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MIXING FOR TIME-CHANGES
OF HEISENBERG NILFLOWS

ARTUR AviLA, GIOVANNI FORNI & CORINNA ULCIGRAI

Abstract

We consider reparametrizations of Heisenberg nilflows. We show
that if a Heisenberg nilflow is uniquely ergodic, all non-trivial time-
changes within a dense subspace of smooth time-changes are mix-
ing. Equivalently, in the language of special flows, we consider
special flows over linear skew-shift extensions of irrational rota-
tions of the circle. Without assuming any Diophantine condition
on the frequency, we define a dense class of smooth roof functions
for which the corresponding special flows are mixing whenever the
roof function is not a coboundary. Mixing is produced by a mecha-
nism known as stretching of ergodic sums. The complement of the
set of mixing time-changes (or, equivalently, of mixing roof func-
tions) has countable codimension and can be explicitly described
in terms of the invariant distributions for the nilflow (or, equiva-
lently, for the skew-shift), producing concrete examples of mixing
time-changes.

1. Introduction

In this paper we give a contribution to the smooth ergodic theory
of parabolic flows. We prove that for any uniquely ergodic Heisenberg
nilflow, all non-trivial time-changes, within a dense subspace of time-
changes, are mixing. The set of trivial time-changes has countable codi-
mension and can be explicitly described in terms of invariant distribu-
tions for the nilflow.

A non-singular flow is called parabolic if nearby orbits diverge polyno-
mially in time. If nearby orbits diverge exponentially, the flow is called
hyperbolic; if there is no divergence (or perhaps it is slower than poly-
nomial), the flow is called elliptic. In contrast with the hyperbolic case,
and to a lesser extent with the elliptic case, there is no general the-
ory that describes the dynamics of parabolic flows. The main (typical)
ergodic properties often associated with parabolic dynamics are unique
ergodicity, mixing, polynomial speed of convergence of ergodic averages,
polynomial decay of correlations for smooth functions and, of course,
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zero entropy. Another important feature of parabolic flows is the pres-
ence of infinitely many independent distributional obstructions to the
solution of the so-called cohomological equation (which are not signed
measures as in the hyperbolic case). This important property allows for
the existence of non-trivial time-changes which are not given by the ex-
istence of fast periodic approximations (Liouvillean phenomenon) as in
the classical, better understood, elliptic case.

A fundamental example of a parabolic flow is given by horocycle flows
on compact negatively curved surfaces. It is well known that horocycle
flows are uniquely ergodic [15], mixing of all orders [28], and have count-
able Lebesgue spectrum [34]. Kuschnirenko [27] has proved that all
time-changes are mixing under an explicit condition which holds if the
time-change is sufficiently small (in the C! topology). It follows by a re-
sult by Marcus [29] that this result extends to all smooth time-changes.
Nothing is known about the spectral properties of time-changes. A. Ka-
tok has conjectured that countable Lebesgue spectrum persists at least
under Kuschnirenko’s condition.

Other important examples of flows which are sometimes considered
parabolic are given by area-preserving flows on surfaces of higher genus
(genus greater than two) with saddle-like singularities. In this case, the
orbit divergence is entirely produced by the splitting of trajectories near
the singularities. In particular, directional flows on translation surfaces,
often called translation flows, which appear in the study of the geodesic
flow on a surface endowed with a flat metric with conical singularities
(we refer for example to the survey [33] for definitions), have been stud-
ied in depth in the past thirty years. The unique ergodicity of almost
any translation flow is a fundamental result of H. Masur [32] and W.
Veech [44], while the first two authors proved that typical translation
flows are weak mixing [2]. Translation flows are never mixing, as known
since the work of Katok [19]. This leads to the question of mixing in
reparametrizations of translation flows.

Time-changes of translation flows can be represented as special
flows over interval exchange transformations (IET’s), which are one-
dimensional piecewise isometries. A reparametrization of translation
flows which appears naturally in physical problems is the locally Hamil-
tonian parametrization, which was studied since Novikov and his school
in the nineties. The corresponding flows on surfaces are known as flows
given by a multi-valued Hamiltonian and can be represented as special
flows over IET’s with a roof function which has singularities. If the zeros
of the flow are degenerate, i.e. they are multi-saddles, they give rise to
power-like singularities of the roof function; if they are non-degenerate
(Morse) saddles, they give rise to logarithmic singularities. If the flow
has saddle loops, logarithmic singularities are typically asymmetric; oth-
erwise they are symmetric.
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The mixing properties of special flows have been studied in depth by
many authors. The situation can perhaps be summarized as follows. On
one hand, weak mixing is typical and it does not require any assumptions
on the singularities of the roof functions: in the work by the first two
authors [2] already mentioned above, it is proven that for any piece-
wise constant roof function, weak mixing holds for typical IET’s. The
third author proved in [43] that a simple mechanism shows weak mixing
in the case of roof functions with logarithmic singularities over typical
IET’s.

On the other hand, mixing relies crucially on the presence of singulari-
ties. Indeed, for roof functions of bounded variations (thus in particular
for smooth roofs), A. Katok [19] proved absence of mixing. Kocergin
proved in [23] that a flow given by a roof function with power-like sin-
gularities over a typical IET (with minimal combinatorics) is mixing,
and mixing is produced as an effect of the shear at the singularities.
When the singularities are logarithmic, mixing depends on whether the
singularities satisfy a certain symmetry condition. Even though each
side of a saddle produces shearing, the symmetry condition in fact leads
to the mutual cancellation of the mixing effect. In the asymmetric case,
typical mixing was proved by Khanin and Sinai [21] for flows over circle
rotations and by the third author for flows over IET’s on any number
of intervals [42]. In the symmetric case, Koc¢ergin proved the absence of
mixing for flows over circle rotations [22, 24]. This result was extended
to typical IET’s first by Scheglov [37], who treated the case of IET’s of
four and five intervals, and finally to typical IET’s on any number of
intervals by the third author [41].

Another important class of (homogeneous) parabolic flows is given by
nilflows. By classical results of homogeneous dynamics (see [1]), mini-
mal nilflows are uniquely ergodic. However, in contrast with horocycle
flows, they are never mixing, not even weak mixing. However, there is
a clear geometric obstruction to the (weak) mixing property, that is,
every nilflow is only partially parabolic, in the sense that it has an el-
liptic factor given by a linear flow on a torus. For observables in the
orthogonal complement of the span of the pull-back to the nilmanifold
of the toral characters, any nilflow has countable Lebesgue spectrum
[16, 1]; hence it is mixing. Thus, nilflows have the properties of relative
Lebesgue spectrum and mixing.

Our results confirm some heuristic principles on the dynamics of par-
abolic flows. In particular, for time-changes of any uniquely ergodic
Heisenberg nilflow (without Diophantine conditions), mixing is preva-
lent, and it occurs unless the flow is only partially parabolic (because of
the presence of a measurable elliptic factor), which in this case means
that the time-change is trivial. As a consequence, weak and strong mix-
ing are equivalent. This picture is in agreement with the result of Marcus
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[29] on mixing for smooth time-changes of the horocycle flow. It shows
that Heisenberg nilflows, as horocycle flows, differ significantly from
translation flows or area-preserving flows on higher genus surfaces. As
outlined above, in the latter case, the typical (non-trivial) time-change is
weak mixing, but not mixing, and mixing can only be produced by shear
at the singularities. In other words, area-preserving flows on surfaces
are better classified as elliptic flows with singularities than as parabolic
flows.

Our approach to mixing for nilflows has the advantage of not requir-
ing Diophantine conditions. However, it does not seem to be possible
to derive quantitative information on the decay of correlations. A nat-
ural conjecture is that if the elliptic toral factor is a Diophantine linear
flow, then the decay of correlations of smooth functions is polynomial in
time. This conjecture is consistent with Ratner’s result [35] on the decay
of correlations for horocycle flows and with the rate of relative mixing
for Heisenberg nilflows (which can be estimated by Fourier analysis).
In fact, several results on parabolic flows suggest the following heuris-
tic principle: a uniquely ergodic smooth flow with polynomial speed of
convergence of ergodic averages is a smooth time-change of a smooth
flow with polynomial decay of correlations (for smooth functions). For
horocycle flows, the rate of mixing [35] as well as the speed of conver-
gence of ergodic averages [45, 36, 3, 17, 10, 40| are polynomial. To
the best of our knowledge, no quantitative mixing estimates are avail-
able for smooth time-changes of the horocycle flow [29]. For minimal
ergodic area-preserving flows and translation flows, the polynomial de-
cay of ergodic averages (for smooth functions vanishing at sufficiently
high order at the singularities) was conjectured by A. Zorich [46] and
M. Kontsevich [26] and proved by the second author in [14]. According
to the above-mentioned heuristic principle, the decay of correlations for
time-changes with a degenerate saddle should also be polynomial. While
mixing is known after Kocergin’s result [23], to the authors’ best knowl-
edge polynomial decay of correlations (under a Diophantine condition)
has been proved only for the particular case of flows on the 2-torus
with a single degenerate saddle of restricted type [6]. For Heisenberg
nilflows, the speed of convergence of ergodic averages of smooth func-
tions is polynomial and the optimal exponents (which depend on the
Diophantine properties of the toral factor) are known [11]. This result
is related to optimal bounds for Weyl sums of quadratic polynomials;
see [9, 30]. According to the heuristics proposed above, there should be
mixing time-changes with polynomial decay of correlations.

On the spectral properties of our mixing time-changes of Heisenberg
nilflows, it is reasonable to conjecture that they have countable Lebesgue
spectrum. However, this seems to be a difficult problem, beyond the
reach of the methods of this paper.
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The mechanism that we use to produce mixing is sometimes known
as stretching of ergodic sums. The stretching of ergodic sums for Heisen-
berg nilflows is derived from a theorem on the growth of ergodic sums of
functions which are not coboundaries with a measurable transfer func-
tion. This result is quite general and can be proved for all nilflows. In
fact, it is essentially based on a measurable Gottschalk-Hedlund theo-
rem, which holds for any volume preserving uniquely ergodic dynamical
system, and on the parabolic divergence of orbits (although in a quite
explicit form). Finally, we prove a theorem on cocycle effectiveness for
the Heisenberg case, which states that if a smooth function is a cobound-
ary with a measurable transfer function, then the transfer function is
in fact smooth. This result is based on sharp bounds for ergodic sums
which are only available in the Heisenberg case [9, 30, 11]. The cocy-
cle effectiveness allows a concrete description of mixing time-changes in
terms of the non-vanishing of any of the distributional obstructions to
the existence of smooth solutions of the cohomological equation.

A similar mixing mechanism was used by Marcus to prove that horo-
cycle flows on surfaces with variable negative curvature and smooth
time-changes of the horocycle flow are mixing [29], and by Fayad in
[8] to produce smooth (analytic) mixing time-changes of some elliptic
flows, i.e. linear flows on tori T", with n > 3 and Liouvillean frequen-
cies. It is also worth recalling that if n = 2, smooth time-changes of a
linear flow on T2 are never mixing (for example, as a consequence of the
result of A. Katok [19] quoted above). Moreover, for Diophantine linear
flows on T™, all smooth time-changes are trivial (since all smooth func-
tions of zero average are smooth coboundaries) by the generalization
to all dimensions [18] of a well-known theorem of Kolmogorov [25]. In
dimension n = 2, the Denjoy-Koksma inequality explains the absence
of mixing time-changes even for Liouvillean frequencies, but does not
prevent the existence of weak mixing examples, which are in fact topo-
logically generic, as proved in [7]. In higher dimensions, the failure of
the Denjoy-Koksma inequality opens the way for mixing examples with
Liouvillean frequency [8]. Thus, in this elliptic realm, the phenomenon
of stretching of ergodic sums and mixing time-changes is not generic and
can occur only for Liouvillean frequencies, in contrast to our result for
nilflows, where mixing time-changes are generic for any uniquely ergodic
nilflow, or equivalently, as long as the frequency of the elliptic factor is
irrational.

