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ABSTRACT. We investigate the relation between the distributions appearing in
the study of ergodic averages of parabolic flows (e.g. in the work of Flaminio-
Forni) and the ones appearing in the study of the statistical properties of
hyperbolic dynamical systems (i.e. the eigendistributions of the transfer oper-
ator). In order to avoid, as much as possible, technical issues that would cloud
the basic idea, we limit ourselves to a simple flow on the torus. Our main re-
sult is that, roughly, the growth of ergodic averages (and the characterization
of coboundary regularity) of a parabolic flows is controlled by the eigenvalues
of a suitable transfer operator associated to the renormalizing dynamics. The
conceptual connection that we illustrate is expected to hold in considerable
generality.

1. INTRODUCTION

In the last decade, distributions have become increasingly relevant both in para-
bolic and hyperbolic dynamics. On the parabolic dynamics side consider, for exam-
ple, the work of Forni and Flaminio-Forni [25, 26, 21, 22, 23] on ergodic averages
and cohomological equations for horocycle flows or of Bufetov [13] on translation
flows; on the hyperbolic dynamics side it suffices to mention the study of the transfer
operator through anisotropic spaces, started with [J]."

Since a frequent approach to the study of parabolic dynamics is the use of renor-
malization techniques,” where the renormalizing dynamics is often a hyperbolic dy-
namics, several people have been wondering on a possible relation between such
two classes of distributions. Early examples of such line of thought can be found
in Cosentino [16, Section 3] and Otal [17].
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In this paper we argue that the distributional obstructions discovered by Forni
and the distributional eigenvectors of certain transfer operators are tightly related,
to the point that, informally, one could say that they are exactly the same.

In order to present our argument in the simplest possible manner, instead of
trying to develop it for the horocycle flow versus the geodesic flow (which would
require a much more technical framework), we consider a very simple example
that, while preserving the main ingredients of the horocycle-geodesic flow setting,
allows to easily illustrate the argument. Yet, our example is not rigid (morally
it corresponds to looking at manifolds of non constant negative curvature). So,
notwithstanding its simplicity, it shows the flexibility of our approach, which has
the potential of being greatly generalized. On the other hand, we cover only the
case of periodic renormalization. Indeed, if the renormalizing dynamics are non
linear, then it is not very clear how to define a good moduli space on which to act.
The extension of our approach to the non periodic case remains an open problem.

Let us describe a bit more precisely our setting (see Section 2 for the exact,
less discursive, description). As parabolic dynamics, we consider a flow ¢;, over
T? = R?/z2, generated by a vector field V € C'*%(T?,R?), a € R., such that, for
all z € T?, V(x) # 0. As hyperbolic dynamics, we consider a transitive Anosov
map F € C"(T?,T?), r > 1 + a. By definition of Anosov map for all x € T?
we have T,T? = E*(z) ® E*(x), where we used the usual notation for the stable
and unstable invariant distributions.® Since we want the latter system to act as a
renormalizing dynamics for the former, we require,

(1.1) Vo € T2 V(z) € E%(z).

One might wonder which kind of flows admit the property (1.1) for some Anosov
map F € C". Here is a partial answer whose proof can be found in Appendix A.

Lemma 1.1. If a C'T, o > 0, flow ¢y, without fived points, satisfies (1.1) for
some Anosov map F € C", r > 1+ «, then it is topologically conjugated to a rigid
rotation with rotation number w such that

(1.2) bw?+ (a—dw—c=0

for some a,b,c,d € Z such that ad — cb = 1.

Each C**%, a > 1, flow ¢y without fized points, or periodic orbits, is topologically
conjugated to a rigid rotation. If the rotation number satisfies (1.2) and o > 2, then
¢ satisfies (1.1) for some Anosov map F € CP, for each B < a.

Note that the condition (1.2) can be restated by saying that w = 1 + rovV D
where 71,70 € Q, D € N,y #£ 0. We stated the lemma in the above form because
it connects better to the example worked-out in Section 5.

Remark 1.2. FEven though the above Lemma shows that it is always possible to
reduce our setting to a linear model by a conjugation, such conjugation is typically
of rather low regularity. We will see shortly that requiring F', and related objects,
to be of high regularity is essential for the questions we are interested in. It is not
obvious to us how to characterize the flows for which (1.1) holds for very smooth
F. Yet, such a condition clearly singles out some smaller class of flows (compared

3 Here “distribution” refers to a field of subspaces in the tangent bundle and has nothing to do with
the meaning of “distribution” as generalized functions previously used. This is an unfortunate
linguistic ambiguity for which we bear no responsibility.
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to Lemma 1.1) to which our theory applies. Note however that there are plenty of
ezamples, see Section 5.

Equation (1.1) implies that the trajectories {¢¢(2)}¢c(q,p) are pieces of the stable
manifolds for the map F. Thus, if we assume r > 2 + «, we can define implicitly a
function v, € C'T%(T? R) such that

(1.3) D, F"V(x) = v, (x)V(F"(x)),

where |v,| < CxA™" for some A > 1. Without loss of generality we assume that F
preserves the orientation of the invariant splitting, i.e. v, > 0 (if not, use F?).

Given the hypothesis (1.1) it is natural to ask, at least, that, for each x € R
the flow is regular with respect to the time coordinate i.e.

(1.4) $y(z) €C".

In fact, we will use slightly stronger hypotheses, see Definition 2.3 and Remark 2.4.
The reader may complain that the parabolic nature of the dynamics ¢; it is not

very apparent. Indeed, a little argument is required to show that ||D,¢:| can grow

at most polynomially in ¢, see Section 4.1, and some more work is needed to show

that there are cases in which it is truly unbounded, see Lemma 5.16.

Let us detail an easy consequence of (1.3). If, for each n € N, we define 7,, €
CHe(T? x R, T?) as n,(z,t) = F™(¢:(x)), then we have

{ %nn(xvt) = D¢t(z)FnV(¢t(x)) = Vn(¢t($))v(nn(x7t))
M (0) = F" ().

It is then natural to define the time change®

t
(1.5) Tl 1) = / ds vn(65(2)),
0
and introduce the function ¢,, € C**% by (, (7 (2,t),2) = 0, (2,t). Then
L) { 6 = Vitate)
Eu(,0) = F7(a).
By the uniqueness of the solution of the above ODE, it follows, for all ¢ € R
G1(F™(2)) = Cal,1) = nal(r (,8),2) = (6,1, ().

In other words, the image under F™ of a piece of trajectory, is the reparametrization
of a (much shorter) piece of trajectory:

(1.7) F™(¢u(2)) = Orp a0y (F" (7))
The above is the basic renormalization equation for the flow ¢; that we will use in
the following.

Note that, by Lemma 1.1 and Furstenberg [27], the flow is uniquely ergodic, since
its Poincaré map is uniquely ergodic. Let p be the unique invariant measure. In
addition, the flow is also minimal since it is topologically conjugated to a minimal
flow (the linear one).

By unique ergodicity, given g € C°(T?,R), 1 fg ds g o ¢s(x) converges uniformly
to u(g). We have thus naturally arrived at our

First question: How fast is the convergence to the ergodic average?

4 By construction, for each x € T? and n € N, 7, (x,t) is a strictly increasing function of ¢, and
hence globally invertible. We will use the, slightly misleading, notation Tgl(x, -) for the inverse.
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The question is equivalent to investigating the precise growth of the functionals
H, . :C" — R defined by

(1.8) H,+(9) ::/0 ds go ¢s(x).

Of course, if u(g) # 0, then H,,(g) ~ u(g)t, but if u(g) = 0, then we expect a
slower growth.

Remark 1.3. Note that the growth rate of an ergodic integral for functions of a
given smoothness it is not a topological invariant, hence the fact that our systems
can be topologically conjugated to a linear model, as stated in Lemma 1.1, is not of
much help.

In the work of Flaminio-Forni [21] is proven that the functionals (1.8), there
defined for the horocycle flow on a surface of constant negative curvature, have a
polynomial growth with exponent determined by a countable number of obstruc-
tions. That is, the growth is slower if the function g belongs to the kernel of certain
set of functionals. The remarkable discovery of Forni (going back to [25, 26]) is
that the possible power growths form a discrete set and that the associated ob-
structions cannot be expected, in general, to be measures: they are distributions.”
See Remark 2.15 for further details.

In analogy with the above situation, one expects that in our simple model there
exist a finite number® of functionals {O;};—1 . n, C C"(T? R), and a corresponding
set {a;}i=1,.. n, of decreasing numbers a; € [0, 1] such that if O;(g) = 0 for all
j <iand O;(g) # 0, then H, ,(g) = O(t*). As we mentioned just after equation
(1.8), O1(g) = p(g) with a; = 1.

Next, suppose that O;(g) = 0 for all ¢ < N; and an, = 0. That is, Hy+(g)
remains bounded. By Gottschalk-Hedlund theorem [32] this implies that g is a
continuous coboundary for the flow (since the flow is minimal). To investigate the
regularity of the coboundary it is convenient to start with an alternative proof of
Gottschalk-Hedlund theorem (limited to our context). For each T' € R, consider
the new functionals Hp : C™ — C'*® defined by, for all z € T?,

T
(1.9) Hr(g)(x) := —/0 dt X © Tnp (@, 1)g 0 Pr(x) = — A dt x o Tny(2,t)g 0 ¢e(),
>

where np +1 = inf{n € N : inf, 7,(2,7) < 1} and x € C"(R,[0,1]) is a fixed
function such that x(s) = 1 for all s < 1/2 and x(s) = 0 for all s > 1. Such a
function x can be thought as a “smoothing” of X o 7,,,, := max{0, Z=}. Unfortu-
nately, we cannot use Y because such a choice would create serious difficulties later
on (e.g., in the decomposition carried out in equation (4.8)), yet the reader can
substitute X to x to have an intuitive idea of what is going on.

The next Lemma restates Gottschalk-Hedlund and will be proved in Section 4.3.

Lemma 1.4. For each g € CT(TE R), 7 large enough,” such that O;(g) = 0 for
alli € {1,..., N1}, we have that Hr(g) converges uniformly, as T — oo, to some

5 Apart, of course, for the first that, as above, is the invariant measure p.
6 For an explanation of “finitely many versus countably many” see, again, Remark 2.15.
7 The condition on r is the same as in Theorem 2.8.
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continuous function h such that

t
(1.10) ho ¢i(x) — h(x) :/ ds g o ¢s(x).
0
It follows that h is weakly differentiable in the flow direction and
(1.11) 9(x) = (V(x), Vh(z)).

That is, g is a continuous coboundary.

The existence of a continuous coboundary is of some interest; but much more
interesting is the existence of more regular solutions of (1.11) since this plays a role
in establishing many relevant properties (see [39, Sections 2.9, 19.2]). Hence our

Second question: How regular are the solutions of the cohomological equation
(1.11)?

Following Forni again, we expect that there exist finitely many distributional ob-
structions {O; }i=n, +1.....N, C C"(T?,R)’ and a set of increasing numbers
{ri}i=Ny+1,... Na» Ti € (0,14 ) such that, if O;(g) =0 for all j < i and O;(g) # 0,
then h € C"i.

Remark 1.5. Note that in the present context, as the flow is only C'72, it is
not clear if it makes any sense to look for coboundaries better than C'1*. This
reflects the fact that if one looks at the horocycle flows on manifolds of non constant
negative curvature, then the associate vector field is, in general, not very regqular.
On the other hand rigidity makes not so interesting our simple example when both
foliations are better than C?, [29, Corollary 3.3]. We will therefore limit ourself to
finding distributions that are obstruction to Lipschitz coboundaries, i.e. if O;(g) =0
for all i < Ny, then h is Lipschitz (see Theorem 2.12). We believe this to be more
than enough to illustrate the scope of the method.

The goal of this paper is to prove the above facts by studying transfer operators
associated to F', acting on appropriate spaces of distributions. In fact, we will show
that the above mentioned obstructions {O;} can be obtained from the eigenvectors
of appropriate transfer operators associated to F. As announced, this discloses the
connection between the appearance of distributions in two seemingly different fields
of dynamical systems.

Remark 1.6. As already mentioned, in our model ¢ plays the role of the horocycle
flow, while F the one of the geodesic flow. It is important to notice that most of
the results obtained for the horocycle flows (and Flaminio-Forni’s results in partic-
ular) rely on representation theory, thus requiring constant curvature of the space.
In our context, this would correspond to the assumption that F' is a toral automor-
phism and ¢ a rigid translation. One could then do all the needed computations via
Fourier series (if needed, see Section 5.1 for details). It is then clear that extending
our approach to more general parabolic flows, e.g. horocycle flows, (which should be
quite possible using the results on flows by [31, 20, 19]) would allow to treat cases of
variable negative curvature, and, more generally, cases where the tools of represen-
tation theory are not available or effective, whereby greatly extending the scope of
the theory. To our knowledge the only other approach trying generalize the theory
in such a direction is contained in the papers [11, 12]. However Bufetov’s strategy
relays on a coding of the system. Hence, it seems to suffer from the same limita-
tions that affect the Markov partition approach to the study of hyperbolic systems.
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In particular, using coding techniques only a small portion of the transfer operator
spectrum is accessible. These are exactly the limitations that the techniques used in
this paper were designed to overcome. It would therefore be very interesting, and
(we believe) possible, to extend the present approach to the setting described in [12].

The plan of the paper is as follow: in section 2 we state our exact assumptions,
outline our reasoning and state precisely our results, assuming lemmata and con-
structions which are explained later on. Section 3 is devoted to our first question
and proves our Theorem 2.8 concerning the distributions arising from the study
of the ergodic integrals. Section 4 deals with our second question and proves our
Theorem 2.12 dealing with the distributions arising from the study of the regularity
of the cohomological equation. Section 5 is devoted to the discussion of examples.
This is a rather long section, yet we think it is important as it explicitly shows how
the abstract theory can be concretely applied and gives a clear idea of the type of
work involved. In Section 5.1 we work out explicitly the simplest possible situation:
a linear flow renormalized by a toral automorphism. Note that in this case all the
obstructions generate by our scheme reduce, as it should be, to the Lebesgue mea-
sure. Yet, even in this simple situation, our scheme unveils much more structure
than expected. In Section 5.2.1 we present a more general (non linear) one parame-
ter family of systems and we prove that it behaves not so differently from the linear
model: either the ergodic integral of a function g grows linearly in time or g is at
least a Cz—¢#7 coboundary, where v is the perturbative parameter of the family
of examples (see Lemmata 5.9, 5.11 and Corollary 5.12 for details). In sections
5.2.3, 5.2.5 we use perturbation theory to show that the flow is, generically, truly
parabolic, that is the derivative has a polynomial growth (see Lemma 5.16). In the
Appendix A we provide the details for some facts mentioned in the introduction
without proof. In the Appendices B and C we recall the definition of the various
functional spaces needed in the following (adapted to the present setting).

Notation. When convenient, we will use C'y, c4 to designate a generic constant,
depending only on F and ¢1, and Cg,... for a generic constant depending also from
a,b,.... Be advised that the actual value of such constants may change from one
occurrence to the next.

2. DEFINITIONS AND MAIN RESULTS

In this section we will introduce rigorously the model loosely described in the
introduction and explicitly state our results. Unfortunately, this requires quite a
bit of not so intuitive notations and constructions, which call for some explanation.
The experienced reader can jump immediately to Theorems 2.8, 2.12 but we do not
recommend it in general.

Let a,r € R, with r > 2+ a.

We start by recalling the definition of C" Anosov map of the torus.

Definition 2.1. Let F € C"(T?,T?) where T? = ®*/z2. The map is called Anosov if
there exists two continuous closed nontrivial transversal cone fields C*° : T? — R?
which are strictly DF-invariant. That is, for each x € T?,

D, FC"(z) C Int C*(F(x)) U{0}

21) D,F~'C%(x) C Int C*(F~*(z)) U {0}.
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In addition, there exists C' > 0 and A > 1 such that, for alln € N,

[De 0] > CX" o] if ve C(x);

(2.2) ID.F™|  >Cxfo|  ifve Cta).

It is well known that the above implies the following, seemingly stronger but in
fact equivalent [39], definition

Definition 2.2. Let F € C"(T?,T?). The map is called Anosov if there exists a
DF-invariant C**, r —1 > o > 0, splitting T, M = E*(x) ® E*(z) and constants
C, )\ > 1 such that for n >0

|IDE"v|| < CAX™"|v|| if v e E®

(2:3) IDF™|| < CA|Jol| ifve B

As already mentioned we assume that the stable distribution E* is orientable
and that F preserves such an orientation. Further note that, since F' is topologi-
cally conjugated to a toral automorphism [39, Theorem 18.6.1], F' is topologically
transitive.

Next, we consider a flow ¢; generated by a vector field V satisfying the following
properties.

Definition 2.3. Let the vector field V be such that
(i) V € CtTe(T?,R?);
(ii) IVl € C"(T%,R.);
(iii) for all z € T?, V(z) # 0;
(iv) for all x € T?, V(z) € E*(x) .

Remark 2.4. Note that Definitions 2.3-(ii) and (iv) imply condition (1.4) since,
being F' € C", so are the stable leaves [39]. In fact, Definition 2.5-(ii) essentially
implies that we are just considering C™ time reparametrizations of the case |V] = 1.
Hence, we are treating all the C" reparametrizations on the same footing. This is
rather convenient although not so deep in the present context. Yet, it could be of
interest if the present point of view could be extended to the study of the mizing speed
of the flow. Indeed, there is a scarcity of results on reparametrization of parabolic
flows (see [24] for recent advances).

Remembering (1.7), (1.5) and using the definition (1.8),

t
Hr,t(g) = / dsgoF™ "o ¢Tn(9c,s)(Fn(x))
0

n (z,t) g
:/ dsi () o F™ o ¢y, o F"(x).
0 Un

It is then natural to introduce the transfer operator Lr € L(CY,C°),?

(2.4)

. _ - IVl
Lp(g) =(moF ) lgoF l =goF it ——
29 IDFV]oF1
o p-tIDFTY
[V]oF=t

where we have used (1.3).

