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Abstract Arnold and Kochergin mixing conservative flows on surfaces stand
as the main and almost only natural class of mixing transformations for which
higher order mixing has not been established, nor disproved. Under suitable
arithmetic conditions on their unique rotation vector, of full Lebesgue measure
in the first case and of full Hausdorff dimension in the second, we show that
these flows are mixing of any order. For this, we show that they display a
generalization of the so called Ratner property on slow divergence of nearby
orbits, that implies strong restrictions on their joinings, which in turn yields
higher order mixing. This is the first case in which the Ratner property is used
to prove multiple mixing outside its original context of horocycle flows and
we expect our approach will have further applications.

Contents

1 Introduction . . . . . . . . . .
2 The SWR-property . . . . . . . . i e e
3 SWR-property for special flows . . . . . ... oo 00000000 ool

B. Fayad’s research was supported by grant ANR-11-BS01-0004.
A. Kanigowski’s research was supported by Narodowe Centrum Nauki grant
DEC-2011/03/B/ST1/00407.

B Adam Kanigowski
adkanigowski @ gmail.com

L Institut de Mathématiques de Jussieu-Paris Rive Gauche, Paris, France

2 TInstitute of Mathematics, Polish Academy of Sciences, 00-956 Warsaw, Poland

Published online: 16 April 2015 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00222-015-0596-6&domain=pdf

B. Fayad, A. Kanigowski

4 SWR-property for smooth special flows with singularities . . . . . ... ... ... ...
Appendix A: Absence of weak Ratner’s property . . . . . . ... ...
Appendix B: Proof of Proposition 1.7 . . . . . . . . ...
References . . . . . . . . . . .

1 Introduction

A major open problem in ergodic theory is Rokhlin’s question on whether mix-
ing implies mixing of all orders, also called multiple mixing [26]. In most of the
known examples of mixing dynamical systems, multiple mixing is now known
to hold. Moreover, a positive answer to Rokhlin’s question is actually known to
generally hold within various classes of mixing dynamical systems. The most
noteworthy are K-systems where multiple mixing always holds [4], horocy-
cle flows [23], mixing systems with singular spectrum that display multiple
mixing by a celebrated theorem of Host [13], and finite rank systems since
Kalikow showed that rank one and mixing implies multiple mixing [14], a
result that was extended to finite rank mixing systems by Ryzhikov [30].

In the second half of the last century, it was discovered that mixing is
possible for a class of smooth area preserving flows on surfaces called multi-
valued Hamiltonians since they are locally given by Hamilton’s equations. The
Hamiltonian H in question is associated to a closed differential 1-form o =
dH, the form w being globally defined—but of course this is not necessarily
the case for H. The possibility of mixing for these flows was studied in two
different cases: first, by Kochergin who obtained mixing when w has higher
order zeros and thus the flow has degenerate saddles [17], and then by Arnold
[1] who suggested that mixing is possible on a minimal component even in the
case where w is Morse but the saddles on the minimal component appear in
asymmetric configurations, for example because of a saddle loop. That mixing
was indeed possible in the latter context was proved in a particular case by
Khanin and Sinai [32]. Absence of mixing in the case of Morse forms was
obtained by Kochergin in some particular cases [18] (see also [22]), and later
generalized to a typical one form by Ulcigrai [35].

Considering a 1-dimensional section of a multi-valued Hamiltonian flow
allows to view the dynamics on its minimal components as special flows above
interval exchange transformations (IET), which in particular situations can be
circular rotations. The case of non-degenerate saddles corresponds to ceiling
functions with logarithmic singularities, while the case of degenerate saddle
points corresponds to ceiling functions with stronger singularities such as
integrable power like singularities. In the case of power singularities [17]
proved mixing above any ergodic IET, while [32] established mixing in the
case of a single asymmetric logarithmic singularity above a circular rotation
with a typical frequency.
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The study of the mixing properties of surface flows has known a revival of
interest since the beginning of the 2000s, with results such as the computation
of the speed of mixing [6] or extensions of the Khanin-Sinai mixing result to
include all irrational translation vectors [19,20] (see also [21]), or advances in
the study of multi-valued Hamiltonian flows on surfaces in the general case
where the Poincaré section return map is an IET and not just a circular rotation
[3,35-37].

Mixing surface flows stand today as the main and almost only natural class
of mixing transformations for which higher order mixing has not been estab-
lished, nor disproved. Our aim here is to prove mixing of all orders for a
subclass of these systems given by special flows above circular rotations, with
ceiling functions having asymmetric logarithmic singularities or integrable
power like singularities. For convenience, we will speak of Arnold flows in
the first case, and Kochergin flows in the second. Our results will depend on
the arithmetics of the frequency « of the rotation on the base, that determines
the slope of the unique rotation vector of the corresponding surface flow.

Loosely speaking our main result is as follows (it will be made precise at
the end of this introduction, see Corollaries 1.6 and 1.9).

Theorem Arnold flows are mixing of all orders for a set of @ € (0, 1) of full
Lebesgue measure and Kochergin flows are mixing of all orders for a set of
o € (0,1) of full Hausdorff dimension. This is true in the case of a single
singularity and the same result holds if there are many singularities, under a
non resonance condition (of full Hasudorff dimension) between the positions
of the singularities and the base frequency «.

Similar mixing mechanisms due to orbit shear as in Kochergin and Arnold
flows were observed relatively recently such as in [2,3,7,35] and it should be
possible to apply the techniques of the current paper to the study of higher
order mixing for such parabolic systems.

To explain our approach we need first to make a detour by Ratner’s study
of horocycle flows. In the 1980s, Ratner developed a rich machinery to study
horocycle flows [27-29] and, in particular, singled out a special way of con-
trolled slow divergence of orbits of nearby points which resulted in the notion
of H,-property, later called R-property by Thouvenot [33]. This property, to
which we will come back with more detail in the sequel, has important dynam-
ical consequences, mainly expressed by a restriction on the possible joining
measures of a system having the R-property with other systems, and in partic-
ular with itself.

A joining between two dynamical systems (7', X, %, ) and (S, Y, €, v),
(X, #, n) and (Y, €, v) being standard Borel probability spaces, is a measure
pon X x Y invariant by 7 x S whose marginals on X and Y are i and v. The
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definition for flows is similar. An important notion in Ratner’s theory is that
of finite extension joinings (FEJ).

Definition 1.1 An ergodic flow (7});cr is said to have FEJ-property, an
acronym for finite extension joining, if for every ergodic flow (S;);cr act-
ing on (Y, %, v) and every ergodic joining p of (T;);cr and (S;);cr different
from the product measure u x v, p yields a flow which is a finite extension of
(Sz)teR'

It was shown in [31] that a mixing flow with FEJ-property is mixing of
all orders. Moreover, it was proved in [27] that a flow with R-property has
the FEJ-property. It follows that mixing flows with the R-property are mixing
of all orders. Since the R-property for horocycle flows stemmed from poly-
nomial shear along the orbits, and since Kochergin flows displayed a similar
polynomial shear along the orbits, the idea that special flows over rotations
may enjoy the R-property, and thus be multiple mixing, was then suggested
by J-P. Thouvenot in the 1990s (see p. 2 in [9]).

However, whether natural classes of special flows (not necessarily mixing)
over irrational rotations may have the R-property remained open until Fraczek
and Lemanczyk [9,10] showed that a generalized R-property holds in some
classes of special flows with roof functions of bounded variation (which, by
[16], are not mixing). More precisely, they have introduced a weaker notion
than the R-property, called weak Ratner or WR-property that however still
implies the FEJ-property (see Definition 2.1 and the comment after it) .

Unfortunately, in the mixing examples of special flows under piecewise
convex functions with singularities such as Arnold and Kochergin flows, the
shear may occur very abruptly as orbits approach the singularity and this may
prevent them from having the weak Ratner property. Indeed, we believe that
these flows do not have the WR-property (it was observed by the first author
that Arnold and Kochergin flows do not have a natural strong Ratner property
as described in the next paragraph). This is corroborated by the following result
that shows that Kochergin flows, in the context of bounded type frequency in
the base (that is a priori favorable to controlling the shear), do not have the
WR-property.

Theorem 1 Leta € R beirrational of bounded type and f (x) = xV+r, —1 <
y < 0,7 > 0. Then the special flow (Toi’ f)zeR defined above the circle rotation
Ry, and under the ceiling function f does not have the WR-property.

Here the circle is T = R/Z. We recall that an irrational « is said to be of
bounded type or & € DC(0), if the partial quotients in the continued fraction
of « are bounded, i.e. if « = [ag; a1, a>, ...] and there exists K > 0 such
that a; < K for all i > 1. We refer to Sect. 3 for the exact definition of
special flows. Theorem 1 has another consequence. It is known that every
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horocycle flow (h;);cr is loosely Bernoulli [29]; therefore, for every irrational
«, there exists a positive functionin f € L (T) such that (4;),cr is measurably
isomorphic to the special flow (T(;’ f),eR [25]. It follows from [16] and the fact
that (h;);er is mixing that f is of unbounded variation. Moreover, by [24], f
can be made C! except for one point. Since the R-property implies the WR-
property and the R-property is an isomorphism invariant, no special flow as in
Theorem 1 is isomorphic to a horocycle flow. Actually, this line of thought can
be extended to show that horocycle flows are never isomorphic to special flows
above an irrational rotation and under a roof function that is convex and C>
except at one point. For the latter result, one needs to introduce the concept of
strong Ratner property, which is also an isomorphism invariant, that specifies
the occurrence of slow divergence of nearby orbits to the first time when the
orbits do split apart. This is the natural property that Ratner actually obtains
for horocycle flows, and it is relatively easy to show that the Kochergin flows
do not have it. What is more complicated in the proof of the absence of the
general R-property for special flows, is to make sure that the slow divergence
does not occur much later in the future after the nearby points have split and
then came back together (see the proof of Theorem 1).

To bypass Theorem 1 and still use controlled divergence of orbits to show
multiple mixing, our approach will be to further weaken the WR-property.
Namely, we introduce the SWR-property, which stands for switchable weak
Ratner property, that assumes that a pair of nearby points displays the WR-
Property either under forward iteration in time or under backward iteration,
and this depending on the pair of points. We show that the SWR-property is
sufficient to guarantee the same FEJ consequences as the Ratner or the weak
Ratner property. Consequently, a mixing flow enjoying the SWR-property is
mixing of all orders.

The main idea in showing that Arnold and Kocergin special flows may have
the SWR-Property is the following. For these flows, the main contribution to the
shear between orbits is due to the visits of the flow lines to the neighborhood
of the singularities. With the representation of these flows as special flows
above irrational rotations, the shear is translated into the divergence between
the Birkhoff sums of the roof functions for nearby points, and this divergence
is mainly due to the visits under the base rotation to the neighborhoods of the
points where the roof function has its singularities. If the base rotation angle
« is of bounded type two nearby points will accumulate sufficient stretch
while staying sufficiently far from the singularity either when they are iterated
forward or when they are iterated backward. In the case of ceiling functions
with only logarithmic singularities we are also able to exploit the progressive
contribution to the shear of these visits to the singularities to obtain multiple
mixing for a full measure set of numbers «.
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We now introduce some notations related to the ceiling functions that will
be considered and their singularities, after which we will be able to state our
exact results on the SWR-property and multiple mixing.

Definition 1.2 Let & be a positive function 4 € C*(T \ {0}), decreasing
on (0, 1),lim,_ o+ h(x) = +o0, k" increasing on (0, 1). Let f € CX(T \

{ai, ..., ar}) for some numbers ay, ..., a; € T. We say that f has singulari-
ties of type h at {ay, ..., a} if
/ /
& =A;, and lim /f& = —-B;, (D)
x%ai h(x —a;) x—a; h'(a; — x)
for some numbers A;, B; > 0,i =1, ...,k.

Notice that in this definition 2 may only reflect a domination on the singu-
larities of f since the coefficients A;, B; may be equal to zero at some or at
all i’s.

Definition 1.2 will allow us to state our results with some flexibility on
the singularities but the reader should keep in mind that the results will target
functions that are essentially of the form A In(a—x) or A(a—x)?,y € (—1, 0),
when x is in a left neighborhood of a singularity a and similar form on the
right side of a singularity. In the case of Arnold flows all the singularities will
be assumed to be essentially of logarithmic type (see more general definition
in Sect. 1.1) while in the case of Kochergin flows we will be dealing with
functions having at least one power like singularity while the other singularities
are supposed to be of equal or weaker type (see Sect. 1.2).

Furthermore, our results can deal with functions having several singularities
but require a non resonance condition between these singularities and the
rotation frequency « in the base of the special flow, that we now state.

Our standing assumption is that « € R\ Q. We then let (¢, ) be the sequence
of denominators of the best rational approximations of «. Namely (gy) is the
unique increasing sequence such that go = 1 and ||g;| < |lka| for any
k < gs+1,k # qs. We recall (see e.g. [15]) that

< llgsell < 2)

2q5+1 qs+1

Definition 1.3 [Badly approximable singularities] Given « € R\ Q, we will
say that {ay, ..., ar} are badly approximable by « if there exists C > 1
such that for every x € T and every s € N, there exists at most one iy €
{0, ..., gs — 1} such that

x +io € | ! +a;,a; + ! (3)
0 ‘ 2Cqs irdj 2Cq, .
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Remark 1.4 Itwasshownin[11,Lemma3]thatifa; —a; € (Q+Qu)\(Z+Za)
whenever i # j then {ay, ..., ax} are badly approximable by «.

Note that if there is only one singularity, that is k = 1, then by (2) it is
always badly approximable by «. The following shows that for k > 2 the set
of singularities that are badly approximable by « is a thick set in [0, 1]*.

Lemma 1.5 [34] Let « € R\ Q. For any k € N, the set E C [0, 11¥ of
k — tuples(ay, ..., ag) that are badly approximable by « is a product of sets
of full Hausdorff dimension in [0, 1].

Proof Define
1
B(a) = {beR:EIC >0,Vk e Z\O: |k = b|| = m}

Thenif (ay, ..., ar) aresuchthata; —a; € B(a) foranyi, j € {1,...,k},i #
j,then (ay, ..., ay) are badly approximable by «.

