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On the asymptotic growth of Birkhoff integrals for locally
Hamiltonian flows and ergodicity of their extensions

Krzysztof Fraczek and Corinna Ulcigrai

Abstract. We consider smooth area-preserving flows (also known as locally Hamiltonian flows)
on surfaces of genus g > 1 and study ergodic integrals of smooth observables along the flow
trajectories. We show that these integrals display a power deviation spectrum and describe the
cocycles that lead the pure power behaviour, giving a new proof of results by Forni [Ann. of
Math. (2) 155 (2002), 1-103] and Bufetov [Ann. of Math. (2) 179 (2014), 431-499] and gen-
eralizing them to observables which are non-zero at fixed points. This in particular completes
the proof of the original formulation of the Kontsevitch—Zorich conjecture. Our proof is based
on building suitable correction operators for cocycles with logarithmic singularities over a full
measure set of interval exchange transformations (IETSs), in the spirit of Marmi—Moussa—Yoccoz
work on piecewise smooth cocycles over IETs. In the case of symmetric singularities, exploit-
ing former work of the second author [Ann. of Math. (2) 173 (2011), 1743-1778] we prove a
tightness result for a finite codimension class of observables. We then apply the latter result to
prove the existence of ergodic infinite extensions for a full measure set of locally Hamiltonian
flows with non-degenerate saddles in any genus g > 2.

1. Introduction and main results

In this paper we give a contribution to the study of ergodic theory of smooth area-
preserving flows on higher genus surfaces (also known as locally Hamiltonian flows)
as well as to the infinite ergodic theory of flow extensions. The class of surface flows
that we work with is introduced in Section 1.1. We study in particular deviations of
ergodic averages, by proving the existence of a power deviation spectrum for the
ergodic integrals along the flow. This extends and gives a new proof of results by
Forni [17] and Bufetov [6] for observables with compact support outside a neigh-
bourhood of the fixed points of the flow, to observables which have full support and
are non-zero at singularities. We then use our result to show the existence of infinite
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extensions of such flows which are ergodic with respect to the natural infinite invari-
ant measure. This result generalizes to higher genus a classical result by Krygin [37]
in genus one and extends a previous result in higher genus by the authors (see [22],
where we showed the existence of ergodic extensions in any genus, but only for flows
with self-similar foliations) to a full measure set of flows.

1.1. Locally Hamiltonian flows

Let M be a compact, connected, orientable (smooth) surface and let g denote its
genus. We will assume throughout that g > 1. We will consider smooth flows on M
preserving a smooth measure p (i.e., absolutely continuous measure with smooth
positive density), see Section 2.1. These flows, also known in the literature as multi-
valued Hamiltonian, are locally Hamiltonian flows: indeed, the flow ¥r := (¥¢)rer
is locally Hamiltonian in the sense that around any point in M one can find coordin-
ates (x1, x2) on M in which Yy is locally given by the solution to the equations

X1
X2

for some smooth real-valued Hamiltonian function H. A global Hamiltonian H can-

9H /9x,,
—8H/8x1

not be in general defined (see [46, §1.3.4]), but one can think of Yr as globally given
by a multi-valued Hamiltonian function. We will assume throughout this paper that
the fixed points of Yr are non-degenerate (also called Morse fixed points), namely
that for every fixed point p the local Hamiltonian H is a Morse function at p.

The interest in the study of multi-valued Hamiltonians and the associated flows in
higher genus (g > 1) and, in particular, in their ergodic and mixing properties, was
highlighted by Novikov [47] in connection with problems arising in solid-state phys-
ics as well as in pseudo-periodic topology (see, e.g., the survey [68] by A. Zorich).
The simplest examples of locally Hamiltonian flows with singularities on a torus,
i.e., flows with one centre and one simple saddle (see Figure 1 (a)), were studied by
V. Arnold in [2] and are nowadays often called Arnold flows.!