8 Given a map F, in general a transfer operator associated to F' has the form ¢ — @ o F~le? for
some function ¢. Normally, the factor e? is called the weight while ¢ is the potential, [2].
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We can now write

Tn (z,t)
(2.6) Ha(9) = /O ds1 (L59)(9s, (F"(2))) = Hpn(2),r, (2,0 (LF9)-

The above formula is quite suggestive: for each x € T? and t € R., if we fix
n = ny(z) such that 7,,,(z,t) is of order one, then H, ;(g) is expressed in terms of
very similar functionals of £%'g. Note that such functionals are uniformly bounded
on C° with respect to (w,t), that is: they can be seen as measures and, as such,
they have uniform total variation. One can then naively imagine that to address
the questions put forward in the introduction it suffices to understand the behavior
of L% for large n. This obviously is determined by the spectral properties of Lp.

Unfortunately, it is well known that the spectrum of £ depends strongly on the
Banach space on which it acts. For example, in the trivial case when F' is a toral
automorphism and ¢; a rigid translation with unit speed, e~ "*o» L acting on L? is
an isometry,” hence the spectrum of Ly consists of the circle of radius e®tr. The
spectrum on C° it is not much different. On the contrary, if we consider Lp acting
on C”, then the spectral radius will be given by e("+1)/op

This seems to render completely hopeless the above line of thought.

Yet, as mentioned in the introduction, it is possible to define norms | - |54
and associated anisotropic Banach spaces CPT4 C BPY C (C?), p € N*,q € R,
p 4+ q < r, such that each transfer operator with C" weight can be continuously

extended to BP9 = G717 The above are spaces of distributions (a fact that the
reader might find annoying) but, under mild hypotheses on the weight used in the
operators, several remarkable properties hold true'’

i) atransfer operator (with C” weight) extends by continuity from C” to a bounded

operator on BP7,

ii) such a transfer operator is a quasi-compact operator with a simple maximal
eigenvalue;

iii) the essential spectral radius of the transfer operator decreases exponentially
with inf{q, p};

iv) the point spectrum is stable with respect to deterministic and random pertur-
bations.

The possibility to make the essential spectrum arbitrarily small, by increasing
p and ¢, will play a fundamental role in our subsequent analysis. Unfortunately, a
further problem now arises: the weight of Lp contains the vector field V' which, by
hypothesis, is only C1 7. Hence L leaves C" invariant only for r < 1 + « (exactly
the range in which we are not interested). Again it seems that we cannot use our
strategy in any profitable manner.

Yet, such a problem has been overcame as well, e.g., in [34]. The basic idea is to
extend the dynamics F' to the oriented Grassmannian. Indeed, looking at (2.5), it
is clear that the weight can be essentially interpreted as the expansion of a volume
form. The simplest idea would then be to let the dynamics act on one forms on TZ2.
Unfortunately, the length cannot be written exactly as a volume form on TZ2, hence
the convenience of being a bit more sophisticated: the weight of Lz can be written

9 As usual htop stands for the topological entropy of the map F' we are considering.

10 Before [9] it was unclear if spaces with such properties existed at all. Nowadays there exists a
profusion of possibilities. We use the ones stemming from [33, 34] because they seem particularly
well suited for the task at hand, but any other possibility (e.g. [4, 5]) should do.
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as the expansion of a one dimensional volume form on the vector space containing
V. As V is exactly the tangent vector to the curves along which we integrate, we are
led, as in [34], to consider functions on the Grassmannian made by one dimensional
subspaces. However, in the simple case at hand, the construction in [34] can be
considerably simplified. Namely, we can limit ourselves to considering the compact
set O, = {(z,v) € T2xR? : |v|| = 1,v € Cs5(z)}."! Moreover, since we have
assumed that the stable distribution is orientable, then §2, is the disjoint union of
two sets (corresponding to the two possible orientations). Let € be the connected
component that contains the elements (ac,‘A/(x)), where X/}(x) = [|[V(2)|71V(z).
In addition, since we have also assumed that F' preserves the orientation of the
stable distribution, calling F the lift to the unitary tangent bundle of F' we have
Qo =F Q) c.
Thus we have that F : Q¢ C Q — € is defined as
F(x,v) = (F(x), || Dy Fv|| ' D, Fv),

FY(z,v) = (FY(2),||D.F || ' D, F~ ).

Also note that
(2.7) F (@, V(@) = (F'(2), V(' (2)):
Hence, if we define the natural extension ¢,(z,v) = (é¢(z), || Dspev| 1 Dypiv),
remembering (1.7), we have'?
F* (¢, (x,v)) = (F™(¢4(2)), | Du[F™ 0 duJo]| T Do [F™ 0 ¢4Jo)
_ (¢T o (F™(@)), Do) br, (2,0 DaF"0 + V(s (o,0) (F" (2)) (VT (2, 1), 0) ) .
e D () Pr (2,t) D "0 + V(7 (0,t) (B (@) (VT (2, 1), 0)|

The above formula does not look very nice, however we will be only interested in
integrations along the flow direction. Accordingly, by (1.3) and

@8 DuuVE) =Dt 6:(0) = fbusrl@)| = Viou(o),

we have Dpn(p)br, (o.0)DeF "V (1) = vy (2)V (07, (2,0)(F" (). Hence, limited to
v = 17(1‘), we recover an analogue of (1.7):

Remark 2.5. Note that F is itself a uAm'formly hyperbolic map with the two di-
mensional repellor {(x,v) € Q& : v =V (x)} and it has an invariant splitting of

the tangent space with two dimensional unstable distribution and one dimensional
stable.

Next, we define the transfer operator associated to F : C°(Q9,R) — C°(©2,R) as

- [ Do F 1o [V (2)]|
(2.10) Lrg(z,v) = goF ! (x,v) —
IV o F=1(z)]]
The key observation is that m# o F~! = F~! o r, where we have introduced

the projection m(z,v) = x. Hence, for each function g € C"(T?,R), if we define
g=m"g:=gom, then g € C"(,R) and we have, for all n € N,

(2.11) LEg(x,V(z)) = Lhg(x).

L1 Note that 2, is a subset of the unitary tangent bundle of T2.
12 See equation (4.2) if details are needed.
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The above shows that understanding the properties of Lr allows to control L. In
addition, from definition (2.10) it is apparent that Lp(C"~1(Q,R)) C C"1(, R)."?
We have thus completely eliminated the above mentioned regularity problem.

Accordingly, we define, for each g € C°(,R), t € R, and z € T?, the new
functional

t

(212) Heilg) = [ dsg (6.(0).(0.(0)))
0

and easily obtain an analogue of (2.6) for the operator L.

Lemma 2.6. For each g € C°(2,R) and g € CO(T?,R), n € N, t € R. and x € T?
we have

Hz’t(g om) = Hx,t(g)

HI7t(g) = HF"Z,Tn(w,t) (‘C]?g)

Proof. The proof of the first formula is obvious by the definition, the second follows
by direct computation using (2.9):

Hoalo) = [ dsg (0.0, V(0,0 = [ dsgom 0B 0,00, 71)

0

n(:t,t) ~ ~
- / dsy va(m 0 F " 0 b, (F"(, V(2)))) g o F " o ¢, o F"(x, V()

Tn (2,t) =N
= [ () (04, (P @), T (@) = Erns o (L)
U

As already mentioned, the basic fact about the operator Lr is that there exists
Banach spaces BP:9,'* detailed in Appendix B, to which Lr can be continuously
extended.'® Moreover, in Appendix B we prove the following result.

Proposition 2.7. Let F € C"(T?,T?) be an Anosov map. Let p € N* and ¢ € R
such that p+q < r and ¢ > 0. Let p = exp(hiop) where hiop is the topological
entropy of F'. Then the spectral radius of Ly on BP9 is p and its essential spectral
radius is at most pA\~ ™20t In addition, p is a simple eigenvalue of Ly and all
the other eigenvalues are strictly smaller in norm.'°

This last result has finally made precise our original naive idea: now the operator
Lr has a nice spectral picture and Lemma 2.6 shows that H, .(g) can be written
in terms of similar functionals acting on Lfg. Yet, a last difficulty appears: the
H, s(-), s < Cyg, although uniformly bounded as functionals on C%, are not uni-
formly bounded on BP9, in fact when acting on BP9, for p > 0, they are not even
continuous functionals!"” This last obstacle can be dealt with by a more sophisti-
cated representation of H, ;(-) in terms of uniformly bounded elements of (BP:7)’

13 Recall Definition 2.3-(ii).

14 These are more general with respect to the previously mentioned ones. We use the same name
to simplify notation and since no confusion can arise.

15 By a slight abuse of notations we will still call L such an extension.

16 The conditions on p,q are not optimal. The lack of optimality begin due to the fact that
we require p € N. See [0], and reference therein, for different approaches that remove such a
constraint.

17 This is due to the sharp cut-off of the test function at zero and s, see Lemma B.4.
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plus a measure with total variation uniformly bounded in x,¢. Such a representa-
tion is achieved in Lemma 3.1 which provides the last ingredient needed to close
the argument.

Before being able to state precisely our first result we need another little bit
of notation. Let {O; ; };-1;1 C (BP?)" be the elements of a base of the eigenspaces
associated to the discrete eigenvalues {p;}i>1, |pi| > exp(hiop) A\~ ™MP@} | of LF
when acting on (BP?)', p+¢q < r —1.'% Since CP*7 C BP4, we have (BP?) C (C")'.
Hence {O; ;} C C"(9,C)’. We then define O; ; = .0, ;, clearly O; ; € C"(T?,C)’.
Note that 7, is far from being invertible, so many different distributions could be
mapped to the same one. Thus the dimension d; of the span of {Om}?;l will
be, in general, smaller than d; (see Section 5.1 for an explicit example). Let us
relabel a subset of the O, ; so that the {O; ; }?":1 are all linearly independent and set

D, = Zigk d;. For convenience, let us relabel our distributions {O;}, by O; = O~k$l
for i € [Dy 4+ 1, Dg41] and | =i — Dy,

Theorem 2.8. Provided r is large enough,'’ there exists Ny such that the distribu-
tions (obstructions) {O;}N', € C"(T2,C)" have the following properties. For each
i <Ny, let V; ={g€C"(T%C) : 0;(9) =0Vj <i;0;(g) #0}. Then there exists

C,d > 0 such that, for all g € V;, there exists functions ¢ ; € L>=(T? x R.) such
that, for all t € R and x € T?, we have

bp—i+Dg_1 ‘
i5 Ctor—9 - 0
Hy(g) — % Z (Int) by j(z,t)] < ||9||C if oy >
=0 Clligller if o =0,

where i € (Dy—1, Dy, ag, = %‘0’:‘ and by, = dy, if ap >0 and by, = di +1 if a, = 0.
Also oy =1, by =0 and an, = by, =0.

The above Theorem will be proven in Section 3.

Remark 2.9. Note that in Theorem 2.8 it could happen N1 = 1, that is: either
the integral grows like t or it is bounded. This is indeed the situation, for example,
in the linear case (see Section 5.1) and hence for small smooth perturbations of the
linear case as well (see Section 5.2). In such an event the result might seem less
interesting, nonetheless it provides a relevant information.

Remark 2.10. A natural question is how to obtain a more explicit identification
of the above mentioned distributions. In particular, the analogy with the situations
studied by Flaminio-Forni would suggest (¢+).O; = O;, that is the distributions
are invariant for the flow. However, note that in the present context, for j > 1,
we know only that O; € (C*), for some s > 2, while in general ¢ ¢ C?, so
(¢¢)+0; 1s, in principle, not even defined. Nevertheless, we expect some O; to be
invariant distribution for the flow, but the proof is not so obvious. We therefore
limit ourselves, in the general case, to discussing Oy, that is known to be a measure
(see however Lemma 5.11 for a more in depth discussion of a specific class of
examples).

Lemma 2.11. The distribution O1 is proportional to the unique invariant measure

p of ¢r.

18 Remark that the compact pat of the spectrum of £r and L}, coincide (see [38, Remark 6.23]).
19 For example, eftop A\=7/2 < 1 suffices. We refrain from giving a more precise characterization
of the minimal r since, in the present context, it is not very relevant.



12 P. GIULIETTI AND C. LIVERANI

Proof. By Proposition 2.7 it follows that, for all g > 0,
0 < Tim p~"Lz(g) = h10:1(9g),

where hy and O; are the right and left eigendistributions of L associated to the
eigenvalue p, respectively. Accordingly, O; is a positive distribution, and hence
a measure, thus also O; is a measure. By the ergodic theorem H,.(g) grows
proportional to ¢ unless g € Vo = {g : u(g) = 0}. By Theorem 2.8 it follows that
Ker(O1) C Vi. On the other hand the kernel of O; must be a codimension one
closed subspace, hence Ker(O7) = Vj. It follows that the two measures must be
proportional.?’ ([l

The next step is to study, in the case O;(g) = 0 for all ¢ € {1,..., Ny}, the
regularity of the coboundary. As already mentioned (see Remark 1.5) it is natural
to consider only r; < 1+ «a. To study exactly the Holder regularity would entail
either to use a more complex Banach space or an interpolating argument. In the
spirit of giving ideas rather than a complete theory, we content ourselves with
considering Lipschitz regularity. To do so we have only to consider the derivative
of Hy with respect to z. To study the growth of such a derivative, it is necessary
to introduce new adapted transfer operators L AF and EF the second of which is
now defined on one forms (see equation (4.27) for the precise definitions) and acts
on different Banach spaces Bra (see Appendix C). The Banach spaces BP? are a
bit more complex than the BP'¢ used in Theorem 2.8 insofar they are really spaces
of currents rather then distributions (one has to think of dg, rather than g, as an
element of the Banach space). Apart from this, the proof of our next result, to be
found in Section 4, follows the same logic of the first proof.

Theorem 2.12. Provided r is large enough,?’ there ewist distributions (that we
often call obstructions) {Oi}ivaH C C"(T2,R)’ such that if O;(g) = 0 for all
i €{1,...,Na}, then g is a Lipschitz coboundary. More precisely, for appropriate
D,q, p+q < r—2, there exists a potential g, an operator E]F,E acting on BP? and a

Banach spaces BP9 with a transfer operator EAF (depending on action of the map F
on one forms) acting on it,** such that the distributions {Oi}f\;?NIH are described
in terms of a base of the eigenspaces associated to the discrete eigenvalues of the
operators L, EF,E and EF.

Remark 2.13. Note that, in principle, g could be a Lipschitz coboundary even if
it is not in the kernel of the distributions {Oz}f\fl Indeed, the Theorem provides
only sufficient conditions. However, we believe the conditions to be generically
also necessary, but to prove this quite some more work seems necessary. We limit
ourselves to discussing such issue in a class of examples (see Lemma 5.9).

The next sections of the paper are devoted to the proof of the above claims.
Last we would like to conclude this section with the following considerations.

20 Remark that this implies that O; is invariant for the flow ¢¢. In fact, by using judiciously (2.9)
one could have proven directly that O1 is invariant for ¢,. It is possible that such a proof would
work also for eigendistributions with eigenvalues with modulus sufficiently close to one. Yet, for
smaller eigenvalues the aforementioned regularity problems seem to kick in.

21 Here r needs to be much larger than in the previous Theorem. A precise estimate is implicit in
the proof, but the reader may be better off assuming F' € C*° and not worrying about this issue.
22 See (4.27) for the exact definition of such operators.
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Conjecture 2.14. The natural analogues of Theorems 2.8 and 2.12 hold in the case
of the horocycle flow on a surface of variable strictly negative curvature, where the
renormalizing dynamics is the geodesic flow, with the only modification of having
an infinite countable family of obstructions.

Remark 2.15. The difference between finitely many and countably many obstruc-
tions comes from the different spectrum of the transfer operators for maps and
flows. In the former, the discrete spectrum is always finite. In the latter, one has
a one parameter families of operators and it is then more natural to look at the
spectrum. of the generator. It turns out that such a spectrum is discrete on the
right of a vertical line whose location depends on the flow reqularity. Yet, it can
have countably many eigenvalues (as the laplacian on hyperbolic surfaces), hence
the countably many obstructions (see [14, 15, 20] for more details).

3. GROWTH OF THE ERGODIC AVERAGE

As already explained, there is one further, and luckily last, conceptual obstacle
preventing the naive implementation our strategy: the functionals H, ; are, in
general, not continuous (let alone uniformly continuous with respect to (z,t)) on the
spaces BP>? that are detailed in Appendix B. That is, they do not belong to (BP:?)’,
for p # 0.2 In fact, it is possible to introduce different Banach spaces on which the
transfer operator is quasi-compact and the functionals H, ; are continuous (this are
spaces developed to handle piecewise smooth dynamics such as [17, 3, 18, 7]) but
the essential spectral radius of our transfer operators on such spaces would always
be rather large. Hence we would be able to obtain in this way, at best, only the
very firsts among the relevant distributions we are seeking, whereby nullifying the
appeal of our approach.

Before providing the proof of Theorem 2.8 we must thus circumvent such a
problem. To this end we introduce, for each 2 € T? and ¢ € L>®(R.,R), the new
“mollified” functional

(31) Hooolg) = [ olt) g0 6, Vo) dt.
R
It is proven in Appendix B that H, , € (B9)’ provided ¢ € C5 (R, R).

3.1. Proof of our first main result.

Our key claim is that the functionals (3.1) suffice for our purposes. To be more
precise let us fix ¢ > 0 and define the sets D; o = {¢ € C"([0,¢],R.) : [[p|c- < C}
and D,c = {p € C;([0,¢],R.) : |¢ller < C}, note that such sets are locally
compact in C"~*([0,], R) and C}~*([0, ], R), respectively.?!