Outline. In Section 2 we give the definitions of Heisenberg nilflows
(§ 2.1), special flows (§ 2.4), and time-changes (§ 2.3), and recall how to
represent a Heisenberg nilflow as a special flow (§ 2.2). We then state
our main results for time-changes of nilflows in § 2.3 (Theorem 3) and
in § 2.4 in the language of special flows (Theorem 4). The class of mixing
time-changes is defined in § 2.5 (Definition 2) and, as explained in § 2.6,
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it can be explicitly characterized in terms of invariant distributions for
the nilflow (Theorem 7). Sections 3, 4, 5, and 6 are devoted to proofs:
in Section 3 we prove that non-triviality of the time-change guarantees
that there is stretch of ergodic sums (Theorem 6). Using this stretch, in
Section 4 we implement the mixing mechanism and prove mixing (The-
orem 5). Section 5 contains the proof of the effective characterization
of non-trivial time-changes (Theorem 7) which allows us to exhibit ex-
plicit examples of mixing time-changes. The proofs of Theorem 3 and
Theorem 4 then follow easily in Section 6.
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2. Definitions and main results

2.1. Heisenberg nilflows. The 3-dimensional Heisenberg group N is
the unique connected, simply connected Lie group with 3-dimensional
Lie algebra n on two generators X, Y satisfying the Heisenberg commu-
tation relations

X,Y]=2, [X,Z]=[Y,Z]=0.

Up to isomorphisms, N is the group of upper triangular unipotent ma-
trices

1 z
(1) [.’L’,y,Z] =10 yl, x,Y,z € R.
1

A basis of the Lie algebra n satisfying the Heisenberg commutations
relations is given by the matrices

010 000 00 1
2 x=]000|, Y=|00 1], Zz=[0 0 0
000 000 000

The abelianized Lie algebra n/[n,n| of the Heisenberg Lie algebra is
isomorphic to R? (as a Lie algebra); hence the abelianized Lie group
N/[N, N] of the Heisenberg group is also isomorphic to R? (as a Lie
group). In fact, both the center Z(N) and the commutator subgroup
[N, N] of the Heisenberg group N are equal to the one-parameter sub-
group {[0,0, z] : » € R} and the maps

(3) z 0,0, z] and [x,y,z] — (z,y)
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define a (non-split) exact sequence
(4) 0—-R—N-=R*-0,

which exhibits N as a line bundle over R2.

A compact Heisenberg nilmanifold is the quotient M := I'\N of the
Heisenberg group over a co-compact lattice I' < N. It is well known that
there exists a positive integer E € N such that, up to an automorphism
of N, the lattice I' coincides with the lattice

1 =z z/E
I:= 01 y D x,Y,2 €L
00 1

Let T := I'/[I,T] < R? denote the abelianized lattice. The canoni-
cal projection homomorphism N — N/[N, N] ~ R? defined in (3) in-
duces a Seifert fibration 7 : M — T? = T'\R?, that is, M is a circle
bundle over the 2-torus T? = R?/Z? with fibers given by the orbits
of the flow by right translation of the central one-parameter subgroup
Z(N) = {exp(zZ)}.cr. The left invariant fields X, Y on M define a con-
nection whose total curvature (the Euler characteristic of the fibration)
is exactly E. Any Heisenberg nilmanifold M has a natural probability
measure p locally given by the Haar measure of N.

The group N acts on the right transitively on M by right multiplica-
tion:

Ry(x) :=xg9, z€M,geN.

By definition, Heisenberg nilflows are the flows obtained by the restric-
tion of this right action to the one-parameter subgroups on N. The
measure p defined above, which is invariant for the right action of NV on
M, is, in particular, invariant for all nilflows on M.

Thus each W := w, X +w,Y +w.Z € n defines a measure preserving
flow (¢w,p) on M where ¢y := {¢}} }icr is given by the formula

Oy (z) = zexp(tW), z€ M ,teR.

The projection W of W into R? is the generator of a linear flow Yy 1=
{1 ter on T? ~ R\T defined by

Ur (2, y) = (¢ + twg, y + twy).

The canonical projection 7 : M — T? intertwines the flows ¢y and (o
We recall the following basic result:

Theorem 1. [16, 1] The following conditions are equivalent:

1) The nilflow (¢w, ) is ergodic.

2) The nilflow ¢w is uniquely ergodic.

3) The nilflow ¢w is minimal.

4) The projected flow Yy is an irrational linear flow on T2 and hence
it is minimal and uniquely ergodic.
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Results on the speed of equidistribution of Heisenberg nilflows for
smooth functions were proved in [11] by L. Flaminio and the second
author. Similar results can be proved by bounds on Weyl sums for qua-
dratic polynomials; see [9, 30].

Nilflows are clearly not weak mixing, and hence not mixing. In fact,
all eigenfunctions of linear toral flows (that is, all characters of the
group T?) pull-back to eigenfunctions of all nillows on M = T'\N.
However, all nilflows are relatively mizing in the following sense. Let
H := 7*L?(T?) C L*(M) be the subspace obtained by pull-back of the
square-integrable functions on the torus T? and let H+ C L?(T) be its
orthogonal complement. The following result holds.

Theorem 2. [16, 1] The restriction of any nilflow (¢w, ) to the N-
invariant subspace H+ C L? (T) has countable Lebesgue spectrum; hence
1t 18 mizing.

In fact, it is possible to prove by the theory of unitary representa-
tions of the Heisenberg group (the Stone-Von Neumann theorem; see
for example [5], §2.2) that for all sufficiently smooth functions in H+
the decay of correlations is polynomial (it is faster than any polynomial
for infinitely differentiable functions in H1).

2.2. Return maps of Heisenberg nilflows. Any uniquely ergodic
Heisenberg nilflow has a smooth compact transversal surface, isomorphic
to a 2-dimensional torus. One can compute the return map and the
return time function (see [39], §3). It turns out that the return time
is constant and the return map is a linear skew-shift over an irrational
rotation of the circle. We recall this well-known construction for the
convenience of the reader.

Let ¥ C M be the smooth surface defined as follows:
Y= {Texp(xX +22): (x,2) € R?}.

Since the subspace < X, Z > generated in n by X, Z € n is an abelian
ideal, the surface X is isomorphic to a 2-dimensional torus. The isomor-
phism is given by the map

j(z,2) =Texp(xX +2Z), forall (z,2) € T% :=R?/(Z x Z/E).
Let W := w, X +w,Y + w.Z be the generator of a uniquely ergodic

nilflow and let ¢" = {4}V };cr denote the corresponding Heisenberg
nilflow.

Lemma 1. The first return time function of the flow ¢V to the trans-
verse section ¥ is constant equal to 1/w, and the first return (Poincaré)
map Py : X — X is given by the following formula:

Lo ), forall (x,2) € T%.

, ‘ Wy w,
5) P - Yo L
(5) Pwoj(x,z) j(x+wy,z+x+wy+2wy
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Proof. Since the nilflow is uniquely ergodic, we have w, # 0, which
implies that the surface X is transverse to the nilflow. The set of all
return times of the nilflow to X is a subset of the set of all return times
of the projected linear flow v on the torus Tr, which is equal to the
subgroup Z/w, C R. Finally, by the Baker-Campbell-Hausdorff formula,
since [n, [n,n]] = 0, we have

exp(—Y)exp(xX + 2Z) exp (W/wy)

Wy

w w
=exp |[(z+ )X +(z+2+—=+

VZ
Wy wy 2wy

Since by definition exp(—Y") € T', it follows from the above formula that
the forward first return time is equal to 1/w, for all (z,2) € T% and that
the forward first return time map is given by formula (5) as claimed.
q.e.d.

Lemma 1 implies that any (uniquely ergodic) Heisenberg nilflow is
smoothly isomorphic to a special flow over a linear skew-shift of the
form (5) with constant roof function. The notion of a special flow is
recalled below in Section 2.4.

2.3. Mixing time-changes. We recall below basic notions about time-
changes of flows and state our main theorem on mixing of time-changes
of Heisenberg nilflows.

A flow {h;}ier is called a reparametrization or a time-change of a
flow {h;}ier on X if there exists a measurable function 7: X x R - R
such that for all z € X and t € R we have hy(z) = Pr(zp)(z). Since

{h;}scr is assumed to be a flow (a one-parameter group), the function

m(z,-) : R — R is an additive cocycle over the flow {h;}ter; that is, it
satisfies the cocycle identity:

r(z,s+t) =7(hs(2),t) + 7(x,5), forallze X, s,teR.

If X is a manifold and {h;}¢cr is a smooth flow, we will say that {h¢ }ier
is a smooth reparametrization if the cocycle 7 is a smooth function. By
the cocycle property a smooth cocycle is uniquely determined by its
infinitesimal generator, that is, the function a.; : X — R defined by the
formula:

0
ar(z) = a—;(ZE,O), forall x € X .

In fact, given any positive function o : X — R™, the formula
t ~
To(z,t) := / a(hs(z))ds, forall(xz,t) € X xR
0

defines a cocycle over the flow {ﬁt}tQR with infinitesimal generator a.
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The infinitesimal generators V and V of the flows {ﬁt}teR and {h; Her
respectively are related by the identity:

~ dhy

' _dw
V= r

—047—% = Of—,—v.

t=0

t=0

An additive cocycle 7 : X x R — R over the flow {Et}teR is called
a measurable (respectively smooth) coboundary if there exists a mea-
surable (respectively smooth) function u : X — R, called the transfer
function, such that

T(z,t) = uohy(x) —u(x), forall (z,t)e X xR.

The additive cocycle 7 is a measurable (smooth) coboundary if and only
if its infinitesimal generator o, is a measurable (smooth) coboundary for
the infinitesimal generator V of the flow {Et}teR, that is, if there exists
a measurable (smooth) function u : X — R, also called the transfer
function, such that Vu = a,. Two additive cocycles are said to be
measurably (respectively smoothly) cohomologous if their difference is
a measurable (respectively smooth) coboundary in the above sense. A
cocycle is said to be an almost coboundary if it is cohomologous to a
constant cocycle (see [20], def. 9.4).

An elementary, but fundamental, result establishes that time-changes
given by measurably (smoothly) cohomologous coycles are measurably
(smoothly) isomorphic (see for example [20], §9). The regularity of the
isomorphisms depends on the regularity of the transfer function. A time-
change defined by a measurable (smooth) almost coboundary is called
measurably (smoothly) trivial.