On the space of locally Hamiltonian flows, one can define a fopology (see Sec-
tion 2.1.1) as well as a measure class (the Katok fundamental class, see Section 2.1.2).
Our understanding of the typical chaotic properties (in the measure theoretical sense)
of these flows has advanced a lot in the last forty years. While results concerning

"More precisely, referring to the decomposition described in Section 2.1.1, we call Arnold
Sflow the restriction to a minimal component obtained by removing the centre and the disk filled
by periodic orbits around it (called island), which, as Arnold shows in [2], is always bounded
by a saddle loop.
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(a) An Arnold flow (g = 1) (b) A flow on a surfaceof g = 3

Figure 1. Examples of locally Hamiltonian flows on a surfaces.

orbit properties, such as minimality or ergodicity, were known first, since they can be
simply deduced” from classical results which were proved using Teichmiiller dynam-
ics (see below as well as Section 2.1.4), results on finer chaotic properties such as
(weak or multiple) mixing, or recently spectral and disjointness results, were proved
only in the last twenty years, since they depend on the movement along trajectories
(i.e., on time-reparametrization) and require more delicate estimates exploiting the
locally Hamiltonian parametrization of the orbits. We summarize some of the known
results in Section 2.1.4 below.

In the classification of chaotic behaviour in locally Hamiltonian flows it is cru-
cial to distinguish between two open sets (complementary, up to measure zero, see
Section 2.1.2 for more details): in the first open set, which we will denote by Uy,
the typical flow is minimal, in the sense that the orbits of all points which are not
fixed points are dense in M. On the other open set, that we call U~ ,, the flow is not
minimal, but one can decompose the surface into a finite number of subsurfaces with
boundary M;,i = 1, ..., N such that for each i either M; is a periodic component,
i.e., the interior of M; is foliated into closed orbits of Y¥yr (in Figure 1 (b) one can see
three periodic components, namely two disks and one cylinder, all foliated by closed
orbits), or M; is such that the restriction of {¥g to M; is minimal in the sense above
(two such subsurfaces are visible in the example in Figure 1 (b)). The latter are called
minimal components and there are at most g of them (where g is the genus of M), see
Section 2.1.4.

20ne can show (see, for example, [68]) that every minimal locally Hamiltonian flow on M
(as well as the restriction of a locally Hamiltonian flow to one of its minimal components
(see Section 2.1.1)) has the same trajectories (up to time-reparametrization) as a translation
flow. Thus, one can infer properties which depend only on trajectories as sets and not on their
time-parametrization, such as minimality and ergodicity, from the known properties of typical
translation flows.
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The study of locally Hamiltonian flows is intertwined with the study another
famous class of flows on surfaces, namely translation (linear) flows® on translation
surfaces, which are at the centre of Teichmiiller dynamics. Each minimal component
of a locally Hamiltonian flow ¥ indeed can be seen as a time-reparametrization (or
a time-change) of a translation flow. Notice though that the time-change is singular at
the fixed points Fix(y¥r) of Yr (see Section 2.3.2 and Remark 2.3 for a more precise
description of the relation). One of the results which can be inferred from classical
results on translation flows (proved through Teichmiiller dynamics) is that the fyp-
ical flow (in the measure theoretical sense) in U, is ergodic (with respect to ()
and the typical flow in U~ y, is ergodic when restricted to each minimal component
(see Section 2.1.4); it also follows that the associated foliation into flow trajector-
ies (or equivalently any Poincaré map of the flow) is uniquely ergodic (i.e., there
is a unique invariant probability transverse measure, the transverse measure induced
by ). Notice, though, that any locally Hamiltonian flow yrg with Fix(yr) # @ is not
uniquely ergodic (as a smooth flow on a compact manifold): indeed, in the presence
of singularities, there are always trivial invariant measures (Dirac deltas) supported
at singularities. The presence of such measures and their effect on ergodic integrals
plays a key role in this work.

1.2. Power deviations and asymptotic behaviour of ergodic averages

Let ¥r denote either a locally Hamiltonian flow on M in U, or the restriction of ¥r
in U~ pip to a minimal component M;, that by abusing the notation we will again
denote by M here, and assume that Yg is ergodic (and the associated foliation is
uniquely ergodic). Thus, for every smooth observable f: M — R and for almost
every initial point p € M, the ergodic averages of f converge to the spatial averages,

lim M =/ fdu, (1.1
T M

T—+o00

i.e.,

3Translation flows are unit speed linear flows on translation surfaces, namely surfaces
which are locally Euclidean outside a finite number of conical singularities with cone angles
of angle 27k, k € N. On these surfaces, one has a well defined notion of direction and for
each 6 € S one can define a directional flow h% = (h?)th which moves points along lines
in direction 6 at unit speed.