Lemma 3.1. There exists Cy, > 0 such that, for eachn € N, t € R., x € T? and
g € C" Y, R), there exists K € N, {n;'E K, CN, nli( =0, Cy > n?[ — ni_l >0,

23 The problem comes from the boundary in the domain of the integral defining them. There, in
some sense, the integrand jumps to zero and cannot be considered smooth in any effective manner.
24 Up to now the exact definition of the C" norms was irrelevant, now instead it does matter. We
make the choice |[¢llcr = > 1 _g 27=F||pF)|| oo Tt is well known that with such a norm C” is a
Banach algebra. Also, as usual, for a C" function on a closed set, we mean that there exists an
extension on some larger open set.
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n; + nj‘ >ng .+ nj]rl, and {tpf}fil C Dyc,, {p*} C D; o, such that

K
H,+(g) = Z <Z H g (2),09 (‘C];‘L? g) + Hy o (g)> :
i=1

U€{+7_}

Moreover, max{|supp ©F|, | supp |} < 1.
Finally o7 = ¢F and nF = n; where n, = inf{n € N : 7,(x,t) < 1} satisfies the
bounds

Int
- —C#<’I’Lt

3.2
( ) htop top

Before proving Lemma 3.1, let us use it and prove our first main result.

Proof of Theorem 2.8. By Proposition 2.7 we have
(3.3) Z pillj +Qj) + Ry q
j=0

where m is a finite number, p;, |pji1| < |p;j| < ewor, are complex eigenvalues of
L, I1; are finite rank projectors, ; are nilpotent operators. That is, there exists
{d;}7, such that Q7 = 0 and, if d; > 1, then Q%' # 0. Finally, R, is a
linear operator with spectral radius at most efess where efess = \=min(P.a) ghior | Tp
addition, IL;R, , = R, l; = Q;R, 4 = Ry 4Q; = 0. Moreover, for each i # j,
[Hi,Hj] = [Hl, QJ] = [Ql, QJ] =0and Hz2 = Hi, HzQz = QZHZ = Qz In other words
the operator Lr is quasi compact and it has a spectral decomposition in Jordan
Block of size d; plus a non compact part of small spectral radius. Note as well
that d; = 1, @1 = 0 and II; is a one dimensional projection corresponding to the
eigenvalue e’tor which is the only eigenvalue of modulus e¢r. Finally, set

m

1
o = n|pj ; N Zd

htop

If 7 is large enough, we can choose p,q, m and € such that |p;| > 1 for all j < m,
Boss < 0 and ePess + ¢ < 1, hence sup,, Ry llp.g < Cy. Then, setting g = gom,
Lemmata 2.6, 3.1 and B.4, together with the spectral decomposition (3.3), imply

m K
Hor(g) =Y Y Y Hyue (@),p0 (P11 + Q)" )| < Cyllgll~ + CxlIRy gllp.q
=0 oe{+,~} i=1

< Cxligllp.q-

On the other hand, setting

—d

—ny —di+1 K n? .
(it g) = AL ZJE{Jr,f} > iz Hpng (m)wg((/’jnj +Qj)"g) if[pj| >1
- 2 K o .
Ny ZUG{«%,*} 2 im1 Hpng (2),¢7 ((piIL; + @)™ g) if |ps[ =1,
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we have, in the first case,?®

oy —d, n
(@, t,9)] < Cy > py "y V(0311 + Q)" gllp.g

n=1
d
< Cy Z P ;e pg ni 9llp.e < Cxllgllp.q
n=1

and the same estimate holds in the second case. Note that the function ¢; have a

natural decomposition ¢; = Zk 0 nt pj j.k- Collecting the above yields

(3.4) H,i(9) = > o} Z Cin(z,t,9)] < Cllgllpg
k=0

=0

To conclude note that II; = Zfil hj; ® O;,; with hj; € B»? and O;,; € (B»?)" C

(C"(Q,R). Finally, since 7* : C"(T?,R) C C"(Q,R), we have that O;; := 7.0, ; €
(CT(TQ,R))/, and Om(g) = Ojﬂ'(g). Note that it might happen W*Oj,,' = TI'*Oj/J/
or w,0;; = 0 (see Section 5.1). Let N; be the cardinality of the set {7.O,;}.
Then, by construction, if g € V;, then ¢;(z,t,g) = 0 for all j such that i < D;_;.
Hence the Theorem follows. (]

3.2. Decomposition in proper functionals.
This section is devoted to showing that the functionals H, ; can be written in terms
of well behaved functionals plus a bounded error.

Proof of Lemma 3.1. Fix z € T? and ¢ € R.. By definition 7, (z,t) € (A™1,1)
for some fixed A > 1.

Let 6 € (0, A~!/4) small and C, > 0 large enough to be fixed later. We can now
fix ny = ny. Note that the claimed bound on n; follows directly by [31, Lemma
C.3]. Next, chose 9 € D, ¢, /2 such that supp ) C (0, Tn, —9), ¥]2s iy —26) = 1. Set
Y- =10 =Y, s, T =1 =), 27, ). Then Y+ e D8 o, and we can use
Lemma 2.6 to write

Hm,t (g) = HF"1 (),Tnq (1) (‘Cnlg)
= Hpni (2),p- (L5'G) + Hpni (o), (Lg' g) + Hpni () 0+ (L5 9)-

We are happy with the middle term which, by Lemma B.4, is a continuous functional
of L3'g, not so the other two terms. We have thus to take care of them. A
computation analogous to the one done in Lemma 2.6 yields, for each n € N,

(3.5) Hmﬁpoﬂ,-n(z,.)(g) = HFn(m)7¢(£¥g).
We will use the above to prove inductively the formula
- +
_ g ny
H,.:(g) *HFn;($)7w; (Lp* g) + HFTLZ' (@) (Lp" g)
(3.6) k .
+ Z ZHF"L? (z),07 (‘CFI g)
oe{+,—}i=1

25 Note that the n;t in Lemma 3.1 cannot be more than n:, hence K < ng.
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where 7//% = wi, 901i = 21/)7 ”1 = Ny, 7/’;.; S DTC ) {‘Pz } - DrC*v ”7/};@ HL°° <1,
leiE e < 1, (bF,bF F6) C supp i C (b F 28), suppf C (b bF F 1),
by =0 and b} € [0,A"], b} =t.

Let us consider the first term on the right hand side of the first line of (3.6) (the
second one can be treated in total analogy). Let supp(¢, ) = [0,ax] and define
m+1=inf{n € N : 7,71(F"% (x),ar) > 1}. Note that, by construction, there
exists a fixed m € N such that m > m, also T can be made large by choosing §
small. Hence ’(Z];(S) = 1 o 7 (F™ (x),s) is supported in the interval [0,1) and
the support contains [0, A71].

Next, we need an estimate on the norm of 12,; We state it in a sub-lemma so
the reader can easily choose to skip the, direct but rather tedious, proof.

Sub-Lemma 3.2. Provided we choose § small and C, large enough, we have

1#1; € DT‘,C*/27
where Nppp =Ny — M.

Proof. First of all ||[¢; || < 1, and®

T
15 ller < D22 g lles 1z mller—1 172 mller—2 - 172 m e
§=0
(3.7) ,
<2+ 0 Y Nvmmlleri|17zmller— - Papmllers
j=1

where 2, = F™ (z) and, for each j € N and z € T2, 7, 1,,(8) = v4n(¢s(2)), where
Vpm is defined in (1.3). Note that, although v, is, in general, only C1*% by (1.4) it
follows that the map s — . ,,(s) € C" ! and hence, for all z € T2, (V, V)0 ¢ €
C"~2. We can thus continue and compute

d
%Dzm 5 H ¢~s %k ))

-1

3

VVI F'o ¢5(Zk)) (Fl © ¢s(zk))> ~

el S T )
m—1 Vv’ v R

= Dzk,m(s) Z |:<l/11/1>:| o(bn(zk,s)(Fl(zk))yzkyl(s)'
=0

The above, by induction, implies that there exist increasing constants A, > 1 such
that |72, mllcs < AgllPzmllco. Indeed, [-¥2] 0 . € "2, and

e

q
S
C1 =0

17Ft (2,1l ear
ca

0 Gry () (F (2))

[W

1551

] 0 6. (Fi(2))

q
SCOp Y AL A< CyAl

=0

q—1

26 Here we use the formula. ||f ogller < Sh_o 27 (| llcx | Dgller—1 | Dgller—2 - - [ Dgllers, that
can be verified by induction.
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Thus,

172 mlleatr = 2217z mlleo + | 2Pz mllcs
m—1

< qulﬂzk,mllco + ||Dzk,m||c‘1 Z C#Ag—lAq—lAil
1=0

< [20+ 4,0 AL 172 mlleo = Agial7zg,mlco-

We did not try to optimize the above computation since the only relevant point is
that the A, do not depend on m. Accordingly, if we choose ¢ small (and hence m
large) enough, we have [|7., m|lcs < § for all ¢ < r — 1. Using the above fact in
(3.7) yields

~ r ) 1
ler <27 4+ O 477 =2" + =C,
[y ller < 27+ ; +3
which implies the Lemma provided we choose C, large. O

By (3.5), we have

7 Lrg)=H - (L)
i g 8 D T e ) 5 B 9)

Again we can write ¢, ; = (1 — 1/})’@/[]\];]1[0’26] and ¢, | = zZ,; — 4 1- Then,
crer)y < C

sup{[|¥g 41 llero,11,R)s |91 |
and [0, 6] C supp ¢, ; C [0,25]. Accordingly

(Le* ).

Prt1

H Llg)=H L)+ H -
F"k ($)7’¢1;( F g) F"k+1($)1wk—+l( F g)+ Fnk+1(1;)

. . +
The Lemma is thus proven by taking k = K, so that ny = 0.27 (I

4. COBOUNDARY REGULARITY

We first prove several claims stated in the introduction and set up some notation.
Then we prove our main results concerning coboundary regularity.

4.1. Parabolic.
In the introduction we called the flow ¢; parabolic, but no evidence was provided
for this name. It is now time to substantiate such an assertion.

Remark 4.1. Note that the following Lemma shows only that the differential cannot
grow more than polynomially, yet the possibility remains open that it does not grow
at all, as in the linear model (or when the map is Lipschitz conjugated to the linear
model). In such a case the flows should be more properly called elliptic. This is
not always the case, as one can see in an explicit class of examples worked out in
Section 5.2 (see Lemma 5.10).

Lemma 4.2. There exists C,3 > 0 such that, for all x € T? and t € R, letting
&(s) = Dyos, we have
I€ller1(0.6),6L2R)) < CJtP.

27 If more steps are needed on one side, say the plus side, one can simply set Mgty = Mo

Yrr1 = ¥y and ¢ =0 for all the extra steps.
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Proof. Since ¢_; = ¢, , where ¢, is the flow generated by —V, and the following
argument is insensitive to orientation, it suffices to consider the case t > 0. It
turns out to be convenient to define V- (z) as the perpendicular vector to V (x)
such that [|[V+(z)|| = ||V (2)|~!. In this way we can use {V (z),V*(x)} as basis of
the tangent space at x, and the changes of variable are uniformly bounded, with
determinant one and C” in the flow direction. In such coordinates we have

(1 a(z,?)
To have a more precise understanding of the above matrix elements, we have to

use the knowledge that the dynamics is renormalizable. To start with we must
differentiate (1.7):

Dy, ) F" - Dagp = Dpn(a)br, (x,t) - D" + V(dr, (@) (F"(2))) @ VT (2, 1)
= Dpn(e)Pry () - DaF™ [1 4+ 10 (2) 7'V (2) © V7 (2, 1)]

where we have used (1.3) and (2.8). Hence, setting

(4.3) Apin =1+ v, (2) ' V(z) @ V7o (2,7, (2, 1)),

we have

(4.4) Dypr =Dy, yorn(@)F " Drn()br, (@t) - Dal™ + Ag vy (a,t) 0

Thus, by equations (4.1) and (4.4) we have, for each n € N,

b(x,t) = (VH(¢e(2)), Dy, (o porn(@F " Dpn(a)br, @ty DaF™ - Agry ey V" (2))

(4.2)

(4.5) = (V(e(2)), Dy, (. poFr@)F " Dpn@)br,(ait) - DaF"VE(2)).

Choose n so that 7, € [A™1, 1], hence n is proportional to Int. By compactness it
follows that ||Dpn(2)@r, (2,4l < Cx. Hence, there exists By > 0 such that

sup |b(z,t)| < Cyut.
z€T?

On the other hand, by the semigroup property, for each m € N,

Dun =TI (o) = (1 Eik el niei)

Since, again by compactness, |a(z,1)| < Cy, it follows

=0

m—1 m—1
a(lz,m)| < C b(xz,j)| <C iPo < CymbPotl,
la(z,m)| < Cy J % D ] #
§=0 §=0
Hence
I€llcoqo,0).61(2.k)) < Ct?

To estimate the derivatives notice that £(s) = Dy (:)VE&(s). To understand
the regularity of the above equation, recall that the stable foliation can be ex-
pressed in local coordinates by (x1,G(z1,x2)), where G(-,z3) € C", G(0,22) =
X2, so that {(z1, G(x1,22))}s, er is the leaf through the point x = (z1,z3), and
(1,0,,G(x)) = V(x). It is known that, in such coordinates, 9,,G(-,x2) € C"~! uni-
formly, see [35] and references therein. Then, by Schwarz Theorem [48], if follows
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that 0,,0,,G(-,x2) € C"~2. Hence, DV o ¢; is a C"~2 function of ¢, with uniformly
bounded norm. Accordingly, for each k € {0,...,r — 2},

I€ller+1(0.0.cn@r) < Iller0..crer) + 25 IElleo(0.0),cL2.R))
< Crll€ller(0,4),cL(2,R))

from which the Lemma readily follows. ([

4.2. Some preliminary facts.
In this section we establish some facts and formulae needed in the following.
First of all recall that given a one form w(z) = 2521 a;(z)dz; and a diffeomor-
phism G € C1(T?, T?) the pullback of the form is given by

(4.6) G'w(z) = a;(G(x)) (D3 G)ijdz;,

where we have used the usual convention on the summation of repeated indexes;
moreover recall that for a vector field v the pushforward is given by

G.wv(z) = Dg-1(2)G - (G ().
Next, we spell out the cocycle properties of 7,.
Lemma 4.3. For each € T2, n,m € N we have

T (F™(x), 7o (2, 8)) = Tnim (2, 8)

Proof. By definition

where we have used (1.7). O

By Lemma 4.3, and using (1.9), (1.7), we can write, for all n € {0,...,nz},*®

VUn

un T =- [ X T ). (£)er oo 0rwys

As we are now aware of the fact that the discontinuity of the test function y
at zero will create problems,?” we take care of the problem right away. Given
w € (0,1/4), small enough, let T > 0 and n, € N be large enough and such that
SUp,cp2 Tn, (2,1) < w and ny > n,. Then, we can chose n = ny — n, and write

X 0 Tn, (Fann* (x)7 S) = X(S)X O Tn, (Fann* (CL’), 8) + (1 - X(S))X O T, (Fann* (x)a S)
=x(s) + (1 = x(s))x 0 T (F"T7 " (2), 5).

e have used the fact that efinition, .. (x > 1 while su C .
28 We h d the fact that, by definition, 7, (&, T) > 1 while supp x C [0, 1]
29 The integral will not belong to the dual of the appropriate Banach space.
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Thus, setting x.(z,5) = (1 — x(7,, L(F~™(2), 5)))x(s), we can write (4.7) as

M %

Frla)) =~ [ 77 (0)9) (L1 ) o F 00,0 P (a)ds

Vnp

(4.8) - / X Tag—n. (€, 8)g 0 6 (@)ds

— T (g)(x) — / X O g (2, 8)g © 6 (x)ds.

Note that the first term contains now a smooth compactly supported test function,
while the second term is exactly of the same initial form, that is (1.9), (apart from
the fact that np is replaced by nr — n.). Hence, it suffices to study F;(g)(x)
Before doing so let us show that Hr(g) is really the right quantity to consider.

4.3. Continuous coboundary.

In Section 3.1 we have seen that if g belongs to the kernel of enough distributions
O;, then the H, ;(g) are all uniformly bounded. In the introduction we claimed
that this implies that g is a continuous coboundary, now is the time to prove it.

Proof of Lemma 1.4. Setting, as before, g = g o 7, by equations (1.9), (3.1),
(3.5) and using repeatedly formula (4.8) we have

HT(g) (1') = _HIaXOTnT (z,) (g)

Kr
= Z HF7L*Z(:E)7X*(F7L*I(E)7.) (Cﬁ*lg) - / X(8)g o ¢ps(x)ds,
1=0 R>

where Kpn, = np. By hypothesis O;(g) = 0 for all i € {1,..., N1}, hence
|1LRGllp.q < Cgb™ for some 6 € (0,1) (see the proof of Theorem 2.8 for details).
Thus, by Lemma B.4, it follows that also [Hpn (4) v, (Fret(2),.) (LFG)| < Cgf™. Hence,
forall 77> T > 0,

(4.9) [Hr(g) — Hr(9)lleo < Gy,
which, recalling (3.2), implies the existence of the limit.

To prove the second statement of the Lemma, observe that, recalling the prop-
erties of x specified after (1.9),

T
(V(z), VH7(g)(2)) = */0 dt X © Tnp (2, 1) (D iV (2), (Vg) © ¢1(x))

t
0

_ /OT dt x' o Ty (z,1) U (D5 V (2), (Vrny) 0 ¢s(w)>d8] g o ¢e(x)dt
T

_ / dt x 0 Ty (2, )V (¢1(2)), (Vg) © py(x))

0

- /OT dt X' o 7o, (2, ) Uotw(gbs(x)), (Vi) o ¢s(x)>ds] go ¢r(x)dt
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where we have used (2.8) and the notation of the previous section. Hence,
(4.10)

T
V@) THr)0) = - [ dixorn (w0 (Faos)

T
- / At X' 0 T (2,1) [Vng. 0 $4(2) — vp (2)] g © ()t

T d T
- - / t 5 (X0 o (2,9 © 64(2)) + Vi (2) / 4t X' © Ty (2,8)g 0 61(2)
0 0

T
= 4(&) + vy () / dt X' © Ty (2, 1)g 0 64(2).