But it was proven in [34] (see also [5]) that the set B(«) is a winning set
in the sense of Schmidt (see [5,34] and references therein). A winning set is
of full Hausdorff dimension. Moreover, for a winning set B € R we have that

for any xi, ..., x, the set 0?21 (xs + B) is winning. So, if ay, . . ., a; are such
thata; —a; € B(a) forany i, j € {1,...,1},i # j, thenthe setofa € [0, 1]
such thata € ﬂizl (as + B(w)) is winning which means that ay, ..., a7, aj+1

are badly approximable by « for a winning set of a;+1. The statement of the
Lemma follows then by induction and because a single a; is always badly
approximable by «. O

1.1 Logarithmic like singularities

In the case of logarithmic like singularities, the following theorem holds.

Theorem 2 Leta € R\Qand f € C*(T\{az, . .., ax}) with the singularities
{ai, ..., ar} of type h and badly approximable by «, with some associated
constant C > 1. Assume that Zf: LA # Zle B; and that there exists a
constant mg > 0 and a sequence (x5) such that for every s € N, we have

Xy < L and
qs

R (%) . 1
qsh(‘%) =0, limy_ xs‘]sh(qu) = 400,

2. Zig{Ku qix; < +oo, where Ky, :={s € N : gy41 < %}

3. hiz)/h(zg=) > mo.

1. limsﬁ+oo

Then the special flow (Toi’ f)tE]R has the SWR-property.
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What is x; in Theorem 2?7 When we will compute the shear in the Birkhoff
sums of the ceiling function f, we will naturally be able to control only those
points that do not go too close to the singularities under the iteration by R,
on the base. Then, a controllable point will be a point that stays at distance x;
from the singularities during O(g,+1) iterates in the future or in the past. We
choose x; so that the contribution to the shear of a single visit to a singularity
is negligible with respect to the accumulated shear (this, either in the future or
in the past). To fix ideas, suppose the singularities are reduced to just one one-
sided singularity at the origin and observe that if f at the origin is exactly log

then the choice x; = 1/¢g; 10g8 qs would satisfy 1. Then if g1 < gs log8 gs
we see that for any x € T either up to g4 1/2 in the future or up to —¢gs+1/2 in
the past the orbit of x by R, does not enter the x; neighborhood of the origin,
and this will show that the progressive accumulation in the Birkohff sums of
the derivative of the ceiling function above the orbit of x in the region of time
between O(g;) and O(g,+1) in the future or O (—¢;+1) and O (—g;) in the past
dominates the value of the derivative at the closest entry to the neighborhood
of the origin (this is the aim of condition 1). The latter is the crucial fact that we
need to show SWR. In the opposite case where for example g,+1 > g5 log g
we have to discard the points that enter the x; neighborhood of the origin
between time —g; and g; and then show that the remaining points stay away
from the x; neighborhood of the origin for O (g, 1) iterations (either in the
past or in the future) and conclude as before. This is where 2. is necessary to
show that the measure of the discarded points is arbitrarily small.

We refer to the beginning of Sect. 4.1 for an outline of the proof of Theorem
2 in which the different roles of conditions 1., 2. and 3. are all explained in
detail.

We now restate Theorem 2 in the particular case of exactly logarithmic
singularities, thatis when 2(x) = — log(x), forx € [0, 1). To be able to choose
x5 such that 1., 2. and 3. are satisfied we need some arithmetic restrictions on
o, that we now introduce.

Fora e R\ Q,let Ky :=={n e N : g,+1 < qn 10g%(qn)}. We then define
in view of 1. and 2. of Theorem 2

1
E=3aeT\Q : Z — < 400
i¢K, 1088 i

Indeed, for o € &, 1. and 2. are satisfied with x; := +, fors > 1.
qs log8 g
Recall first that a number o € R\ Q is said to be Diophantine if there exists

7 > 0 such that for any p, ¢ € Z x N* we have that |a — 2| > g}ff) for some
C () > 0. We call D the set of Diophantine numbers.
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To have 3., it suffices to assume that « is Diophantine since an equivalent
definition of @ € R\ Q being Diophantine is that its sequence of denominators
qn satisfies Vyen, gni1 < raql™T (see (2)).

Hence we have the following

Corollary 1.6 Consider h(x) = —log(x). Let « € DNE. Let f €
CX(T \ {ai, ..., ax}) with the singularities {ay, . .., ar} of type h and badly
approximable by a. Assume that Zf: LA # Zle B;. Then (Tof’ pier has
the SWR-Property.

1

Proof We take for x; the sequence — and easily check the hypothesis
gs log8 gy
of Theorem 2. Therefore (7,, ,);er has the SWR-property. i

Corollary 1.6 covers a set of full Lebesgue measure of rotation angles «.
Indeed, it is known that the set of Diophantine numbers D has full Lebesgue
measure, and we will prove in Appendix B the following result. Denote by A
the Haar measure on T.

Proposition 1.7 It holds that M(E) = 1.

We now recall the following results on mixing of special flows with ceiling
functions having logarithmic singularities.

Theorem 3 Let f be as in Corollary 1.6. Then
(a) ([18]) Ifzj Aj = Zj Bj then (Toi,f)IER is not mixing forany a € R—Q.
(b) ([19,20,32)) If Zj Aj # Zj B; then (Toi,f)teR is mixing for almost
everya € R—Q.
(c) ([19,20)) If Aj — Bj # 0 have the same sign for all j then (Toi,f)teR is
mixing for eacha € R — Q.
In Theorem 5 below, we show that the SWR property for ( Toi’ f) reRr implies
the FEJ-property. As an immediate consequence of this and of Theorem 3,

Corollary 1.6 and the fact that mixing flows with the FEJ-property are multiple
mixing [31] we get the following.

Corollary 1.8 Consider h(x) = —log(x). Fora € (0, 1), assume f € CZ(']I'\
{ai, ..., ar}) has singularities {ay, ..., ar} of type h and badly approximable
by a. If Aj — Bj # 0 have the same sign for all j, then (Toi,f)IER is multiple

mixing for eacha € END.If 3 ; A; # >.; Bj then (Toi,f)IER is multiple
mixing for almost every o € €N D. ‘

1.2 Power like singularities
Now, we will deal with power like singularities. We suppose f € C*(T \

{ai, ..., ax}) with singularities {ay, ..., ar} of type h. We assume that there
existsi € {1,..., k} such that A7 + B? > 0in (1).
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Theorem 4 Let o be irrational with bounded partial quotients, that is, a €
DC(0). Assume that {ay, ..., ax} are badly approximable by a with some
constant C > 1. Assume that there exist constants Dy, D> > 0 such that for
everys € N

()
D, > —Clq > D

Then (Tof,f)IER has the SWR-property.

> D. (4)

The most interesting case — when £ has power singularities — is discussed
in the corollary below.

Corollary 1.9 Let o € DC(0). Let f € C*(T \ {ay,...,ar}) with all the
singularities {ay, . .., ax} of power-like type xVi from the left and x% from the
right, —1 < y;, 8; < 0. Then, ifthe points{ay, ..., ar} are badly approximable
by «, we have that (Toi,f)’ER has the SWR-Property and is mixing of all orders.

Proof of Corollary 1.9 1t is easy to check that (4) in Theorem 4 is satisfied.
This gives the SWR-Property . Mixing of (T Oi f),eR was established in [17].
Multiple mixing then follows from Theorem 5 and the FEJ-property. O

Remark 1.10 A stronger version of Theorem 4 actually holds : if « € DC(0)
and f € CX(T \{ai, ..., ar}) with all the singularities {ay, . .., ar} of at most
power-like type (x? from the left and x% from the right, —1 < y;,8; < 0)
and if y = min;g;<k{y;, i}, then it is sufficient to have the singularities of
maximal type badly approximable with « to guarantee the SWR property,
namely if the points in £ = {a; : min{y;, §;} =y} C {ay, ..., ar} are badly
approximable by «, then (Toi’ f)telR has the SWR-Property and is mixing of all
orders. The proof in this case is similar to the proof of Theorem 4 and we omit
it to avoid overloading the paper with unnecessary technicalities.

1.3 Plan of the paper

In Sect. 2 we introduce the SWR-Property and describe its joinings conse-
quences. In Sect. 3 we give a criterion involving the Birkhoff sums of the
ceiling function that guarantees that a special flow above an isometry has the
SWR-property. The treatment of these sections is similar to [9,10]. In Sect. 4
we study the Birkhoff sums of logarithmic like and power like functions and
prove Theorems 2 and 4. Appendix A is devoted to the proof of Theorem 1 on
the absence of the SWR-Property for a subclass of Kochergin flows. Finally
Appendix B is devoted to the proof that the set of frequencies for which The-
orem 2 holds has full Lebesgue measure.
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2 The SWR-property

Let (X, &, ) be a probability standard Borel space. We additionally assume
that X is a complete metric space with a metric d. Let (7;);cr be an ergodic
flow acting on (X, 4, u). The R-property used by Ratner in the context of
horocycle flows is a property of slow divergence between the orbits of nearby
points that essentially states as follows: for any ¢ > 0 there exists k > 0
such that if y and y’ are sufficiently close to each other and if they are not on
the same orbit then there exists M (y, y') such that d(T"'y, T'Ty’) < & (with
t==l)fort € [M, (1 +«k)M].

It is not difficult to see that the R-property implies the FEJ property. Indeed,
if a joining A is not a finite extension joining then one has that there exists
points x, y, ¥ such that (x, y) and (x, y’) are typical for A while y and y’
are arbitrarily close and not in the same orbit, and by the R-property and the
Birkhoff ergodic theorem one obtains an extra invariance of A, namely by
Id x T, that implies that X is the product measure.

Actually, it is useful to relax the R-property by asking that the controlled
divergence happens for x and y outside an exceptional set of points of measure
less than € (and for most of the times in [M, (1 4+ «)M]). The proof of the FEJ
property remains the same in nature but becomes a bit more technical involving
some standard measure theoretical arguments (see for example [33]).

In [10], Definition 4, a slightly weaker version of the R-property is given,
that is called WR or Weak Ratner property, that allows the drift to vary in
some fixed compact set away from zero and infinity. There again, the FEJ
consequence as well as its proof follow in practically the same way as for
the R-property, with some extra standard measure theoretical arguments, and
under a “continuity” assumption on orbits (see below). However, as shown in
[10] the WR property is more versatile than the R-property and is adapted to
nonlinear situations, where the R-property is unlikely to hold, such as in our
context of reparametrizations of linear flows with singularities.

Observe now that if in the proof of the FEJ property, we used that
d(T'y, T'™y") < & during a large interval of negative times ¢ instead of
positive times, then exactly the same conclusion of extra invariance of A by
Id x T* would still hold. The crucial observation here is that it suffices to
check one of the two slow divergences, in the future or in the past, and this
possibly depending on the pair of points that is considered. This motivates the
introduction of what we call the Switchable Ratner, or SWR, property that we
now formally define.

Definition 2.1 (The switchable Ratner property) Fix tg € R and a compact
set P C R\ {0}. One says that the flow has the switchable R(ty, P)-property
if for every € > 0 and N € N there exist k = k(€),5 = §(¢, N) and a
set Z = Z(e, N) € # with u(Z) > 1 — € such that for any x, y € Z with

@ Springer



B. Fayad, A. Kanigowski

d(x,y) < 8, xnotinthe orbitof y thereexist M = M(x,y), L = L(x,y) e N
with M, L > N and % >k and p = p(x,y) € P such that

1
Z’{” €M, M+ LINZ : d(Ty(x), Taigsp(y) < €}| > 1 =€ (5)

or
1
7 {ne M, M+ LINZ:d(Ty—1)(x), Tn—ip)+p(») < €}| > 1 —€. (6)

If the set of £y > O such that the flow (7;);cr has the switchable R (ty, P)-
property is uncountable, the flow is said to have SWR-property.

For the sake of completeness, we can formally compare the SWR-property
with the definition of the WR-property [10]. To have WR-property, we fix
P Cc R\ {0}and 1y € R.(th)teR has R(ty, P) property if in Definition
2.1, (5) holds (the condition (6) is not taken ir_1to account) and (T,f )ter has

WR-property if the set of 7y € R such that (th )rer has R(ty, P) property is
uncountable. Consequently, SWR-property is weaker than WR-property (and
as Theorem 1 shows, it is strictly weaker).

As we just mentioned the proof of the FEJ implication from the SWR
property is a direct adaptation of the proof of the same implication in the case
of the R property or the WR property. For completeness, we will present a
detailed proof of this fact that is stated in Theorem 5 below and that occupies
the rest of the section.

As a standing assumption in all the sequel, we will add one more natural
condition on the flow (7;);cr Which can be viewed as “continuity” on orbits.
The flow (T;);er is called almost continuous [10] if for every € > 0 there
exists a set X (¢) with (X (€)) > 1 — € such that for every ¢’ > 0 there
exists 8 > 0 such that for every x € X (¢), we have d(T;(x), Ty (x)) < € for
t,t' € [-6,38].

Theorem 5 Let (T;);cr be a weakly mixing almost continuous flow acting on a
probability standard Borel space (X, B, ). Assume that (T;);cr satisfies the
SWR-property. Let (St):cr be an ergodic flow acting on a probability standard
Borel space (Y, €, v) and let p € J((Tt)ier, (St)rer) be an ergodic joining.
Then either p is equal to u @ v or is a finite extension of the measure v.

For the definition and properties of joinings, we refer the reader to [33] or
[12]. In the proof of Theorem 5, we will need some lemmas from [10]. But
first we state a useful fact that is a simple consequence of the Birkhoff ergodic
theorem.
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Lemma22 Let T,S : (X, %, n) — (X, B, 1) be two ergodic automor-
phisms and let A € B. For any €, 8,k > 0 there exist N = N(¢, 8, k) and a
measurable set Z = Z(€, 8, k) with u(Z) > 1—36 such that forany M, L > N
with % > k and any x € 7 we have

M+L

1 ‘
= 2 xaT'x) — p(A)| < e
i=M
and
1 M+L _
= 2 a0 — )| <e.
i=M

The following is a consequence of Lemma 5.4. in [10], that is itself based
on the Birkhoff ergodic theorem.