Let {h;}ter be a uniquely ergodic homogeneous flow on the Heisen-
berg nilmanifold M. For any function o : C®°(M) — RT let h® :=
{h{'}+er be the time-change with generator given by the formula

ang
dt

e
o dt

t= t=0

We recall that a measure preserving flow ¢ := {¢; }ter on a probabi-
lity space (X, i) is said to be weak mizing if, for each pair of measurable
sets A, B C X,

1
lim —
t—oo ¢

t
| Wuton) ) = a5 <o,
and mizing if for each pair of measurable sets A, B C X, one has

Jim u(pi(A) N B) = p(A)u(B) .
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Theorem 3 (Mixing time-changes for Heisenberg nilflows). There
exists a subspace T, C A C C°(M) of countable dimension and count-
able codimension in a dense subspace A C C*°(M) such that, for any
positive function a € A, the following properties are equivalent:

1) the function o € My, := A\ Tr;

2) the time-change h* is not smoothly trivial;
3) the time-change h* is weak mixing;

4) the time-change h® is mizing.

Thus, for time-changes within the dense subspace A C C*°(M ), mix-
ing is equivalent to weak mixing and any non smoothly trivial time-
change is automatically mixing. Theorem 3 is proved in § 6. Our results
leave open several natural questions on possible generalizations of The-
orem 3 and on the dynamics of the mixing flows constructed.

Questions.

a) Does Theorem 3 hold within the class of all smooth time-changes?

b) Does it extend to nilflows on 2-step nilmanifolds on several gener-
ators?

c¢) Does it extend to nilflows on s-step nilmanifolds for any s > 37

d) Is the correlation decay polynomial in time for sufficiently smooth
functions (under a Diophantine condition on the frequency)?

e) Is the spectrum of mixing time-changes singular continuous or
absolutely continuous? Is it Lebesgue with countable multiplicity?

2.4. Mixing special flows over skew shifts on T2. In this section
we recall the notion of a special flow and the representation of time-
changes in terms of special flows. We then state our main theorem for
special flows over uniquely ergodic skew-shifts on T2.

Let f : ¥ — X be a Poincaré return map of the flow {h;};er on X
to a measurable transverse section ¥ C X, and let ® : ¥ — R™ be the
return time function (in general defined only almost everywhere). The
flow {h;}ier is isomorphic to a special flow over the map f : ¥ — 3
with roof function ® > 0, defined as we now recall. Given any function
® on 3, let ®,, denote the nt" ergodic sums along the orbits of the map
f X — X, that is, the function

n—1
(6) @nzzzq)ofk,
k=0

If ® > 0 is a continuous positive function, we let f® = {f®},cr be the
special flow over f with roof function ®, which is defined as the quotient
of the unit speed vertical flow 2 = 1 on the phase space {(z, z) € ¥ xR}
with respect to the equivalence relation ~¢ defined by (z, ®(z) + 2) ~¢
(f(x),2), forallz € ¥, z € R. The flow f® can thus be seen as defined on
the fundamental domain {(x,z) : x € £, 0 < z < ®(x)} and explicitly
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given by the formula

(7) ftc} (:Ea Z) = (fnt(x’Z)(x)v Z+t— (I)nt(:c,z) (:E)) ’

where ny(z,z) is the maximum n € N such that ®,(z) < ¢+ z. For
any f-invariant measure v on Y, the finite measure obtained by the
restriction of the product measure v x Leb (where Leb is the Lebesgue
measure in the z-fiber) to the domain of f® is invariant by the special
flow f.

A function ® : ¥ — R is called a measurable (smooth) cobound-
ary for the map f : ¥ — ¥ if and only if there exists a measurable
(smooth) function u : ¥ — R, also called the transfer function, such
that ® = wo f —u. Two functions are called measurably (smoothly) co-
homologous if their difference is a measurable (smooth) coboundary. As
time-changes defined by measurably (smoothly) cohomologous cocycles
are measurably (smoothly) isomorphic, similarly special flows over the
same map under measurably (smoothly) cohomologous roof functions
are measurably (smoothly) isomorphic (we refer for example to [20]).

Any time-change {h$ }scr of {ht }ter determines the same return map
f X — X, but a different return time function ® : ¥ — R™T. In fact,
the following elementary result holds.

Lemma 2. The return time function ®* : ¥ — R™T is given by the
formula:

P(x)
P (z) = /0 (o hy)(z)dt,  forallzeX.

It follows in particular from Lemma 2 that the return time functions
®“ and @ are cohomologous with respect to the return map f: % — X
if and only if the function o : X — R is cohomologous to the constant
function equal to 1 for the infinitesimal generator of the flow {h;(x) }er.

In the rest of this section we will consider the case when ¥ = T2 and
f:T? — T? is a linear skew-shift over a circle rotation, defined as

®)  flz.y)=(@+ay+z+p), whee (r,y) €T’ o fecR.

We will also assume that f is uniquely ergodic, which is equivalent to o €
R\Q (see [4]). As we saw in § 2.2 (see Lemma 1), any uniquely ergodic
Heisenberg nilflow ¢"V has a global cross section on which the first return
(Poincaré) map has the form (8). We will denote by Leb (respectively
Lebs) the one-dimensional (respectively the two-dimensional) Lebesgue
measure and by u the probability measure obtained by normalization of
the restriction of the measure Lebsy x Leb on T? x R to the domain of f®
(the normalizing factor is equal to 1/ [, ®(x,y) dz dy). By construction
p is invariant under the special flow f® on ¥ x R/ ~g.

It is well known (see Lemma 16, § 6) that if the roof function ® > 0
is a measurable (smooth) almost coboundary, that is, if there exists a
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measurable (smooth) function u : X — R such that
u0f—u:<I>—/ ® dLeb,
T2

then the special flow f® is measurably (smoothly) isomorphic to a spe-
cial flow with constant roof function over the skew-shift. In this case, we
will call the special flow f® measurably (smoothly) trivial. Any measur-
ably trivial special flow is not weak-mixing, and hence not mixing (see
again Lemma 16, § 6).

We will show that there is a class M of smooth roof functions which
correspond to smooth mizing special flows over a uniquely ergodic skew-
shift and that My is generic in a precise sense. In fact, we prove the
following.

Theorem 4 (Mixing special flows). There exists a subspace Ty C
R C C®(T?) of countable dimension and countable codimension in a
dense subspace R C C*®(T?) such that, for any positive function ® € R,
the following properties are equivalent:

1) the roof function ® € My :=R\ Ty;

2) the special flow f® is not smoothly trivial;
3) the special flow f® is weak mizing;

4) the special flow f* is mizing.

It is natural to ask whether Theorem 4 generalizes to linear skew-shift
on T™ with n > 2. A statement of the form 1) = 4) could be proved for
higher dimensional skew shifts; see Remark 9 in § 3. On the other side,
the implication 2) = 1) requires the analogue of the cocycle effectiveness
(Theorem 7 below) which relies on estimates currently known only for
n = 2 (see Remark 8 below and Remark 12 in § 5).

Let us remark that the generic subset M ¢ in Theorem 4 is concretely
described in terms of invariant distributions (see § 5). Thus, it is possible
to check explicitly if a given smooth roof function given in terms of
a Fourier expansion belongs to M; and to give concrete examples of
mixing reparametrizations.

Examples.
The following roof functions all give examples of mixing special flows.
(E1) ®(x,y) = sin(27wy) + 2;
(E2) ®(x,y) = cos(2m(kx +y)) + sin(2nlx) + 3, k,1 € Z; _
(E3) ®(z,7) = Re ZjeZ aje27ri(j:c+y) + e, if EjeZ aje—2m(ﬁj+a(;)) £ 0
and c is such that & > 0.
Example (E1) shows that it is enough to have oscillations in the y-

variable to produce mixing. We show that the roofs in the examples
above belong to the class M at the end of § 5, after Corollary 2.
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2.5. Mixing roof functions. Here we define the class of roof func-
tions considered to obtain mixing special flows. Let 7 : T2 — T be
the projection defined as 7(x,y) = x for all (z,y) € T?. The space
7*L3(T) ;== {®onm: ® € L*T)} is a closed subspace of L?(T?), hence
there is an orthogonal decomposition

LX(T?) = 7*L*(T) @ n* L*(T)* .
We introduce the following notation for the orthogonal projections of a
function ® € L?(T?) onto the components of the above splitting:

(9) o(z,y) = P(z,y) —/@(m,y)dy € 7T*L2(T)J‘,

(10) oH(x) = /(ID(x,y)dy e T L3(T) = L*(T).

Definition 1 (Roofs class R). For an integer d > 1, let Py be the
space of all continuous ® such that for each x € T, ®(z,-) is a trigono-
metric polynomial of degree at most d on T. Let P :=J; 5, Pa-

The function ® € R if and only if ® € P, ® is real-valued and posi-
tive, and its projection ¢, defined in (10), is a trigonometric polynomial
on T.

We remark that if & € R, we can write ®(x,y) = Zg:_d ci(x)e? iy,
where c_g(z) = ¢;(x) since € P, and is real, and ¢y(x) is a trigonomet-
ric polynomial. By definition the set R is a dense subspace of C*°(T?).

Definition 2 (Trivial roofs 7; and mixing roofs My). A function ®
belongs to Ty if and only if ® € R and its projection ¢ defined in (9) is
a measurable coboundary for the map f : T? — T2. Let us set My =
R\ Ty, so that ® belongs to My if and only if ® € R and ¢ is not a
measurable coboundary.

One of the two main steps in the proof of Theorem 4 is given by the
following theorem.

Theorem 5 (Mixing). For any positive roof function ® belonging to
the class My in Definition 2, the special flow f® is mizing.

The crucial ingredient in the proof of Theorem 5 is given by the
following result on the growth of ergodic sums of the skew-shift.

Theorem 6 (Stretch of ergodic sums). Assume that ® € My; thus
¢ is not a measurable coboundary. Then for each C > 1,

li_>m Leba(|on| < C) =0.

Let us remark that a similar result was proved by K. Schmidt in
[38] in much greater generality under the assumption that the base
transformation f is mixing.

The proof of Theorem 6 is given in § 3, while the proof of Theorem 5
is in § 4.
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2.6. Cocycle effectiveness. The following effectiveness result for co-
boundaries (in the sense of [20], def. 11.4) leads to a complete explicit
description of the set M in terms of Fourier series, and it constitutes
another main step in the proof of Theorem 4 (see § 6).

We recall that, as found by A. Katok [20] (see §11.6.1), there are
countably many independent obstructions (which are not signed mea-
sures) to the existence of smooth solutions of the cohomological equation
uo f —u = ¢. Such obstructions are invariant distributions for the skew-
shift (see Theorem 10, § 5). If ¢ € 7*L?(T)* is smooth and belongs to
the kernel of all f-invariant distributions, then it is a coboundary and
the transfer function, that is, the unique zero average solution of the
cohomological equation, is smooth.

We will show that, if a sufficiently smooth function ® such that ¢+ =
0 is a coboundary for a skew-shift f on T? with a measurable transfer
function, then ® belongs to the kernel of the (infinite dimensional) space
of all f-invariant distributions and the transfer function is smooth. More
precisely, let W*$(T?) denote the standard Sobolev space on T?, that is,
the space of all functions ® = 3, 72 Pm,nexp(2mi(ma + ny)) such
that

1/2

[@fs == > (1+m?+n?) T, < +o00.
(m,n)€Z?

Theorem 7 (Cocycle Effectiveness). Let f be any uniquely ergodic
skew-shift on T? as in (8). For any function ¢ € 7 L*(T)*+ N W*(T?)
for s > 3, the following holds. If ¢ is a measurable coboundary, then
it belongs to the kernel of all f-invariant distributions and the transfer
function u € WH(T?) for allt < s — 1.

The proof of Theorem 7, given in § 5, is based on the quantitative
estimates on equidistribution of nilflows by L. Flaminio and the second
author in [11].