On the other hand
T

dt X/ O Tnrp (ZC, t)g o ¢t(z) = HF"(w),x’(z’gg)7
0

which, by the same argument as before, is uniformly bounded. Integrating (4.10)
along the flow, yields, for all ¢t € R,

Tr(a)(0nla) = Tr(o)a) = [ L Tr(o)(on(e)ds

— [ W) THr 6.0 = [ goanwis+ 00,

The Lemma follows remembering (3.2) and taking the limit 7" — oo. g

To study the coboundary regularity we will investigate the regularity of H;(g). In
reality, we will investigate only the first derivative, see Remark 1.5 for a discussion
of this choice.

4.4. An explicit formula for the coboundary derivative.
Our goal here is to establish an explicit formula for the derivative of (4.8).
For each vector field v € C°(T?, R?), noticing that*’

(D F~ ) Vo, (F7" (2), 7, (F 7" (2), )
(0470 )(F=7 (2), Tl (F 7 (2), 5))

Vaxa(z,8) = =x(s)X' (7 (F7™ (2), 5))

)

and setting, s,(xz,s) =7, }(F~ " (), s),
<v$7—n* (F_n* (.’13), S*(l‘, S)), Dij_n*v>
Un, © (,258*(3375)(]‘77"* (.TC))

(4.11) V(z,s) = —x(s)X'(84(, 5))
we have that

(v(a), V3 (0)(a)) = - |

R

ds Uy (F" (2), 5) (g) o 7" o ¢, 0 F""(x)

Unp

+ [ s (B ), )DoF " 06,0 7, [i’v”m} o ETT 0 gu 0 KT (@)
R V’H,T

v
- /Rds X+ (F™7 (2), 8)(Dy (F~"T 0 b5 0 F™" o, VJ o F=" 6 ¢y 0 ™ (1)),

nr

30 Given a matrix A we use A* to designate the transpose.
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Recall that

n—1
(4.12) Vn =V [[moF = Z vn(DFIY? [Wl 0 FJ} .
j=0
Setting (with a mild abuse of notation) X*( ) = x«(F"T(x), s), we can write

Un

<v(l‘)7VF;(9)($)> = */Rdtﬂm (£ (), 1) (g) o F™" o ¢y o F" (x)

"o i) dg] (FYTY) o,
413 /dt ynToF*nTo¢t oF (I)
nr-1 F—"Tﬂ' o ¢y)* (Lhg - dlnyl)} (F77o)
nr
+ Z /dt X (t TNy Ty o F"T (x)dt.

Next, we need an explicit formula for dlnw;. To this end notice that
(4'14) 6IkV :pltv_‘_kaLv

where (Vi,Va) = V = |[V|~'V and V+ = (=V,, V4). Then, differentiating ||V]|?
and DFV =1,V o F, respectively, we have

P = O In|[V] € O

(80, DEYV + pp DFV: = —piin Vo F + 9,V o F

(4.15)
+ 11 Z 837ij [p}‘V +pj‘A/L:| oF
J

Multiplying the latter by V<4 o F, since DF*(V+ o F) = %V% yields

- V| det DF
V1toF 8, DFV [Vl det DF"_ 9, F F.
< or, k >+pk ||V|| FVl IZ k ]pJ ©

Note that, due to the condition that F' is uniformly hyperbohc we can assume
(eventually using a power of F' instead of F)

V|| det DF

4.16
( ) HVH OFZ/1

SA>1>A >

hence, setting

_ 1 [V ()]l
(4.17) I'(z,v)r = (DyFv) ﬁmszFv)detD i
we have?®!
2
(4.18) vlWVIle 'y e o p 1),

~ [Vl det DF
It is then natural to set
_ ViV]eF

4.19 = —
(4.19) [V|[det DF

31 By I'(V) we mean the function I'(-, V(-)) and p = (p1, p2) € R2.
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and write?

00 m—1
(4.20) p=—>_|[[ AcF| (DF™)T(V)o F™
m=0 | j=0

In the same way, but multiplying the second of (4.15) by V o F, we obtain
Oz, Invy = pr E + By,
(Vo F, (9, DEWV)|V|| | .

By = — (DF*p* o F
(4.21) k n|[Vi[o F TPk = (DEp 0 B
o (VoF,DFV')
n|VieF

Note that, by equations (4.21) and (4.20),
(DF~"1+)(Vinw) o F~"H = (DF~"+I)*B o pnrti

23

nr—j [m—1
~EoF "+ S" [ Ao Fl-natd | (DF - H4my T (V) o prirtitm
(4.22) m=0 Li=o
e <] m—1
~EoF N J[ AoF'| (DF™)T(V)oF™,
m=1 |l=—nr+j

We can thus express the last line of (4.13) in terms of the transfer operators (acting

on one forms w = (w(x), dzr) and functions g, respectively)
(Lrw)e = (D F7Y* (07 @) 0 F (), dz)

(4.23)
Lrag=Lr(Ag).

Indeed, using the above notation, equation (4.22), and setting wp = (B, dx) and

wr = (I(V), dz), allows to rewrite (4.13) as

(0(F" (), VH7(9)(F " (2))) = — /IR dt Oy (2, 8)(LE"g) © di()

- / dt . (x, D){[6; E3 dg) (F2 0) H(z)

+ Z /dtx*(m,t){[ﬂﬁi‘z?*j((ﬁ%g)'wB)KFfTU)}(I)
j=0 ’R

(424)  rmpglnrs

-3 /R dt X (x, ){ (6] (L™ (LR 4 ELYg) - wr)|(Fr 7o)} (@)

j=0 m=0
nrt -1 o©

-y Y / 0t W, (2, 1) (L3 BLYg) 0 60(a)

j=0 m=1
Uy (2,1) = xu(2,8) [[ A0 F o gu(w) - [(F™ 0 ¢y) wr (F"v) ().
=0

32 The series is convergent due to (4.16).
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Next, we need bounds on 9, and ¥,,.** Let us call % the maximal eigenvalue of
DF™, then |D F"|| < Cyuvii(x).
Lemma 4.4. For each m € N and x € T?, we have,

[0m (@, )ller-1®s R) < Cr. vy (2)]|0]|

[V (2, ) ler—1 (v &) < Cronovm (@), (2)[0]-
Proof. First of all note that, by the smoothness of the stable manifolds of an Anosov
map (see [35] and references therein) it follows that vy o ¢y € C"~1(R,C1H*(T?)).
Hence, by using repeatedly Schwarz theorem [18], we have that, for each p < r,
V(97v1) 0 ¢y(x) = 0F (Vur) o ¢y (). This implies sup,cpz [|[Vrr 0 ¢y (@)]ler-1 < Cp.
Also, since C"~! is a Banach algebra and

O 0 () = Z_: Up 0 ¢(x)vg 0 ¢ (x)(V, V(Inwy)) o FFo o ()
k=0

n—1 2
atD(z,t(z)Fn = Z Z I:Dd)t(m)Fn_k_lazj DFkqut(a:)FDd)t(z)Fk] v;o d)t(.’lf)‘/] o) Fk 9] ¢t($)
k=0 j=1
we have, by induction on n and 7, ||v,00 ) (z)[ler-1((0,1),R) < Crllvn(Py2)llco((0,1),r)
and ||D¢>(_)(:r)Fn|C"'*l((o,l),R) < Collv¥ o ¢(-)($)||CU((O,1),R)7 thus, recalling (4.12),
1900 60 (@) ler-s 0.0, < Covn (@)
In addition, by (1.5) we have

t
Vo (z,t) = / D¢V, 0 ¢s(x)ds.
0
It follows, using Lemma 4.2 and since C” is an algebra, that

(425) HVTn o gi)(_)(x)Hcr((O,l)J@) S Crl/n(l’)l/g(l')

The first inequality in the Lemma follows remembering the definition (4.11).

Let us prove the second. By equations (4.17), (4.19) and the smoothness of the
stable manifolds of an Anosov map (see [35] and references therein) it follows that
(V) o ¢ and Ao ¢, are uniformly (in z) C"~'-bounded functions of ¢. For each
x € T? we have

m—1 m—1 m—1 .
0 AoF'o = AoFlo . Vlo¢t(aSAo¢S|szO)°FO(bt(x).
; g b¢(x) g bi(x) ; Ao Flo gy ()

Since each further derivative of a function composed with F! o ¢, produces the
multiplicative factor v, it follows

m—1
V1 0 (05 A 0 dsls—0) © Flo P¢(x)
Z Ao Flo¢y(x)

< Cy.

=0 cr—2

On the other hand, notice that det D, F = 11 (:E)V}‘(;U)QC;I(Z()E), where 6(x) depends

only on the angle between the stable and unstable direction at x and on ||V (z)]|.

33 Remark that the point of the next Lemma is that the bounds do not depend on r, apart from
an irrelevant multiplicative constant.

34 Here we have used Gronwall’s inequality to prove vy, o By (@)lco((0,1),r) < Cgvn(z), and the
same for vy.
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Accordingly,

Vm(x)

v ()

<Oy
Co

m—1

H Ao Flogu(x)
1=0

Thus, we have, by induction,

m—1 m—1 m—1
HAOFlO¢(‘)(x) <ort HAOFlOgb(.)(SE) + 8tHAOFlO¢>(,)(m)
=0 cr—1 =0 co =0 cr—2
m—1 m—1
§2T_1 HAOFZO(b(.)(J)) —‘rC# HAOFIO¢(.)(JJ)
=0 Cco =0 cr—2
Eee Vi ()
<C, Ao Fl O QT <C, -
<C g ¢()() . Cr )

Analogously, || D, F™ o ¢(,yllcr—1 < Cri), (), from which the Lemma follows. [

As in section 3 we are left with one last problem: the potentials may be non
smooth. Such a problem can be solved in the same way as before: extending all
the objects to a subset €2 of the unitary tangent bundle.

Recall that (z,v) € Q is a three dimensional subset of T? x R?, thus we can
naturally write vectors in TQ as (w,n), w € TT? and € R%. Accordingly, a one
form g on Q at a point (z,v) acts on a vector (w,7) as g, ,)((w,n)).

Next, let us define

~ Vo F~Y(z)||det D, F~1
AoF 1(x,v):” =
| Do F~ 102V ()|
~ N <DIF’U, (8ka$F)U> * * %
(4.26) By(z,v) = D, Fo]? + pi(x) — (Do F*p* o F(2))s
~ (D,Fv, D, Fvt)
E(x,v) = .
@) = D, RVl

We can then define the operators, acting, respectively, on functions g and on one
forms g defined on 2 by

Eﬁjg =Lr (A\g)

A Do ol V@ ¢ a1y
L = F .
[ Fg} (2,0) [V o F~1(z)]] [F)8] .0

The relation with the previously defined operators is given by the following Lemma.

(4.27)

Lemma 4.5. For each z € T? and w € R? we have®
[Ls 4(gom)(x,V(2)) = Lral9)(x) = (Lralg) o w(x,V(z))

[Epw*dg} (w,0) = |:2ng:| x(w) = |:7T*(2ng):| (w, 0).

(z,V(2)) (z,V(2))

Proof. By direct computation A(z,V(z)) = A(z) and the first statement of the
Lemma follows. The second follows directly from the definition since (F~")*w*dg =
7 (F~")*dg. O

35 See (4.23) for the definition of Lg 4 and EF
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Recalling equation (2.11) and Lemma 4.5, and setting = = (x,V(x)), g = g o,
we can rewrite (4.24) as:

(o(F~"% (2)), VH(9)(F "7 (x))) = */Rdtﬁm(:v,t)(ﬁfp”g) © ¢y ()

- / dt x. (., ){ [} L2770 dg) (7" (v,0))} ()

+ % [ e S5 (L) - @n)(F2 (0,0)} o)
(428) "

np—1lnr—j

=X 3 [atne G 6(E e 3Bl - ool (0.0) He)
7=0 m=0

nT—l oo

-y % /R dt W (2,1) (L, ELLg) © ()

7j=0 m=1
@p = ((B,0), (dz,dv)); @r = ((T(v),0), (dz,dv)).

Last, for each time dependent function ¢ € L°°(R3, R), each form g on Q and time
dependent vector field w € L>(R3,R?), with compact support in R., we define*°

H,.(g) = / o(2.5) - g 0 (. V(x)) ds
(4.29) =

HL ,(g) = / 85 (0. (oy) (Dabso(, 5),0))ds.
With such a notation we can finally write (4.28) as

(v(2). VHz(9)(2)) = ~Hprr @).0,., (L7 9)
1 “n "
= Hpnr (0) b7 (w,0) (£F 7 77 d9)

nr—1
+ > Hpr )5 w0y (L8 (Lh9) - @5))
(4.30) =

nr—1nr—j

=2 D Moy (B8 (L 5 ELRg) - or)
j=0 m=0

oo nr—1

=D D Hpery v, (677 ELLg) = Tnp (F7 ().

m=1 j=0

It follows that, if ny = n. K, the derivative of (4.8) takes the form

K
(4.31) (0, VHz(9)) =Y Tin. (F'" (x)) */R x(s)[psdg(v)](x)ds.
=1 2

The above corresponds to Lemma 3.1 in the present context.

36 The first is just a slight generalization of (3.1).
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4.5. Lipschitz coboundary.
Having shown that the problem can be cast in a setting completely analogous to
the one already discussed in Section 3, we are now ready to conclude.

Proof of Theorem 2.12. This is the same argument carried out in the proof of
Theorem 2.8, only now we also need the spectral picture for the operator Ly 7 on

BP'? and of the operator EF acting on an appropriate (new) space Ep’q, ptqg<r—2.
Indeed, by the arguments in appendix B it follows that L 7 is quasi compact on

BP? and in appendix C we show that there exists a Banach space BP+4 on which
Ly has spectral radius p > 0 and essential spectral radius bounded by A~ mir{p.a} .
Also the functionals H! ., for w € Cf, are bounded by

T, W

L 0 (9)] < Cllwller-2lgl go.o-

As before we notice that in (4.31) the last term is uniformly bounded, hence we
have to worry only about the terms Jj,,,. Looking at (4.30) we see that each Jj,,
consists of five terms.

By Lemma 4.4 we see that the first term is bounded only if p, ¢ (and hence )
are large enough and ¢ belongs to the kernel of enough eigenprojectors of Lr so
that the essential spectral radius of Lr, when restricted to the invariant subspace to
which g belongs, is smaller than ||v{||5J*. Analogously, the second term is bounded
if w*dg belongs to the kernel of enough eigenprojectors of EAIF (again the spectral
radius of the remainder must be smaller of ||v}']|7*). The third term has a bit more
complex structure. First of all note that the multiplication by a smooth function
is a bounded operator from BP9 to itself, while the multiplication by a smooth
one-form is a bounded operator from BP? to Bra (to verify it just use the norms
definitions (B.3) and (C.1)). Next, assuming that g belongs to the above subspaces
and using the spectral decomposition of EF we can write,’” for some m, € N,

€ (0,1) and all I < nrp,

my [—1

ZZHF”T(:I: Y XERT (v, 0)([pka+Qk]l j((ﬁj ) “A)B))""O(pi)

k=0 j=0
m, 1—1 min{l—j,dp—1} 1

=> > Z ( ) )m;%) w0y (P PQU(Lhg) - @)
k=0 j=0
+0(pl,).

On the other hand, for p <1 —j,
1

Z( > FrT (2) X 7T (v, 0)<pk TTPQR((Llg) - @)

=0
=p55”chpl T Hpnr (o) 5T (0.0) (@0 (Cs9) - @8)) + O(pl)

where K, = E;iojs(p;lﬁ]p) and Y P_ cs pIP555 = (l;j). By identifying the
range of II; with R% we can then define the functional by s @ BP9 — R4 as

37 That is £ = Y7 [orIli + Qi) + O(|[14*]|od), where Q¥ = 0 and I, Q. = QxII; = Q) and
Hi = II;. Also we use the useful convention Qg =II;.
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U s(g) =k (Ks(g) - @wp). Accordingly, if £ ;(g) = 0 for all k < m, and s < dj, we
have that also the third term is uniformly bounded.

Similar arguments hold for the fourth and fifth term. This implies that if g
belongs to and appropriate finite codimensional subspace (determined by the above
eigendistributions) then the H7(g) are equicontinuous functions of 2. Hence there
exists {T;} such that Hr,(g) converges uniformly to a Lipschitz function. We have
thus shown that Hr(g) has a convergent subsequence to a Lipschitz function h
which, for all ¢ € R, satisfies

ho i) — hiz) = /0 g0 du(z)ds

Hence, h satisfies (1.11) and g is a Lipschitz coboundary. O

5. EXAMPLES

Lemma 1.1 shows that the flows to which our theory applies must necessarily
enjoy several properties, the reader might be left wondering if such flows exist at
all (apart, of course, for the trivial one consisting of rigid rotations).

To construct examples the simplest strategy is to reverse the logic and start
with a C" Anosov map which is orientation preserving.®® Given such a map, we
have an associated stable distribution. If we choose any strictly positive function
N € C"(T? R) there are only two fields V such that V(z) € E*(z) for all z € T?
and ||V (z)|| = N (z), they correspond to the two possible orientations. We can then
choose any of the two and we have, at the same time, an example that satisfies all
our assumptions and a justification of such assumptions. Indeed, in general the
distribution E* of a C" Anosov map will be only C1T® with a € (0, 1), [39]. Notice
however that it is possible to have situations in which o > 1 and yet F is not C!
conjugated to a toral automorphism [39, Exercise 19.1.5]. Of course, in the latter
case the unstable foliation will be irregular [29, Corollary 3.3].

The above partially clarifies the applicability of our work. Nevertheless, other
reasons of unhappiness persist. In particular all our discussion, up to this point,
has been a bit abstract as we did not discuss which type of concrete objects it really
yields. To gain a better understanding we start by working out the linear case that,
surprisingly, is not completely trivial.

5.1. A “trivial” example.

For the reader convenience we discuss here the case in which F' is linear and ¢;
is generated by a constant vector field. As already mentioned in the introduction
this is an analogue of the case, for the geodesic-horocycle flow setting, of compact
manifolds of constant negative curvature. Hence it can be dealt with directly by
representation theory (i.e. Fourier transform, in the present setting), without using
the strategy put forward in this paper.

