

RO (2). Then
% <(P§£))”_”° 55")(z)) = tr (PO(2)*) . (3.6.16)

Proof. By the previous lemma we already have that, for h = 7] f A 739,

8 (B () = [ (ROGR(P), g)wtda) (3.6.17)
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Now consider the Von Neumann expansion for the operator (£1 — Rg) ()71 a
path T outside the essential spectrum of R?(z) and Réé)(z). Thus for h as before

A0 (0m) =gk [ (- ) )
2m// ¢1-RY ")_lf,g>w(d:c)d§ (3.6.18)

- [ wt Joo(dz)

Hence, by the spectral decomposition P(g)(z) = R(f)(z) _ U(Z)(z), we obtain
5 (POGrn) = [ (POE 1, gwlda) (3.6.19)

Next, since P() is a finite rank operator, we have P (2)(f) = 35 vgufv*(f). Thus
for a general h we have

5 (P (2)mh) = Zy2n > / uf (o)l ()L (o d)w(dy)

777.7

Finally we have

5(6) (( (g))n "o 5(£)(z)) lim 5(@ ( (g)(z)Q"JE) = Zuﬁ"vk(uk)

e—0

The same ideas can be applied to the operator (Rg) (2)"(RO(z) x I)) Hence
we can write, regardless if R ()™ is raised to an odd or to an even exponent.
Trace(R© (2)") = tr(PO (2)") + O ([agap,q%(zrl}”)

tr (/\Z(Dhypgﬁ)\(T))> )\(T)ne_S)‘(T) (3620)
- (’I’L - 1)' Z det(I - Dhyp¢A(7’))




Chapter 4

Ongoing and Future Research
Projects

For fifteen days I strove to prove that there could not be any functions like those I
have since called Fuchsian functions. I was then very ignorant; every day I seated
myself at my work table, stayed an hour or two, tried a great number of
combinations and reached no results. One evening, contrary to my custom, I drank
black coffee and could not sleep. Ideas rose in crowds; I felt them collide until pairs
interlocked, so to speak, making a stable combination.

H. Poincaré

In this section I include some of the work that has been done in these years
which lie the foundations for projects which are not yet completed.

4.1 L-functions

Selberg’s and Ruelle zeta functions have been actively studied for their ability to
collect information on the spacial distribution of orbits in the sense of uniformity
and, as shown in the preceding chapters, many results have been obtained from this
point of view. Here we are interested in studying the topological distribution of
orbits. To capture such a behavior is necessary to go beyond the zeta functions and
strive for results on more general L-functions

Let h be an [-form on some anisotropic space, ¢ is an Anosov flow, w a closed
1-form, X be the vector field generating the Anosov flow then one could define

£h(a) = i) - oxp (2m [ (X (0 (et (11.1)

which, in the case of O-forms, resemble the expected transfer operator

ng)h(x) = ho¢_¢|det(Dey)| ™! - exp (27Ti /0

—t

w(X(gbt))dt) (4.1.2)

53
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Let tr® be a suitable trace, in the sense of the previous chapter. Then, by linearity,

0 0
20 ((qﬁ;‘h) exp (27Ti / w(X(qﬁt(:L‘)))dt)) — te(g7h)-exp (2m' / w(X(qut(x)))dt)
¢ —t

Following what we have previously done we can now estimate an approximated
Trace(Rgl’w)) as following

trAl (D, ) 0

Trace(REl’w)(z)) => dt(1 —D.o) exp <—z/\(7’) + 27rz'/

T —t

(X (O-i())i

(4.1.3)
Hence the results obtained in the previous work seems likely to extend to L-
functions in the sense that

L(zy) = [T det (1 —x((r)e @) (4.1.4)

is meromorphic in the whole complex plane and that by studying this class of
functions one is likely to recollect that L(0, x) is in some sense the “torsion” of our
space. Thus extending typical torsion result to the case of variable curvature.

4.2 Decay of Correlations in Economical systems

The aim of this research project is to study ergodic properties of economical dynam-
ical systems with the tools of hyperbolic theory. The original proposed project was
partly financed by AMaMeF, and some of the preliminary work has been carried
out. The main focus was, and still is, to outline a strategy to approach the cor-
relation function p(t) and analyze how its properties can lead to averaging results
relevant to economic analysis. Here I would like to thank AMaMeF for giving me
the opportunity to start this project. I also would like to thank Prof. Mark Pollicott
for hosting my visit.