Lemma 2.3 Let (Ty);cr be a weakly mixing almost continuous flow acting
on (X, B, ), and (St);er be another ergodic flow acting on (Y, €, v). Let
p € J((T})ier, (St)ier) be such that p is ergodic for automorphisms Ty, X Sy,
for some ty > 0 (hence, for T_, x S_4). Let P C R be non-empty and
compact. Let A € B be such that £(0A) = 0 and B € €. Then, for every
€,6,k > 0 there exist a natural number N = N(€,8,k) and a set Z =
Z(e,8,k) C BQC with p(Z) > 1 — § such that foranyN > M,L > N
with % > k and any p € P, we have

| ML
I3 Z XT_pAxB(Tyjx, Syjy) — p(T-pA X B)| <€
j=M
and
M+L
1
L Z XT_pAxB(T—1gjx, S—5jy) — p(T-pA X B)| < €
j=M

forevery (x,y) € Z.
Proof The proof is a simple consequence of the following lemma:

Lemma 2.4 (Lemma 5.4. in [10]) Let (T;);er be an ergodic almost continu-
ous flow acting on (X, B, 1), and (S;);cr be another ergodic flow acting on
(Y, €, v). Let p € J((Tt)ser, (St)rer) be such that p is ergodic for the auto-
morphism Ty, x Sy, for some to > 0. Let P C R be non-empty and compact. Let
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A € B be such that u(0A) = 0 and B € €. Then, for every €, 8, k > O there
exist a natural number N = N(¢,8,k) and a set Z = Z(€,8,k) C BRC
with p(Z) > 1 — & such that for any N > M, L > N with ﬁ > Kk and any
p € P, we have

M+L
1

I3 Z X1, AxB(TijX, Stgjy) — p(T—pA X B)| < €
j=M

forevery (x,y) € Z.

One uses the above lemma first for the flows (7;);cr and (S;);cr and ergodic

joining p € J((T})rer, (St):er) to get, for €, %, « > 0, a natural number

Ny e Nandaset Z, C B Q® € with p(Zy) > 1 — % Then, for flows

(T—¢)ter and (S_;)scr and the same ergodic joining p to get, for €, % Kk >0,

a natural number N_ € Nandaset Z_ C ZQ € with p(Z_) > 1 — %. To

finish the proof one takes N := max(Ny, N_)and Z =Z,NZ_. O
The next lemma is used in the proof of Theorem 3 in [27].

Lemma 2.5 Let (T;);er and (S;)ier be two ergodic flows. Let p €
JE((Ty)ser, (Sp)ier) be an ergodic joining. Then if there exists a set V with
p(V) > 0 such that for any points (x, y), (x', y) € V either x is in the orbit
of x' ord(x, x") > cq for some constant ¢y > 0, then p is a finite extension of v.

In what follows, we consider only (X, d) be a o-compact metric space. Let
A € %B.Forn > 0 we denote by V;(A) :={x € X : d(x,A) <n}.

Lemma 2.6 (cf. [10]) For any A € A there exists R C (0, 400) such that
(0, +00) \ R is countable and (V) (A)) = 0 for n € R. It particular, there
exists a dense family (B;);>1 in % with the property u(dB;) = 0 for every
ieN

Remark 2.7 Since (X, d) is a Polish space, by Lemma 2.6 and regularity of
W, there exists a dense family {B;};>1 € %, such that u(9B;) =0 fori > 1.

Proof of Theorem 5. Let p € J((T})ter, (St)ter) be an ergodic joining and
o # n x v. Assume that (7;);cr has the switchable R(zy, P)-property and p
is ergodic for Ty, x Sy, (then p is ergodic for T_;, x S_;,). Such #p > 0 always
exists because an ergodic flow can have at most countably many non-ergodic
time automorphisms and, by assumptions, the property R(ty, P) is satisfied
for uncountably many 7y > 0. For simplicity of notation, we assume fy = 1.
Let {B;};>1 and {C;};>1 be two countable dense families in the o -algebras
% and €, respectively such that for every i > 1, B; is an open set and we
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have w(dB;) = 0 (such {B;};>1 always exists by Remark 2.7). Consider the
following real function:

R>1— k()= D (1/27)p(Ty(Bi) x Cj) — p(B; x C)).
i,j>1

As in Lemma 5.4. in [10], we conclude that £k : R — R is a continuous
function and for any ¢ € R, k(¢) > 0. Indeed, it follows by the fact that if for
some r € R\ {0} we have forany i, j € No(7,(B;) x C;) = p(B; x C;) then
p is product measure (recall that (7} );cr is assumed to be weak mixing hence
every time r of the flow is ergodic).

The set P C R\ {0} is compact, therefore there exists € > 0 suchthatk(p) > €
for any p € P. It follows by the definition of the function k that there exists a
number R := R(¢) such that

R
D72 )| p(Ty(Bi) x Cj) — p(Bi x Cj)| > €/2
i,j>1
for every p € P. Therefore, for every p € P, there exist 1 < i, j < R such
that [o(T),(B;) x Cj) — p(B; x Cj)| > €.
By Lemma 2.6 and the fact that for 0 < i < R, B; is open, there exists
€' < g such that forevery 1 <i <R

pn(Ver(Bi) \ Bi) <€, and u(dVe(B;)) =0.
It follows by the fact that p is a joining that
€
lpo(Ver(Bi) x Cj) — p(Bi x Cj)| < > and [p(S—;Ve'(Bi) x Cj)
€
—p(S—iBi x Cpl < 3, (7

for 1 <i,j < R andevery t € R. By the switchable R(1, P)-property, let
k = k(€’). By Lemma 2.2 applied to %, %, Kk,thesets Vo (B;) xCj, 1 <1, j <
R, and to automorphisms 77 x Sy and 7_; x S_1, we get N1 € N and a set
U € BRFC with p(Uy) > %, such that for every L, M > N with % > K

and every (x, y) € Uy, we have

M+L

1 €

T 2 W<, (Thx, $') = p(Ver(B) x C))| < ¢ ®)
k=M

1 M+L ¢

= 2 e, (T80, S8 = p(Ve(B) x C| < o )
k=M
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Next, by Lemma 2.3 applied to g, é k > Oandthesets B; xCj, 1 < i, j <R,
there exist N € Nand aset Uy C BQ % with p(Up) > % such that for every
L, M > N, with % > k and any p € P, we have

M+L

Z X1, B;xC; (Tkx, Sky) — p(T-p Bi x Cj)
k=M

1

€
— — 10
7 <3 (10)

and
M+L

Z XT_pBixC;(T—kx, S—ky) — p(T—pB; x Cj)
k=M

It follows that if we set Ny := max (N, N») and Uy := U;NU,, then p(Upy) >
% and for every L, M > Ny with ﬁ > k,any p € P, the Egs. (8), (9), (10),
(11) are satisfied for every (x, y) € Up. Using the switchable R(1, P)-property
with € > 0 and Ny € N, we obtain § = §(¢/, Ng) and Z = Z(€’, Ny) with
uw(Z) > 1 — €. Now, we will use Lemma 2.5 with the set U := Uy N (Z X
Y) (then of course p(U) > }‘) and 89 = 8(¢’, Ny) to prove that for every
(x,y), (x’,y) € U,d(x,x") > 8y. Assume on the contrary that d(x, x") < 8.
Then by the switchable R(1,P)-property, there exist Lo, Mo > Ng with 1%4_% > K
and p € P such that

1

c.an
— < —.
L 8

1
T ltn € Mo, Mo+ Lol : d(Ty (x), Trip(x) < €}| > 1 =€
0
or
1
Tt € Mo, Mo+ Lol : d(T-p (x), T p(x")) < €/} > 1 = €'
0

Assume that the first inequality is satisfied. We will use Egs. (8) and (10) (in
case the second one is satisfied, we use Egs. (9) and (11)). Let 1 < ip, j, < R
be the numbers which satisfy [o(T)(B;,) x Cj,) — p(Bi, x Cj )| > €. Let
K = K(x,x',p) :={n € [Mo, Mo + Lol : d(T,(x), Thyp(x")) < €'} It
follows that if k € K and Ty px’ € B; then Tyx € V. (B;). Therefore

1 Mo+Lo
P(T=pBiy % Cjp) < 7= B 1y, xc;, (T4 80 +
k=M
Moy+Lg
GIL() 1 k k
I + 7 kZM XV (B,)xC;, (T7x, S7y) +
=Mo

€
<5 Fp(Ve(Bi) x Cj)) < e+ p(Bi, x Cj). (12)

€
8

€

8

~

@ Springer



Multiple mixing for a class...

A similar arguments show that p(B,'p X ij) < €+ ,o(T_pB,-p X ij) and
consequently, | ,o(Bip x C jp) — p(T- pBi, X C jp)| < €. This contradicts our
assumption that |p(T(B;,) xCj,) —p(Bi, x C;,)| > € issatisfied. Therefore,
for any (x,y), (x’,y) € U we have d(x,x’) > &y and an application of
Lemma 2.5 completes the proof. m|

3 SWR-property for special flows

In this section, we will prove a sufficient condition for SWR-property in the
case of special flows over an ergodic isometry. We start by recalling the defini-
tion of special flows. Let T be an automorphism (X, %, ). Let f € L'(X, p)

such that f > 0. The special flow (T,f )ter defined above T and under the
ceiling function f is given by

XXxR/~—> X xR/~
(x,8) = (x, s +1),
where ~ is the identification

(x, s+ f(x) ~(T(x),5) (13)

Equivalently the flow (th )ter is defined for 745 > 0 (with a similar definition
for negative times) by

T (x,5) = (T"x, 1 +5 — ™ (x))
where n is the unique integer such that
P <t4s < [TV (14)

and

fx)+---+ F(T" 1x) ifn>0
P = 0 ifn=0
—(f(T"x) 4 ---+ f(T"'x)) ifn <O.

If T preserves a unique probability measure w then the special flow will
preserve a unique probability measure that is the normalized product measure
of 1 on the base and the Lebesgue measure on the fibers. If X is a metric space
with a metric d, so is X/ with the metric d/ ((x, s), (x', s")) := d(x,x’) +
|s —s’|. Moreover, it is easy to show that if (th )ter s a special flow acting on
X/, then (T,f),eR is almost continuous (see Sect. 2) with X (¢) = {(x, s) €
X :xeX e<s< f(x)—e€}.
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The following general lemma is a direct consequence of Birkhoff ergodic
theorem.

Lemma 3.1 Let T be an ergodic automorphism (X, B, un). Let f €
LY(X, ), fX fdu # 0. For every €,k > 0 there exist N = N (€, k) and
aset A= A(e, k) with u(A) > 1 — € such that for every M > N

1 A ,.
'Mi;f(Tx)—/deu«

forevery x € A.

<5‘/ fdu‘ (15)
31/x

Remark 3.2 Assume that additionally f is positive and bounded away from
zero. Fix e,k > 0(k < | f y [ du| < 1/2). It follows that there are constants

r1, r2 > 0 such that if we take x € A then for any M, L > N with % > K,

S (x)
M

we have r; < < rp and

. I=5[fduM+L)—(1+%) [ fdu-M
L
FMHD (x) — FM(x)
< <
M

r.

We now state the main result of this section. It is similar to Lemma 6 of [9].

Proposition 3.3 Let T : (X,d) — (X, d) be an ergodic isometry and | €
LY (X, 2, 1) a positive function bounded away from zero. Let (T,f )ier be
the corresponding special flow. Let P C R\ {0} be a compact set. Assume
that for every € > 0 and N € N there exist k = k(€),8 = 6(e, N) and
a set X' = X'(e, N) with n(X') > 1 — €, such that for any x,y € X’
with 0 < d(x,y) < 8 there exist N > M = M(x,y),L = L(x,y) with
M,L > N,% >k and p = p(x,y) € P such that

1 F™M(x) — F™(y) — p| <€ forevery ne[M, M+ L] (16)

or
@) = fTV) = pl < e forevery ne[M.M+L). (7)

If v > 0 is such that the automorphism Tyf is ergodic, then (T,f )ter has the
switchable R(y, P)-property. Consequently, (T,f )ter has the SWR-property.

Proof Fix y > 0 such that Tyf is ergodic. Fix also W > 4e > 0. Apply
L
Remark 3.2 with the constants € /4, x to f and T, T, respectively to obtain
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constants Dy, Dy > 0 such that for x € A, u(A) > 1 — €/2 (the set A is the
intersection of two relevant sets), we have

FMx)y fMED () — M () fEM(x)

Dy < , ,
M L -M
(—M—=L)(y _ F(=M)
f x)—f (x) - Dy, (18)
—L
D2 = mm(ﬁ, 1¢)- Let ' 1= &K(G,). Let us
consider the set X (¢) on which (T )ieRr 1S & - “almost continuous”, that is

X(e) := {(x,s)eXf : §<s<f(x)—%}.

Now, we will use ergodicity of Tyf and T ,- It follows that there exist No :=
N(e) and a set Z := Z(¢) with ,l,Lf(Z) >1-— % and for every (x, s) € Z and
n > Ny

K €

LS ot - (1-5) (19)
- (x,9)—(1—-)] < —
"= e 4 K+

18

for i = y, —y. Moreover, since f € L'(X, A, ), there exists a set V =
V(e) C X with u(V) > 1 — % and such that for every x € V, f(x) < 6%
Define the set Z' := Z N {(x,s) € X/ : x e VIN{(x,s) € X/ : x € A},
then u/(Z') > 1 —e.

Let 8 := §(€, ZV%I"’M). Take two points (x, s), (x',s") € Z’, such
that x # x’ and d/((x,s), (x’,s)) < &' It follows by definition of d/
that d(x,x’) < & and therefore by our assumptions there exist M, L >

2)/%1\/10.1\’) with ﬁ > k,p € P and such that for all n € [M, M + L]

either | f™ (x) — f™(y) — p| < €’ orforalln € [M,M + L], |fC"(x) —
FM(y) — p| < €. We will consider the second case (the proof in the first
case goes along the same lines).

Let us define

M (x) - ;o fEMED () — fEM(y)
_— and L = .
-V -Y

M =

By (18) it follows that L' = L0 /TW0 -L . ~LDi - N Similarly,

V
(=M) () (—) .
A 7)(,)6) s L y(x) M)f)‘ so M’ > N.Moreover, since (x,s) € Z',s <

6—2 < ND> < MD1D;,/(2y) (by the choice of N) and therefore
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L' _ LD —y LD,
— = =
M~y fCMGx)y—s” MD,

/
Z K.

It follows by the properties of M’, L" € N that if (x, s) € Z' C Z we have

M'+L' ¢
> xx@Th, —(1-o| <. (20)
k=M’

1
1%

Take any k € [M’, M’ + L’] such that T_fky € X (e) it follows that there
exist a number my; € [M, M + L] such that T_fky (x,s) = (T™x, —ky +
s — fm)(x)), where, by the fact that T_fky € X(e), FOmD(x) + g <
_ (—m) (o € TTes .\ . . o ,
hel;);e—t) :)t:inf (x) — 5. Using additionally the inequality [s —s'| < &" we
FEMDE < FEMD ) +p =€ < FOMDm 4t =8

< —ky +s' +p.