REMARK 8. Theorem 7 above answers a question posed by A. Katok
n [20], §11.6.1, p. 83. For higher dimensional skew-shifts (or for any
other higher dimensional nilpotent linear map), the analogue of Theo-
rem 7 is not known.

3. Stretch of ergodic sums

In this section we prove Theorem 6. Let ® be any continuous function
on T? such that its projection ¢ (see (9)) is not a measurable coboundary.
Since the map f is uniquely ergodic, we can derive the following result
by a standard Gottschalk-Hedlund technique.
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Lemma 3. For each constant C > 1 and for all (z,y) € T?,

N—oo

%#{0 <n<N—1lst |balz,y) <O} X220,

Proof. Let pun ., be a probability measure on T? x R with atoms of
equal mass along (f*(z,v), ¢r(z,9)), 0 < k < N — 1. It is enough to
prove that pin ;. — 0 in the weak-* topology, as N — oo, independently
of (z,y) € T?. If this did not happen, we would be able to take a non-
trivial limit, which would be a measure p with non-zero mass, such that
Fip = p, where F(x,y,z) = (f(xvy)rz + ¢($,y))

By unique ergodicity of f, m.u is a multiple of Lebg, where m(x,y, z) =
(x,y), and the conditional measures p , coincide up to translation: for
almost every x,y,2', v, pay = Tifler,y where T(z) = z +t, with ¢t =
t(z,y,2',y"). By invariance, we have t(x,y, f(2/,y)) = t(z,y,2',y) +
#(2',y'). Choosing (z0,yo) in a full measure set, and defining u(z,y) =
t(zo,y0,x,y), we get ¢ = uo f — u, which contradicts the assumption
that ¢ is not a measurable coboundary. q.e.d.

Corollary 1. For each constant C > 1,

N-1
1 N—oo
v > 0 Leby(|¢n| < C) =2 0.

Proof. The functions % Zivz_ol X(—C,C) ©Pn, Where X(_c,c) is the char-
acteristic function of the interval (—C,C) C R, converge pointwise to
zero by Lemma 3. Thus, the corollary follows immediately by integration
over T? and by the Lebesgue dominated convergence theorem.  q.e.d.

Lemma 4. For each d > 1 and for any norm ||-||q on C*?, there exist
constants By and by > 0 such that if ¢ = (c_q,...,c_1,¢1,...,¢q) € C*@
is a vector of unit norm (that is, ||c|lq = 1), then for every 6 > 0

(11) Leb Z e’ < 5| < Bydte.
0<|k|<d

2mike §s g function of class C2¢ with critical

Proof. Since 3 <4 cre
points of order at most 2d, an estimate of the form (11) holds for any
6 > 0, where the exponent b; depends only on d and the constant
involved depends continuously on the coefficients c¢i. Since the set of

trigonometric polynomials of the form -, -, cre?™k e wwith ||c|lg = 1

forms a compact set of the space of functions of class C?% on R with
critical points of order at most 2d, the estimate follows. q.e.d.

From now on we assume that ® > 0 and ® € R.
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Lemma 5. Let C' > 1. For any € > 0, there exist C' > 1 and ¢ > 0
such that for all n > 1 such that Lebs(|¢,| < C') < €, there emists
Ny := No(C,e,n) € N such that for all N > Ny, we have

Leba(|¢n o f* — on| < 2C) < €.

Proof. Indeed, let us write

én(z,y) = 2Re Z Cho (2)e2TRY = Z Cho () 27V

0<k<d 0<[k|<d
with ¢_gn(2) = Cpp(x) for all 0 < k < d, x € T. Then
on o [ (w,y) — on(2,y) = ¢n o [N (2,y) — dulz,y)
(12) _ Z N ()XY,
0<|k|<d
where we have denoted

. N .
Ck,N,n(x) — €2mk[(2)a+Nﬁ]Ck7n($ _|_Na)e2mkN:c _ Ck,n($)-

Given any two complex numbers ¢; = p;el, i = 1,2, for each 0 < 0 <
w/2,if 0o + 27kNx ¢ (61 + 7 — 0,601 + 7w+ 0) + 27Z, then by elementary
trigonometry |coe?™*NT — 1| > |cq|sin@. Thus, for any interval I C T
of length at most 6 > 0 and for 0 < 0 < 7/2 we have

. 2mikNx : 0 20
(13) Leb{z € I : |cqe c1] <leilsinf} <6 - + N
By uniform continuity of ¢ p, it is possible to choose 6 > 0 so that
if |z — 2’| <4, then [cppn(x) — cpn(z’)] < 1/4. Let us decompose T
into intervals of size at most J. If [x1,x2) is one of these intervals and
x € |11, 2], if we set

S i(N
01 1= cpn(r1), o= 2H(2)OANB G (2 4 N,
we have
ek N ()] > |eae®™ N — 1| —1/2.

Using the estimate (13) on each of these intervals we get that, for every
0 <k <dand for 0 <6 < 7, the following bound holds:

lim sup Leb (|cg, N pn(z)| < |cgn(x)|sind —3/4) <
N—o00

Choose € > 0 and C’ > 1 to be such that
(14) C'>9d*,  By(4C/VC") +d/2VC + 2€ < .

Let n > 1 be such that |} o x<a crn()e?™ kY| > O except for a set
of x € T of Lebesgue measure ¢ > 0. Choosing 6 € [0,7/2) such that
sinf < 1/+/C" and, using the fact that sin§ > %9 forall 0 <0 < § and

SEES
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the choice (14) of C’, for N sufficiently large, outside a set of measure
2d(0/7) +2¢ < d/vVC'+ 2€, we have

S lekna@)] = D lekn(x)|sind — 3d/2

0<|k|<d 0<|k|<d
(15) Wl 1 T
>| D cral@)™) = - >
0<|k|<d C

By Lemma 4 (using as norm |[[c[lg = 3 o<x<q|ckl), outside of a set of

ba
y € T of Lebesgue measure at most By (40 /VC! > , whenever z € T is
such that (15) holds, we have that

(16) > k(@)™ >\/_ > ek nnl@)| > 2C.

0<|k|<d 0<|k|<d

Thus, except for a set of measure at most By(4C/v/C")b 4 d//C" +2¢,
which is less than e by the choice (14) of C’ and €', combining (12) and
(16) we find the desired estimate |¢n o f™ — pn| > 2C. q.e.d.

Proof of Theorem 6. Let C' > 1 and ¢ > 0 be fixed. We prove below
that for every N sufficiently large, Leba(|¢n| < C) < e. Let us fix an
integer A > 1 and ¢y > 0 such that

(17) 1/(A+1)+A(A+1)e/2 < e

By Lemma 5 there exist C’ > 0 and ¢’ > 0 such that if Lebs(|¢,| <
C") < € then Lebs(|onof"—on| < 2C) < eg for all N > Ny(C,¢e,n). By
Corollary 1, we can find [ > 1 such that for each n = jlwith 1 < j < A
we have Lebo(|¢,| < C') < €. Let N1 := max{Ny(C,¢,jl): 1< j< A}
We claim that, for every N > Ny,

(18) Leby | | {‘¢Nofﬂ—¢Nofj'l‘<2C} L AA+D -

Ry 2
0<j<j'<A
In fact, for every 0 < j < j/ < A, for N > Ny > No(C,¢, (5 — H)I),
we have Lebo(|¢y o fU' =) — | < 2C) < €, but since f is measure
preserving,

Leby(|¢n o fil—¢nofi'l| < 2C) = Leba(|pno fU " —pn| < 20) < €.

The claim follows as #{(j,7’) : 0 < j < j' < A} is equal to A(A+1)

By construction, for all N > Ny, the sets f7!{|¢n| < C} are palrwise
disjoint for j = 0,..., A outside a set of measure at most ( De o (the
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set in formula (18)); hence again by the measure preserving property of
the map and choice (17) of A and ¢,

A(A+1)
<
Leb2(|¢N|<C’)_A+1—|— 5

The proof is complete. q.e.d.

€ < €.

REMARK 9. While Lemma 3 holds for any uniquely ergodic trans-
formation, Lemma 5 exploits the parabolic divergence of orbits of the
skew product in the neutral (isometric) direction. A similar result could
be proved more in general for higher dimensional skew-product maps of
T*. In fact, it holds most likely for return maps of arbitrary uniquely
ergodic nilflows. However, in this latter case, a more indirect argument
is needed since exact formulas are not available in general.

4. Mixing

In this section we give the proof of the main mixing result, Theorem 5.
We are going to use the following mixing criterion.

4.1. Mixing criterion. Let f® := {f?};cr be the special flow over a
uniquely ergodic skew-shift f : T? — T? of the form (8) under a roof
function ® : T? — R* belonging to the set R in Definition 2. Recall
that for given ¢ € R and (x,%) € T? we denote by

ny(x,y) := max{n € N: &, (x,y) <t},

and that by the definition (7) of a special flow on a fundamental domain
of T? x R/ ~g, for any (x,%) € T? we have

ft(b((xay)70) = (fnt(Ly)?t - (I)nt(w,y)) .

In order to prove that f® is mixing, it is enough to show the following.
Let us call cube any set of the form [z1,x2] X [y1,y2] X [0,h] where
[x1,22], [y1,92] C T and 0 < h < min®. Let us call a partial partition
into intervals of {x} x T any collection of intervals I of the form [ =
{z} x [/, ¥"], [v,y"] C T with pairwise disjoint interiors.

Lemma 6 (Mixing Criterion). The flow f® is mizing if, for any cube
Q, any € > 0 and any § > 0, there exists tg > 0 and for all t > ty there
exists a measurable set X(t) C T and for each x € X(t) there exists a
partial partition &(x,t) into intervals of {x} x T such that

(19) Leb, (Tz\ (UmeX(t) Uree(at) I)) <é
and for all x € X(t) and all [/, y"] € &(x, ),
(20)  Leb,({z} x [y, "1 N f2(Q) = (1 — )y — ¥ )u(Q),

where Leb, denotes here the Lebesque measure on the fiber {x} x T.
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The proof of the lemma is an application of Fubini theorem. Details
can be found in [8, 42]. We are going to prove that f® is mixing by
constructing sets X (t) and partial partitions {(z,t) of the fibers {z} x T
with x € X (¢) which satisfy the mixing estimate (20).

4.2. Mixing mechanism outline. The main mechanism that we use
to prove (20) is a phenomenon of stretching of ergodic sums in the z-
direction. Let us first give a heuristic explanation of this mechanism and
an outline of the proof. We recall that this type of mechanism was used
to prove mixing of horocycles flow in variable curvature by Marcus [29],
to produce mixing reparametrizations of flows over Liouvillean rotations
on T? by Fayad in [8], and to prove mixing in a class of area-preserving
flows on the torus (by Sinai and Khanin in [21]) and on higher genus
surfaces (by the last author in [42]).

Fix zp € T and let I = {z(} X [a,b] be a subinterval of the y-fiber
{zo} x T. The stretch of ®,, on I is by definition the following quantity:

Ad,(I) := Jnax, Py (0, y) — Join, @y, (0, ).