In 1998 Stephen Smale prepared a list of mathematical problem as a response
to the International Mathematical Union which included the following:

“Extend the mathematical model of general equilibrium theory to in-
clude price adjustments.”

He believed that the solution, which he looked for in the framework of differentiable
dynamical system ([75],[76]) as well as any major advance towards it, would lead to
new insights both to mathematical knowledge and to economical understanding.
The spirit of this research project is along those lines: define and study a dy-
namical system model, whose states are economics variables, where the macroscopic
overall behavior, compatible with the existing equilibrium theory, is obtained as the
result of a deterministic dynamics. In well-established models the study is concen-
trated on the analysis of excess demand and supply, where convergence it is proven
mainly through fixed point arguments; we identify these variables with standard
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macroscopic observables (as one would do for energy or temperature in physical de-
terministic systems) to related microscopic deterministic behavior. That is we are
trying to set that the rational behavior of single agents produces stable phenomena
at macroscopic level as well as large fluctuations or chaotic motions.

As it happened in nineties for general dynamical systems, shifting to a functional
analysis approach might produce new and interesting results. In this sense equilib-
rium models provide an interesting class of models to which ergodic theories could
be applied, as it is clearly pointed out by Brock and Dechert[14]. This viewpoint
is also supported in literature where the emergence of chaotic behavior has already
been studied in economic growth by Boldrin [10].

The main idea is to model the time evolution of aggregate variables as hyperbolic
flows, and after choosing suitable Banach spaces ([30],[15]), we will study the prop-
erties of weighted transfer operators on such spaces. Note that with this approach,
by studying the evolution of measures we are able to overcome difficulties, typical
of economical analysis, related to choosing a “part” of the population in study. To
be more precise let M be an m-dimensional manifold and ¢; an hyperbolic flow
which represents the demands for m goods , where D¢, can be modeled to reflect
real demand. Here we are interested in studying the ergodic properties of £;. One
strives for the standard chain of results, after obtaining the quasi-compactness of
the operator, ergodic properties such as mixing, existence of central limit theorem,
large deviations. Special attention will be posed to the perturbations of such model,
since they have strong impact on applications.

After a suitable framework will be established, particular care will be spent in
translating the features of the systems in understanding the financial implications
of it. First, as it is the most obvious result but still necessary, it will be important
to show that convergence of densities under the action of the operator in the cho-
sen space is equivalent to equilibrium in real life situation. This first step will be
achieved by carefully choosing the hypothesis of the model. Second, one aim will
be to gain better insight in the problem of noisy data series, which is common in
economics. In fact if the dynamics is strong enough, in the hyperbolic sense, noise
will have a short term impact on the system, while if not it will show the impossi-
bility of making forecast: through an explicit estimates of the decay of correlation
of initial states one will be able to find the time span of the validity of the forecast.
Third, it will be noticeable to show that how such flow may highlight resonance
effects between the microscopical agents, a feature which is hard to see in stochastic
models, due to the properties of Brownian motions, but commonly showed by mar-
kets. In particular it will be interesting to investigate the difference in estimates
which come from looking at equilibrium theory using stochastic analysis or by using
differentiable dynamical systems.






Bibliography

1]

N. Anantharaman. Precise counting results for closed orbits of Anosov flows.
Ann. Sci. Ecole Norm. Sup. (4), 33(1):33-56, 2000.

N. Anantharaman and S. Zelditch. Patterson-Sullivan distributions and quan-
tum ergodicity. Ann. Henri Poincaré, 8(2):361-426, 2007.

D. V. Anosov. Geodesic flows on Riemann manifolds with negative curvature.
In Proceedings of the Steklov Institute of Mathematics, volume 90, 1967.

M. Baillif. Kneading operators, sharp determinants, and weighted lefschetz
zeta functions in higher dimensions. Duke Math. J., 124(1):145-175, 2004.

V. Baladi. Optimality of ruelle’s bound for the domain of meromorphy of
generalized zeta functions. Portugaliae Mathematica, 49:69-83, 1992.