Let A € SL(2,N); let Fs : T2 — T? be the Anosov map defined by F4(§) := A¢
mod 1. Since det(A) = 1 the map is invertible, and has eigenvalues A4, /\;11 e R,
with Ag > 1. Let V4 = (1,w) be the eigenvector associated to the eigenvalue )\Zl.
Note that w is a quadratic irrational, as in Lemma 1.1. Let ¢(§) = £+tV4 mod 1.

38 After all, this is what is done for the horocycle flow: one starts from the geodesic flow.
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In this case by applying Fourier transform to equation (1.11) we obtain, for k € Z2,
calling f the Fourier coefficients of f,

> 2mi(V, khye?™ R = N " g emihe),

kez? keZ2
Note that we have the trivial obstruction go = 0. If this is satisfied, note that
(V,k) = k1 + wkq # 0 for all (kq,ke) € Z%\ {0}, since w is irrational. Thus, we can
write

3 - 9(k)

(5.1) h(k) = ZQW(V, EE
Since w is a quadratic irrational, it is well known (e.g. by using standard results
on continuous fractions) that [(V, k)| > Cy| k|| ~. Hence, if g € W™? (the Sobolev
space with the first r derivatives in L?), then h € W" =12, In particular, if g € C*,
then h € C*°.

That is, in this example all the aforementioned distributions do not exist and
the only obstruction is the trivial one: the one given by the invariant measure. If
such an obstruction is satisfied (i.e. if Leb(g) = 0), then the ergodic integrals are
bounded and g is a coboundary with the maximal regularity one can expect.

Nevertheless, it is very instructive to apply to this example also our strategy.
This will give us a feeling for what might happen in general.

5.1.1. Ergodic integrals.

Let us change coordinates in 2. One convenient choice is 0(€,s) = (£, v(s)) with
v(s) = (1,5)(1 4+ s2)"2 and s < 0. In this co-ordinates we have that the set €,
defined just before (2.7), reads T? x [—f31, —f32] for some 0 < B3 < 3. Also, calling
F=0"10Fo6, we have

F(&,5) = (F(£),%(s))

c+ sd a b
= — A = .
vls) = S0 ( d)
In addition,

1 as —c
The map ¢! is a contracting map with derivative (¢»=1)(s) = (d — bs)~2 and a
unique fixed point § in [—S1, —fFa].

The smallest eigenvalue of A is given by 7 = (d—35b)~! < 1 and the corresponding
eigenvector is 7 = (1, 5).

Setting, as usual, §*g = gof), for g € C°(Q, C), and introducing the multiplication

operator £g(§,s) = ﬁlvvl('gﬁg(é“,s), let us define, recalling that Ly is defined in

equation (2.10),

(5.3) Ls= 20 Lp(0*)" =
By direct computation it follows>’
(5.4) Lzg(.s) =goF (& s)(d — bs).

By Theorem 2.8 the obstruction are determined by the spectrum of Ly on the
Banach spaces BP? (see Appendix B). Note that (5.3) implies that the operator

39 Remember that s < 0, hence d — sb > 0.
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Lyr is conjugated to the operator Lg on the space Z6*(B”7) which, to simplify
notation, we still call BP'? since the identification is trivial; hence they have the
same spectrum. Accordingly, it suffices to study the spectrum of Lz. We detail
it in the next Lemma; see Remark 5.7 for the consequences of the Lemma on the
existence of the obstructions.

Lemma 5.1. For each ¢ > p € N, setting D, = {z € C : |z| > vP~1},
ORBp.a ([’fF\) N Dp == {l72k_1}k€N N Dp,

and the eigenvalues have multiplicity one. In addition, there exist explicit formulae
for the right and left eigenvectors associated to the point spectrum (see equations
(5.6), (5.7) and (5.8)).

Proof. It is convenient to consider a larger Banach space BY? which is defined
exactly as BP'? with the only difference that the set ¥ of admissible curves (see
Definition B.1) is smaller, as it consists only of stable curves (that, in this case, are
just segments in the direction V) Indeed, since the sup is taken on a smaller set,
it follows || - ||gr.a < || - ||gr.e which implies B¢ C BY'?. In addition, note that if £
is a bounded operator both on BP¢ and BY'? and R C C is a region in which both
ogra(L) and opr.qa(L) consist only of point spectrum with finite multiplicity, then
opra(L)NR C ogra(L)NR. Indeed, if h € BP? is an eigenvector of £, then it is an
eigenvector of £ also when it is viewed as an operator from BL'? to itself. In fact,
[5, Lemma A.1] implies opr.a (L) N R = opr.a (L) N R.

The advantage in considering BY'? rests in the fact that the norm (and all the
theory) simplifies considerably since the stable and unstable distributions are con-
stant.”’ This implies in particular that 8,9 = (V, 49, V), O0ug = (Vay9, Vl) and
0, all commute.*!

Setting Bg,, = {¢ € Co([-r,7],C) : llelles((=r,c) < 1}, the analogous of
definition (B.3) is equivalent to

/ (020000 g] (z + V', ) () dt

lgllsza = sup sup Sup ’
2€T? PotPutPs=Px 9EBqyp,,r |J—r
re(6/2,6] P+<p

where, for further convenience, we make the choice § < v. In addition, since ¢ is
compactly supported in [—r, 7],

/T 00g] (z + Vt, )p(t)dt = / %g(x Ut ) p(t)dt = — / g(x + Vt, 5)4 (t)dt.

—r _ —r

Hence, we can write

HQHBQ*‘J = Sup  Sup sup sSup
z€T2 r€[6/2,6] PutpPs=p+<p @EBqip,,r

/ [P« OPs g] (x + V', 5)p(t)dt]| .

Next, we establish a Lasota-Yorke inequality by a super simplified version of the
arguments used in [33, Lemma2.2].

40 1f the reader wonders why not always use such a space, he should consider that such a space is
directly tied to the map and does not work for a small perturbation, as the invariant distributions
will be different. Hence the spaces BY’? would be useless in the following sections.

41 of course, O, is just the derivative in the stable direction and 8, the one in the unstable
direction of F' and Os is the derivative with respect to s.
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Sub-Lemma 5.2. For all p,q > 0 there exist C > 0 such that, for all n € N,
1£5hllsze < Co7" ]| 2o
1£2R]gpa < Co MDD Rl gpa 4+ C" |l gp-1.041.-

Proof. Note that 0,Lgh = vLz0,h and

(5.5) OsLzh = (d — bs) 2 Lz0sh — b(d — bs) ™' Lzh.

Iterating the above equations yield, for each p, + ps = p« < p, ¢ € Bytp. rs

’/ [35”355559} (z + Vt,§)<p(t)dt‘ < p(@pstpu)n

+C, >

0<p,<p«—1-py

On the other hand

/ [cgagu ar- g} (z + Vt,5)p(t)dt

—-T

/ [ﬁ%@fj“@?;g} (z+ Vt, s)gp(t)dt‘ )

-Tr

7"

/T [ﬁgh} (z + Vt, 5)p(t)dt = /V h(z + Vt,5)p(7"t)dt.

To compare the above with the integrals defining the norm we introduce a smooth
partition of unity {¢s} of the form ¢y (t) = ¢(t — kd/2), supp ¢ C [, ], and write
e(U"t) = > Yrn(t — k6/2) where @ n(t) = ¢(t)p(™(t + k6/2)). Then, setting
x, =x +k6/2V,

-

/,. [ggh} (x+ Vt,5)p(t)dt = Ek: /_i h(zy, + Vt,5)pn.n (t)dt.

Note that the sum consists of at most Cxv~" terms. This yields the first estimate
of the Sub-Lemma since ||k |lcatr. < Cx. Moreover we have

r 5
‘/ [35”55%59] (x+Vt, E)w(t)dt‘ 7Y / 07287 g] (), + Vt, 8)ppn (£)dt
—r —d

k

+ Cpﬁ_n”g”lgf—lvq“'
If p, = p then

[ [oreorcia] o+ Ve.9)pl0n] < Cop D lglsza + Cor gl

If p. < p, recalling the choice 6§ < 7,

20D (k8 /2)5
prnlt) — o(t) S LT RO | e
j=0 I Cca+px
2 oD (k6 )2)
o) Y S <c,
Jj=0 ’ Ca+px+1

Thus
[ [orrorcza) (a4 Ves)ettar] <o gl + G lglagron

<Ce' ™D |gllgpa + Cpo " lgllgp-1.a+1,
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from which the second inequality in the statement of the Lemma follows by taking
the sup on z, p,,ps and . ([

Sub-Lemma 5.3. For each q,p € N the essential spectral radius of Lg acting on
B2 is bounded by p™inipat=1,

Proof. One can check that the unit ball of B2? is weakly compact in B2~ ™! by a

much simplified version of the proof of [44, Lemma 2.9]. Then the Lemma follows
by the Lasota-Yorke inequality established in Sub-Lemma 5.2 and Hennion theorem
[36]. O

We can now study the point spectrum. We start by establishing a lower bound
on its cardinality.

Sub-Lemma 5.4. For each p,qg € N, q,p € N, we have
ogra(Lg) D (7% 0.
Proof. We look for Lgg = pg of the form g(¢&,s) = g(£) f(s). Then
1g(€)f(s) = go F~HE) f(¥~ ' (s))(d — bs).

By the computation Fourier modes done at the beginning of section 5.1 it follows
that ¢g(&) = 1; hence

uf(s) = F@W~'(s))(d — bs).
Iterating the above relation yields

n—1

flo)=pu " [T =007 () f (07" (5))-

k=0
Since 1~ "(s) converges to s there are two possibilities; either f(5) # 0 or f(5) =
In the first case we can assume, without loss of generality, that f(5) = 1. Then

(5.6) Hu (d—by* Hu (d—bs+ bl "(5) — " (s)]),

provided the product converges. If we choose y1 = d — b5 = !, then, for any
€ (7%,1) we have

Hu (14 B[ 4(5) — ¥ F(s)]) = R0 O

which shows the convergence. Since f € C*°, we have that f € BY'? for all p,q € N.
We have thus an eigenvector.

Next, consider the case f(5) = 0. It is natural to look for solutions of the form
f(s) =(s—3)PM(s), M(5) =1, for p € N, then, recalling (5.2),

pls = 5)P M (s) = (d = bs)(v ™" (s) — ¥~ (5))PM oy~ (s)
= (d—bs) P (d - b5)"P(s — 5)P M o1p1(s).

Iterating again we have

(5.7) H P b TR(E) — T () TP

The above is convergent and non zero provided p = 7?P~1. Such a choice yields

M(s) = f(s)7PT! and since 1/f € C* again we have an eigenvector in BY'?. O
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Next, we need a lower bound on the cardinality of the point spectrum. The idea
to achieve it is to investigate the spectrum of EEF by considering the distributions

(5.8) 5n(h) = /T [0z 5)d

Note that, for ¢ > p > n, 6; € (BY?)'. Indeed, T? can be partitioned by pieces
of stable curves, hence §7 can be seen as an convex combination of the functionals
that define the BY'? norm, thus it is bounded.

Lemma 5.5. The spaces W,, = {h € BY? : §%h) = --- = §7(h) = 0} are
invariant for Lg.
Proof. Note that
BLsg) = [ oF @5 e =5 [ glaside =789,
T2 T2
Moreover, iterating (5.5) it follows that there exist smooth functions a; such that

Thus,

n n

(L20) = Y- an(s) [ R )9 = S an(e) ok ).

k=0 T k=0

Note that the above implies that L’% has eigenvectors formed by linear combina-
tions of 67.

Sub-Lemma 5.6. For each m > 0, the spectral radius of Lg, when acting on
W1 NBYY, p,q > 2m, is bounded by v*>™ 1.

Proof. Setting A(z,s) = (d — bs)~* and Lz 9 = A**Lzg, by equation (5.5)
OsLE g =(d— bs)—%@ma&cg;g +b(2m —1)(d—bs)"'LF g

n—1
_ rn k n—k
= Eﬁ,m+1asg +b(2m —1) E £J17‘,m+1‘4£]?‘,m g.
k=0

Iterating the above formula yields

/ [agaf(cgh)} (z + Vt)dt’ < p@k=Dn

—r

/ (0L hs )] (2 + Vt)dt‘
k—1 '

+ Oy Z ﬁ(2l—1)n

=0

/ (0L hs )] (2 + Vt)dt‘
where hs i (z) = (0¥h)(2,5) and Lg(z) = g o F~!(x) is the transfer operator as-
sociated to the SRB measure for F' (which, of course, it is just Lebesgue). It is
then natural to consider the Banach spaces BS'? obtained by closing C>(T?, C) with
respect to the norms

lgllgz:e = sup  sup  sup
€T Pusp [I9llpqipy <1
re[6/2,6] 0

/ ' (05 g] (z + Vt)cp(t)dt‘ .

-T
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Note that [[hs x|+ < |k

BPa if £ < p. Then

p—1
(59) ||£%h||3£»q < D(Qp_l)n||£nhg7pHBg,q + Cp ZD(QJ_l)n||£nhg7j||Bqu.
7=0

It is well known that the point spectrum of the operator £ on each B consists
of just {1}, with the left eigenvector being Lebesgue measure, while the essential
spectrum is bounded by p™in{r.a} 42

The above readily implies that if h € Wy, then, by (5.8), hs, is of zero average
and, for each 8 > 7 and q > 2,

|£2hl gz < Cor™ 8" sl gon < Cor™ 8" Rl gz

Thus the spectral radius of Lz on Wo must be less than 7, and since Wy has
codimension one it follows that Lz can have at most one eigenvalue larger than v.
By our knowledge of the essential spectral radius and [5, Lemma A.1] it follows
that on each BY'?, p,q > 1, the operator can have at most one eigenvalue larger
that v.

To bound the spectral radius of Lz, when acting on W,,,_1 N B, p, ¢ > 2m, we
proceed by induction. We already proved the statement for m = 1. Suppose it is
true for m, then, for ¢ > 2m + 2, equation (5.9) implies, for h € W,,, and 8 > v,

2m—+2
|2 g2 < CaBE™D™ S I | gams2aa,

=0

which proves the claim. O

We are finally ready to conclude: by Sub-Lemma 5.3 and Proposition 2.7 we
know that the essential spectrum of Lz acting on BY? and on BP?, p > g, are
both bounded by 7?~!. Hence [5, Lemma A.1] implies that ogra(Ls) N D, =
opr.a(Lg) N Dy. On the other hand Sub-Lemma 5.6 implies that there can be at
most m eigenvalues larger than 72™~!, provided p > 2m. Finally Sub-Lemma, 5.4
shows that are at least m eigenvalues, implying the Lemma. ([

Remark 5.7. Note that, as remarked just before Theorem 2.8, the projection 7, is
not one-one. In the present case Oy = w, Ly are all zero apart when k = 0 in which
case it is the invariant measure of ¢¢ (see equation (5.8)). Hence as we already
saw, there are mo non trivial obstructions. It is however interesting that this does
not imply that the spectrum of Lf consists only of zero and v,

5.1.2. Cohomological equation.
To study the regularity of the coboundary we consider separately the various con-
tributions in equation (4.30). The first contribution is of the same type of the
previous section, only now the test function is much bigger, however we have seen
that if g is of zero average, then this term is exponentially small.

To analyze the second contribution we must analyze the operator Z]p defined in
(4.27). Doing the same type of conjugation than before we can reduce the problem

42 The first assertion follows by noticing that the decay of correlations is super exponential for
analytic functions (just compute in Fourier transform), the second can be seen by the same
arguments (actually, even simpler) we used for the spectrum of Eﬁ.
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to studying the operator Lz = Z6* Ly (6*)"'=~1.*3 A direct computation shows
that
(5.10) [Zﬁg}

— (d—bs [1@-1 *g} .
(€,9) ( J1E) (&.9)
In this coordinates a one form reads g = (n,d¢) + ods. Thus we can identify
one forms with vector functions (n,o) : T? x [, —32] — R3. If we do such an
identification, another direct computation shows that we are reduced to studying
the operator

|£m.0)] (¢:5) = (d = bs)(DF )" mo B (€, 5),(d — bs) oo F (&, 9)).

In addition, we are interested only in forms such that o = 0 (see (4.28)). We are
thus reduced to study the transfer operator

(5.11) [Ln] (€,5) = (d—bs)A™ g o F1(&, s).

Since we can write (&, s) = py (€, s)vT +p_(&, s)v™, it follows that the eigenvalues
must be of the form n(¢, s) = p(&, s)vt where v~ =V, v = VL are the eigenvec-
tors of A. Calling A+ the corresponding eigenvalues we have that the eigenvalues
of £ must be eigenvalues of

Lip=(d—Dbs)\i'po F'

The above are simply multiples of the operator Ls defined in (5.4). Note that
)\;1 = A_ = < 1. Accordingly, Lemma 5.1 implies that, outside the essential

spectrum, we have J(Eﬁ) = {ﬂzk’2} keN? where all the eigenvalues have multi-

plicity two, apart form the largest one which is simple. The eigenvalues that are
possibly relevant are the three larger or equal to 7, however the projection of the
corresponding eigendistributions that are not identically zero, when applied to Vg,
yield Leb(9,- (||V||7tg)) = Leb(d,+(||V||"tg)) = 0. Hence, also this term is uni-
formly bounded. To analyze the other terms note that 9, DF = 0 = 9,||V||, hence
I =po =pj = B=FE =0 while A= 7?, hence the remaining terms are identically
Zero.

It follows that no nontrivial obstructions exists and, if Leb(g) = 0, then g is
a Lipschitz coboundary (as we already knew from the simple Fourier transform
computation).

5.2. Some considerations on the general case.

Given the previous discussion, a natural question is if there are or not cases in
which non trivial obstructions exist. This is a difficult question to answer, here we
content ourselves with the discussion of small perturbations of the linear case. See
Remark 5.8 for considerations on the non perturbative case.

We will see that small perturbations of the linear case do not have obstructions
to non trivial growth of ergodic integrals or to Cz¢ coboundary. Hence, for a
small enough perturbation, an ergodic integral either grows linearly in time or, if
the function is of zero average, the function is, at least, a C 37c coboundary (see
Lemma 5.11 and Corollary 5.12).