We will show using Theorem 6 that one can find, for all sufficiently large
t, a set of intervals I = {x} x [y/,%"] whose union has large measure in T2
and which have large stretch A®,,(I) for all times n of the form n;(x,y)
for some (z,y) € I. As shown in the next section (§ 4.3), large stretch
implies that the variation of the number of discrete iterations n;(x,y)
with (z,y) € [ is large. Moreover, our construction will be such that the
function y — n.(z,y) is monotone on each of the constructed intervals
[v/,y"]. If we subdivide I into intervals I; on which n¢(x,y) is constant,
the image under f;* of each I; in the interior of I is a 1-dimensional
curve v; = f(I;) which goes from the base (i.e. the set T? x {0}) to the
roof (i.e. the set {(z,y, ®(z,y)) : (x,y) € T?}). Since f sends y-fibers to
y-fibers and preserves distances within y-fibers, the projection of each
curve ; under the map (z,y,z) — (z,y) is an interval in another y-
fiber of the same length as I;. If the intervals I are chosen sufficiently
small, the projections of the curves 7; shadow with good approximation
an orbit of f. Moreover, one can estimate the distortion of the curves
v; and show that they are close to segments in the z-direction. Using
that the skew-product f is uniquely ergodic, together with estimates
on the distortion, we can hence show that fF(I), which is the union
of the curves ~;, becomes equidistributed and hence prove the mixing
estimate (20).

4.3. Stretching and discrete number of iterations. In the follow-
ing sections we will denote by ® and ® respectively the maximum and
the minimum of ® on T2. By assumption ® > 0. We will need later
the following simple estimate on the variation of the discrete number
of iterations n¢(z,y) on a fiber interval I = {z} x [a,b] in terms of the
stretch on I.
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Lemma 7. Let I = {z} x [a,b]. Let us denote by

[ IR P

n,(I) := a%lgb ne(z,y), e (I) == aI;lZE}%(b ne(z,y).

We have
o, () B AD, () B
(21) (1) )—%gﬂt(l)—nt(l) < AMJF%

Clearly (21) is meaningful when the stretch A®,, (,4)(I) is large and
hence shows that in this case also the variation of n¢(z,y) on I is large.

Proof. Let us write for brevity of notation m; := (1) and n; := n,(I).
Let y,7 € [a, b] be such that respectively n(z,y) = n, and ny(x,7) = 7.
Remark that by definition of special flow we then have

(22) t_6< CPQt(iEag),(I)m(x,?) <t
Writing @z, (2,7) = Py, (7,7) + P7,—n, (f*(2,7)) and using (22) and
the trivial estimate ®,, > n®, we have
(M — 1)@ < Py, (f7(2,7))
(23) = q>ﬁt (:E,?) + (I)ﬂt (:Evg) - (I)ﬂt (l‘,g)
<t—(t—®)+ Ad, (I),

where the latter inequality holds since by definition

Aq)ﬂt(l) > @ﬂt(xag) - q)ﬂt(x7y) .

This proves the upper bound in (21). To prove the lower bound, let
Yn,Ym € [a,b] such that

Dy, (7, yM) = aril;xi(b Dy, (z,y) and @y (T,ym) = agl;gb Dy, (2,9) -

Reasoning as in (23), since @, (7, ynr) < P, (zy0r) (T, ym) < t, We get

(M = 12)® > (n4(2, Ym) — 1) ® > Py () -, (F (2, Yim))
(24) = q>nt(gc,ym)(xy ym) + (I)Qt (l‘, yM) - q>gt (l‘, ym)

> (t— @) —t+Ad,, (I).
This concludes the proof of (21). q.e.d.

4.4. From discrete to continuous time stretching. Theorem 6
shows that |¢,| (and hence the stretch on y-fibers) grows (in measure)
as n — o0. To prove that f® is mixing, we need to show that the stretch
grows as t tends to infinity. The following lemma is used to make this
connection between discrete and continuous time. In its proof we use
the fact that the roof function belongs to the class R introduced in
Definition 1.
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We recall that, for a given ¢ > 0, ny(x, y) is the maximum n € N such
that ®,(z,y) < t. For each € T, let n,(x) = minyer ne(x, y). For each
C >0, let

(25) X(t,C):={z| 3Ty, s.t. ]qﬁﬁt(x)(x,yx)] >C }.
Lemma 8. Let ® € R. For each C > 1,
(26) tli}m Leb {T\X(¢,C)} =

Proof. We will prove the lemma by contradiction. Remark that if
z ¢ X(t,C), then for all y € T, |¢y,, () (7, y)| < C. Thus, if (26) does not
hold, there exists C' > 0, § > 0 and a subsequence t; — oo as k — oo
such that for all £ € N

(27)  Leby{(x,y) € T?: |¢ﬂtk(x)(x,y)| < C} > Leb{T\X (¢,C)} > 0.

Let us show that in this case ny, () as © € T\ X (¢, C) assumes a finite
number of values uniformly bounded in k. Since ¢ is a trigonometric
polynomial by Definition 1, one can easily see using Fourier analysis
that ¢+ — [ ®(z,y) dz dy is a coboundary, i.e. there exists a g such that
ot(z) = gz + a) — g(x) + [ ®(z,y) dzdy, and moreover g is also a
trigonometric polynomial.

For a fixed t > 0, let y(z) be such that n,(z) = ni(z,y(z)). From

the definition of special flow, we have that t — ®(f2(®)~1(z, y(z))) <
Py, (2) (7, y(x)) < t. Moreover, by the decomposition ¢ = ¢ + ¢+, using
that ¢+ — [ ®(z,y)dzdy is a coboundary and [ ®dzdy = 1, we have

(I)gt(x)(‘rvg(‘r)) = (bgt(m)(x?g(‘r)) + ﬂt(‘r) + g((L’ +ﬂt(x)a) - g(‘rvy)

So, denoting by § = max g (well defined since here g is a trigonometric
polynomial and hence continuous) and by ® = max ®(z,y), if t = t;, for
some k and x ¢ X(ty,C), we have t, — C —2g — & < n, (z) < t +
C '+ 2g. This shows that there exists N > 0 independent on k, such that
|n;, (#) — ti| < N for all & ¢ X(t), C). From this, recalling (27), we can
find for each k some ny, € N such that ny = n, (z) for some z ¢ X (3, C)
and Leba{(z,y) € T? : |¢n, (z,y)| < C} > 6/N. Since minger ny, (z) >
tr/®, np — oo as k — oo and this shows that Lebo{(x,y) € T? :
|pn(z,y)| < C} does not converge to zero as n — co. On the other side,
¢ is not a coboundary by Definition 2, so we reached a contradiction
with Theorem 6. We conclude that (26) holds. q.e.d.

4.5. Choice of parameters. Let QQ = [x1,x2] X [y1,y2] X [0,h] be a
given cube. Given €, > 0, let us define the sets X (¢) and the partial
partitions &(x,t) which satisfy the conclusion in Lemma 6. Let us first
fix parameters &g, €g, Ng, Cy,to as follows. The reader can skip these
definitions at first (their use will become clear during the proofs).
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Let us denote by

0%(z,y)

_ 0*P(x,y)
oy )

! o " .

(P1) Choose 0 < dp < 1 such that (2d + 1)dp + Bdégd < §, where d is
the degree of y — ®(z,y) and By, by are as in Lemma 4.

(P2) Choose €y > 0 such that ¢y < min{%,@, 1} and (1—€p)® < (1—e).

(P3) Let x be a continuous function such that

Y= 1 on [z1,22] X [y1,y2 — €o(y2 — y1)];
~ | 0 outside [z, 2] X [y1,52 — L(y2 — y1)] -

Let us remark that ® and ®” have zero average on T? while ® has
integral equal to 1. Since f is uniquely ergodic and ergodic sums
of continuous functions over a uniquely ergodic transformation
converge uniformly (see [4]), there exists Ny € N such that for
all n > Ny and for all (z,y) € T? all the following bounds hold
simultaneously:

(P3a) |®,(z,y)| < eons

(P3b) @7 (2, y)| < eon;

(P3e) 222 — 1] < 24

n €0’

xnrslmy) _ wa‘ <.
(P4) Let |[®'] and |®”| denote respectively the maximum of |®’| and |®”|
on T? and choose Cy > 0 such that

D T®/| " 2 2.2 &/ 2
Co>max{16d<1> ANo®| dNo|®"| d(No+1)? 272 max{]®'], 1} }

B’ 6 T b 62 T 0% (Yo — 11)?

(P5) Let X(t,Cp) be as in (25) in § 4.4. By Lemma 8, we can choose tg
such that for each t > ¢y, we have Leb, (T\X (¢, Cy)) < dp.

4.6. Definition of X(¢) and preliminary y-fibers partitions. Fix
any t > to where tg is as in (P5) in § 4.5. For brevity we will denote by
X(t) :== X(t,Cp), where Cj is the constant defined in (P4) in § 4.5. For
any ¢ € X (t), let us define a preliminary partition & (z,t) of the fiber
{z} x T into intervals. We will later refine &;(x,t) to obtain a partition
&(x,t) with the properties in Lemma 6.

In what follows we will abuse the notation and denote by &(x,t) both
a partial partition of T into intervals and the corresponding support,
that is, the set of y € T which belongs to some interval of & (z,t). Let
us write

d d

(bﬂt(l‘) (‘Ta y) = Re Z Ck (x)e2m'ky7 gy(bﬂt(x) (‘Ta y) = Re Z c;c (x)e2m'ky7
k=1 k=1
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where ¢} (z) = 2mikeg(x). Let dp be as in (P1) in § 4.5 and let us define

@) lt)i= {y € Tlo) o) 2 00 i [ 0]}

Clearly &(z,t) is a union of intervals. Let & (z,t) be the partial partition
of {z} x T obtained by discarding from {y(x,t) all intervals which have
length less than dg.

For brevity, we will denote in the following sections

(25/(1', y) = 8(]5(1’, y)/ay and (ﬁ”(%, y) = 82(25(1', y)/ay2

Lemma 9. The following identities hold:

0
(p/n(‘ray) = 8_yq)n(xuy) = ¢;L(x7y)7
" 82 Z
@n(‘rhy) = 8y2 @n(‘ray) = (bn(x?y)

Proof. The identity a%(cﬁn) = (a%@)n holds since f is a skew-product
of the form (5). In fact, it is clear from (5) that f commutes with
all translations in the y coordinate, and hence it commutes with the
derivative 0/0y. By definition, the function

n—1
Ba(r.9) ~ ulary) = 3 [ Do+ kay)dy
k=0

depends only on x € T, hence ¢n(z,91) — dn(w,y2) = Bplz,y1) —
®,,(z,y2), for any n € N and for any z,y;,y2 € T. The lemma follows.
q.e.d.

The following lemma shows that for any interval [a,b] € & (z,t) both
the derivative ®/ (@) at any point y € [a, b] and the stretch are large and

are of the same order.

Lemma 10. The partial partitions & (z,t), © € X(t), are such that

(29) Leb2 (T2\ (UxEX(t) UIE&(z,t) [)) < 0
and for all x € X (t),

2mdg
d

8
(31) \q)'ﬂt(x)(a:,yl)] > Eo\q)'ﬂt(x)(x,yg)], for all y1,y2 € & (x,t).

(30) ‘q),ﬂt(x) (‘Tay)’ > COv for all yE gl(x7t)7
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Moreover, for each I = {x} x |a,b] with [a,b] € & (x,t), we have
27758

(32) A(I)Qt(:c) (I) Co,

52 d
33) 2 o’ < AD N<® a9
( ) yerg%a}c{,t)| n, (x) ($7y)| >~ ﬁt(ac)( ) = % y6121(27t)| n,(z) (m,y)|,
2rd?
(34) alil??xb’(p” (@) < 5 —5 APy () (1).