A similar reasoning shows that
—ky +5' 4 p < —ky 45+ p+E< ST +p— S +8< ST,

Therefore, by the definition of the special flow, we have T_f .ky +p x',s) =
(T™x', —ky + 5"+ p — fC™)(x')). Consequently,

df(T_fky(x, s), T—fky+p(x/, 5')) = df((x, 5), (', s7) + |f(_Mk)(x)
— OO = pl < e

Now, the number of k € [M’, M’ 4+ L’] such that T_fky € X (e) is, by (20), at

least (1—€) L’ and for any such k we getthatdf(T_]‘}cy(x, s), T_jl}{y+p(x/, s") <
€. Hence

{ees, m+ L alah, o). 17

_ky+p(x/,s/)) < EH >1—e.

L
This gives us the switchable R(y, P)-property. Note that since the flow

(T,f )ter is ergodic, then the set of n € R such that Tnf is not ergodic, is
at most countable and therefore, as a direct consequence of Proposition 3.3,

we get that (T,f )rer enjoys SWR-property. O
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4 SWR-property for smooth special flows with singularities

In this section we will use Proposition 3.3 to prove SWR-property for special
flows given by the assumptions in Theorem 2 and Theorem 4. In all the sequel
we assume {ay, ..., ai} are badly approximable by « with a constant C > 1
(see Definition 1.3). We start with an easy combinatorial fact about the visits
of an orbit by the rotation R, to the neighborhood of the singularities.

Lemma 4.1 Let s € N be such that gs+1 > 4Cqs and x € T. Then

‘]v-H]

1 [
{x+1a} HULC a,+F]c{x+rqs+zoa} =

where ig € {0, ..., qs — 1} is such that p({x + voz}qY 0> {al}{‘ D= px+
o, {ai}f.‘zl). For finite sets A, B C T, we use the notation p(A, B) =
Mingea bep lla — bl

Proof Observe that for every 0 < j < gy — 1,j # ip and every r =

gs+1
., [4Cqs] we have

lx +rgs + jo — (x + jo)ll = llrgsell < rligsal < 21

4Cq; '

Moreover, since {a; }§=1 are badly approximable [see (3)] and by the definition
of iy we get

1
{x + ]a}% 01 N U [2 Can +ai,a; + ZC%} C {x 4+ ipa}. (22)

Therefore, for j #ipandr =0, . [q”' ], by (21) and (22)

1 1
> .
4Cqs 4Cq;

P(x+Ja+rQS»{az}l Dzpkx+ja, {az}l D=

This finishes the proof. O

We will often use the Denjoy-Koksma inequality to control the growth of
the Birkhoff sums. For a reference, see for example [4].
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Proposition 4.2 (Denjoy-Koksma inequality) Let f : T — R be a function
of bounded variation. Then

qn—1

Zf(x+ka) qn/fdk Varf,

foreveryx € Tandn € N.

The following lemma is a simple consequence of the Denjoy-Koksma
inequality. It will be very useful in separating the contribution to the shear
of the visits to the neighborhood to the singularities from the rest of the orbit.

Lemma 4.3 Leth € C 2(']I‘\ {0}) be positive and decreasing on (0, 1) with h' is
increasing on (0, 1) and lim,_, o+ h(x) = lim,_, o+ (—h'(x)) = +00. Denote
by co := infr h. Then for every x € T and s € N we have the following
estimates:

—qs (h (L) — co) —2n (L) > 19 (x) > h'(x + ja)
2qs 2qs
— h ! — 20 !
(1 () =)+ (57)

where j € {0, ..., qs — 1} is such that mingeo
Proof Fix s € N. Consider

o = [o, ifx e [o, %)

h'(x), otherwise.

gs—1) [x + Lo = x + jo.

.....

Then h € BV(T) and we use the Denjoy-Koksma 1nequahty to obtain
|h'4) (x) — g5 [ h(t)dA| < Var h. But [ h(t)d\ = h( ) — coand Varh <
21 (5~ ;). Moreover, by (2), the set {x + roz}q‘ o N [0, 2q ]
smgleton We then finish since #'%5) (x) = 1) (x)+h’ (x+]a)x[o’i](x+ja)
and h’ < 0. |

Lemma4.4 Let [ € CZ(T \ {al, ..., ar}). Assume that fori = 1,. k,
_flx)

x—=>a; r; ri(x—a;)
CX(T \ {0}) is decreasing on (0, 1) wzth ri increasing on (0, 1). Then there
exists a constant H > 0 such that

k
1/ () < H(Z —r{(x — a;) — rj(a; — x)),

i=1

is at most a

lim and hrn

exist and are finite, where 0 < r; €
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foreach x € T.

Proof By assumptions, there exists a constant zg > 0 such that for every
i =1,..., kandforevery x € [-z0+a;,a;)|f'(x)] < —Krj(a; —x) and for
every x € (a;, a; + zol; | f'(x)| < —Kr/(x — a;) for some constant K > 0.
Moreover, since f' € C T \ {ai, ..., ar}); it follows that there exists
a constant R > O such that for every x € T\ Ule[—zo + a;,a; +
z0l, | f/(x)| < R. Denote by Cy := min;—

.....

.....

4.1 Proof of Theorem 2
4.1.1 Outline of the proof.

We first give an outline of the proof in which we suppose for simplicity that
the ceiling function has just one singularity that is exactly logarithmic. The
SWR-property (in the same way as the original Ratner’s property) consists of
two parts. First, for two “nearby” points, we need to show that their orbits drift
apart by a controlled amount at some time M (M may be positive or negative
in the case of the SWR property). Second, we need to make sure that their
orbits keep essentially the same drift during an interval of time comparable
to M. For special flows over rotations (or IET’s) we gave in Proposition 3.3
a characterization of the SWR property based on the divergence for nearby
points between the corresponding Birkhoff sums of the ceiling function f.
The latter is controlled by the Birkhoff sums of the derivative of the ceiling
function that were the subject of investigation of several other works (see e.g.
[8,17,19,20,32,35]).

In Proposition 4.6 Part a, we prove the first part of the SWR property. Pre-
cisely, we want to see a macroscopic yet controlled drift between the Birkhoff
sums of two points 1/(gsIngs) > d(x,y) > 1/(gs+11ngs+1) for every s
sufficiently large. We explain now the proof showing also how the argument
simplifies if K, = {n € N : gg41 < ¢s(In qs)%} contains all the integers
after some no, in particular if « is of constant type.

a. There exists ¢ > 0 such that for any point x € T either Rf;,x is disjoint
from [—c/qs, c/qs] foreveryi = 0,...,1 < %S or R;'x is disjoint from
[—c/qs. c/qs] forevery i =1,...,1 < %.

b. By the Denjoy-Koksma inequality, if the forward (backward) orbit of length
qs a point x by R, is disjoint with the 1/(g, In g;) neighborhood of the
origin we have that | /@) (x)| (or | /%) (x)|) is of order g, In g, (this is
easy to understand if we rearrange the orbit of x almost like ¢/g;, (¢ +
1)/qs, (¢ + 2)/gs... with ¢ € (0, 1) far from O and from 1). Hence for

any point x either | /@) (x)| or | f/—%)(x)]| is of order ¢y In g. This is the
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contentof Lemma4.8. In case g;41 < Cgs, this would give the macroscopic
yet controlled drift between the points x, y such that 1/(gs4+1Ings41) <
d(x,y) < 1/(gsIng;y) either in the future at time g or in the past at time
—qs. So, if « is of constant type, we would be done with the proof of
Proposition 4.6 Part a.

c. In the case gs4+1 > ¢, but s € K, we may have to consider the Birkhoff
sums beyond g; to see the drift between the orbits of x and y such that
1/(gs+11ngs41) < d(x,y) < 1/(gs1ngy). Since s € K,, we have that
1/(gsIngy) <K c¢/qs+1 hence a. applied to s 4 1 implies that either up to
qs+1/2 in the future or up to —gy41/2 in the past the orbit of x by R, does
not enter the 1/(g; In g5) neighborhood of the origin (see Lemma 4.7, case
m € K, ). Using this, the estimate of b. and the Denjoy-Koksma inequality
we get by the cocycle identity that £/(%9s) (x) behaves like kg, In g, for s suf-
ficiently large, k € [1, O(gs+1/gs)] and t = 1 or —1 (see Lemma 4.9). As
a consequence there exists a time of the form nogy, no € [1, O(gs+1/95)]
such that £(04s) (x) — £(04s)(y) is in some compact set P away from 0,
which finishes the proof of Proposition 4.6 Part a in the case K contains
all sufficiently large integers.

d. Inthecases ¢ Ky, we define x; := 1/(¢s(In qs)7/8) and use our arithmetic
condition « € £ to define a set Z of almost full measure (see definition of
Z in Sect. 4.1.2) such that Réx does not enter the x; neighborhood of the
origin (see Definition (25)) foreveryi € {—g¢;, ..., 0, ..., gs—1}forevery
s ¢ K, sufficiently large. This actually implies that either up to qi—gl in the
future or up to — qjgl (C is a constant coming from Definition 1.3; in case
there is only one singularity C = 1) in the past the orbit of x by R, does
not enter the x; neighborhood of the origin (see Lemma 4.7, case m ¢ Kg).
From there the proof of Proposition 4.6 Part a is similar to case 3. above
except that the condition 3 of Theorem 2, namely h(z%qs) / h(zqslﬂ) > mg

is used to show that a stretch of order ngg, In g5 where ng can be taken to

be as large as O(g+1/¢s) is sufficient to produce a drift between the point

x, y such that d(x, y) is comparable to 1/(gs+1 In gs+1). This is where the

Diophantine condition 3. of Theorem 2 is crucial.

Observe that d. is the only part where we used that in the definition of
SWR, it is allowed to discard a small measure set of pairs (x, y) for which the
property will not be checked.

Note however that in all the cases above, it is crucial to use the possibility
to control the drift in the future or in the past depending on the pair of points.

The second part (keeping the drift) is proved in Proposition 4.6 Part b. We
need to consider the points Ry’% x and Ry°% y and apply similar arguments as
in Part a to bound the drift during time xnogy. The main ingredient is Lemma
4.10 which is another lemma that allows us to bound the drift between the
Birkhoff sums in the future (or in the past) up to a time comparable to g, +1

@ Springer



Multiple mixing for a class...

for points that stay away from the singularities in the future (or in the past)
during this time. We then have to “situate” k nog; relatively to the denominators
of a and check that the conditions of Lemma 4.10 are satisfied by Ry,’% x and

Ry""y. Of course if s is such that g, 1 > g, (for example if s ¢ K,) and if
1 / (gs+1Ings41) € d(x,y) < 1/(gsIngs), then the same argument of Part a
would allow to keep the drift under control for additional knggs time. But in
the other cases where we have in particular to interpolate between the constant
type and non-constant type behavior, our proof gets a bit technical and treats
different cases separately.

4.1.2 Notations and standing assumptions

In all the proofs of Theorem 2, Theorem 4 and Theorem 1, we will use T for the
irrational rotation R,. We may assume WLOG that Zle (A; — Bj) > 0. Fix

I>e>0andN eN.Letd = | (A; — Bi) —min(L, Zm =By g
Define k = k (€) := %, where H comes from Lemma 4.4, and mqg > 0
is the constant coming from 3. in Theorem 2. With C > 0 the constant from

the Definition 1.3 of badly approximable singularities, we let

P = [—2(d+ 1), _3”;"50] U [;1'2”8,2(% 1>], (23)

In the sequel, we will assume s > so(€, N) = sg, where sg is a sufficiently
large integer, in particular k gz, > N.

We summarize now the consequences of the hypothesis 1.,2.,3. of Theorem
2 that will be useful to us in the sequel. If s > 5o we have

h x_ ,
| (4c | _« xs 0" (L) .
) 2gs €

L
2q

€ 1 1
— h h 24
Z Xy < T (2%)/ (2qu+1)>mo (24)

5250,5¢ Ky

We also note that & (2_;;) > 8C. Set vy := 4C and define

W, = ixe']l‘ DX — Gy .., X, X+ (gs — D

k
¢ | J(—4vs +aiai + 4vs)] (25)

i=1
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and Z = (N5 s¢k, Ws-
Observe that A(Z) > 1 — e(A(Wy) = 1 — 16kvsqs).

Set § := W Consider x,y € Z with 0 < |x — y|| < 8. We will
50 2‘/50

assume WLOG that x < y (we consider the trigonometric order on T).

4.1.3 Controlling the drift

The following proposition implies Theorem 2 due to Proposition 3.3.

Proposition 4.5 Consider x,y € Z with 0 < ||x — y|| < . Then there exists
pe P, M,L>«M > N such that either (16) holds forn € [M, M + L] or
(17) holds forn € [M, M + L)].

Proposition 4.5 can be deduced from the following main result on the drift
of the Birkhoff sums of a function with logarithmic like singularities. Let
s :=s(x, y)(s = sp) be unique such that

X<y, <[x=yl< (26)
1 1
st (777) ash (3;)
We will assume that g1 > 2¢;. If not, then in (26), # < |lx =yl

and we repeat the considerations below in the time interval [gs—1, g5]. In other
words, in this case we will see the drift between x and y before time g;.

Proposition 4.6 Consider x,y € Z as in (26).

Part a There exists ng € {1, ..., max(ggrq's , 1)} satisfying
f(noqs)(x) _ f(noqs)(y) cP 27)
or
f(—noqs)(x) _ f(—noqs)(y) cP (28)

and such that the following holds
Partb Ler X = T"%x and Y = T™% vy if (27) holds, and X = T —"04s+1D x
and Y = T~004s+Dy if (28) holds. Forn =1, ..., [knogs] + 1 we have
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A DX — P <e or BIfTVX) - O <€ (29)

The rest of this section is devoted to the proof of Proposition 4.6. But before
this we show how it implies Proposition 4.5 and thus Theorem 2.