“Equidistribution of almost very point follows simply by ergodicity and Birkhoff ergodic
theorem. Unique ergodicity yields a stronger conclusion if the observable if supported outside
the set of fixed points Fix(y¥/r): in this case equidistribution, namely (1.1), holds for any regu-
lar p,i.e., any p such that its forward orbit is (¥;(p))s>0 is dense. One can show though, that
this is not the case for observables f which are non-zero at some fixed points, namely there are
regular points for which equidistribution does not hold.
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where

T
) = I i= [ £ )

With deviations of ergodic averages one refers to the study of the oscillations of
the ergodic integrals I7( f, p) (or the related Birkhoff sum over an interval exchange
map obtained as Poincaré section) of an observable f: M — R of zero mean

fM f(p)dp =0

over the orbit of (typical) point p € M. A distinctive phenomenon first discovered
experimentally by A. Zorich in the 1990s (see [68] and also [36,67]) is that deviations
of ergodic averages have polynomial nature, in the following sense: for a typical flow,
for suitable classes of observables, one can find an exponent v = v(f) withO <v < 1
such that, I7(f, p) ~ O(T") for every regular point p, where we use the notation

Ir(fip) ~0(T") < limsupM =y

(1.2)
T—o0 log T

Kontsevich and Zorich explained this phenomenon heuristically using renormaliz-
ation and conjectured that, at least in the case of locally Hamiltonian flows with
non-degenerate fixed points,” there is a full deviation spectrum, namely there are
exactly g positive exponents 0 < vy < --- < vy < v := 1 and a corresponding fil-
tration of Hy11 C Hy C --- C H; of the space of smooth functions such that if
f e H;\ Hiy; with 1 <i < g, then

Ir(f.p) ~ O(T")

(see [36]). Zorich gave in [68] a rigorous proof of this phenomenon for ergodic integ-
rals of a special class of functions f: M — R, those which represent cohomology
classes. We included an outline of the arguments explaining these deviations in
the appendix in Section A.l.1 for the interested reader. Forni proved most of this
conjecture in [17] (with the exception of simplicity, namely the strict inequalities

>This is the framework proposed in the paper [36], where Kontsevich (based on joint
work with Zorich) formulates the conjecture on the existence of the deviation spectrum (which
later became known as Kontsevich—Zorich conjecture). They first state the result for homology
classes (or equivalently characteristic functions over interval exchange transformations) and
then suggest that the phenomenon should hold more generally if one considers, for simplicity,
locally Hamiltonian flows with Morse saddles and the space of smooth functions.

®In the setting of [68], this class of functions reduces to the study of Birkhoff sums of
piecewise constant functions over interval exchange maps.



K. Fraczek and C. Ulcigrai 236

between vy < vg_1 < --+ < v, which was later proved by Avila and Viana in [5],
while the positivity of v, > 0 is a crucial part of [17]) for smooth observables and
typical flows in the closely related class of translation flows on translation surfaces
(see footnote 3). In the setting of locally Hamiltonian flows, he considers the min-
imal case Yr € Ui, and has the further assumption that the (smooth) observable f
is compactly supported outside of a neighbourhood of the finite set of fixed points
Fix(¥r) (or, more generally, in the Sobolev regularity setting, that at least the func-
tion f vanishes on Fix(yR), see [17] as well as [18]). We comment below on the
consequences of this assumption (see Remark 1.1).

The power spectrum of ergodic integrals is related in [17, 68] to Lyapunov expo-
nents of the Kontsevich—Zorich cocycle (so that in particular the strict inequalities
Vg < Vg_1 <--- <7 hold in view of the simplicity of the Lyapunov spectrum, which
is the result later shown by Avila—Viana in [5]); the filtration is described by Forni
in [17] in terms of kernels of what we nowadays call Forni’s invariant distributions.
We refer the interested reader to [5, 16, 18,68] for surveys of this phenomenon; in [16]
other instances of parabolic flows for which deviations can be studied via renomaliz-
ation are also mentioned.

A finer analysis of the behaviour of Birkhoff sums or integrals, beyond the size of
oscillations, appears in the work [6] by Bufetov, as well as in the work [40] by Marmi,
Moussa and Yoccoz. In [6], Bufetov studies limit theorems for ergodic integrals of
translation flows (and describe weak limit distributions) in terms of objects that he
calls Hélder cocycles (or, in the more general context of Markov compact, finitely-
additive measures) and turn out to be dual to Forni’s invariant distributions (see [6] for
details). In particular, he shows that for a full measure set of translation flows Agr :=
(ht)ser (With respect to the Masur—Veech measure), there exists g — 1 cocycles’