Proof. Let us first prove the estimate on the total measure (29).
By applying Lemma 4 (with the norm ||c[lq = maxo<yj<qck|) to the
trigonometric polynomial

/ 2mik
n, (c) 2o<bj<d (@)™

= where c_g o () :=Cpn(x
max;<k<d | ()] maxi <|y|<q |} (z)] ’ () (),

we get

Lebg (({z} x T) \ &(x,t)) < Badp.

Since the solutions of ¢/, (@) /maxy, | (z)| = £Jo are a subset of the zeros
of a polynomial of degree at most 2d, there are at most 2d solutions for
each level set. Thus, & (z,t) is obtained by removing at most 2d intervals
of length smaller than Jp from y(z,t) and for each € X(¢) we have
Leby (&1 (x,t) > 1 — degd — 2ddy. Applying Fubini and recalling that
Leb(X (t)) > 1 —do by (P5) in § 4.5, we get (29) by the choice (P1) of
dp in § 4.5.

Clearly, for all (z,y) we have [¢), (@) (@)
x € X (t), from the definition (28) of &o(x,t
have

| < dmaxy, |} (x)|. Thus, for
)D&
. /
L2010, @) (:9)] = b0 max 16, ) (@,9)l/d,

and hence (31) by Lemma 9. Moreover, since by definition of X (¢), there
exists y(z) such that |¢,,, () (z,y(z))| = Co, we also have maxy, [cx(z)[ >
Cp/d and since maxy, ¢} ()| > 2mmaxy, |cx| > 27Cp/d, again from the
definition of {y(x,t) and Lemma 9 we get ]@;Lt(m) (xz,y)| > 2m00Cop/d,
concluding the proof of (30).

The estimates (32, 33) on the stretch follow simply by using mean
value from (30) and (31) respectively, and from the lower estimate on
the size of intervals in & (z,t). The last estimate (34) is obtained by
combining the trivial upper estimate |®”(z,y)| < 2rd? max |c),(z)| with
AP, (1) > 62 maxy, | ¢}, (z)|, which follows from mean value and de-
finition of &y(x,t) and & (x,t). q.e.d.

1(x,t), we immediately

Let us denote by 7y(x) = maxyer n¢(x,y). The choices of parameters
in § 4.5 and Lemma 10 guarantee that derivatives and stretch are not
only large for n = n,(x), but also remain large for all further iterates
up to m(x), as stated below.
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Lemma 11. Forallz € X (t) and I = {x} x|a, b] with [a,b] € & (x, 1),
the sign of ®., on I for all n,(z) < n < m(x) is the same, and for all
n(z) < n <m(x) we have:

) (:9)] 31}, () (:9)]

(35) —— < (@ (ay)| < —2——, for all y € [a.b];
1 do 3d
SOAD, (1) < ADL () < S—AD, ) (]);

(36) 52 n, () () < (I) < 5 5 2 P (1)

4rrd>
(37)  [@n(z.y)| < g—z A®y (,y(I), forally € [a,b] .

0
Proof. Fix x € X (t) and n with n,(z) < n < m(z). We have ¢/, (z,y) =
(I)/ﬂt(x) (x,y)+ (I);L—Qt(x) (z4,y:) where (z,y;) :== f%)(z,7). Let us show
that |<I>’n_ﬂt(x) (e, ye)| < |¢’Et(x) (z,9)|/2, from which it follows that (35)
holds and also that @/ (z,y) has constant sign for all n,(x) < n < 7 (x)
and y € [a,b] (recall that <I>’ﬂ (@) has no zeros on I by construction).

Consider Ny defined in (P3) in § 4.5. On one hand, if n —n,(z) < Ny,
we have

@, () (@2, 9e) | < Nol®'| < 60Co/d,
by choice of Cy in (P4), § 4.5. Thus, |<I>’n_ﬂt(x)(:17t,yt)| < |<I>’ﬂt(x)(:n,y)|/2
by (30). On the other hand, if n — n,(x) > Ny, by (4.5) in § 4.5, then
by Lemma 7 and then by mean value, (31), and ¢y < 1, we get
(P, () (28, 92)| < €0(n — 14(2))

< A(I)Et(l‘)({x} xT)+ @
(38) =0 o

d o

The two terms in the last expression are both less than |/, (@) (z,y)|/4,

the first by choice of ¢y in (P2) in § 4.5 and the second using (30)
and 760Co/2d > ®/®, which follows by choice of Cy in (P4) in § 4.5
remarking that 20y < 7 since by choice §y < 1. This concludes the proof
of (35).

The estimate (36) follows from (35) by mean value and (31). To
get (37), separating as before the cases n —n,(x) < Ny and n —n,(x) >
Ny and, in the second case, using (4.5) in § 4.5 and reasoning as in the
proof of (38), we have

— )
[ 0)| < 04, (0.0)] + e { VBT, 280, () < T) + 3 .

The final estimate (37) follows from here estimating |y, (z,y)| by (34)
and controlling the first term in the maximum by using mean value, (33)
and ¢g < @ < wd® (recall the choice of €y in (P2) in § 4.5) and estimating
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the second term in the maximum by (32) and the choice of Cp in (P4)
in § 4.5, which guarantees that 27Td2A(I)ﬂt(m)/(5(2] > 4n2dCy > Cy > @/ ®.
q.e.d.

4.7. Fibers partitions. Let us refine the partial partitions & (z,t) so
that we can prove that intervals of the refined partition become equidis-
tributed. Let us fix z € X (t) and I = {z} x[a, b] with [a,b] € & (z,1). Let
us recall that we denote by n,(I) = ming<y<pn¢(x,y) and by 7,(I) =
maxg<y<p n¢(x,y) and let Any(l) := m(I) — ny(I) + 1. The previous
construction guarantees the following properties.

Lemma 12. For each x € X (t) and each [a,b] € & (x,t), the function
y +— ny(x,y) is monotone on [a,b] and Any(I) > m63Co/d®.

Proof. By Lemma 11, the sign of ®/, on I := {x} X [a,b] is the same
for all n,(I) < n < m(I). Let us assume that <I>’nt(l) < 0 so that ®,, is
monotonically decreasing on I for all n,(I) < n < my(I) (the construc-
tion is analogous in the other case), and let us show that this implies
that y — ny(z,y) is increasing on [a,b]. If a < y; < yo < b, we have
Dry, (1) (T Y2) < Py (T,¥1) < t by monotonicity and definition of
n¢(z,y1). Thus, by definition of ns(z, y2) this shows ny(x, y2) > ne(z, y1).
From Lemma 7, n:(I) — n,(I) > A®,, 1)(1)/2 — ®/® and by (32) we
have A®, ) (I)/® > 2162Co/d®. This gives the desired estimate for
Any(I) since ®/® < 102C/d® by choice of Cy in (P4) § 4.5. q.e.d.

From Lemma 12, we know that I can be subdivided into exactly An(I)
maximal intervals on which y — n4(x,y) is locally constant. Let us
assume without loss of generality that <I>;L (D < 0. In this case, more
precisely, for each 1 < j < m(I) — ny(I) there is a unique y; € [a,b]
such that @, (5y4;(z,y;) = t and moreover y; < y;j41 for all 1 < j <
n(I) — ny(I). Thus, setting yo := a and Yni(I)—n,(1)+1 ‘= b, for each
0 <j <m(I) —n(I) the interval [y;,y;41) is a maximal interval on
which n¢(z,y) is equal to n,(I) + j. (Notice that if (I);@t(l) > 0, the
continuity intervals have the form (y;,y;j4+1].)

Let Ny(I) := [\/An(I)], where [z] denotes the integer part of z.
Let us group the intervals (y;,y;+1) into Ni(I) + 1 groups, each of the
first N¢(I) made by exactly N;(I) consecutive intervals, the last by the
remaining ones, which are at most 2/Any(I). In this way we obtain a
subdivision of the interval I of the partition & (x,t) into intervals of the
form (yrn, (1) Ye+1)N(1)—1) for k= 0,..., Ny(I) — 2 or, in the case of
the last interval, of the form (yw,r)(n,(1)=1),b)-

Let &(x,t) be the partition obtained refining & (z,t) by repeating the
above subdivision for each interval I € ;(x,t). The elements J € £(z,t)
have the following properties, used in the following section (§ 4.8) to
prove the equidistribution estimate (20).
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Lemma 13 (Properties of fiber partitions). For each interval J =
{z}x (v, y") withz € X(t) and (y',y") € &(x,t), the following properties
hold.

(39) 'A?)Zi ()J) 1| <e, whereAny(J) =m,(J) —n,(J)+1;
L
O gy, 2 XU 2 0o =) )

- 3
(41) Leb,(J) = |y" — /| < min { e(y2—y1) € & }

2 2|<1>/| Y drd3 O
(42) '%—1' <eo, n=n,J),....Wm(])
Moreover, if for h > 0 and n,(J) <n <7 (J) we denote by
(43) Tn={y e ") t—h < Pu(r,y) <t}
we also have
(44) ABn(ILebs(T]) | 0,  n=n(J),.... ().
" —y)h

Proof. Let J = {x} x (¢,y") with (v/,y") € &(x,t) and let I =
{z} x (a,b) with (a,b) € & (x,t) be such that J C I. Without loss
of generality, let us assume that y — ny(z,y) is increasing on (y',y").
We will assume that J does not contain either of the endpoints of I.
The proof in the latter case requires minor adjustments to take care
of the intervals where n;(x,y) = n,(I) or m;(I), which we leave to the
reader. Let us remark that in the case considered, the values assumed
by n¢(z,y) on J, which by definition are Any(J), are by construction
exactly equal to Ny(I).

Since y — ny(x,y) is increasing, we have that ®,,, () is decreasing and
that n,(J) = ny(z,y’) and 7 (J) = ny(z,y") — 1, so that @, (5)(2,y') =
t = Og,()41(z,y"). Thus,

AP, (1)(J) = @y, (1y(2,Y) = Py (2,9")
(45) = (I)ﬁt(J)-i-l(‘T? y”) - (I)Qt(J) (x7 y”)
= & pp, () (2 (2, y")).

This shows that (39) follows from (4.5) in § 4.5, which can be applied
since Any(J) = Ny(I) > /Any(I) — 1 > Ny by Lemma 12 and by
the inequality w&%Co/di > Ny + 1, which holds by choice of Cj in
condition (P4) in § 4.5. For the same reason, condition (4.5) in § 4.5
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also holds and gives (40) by remarking that, by definition of x (see (P3),
§ 4.5),

/X —€ > /X(l —€0) > (22 — 1) (y2 — y1)(1 — )’
To estimate the size of J, let us remark that by mean value
AP, (py(J) =1y —y H(IJnt(J (z,9)|, for some g€ (y',y").

By (39) (since Any(J) = N¢(I) by construction and ¢y < 1/2), we have
A®, (5)(J) < 2Ni(I). Since moreover |<I>;Lt (z,9)] = 60AP,, (1) (I)/2d

by (35) and (33), we get |y — /| < ﬁ—g%. Frim Lemma 7 and
the definition of N¢(I), we have A®, (1) > Ny(I)?® — & — ®. Thus, since
using Lemma 12, & < 1, and the definition of Cy (see (P4) in § 4.5) we

have N;(I) > 50\\? 1> 502\\7 and Ny(I)?® > 4®, we get the estimate

Wy 4d Ny(I) o 8 _ 16dv/d

Y T So(N(1)2@ — 2®) T SoN(D)@ T 63V Co®
From here, one can check that by choice of Cp and € in (P2), (P3c)
in § 4.5, we have |y — /| < €3(y2 — y1)/7m max{|®’|, 1} and thus that
ly" — 3| satisfies (41).