Proof of Proposition 4.5. Suppose (27) holds, the other case being similar. If
A. from (29) holds, set M := nogs, L := [kM]+ 1 and p = f04)(x) —

f04s)(y) e P.If B. holds, we set M := [’}(jrq,j] L :=[kM]+1 andp =
f("oqs)(x) f("Oqé)(y) € P. Notice that in both cases M, L > 2Knoqs p

%qu > %qu() > N. Finally, using A. or B. and the cocycle identity for
the Birkhoff sums and the triangular inequality shows that forn € [M, M +
L1, | f™x) — f™(y) — p| < ¢ for some p € P. O
4.1.4 Proof of Proposition 4.6 Part a

For m € N, we will often use the following non resonance conditions of a pair

of points (x, y) with the singularities {a1, ..., ax} [compare with (25)].
qm—1 k
U 7 yin{Ji—2vm +ai.ai + 20,1 = 90 (30)
J==m i=1
max ([ 242, gn) k
U rmrynUi—wm+a,a+vl=0. 3D
j=0 i=1
max ([ 45, gn) k

U 7r7kyinUl-vm+aa+vl=0. (32
j=1 i=1

Lemma 4.7 Letx,y € T beasin (26). Then for everym suchthats) < m < s,
if we have at least one of the following

1. ifm ¢ K, and (30) is satisfied

2. ifm € Ky and gm+1 2 2qm,

then we have at least one of (31) or (32).

Proof Observe first that since by (26), ||x — y|| < vy < vy, then it suffices to
prove (31) or (32) with just x instead of [x, y] on the LHS and 2v,, instead of
v, on the RHS.

Assume m ¢ K. Since m > so we may assume that g, 1 = 16Cgqy,.
Lett; € [—qm,qm — 11N Z and r; € {1, ..., k} be such that

m—1
p (b je)), Aaiy) = Il +ne —a .
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We assume now that #; < 0 and show (31). In case #; > 0, (32) would follow

similarly.
By (30) we have that ||x + | — a, || = 2v,,. Since m ¢ Ky, and 11 < O it
follows that for every r =0, 1, ..., [ 4’”“
Ix + (&1 +rgm)o —ar |l 2 lIx + 11— ar || = 2vp.
Moreover foreveryi € {1, ..., k},i # ry,sinceay, ..., ar are badly approx-
imable by « (see Definition 1.3), we have foreveryr =0, 1, ..., [Zg;;]
1
lx + (1 +rgm)a —aill = |lx + 10 —ai|l —rligmel > = 2up.

4Cqm

For j < [%4F]—land j & {t.t1 +qm, ... 11 + [§¢-1gm — 1}, Lemma
4.1 (for ip = tl) implies

x+'a¢U _! +a;,a; + !
B I Tor R T

and since 2v,, < 1/(4Cqy), this finishes the proof of (31). O

In the following lemma we control the drift between the Birkhoff sums up
to gs or —qs between nearby points that do not go too close to the singularities.
Recall that we have assumed that d = Zle(A,- — B;) > 0.

Lemma 4.8 Foreverys > sg we have the following for any points x <y € T

if
qs—1 ] k
U 7/ yin [ Ji=2v; + @i, a; + 201 = ¢ (33)
j=0 i=1

then

1 1
(d + 1)gsh (2—) lx =yl = £Y9x) — £9(y) > dgsh ( ) lx — yll.
qs 26]s
(34)
If

—1 k
U /i yinJi-2vm +ai, ai + 20,1 =0 (35)
J=—qm i=l1
then

1 1

(d+1)gsh (2 )nx vl = U9 x) — fC9(y) > dgsh (—) lx—ll.
qs 2q;

(36)
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Proof We show that (33) implies (34), the second part of the Lemma being
similar. By (33) and (26), f @s) ig differentiable on [x, v]. Therefore, there
exists @ € [x, y] such that

FB@) = £ ) = @ =) 90

It is enough to show that there exist d > 0 such that for s > sg

! /(gs) !
d+Dgsh\—) = —f¥O) =2dgsh | —)- (37
2g5s 25
For s € N, define
. k 1
];,/(9) _ 0, if 6 € Ui:l [—i +a;,a; + E]
’ 1), otherwise.

It follows that f/ € BV (T) and

£1@) () = f;<qS>(9) + Zf/(e + jia) + Z 1O +lLia), (38)
ielg ieLg
where Jy ={i € [1,k]:3j; €{0,...,qs — 1} 0+ jia € [_Zqu +ai, ail}

and Ly := {i € [L,k]:3; €{0,...,qs — 1} : 0 + Lia € [a;, a; +2‘E]}'
Note that for every i € [1, k] there exists at most one j; € {0, ..., g5 — 1} :
0+ jia e [—2%1? +a;, a;].

We use the Denjoy-Koksma inequality to st/ , to get

" / Frdn —Var(7) < |F/)0)] < g, / Fdn £ var (7). (39)
T T

We have

/Tfs/dk = g:f (a,- + 2—;) —f (ai — %) and Var(fs/)

qs
SECE) )
B i1 “ 2g; “ 2g; '

(if s € N is sufficiently large). It follows by the assumptions on f” and 4" and
(30), that if so(e, N) is sufficiently large, then for s > 59, we have for every
i=1,...,k:

@ Springer



B. Fayad, A. Kanigowski
¥ (3 )|
4C

1
< eqsh( ) fori e Js. 41
2q5

|f'(6 + jie)| < (Bi + DIR'(0 + jio)| < (Bi +

and similarly

N

10 + Lia)| < eqsh (%) fori € Lj. (42)

On the other hand, by 1I’Hospital’s rule

1 < ' 1 ‘ 1
2qs) 1 (al - ZqS) e (al - %)

> ((Aj—€)—(Bi+e)h (L) . (43)
2g;

|f(a,+—)|+|f( —%)Ié((z‘lﬂr h/(%)‘

1
< €qsh (—) . (44)
2q;

((Ai +¢€) = (Bi —€))h (

(by 36 < 35)-
Now using (38)—(44), we get

k
q.vh (%) ((Z(A, — Bi)) — 6k€) < —f/(qS)(Q)
§ i=1
1 k
< gsh (2q ) ((Z(Ai — Bi)) + 6ke).
$ i=1

which allows us to conclude since if we assume WLOG that ¢ is sufficiently
small (recall that x < y). O

We now concatenate the inequalities of Lemma 4.8 if (31) or (32) are sat-
isfied.

Lemma 4.9 Let x,y € T satisfy (26) and (31) with m = s, then there exists

no € {1,..., max(gs- qu 1)} such that (27) holds. Moreover,
1 2(d+1)
nogsh (—) S TTE— (45)
24 dllx =yl

@ Springer



Multiple mixing for a class...

If x, y satisfy (26) and (32) with m = s then there exists ng € {1, ..., max
(g~ q”l . )} such that (28) holds for some ng € {1, ..., max(g&t- qu -, 1)} satisfying
(45)

Proof We will assume (31) holds, the other case being similar. We will use
repeatedly (34) of Lemma 4.8 with x, y replaced by x + rgso, y + rqsa
respectively, withr =0, 1, .. ., max([ 75 qs*‘ ]— 1, 0). Indeed, by (31) the points
x + rqs, y + rqy satisfy (33) Summlng up the obtained inequalities we get

for any R € [0, rnax([ff"c—zls], D1,

1 1
Rllx—y |l (d+1)gsh (2 )>f(R‘“)(X)—f(R"”(y)>R|Ix—y||dqsh (2q )
\)

(46)
Let eg = fR4)(x) — fR45)(y). Then for R < [Z‘c@ﬂ] — 1 we have that
ery1 —er <d+1.

Moreover, by (46) and (26) and the hypothesis h(ziqs) /h(
get

N

1
2qs+1) > mgy we

1
(2] > ™ (1) dash (55 ) 11

1 ! i d
)dmomax(—— 9 , 9s )2 mo.
8C  gs+1 gs+1 16C
Therefore, there exists ng € {1, ..., max([ggqu], 1)} such that
FO0 () = 09 (3) = e € | T2 5 4 1)
0= 32¢°
Moreover, (46) with R = ng implies (45)
1 2(d +1
nogsh (—) < 2+D (47)
24 dllx — yll

In case (32) is satisfied instead of (31), we show (28) using repeatedly (36)
of Lemma 4.8. O

We are ready now to finish the proof of Part a. of Proposition 4.6. If s ¢ K,
then by the factthat x, y € Z C W;, it follows that 1. in Lemma 4.7 is satisfied
withm = s.If s € K, then 2. in Lemma 4.7 is satisfied with m = s. Therefore
we can use Lemma 4.7 for x, y and m = s. Now, by Lemma 4.9, if (31) holds
we have (27), if (32) holds we have (28). Part a. of Proposition 4.6 is settled,
we turn now to Part b.
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4.1.5 Proof of Proposition 4.6 Part b

Form > soand NU{0} 5 [ < max(gg—;; —1, 0) we will consider the following
conditions on x, y € T [compare with (31) and (32)]

I+ k
U Tj[x,y]ﬂU[—vm+a,~,ai+vm] =. (48)
j=0 i=1

(I4+1Dgm k
U 777 y1nJl—vm + ai.ai + v = 0. (49)

j=1 i=1

Lemma 4.10 Letx, y € T satisfy (26) and (48) for some m > sq and NU{0} >
[ < max(gg—;:l —1,0). Then

FPx) — F™(y)

foreveryn =0,...,( + g,

1
< 8kH|lx =yl + Dgmh (2—) (50)

m

Let x,y € T satisfy (26) and (49) for some m > so and N U {0} > [ <
max(gg—;; —1,0). Then

foreveryn =1, ..., + Dgm, | x) = TV ()

1
< 8kH |x — v + Dgmh (ﬁ) : (51)

Proof We only give the proof of the first case since the other is similar. For
everyn =0, ..., max(q;fg' , qm), there exists 6,, € [x, y] such that |f(”) (x)—
f(”) M =& - y)f’(") (6,). Therefore, using Lemma 4.4, for every n =
0,...,({+ 1gm, we have

k
FP0) = P < Hlix =yl (Z —h' "0, — ai) — '™ (a; — 9n>).
i=1
(52)
Moreover, by monotonicity of #’, forevery i =1, ..., k,

1" O —ai) < —h'(x —a;) and  —h'(a; — 0,) < —h'"" (@i —y).

@ Springer



Multiple mixing for a class...

Since —h’ is positive, we get that

—h ™G, —a;) < —h" DI (x —a;) and  —H'(a; — 6,)
< —h"EDam) (g, — y). (53)

It follows by Lemma 4.3, (48) and (24) that foreveryu =0, ..., [

1 1
lx — Y[R/ (T dmx —a;)| < [lx — | (th (—) —n (—) —h/(vm>)

2qm 2qm
1
< 4lx = yllgmh (—) .
2qm
Hence, summing up over u = 0, ..., [, and using the cocycle identity, (52)
implies (50).
This finishes the proof. O

To prove Proposition 4.6 Part b., observe first that if sq is sufficiently large,
and up to eventually changing « to x’ = 3¢ > one of two possibilities holds : 1.
There exists so < m < s,m € K, such that knggs; < g, < 8Cknogs, or 2.
There existso < m < sand!/ > 1suchthatlg,, < «nogs < ((+1)g, < qg’gl.
Case 1. knogs; < gm < 8Cknpgs with so < m < s,m € K,. Lemma 4.7
implies that either (31) or (32) holds for 7"0%s x, T"%%s y, m. Therefore, (48) or
(49) holds for m and [ = 0. We then apply Lemma 4.10 to 7"0% x, T"%y, m
with/ = 0, and according to whether we have (50) or (51) we will get A. or B.
of Proposition 4.6 Part b. Indeed, suppose (50) holds. Then, since knogs < gm.,

forn =1, ..., [knogs] + 1, we have due to (47)

1
| FO @m0y — fO (T )| < 8KH |lx = yllgmh (g)
m

1
< 16CkHknogs|lx — yl|lh (—)

2qm
2(d + 1)
_— <

< 16CkH«k e.

Case 2. There exist sp < m < s and [/ > 1 such that lg,, < knogs <
(I + Dgn < %L We will first prove that 7% x, T"0%y, m, [ satisfy the
hypothesis of Lemma 4.10. If m € K, then Lemma 4.7 implies that either

(31) or (32) holds for T"0%s x, T™04%s y, m. Therefore, since / < gg;‘ — 1, either

(48) or (49) holds for 709 x, T™9y, m,l. If m ¢ K, then we consider two
cases:
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I. m = s. In this case ng > % and therefore ¢g;41 > 32Cgq;. Since [ <
[knol + 1, no < ge- and k < 1, we get that

(I+Dgs k
U T/[T"%x, T"%y]IN U[—vs +a;, a; + vs]

Jj=0 i=1
max (| 4 [.a0) .
- U Tj[xvy]ﬂU[—vs + a;, a; + vs].
Jj=0 i=1
Similarly,
(I+1)gs k

U T/ [T"% x, T"%y1N U[ Vs +a;, a; + vs]
i=1
‘15+1

max ([ =& 1,9s) k

C U T 1x, y1 0 [Jl=vs + @i, ai + vs].
j=0 i=1

Note that by Lemma 4.7 x, y satisfy (31) or (32). Therefore the assumptions
of Lemma 4.10 are satisfied for 7% x, T"0%y, s, 1.

II.m < 5. Since ] < ng—“ — 1, it is enough to show that 7% x, T"0%y m
satisfy (31) or (32). Due to Lemma 4.7, we just have to check (30) for
T”O‘]sx’ T”O%y’ m:

qm—1 k
U ritrmoex, 7% y10 | 1=20m + ai, ai + 2vm] = 0. (54)
J=—qm i=1

Since m ¢ K, and m < s, we have

1
— <
qs qdm+1

< Uy (55)

Moreover, || T"09sx — T"0%s y|| < —— - Therefore, it is enough to show that
for j € {0, ..., gm — 1} we have

k
T70%s x 1 ja ¢ U[—3vm + ai, a; + 3vy].
i=1
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For this aim, let iy and r; be such that p({T"%%x + jOl}J iy ,{al }f D =
|T"% x + ioor — ay, ||. It follows by (3), that for ig # j € {0, ..., gm — 1},

k
T"%x + jo ¢ | [— ] : (56)
i=1

Next, by the fact that m ¢ K, and x € B,,(m > sg), we get that ||x + ipox —
ar || = 4vy,, and therefore

no

lx 4 ipar + nogsor — [ | =[x +ipa — [ | — llnogse|l = 4v,, — q
s+1

1 (55
= 4vy — E = 3vp,
S

(recall that ng < q‘“ ) and (54) is thus proved. So in Case 2. at least one of
(48) or (49) is satlsﬁed for 709 x, T"%y, m, [.