43 Of course, now 6* is not the composition operator but rather the pushforward of one forms
while E is a again a multiplication operator but now acting on forms.
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5.2.1. A one-parameter family of examples.
Let us be more concrete: consider the symplectic maps studied in [46, 45]:

(5.12) Fy(z,y) = 2z +y —ye(@), v +y —v9(2)),
where ¢ € C*(T,R), [;¢ =0, and v > 0. For example one can choose ¢(z) =
5= sin27z. Also choose |[V| = 1 and call V,, the vector field. Note that Fy is the
linear total automorphism discussed in the previous section.

Using the same co-ordinates as in the previous section we can reduce ourselves
to the study of the map

~

F’Y(x’ya 8) = (Fv(xvy)a 1%(377 S)))

(5.13) 1—~v¢'(x)+s
Vy(3,8) = —————,
2—7¢'(x) +s
and of the transfer operator Lz = Z0"Lp, (0*)~1 =71 which reads
(5.14) Lz gla,y,s) = (1—s5)goF5 (z,y,5).
For small « the above operator is a perturbation of ﬁﬁo’ the spectrum of which we
have computed. So by the perturbation theory in [10] it will have eigenvalues close

to the ones of £3F\0. Hence, the second eigenvalue of Ly will be close to v < 1,
thus it will not have any influence on the growth of ergodic integrals. Accordingly,
for small ~ it persists the conclusion that either a function has non zero average,
and hence the ergodic integral grows like ¢, or it has zero average and then it is a
continuous coboundary. This is a bit disappointing, yet it does provide non trivial
information on the flow.

Remark 5.8. Note that, for v # 0 there is no obvious reason to expect that the
projection of the eigendistributions are automatically trivial (as in the linear case).
Hence, having ergodic integrals with a growth t°, B & {0,1} seems to be related to
having a transfer operator, associated to the measure of mazximal entropy, with the
second largest eigenvalue outside the disk of radius one. Note that, when v =1 the
map is no longer Anosov. In fact, we have a map of the class studied in [16] where it
is shown that the decay of correlations with respect to Lebesgue, is only polynomial.
In particular, this shows that the Ruelle transfer operator (associated to Lebesgue)
cannot have a spectral gap. This is suggestive, although the relevance of such a fact
for the present context is doubtful since we are studying different operators.** In
conclusion, it might be possible to have non trivial obstructions to the boundedness
of the ergodic integral, although no such example is currently known.*

Next, let us investigate the coboundary regularity. This amounts to understand-
ing the growth of (v, VH, r(g)) where, as in (1.9),

(o)) = / 08X 0 g (2,£)g 0§ 1(2).

44 1y fact, in [10] it is proven that the operator L, has a spectral gap. More in general, in
the case of area preserving Anosov maps Giovanni Forni gave us an argument showing that there
should not be obstructions to the boundedness of the ergodic averages, the general case is however
unclear.

45 Though some hope is given by the construction of generic examples, for the operator associated
to the SRB measure, with spectrum different from {0,1} by Alexander Adam [1]. See also the
more recent results in [8] based on special examples described in [54] for which the spectrum can
be explicitly computed.
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Almost all the rest of Section 5.2 is devoted to proving the following claim.

Lemma 5.9. For r large enough, there exist Ny € {2,3,4,5}, and distributions
Os.~y.o s Ony v € (CT) such that, if g € C" belongs to the kernel of Oy 4 and O,
then

(5.15) IVH,r(9)(x)|| < CpTHes,
while if g belongs to the kernels of all the Oy ,,...,OnN, ~, then
(5.16) sup sup [[VH, 7(g)(@)|| < oo,

TEeRs z€T?

and g is a Lipschitz coboundary. In addition, there exists C, > 0, and a non
zero function al e CO(T?,R) such that, for all v € (0,7), T > C.lny~! and ¢
C?-generic, we have that Os ., is a measure and

(VE VH, r(9)(@))| 7% |6 (2)Os,4(9)| 772" Te™#7"T — Cory||glleri™ " e#777 .

Proof. The first claims are just a particular instance of Theorem 2.12; apart from
the fact that Ny € {2,3,4,5}. In other words the distributions are the one con-
structed in the proof of Theorem 2.12 while the fact that Ny < 5 follows by pertur-
bation theory, Lemma 4.4 and formula (4.30). Also the inequalities (5.15), (5.16)
follow by equations (4.30), (4.31), the spectral analysis of EFWEFO carried out in
sections 5.1.1, 5.1.2 (which shows that at most one eigenvalue of Ly, and three
eigenvalues of Ly, can contribute to the growth in (5.16)) and standard perturba-
tion theory for transfer operators [40]. The assertion that Os - is a measure and the
last inequality require much more work and will be proven in Section 5.2.6 (more
precisely, the first assertion follows from Remark 5.15, while the inequality follows
from equation (5.75)). O

Remark 5.10. Note that the O; ~, which are defined in the proof of Theorem 2.12,
could be trivial (this is the case for Oy, see Lemma 5.11). If they were all trivial,
then the case v # 0 would behave like the linear model: either the ergodic integral of
g grows linearly or g is a Lipschitz coboundary. If this is the case or not it remains
to be seen.

Lemma 5.11. There exists vo > 0 such that for all |y| < o the obstruction O, is
invariant for the flow, hence it is identically zero or proportional to Oy . Moreover,
for all g € C", lim,_,0 Oz ,(g) = 0.

Proof. Assume that O ,(g) # 0 for some g € C'T*. Then, for each ¢ > 0 there
exists g. € C" such that ||g — gellco < Cxe, |lg — geller < Cxe® and |gller <
Cyue™ "1 By (4.24) and Lemma 4.4

(VE VH, 1(g — g:)(2))| < Cpir T e 7e,
Thus, by Lemma 5.9,
(V4 V() (0)] 297 [0L(@) 02 (g)| 7277
_ C*7€*T+1ﬁfnTeC#"/nT _ C’#D’g‘”T CCHEINT ¢
Choosing € = e~ “*7"T shows that there exists ¢; > 0 such that
(VE VH, 2 (9)(@)] 292 |21 (2)0s,,(g)| 7271

_ C*,yﬂ—nTec#'ynT _ C#D—BnTe—2cl'ynT.

(5.17)
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Next, we show that equation (5.17) implies that g cannot be a C!T® coboundary

if O24(g) #0.
Note that, differentiating (4.13) and doing a rough bound on the derivative yields

|D*H, 1(9)|| < Cypvip, < CuT 47

v,nr
Since v—3"Te= YT > T37#7 by equation (5.17) it follows that there exists a
ball of radius at least C;T~17°#7 in which the derivative of H, 7(g) in the V+
direction, is larger than 72C’9T3_C9‘@'“Y7 provided T' > Cyln v~!. This implies the

existence of a positive measure set of points xg,z1, ||zg — z1| = C,T37 7 such
that
(5.18) 0 (9)(20) — Fpiz(@)(@)] = Con T4,

To conclude it suffices to prove that (5.18) is impossible if g is a w-Holder cobound-
ary with @ > 1/3. We argue by contradiction, assume that g is a w-Holder
coboundary, then there exists a function h, € C¥ such that h, o ¢y, — h, =

fotg o ¢y, sds. Accordingly, by (1.9) and (1.5)

F’y,T(g)(xO) - H’y,T(g)(xl) :h’Y<$O> - h’Y(Il)

b [ 0 @O © T (0,0 (01,0
R>

- / B 0 6o (1)’ © g (1, 8)0 s (0.0 (1)) .

By (4.25) and Lemma 5.16 it then follows
|H~/,T(9)($O) - H“/,T(g)(ml)‘ < CgﬁTl-i_c#’yT_:gw_c#’y < Cg,7T1_3w+c#7

which, as announced, for v small enough, is incompatible with (5.18), provided T
is large enough.

It follows that for all f € C?, Oy, ((V,,V[f)) = 0, since (V,,Vf) is a C'T
coboundary. But this implies that Os , is an invariant measure for the flow ¢, ;.
Since the invariant measure is unique, either O, ., is identically zero or is propor-
tional to O 5.

The last assertion in the Lemma follows from (5.78). O

By the above Lemma it follows an interesting fact.
Corollary 5.12. If g € C" and O1,,(9) =0, then g is a Cz=#7 coboundary.
Proof. By equation (5.15) and Lemma 5.11 we have
IVH, 7 (g) ()] < CyT %7,
By equation (4.9), calling h. the coboundary, it follows, for each 7' > 0,
[Hy,1(9) = hyllco < Cop"Tec#7mT,

since, in the present case, the spectral radius ¢ of Lr_, restricted to the kernel of
O1 4, is given by ve#7. Accordingly,

() = o (9)] < [ 1 (0) (@) — Foy r(g) ()] + Oy Hewmr
< Cyla —y|THe#7 4 Oy 14w,

and the claim follows by choosing T' = |z — y|*%. a
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To complete the proofs of Lemmata 5.9 and 5.11 we must first identify explicitly
O3,. To this end we start by studying the operators (4.27) that, in the present
context, read (recall (2.10))

~

519 Lya9=Z0"Ly (07)'E7g=(1-5)"'goF  (z,y,5)
5.19 —~ ~
[ = (1-5) [ 9]

8], = [E0ER @)

(z.y,5) (z,y,8)

As in Subsection 5.1.2 we can write EH?W (n, (dz,dy)) = (Lym, (dz, dy)) where

(5.20) [Lom] (z,y,8) = (1= 5) [(DF})'n] o (z,y, 9).

Remark 5.13. Note that we are interested in applying the above to the case in
which g = w*dg (recall that w(x,v) = x) for some function g € C"(T?,R). This
means that, in (5.20) we are interested in n = (Vg) o .

5.2.2. Some preliminary facts.
We are thus left with the task of studying the spectrum of £, 4, L., for small 7.
We will use the perturbation theory developed in [33, Section 8] which shows, in
particular, that all the spectral data are differentiable in , but first we need to
establish some facts and notations.

By direct computation we have, setting 7, (z, vy, s) = «,

0, (2,,5) = —(p(2), p(x), @' (2)(2 — 7¢ (z) + 5)72)
= —(p(x), p(@), ¢ ()5 (z, 5))

R 1 -1 0
(DE)"'=| —1+9¢  2-7¢ 0
(5.21) 0ty [Osthy  Outby [Osthy  1/Dsy

(DF.)™'0,F, (2,y,5) = (0, p(a), ¢ (2))
&ﬁ;l(x,y,s) =— {(DIAFW)A&Y@, oIAF;l(x,y, s)
= (0,p,¢") o, o@;l(x,y,s) .
In alternative, one can compute the above noticing that

F;I(I7y73) = (x7y72y7I+790(x7y)7w'\7(x5y75))

5.22 _ o — _
BB oy = 20D gy = - oy

Hence, for each n = (n1,72) € C(T? x (=B, —B32), R?),

(5.23) 0yLom = (1—s) [(DFX) "' Tn] oF;' = £,Tn
Tn = [pomdyn+ ¢ omdsm+ ¢ omi(ez,mer)] .

We are interested in the maximal eigenvalue p, of £, which we know to be
simple, and the associated left and right eigenvectors £, h,. Thus, for all n €
COO(’H‘2 X (_515 _BQ)aRg)a

(5.24) Lyhy = pyhy £5(Lym) = pyky ()
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and, recalling (5.6),
po =2

h() = Vf(S)

to(m) = [ (Ven(a,y.5))dody.
T
Moreover, calling V ., [|[V4 || = 1, the unstable distribution of F,, we have
(526) DFZ;V+,7 = 1/:7’”‘/:#’7 o F,;’L

Since

(5.25)

(DF:VE o F,, Vi) = (Vi o F,,DE,V, ) =0,
we have DF;V+J_,'Y oF, = 7'Vﬁj7 and, multiplying the latter relation by V,, yields
vy (Va, Vi) o By )
(Vy, ViEs) o

*xy7 L
DEVE oF, =

Thus
<VL7V+ >
5.27 DE:)™'Wi = SEALLS Vi oF,.
( ) ( 'y) +,7 V%1<V’YL’V+7’Y> OF,Y +,4 04y
Analogously,
ViV
(DF)~'Wt = W V) VEioF,.

ViV Vi) o By 7

Note that we can always write n = W [aVWl + vaL +], hence we have
~ 0 Y )
1 1-s 1-s
Lyn = V- boF '+ V. ——aoF !|.
K <VvLa Vi) o V1 K ! Vo !
Thus, setting®®
1 —
Loqyf = Sf ° F;l
Vi1
Loif= "8 poF1
= ——7[] O
2,y Vo v o

we have, for each n € N,

1L
<V’YJ_’ V+7’Y> [V%+
Note that the maximal eigenvalue of Ly is one, while the maximal eigenvalue of
Lo is po = v~2. Also note that the operators L5 -, are well defined on BY® and,
on such spaces, it has essential spectral radius bounded by p,7%e“#7. Thus, by
perturbation theory, ogi.« (L2,) C{uy} U{z € C : |z| < p,0%e#7}.

Let us set 5, € C***(T? R.) so that V, = (1,5,)[1 + 5,]7% and, for each
€ CO(N,R), we define

(5.28) Ty(a,y) = P2, y, 5, (2, y)).
Then,

Lin = 5 b+ VALY al .

1£5 1 — £ 7Fpllco < Cal[[Plleres™).

46 The operators are well defined on B%¢, which suffices for the present purpose to characterise
the maximal eigenvectors.
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By the above considerations it follows

1
ol (1) = 15 "V L5 (0) + " O(||mlcoe™ ™)
Y <V7L7V+w> vt T2y Y
1
- - 7an_ L (7.b -ne cuyn
<V7L7V+,’Y>M’Y Lo (Ty) + " O([[n|coe™™™)
1
= oo P2 Vi b (T30) + 27 O(|[ncra e#77),
<V7L7V+,’Y> vV, 452\ Ty

where hg ., 2, are the right and left maximal eigenvectors of Ly y, respectively
normalised so that £ ~(1) = ¢ (h2,) = 1. Taking the limit n — oo it follows

£,(n) = Loy (74 (V5. M)

(5.29) 1

h, = Vit ho .

<V77V+Lﬁ> vt

Remark 5.14. Note that {5 ., is the mazimal left eigenvalue of a transfer operator
with a C1*% potential. It follows from [31, Lemma 4.9, 4.10] (by applying them to
the case t =0, r =2+ a, p =1 and ¢ = o) that ha,, {2~ are measures, thus the
same is true for h, £,.

The above provides some global information, next we need to compute the deriva-
tives with respect to =y of the various object of interest. Recall that we have seen in
Subsection 5.1.2 that, outside of the essential spectrum, o(Lg) = {#**2}4en. On
the other hand the spectrum of £y 4 can be computed as in section 5.1.1 yielding

o(Lo.a) = {7} ien.

5.2.3. Perturbation theory.
Differentiating equations (5.24) and remembering (5.23) yields
Oypiy = £y (01 Ly hy)

yhy = Z N;k_lﬁs [0y Lyhy = £1(0y Loy )Ry
k=0

6757(77) =L, (N;lay/:v(]l - M;lﬁw)il[n - hwe'y(rl)})

=" u3ke, (YL — oty (n)]) .
k=0

(5.30)

Remembering equation (5.23), (5.25) and since f(§) = 1 (see the line before (5.6)),
the first of (5.30) yields

Oybyly=0 = £o (0yLy|=0ho) = /ﬂ‘2<V7 [LoXV fl(z,y, 5))dxdy.
Next, we can use the definition (5.20) and (5.23) again to obtain
(5.31) Oy piyly=0 = v /2 [(V.e1)(e2, V) + f'(5)]¢ (w)dwdy = 0.
T

Next, (5.23) implies
0y Lyhyly—o = Ly [F'(B)'V + & f(5){e2, V)AL, —1)] o F ! (2, y, 5).
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Hence
(5.32) Oyhylymo = D TR LET[F(3)Q'V + @ (e2, V)ea].
k=0

On the other hand, for each n € C=(Q*,R?), Q* = T? x (—fB1, —fP2), such that
Ko(n) = 05

m)lye O_Z / (2L () (.. 5))
=S / (@) (V, 20,8 () (2., 5))
Y / o () (e2, 72" LR () (&, )V, 1),

T2

Note that the terms in the first sum are all identically zero by integration by parts
with respect to y. We must compute the s-derivative in the second term of the
above equation

OsF; (x,.5) = (0,0, (Ds1,) "L o FS 1) = (0,0, (1 — 5)72)
Os(Lim) = —(1—s)"'LIn+ (1 - 5)2L,0:(LL ")

(5.33) .
== (VL) v Lr 4+ (VL) Osm,
k=0
where we have set v,(s) = (1 — s)~! and the last formula can be checked by

induction. Accordingly,

01— 2 , . -
0,6, == Tz [ S @V o T (wy.)
n=0

+ Z o /2 ¢ (@)(V, (9sm) o Fy " (2, y, 5))

+Z/ ’1""" / eg,noIFa”(x,yj))(V,(1,—1)>~

In the following we are interested only in the case when the one form is given by
dg, g € C"(T?,R). This yields n(z,y,s) = s(s)Vg(z,y), for ¢(s) = v/1+ s2. Thus
the last term of the above formula becomes

)3 / P (@)5(5) (A s, (Vig) o Fy " ) (Vi (1,-1)
P @)6(5) e2, Vg o Fy ") )V (1,-1)

Z / P (@)<(5)9, (g 0 Fy ™) )V, (1, 1)



PARABOLIC DYNAMICS 43
which is again zero by integration by part (in the y variable). We are left with

o0

(T == 3 o) [ oo Fy ) Vote)
(5.34) +3 () / & (2)(V, (V) o Fy " (z,4))
n=0 T2

—- S eV [ o R g
n=0 T2

where, in the last line, we have used the algebraic identities 7¢(5) = —(1 — #?)s’(3)
and ¢'(8) = (V, eq).