V. Baladi. Periodic orbits and dynamical spectra. FErgodic Theory Dynam.
Systems, 18(2):255-292, 1998.

V. Baladi. Positive transfer operators and decay of correlations, volume 16 of
Advanced Series in Nonlinear Dynamics. World Scientific Publishing Co. Inc.,
River Edge, NJ, 2000.

V. Baladi. Dynamical zeta functions and kneading operators.
http://www.math.ens.fr/~baladi/kyoto.ps, 2002.

G. Birkhoff and S. MacLane. Algebra. AMS, 1999.

M. Boldrin and L. Montrucchio. On the indeterminacy of capital accumulation
paths. Journal of Economic Theory, 40:26-39, 1986.

R. Bowen. Periodic points and measures for axiom A diffeomorphisms. Trans.
Amer. Math. Soc., 154:377-397, 1971.

R. Bowen. Periodic orbits for hyperbolic flows. American Journal of Mathe-
matics, 94:1-30, 1972.

R. Bowen. Symbolic dynamics for hyperbolic flows. American Journal of
Mathematics, 95:429-460, 1973.

57



58

Bibliography

[14]

[15]

[16]

W.A. Brock and W.D. Dechert. Handbook of Mathematical Economics, vol-
ume IV, chapter Non-linear Dynamical Systems: Instability and Chaos in Eco-
nomics. Elsevier Science Publishers, 1991.

O. Butterley and C. Liverani. Smooth anosov flows: correlation spectra and
stability. Journal of Modern Dynamics, 1, 2:301-322, 2007.

J. Buzzi. Some remarks on random zeta functions. FErgodic Theory Dynam.
Systems, 22(4):1031-1040, 2002.

N.I. Chernov. Markov approximations and decay of correlations for Anosov
flows. Annals of Mathematics. Second Series, 147(2):269-324, 1998.

P. Cvitanovi¢ and B. Eckhardt. Periodic orbit expansions for classical smooth
flows. Journal of Physics A: Mathematical and General, 24(5):237-242, 1991.

P. Cvitanovi¢ and G. Vattay. Entire Fredholm determinants for evaluation
of semiclassical and thermodynamical spectra. Phys. Rev. Lett., 71(25):4138—
4141, 1993.

P. Dahlqvist. Approximate zeta functions for the Sinai billiard and related
systems. Nonlinearity, 8(1):11-28, 1995.

E.B. Davies. One-Parameter semigroups. Academic Press, London, 1980.

D. Dolgopyat. On decay of correlations in Anosov flows. Annals of Mathemat-
ics, 147:357-390, 1998.

D. Dolgopyat. Prevalence of rapid mixing for hyperbolic flows. Ergodic Theory
and Dynamical Systems, 18:1097-1114, 1998.

D. Dolgopyat. Prevalence of rapid mixing 2: topological prevalence. Ergodic
Theory and Dynamical Systems, 20:1045-1059, 2000.

M.E. Fischer. . Physics, 3(255), 1967.

D. Fried. Analytic torsion and closed geodesics on hyperbolic manifolds. In-
ventiones Mathematicae, 84, 1986.

D. Fried. The zeta functions of Ruelle and Selberg. i. Annales Scientifiques de
L’ E.N.S., 19(4):491-517, 1986.

D. Fried. Meromorphic zeta functions for analytic flows. Comm. Math. Phys.,
174(1):161-190, 1995.

G. Gallavotti. Zeta functions and basic sets. Atti Accademia Nazionale des
Lincei, 61:309-317, 1976.

S. Gouezel and C. Liverani. Banach spaces adapted to anosov systems. Ergodic
Theory and Dynamical Systems, 26, 1:189-217, 2006.



Bibliography 59

[31]

32]

[33]

[34]

[35]

[36]

[42]

[43]

[44]
[45]

T. Harayama and A. Shudo. Zeta function derived from the boundary element
method. Physics Letters A, 165(5-6):417 — 426, 1992.

T. Harayama, A. Shudo, and S. Tasaki. A functional equation for semiclassical
fredholm determinant for strongly chaotic billiards. Progress of Theoretical
Physics Supplement, 139:460-469, 2000.

H. Hennion. Sur un théoreme spectral et son application aux noyaux lip-
chitziens. Proc. Amer. Math. Soc., 118(2):627-634, 1993.