Therefore, we can apply Lemma 4.10 to 7"0%x, T"0%y m, [ (recall that
lgm < knopgs < (I +1)gn). Now and as in Case 1., if (50) holds we get A., if
(51) holds we get B. Indeed, assume WLOG that 7”09 x, T"0% y_m, [ satisfy
(50) (the proof in the other case is analogous). Using (47) and the fact that
[knogs] +1 < ({4 g < 2knpgs, wegetforn=1,...,( + 1)gn

1
|05 x) — T )| < 8kH |x — ylI (L + Dgmh (2—)

m

1
< 16kHknogs|lx — yllh ( )
2g;

2(d + 1) -

16kH
< C—

So A. in Proposition 4.6 Part b. holds.
The proof of Proposition 4.6 is thus completed and Theorem 2 follows. O

4.2 Proof of Theorem 4
4.2.1 Outline of the proof

The general scheme of the proof is similar to the scheme of the proof of
Theorem 2 (see the outline of the proof of the latter theorem in Subsection
4.1). Assume for simplicity that f has just one right-sided power singularity
at 0 of type x~7. In this outline we will actually see that the constant type
condition is an if and only if condition in the proof of Theorem 4 that we give.
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Indeed, the following facts are easy to check for an interval I = [x, y] such

i 1
that y — x € [Uq,fil /gh .

a. If for some ¢ € (0, 1), Ré] is disjoint from [—c/q,, ¢/qn] for every i =
0,...,1 < gu then f'DO) < Cq,1,+y for any 6 € [ for some C that
depends on ¢ (with a similar statement for negative iterates).

b. If for some ¢’ € (0, 1), R7 is included in [—c'/gn, 0) for some iy > 0
then f/GotD(g) — /@) > C/q,ﬁy for any 6 € I for some C’ that
depends on ¢’ (with a similar statement for negative iterates).

c. If o is of constant type then there exists ¢’ > ¢ > 0 such that one of the
following holds if 7 is sufficiently large : 1. there exists ip > 0 such that
R¥1 is included in [—¢’/g,,0) and R 1 is disjoint from [—c/q,. ¢/qn]
for every i = 0,...,ip or 2 there exists ip < O such that Rf,?l is
included in [—¢’/gy, 0) and R, [ is disjoint from [—c/qy,, ¢/qy,] for every
i=—1,...,—ip.

d. If o is not of constant type and if g,+1 > ¢, and y — x = sn/qiﬂ
while |x — p/qu| glsﬁ/qn with ¢, — 0, then as long as for i € [0, /] (or
fori € [, —1]) R I is disjoint from [—1/(2q,), 1/(2g,)] we have that
F'O©) < Cq,l,ﬂ/ for any 6 € I, while if [ is the first integer such that Rél
intersects [—1/(2¢n), 1/(2g,)] then 'O (@) = g1 /ep.

Now, if « is of constant type, and if we assume that c.1 holds, then a.
and b. imply that either /(0 (9) e [C’q,1+y, Cq,iﬂ/] for every 6 € I or
Fro+tD (@) € [C'ghT, CqitY] for every 6 € I. Since gni1/gn is bounded
this implies a controlled macroscopic drift between the orbit of x and y (this is
the content of Proposition 4.12 Part a). As in the proof of Theorem 2, we then
need to use the same type of arguments to show that the drift remains almost
constant during a small additional proportion of time (we do this in the future
of ig 4+ 1 or in the past of iy, and this is the content of Proposition 4.12 Part b
and relies on Sublemma 4.16). The case c.2 is treated similarly.

In Sublemma 4.14 we essentially prove a. and in Sublemma 4.15 we essen-
tially prove b.

We now explain why the constant type condition is necessary in our proof.
Indeed, if « is not of constant type, d. gives an example of pairs x, y for which
the drift between the forward orbits jumps from ¢, to 1/¢, and the same
happens for backward orbits, which contradict the SWR property for this pair.
Furthermore, if ¢, is taken to converge very slowly to O such pairs can be
produced with x € Z for any Z having positive measure. Observe that this
does not imply that the SWR property would not reappear much later in time
but this is very unlikely as demonstrated for the absence of the WR property
in the particular case of Theorem 1.
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Observe finally that the same type of pairs (x, y) described in d. show that
it is necessary to use the SWR property instead of the WR property. Indeed,
only one of the alternatives c.1 or c¢.2 holds for such pairs and we are obliged,
if we want to see a controlled drift, to iterate in the future or in the past.

4.2.2 Notations and standing assumptions

Recall that in the proof of Theorem 4 7" means R,. We may assume WLOG
that A,% + B,g > 0. Let Cy = max(Ag, —Bx) > 0. Recall H > 0 coming from
Lemma4.4, Dy, Dy > 0, the constants in the hypothesis (4) in Theorem 4 and
define

CyD? CkD?
P:=|—12Hk(D; +2), — U ,12Hk(D, +2),
16¢ 16¢

where c is such that for every s € N, gs41 < cgs.

2
Fix ¢ <« 1 and N € N. We will assume that € < Cgfl Letk == k(e) =

2(3D2-E2)kCH .
Let so € N be such that gg,—4 > %N, and h(ﬁ) > 6C for s > 50, and for
everyi =1,....k

J'(x) A, 1 J'(x) B
———| > —forx € |a;,a; + — -
h(x — a;) 2 qso—4 h(a; — x) 2

for x e [— + a;, ai:| . 57
qso—4

Define 6 := m. We will show that SWR-property holds for all pairs
S07° % 25

of points x, y € T with ||[x — y|| < 6.
4.2.3 Controlling the drift

The following proposition implies Theorem 4 due to Proposition 3.3.

Proposition 4.11 Consider x,y € T with 0 < ||x — y|| < 8. Then there
exists p € P_M,L > kM > N such that either (16) or (17) holds for
ne[M,M+L].

We can assume WLOG that x < y. Let s := s(x, y) be unique such that

oth (m) <lx =yl < m (58)
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As in the precedent section, Proposition 4.11 follows from

Proposition 4.12 Consider x, y € T as in (58).

Part a. There exists ig € {0, ..., gs—2 — 1}, such that
£ ) = fO )| e P (59)
or ) )
100 = 0w e P (60)

Part b. Let X = Tx and Y = T™y if (59) holds, and X = T~ 'x and
Y = T~y if (60) holds, forn =1, ..., [kig] + 1 the following holds

A. f(")(X)—f(")(Y)‘ <¢ or B ‘f(_")(X)—f(_”)(Y) <e (61

The rest of Sect. 4.2 is devoted to the proof of Proposition 4.12.

Consider the orbit x — gs_sc, ..., X, ..., x + (gs—2 — 1) (the length of
this orbit is smaller than ¢;). It follows by (3) that there exists at most one
ty € [=gs-2,¢s—2 + 1] such that x + e € Uj_ [~ g + @i ai + 22
Hence at least one of the following two holds:

qs—2—1 k
U 7/tx.y1n Y —L+ai a; + | g (62)
, ’ , 2Cq; ’ 2Cqs
j=0 i=1
or
qs—2 ) k 1 1
T x,yn| || —— +ai,ai + — | = 0. 63
jL:Jl [x. y] L:JI[ scq T a’*chs] (63)

The following Lemma directly implies the proof of Proposition 4.12.
Lemma 4.13 If (62) then (59) and (61) hold. If (63) then (60) and (61) hold.

4.2.4 Proof of Lemma 4.13

We will suppose (62) holds, the proof of the other case being analogous. We
will need some lemmas.

Sublemma 4.14 Forn =0, ...,qg5—> — 1,
If™ @) — fP () < 2kH(3D, +2).

Proof By (58) we have for every i = 1,...,k,a; ¢ [x + jo,y + jol
with j € {0,...,¢9s_2 — 1}. It follows that for n = 0,...,g5-2 —
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1, |f(”)(x) _

using Lemma 4.4, foreveryn =0, ..., g;—» we have

]. Hence,

k
1@ = 1P| < Hix =yl (Z(—h’“”@ —ai) = h'"(a; — en»).
i=1

(64)
By the monotonicity of 4’ on (0, 1) we obtain —4'" (6, —a;) < —h'™ (x —
ai), —h'™(a; —6,) < —h'™(a; — ). Since —h’ > 0,

—h' " (x —a;) = '™ (@i — y) < =B (x —a;) = W'D (@ —y).  (65)
Using Lemma 4.3 (applied to x — a;, where j; € [0, gs_>] — 1 is unique such

that x + jio € [a;, a; + ﬁ]), we obtain

e = vl (=1 x = @)

1 1 _
< e =yl (qs—zh ( ) —2n ( ) —h'(x+ ]iOl)) .
2g52 2g5—2

By (62), it follows that forn =0, ..., g;—> — 1 we have x + no, y + na ¢
k 1 1
Ui:] [_chs + aj, di + chs ]'
By monotonicity of &', —h'(x + jia) < —h' (287) and therefore by (4) and
(58)

I = ¥ (=0 @2 = ap) < llx = v

1 1 1
X qs_zh ( ) - 2h/ 1 - h/ ﬁ
2QS—2 %q—s

11
2 qs—
4s—2h (2q 2) +2D3q5—2h ( ) + Dagsh (%qg)

o (a7)

3D2g5h (24) + a2k (575)

<

< <3D; + 1. (66)
ah (35)
Similarly we obtain ||lx — y|| (—4" %2 (q; — y)) < 3D + 1.
Therefore using (64) and the computations above, forn =0, ..., gs_2 — 1,

IfP ) — fP )] < 2kH(3D; +2).

O
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Sublemma 4.15 There exists iy € {0, ..., gs—2 — 1}, such that |f(i")(x) —
£ ()] > 228

Proof Since gs_3 — qs—4 > qs—4 + 1, there exists ig € [gs—4, gs—2 — 2] such
that

. 1
T"x € |:ak, ay + ] . (67)
qs—4

Indeed

(TR} 8272 = 794y 4 (TROYE2 7972 ¢ T94x 4 (TR0},

and {T"O}ZS:’(‘)‘*1 is at least qs+4—dense. We have assumed that A,% + B,% > 0.
Suppose additionally Ay > — By (if Ax < — By then we replace [ay, ax + %+4]
by [—%+4 + ay, ar]). We claim that

AyD}

‘(f(i"+1)(x) . f(io"'l)(y)) _ (f(io)(x) _ f(io)(y))‘ > 5

Indeed, the LHS of this inequality is equal to | f (x + ipx) — f(y + ip)| =
|f/(0,~0)|||x — vy, for some 6;, € [x + zoa y + ipa]. Now, by (58), 6;, €
lak, ax + L + (L )] C lak, ar + —] By (57), monotonicity of &', (4)
2qs
Ak Ak

twice (for s and s+ 1) and (58)
A 2 1
"G = —= |1 (61, — ax)| = = I B2t —
|77Bi)] 2 \ ( 0 ak)| 2 (‘Is—4) 2 ( ‘ %)’

A 1 A 1 ArD? 1
> —EDigsh (—) > —"D%q““h( ) > :
2 2q; 2 c 2g541 2¢ lx =yl

(68)

2

and the claim follows. Therefore, one of the numbers | £ 0+ (x) — fGoD(y)]
. 2
or |f(lo)(x) _

O

As a consequence of the above lemmas, we obt.ain that at least one of the
numbers fU0+D (x) — flotD(y) or £U0)(x) — £U0)(y) belongs to the set P,
and (59) is proved. The next result will give the proof of (61).

Sublemma 4.16 The following hold:

‘f(”)(Ti()+1x) — f(”)(TiOHy)‘ <€ forall0<n<«k(ip+1), (69)

‘f(_”)(TiOx) — f(_”)(TiOy)‘ <e forall0<n<xGo+1). (70)
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Proof First we show (69). Select (the unique) m € N such that ¢, > «(ip +
1) > gm—1 (note that g, < ¢5). By (3) applied to T*(x), (67) and the fact
that ¢, < ¢, it follows that

k
. . 1 .
i i .. — !
{T,..., T + (gm — Da} N i|:1| [_ZCqm +a;,a; + 2Cqm] = {T"x}.
. (71
Analogously, by (3) applied to T'9(x) — (gm — D)o, we get
¢ 1 1
i i o _ i
{T"x — (gm — D, ..., T"x} ﬂil_ll [_ZCqm +a;, a; + 2Cqm] = {T"x}.
(72)

By (71) and using the same arguments which precedes (64) we obtain (cf.
(65))forn =0,...,k(ip+ 1)

PO @n i - pO @ty < Hilx -y
k . .
% (Z _h/(CIm)(Tlo-l-lx —a;) — h/(q:n) (ai _ Tlo+1y)) ) (73)
i=1

Then fori € {1, ..., k}, again by repeating that lead to (66) we obtain

mh (ﬁ) +3Daguh (ﬁ)

()

_ GD2+ D (25:)
ot (3i)

But g < ck(io + 1) < ckgs—2, thus (by the monotonicity of &) [lx —
yll (=A@ (T x — a;)) < 3Dy + 1)“‘35*2' = 1775- by the definition of «.
Similarly, we obtain [x — y|| (—h"“") (a; — T 1y)) < 5.

Using this and (73) we get

I =yl (=0 (T x — ap) <

|fO(T T ) — Tty <€,

which yields the first case of (69). To handle the second case we use (72)
and proceed as before to obtain first |fh(_”)(T’0x) — fEN (T = |lx —
M \f/(")(en)\ with 0, € [T'"x — na, T""yn — «] and then estimating above
by
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k
Hix =y D 1" (Tx — (gm — De — a)

i=1
—R) (@ — (T = (gn — 1)) .
We conclude exactly in the same way as in the first case. O

We proceed to the proof of Lemma 4.13 in the case (62) is satisfied. If
FUotD () — flotD(y) e P, then (69) gives A.in (61);if £10) (x)— f@0)(y) e
P, then (70) gives B. in (61). The proof of Lemma 4.13 is thus completed since
the case where (63) is satisfied is analogous. O

This finishes the proof of Proposition 4.12, thus of Theorem 4. O
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Appendix A: Absence of weak Ratner’s property

In this section, we will prove Theorem 1. Let f be as in Theorem 1; for
simplicity we assume that fT f = 1. Let ¢ > 1 be such that for every s €
N, gs+1 < cgs. Recall that C > 1 is a constant from Definition 1.3 (such a
constant exists, since k = 1 in our case); we may assume that C > c.