P;t,x):RxM —->R

fori = 2,..., g (closely related to the limit shapes introduced independently at the
same time by Marmi, Moussa and Yoccoz in [40]), each of which has a pure power
growth, i.e., such that |®;(T, x)| ~ O(T*") (in the sense of (1.2) above), which,
together with the trivial cocycle @4 (¢, x) = ¢, encode the asymptotic behaviour of
the ergodic integrals along the flow, by providing an asymptotic expansion up to sub-
polynomial terms, i.e., such that

T
Ir(f, pohw) = /0 7 (hs(p)) ds

= 1T + c2P2(T, p) + -+ + cg @ (T, p) +err(f. T, p),

"Here ®; (¢, x) is a cocycle over the flow hR in the sense that ®; (r 4 s, x) = ®; (1, x) +
®D; (s, he(x)).
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where the error term erc(f, T, p) is subpolynomial, i.e., for any € > 0, there exists
C. > 0 such that
lert(f. T, p)| < CeT*.

The constant of the linear leading term is ¢; = f f dw, where w is the underlying
translation surface area form, and the other coefficients can be computed evaluating
invariant distributions D; fori = 1,..., g,i.e., ¢; = D;(f).

1.3. Ergodicity of extensions

A classical way to visualize and study the behaviour of ergodic averages of an observ-
able f: M — R along the flow ¥gr on M is to consider the flow on M x R given by
coupling Y with the differential equation on R:

d
T = /(). yeR ick

One can see that the solution is given by the flow @H}é = (q)zf)teR on M x R given
by the formula

t

o/ (p.y) = (%(p), y+/0 f(ws(p))dS), PEM, yeR, reR. (13)

Thus, the flow CID]{é is a skew product and provides an extension to M x R of the
flow Yr on M (i.e., it projects on the M coordinate to the flow yg). The motion in
the R fiber is determined by the oscillations of the ergodic integrals of f along YR.
Notice that QD]{% preserves the infinite product measure p x Leb, where p is the invari-
ant measure for Y¥r and Leb denotes the Lebesgue measure on R.

The study of these types of skew products goes back to Poincaré [48] and his
work on differential equations on R* (in the case when g is a smooth flow on the
torus); the study of infinite skew product extensions in greater generality became later
a central topic in infinite ergodic theory, see for example the monographs [1, 55].
A basic question is whether the flow @Hj; is ergodic (see Section 2.1.3) or, if not,
what is a description of ergodic components. A necessary condition for ergodicity is
that f has zero mean, i.e., [ u J du = 0, since otherwise @1{; has a drift and is not
even recurrent (see Section 2.1.3). In the setting of extensions, a property completely
opposite to ergodicity is reducibility. If the skew product on M x R is reducible (see
Section 2.1.3 for the definition), M x R is foliated into invariant sets for CD]{{S, on
which the dynamics is conjugated to g on M.

Taking a suitably chosen Poincaré section (see Section 2.3.3 for details), the erg-
odicity of CD]{é is equivalent to the ergodicity of a skew product automorphism 7, of
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the strip I x R, where I = [0, 1), of the form
Ty(x,y) = (T(x),y + gz)(x)), xel, yeR, (1.4)

where T: I — [ is a rotation (i.e., the map T (x) = x + @ mod 1) when M is a torus
(g = 1), or more in general, for any g > 1, an interval exchange transformation (see
Section 2.2.1), while ¢: I — R is a function with singularities (i.e., points where the
function blows up) which are logarithmic (see Section 2.3.1 for the precise definition)
whenever Y has only non-degenerate saddles (while polynomial in presence of a
degenerate saddle).

Remark 1.1. Notice also that if f is compactly supported in M \ Fix(y¥r) (or, more
generally, it vanishes on Fix(/Rr), see Section 4.2.2, in particular Proposition 4.1),
then the function ¢ in (1.4) is piecewise absolutely continuous (or even piecewise
smooth), in particular does not have logarithmic singularities. Thus, the singularit-
ies are a combined effect of the nature of the locally Hamiltonian parametrization,
together with the assumption that (the jet of) f does not vanish identically zero at

Fix(Yr).

We stress that the problem of ergodicity of skew product extensions over IETs is
currently actively researched, but still widely open. See, for example, [8, 10, 19, 23,
26,27,49,50] for some results in particular settings.

In the genus one case, the existence of ergodic skew products was first discovered
by Krygin, in [37], in the case where the flow ¥r has no singularities. Ergodicity
of extensions of typical Arnold flows® (or, correspondingly, of skew products of the
form (1.4) where T is a rotation and ¢ has one asymmetric logarithmic singularity,
see Section 2.3.1 for definitions), was proved by Fayad and Lemanczyk in [13], where
they proved ergodicity for a full measure set of rotation numbers. This case is partic-
ularly delicate since the underlying Arnold flows are mixing; in a related easier case
(namely the case when T is a rotation but ¢ in (1.4) has one symmetric logarithmic
singularity, see Section 2.3.1), ergodicity was proved previously by Lemanczyk and
the first author, see [21].