To prove the estimate (42), let us remark that, using the definition of
stretch, the cocycle properties of ergodic sums, and then mean value, we
can write [A®, () (J) — AP, ()] <[P]_ ny( (x 9)| |y’ — o'| for some
g € (v',y"). Thus, since n — n,(J) < Ny(I), We get
Aty (1) = MBI _ N DTy |

AD,(J) - AD,(J) ’

which, using that Aé((}) < 2 by (39), is less than € by (41).

Let us finally prove (44). Remark that J" is an interval since ®,
is monotone by Lemma 11. Since by mean value theorem there ex-
ists m1,m2 € (y,9") such that h = |® (z,n)|Leb,(J") and A®,(J) =
|®! (z,m92)||y" — |, (44) follows if we prove that ‘ & (z ’mgi - 1‘ < €p. Let

@7, (=
us show that this holds by showing that

max |0 (z,y)|ly" —y'| < e min [P (2,y)].

y'<y<y" y'<y<y”
This follows from (41), since by (37) we have that
d2
Joax @7, (2, 9)] < 2 n,(2) (D)
and by (35) and (33) we have that
min (8, (.9)] > 0@, 0 (D).

q.e.d.
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4.8. Final equidistribution estimates. Let us use the properties in
Lemma 13 to show that, for each ¢t > tg, each J = {z} x (¢/,y") with
x € X(t) and (v,y") € &(x,t) verifies the equidistribution estimate (20)
in Lemma 6.

Let us first prove that, if Q = [x1,x2] X [y1,y2] X [0,h] is the cube
fixed at the beginning of § 4.5 and Leb, in the LHS denotes as before
the 1-dimensional Lebesgue on the fiber {z} x T, we have

e (J)

(46) Leby({z} x [y, 4”1 N f2,Q) > > x(f*(=,¢)) Leby (Jff),

n=n,(J)

where J" was defined in (43) and y is the smoothened characteristic
function of the base of @) defined in (P3), § 4.5. Let us remark that by
definition of J”, if y € J”, then ®,,(z,y) < t but ®,,,1(z,y) < tsince h <
®, so ng(x,y) = n and {x} x J" is contained in ny(x,y) = n. Thus, the
intervals J, n,(J) < n < @ (J), are all disjoint. Hence, to prove (46),
it is enough to show that if x (f™(x,y’)) > 0, then {z} x J* C {z} x
[y, y"]1N f2,Q.Ify € J", since as we remarked n4(x,y) = n, by definition
of special flow (7) we have fF ((z,9),0) = (fu(z,y),t — ®,(z,y)) with
0 <t—®,(z,y) < h by definition of J". If x(f*(z,%')) > 0, by definition
of x (see (P3) in § 4.5), f™(x,y') € [x1,x2] X [y1,y2 — L (y2 — y1)]. Since
lv" —y| < eo(y2 —y1)/2 by (41) and f™ preserves y-fibers and distances
between points in y-fibers, we also have f™(z,y) € [x1,x2] X [y1,¥2].
This shows that f({z} x J") C Q and concludes the proof of (46).

Let us now estimate the RHS of (46). For ¢ > tg, using (39, 42, 44)
and then (40), we get

e (J)
> x (£ y)) Leb, (J1)
n=n,(J)

_ n Ang(J) A, 5 (J) Ad,(J)Leby (J
) x (f™(x, ) A%ii)b) A h\y”—y’l( )h\y”—y’!

=2 Any(J)

1 (J)
> (1-— eo)5h|y" — (w2 — 1) (g2 —y1) = (1 — 60)5(1/” — 9 )u(Q).

This, together with (46), concludes the proof of (20) by choice of €
n (P2), § 4.5. Since the partitions {(x,t) are by construction a subdi-
vision of the partition &;(x,t), we already verified in Lemma 10 that
the partitions satisfy also the first assumption (19) of Lemma 6. Thus,
mixing of f® follows from Lemma 6, concluding the proof of Theorem 5.
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5. Cocycle effectiveness

In this section we prove Theorem 7. We begin by recalling basic re-
sults on the cohomological equation for the skew-shift essentially due to
A. Katok at the beginning of the 80’s (published in [20], §11.6.1).

Let us consider the cohomological equation for a linear skew-shift of
the form (8), that is, the linear difference equation
(47) uof—u=9o,
for a given function ® on T2. By the decomposition ® := ¢ + ¢+ of any
function ® € L2(T?) into a sum of a function ¢ € 7*L?*(T)+ = L*(T)
and a function ¢+ € 7* L2(T) (see definitions (9) and (10)), the equation
can be decomposed into the cohomological equation

uJ_ o Roc - uJ_ — ¢J_
for the rotation R, of the circle of angle o € R and the cohomological
equation (47) with a right hand side satisfying the property

(48) / O(z,y)dy =0, forallz € T.
T

The space L%(T?) further decomposes into orthogonal irreducible com-
ponents for the action of the skew-shift. Let A € GL(2,R) be the matrix

11
4= <0 1) |
Let {emn : (m,n) € Z*} be the standard Fourier basis of L?(T?), that
is,
emn(T,y) := exp[2mi(mz +ny)], for all (z,y) € T?.

Let O4 be the set of orbits of the action of the matrix A on Z2. For any
w € Oy, let H, C L?(T?) be the subspace defined as follows:

H, = @ Cemn -
(m,n)Ew

The following result is well known and easy to verify:

Lemma 14. The space L?(T?) admits an orthogonal splitting

L2(T2) = @ Hy;
weOp
all the components H,, are invariant under the skew-shift f : T?> — T2,
that s,
f*(H,)=H,, forallweOy.

The existence of solutions of the cohomological equation can therefore
be investigated in each irreducible component H,. We describe below
the space O4 and the irreducible components H,, w € O4 in more
detail.
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Let (m,n) € Z2. If n = 0, the A-orbit [(m,0)] C Z2 of (m,0) is
reduced to a single element. The space

Ho := D Him) = 7" L*(T)
meZ

is the space of functions which factor through a square-integrable func-
tion on the circle. For such functions the cohomological equation is re-
duced to the cohomological equation for circle rotations. We are espe-
cially interested in functions in the orthogonal complement of Hy, that
is, functions of zero average along the fibers of the projection 7 : T? — T
(see (48)).

If n # 0, then the A-orbit [(m,n)] C Z? of (m,n) can be described as
follows:

[(m,n)] ={(m +jn,n):j € ZL}.

It follows that every A-orbit can be labeled uniquely by a pair (m,n) €
Zyy) x Z\ {0}. Let H(y, ) denote the corresponding factor. Let us de-
note by C°°(H(,, ,)) the subspace of smooth functions in H,,,y. By
definition every function ® € C°°(Hy, ) has a Fourier expansion of
the form

¢ = E (I)jem-l-jn,n'
JEZ

For every s > 0, let WS(H(mm)) be the standard Sobolev space, that is,
the completion of C°°(H y, ) with respect to the norm:

1/2

@5 == | Y _(1+ (m+ jn)* + n?)*|
JEZL

Theorem 10. ([20], th. 11.25) There exists a unique distributional
obstruction to the existence of a smooth solution u € C°°(Hy, 5,)) of the
cohomological equation (47) with right hand side ® € C*°(Hy, ). Such

an obstruction is the invariant distribution D, ) € W=5(T?) for all
s > 1/2 defined as follows:

e—27ri[(oem+5n)j+om(g)} if (CL, b) _ (m —i—jn,n) :

0 otherwise.

D(m,n) (emb) = {

The solution of the cohomological equation for any ® € C°(Hpp))
such that Dy, ) (®) = 0 is given by the following formula. If ® =
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Z]EZ Qiemtjnn, the solution u = ZjeZ Ujemtjnn 15:
27rz[(am+ﬁn)j+an(2)] Z (I)ke—27rz[(am+ﬁn)k+an(2)]

uj:—e

k=—o00

(49)
2ril(amt-Bn)j+an(} Z q)ke—2m[(am+ﬁn)k+an( )
k—j+1
If ® € W3(H () for any s > 1 and Dy, 5,)(®) = 0, then the above

solution u € Wt(H(m,n)) for allt < s —1 and there exists a constant
Csi > 0 such that

[ulle < Cse [1®lls -

The results below establish the quantitative behavior of ergodic av-
erages for smooth functions under the skew-shift.

Lemma 15. Let (m,n) € Zj, x Z\{0} and let s > 1/2. There exists
a constant Cs > 0 such that, for any ® € W*(Hy, ),

Zq)ofk

-1
D < liminf ——
C3 D) (P)] &”li%o

Z(I)ofk

Proof. Let us write the Fourier expansion of a function ® € Hy,, ,,)
and directly compute the ergodic sums. We obtain the formula

Z(I)ofk

from which the result follows. Let us first prove the lower bound, which
is the relevant one for our paper. Since ® € W?*(Hy, ), by Holder
inequality, for all M € N\ {0},

< limsup ——=

< Cy| Dy (®)] .
fimsup <75 < Cs| D,y (D)

L2(T?)

2

_ Z EZ: (I)je—27ri[(am+ﬁn)j+an(g)]

L2(T?2) LeZ |j=f—N+1

(51) Z (I)je—27ri[(am+ﬁn)j+an(é)] < Kqu)HsM_(S_l/z).
l71>M

It follows that there exists a constant K. > 0 such that
2

N/2 ¢ _
L Z Z (I)je—27ri[(am+ﬁn)j+an(%)]
(52) é N/4 [j=t—N+1

D D)|2
> | (m,n)( )|

> I KRN
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which implies the lower bound on the lower limit claimed in the state-
ment.

As for the upper bound, it can be proved as follows. For any n € (0, 1),
the following bound can be derived from the estimate in formula (51):

N—-N7" l 2

1 ; ; j
- Z Z (I)je—27rz[(am+ﬁn)j+an(2)]
(53) N SR =i

< 2Dy (®)2 + KL B2N21),
By applying again formula (51), we can derive the following bounds:

2
é .
% Z Z (I)je—27ri[(am+5n)j+an(%)] < KQH@HEN_?"(S—%);
(>N+N" | j=(—N+1
2

Z .
v 2| X agermemtmiten(l < o),
(<—N7 |j=0—N+1

Finally, the following estimates hold:

N+NT ¢ 2

Z (I)je—27ri[(o¢m+ﬁn)j+om(g)} < 2KgH‘I>|’§N_(1_77) :

2

l ;
¥ S agerzmillmimizanG)ll < oo 2N
{=—N7 |j=(—N+1

The upper bound on the upper limit claimed in the statement follows
immediately by combining the former two estimates. q.e.d.

The uniform norm of the ergodic averages of sufficiently smooth func-
tions can be controlled sharply along a subsequence of times. This result
can be derived from classical (sharp) number theory results on Weyl
sums of quadratic polynomials (see [9] and references therein or [30]) or
from the results of [11] on the quantitative equidistribution of Heisen-
berg nilflows.