5.2.4. Leading obstruction: an explicit formula.

We assume that g is of zero average with respect to the invariant measure of
¢~.¢. Accordingly, by Lemma 2.11, ¢g o 7 belongs to the kernel of the largest left
eigenvector £ of E]@‘W’ Hence, by perturbation theory we have

(5.35) 1£5. 9 0 llpg < Cpp"e*™|glcr.
Also, again by perturbation theory, for each g € BP9,
(5.36) 1£5 49llp.q < Cuv™e*™ gl

Using the above facts, recalling (4.30), (4.31) and Lemma 4.4, and using perturba-
tion theory on the second largest eigenvalues of Ly, we can write

Kr
(ODTH(0)0) = e )t oy |~ £
=1

In,—1
+ > LT ((Lh,9) @)

(5.37) =

In,—1ln,—j—1
§ : 2 : Aln.—j—m/pm 1 pJ N

o L]F’Y ([’]FMAEE]FWQ) ' wF:l
=0 —0

+ O(lgller[[vlle#™™T).

Next, note that, by (5.10), (5.20), we have

~ 1
B, wdg = (| L£3(650)] 007! (o, ).
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Accordingly, recalling (5.24), (5.35), (5.36) and setting h’, = <Eh’Y] 001, (dz,dy)),
we have

(v(x), VH, ZHFM*(I o oy (B3) 1700

+ O(llgllcr lv][p~"Te#7™™)
5.38 In,—1
( ) O14 = —L,(s (Vg) o) Z’uv Bo@ﬁj ggow))

In,—1ln,—j—1

_ Z Z ,uﬂ e ( Foﬂﬁﬁ’gooEoﬂﬁéwggOﬂ'))).

It is educative to write O, differently. This is done by using the identity, for n € N,

n—1

ﬁﬁﬁ (s9) =L2(V(s9) +7 D LhnLs " (v2L5)" " 7F04(sg)
(5.39) k=0

n—2 n—1

1 ik
S Sae pees et
k=0 j=k+1

where Vg = (029,0y9) and w = (1,—1). The identity (5.39) can be checked by
induction using (5.33) and recalling (5.20), v, (s) = (1—s)~'. Applying £, to (5.39)
yields, for all n € N|

£,(<(Vg) o m) =138, (VLE (s9)) = Z p e (wes o (v2 5 )g)
n—1k—1 ) )
DY T (why ¢ (L ) vy sg)
k=0 j=0

We can then write
Ouy = 15" & (VLT (s9)) + 67,
In,—1

O =1 3 1" (whs ¢ (4245)'')
k=0

In,—1k—1
e : R
=y Y > (why (Vi Y v LE sg)
(5.40) k=0 j=0 !
In,—1

+ Z 1y (B o (L sgom))

ln*—lln*fjfl )
- ,u,;J_mL,(FOGEﬁ)ger09£%W§gO7T))).
j=0 m=0
Note that

In, ln* ec#’yln*

0%+
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Thus we can finally identify O, , and rewrite (5.38) as
Kr

<’U(I), VF%T (g) (:L')> =7 Z H;’frﬂ* (z) I+ (v,0) (hj;) ,Lllyn* 02,7
=1

X+ Fy

(5.41) o
+O(lgller Jvf[7~" T e#mmT)

O24(9) =77 10% -
Remark 5.15. Note that, by Remark 5.14, Oz is a measure for each . We will
see shortly that it does not blow up for v — 0.

Equation (5.38) shows the form of the obstruction. However one must rule out

a nasty possibility: HFl"*(z),X*IFi”*(v,O)(h'V) could be identically zero. To dismiss

such a conspiracy we need to better understand the flow derivative. We take the
opportunity for an interesting and useful digression.

5.2.5. Interlude: Truly parabolic.
The next result, a refinement of Lemma 4.2 adapted to the present context, shows
that our flows are typically not elliptic.

Lemma 5.16. For each t € R. we have®”
(5:42) Dedy,e = [Vy 0 ) (Vo] + ay (&, 1) V5 0 ¢’y,t><vfyl‘ +b,(¢, t)|V»yJ_ © ¢%t><V»yJ_|
where, for some Cg, by, ts >0 and for allt > t,,
Cot ™7 < b (€,1) < Cy 17
|ay (&, 1)] < 7Oy 0.
Moreover, provided ~ is small enough, generically’® there exists c, > 0 such that
sup lim sup b, (z, t)t*C""f2 = 0.
T t—o0
Proof. We follow the logic of Lemma 4.2 but using the special properties of the
flows under consideration. To this end note that since det DF’, = 1, for all m € N,
DE] = | Vy 0 ) (V] + (Vy 0 BT DET'V)|Vy 0 ET) (Vi
g hlVi o (V)
DF;™ o F* =v, L Vo) (Vy o FIM| — (V0 FI*, DETM V)V, ) (Vo B
+ Uy VWV 0 FIM.

(5.43)

By (4.5) we can write"’

b’Y(Eat) = Vym© ¢’Y,t<V'yJ_(F':n © ¢77t(§))7DF,;"(I)(b'y,Tm(fﬂf) ’ DEF’TV’)’L(g»

(5.44) Ve © o 4 (€ - -
= ’Y’V(‘Z;()<V’yJ_(F’y © QS'Y.,t(g))v DFJ{”(&)¢%7—W(£¢)V,YJ_(F,Y (5)))
v,m
By the arbitrariness of m it follows
(5.45) b(e,t) = Tim L2m 98

m—oo V’y,m(f)

47 Here, and in the following, we use the quantum mechanical notation |v)(w| for the tensor
product v ® w as we find it more convenient.

48 In the C2 topology in the set ||¢||c2 < 1.

49 Where we have used (5.43) and that DF;n(z)¢>%Tm(5,t)V7 o FIM (&) = Vo (F" (¢+,t(8))-
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Also, for future use, note that (5.42) implies
by (€,1) = det(Doy).
and s € [0,t] we have, by [31, Lemma C.3],”"

[F(€) = FI' 0 oy s ()] < Cpst ™.
Accordingly, provided s € [0,¢], t > 1,

For m; = Cy é?oi

s v. ,10Fj0¢ ,8(5) v. mto(b 5(6) _
5.46 b , — 2l 2l i 2l _ v 1 O 2 .
I R T @ OO

The above formula implies, for v small enough,
(5.47) Cyt=c#7 Mor < b (€,1)] < e#7™Me < Cyte# Y/ hor < Cy/t.

One might expect that b, oscillates in time, however it cannot be always small. To
see this consider

¢ ¢
t*:/ by(ﬁ,s):/ Mds+(9(l/\/i).
0 0 V’vat(f)
For each & € T? let m;(£) be an integer so that 7,,:(¢)(§,1) € (cx,c;"). Since

[31, Lemma C.3] implies that eftr™:(&) > Cut°! it follows that we can choose
m;(§) = m§, independent on &, provided ¢, has been chosen small enough. Then,
recalling (1.5),

t m* O s C
it e [ A s 00> S-S o)
e ¢ t
> C#til/%m; T o(1).

On the other hand, if 7z, ., is the (invariant) measure of maximal entropy of F,
generically, for v > 0, it will not be the SRB measure and hence, by Ruelle inequal-
ity, [42, Theorem 1.5] and structural stability we have®”

ﬁe,'y(ln V'y_j) = ﬁe,’y(ln V};) > htop = ﬁh,()(ln VO_,%)

In fact, using perturbation theory (as in the proof of [34, Proposition 8.1], but doing
a painful second order computation), one can get the following more precise result
which (rather lengthy) proof we momentarily postpone.

Sub-Lemma 5.17. There exists 7o, ¢ > 0 such that, for |y| < o,

oy (V1) > hiop + 67

50 Recall that, by structural stability, the topological entropy is constant for the family F..

51 Here htop is the topological entropy of F 1, which coincides with the topological entropy of
F, (since two trajectories are e-separated for F iff they are e-separated for F;l)

52 The first equality follows from the fact that F is area preserving and the invariance of g, ..
Indeed, let 6 be the angle between V,,Vy , that is ||[Vy AV || = |sin6,]|, then

Isin 0] = || F5 (Vy °F~71 AN Vi~ OFJI)” = [[(DFVy) A (DEVy 5|l = vy 10| sin by o Fy .
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Then, by Birkhoff theorem, for i, ,-almost all & € T?, provided ¢ is large enough,

(5.48) £ (&) > Cyt' o7,

from which the last statement of the Lemma follows. To study a., let us set
¢(t) = D¢~ . By the smooth dependence with respect to the initial conditions and
recalling (4.14), we have

(5.49) () = [Vi @ py] 0 0y (1),
hence (V, C V,f-) = 0 and, differentiating our representation of (,

(5.50) a~(t) = (Vs py) © dy 0 b4 (1),

from which the wanted bound follows by (5.47) and integrating. O

Proof of Sub-Lemma 5.17. By [34, Theorem 6.4] it follows that the transfer

operator associated to the measure of maximal entropy is exactly £Fw.53 Hence,

recalling (5.14), and calling £, h, the left and right eigenvector of L5 associated
Yy

to the maximal eigenvalue fi, we have, for all g € C°(T? R),
ﬁe,'y(g) = E’Y(«gh’Y)

In addition °*

(5.51) fiy = ehror(Fr) — chiop(Fo) — =1 —. .

Also, by [34, equation (8.10)] and using the relation between the eigenvectors of
Ly, and Eﬁw’ we have

e (In V'y_&) = ly(hyIn(1 = 5)) + €y (hyInc o ﬁ;l) — £y(hyIng)

(5.52) = ly(hyIn(1 — 5)),

where we have used the invariance of the measure ¢, (h,-) with respect to ]IEW.
Recall, from section 5.1.1, that

h0($>yas) = f<5> = H 17(1 -5+ w_k(g) - ¢_k(5))
k=0

9.53 _
(5:53) tol) = [ olav.s)dody
25 —1
—1 - -1
s) = 7 1l—5=v"".
V) =
53 Recall that the definition of the space here is a bit different with respect to [34]. However

the two spaces, and hence the two transfer operators, are related by the continuous isomorphism
(B.4).
54 The second equality follows from structural stability.
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Clearly f(3) = 1, also, for further reference, note that a direct computation yields®”

£ =~

14
1—v2

(5.54) o (i
1) = 137 =Y 22 gt — 0.
k=0 | j=0

Then, ¢o(hoIn(l — s)) = —In¥ = hyop. As the expression on the right hand side of
(5.52) is smooth in « (see [33, Theorem 2.7]), it suffices to compute the derivatives
in zero. Note that we can normalize h., ¢, so that £,(hy) = 1 and ¢,(0,h,) = 0.
It follows [0,¢](hy) = 0.

We start with the analogous of (5.30):°

Oyfy = Ew(avﬁﬁvhv) =0
(5.55) Oyhey = (fiy = L5 )1 03L5 Dy
03,(9) = £ (95 (i — L5.) g =yt (9)])

Recalling (5.14), (5.21) we have

~

&,Eﬁwg = (1-5){Vg,(0,0,¢")om,) o F;l(x,y, s) = [,@ng
Tg = <v97 (Oa Sov 90/) ° 7Tﬂ7>'
It follows that

(5.56)

Oyhyly=0 = (B — Eﬁo)_lavcﬂfoho

0y a=0(9) = bo (L5, (i — £5,)""lg — hoto(9)]) -

Thus, setting I'(y) = £, (In(1 — s)h.,), we have I'(0) = Inv~! and

I'(3) =ity ((V( = £5) 7 (L = 5) = T(V)] by, (0,2, 9')))

+0, (1n(1 =)~ L5 )" L (Vhy, (0,0, sa’)>) :

(5.57)

(5.58)
Accordingly,
(0) = 3 o (9725, In(1 = 5) + ] £(5). 0. ¢)
+5 ¢ (1n(1 = )P HLLEFH Vo, (0,9, 90’)>)

_ i 70 (as {Lgo (1 —s) + In7] f(s)} 50') .

W SN B G PR R O
f'(s) =—£(s) P '
kzzo L+ op=h(5) — vk (s)

56 The last equality in the first line follows from (5.51).
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Note that, using (5.13) and computing as in (5.33) we have (recall that v.(s) =
(1 —5)71), for each g € C! we have

k—1
(5.59) as(ﬁgwg) =— Z(Vf[lﬁW )ju*ﬁgzjg + (ufﬁﬁw)kﬁsg.

Jj=0

Thus, setting g(z,y, s) = [In(1 — s) + In 7] f(s),

k—1

(5:60) o (¢'0.LE ) = =3 p¥1G(s) / ¢ (2) + 7*0.5(3) / ¢(x) =0.
j:O T2 2

It follows

(5.61) I'(0) = 0.

We must then compute the second derivative.
Differentiating (5.58) we have®”

L(0) = ity ((V(i = £z,) 7 (1 = ) + 7] ho, (0,0, ') )

oo k—1
+Y > i ((V,cggﬂ—lcgfocg% n(1 - 5) + 7] ho, (0, ¢, w’)))
k=0 j=0
sey O (V03— £5,)7 (1 =) + 07 g, (0,60,6))
5.
0, (1L~ )3~ L5,)" L5, (Vho, (0.6.6))
oo k—1
+ Z Z ﬂ_kfo (].D(]. — S) g;ﬂilﬁgﬁoﬁéo <vh07 (07 ©s (P/)>>
k=1 j=0

+ £ (ln(l —8)(f— Lg,) " Lg, (Vho, (0,9, w’)>) :

Next we must compute, one by one, the above six terms. We will use (5.57), (5.56),
(5.59), (5.60) and (5.53). Let us proceed in the order in which the terms appear

fito (L, (7= £2,) " (V (i = £5,) 7" (1 = 5) + In#] ho, (0,0,¢) )

= %o (0, { (3~ £,)" V(i — £5,)" (1 = ) + 5] ho, (0,0, ')}

==Y iy (so’(ufcﬁo)ju*ﬁgﬂvm — L)' In(1 = 5) + In o] ho, (0, 0, ¢')>)

]2
U
S
hy
+
—
s
o
~
ﬁ\
O
ficy
~
<
=
=)
o
=X
=
|
V2l
S~—
_l’_
=
N
>
s
=
)
RS
=
N——

57 To simplify notation we abuse it and use £y, to signify 8,£~|y=o and similarly for h- and L@{.



50 P. GIULIETTI AND C. LIVERANI

To continue note that

t (¢ 0 FE(VLE, In(1 = 8) + 7] ho, (0,0, ¢)) )

= — ity ([0y(¢" o Fé‘gp)] o Fi[ln(1 — s) + In7] ho))
A (90' o F§¢'0.L: n(1—s) + 7] ho)

= o (¢ 0 /75 o) = (! o B ).

(5.63)

Also,
4o ((p’ o Fé‘@s(VE]%O [In(1 — s) + In 7] hg, (0, @, <p’)>)
= o ({0, [p- ¢ o F§]} (7£5,)'0, In(1 — s) + 7] o)
+ 4 ((plgp’ o FYO2LE [In(1— ) +In7] ho) .
Next, remark that if g(z,y,5) = 0, then
(5.64) 8f£%()g(m,y,§) =pt [E%Oafg} (z,9,5),
hence

EO (QO/ o F§68<VE%F\O [ln(]‘ - ‘9) +In 17] h’07 (Oa ®, QOI)>)

gpgi 1+
:V2+321792:“e,0 ((,DQ,OIOF(;C).

To further simplify the above expression, note the jic o, when applied to functions
that do not depend on s, is just Lebesgue measure. In addition, for each zero
average function g € C'(T?,R) and g; € C'(T?,R) such that 9,9 = dyg1 = 0 we
have that, for all k > 0,

(5.65) / goF¥.g =0.
T2

Indeed, calling G the primitive of g, we have
0= [ 90,(GoF) = (DFfeaer) [ an-goFf,
T2 T2

from which the claim follows since (DF¥ea, e1) # 0.
Collecting all the above it follows

Ao (Effo (it — "SFO)71<V(.‘1 - Eﬁo)il [In(1 — s) + In 7] ho, (0, ¢, <p’)>)
(5.66) 72 s
= m Leb((¢')%).
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We can now compute the second term of (5.62). Recalling (5.56), (5.59) we have

lo ((vaﬁ*ﬂ*la £ (1 - s) +1n7] ho, (0,5, )

SN—

=€o( Dy [ 0,7 In(1~ s) +In7] hOD

—j5—1

Z it (do Fy 0,02 [In(1 — s) + In o] ho)
0

o (et

_ el t 7 Y Leb((¢))b,

where in the last line we have used (5.64). Thus

o k—1

(.67 S S Ao (VLT L £2 (1~ s) + I w] ho, (0,60,¢)) ) = 0.

k=0 j=0

The third term reads, setting n = (0, ¢, ¢’),
it ((V (= £g,) ™ (1 = 8) +In#] (7 = L5, ) Lz, (Vho,m), )

- Z Z 7R (gp’asﬁgo [In(1 —s) + In 7] .C%F'O(f’cp’)> =

k=0 j=1

(5.68)

The fourth term can be computed analogously yielding as well
(5.69) t (n(1 = 8)( — £5,)" 5, (Vho, (0,9,¢) ) = 0.
For the fifth term we must compute

ik e (ln(l —8)L5 7T L1 (Vho, (0,0, @')))

1— J
ﬁLeb(@(ﬁ OF]) 0

(5.70) i

=7 I (PO LL ' f) = PP np!
0

where we used (5.54) and (5.65).
At last we consider the sixth term

to (1n(L = )i — £5,) ™ L, (Vhb, (0,0.6)))

(5.71) o0

=Inv "> lo(@'0s(i— Lg,) " L, f1¥) =
k=1

Collecting equations (5.66), (5.67), (5.68), (5 69), (5.70) and (5.71) yields
72 )2
:ue 'y(lnyfy 1) ht0p+ (1 )27 +O( )

from which the claim follows. O

To conclude the section let us note a property of a, which is useful to check the
correctness of the subsequent computations.

Lemma 5.18. For al v € R small enough and all t > 0, we have

/ a(t,€)de = 0.
’]1‘2
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Proof. By (4.20), there exists w., with |lwy|lcc < Cg, such that
(5.72) Py =Wy
Note that

/ (Vo o) 0 s b (£)dE = / (Vo) 0 6t det(Degsy s )dE — / (Vo )de.
T2 T2 T2

On the other hand, recalling (4.14),

" /T Oe. V7. ()t = /T V35 (O)py () de
implies
/T2 V5,5 (©wq i (§)dE =0
for all k, j. Hence,
/TZ (V3:94) © 0y, by (1)dE = 0.