Very little is understood in the case of infinite skew product extensions (i.e., exten-
sions by a non-compact fiber, for which the natural invariant measure is infinite) of
locally Hamiltonian flows in higher genus g > 2, even in the case when f: M — R
has compact support in M \ Fix(¥r) and the cocycle ¢ is piecewise-smooth (see
Remark 1.1) or even piecewise-constant. Some specific results for piecewise constant
or piecewise absolutely continuous cocycles over IETs with” d > 2 were proved for
example in [10, 15,23,39].

8Recall that an Arnold flow is the restriction to the minimal component of a locally Hamilto-
nian flow in genus one with one saddle and one centre, see Figure 1 (a).
9We always denote by d the number of exchanged intervals.



On Birkhoff integrals for locally Hamiltonian flows 239

We considered the case of a locally Hamiltonian flow ¥r with non-degenerate
saddles and a general observable f: M — R and, correspondingly, of a cocycle ¢
with logarithmic (symmetric) singularities in our previous joint work [22], where we
showed the existence of ergodic extensions in any genus, but for a very restrictive class
of locally Hamiltonian flows. More precisely, in [22] we could treat only the special
(measure zero) class of locally Hamiltonian flows in U, for which the Poincaré sec-

10"and restrict

tion can be chosen to be a self-similar interval exchange transformation
the observable f to belong to an infinite-dimensional (but finite codimension g)
space. For extensions of flows in this special class, though, we could provide a com-
plete description of the ergodic behaviour and prove a dichotomy between ergodicity
and reducibility. One of the main results of this paper is to show that this dichotomy
actually holds also for a full measure set of such minimal locally Hamiltonian flows

(see the Main Theorem 1.2 below).

1.4. Main results

One of the main results of this paper is that infinite ergodic extensions exist in any
genus g > 1 for a full measure set of (minimal) locally Hamiltonian flows with non-
degenerate fixed points (with respect to the Katok fundamental class for each stratum,
see Section 2.1.2). More precisely, we are able to extend the result previously proved
in [22] only for a measure zero class of self-similar IETs to a full measure set of
locally Hamiltonian flows, by proving the following dichotomy for the dynamics of
the extensions.

Theorem 1.2 (Ergodic or reducible extensions of locally Hamiltonian flows). For
a full measure set of locally Hamiltonian flows Yr with non-degenerate saddles
in Umin, for any € > 0, for any f in a infinite-dimensional (finite codimension) sub-
space K C C2T€(M), we have the following dichotomy:

. if erFiX(WR) | f(x)| # O, then the extension CIDJ{; is ergodic;

* I X xerinyp) IS (¥)] = 0, then the extension CID]{{S is reducible.

We will comment later on the full measure set, which is explicitly described by
a new Diophantine-type condition (see Section 3.2.2 for the definition) as well as on
the infinite-dimensional (invariant) subspace K (which will be defined as the kernel
of g invariant distributions, see Section 7.2).

10These IETs are also known as periodic-type IETs in the literature, see for example [56].
In [22] we further assume that the periodic-type IET is of hyperbolic type, see [22] for details.
Explicit examples of locally Hamiltonian flow of hyperbolic periodic type were constructed
in [10].
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The proof of this ergodicity result takes as starting point our results on deviations
of ergodic averages'' of f, which is of independent interest and that we now state.
As it is clear from the dichotomy, to produce ergodic extensions one needs to study
observables f: M — R which do not vanish at (at least one) the saddle points'”

in Fix(YR).

For ergodic integrals of (typical) minimal locally Hamiltonian flows in Uy, (see
Theorem 1.3), as well as for minimal components of (typical) locally Hamiltonian
flows in U pnin (see Theorem 1.4), we give asymptotic descriptions of the deviation
spectrum, as follows.