M. Ikawa. On zeta functions and the scattering poles for several complex
bodies. J. Equations aux Derivees Partielles, 2, 1994.

M. Ikawa. On the existence of the poles of the scattering matrix for several
convex bodies. Proc. Japan Acad., 64, 88.

M. Ikawa. Singular perturbation of symbolic flows and poles of the zeta func-
tion. Osaka J. Mathematics, 27:281-300, 90.

M. Ikawa. Singular perturbation of symbolic flows and poles of the zeta func-
tion. Osaka J. Mathematics, 27:161-74, 92.

J. Jost. Riemannian geometry and geometric analysis. Universitext. Springer-
Verlag, Berlin, fifth edition, 2008.

A. Katok and B. Hasselblatt. Introduction to the modern theory of dynami-
cal systems, volume 54 of Encyclopedia of Mathematics and its Applications.
Cambridge University Press, 1995.

A. Katok, G. Knieper, M. Pollicott, and H. Weiss. Differentiability of entropy
for Anosov and geodesic flows. Bullettin of the American Mathematical Society,
22(2):285-293, 1990.

A. Katsuda and T. Sunada. Closed orbits in homology classes. Publications
Mathématiques de L’IHES, 71(1):5-32, 1990.

C. Liverani. On contact Anosov flows. Annals of Mathematics. Second Series,
159(3):1275-1312, 2004.

C. Liverani and M. Tsujii. Zeta functions and dynamical systems. Nonlinearity,
19, 10:2467-2473, 2006.

G. Margulis. On some aspect of the theory of Anosov systems. Springer, 2004.

J. Marklof. Selberg’s trace formula: an introduction, springer. To appear in:
Lecture notes in Physics, http://arxiv.org/abs/math/0407288, 2008.

John N. Mather. Characterization of Anosov diffeomorphisms. Nederl. Akad.
Wetensch. Proc. Ser. A 71 = Indag. Math., 30:479-483, 1968.



60

Bibliography

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

D. H. Mayer. The thermodynamic formalism approach to Selberg’s zeta func-
tion for PSL(2,Z). Bull. Amer. Math. Soc. (N.S.), 25(1):55-60, 1991.

M.Pollicott and R. Sharp. Exponential error terms for growth functions on
negatively curved surfaces. Amer. J. Math, 120:1019-1042, 1998.

M.Pollicott and R. Sharp. Error terms for closed orbits of hyperbolic flows01.
Ergodic Theory Dyn. Syst., 21(545-562), 2001.

F. Naud. Analytic continuation of a dynamical zeta function under a Diophan-
tine condition. Nonlinearity, 14(5):995-1009, 2001.

F. Naud. Entropy and decay of correlations for real analytic semi-flows. Ann.
Henri Poincaré, 10(3):429-451, 2009.

W. Parry and M. Pollicott. An analogue of the prime number theorem for closed
orbits of shifts of finite type and their suspensions. Annals of Mathematics,
118:573-591, 1983.

W. Parry and M. Pollicott. Zeta functions and the periodic orbit structure of
hyperbolic dynamics. In Astérisque, volume 187-188. Société mathématique de
France, 1990.

V. Petkov. Analytic singularities of the dynamical zeta function. Nonlinearity,
12:1663-1681, 1999.

V. Petkov. Dynamical zeta function for several strictly convex obstacles.
Canad. Math. Bull, 51(1):100-113, 2008.

S. Yu. Pilyugin. Shadowing in Dynamical Systems, volume 1706 of Lecture
Notes in Mathematics. Springer-Verlag, 1999.

M. Pollicott. A complex Ruelle-Perron-Frobenius theorem and two counterex-
amples. Ergodic Theory and Dynamical Systems, 4:135-146, 1984.

M. Pollicott. On the rate of mixing of Axiom A flows. Inventiones Mathemat-
icae, 81:413-426, 1985.

M. Pollicott. Meromorphic extensions of generalised zeta functions. Inventiones
Mathematicae, 85:147-164, 1986.

M. Pollicott. Analytic extensions of the zeta functions for surfaces of variable
negative curvature. J. Differential Geom., 29(3):699-706, 1989.