Fix any compact P C R\ {0}. We will prove that for any 1o € R, (7, ier
does not have R (ty, P) property. For simplicity of the notations we will assume
that 7o = 1. Let

d 100 100 d
d > ¢'77 be such that P C [—ﬁ,— dc] U |: dc’ %

1 ] . (74

Let ¢, k > 0 sufficiently small, smallness that will be determined in the course
of the proof. We use Lemma 3.1 for Tx = x + «, to €, 3k2 to get a set
A C T,AMA) > 1 —¢€and Ny € N, such that (15) holds for x € A and

n > Ng. Let N > max <2N0, ﬁ)
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We will hereafter assume that (Tai, f),eR has the R(ty, P) property (see
Definition 2.1) and obtain a contradiction. Thus, assume there exist a set Z C
X7 with A/ (Z) > 1 —e and 0 < § < € such that for every (x, 5), (v,s") € Z
with d/ ((x, s), (v, s")) < &, there exist M, L > N with & >k and p € P
such that

%Hn €M, M+L]: d! (T (x,). T}, ,(y.s) <€)l > 1 —e.  (75)

Consider

1
V::{(x,s)eZ:xeA,O<s<—2}. (76)
€

It follows that A/ (V) > 1 — 4e.
The contradiction will come from the following two Propositions, the first
one of which is a consequence of (75) and (76).

Proposition 5.1 Let (x,s), (v,s") € V with d/((x,s), (y,s")) < 8. Then
there exists an interval I = [M', M' + L'] such that M' > % AL,[—// > la=
a(ty) > 0 is a constant obtained in Lemma 5.6), there exists p € P and there
exists m € 7 such that

|lx —y —mal|| <€ andforeveryn e [M',M + L],
F0 ) = fO () = pl < 2e. a7

Remark 5.2 For p € P,n € N, two points (x, s), (y,s’) € V are called
p, n-close if

Al (T} (x,9), Ty (P (v, 8) < e

Then (x, s), (v, s’) have the WR-property [see (75)], if there exists a time
interval [M, M + L], such that they are p, n-close for a proportion 1 —€ of n’s
in [M, M + L]. In general, the set on which the points are p, n-close, can be
any subset of [M, M + L]. Proposition 5.1 says that in our context the property
actually holds on a full interval of integers. This is what happens also in the
original case of horocycle flows, where, once the point are drifted after time
R, they stay drifted for time e R.

Proposition 5.3 There exists a set Wy C T such that A\(Wy) > co(d)(co =
co(d) > 0 being a constant depending only on d), and a number 0 < §g < §
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such that for every x € Wy

N
for every M > 5 every k € 7 such that | x — (x + 8o) — k||

< e€andevery p € P, if | =M, M + T] is such that for everyn € I,
| F®(x) — FOHO(x + 80) — p| < 2¢ then I _a (78)
M 10

Remark 5.4 The points x € Wy go too close to the singularity under iteration
by Ry, so that points of the form (x, s), (x + 8o, s) split far apart before they
get separated by a distance in P (Lemma 5.11 below). In other words, these
points do not have the ’natural’ WR-property that consists of a controlled
drift starting from the first time the points split. To make sure these points
cannot display the WR-Property in the future §p is chosen in such a way,
that if for large M TMf (x,5), TaMf (x —|— 80, s) become close, then nevertheless

dI (T (x,5), T (x + 80, 9) > 371
WR- property (see Lemma 5.10 below).

and Lemma 5.5 then precludes the

Before we prove these propositions we will see how they imply Theorem 1.

Proof of Theorem 1 Take x € Wy and s > 0 such that (x,s), (x + &g, 5) €
V x V, which is possible since the measure of V is arbitrarily close to 1 if ¢
is sufficiently small. By Proposition 5.3, (x, s), (x + d¢, s) satisfy (78), hence
they don’t satisfy (77), a contradiction. O

Proof of Proposition 5.1

Lemma 8.5 Let x,y € T and let I be an integer interval such that for every
nel, |f(”)(x) f(”)(y)l < n (where 1 is a sufficiently small number). Then

1] < 269" lx — y|T.
Proof We assume that x < y. Let s € N be unique such that

1
Slx =yl < = (79)
1— 1—
et as

Denote I = [a, b] N Z with a, b € 7Z. Then, by the cocycle identity, the fact
thata € I, forn € Z, we have

1fPx) = fFDO = T — fOTy) 0. (80)

Let k € N be unique such that

qk+1 =2 —————— > gk. (81)
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We will show that there exists ng € [0, gx+1] such that

| fUFr 0T ) — fOFOTOT )| = | fUOUT ) = FOOT )] > 2.
(82)
This, by (80), gives | f"0+® (x) — f0F4) (y)| > p and therefore no +a ¢ 1.

(79 -1
It follows that |1| < gry1 < cqx < 20"V ge41 < 2en' 7 |x — y|| ™7 which
completes the proof. Now, we show (82). By (81) and n sufficiently small, we
have s > k.

Note that there existn| € [0, gx+1) suchthat T9x+n 1« € [0, ﬁ].By (79)

and the factthat k +1 < s + 1, we obtain 7%y + nj«a € [0, ﬁ]. Therefore

(D) — D@ y)) — (FOT %) — FOT )
| = 1f(T%% +ne) — f(T +ma)| = Ollx =yl (83)
forsome 6 € [T*x+nia, T*y+n1a] C [0, ﬁ]. Thus, by the monotonicity
of f/ and (81)

2\ a1 '
If/(9)|||x—y||>lyl(—) = =|V|( )
qk+1 Aot 2q5+1
pl+y I-y
Z |yl ( A ) = 4n,

the last inequality by the fact that 5 is small enough. Therefore at least one of
the numbers, | f 1D (T9x) — fOHD(Tay)| | f(T9x) — f(T)] s
bigger than 2n; we set ng either ny, or n; + 1 to obtain (82). O

The following lemma translates (75) into a property on the Birkhoff sums
above R, of the ceiling function f.

Lemma 5.6 Let (x,s), (y,s") € V withd/ ((x,s), (y,s)) < 8. There exist
N . L
Mo, Lo > 5 with V% > 5 such that
1
L—|{r € [My, Mo+ Lo] : Im, € Z, s.t|x —y — myof
0
<eand | fO(x) — O (y) — p| < 2€}| > a. (84)

Proof Assume WLOG thatx < y.Letn € [M, M + L] and r,, be unique such
that ) (x) <n+s < fU+D(x). We will show that

1 2
M sy > —
1 — k2

M —2. (85)
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Indeed, first we show that r); > Np. Indeed, if not, using Lemma 3.1 to %
(we have % > Np)

N
M<M+4s< fOrDo) « FD ) <1 +K2)E <N,

a contradiction. Secondly, by the fact that (x,s) € V (hence s < 61—2) and

ry = No, using Lemma 3.1 to 7y and the definition of N (N > ﬁ), we get
(M = N)

A=kDry < fMx)<M+s < (1 +kHM

and M < M +s < fOHD(x) <A +«?)(ry + 1). Now, 85 follows.
Analogously we prove that

1 + «2
1 —«2

M4+L)—2<rysr < (M +L). (86)

1+ «2
Set My :=rpy, Lo = ry+1 — - It is easy to prove using (85) and (86) that
My, Loy > % and,f,,—% > 5.Moreover,since f > ¢, > 0, there exists a constant

a = a(tg, y) > 0 such that foreveryn € [M, M + L], |ry+1 — rn| < i It
follows that the number of different r,, € [Mo, Mo + Lo] is at least 2aLy.

Letn € [M, M + L] be such that d’ (T;/ (x,5). T,/ (. 5) < €. By (75),
there are at least (1 — €)L of suchn € [M, M + L]. By the definition of d’f
and T/, there exist r, € [Mo, My + Lo] and m,, € N such that

|(x + 1) — (v + mua)| < € and | £ (x) — £ (y) — p| < 2e.

We setm, = m,(n) :=m, —r, € Ztoget|x —y —m,a| < € and | £ (x) —
f(’" +my) (¥) — p| < 2e.Itfollows that the number of different r,, € [My, Mo+
Lo] is at least 2a(1 — €) Lo and hence (84) follows. |

Proof of Proposition 5.1 Denote by

U :={r e [My, My + Lo] : Elmr |lx —y —m,of
<eand [fx) — O (y) — p| < 2€).

It follows by (84) that |U| > aLg. Let us choose in the integer interval
[My, Mo + Lo] disjoint subintervals Iy = [ay, b1], ..., I} = lai, b] such

that U = I1 U...U [; and for every i = 1, ...,/ there exists m; € Z such
that [x — y — mja| < € and for r € I;, | P (x) — fUtmi)(y) — p| < 2e.
Moreover we assume that for every i = 1, ...,/, I; is maximal in the sense

that | f ) (x) — fritmid(y)y — p| > 2¢ for hj = a; — 1, b + 1.
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We will show that there exists i = 1, ..., [ such that

L
1] > “TO (87)

This will obviously finish the proof of (77) with M’ = a;, L' = |I;|, and m =
m; € 7.
Let us show (87). If [ < 2 there is nothing to prove. Assume [ > 3.

Notice that U is the set of n’s such that (x, s), (y, s’) € V are p, n-close. The
next lemma implies that between any two disjoint integer intervals I, I C
U, on which (x, s), (v, s’) are p, n-close, there will be an integer interval J;
much longer than [, such that forany n € J;, (x, s), (y, s") are not p, n-close.

Sublemma 5.7 Leti € {2, ...,1 — 1}. There exist an interval [c;, d;] = J; C
[Mo, Mo+ Lol such that forany r € J;, 4C3 > | ") (x) — fU+m)(y) — p| >

2¢,c; > bi_1,d; <ajy1and |Ji| > ML’% [here C > 0O comes from (3)].

Sublemma 5.7 will give (87). Indeed, by the definition of J; and I;, it follows
thatfori, j =2,...,l —1withj #i—1,i,i +1

JiNnl; =0 and JiﬂJj = .
Hence, 25;12 |J;| < 3Ly, and

L
ILU...UlL_i| < 12C3*7 Ly < a3—°

Therefore, by the fact that |U| > aLg, we have |I1 U [;| > 2a3L° and conse-

quently, |I,| > % for at least one of w = 0 or w = 1.
Hence to obtain (87) we just need to prove Sublemma 5.7.

Proof of Sublemma 5.7 Let v € N be unique such that

= <= G me)| < ——. (88)

qy+1 qv

Consider n € I; = [a;, b;]. We have

2¢ = | P (x) — fOTm(y) — p
— |(f(ai)(x) _ f(ai+mi)(y)_p)+(f(”_ai)(Taix) _ f(n—ai)(Tai+miy))|
> || fOT (T x) — fOTE (T )| — 2e]. (89)
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Hence, for n € I;, | f %) (T% x) — fn=a)(Ta+miy)| < 4e. It follows now
by Lemma 5.5 applied to n = 4e, the points T% x, T%™iy and s = v that

;]
1] < 2(46)™7 |lx — (v + mi) |7 < 2(4€)' T gy (90)

Consider integer intervals K; = [a; — gy—2,a;] and L; = [a;, a; + qy—2]. It
follows by (3) with £ = 1 and for the point 7% x, similarly to the proof of
Theorem 4, that there exist at most one 7y € K; U L; such that T%x + tya €
[—ﬁ, ﬁ]. Assume fp < 0. Then we consider L;. Moreover, we may

v . .
assume that e -7 > 2¢C, and therefore, using (88) we obtain ﬁ < % It

-y
qv
follows that for n € [0, gy_2], 0 ¢ [T% 1" x, T4 Tmi*7y] Hence,

n — sign(f(T%"x) — f(T%T™Mi*"y))is constant forn =0, ..., gy_»,
1)
(itmay happen that 7" y < x).Itfollows that | f ™ (T % x)— f ) (T %+mi y)| 12
is increasing. Hence, for g¢,_7 > n > b; + 1 we have

f(”—ai)(Taix) _ f(n_ai)(Tai+miy) > 4e.

Moreover, by Lemma 4.3 (the RHS of the inequality) to h = f,x = 6
(where f@-2)(T%x) — f@-2)(Ta+miyy = f@-2(g)|x —y —m;al) and
s = v — 2, we obtain

|f(n)(Taix) _ f(”)(Tai+miy)| < |f(qv72)(Taix) _ f([1u72)(T“i+miy)|
<9C? +4 <203,

(if necessary, to get the last inequality, we consider a bigger C). We set J; =
[b;+1, a;+qy—21(b; < ai+2(4e)1+yqv+1,by (90)). It follows that forn € J;,
we have by cocycle identity
26 = de —2e < | fOUTN(T ) — fOTO T )| — | £ (x)
=) = pl < LFP ) = FUO() = pl
SIF@) = fAI(y) = pl+ |7 (T )
— fl=ad (paitmiyy < 2e 4+ 203 < 4C3. (92)

Now, by (90)

di —ci = |Jil = qu_a —2(4)" 7V g1y

_ 1+y Q2 g
=246 gy (2( o 1) > il s )
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since % > C% > and € is small enough.
Suppose n € J; N [;11. If mj11 = m;, then immediately we have a contra-

diction. If m;41 # m; then

L
c3

|f® @) — fOTmiD(y) — pl = |[(FPx) — FOT) () — p)
+f(mi+l_mi)(Tn+mi)y

>|mip1 —mi|inf f—4C? > 2e. (94)
since |m;41—m;|is of order é because both ||x —y—m; 1| and | x —y —m; ||
are close to zero. Hence d; < a;4+1 and Lemma 5.7 has been proved. O

This finishes the proof of Proposition 5.1. O

Proof of Proposition 5.3

Sublemma 5.8 Fix a number 0 < ¢ < %. For every v € N, v > vg and vg

sufficiently large, there exists 0 < 8y < 8, satisfying

1 2
8o € |:1—_y, lfyj| ) (95)
qv qv

| —

such that for every N > |k| > 72,

189 — kerll >

TR (96)

Sublemma 5.9 For every w > wq, wo sufficiently large, there exists a set
Wy C AN (A —éo), 97

with A\(Wy') > co(co(d) will be specified in the proof), such that the following
holds for x € Wy’ and y := x + §:

IF®(x) — F™M ()| < 100dc  foreveryn =0, ...,qu—>  (98)

there exists ig € {0, ..., qu—; — 1} such that

1 1
X +ipx € ,— |, (99)
|:2de de]
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for some N > 1 > 1 depending on w, to be specified later,

0< fP) - "0 < % forn <ig and f™(x)— f™(y)

d
> % foripg <n < wqy. (100)
Before we proof the above Lemmas, let us first show, how they imply Propo-
sition 5.3.