Theorem 1.3 (Asymptotic power spectrum of ergodic integrals (minimal case)). For
a full measure set of locally Hamiltonian flows on M in U, with non-degenerate
saddles, there exist a power spectrum 0 < vy < --- < vy < vy := 1, where g is the
genus of the surface M and, for any € > 0, invariant distributions D;: C2T¢(M) — R,
i =1,...,g suchthat, for every f € C>T€(M), we have the asymptotic expansion

T g
/0 (W) dr =" Di(fHui(T. x)

i=1
+ > f@ue(T.x) +ermy(f. T, x),
o €Fix(YRr)

where, for 1 <i < g, u; are smooth cocycles u;:R x M — R over the flow YR such
that

i log [|u; (T, -)llLoo(my
im sup =
T—+o00 log T

while, for o € Fix(YRr), us are smooth cocycles ugs: R x M — R over yr which

Vi, (1.5)

grow sub-polynomially pointwise and in L? -norm for every p > 1, i.e., such that

1 T,
limsupM =0 foraexeM,
T—+o0 log r

(1.6)
log |ug (T, -
lim sup gllua (T )lzr =0 forallp=>1,
T—+00 log T
and erry, is a uniformly bounded error term, i.e.,
sup [l errp (f, 2, +)||Loe < +00. (L.7)
teR

n particular, to prove ergodicity we need to show a form of tightness of Birkhoff sums,
which, combined with enough oscillations thanks to the presence of logarithmic singularities,
allows to apply classical essential values (see [55]).

12Since we are here assuming that Yr € Umin has only non-degenerate fixed points, Fix(¥r )
consists of simple saddles only, see Section 2.1.1.
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Furthermore, for every o € Fix(YRr) and for p-almost every x € M, the values of
the cocycle t — uq(t, x) are equidistributed on R, ie., for any pair of intervals
J1,J2 C R, we have

Leb{t € [0,T] : us(t,x) € J1}  |J1]
im = 1
T—+oo Leb{t € [0,T] : ug(t,x) € Jo}  |J2|

(1.8)

Finally, if we set

err(fit.x) = Y f(O)ug(t.x) + erry(fit, %), (1.9)

o €Fix(YR)

as soon as f does not vanish identically on Fix(YR), for i-almost every x € M also
the values of the cocycle t — err(f,t, x) are equidistributed on R.

The Main Theorem 1.3 completes in particular the proof of the Kontsevich—Zorich
conjecture, in its original formulation for smooth functions over locally Hamiltonian
flows with non-degenerate saddles (as formulated in [36], see the above Section 1.2).
The result should be seen as a generalization (for smooth'® functions) of both the
results by Forni [17] (since it proves the existence of a power deviation spectrum)
and Bufetov [6] (since we show the existence of asymptotic cocycles). While the
observables in both Forni’s [17] and Bufetov’s [6] works vanish on Fix (Y ), we allow
the observables to be non-zero at singularities in Fix(/r). This leads to the presence
in the asymptotic expansion of k new cocycles, where k is the cardinality of Fix(yR),
one for each saddle o € Fix(yr). We will call these u, singular cocycles, since they
describe the fluctuations of the ergodic averages due to the presence of singularities.
While these cocycles u, have sub-polynomial deviations, as shown by (1.6), they are
not uniformly bounded.

Comparison with Forni’s and Bufetov’s works. To further compare the result with
Forni’s [17] and Bufetov’s [6] works, let us consider the global error term err( f, ¢, -)
defined as in (1.9) combining the bounded error erry( f, ¢, -) together with the co-
cycles s, 0 € Fix(yr). Then one can see that err( £, ¢, ) has always sub-polynomial
pointwise growth (in view of (1.6) combined with (1.7)), but we have a dichotomy:
on one hand, if f does vanish identically on Fix(yr), err(f, ¢, ) coincides with
errp(f, ¢, -) and is uniformly bounded. In this case, the g cocycles u;, which lead
the power growth, can be shown a posteriori to coincide with the Bufetov functionals

3The class of functions considered by Forni [17, 18] and Bufetov [6] is more general:
smoothness is not required, but only a Sobolev condition in [17] (see also [18] for a more
general result on the cohomological equation) and a weak Lipschitz property in Bufetov’s work,
see [6] for details.
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in [6] up to a bounded error. On the other hand, as soon as f does not vanish identic-
ally on Fix(yr), err( f, ¢, x) cannot be controlled uniformly: for p-almost every x, the
function ¢ +— err(f, ¢, x) is unbounded, in view of the equidistribution of err( £, ¢, -) in
this case (see the final part of Theorem 1.3, which follows directly from the ergodicity
of the extensions proved in the Main Theorem 1.2, more precisely from an application
of the ratio ergodic theorem in infinite ergodic theory).