M. Pollicott. The differential zeta function for Axiom A attractors. The Annals
of Mathematics, 131(2):331-354, 1990.

M. Pollicott. Zeta functions and analyticity of metric entropy for Anosov sys-
tems. Israel Journal of Mathematics, 76(3):257-263, 1991.



Bibliography 61

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[73]

M. Pollicott and R. Sharp. Correlations for pairs of closed geodesics. Inven-
tiones Math., 163:1-24, 2006.

P. Pollner and G. Vattay. New method for computing topological pressure.
Phys. Rev. Lett., 76(22):4155-4158, May 1996.

D. Ruelle. Zeta-functions for expanding maps and Anosov flows. Inventiones
Mathematicae, 34:231-242, 1976.

D. Ruelle. Flots qui ne melangént pas exponentiellement. C. R. Acad. Sci.
Paris Ser. I Math, 296, 1983.

D. Ruelle. Resonances for axiom-A flows. J. of Differential Geom., 25(1):99—
116, 1987.

D. Ruelle. An extension of the theory of Fredholm determinants. Publications
mathématique de 'L H.E.S., 72:175-193, 1991.

H. H. Rugh. Generalized Fredholm determinants and Selberg zeta functions for
Axiom A dynamical systems. Ergodic Theory Dynam. Systems, 16(4):805-819,
1996.

H. Sanchez-Morgado. R-torsion and zeta functions for analytic Anosov flows on
3-manifolds. Transactions of the American Mathematical Society, 348(3):963—
973, 1996.

P. Sarnak. Determinants of laplacian. Communications in Mathematical
Physics, 110:113-120, 1987.

A. Selberg. Harmonic analysis and discontinuous groups in weakly symmetric
Riemannian spaces with applications to Dirichlet series. J. Indian Math. Soc.
(N.S.), 20:47-87, 1956.

Y. G. Sinai. The asymptotic behaviour of the number of closed geodesics on a
compact manifold of negative curvature. Translations of A.M.S., 73:227-250,
1968.

S. Smale. Differentiable dynamical systems. BAMS, 73:747-817, 1967.

S. Smale. Dynamics in general equilibrium theory. The American Economic
Review, 66(2):288-294, 1976.

S. Smale. Geometric analysis of Pareto optima and price equilibria under
classical hypotheses. Journal of Mathematical Economics, 3:1-14, 1976.

L. Stoyanov. Spectrum of the Ruelle operator and exponential decay of corre-
lations for open billiard flows. Amer. J. Math., 123(4):715-759, 2001.

L. Stoyanov. Scattering resonances for several small convex bodies and the
Lax-Phillips conjecture. Mem. Amer. Math. Soc., 199(933), 2009.



62

Bibliography

[79]

[30]

[81]

[82]

[83]

[84]

[85]

[36]

[87]

[88]

A. Shudo T. Harayama and S. Tasaki. Semiclassical Fredholm determinant for
strongly chaotic billiards. Nonlinearity, 12(4):1113, 1999.

F.M. Tangerman. Meromorphic continuations of Ruelle Zeta Functions. PhD
thesis, Dept. of Mathematics - Boston University, 1986.

M. Tsujii. Decay of correlations in suspension semi-flows of angle-multiplying
maps. Ergodic Theory Dynam. Systems, 28(1):291-317, 2008.

M. Tsujii. Quasi-compactness of transfer operators for contact Anosov flows.
Nonlinearity, 23(7):1495-1545, 2010.

A. Voros. The hadamard factorization of the Selberg zeta function on a compact
Riemann surface. Physics Letters B, 180(3):245 — 246, 1986.

A. Voros. Spectral functions, special functions and the Selberg zeta function.
Communications in Dynamical systems, 110:439-465, 1987.

S. Winitzki. Linear Algebra wvia FExterior Product. Lulu.com, 2009.
http://sites.google.com/site/winitzki/linalg.

A. Wirzba. The Casimir effect as a scattering problem. Journal of Physics A:
Mathematical and Theoretical, 41(16), 2008.

A. Wirzba and M. Henseler. A direct link between the quantum-mechanical
and semiclassical determination of scattering resonances. Journal of Physics
A: Mathematical and General, 31(9), 1998.

L-S. Young. What are SRB measures, and which dynamical systems have
them? J. Stat. Phys., 108:733-754, 2002.