Hence, using (5.50), we can write

t
60 =7 [ (V) 0 6r.0(6) by €,
0
which, by Fubini, concludes the Lemma. ([

5.2.6. Characterization of the obstruction: conclusion.
We can now continue our estimate left at (5.41). As already mentioned the first
problem is to investigate the prefactor. Using (4.29) and (5.29), we can write

B i o () = /R (R (6.5 (20), 5y © by a(21)), Doy by s D FI0) . (21, 8) s
ha Y 1 l
= | = o © Prs(B)Vi (0y,5(21)), Dz @y,s Do E 0) X (21, 5)dis,
/R SENVVE) I o !
where we used the notation z; = F™+!(z). To continue, we need the following.

Lemma 5.19. For each t € (0,1) it holds true that

<Vj:'y © ¢,y Dy iV ) =€, V) (er, V) Z i [¢' o Fy_k 0Pyt —¢'o F’y_k]
k=1

+0(?).

Proof. Since ||[V4 4| = 1, we have 0., Vy 5 = 'ijj,ywjk for some vector function
w:}’ . It turns out to be convenient to take the derivative in the flow direction. Doing
so we have, recalling (5.49), (5.72),
d
£<V+L,7 0 Bry5, Dy s Vi) = = 7 (Vi 0 s, D¢7,8V+,7><w¢» Vy)odys
+ 7<Vj_,'w V’YJ_> 0 Gry,s{wy © Dy, Vi )

=— 'y<w::', Vy)odys+ O(v%).
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We are left with the task of computing wZ. This is done as in (4.15):
(0x, DE)Vy o +ywl DRV =0, 0%,V , o F,
+ vy 4 Z 8IkF%jw::j o FA,V_#W oF.

J
Which, remembering footnote 52 and multiplying the above by V_ﬁ-ﬂ{ o F, , yields
—¢"er (Vi e1)(e, Vi) +wl (Vi o By DEVE ) = v (DF,)*w} o F,.
Note that,

1 1\ <V+ ’Y7V>
<V+,’Y © F’Y?DF'YV+,’\/> <V+ Ny V. >
Thus,
> E-RVE LV,
w";'l':Z Vyk © f +.,v > k(DF,Y_k)*EOF’Y_k
k=1 'kaF <V+'y7 > F

E=—(y1) Vi V') e, Viy)er = =0V, V') e, VE)er + O (7).
Accordingly, remembering (5.42) and (5.45),

d —
d7< v © D5 Dy Vo v =7 V2k+1<VwV(<P/OF )> Dr,s(e; vt ){e1, V) + O(y
k=1
o~ okg1 d
:’y<€, Vl><61’v>kz::ly2k+1£§0/OF O¢'ys+0( )
from which the Lemma follows by integration. t

Using the Lemma 5.19 and recalling Remark 5.14 we have
7<6, Vi) e, VI(VE,v)

V%ln*g(g)

y Z 52k+1 /R hon(Dr,5(20) [¢" 0 F ¥ 0 0y s(20) — @ 0 FF(21)] X (21, 5)ds
k=1

FL o st (o) () = O im0l + 72wk, ol +

It is convenient to define

Qf(z,v) :< el’ Z 2kJrl/ (z,8)xx(z, 8)ds

+O( ’yln* ’U” +’7H’UH)<VL7’U>71
25 k(2. 8) Zhay (9y,5(2)) [¢7 0 F7% 0 ¢5(2) — 9" 0 F(2)] .

The function QF is generically not identically zero for large I. To see it just consider
the case in which = is a periodic point, say * = 0 (hence z; = 0), then any per-
turbation that leaves ¢'(0) invariant but changes the value in a neighborhood will
change the value of the integral. On the other hand, for I > Cy Invy~! the integral
is the dominating term in the above expression.

We can finally write, for (V4 v) # 0,

(5.74) H}T'l7L*(r)x*]Fl"*(v70)(h*) Wb AV, 0)Q (2, v).

(5.73)

%)
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Hence (5.41) becomes

(V5 VH, 1(9)(x)) = 7215 5, 1y QL (2) 02,5 (9)

+ O(llgller [lvll~ T e#7mT),
(5.75)

Kr
QL (2) = vy s Y QN EPH (), V) (0 )
=1
Our last task it to show that the term Oy (g) = y~'©%, ., in equation (5.75) does

not blow up when v — 0.
Recalling (4.26), (4.17) and setting Q(s) = (1 + 5)% + (2 + s)? we have
1+ s2
1D 57 (1, 5)]12
o 1+s? 2(1+s%)(2s—1)(1 —s) 9
=361 )T potsinep P @O0
= Ao(s) + 7Ai(s)¢'(z) + O(7)
~ o 3—2vy¢ (x) +2s
Bedless) = O ot @@ 1
" ()[3 + 2s] 2 (¢'(2)%)[2 4 35 + 57] 3
T e =2 e1+0
Q@ TP Qe o)
=7Bo(s)¢" (s)e1 +7°Bu(s)(¢'()*) e1 + O(7°)
~ (s +s—1) 4(s* + 353 + 352 + 35+ 2)
Eof(x,y,s) = ————
0 =) Q)
= Eo(s,7) +7¢' () Er(s) + O(7?)
Tof(x,s) = —y¢"(2)s(s) 2e;.
Note, for future reference, that Ag(3) = 2, Ey(5,7) = 0.

Thus, remembering (5. 40) our assumptlon that ¢g o 7 belongs to the kernel of
£, and equations (5.31), (5.56),(5.28) we have

goHo@?l(m,y,s)z

+ ¢/ (z) +0(?)

(5.76) 0%, = 7A1 + OV gller)
where
a1 (L= 38)d"(5)
Z v g(s) Leb (90 o F g)
o0 1— D2k
(5.77) — Z 7*+2(1 - 5) T 5 Leb(¢" o Frg)
k=0
> 3425
Nk Leb(y” o Fyg).

Note that, since ¢’(5)/c(5) = —7/(1 — %) and 3% + 5 — 1 =0, A; = 0, hence
(5.78) O24(9) = O(1lgller)-

Remark 5.20. We could have reached the same conclusion by using equations
(5.34), (5.38). Also, using the above formulae and (5.34) one can check that also



PARABOLIC DYNAMICS 55

0703 4|y=0 is a measure (and, with a lot more work, one could compute it). This
lends credibility to the possibility Oz 4 = 0.

APPENDIX A. A LITTLE CLASSIFICATION

Here we provide the proof of a partial classification of the flows that satisfy our
conditions.

Proof of Lemma 1.1. The map F is topologically conjugated to a linear auto-
morphism [39, Theorem 18.6.1]. Such conjugation shows that the flow is topolog-
ically orbit equivalent to a rigid rotation. Hence one can chose a global Poincare
section and the associated Poincaré map. Such a map will have a rotation number
determined by the foliation of the total automorphism, which a straightforward
computation shows to have the claimed property.

Conversely, if ¢; has no fix points nor periodic orbits, then there exists a global
section uniformly transversal to the flow (see [51] for the original work, or [30] for
a brief history of the problem and references) and the associated Poincaré map is
a C't® map of the circle with irrational rotation number w. To claim that the
Poincare map is conjugated to a rigid rotation requires however some regularity.
In particular, if & > 1, then Denjoy Theorem [39, Theorem 12.1.1] implies that the
Poincare map is topologically conjugated to a rigid rotation. If w is Diophantine,
then for o > 2 it is possible to show that the conjugation is C? for all 8 < «, [37,
Théorem fundamental, page 8]. Then, if w satisfies property (1.2), we can view a
linear foliation as the stable foliation of a toral automorphism. We then obtain a
C? Anosov map with the wanted properties by conjugation. O

APPENDIX B. ANISOTROPIC BANACH SPACES: DISTRIBUTIONS

In this section we first construct the Banach spaces used in Section 3, then we
discuss the relation with the Banach spaces constructed in [34], finally, we prove
Proposition 2.7 and show that H is a bounded functional.

The construction of the Banach spaces are based on the definition of appropriate
norms. The Banach spaces are then obtained by closing C" (€, C) with respect to
such norms.”® The basic idea is to control not the functions themselves but rather
their integrals along curves close to the stable manifolds. Hence the first step is to
define the set of relevant curves.’” To do so we need to fix § € (0,1/2) and K € R..

Definition B.1 (Admissible leaves). Given r € R., an admissible leave W C T?
is a C" curve with length in the interval [§/2,5]. We require that there exists a
parametrization w : [0,1] = W of such a curve such that W'(1) € C*(w(1)), for all
7 € [0,1], and ||w|ler(o,1),m2) < K. Moreover we ask (w(t),w’(1)||w'(7)]7!) € Q,
that is the curves have all the chosen orientation. We call ¥ the set of admissible
curves where to any W € 3 is associated a parameterization wy satisfying the
properties mentioned above.

The above set is not empty as it contains pieces of stable manifolds, provided
K has been chosen large enough, since the stable manifolds are uniformly C", [39].
The basic fact about admissible curves is that if W € X, then, for each n € N,

58 We consider complex valued functions because we are interested in having nice spectral theory.
59 1n fact, in the simple case at hand, we could consider directly pieces of stable manifolds. We
do not do it to make easier to use already existing results.
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F="W C UXnW; for some finite set {W;}r, C ¥. This is quite intuitive but see
[33] for a detailed proof in a more general setting.

Next, we define the integral of an element g € C" (2, C) along an element W € ¥
against any ¢ € CO(W,C):

(B.1) /W vg = /0 ds @ 0w (s) - g(ww (s), wip (8)|wiy ()|~ llwiy ()]

Also, given W € ¥ and ¢ : W — R we set, for all s <7,

(B.2) lelles(wr) = llo o wwlles(o,11,r)-
We are now ready to define the relevant semi-norms:°°
(B.3) 19llp.q := sup_sup sup / p-0%(g),
WeX|al<p ol w

<1
cg+|0‘\ (w,c)=

where o = (a1, a2, a3) is the usual multi-index and 1,2 refer to the x co-ordinate
while 3 refers to v.%" It is easy to check that the || - ||, are indeed semi-norms on
Cr(Q,C).

Definition B.2 (BP'? spaces). Let p e N*,q e R, p+¢q <7 and ¢ > 0. We define
BP4 to be the closure of C"(2, C) with respect to the semi-norm || - ||.4.%

p,q-

Remark B.3. Note that ||glp.q < |lgllcr+a-

The Banach spaces defined above are well suited for the tasks at hand but,
unfortunately, they are not exactly the one introduced in [34] where a more general
theory is put forward. To avoid having to develop the theory from scratch, it is
convenient to show how to relate the present setting to the one in [34]. To this
end let us briefly recall the construction in [34], then we will explain the relation
with the present one. This will allow us to apply the general results in [34] to the
present context.

We start by recalling, particularizing them to our simple situation, the basic
objects used in [34]: the r times differentiable sections 8" of a line bundle over
the Grassmannian of one dimensional subspaces. More precisely, let G = {(z, E)}
where z € T? and E C R? is a linear one dimensional subspace, then h € S” is a C"
map (z, E) — E*.°% Note that there is a strict relation between S” and C" (2, C):
for each (z,v) € Qlet E, = {uv},cr, then for each h € 8" define ¢ : S — C"(Q2,C)
by

(B.4) [¢h](z,v) = h(z, Ey)(v).

The important fact is that the elements of S”, when restricted to the tangent bundle
of W, are volume forms on W, hence can be integrated. Let us be explicit: given

60 By C5(W,C) we mean the C® functions with support contained in Int(W). The fact that the
test functions must be zero at the boundary of W is essential for the following arguments.

61 T4 be more explicit, if we choose a chart v = (cos 8, sin #), then ag refers to the derivative with
respect to 6.

62 To be precise the elements of BP'? are the equivalence classes determined by the equivalence
relation h ~ h if and only if ||h — hl|p,q = 0.

63 To be precise, since we are going to do spectral theory, we should consider the complex dual.
We do not insist on this since the complexification is totally standard.
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W e X, he8 and ¢ € C°(T?,C), by (B.1) and [34, Section 2.2.1] we have

1
(B.5) /Wgah ::/0 ds ¢ o ww (s) h(wW(s),Ew{/V(s))(w{/V(s)):/chih.

Finally, note that the norm in [34] is also given by integrals along curves in .
Accordingly, if h,h € S” differ only for (z, F) such that E does not belong to
C*(z), then any norm of the difference based on integrations along curves in ¥ will
be zero. The readers can then check that the norms defined in [34] are equivalent
to ||2h||p,q. Thus 7 extends, by density, to a Banach space isomorphism between
the spaces defined in [34] and the BP9 presently defined.®® Finally, we have to
understand how the operator Ly reads in the corresponding language of [34]. To
this end it is useful to introduce the operator Z : C"(2,C) — C" (9, C) defined by

(Eg)(z,v) == g(z,0)[[V(2)].
Note that, by the assumptions of Definition 2.3, = is invertible and both the operator
and its inverse can be extended to a continuous operator on BP9, It then follows
by equations (B.1), (B.5), (2.10), and [34, Section 3.2] that, for all W € ¥ and
@ € CO(T?,C), we have

/Wwi_lE’lﬁwEih= ; ds p(ww (5)) (7" LeZih) (ww (s), By (5)) lwiw ()

G o Doy (5 F " wiy (5)
_/O ds p(ww (5))(ih) (F ww (5), [ Doy () F el (5)]

:/ chFih:/ chFh:/ wF.h,
F-1wW F-1w w

where we used the notation Wiy, (s) = wiy (s)]|wiy (s))
(B.6) i 2T LpEih = Foh = (F~Y)"h,
that is Ly is conjugated to the push-forward of F on S".

|) Do) -l ()

|~!. Hence we conclude that

Proof of Proposition 2.7. Since (B.6) states that our operator is conjugated to
the push-forward F,, all the spectral properties of F, acting on BP%!, and Lp,
acting on BP9, coincide. It thus suffices to note that [34, Proposition 4.4, Theorem
5.1, Theorem 6.4] state that, for ¢ € R., p € N, and p+ ¢ < r, Fi can be extended
continuously to BP9, that the logarithm of the spectral radius of F, is given by the
topological entropy (which is the maxim of the metric entropy), that the maximal
eigenvalue is simple and F, has a spectral gap and the essential spectral radius is
bounded by efrtor \~ min{p.a}, O

We have thus seen that the operator Lr acts very nicely on the spaces BP'4. The
next important fact is that the functionals we are interested in are well behaved on
such spaces.

Lemma B.4. There exists C > 0 such that, for each x € T?, ¢ € R+, p € Ny,
p+q<r, and p € Cf(R:,R), g € C"(Q,R) we have

[He,p(9)] < Clsupp @|l|g]lp,qllellcota-
64 Note that, not by chance, the Banach spaces in [34] are named similarly: BP9, The superscript

1 refers there to the fact that, as we will see briefly, in the present language we do not need to
have a weight in the transfer operator.
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Proof. Let us start by considering the case supp ¢ C [a,a + J], for some a > 0.
Then, {¢¢(7)}+e[a,a+s] IS the re-parametrization of a curve W in ¥, provided the
constant K in Definition B.1 has been chosen large enough. To see it just consider
the parametrization wyy(s) = ¢aiss(x). Moreover, setting @(¢s(z)) = ¢(s), by
(B.1) and (3.1)

/ $g = / ds ¢ © Gar55(2)G(Parss(@), V(barss(@))[V (Gatss(@))]|0
1% 0

- / ds o(5)(2g) o b, (x, V() = H, ,(Zg).

Since the first quality on the left is exactly one of the functionals used in (B.3) to
define the norm (p = 0) and =Z~! is a bounded operator on each space BP9, we have

e, ()] < CoIE lopllelleslgllog < Calllicr+alglp.g.

The Lemma follows then by using a partition of unity. O

APPENDIX C. ANISOTROPIC BANACH SPACES: CURRENTS

In this appendix we briefly describe the Banach spaces of currents used in our
second results and sketch the needed facts. We will be much faster than in Appendix
B, we will omit several details as the construction is very similar to the previous
one and no essentially new ideas are present.

We consider the same set of admissible leaves detailed in Definition B.1. For
each W € 3, let V4 be the set of C? vector fields compactly supported on W and
with C? norm bounded by one. Then, for each smooth one form g on € we define

(1) Illpg == sup sup sup / 0°(8)] (0).
WeX |a|<p pcVatial JW

where the integral is defined as in the previous section.

Note that there exists a standard isomorphism ¢ from vector fields to one forms,
so that g(p) = (g,4(¢)).°° Thus the above norm is equivalent to the norm || - |/, 4.1
used in [31]. Let A be the set of C* one forms on (2 such that, for all v € R?,
a((0,v)) = 0. If we define BP9 as the closure of A with respect to the above norm,
we obtain a space isomorphic to a subspace of the space B”'%! defined in [31].

Unfortunately, the transfer operator used here differs from the one studied in [31]
insofar it has a potential, which was absent in [31]. In principle, we should there-
fore prove the Lasota-Yorke inequality for our operator and compute the spectral
radius for the present operator via a variational principle (as in [34]). Since such a
computation is completely standard but a bit lengthy, we just state a partial result
that suffices for our goals (in particular we do not bother computing exactly the
spectral radius). Such a result follows by copying the computations made in [31] to
obtain the Lasota-Yorke inequality. Such computations are exactly the same, apart
from the need to keep track of the potential, which can be done easily:

e The operator EA]F extends continuously on gp’q, has spectral radius p and
essential spectral radius strictly bounded by A~ min{r.a}p,

65 Note that, since the stable manifolds are uniformly C”, [39], 1Bllerw,ry < Crlleller ®s r)-
66 See [31] for the relevant definition of scalar product between forms in the present context.
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e For all w € C" and = € T? and p + ¢ < r we have®”

|H. . (8)] < Ce| supp wll|gllp.qllwller+a.

The above two facts are all we presently need.
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