This novel phenomenon is an effect of the presence of infinite tails, due to the
assumption that f is non-zero at (some) singularities and the slowing down of tra-
jectories near Hamiltonian saddles. We are nevertheless able to control the error term
err( f,t,-) pointwise almost everywhere and in average, in any L?-norm with p > 1,
in view of (1.6), (1.7) and (1.9).

Minimal components in the non-minimal setting. Another novelty of our work
is that, while Forni and Bufetov in [6, 17] study only minimal flows, we prove the
existence of an asymptotic expansion also for ergodic integrals of non-minimal flows
in U- min. More precisely, we prove the following result for a minimal component
My C M of atypical flow on U, pip.

Theorem 1.4 (Asymptotic power spectrum for non-minimal components). For a full
measure set of locally Hamiltonian flows on M in U~ ;, with non-degenerate saddles,
for any minimal component My C M of YR, if go denotes the genus of My, there exist
a power spectrum 0 < vg, <--- < vy < vy := l and, for any € > 0, go invariant distri-
butions D;: C2T€(My) = R, i =1,..., go, and go smooth cocycles u;: Rx My — R,
fori =1,...,go, each of which satisfies (1.5), such that for every f € C?>%¢(M,),
we have an asymptotic expansion

T g0
| F e = Y D urn) +en £ 7.0,
0 i=1
where, if f vanishes on Fix(Yr) N My, the error term err( f, T, ) satisfies

log |lerr(f, T +)ll oo (mq)

lim sup <0, (1.10)
T—+00 logT
while if f is not identically zero on Fix(Yr) N My, then
. log |err(f. T, x)|
limsup ——————— =0 for p-almost every x € My, (1.11)
T—+o00 log T
and furthermore
1 T, -
lim sup ogllerr(/. T. )llzr o) =0 foreveryp > 1. (1.12)

T—+o0 logT
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Notice that in this case, when restricting to a minimal component of Yr € U yin,
we only claim that err( f, T, -) grows sub-polynomially (which is the same type of
estimate proved by Bufetov for the error term in the symmetric case). This result
is in particular an extension of Bufetov’s work [6] to the restriction to a minimal
component in the non-minimal case Yr € U pmin.

Thus, Theorems 1.3 and 1.4 complete the study of deviations of ergodic averages
of smooth functions over locally Hamiltonian flows with non-degenerate saddles. The
study of locally Hamiltonian flows with degenerate-saddles leads to other new phe-
nomena and additional polynomial terms in the asymptotic expansion and is treated
in the paper [20] by M. Kim and the first author.

The proof and the Diophantine-like conditions. The proof of the asymptotic expan-
sion in Theorem 1.3, which will be proved at the same time than Theorem 1.4, follows
a completely different approach to both Forni’s [17] and Bufetov’s [6] works and
is inspired by the work of Marmi—Moussa—Yoccoz [39] on solving the cohomolo-
gical equation for (Roth-type) interval exchange transformations (and the follow up
work [43] by Marmi and Yoccoz). We comment in detail on this strategy below in
Section 1.5.

An advantage of this different approach is that it allows to give a description of
the full measure set of locally Hamiltonian flows for which the result holds in terms of
a Diophantine-type condition. Furthermore, it also provides a different construction
of the cocycles which describe the asymptotic behaviour of ergodic integrals in terms
of the correction operators.

The full measure Diophantine-like conditions (which are different for Theorem 1.3
and Theorem 1.4, respectively) are expressed more precisely on the interval exchange
transformations which arise as Poincaré sections of the flows. We introduce (in Sec-
tion 3.2) two such conditions, both of which we show to be of full measure. The first,
that we call Uniform Diophantine Condition (or UDC), is used to prove the existence
of the asymptotic expansion in both Theorem 1.3 and Theorem 1.4 up to a subpoly-
nomial error. In the case of minimal flows in Uy, to improve the estimates on the
error and show in particular that the error is equidistributed (see the second part of
Theorem 1.3), we need to assume a more restrictive condition, namely the Symmet-
ric Uniform Diophantine Condition (or SUDC). For this result indeed we also need to
crucially exploit the cancellations proved by the second author in [59] to prove typical
absence of mixing and these require further assumptions on the IET to hold.