Theorem 11. Let a € R\ Q be any irrational number and let s > 3.
There exist a constant Mg > 0 and a (positively) diverging sequence
{N¢}een (depending on o) such that, for all ® € W*(T?) N Hy- and for
all (z,y) € T?,

1 Ny—1
l k=0
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Proof. Since the special flow with a constant roof function r > 0 of a
uniquely ergodic linear skew-shift is smoothly equivalent to a uniquely
ergodic Heisenberg nilflow, it is sufficient to prove the result for Heisen-
berg nilflow. In fact, let {f/} denote the special flow over f with roof
function r > 0. Let x € C§°(0,7) be a compactly supported function of
integral equal to 1 on R. For any function ® € T2, let <i>X :T?x[0,r] = R
be the smooth function defined as follows:

O, (z,y,2) = ®(x,y)x(2), forall (z,y) € T2 2€[0,r].
Since T? x [0,7] is a fundamental domain for the quotient T? x R/ ~,,
the function (i)x’ which vanishes at the boundary with all its derivatives,
projects to a well-defined function ®, on M =~ T? x R/ ~,. The func-
tion ®, € W¥(M) N 7*L2(T?)~* if and only if ® € W*¥(T?) N Hy. By
construction, since the function x € C§°(0,r) has integral equal to 1 on
(0,7), for all N € N and for all (z,y) € T2, we have

N-1 N
(55) S o fa,y) = /0 Dy o f7 (2, 0)dt.

k=0
Thus the statement of the theorem can be derived from the following
claim. For every s > 3 and for every uniquely ergodic Heisenberg nilflow
{#}V} on M = I'\N, there exist a constant Cs; > 0 and a (positively)
diverging sequence {7} C R such that, for all W € W*(M)N7*L2(T?)+
and for all x € M,

I
(56) | [ vedl @ < ...
T, 0

The above claim follows from lemma 5.5 and lemma 5.8 in [11]. Let
W = (1,a) € R? be the projection of the generator W € n onto
the abelianized Lie algebra n/[n,n] ~ R2. For any compact set K C
PSL(2,Z)\PSL(2,R), there exists a constant Cs := Cs(K) such that
the bound (56) holds under the condition that logT; € RY is a return
time to K of the trajectory of the point

1l «o
0 O

under the geodesic flow on PSL(2,Z)\PSL(2,R) (a space isomorphic to
the unit tangent bundle of the modular surface). Thus the above claim
follows from the recurrence to a compact subset of all irrational points of
the homogeneous space PSL(2,Z)\PSL(2,R) under the geodesic flow.

Let {T;} C R be any diverging sequence such that the bound (56)
holds. By the identity (55), the bound (54) holds for the diverging se-
quence {[Ty]} C N. The proof of the theorem is completed. q.e.d.

PSL(2,Z) ( > € PSL(2,Z)\PSL(2,R)

REMARK 12. The theory on the existence of smooth solutions of the
cohomological equation outlined above generalizes to skew-shifts in any
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dimensions (in fact, to nilflows on any nilpotent manifold [12]). However,
as far as we know, Theorem 11 is not established for higher dimensional
skew-shifts, not even for typical rotation numbers. Bounds on ergodic
averages of higher dimensional skew-shifts are closely related to bounds
on Weyl sums for polynomials of degree greater than 2.

We conclude by proving Theorem 7, which states that any sufficiently
smooth function ® € HOL is a smooth coboundary for a uniquely ergodic
(irrational) skew-shift if and only if it is a measurable coboundary.

Proof of Theorem 7. Consider the sequence ergodic sums of the func-
tion ® € W*(T?) N Hy along the sequence {N;};en constructed in The-
orem 11, that is,

N-1
Su(r,y) =3 Bo fHay),  where N € {Nihen.
k=0

For any ¢ € N let S¢ C T2 be the set defined as follows:

(57) SEi={(z,y) € T2 : [®p, (z,y)| > eN,*}.

Theorem 11 implies by an elementary estimate that for any ¢ € N
19N, 17272y < MZ[|®[|ZLeba (S Ne + > Ne(1 — Leba(S)) -

It follows that, if the function ® does not belong to the kernel of all

invariant distributions, by Lemma 15 there exists a constant ce > 0
such that

co Ny < MZ||®|[?Leby(SE)N; + €2(1 — Leby(SL)) Ny
hence
(co — €*) < (M| @] — €*)Leba(S).
Thus, there exist € > 0 and n(e) > 0 such that
(58) Leby(SY) > 7., forall €N,

We conclude the argument by proving that if the lower bound (58) holds,
the function ® is not a measurable coboundary. In fact, let us assume it
is and derive a contradiction. Let u be a measurable transfer function on
T?2. Since u is almost everywhere finite, there exists a constant M, > 0
such that

Lebo{(z,y) € T : [u(z,y)| < M/2} > 1 —n(e) /4.
Thus, by the identity ®n(z,y) = uo fN(z,y) — u(z,y), it follows that
for any ¢ € Ny, we have
(59) Lebo{(x,y) € T?: |@n,(2,y)| < M} >1—1n(e)/2.
However, by definition (57), the set Sy(e) and the set {(z,y) € T? :
|® N, (z,y)| < M.} are disjoint for all Ny > e 2M2, hence

1+1(e)/2 < Leba(Se(e)) + Leba{(z,y) € T? : [, (2, y)| < M} < 1,
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which is the desired contradiction. g.e.d.

Let us show that the class M of mixing roof functions in Defini-
tion 2 contains the complement of a countable codimension subspace
of a dense subspace of the space of smooth functions which can be de-
scribed explicitly.

Corollary 2. The class My contains the set

(60) $ﬁ§\ <ﬂn€Z\ﬂH fbnezm‘kerl)ﬁnﬂo> F]kerl)«Lm,

where 77{2 denotes the space of all real-valued positive functions on T?
which are trigonometric polynomials in both variables, and Dy, ) are
the invariant distributions for the linear skew-shift described in Theo-
rem 10.

Proof. Let ® be in the set (60) and let us show that ® € M. Since
NS 73{2 is real-valued, positive, and is a trigonometric polynomial in all
variables, the inclusion P, C R holds trivially (see Definition 1 of R).
Thus, by Definition 2 of M, to show that ® € My, it is enough to show
that ® is not a measurable coboundary. By Theorem 7 and Theorem 10,
® is a measurable coboundary if and only if it belongs to the kernel of
all invariant distributions in Theorem 10. Since by definition the set
(60) is not contained in the intersection of the kernels of all invariant
distributions, ® € R. q.e.d.

Let us now prove that the roofs functions of the examples at the end
of § 2.4 belong to the class R. We will prove only that roofs in (E3) are
in R, since one can check that (E1) is a special case of (E3) and (E2)
differs by a function in (E3) by a coboundary. Let ® be as in (E3). By
Corollary 2, it is enough to find a distribution D, ) as in Theorem 10
which is not zero. One can check that the roof function ® belongs to
the subspace H|( 1)+ H[,—1)] and, by Theorem 10 and by assumption,

D(o,1) Zaje27ri(jx+y) :Zaje—%i(ﬁjm(g))#u

JEL JEL
6. Non-triviality, weak mixing and mixing equivalences

In this section we give the proofs of the equivalences in Theorem 3
and Theorem 4. We first recall for the convenience of the reader the
following well-known elementary result about special flows that relates
non-triviality of time-changes and weak mixing (see for instance [20],
§9.3.4).
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Lemma 16 (Non-triviality and weak mixing). Let f be a measure
preserving transformation on a probability space (3,v). For any mea-
surable almost coboundary ® : ¥ — RY, the special flow f® over f with
roof function ® is measurably trivial; hence it is not weak mixing.

Proof. Since ® is an almost coboundary, there exist a constant Cp > 0
and a measurable function u : X — R such that

(61) ®—Cp=uof—u.
Let I: X xR — X x R be the map
I(z,y) = (z,y +u(x)), forall (z,y) e X xR.

One can easily check that the map I is a measurable isomorphism of
X X R which conjugates the vertical flow to itself. Since the phase space
of the special flow under ® is defined as the quotient X/ ~¢ with respect
to the equivalence relation (x, ®(x) +y) ~o (f(x),y), forall z € X,y €
R, it is sufficient to prove that the map I has a well-defined projection
on the quotient spaces X/ ~¢ and X/ ~¢, . Since u is a solution of the
cohomological equation (61), the following identities hold:

Iz, ®(x) +y) = (2, 2(2) +u(x) +y) =
= (2, Co +uo f(z) +y) ~oy (f(x),uo f(2)+y)
= I(f(x),),

hence the map I : X x R — X x R passes to the quotient as claimed. It
is well known and immediate to verify that no special flow with constant
roof function is weak mixing. q.e.d.

Proof of Theorem 4. Let T; and My = R\ Ty be as in Definitions 1 and
2. As a consequence of the cocycle effectiveness (Theorem 7), T; is in
fact the intersection of the dense space R with the kernel of countable
many linear functionals, as stated in Theorem 4 (see Corollary 2). Let
us prove the equivalences of 1) —4). The implication 1) = 4) is exactly
the content of Theorem 5. The implication 4) = 3) is obvious. If ® is
smoothly trivial, and hence in particular measurably trivial, f® is not
weak mixing (see Lemma 16). Thus, taking counterpositives, 3) = 2).
We are left to prove 2) = 1). Let us again prove the counterpositive
implication and, since ® € R by the assumptions in Theorem 4, if 1)
does not hold, we know that ® € R\ M. This means, by Definition 2
of My, that the projection ¢ defined in (9) is a measurable coboundary
for f. Since clearly R C W*(T?), s > 3, by Theorem 7 we then know
that ¢ belongs to the kernel of all f-invariant distributions and it is a
smooth almost coboundary. It is easy to check solving the cohomological
equation in Fourier coefficients that any trigonometric polynomial on T
is a smooth almost coboundary for any irrational circle rotation. Thus,
® = ¢+ ¢ is a smooth almost coboundary for the skew-shift and f is



MIXING FOR TIME-CHANGES OF HEISENBERG NILFLOWS 407

smoothly trivial, or equivalently, 2) does not hold. This concludes the
proof of the equivalences. g.e.d.

Proof of Theorem 3. We will deduce Theorem 3 from Theorem 4. As
summarized in § 2.2, any uniquely ergodic Heisenberg nilflow ¢" has a
global transverse smooth transverse surface ¥ ~ T% = R?/(Z x Z/E)
and the Poincaré map Py : ']I‘2E — ']I‘2E is a uniquely ergodic skew-shift
(over a circle rotation). Let T? = R?/Z2. It follows from Lemma 1 that
there exist « € R\ Q and 5 € R such that the linear skew-shift over
a circle rotation, defined in (8), is a covering map of finite order E €
N\ {0} of the Poincaré map, in the sense that the canonical projection
7g : T? — T% yields a semi-conjugacy between the skew-shift f on T?
and the Poincaré map Py on ']I%. It is sufficient to prove the theorem
in the particular case F = 1, when the Poincaré map is isomorphic to a
uniquely ergodic standard skew-shift of the form (8). In fact, all other
cases can be treated similarly or reduced to this one by considering the
appropriate covering map on T2.

Let us say that a positive function « belongs to the class A (respec-
tively to the class My,) iff the return time function ® given by Lemma 2
where ® = 1 belongs to R (respectively to My). The proof of Theo-
rem 3 now reduces simply in a rephrasing 1) — 4) in Theorem 3 using
the dictionary between time-changes of flows and special flows recalled
in § 2.4 and checking that they correspond to 1) — 4) in Theorem 4.
q.e.d.
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