Let w € N be such that

1
Denote Wy := W’ and &y := 4. By definition,
5o € { L2 } (102)
0 = 1= |-
dw 4 dw v

Lemma 5.10 We have that (78) holds for k # O.

Proof Fixany M > %, any p € P andany k # Osuchthat ||[x —y —ka| < €.
Let I = [M, M + R] be such that forn € [M, M + R], we have |f(")(x) —
FOG) = pl < 26
Note that since ||x — y — ka|| < ¢ and ||x — y|| < d < ¢, then |[k| > ﬁ
By the cocycle identity and the triangle inequality, this implies that for every
n €0, R]
IfD(x + Ma) — fP(y + Ma + ka)| < de.

Therefore, be Lemma 5.5,

—1 (96) 1+¢ 1+¢
R < 2c(4s)‘+7’||x —y+ ka7 < 2c(48)1+7’|k| = L |k|™r. (103)

On the other hand, since x € Wy and | f™ (x) — f®+0(y) — p| < 2¢ we get
that

2uM > | fM(x) = fAD )| > | fOTMy)| —2¢ — p

> [k|inf f — 2 Likfing > i/ (104)
> |k|linf f —2¢ — p > —|k|inf [ > .
T p= 5 4c3e
Hence, and using (98) (¢ is small enough),
1
M > max (qwg, §|k|) . (105)
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Hence, by (103) and (105),

1+¢
R o |k|T=r B 2q% (121) ak
WS X -2 P
M max (Qw—Z’ "5—') ! 10
This proves (78) for k # 0. |

Lemma 5.11 We have that (78) holds for k = 0.

Proof Fixany M > %, p € Pandletl = [M, M + R] be such that for every
nel, |f™x)—f™(y)—p| < 2¢.By(100)and (74), forevery n € [0, wqy]
and every p € P, |f™(x) — f™(y) — p| > 2¢. Therefore, for M < %wqw,

(78) holds. It follows by Lemma 5.5 applied to x and y (we have ||x — y|| =
(102) =
so = qi%y), that R = [I] < 2(4€)!™[|lx — y[|™=7 < 2(4€)'Vqy < qu.

Therefore, by (101), for M > %wqw,

So, (78) holds for k = 0. ]

We thus proved (78) in Proposition 5.3. Let us now complete the proof by
proving Sublemmas 5.8 and 5.9.

Proof of Sublemma 5.8 Fix v € N. To simplify the notations, we will write §¢
instead of §7. Given u € N, set

B |
B, = {n €T : d (n, {ia}?;_lqu) > m} : (106)

Let r € N be unique such that

1 1 1
< < (107)

j— ~ *
G2 gy’ Qe

Letcy = 4c,theng;41 > 4cqr—, (since t depends on v which is sufficiently
large, t — c¢1 > v — 4 by (107)).

[1 2]m M B (108)

b
qr+1 4qi+1 i>t—cy

@ Springer



B. Fayad, A. Kanigowski

We will show below that this set is not empty. Now, let §g be any number in this
set. This, by the definition of B;, will give (95) and (96). Indeed, (95) follows
from (107) and (108). To show (96), note that for |k| < g;—,,

95),(107) 1 1 1 1 1
180 — kel > [lka|| =80 > - > - > o,
2kl qiy1” 2clk|  4cqioe, LTS

since |k| > e~ 2. If |k| > q;—¢,, let £ be unique, such that gp; > |k| >
By definition of By

1 1 1+¢
6o — k|| = sup b0 —iall > —F— 2
li1<qer1 €+ 1)2qes1 k|

where the last inequality follows if v is sufficiently large (then by (107), ¢ is
large, so |k| is large and therefore £ is large).

Sublemma 5.12

[ L2 ]m () Bi | #9. (109)

qr+1 4qr+1 i>t—cy

Proof The proof goes by induction. We will show that forevery k > t —c; there

2 k _
exists a closed interval E; C I:%—H th] N (ﬂi>t —e ) and Ey4| C E.
Moreover, we will show (for the induction purpose) that for every k > ¢ —
1
cl |Ex| > EoEE Indeed, we have mln_q[ o F1<i<gr—e, —1 lic| = Tq >
—_r_lr _2 —
qf . SetEy_¢y 1= [th, T L1)2q - ]. It follows by the fact thatt —c; >

v — 4 and v is sufficiently large (by takmg a bigger ¢, we may assume that
¢ > 2) that

E | 1 1 < 1 ( 1) S 1
ol = - > c——)>—-.
a qdr+1 2(t - Cl)zqt—c] CC1+2C]z—c1 c CL1+2qt—C1

1 1
>
qi+1 T 2(t—c1)?Gr—¢

< mlnie{_ql‘fq’---sqlfc]_l} ”la” -

Moreover, since ¢t — ¢ is sufficiently large,

2 1
dre1 20—c1)%qi—¢,
. Therefore, by definition of E;_., and B;_,,

. Moreover,

> 4 and therefore
z(t_cl)th—cl

t—cy

Ei ¢, CB¢,= () B

i=t—c
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Suppose that for some k > ¢ — c¢; we have a closed interval E; C
[ 1 L]m(ﬂk Bi) such that | Ex| > -t It follows that

qi+1° qr+1 i=t—c|

a1
ErN {za}?i_qk =0.

Let Ex41 C Ej be the longest closed subinterval (in Ey) such that

Es1 NBE, = 0. (110)
It follows that Exy; C Ep C [q‘ﬁﬁ] and by (110), Exy; C

k+1 )
(ﬂi;_q Bi) (Er+1 C Ey). It remains to prove that |Exy1| > m.

To do this note that

I
[41Ecdgi + 1] K+ D2geq

|Exy1]| >

Indeed, |Ex N {ia}(ﬂ‘;k:ll < 4|E|qik+1 and around each point of the form

jo,i = — —1, iscard an interval of length ——>——
io, i Qk+1s - -+ > Gk+1 we discard an interval of lengt ESY T

(see (106), for u = k + 1). We use the induction assumption, the fact that
k+12>1t—c1 > v—4(and v is sufficiently large) to obtain
il Lo
[41Eklgesr + 1] (k+ D2qryr ~— e FP2qpqn

Hence (109) is proved. O
The proof of Sublemma 5.8 is thus finished. O

Proof of Sublemma 5.9 We will determine the set W;’. To simplify notation,
we will write Wy instead of W, the dependence on w will be clear from the
context. Let [ € N be such that

—)/+1 1 —}/“r]
(Qw—l) <- < (Qw—H—l) ’ (111)
qduw d quw

since w is large, I > 1. Set

Y
w qJw

2¢ 2c
Woi1:=qx€eT : {x,x4a,...,x+(wgqy — Da}N Ty =0,

1 1
Wo,zzz[x eT : {x,x+a,....,x+(quw-1 — Da}N [ ,—] #* @} .
2dqy dqu
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We have A(Wo,1) > 1 — wgy S = 1 — 22,
qw qw

Asl > 1,fori = 0,...,qy—1 — 1, the sets T"[ﬁ, ﬁ] are pairwise
disjoint. Therefore, by (111)

1
1 1gy—je1 1 1 /1\T7 1 1 /1\T7r
S —>_(_) _:_(_) ,
qw ¢ quw 2d 7 2c\d d

Now we set
Wo := Wo.1 N W 2. (112)

Since w > wy is sufficiently large, A(Wp) = co, where cog = co(d) > 0. We
may assume that

Wo C AN (A — ),

if not we take Wy := Wy N A N (A — 8g) and use the fact that L(A) > 1 — €,
and &9 < § is small. This gives (97). Note that by (112) and the definition of
Wo.2, (99) follows. Let us show (98).

By (99), we have

1
{x,x—{—oc,...,x—l—(qw_z—1)a}ﬂ|:0, i|:@. (113)
2dqy,
Therefore, using (102) and ||x — y|| = &g, we have for every i =
O,...,qw_2—1
T!([x,y]) N |0, = 0. 114
([x, yD [ 6dqwi| (114)

By (114), fori = 0,...,qw—2 — 1,0 ¢ [x + i, y + i], and therefore
| fDx)— fD(y)| < | f9w-2) (x)— f9v-2)(y)|. Therefore and by (114), (102),
monotonicity of f’, (114), Lemma 4.3 (to & = f’, and some 6 € [x, y]), it
follows that for n < gy—2

IFP @) — FO W< 192D (x) — F@2(p)] < lx =yl /92 (0))]

2¢ 1
< " 26dq,, 7 < 100dc, (115)
qu
and (98) follows.
Now we will show (100).

Moreover, forx € Wy C Wy 1, and y := x 4+ 80,0 ¢ [x +ia,y + ia] for
i=0,...,wqy —1

wqy—1
n=

(r®m - r"m)

is an increasing sequence. (116)
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By the fact that ip < gy,—; and (99) it follows that ||x + jo — 0] > 2qw -
for j # ip,0 < j quw—1 — 1. Moreover, since w > wy is large enough,

1
lx =yl =60 < q;) 7 < gg» and we obtain

. , 1 . o
e+ jell Iy + jell > = forj=0,...,qu-1 —1,j #io. (117)

w—I

Moreover, by (116), for n < ip

0< P = fO ) < (FO00) = F ()
—(f+io) = fy +igw).  (118)

Let us consider

fx) ifx> 6q
0 if 0therw1se

f) = {
Hence, by (117)

F=D ) = f @+ doer) = [P (x) and £ (y) = £ (y + iger)
= [ ). (119)
ByO ¢ [x+ia,y+ia]fori =0,..., wqy, — 1 there exists 6 € [x, y] such

that f@w-0(x) — f@u-D(y) = ||x — y||| f'@»~1(9)|. But as in Lemma 4.3 we
get the following:

| f/ 4= (6)] < qu— l<2qw D7+ 20Y1Cqu-D)" + 1y 1(6quw—1)
<

q
46q 71

Therefore, using (118) and (119), (102) and (111), for every n < ip, we have

2c 100c¢
0 < fM@) = fP0) < llx = yIIF D O)] < d6q,, 7 < —
quw
For wq,, > n > ip, by (116) and monotonicity of f’, we have for some
(99), (102)
0o € [x +ipa, y + ipc] [,dq]and

FP0) = fP) = fx +ioe) — f(y+ioa) = llx — ylll.f 00l

! dgw\'™" _ Iyl
g I—V'V'(T) "
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This finishes the proof of (100).
The proof of Sublemma 5.9 is complete. O

This finishes the proof of Theorem 1.

Appendix B: Proof of Proposition 1.7

Consider the Gauss map 7 : [0,1) — [0, 1), Tx := {)lc} , T(0) =0, and let
W be its invariant probability measure given by its density with respect to the

11
Lebesgue measure @mdx.

Lemma 6.1 There exists a constant C > 0 such that for every a € T and for
everyk 21 €N

w(T75((0,a)) N T7((0, a))) < Cu((0, a))>. (120)
Proof Assume that/ > k. Then (u is T-invariant)

w(T75((0,a)) N T7((0, a))) = (0, a) N T (0, a)).

Note that T¥=+1(0, a) = J " (c;, d;) for some disjoint intervals (c;, d;)i =
1,..., +o0o0. We will prove that for every i € N
(T (ei, di) N (0, a)) < Cral(ci, di)((0, a)) (121)

which implies (120) since

+oo
pn((0.) N T(0, @) < Cpl(O, a))u(U(cl,d))

i=1
= Cu(TF"710, @)1 ((0, @) = Cu((0, a))>.

To prove (121), note that T (¢, dy) = ——). It follows that

(d+] c+]

+00
1 1 1 1

S(—— 1 Vnowe U ().

= di+j ¢i+7j di+j ci+j

iZzg—di
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Therefore,
(T (i, di) N (0, a)) < Z ((L ! ))
I’L I 1 k) ~ : I,L dl + J ’ Cl' + J
iZ;—%
<C < (0, a))u((ci, di))
Z (c,+1>(d +J) o
for some constant C > 0 (since the density function f(x) = W is bounded
from above and below on [0, 1]). This completes the proof. O

Proposition 6.2 Let d > 0 and set

={x =[0;a1,...]1 © Ing=No(x)¥n=No

Hk el (n+12 : a >dk%H <2}.

Then L(A) = 1.

Proof We will prove that A(A°) = 0. To do this we will prove that £ (A°) =
O(A and p are equivalent). Note that for k € N if x = [0;ay,...,] is the
continued fraction of x, then TX(x) = 1 ——. Therefore B C A, where

kT ar

[ke[n2, (n+1)72] : Tkx<LH<2]

B:= {x €T : Ing=Npx) YNy dk
g

We will prove that ©(B¢) = 0. To do this note that

+o0
B={U B8] (122)
No=1 \n>=Ny
where B, = [x e T : |{k en? (n+ D3 : TFx < % > 2]. More-
dk3
over,
B, C U B! ... (123)
il#ize[nzﬁ(n-i-l)z]
where Bl’i i, ={xeT: Tix, T2x € (0, 7 ]}. Let us note that
dn®

. 1 . 1
e (o))
dn# dn#
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By (120) from Lemma 6.1, we get that u(B} . ) < Cnf%. Therefore, using
(123) and summing up over all i; # i» € [n?, (n 4+ 1)“], we get that u(B,,) <
Cn~3. This and (122) yield

w(B)= lim un UB,, =0.
0—>+OO
n>Ny
O

This finishes the proof.
Lemma 6.3 Leta € A Then 3 k. I— < 4oo0.
1088 qs

Proof Let Ny := Ny(«) be the number resulting from the fact that @ € A. We
< 400. There exists a constant d > 0

W111 prove tha[ ZS¢K s2=No
Y aS = log

such that for any s € N
8
log(gs) = (2d)7s
| grows exponentially fast). Lets ¢ Ky, s > Np.

7
8(gs)

(indeed, the sequence (qS)Jr

Then
7
2 QS logg qS’

as4+14qs + gs—1 = qs+1

(125)

OO\\I

and therefore, for s ¢ Ky, by (124)
> (In(gy))s — 1 > ds

ds+1 =2
1 in every interval of the form [(Ng + k)2, (No +
7

> ds$ > (d(No + k)%).

Since o € A, for every k
k + 1)2] there is at most one s such that As41

Therefore
L < > i7 2dz—
seKmNo 53 S (No+ k)%

< +o00.

5¢Kq.s >Ny 1088 g5
—uy L
i>1 (No + 5E

This finishes the proof.
Hence we proved that A C € and A(A) = 1, therefore A(£) = 1
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