Both Diophantine-like conditions expressed in terms of the matrices of the Rauzy—
Veech cocycle, which often plays the role of multi-dimensional continued fraction in
the study of IETs. These conditions, similarly to the Roth-type condition for IETs
introduced by Marmi—Moussa—Yoccoz in [39] (and its variations, see for example [39,
41-43]), impose constraints both on the growth of the matrices of (an acceleration of)
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the cocycle, as well as requests on the hyperbolic behaviour of the matrix product, in
the form of Oseledets genericity requests. In addition, we require effective Oseledets
control, which in turns allow to control certain Diophantine series (see Section 3.3).
We point out that similar conditions also appear in the recent work [25] on rigidity of
generalized interval exchanges.

1.5. Correction of cocycles

We comment now on the methods and the proofs and compare our strategy to the one
developed by Marmi, Moussa and Yoccoz in their work [40].

1.5.1. Reduction to skew-products over IETs. First of all we work with Poincaré
maps, both to study the flow {¥r and its extensions @1{{3; it is well known that Poincaré
maps of area-preserving flows, in suitably chosen coordinates, are interval exchange
transformations (for short IETs), namely, piecewise-isometries of the interval /I =
[0, 1) (the definition is recalled in Section 2.2.1). Moreover, any minimal locally
Hamiltonian flow admits a representation as special flow over the IET

T:1—1,
which arises as a Poincaré map (see Section 2.2.2 for a definition). The roof function
ril - RT,

which arises from this representation, has singularities at the discontinuities of T,
which, in case of simple (non-degenerate) saddles, are of logarithmic type (formally
defined in Section 2.3.1), i.e., as x — xijE approaches a discontinuity x; € I of T
from the right or left, r (x) blows up as Cii| log |x — x;|| , where the constants Cl.jE
are positive and are globally symmetric, namely

Y. CGr=) ¢

for typical flows in Uy, While asymmetric for minimal components of typical flows
in U~ min-

Fix now an observable f: M — R which is non-zero on Fix(y/r). To study ergodic
integrals, we build the extension CID]{{: on M x R (given by (1.3)). Choosing a Poincaré
section for the extension which projects on I, namely of the form / x R, the Poincaré
first return map of @{é (in suitable coordinates) turns out to be a skew product over
the IET T of the form (1.4), in which the cocycle ¢ has logarithmic singularities
(where the constants CijE here can be positive or negative, or zero if the function is
zero on Fix(yr), in which case there are no singularities, see Remark 1.1). We have
now reduced the study of ergodic integrals and ergodicity of extensions to the study of
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Birkhoff sums of cocycles with logarithmic singularities over IETs and the ergodicity
of skew products over IETs with logarithmic singularities. In particular, we want to
understand the growth of the Birkhoff sums

n—1

M=) goT*
k=0

of ¢ over T, as they describe the movement in the R-component of the iterates of the
skew product T, in (1.4).

1.5.2. Marmi-Moussa-Yoccoz corrections. The growth of Birkhoff sums ¢ of
a piecewise smooth cocycle (continuous on each continuity interval of 7") were stud-
ied by Marmi—-Moussa—Yoccoz in [39] (to study the cohomological equation'* for
IETs). The main result proved in [39] for Birkhoff sums is that, under a (full meas-
ure) Diophantine condition on the IET 7', one can correct the cocycle g, i.e., subtract
a piecewise-constant function £ constant on the continuity intervals of 7" so that the
Birkhoff sums

n—1
=" =>(p—8&oT*
k=0
of the corrected cocycle ¢ — & are uniformly bounded in # and x.

Birkhoff sums are studied using renormalization, namely inducing the IET and,
correspondingly, the cocycle ¢ on smaller and smaller nested subintervals (1 %))z en
(defined using an acceleration of Rauzy—Veech induction as renormalization algor-
ithm). The crucial phenomenon evidenced in [39] is that renormalized Birkhoff sums,
which we denote S(k)¢ (see Section 3.1.5 for the definition) look more and more
piecewise constant observables (an heuristic explanation for this is given in Sec-
tion A.1). This guarantees that it is possible to subtract ¢ a piecewise constant observ-
able & (the correction) so that the corrected cocycle ¢ — & has exponentially small
renormalized Birkhoff sums. An heuristic outline of this argument (for which we
thank the referee) is included in Section A.1 for the curious reader (see Section A.1.2).

4Given an IET T and a function ¢: I — R, ¥: I — R is a solution of the cohomological
equation for 7 with datum ¢ if ¥ o T — ¥ = ¢. Marmi—-Moussa—Yoccoz in [39] identify a (full
measure) Diophantine-like condition on 7" (called Roth-type condition) and a subspace (of finite
codimension) of the space of cocycles ¢ which are piecewise absolutely continuous on each
continuity interval of 7', for which one can find a continuous solution i to the cohomological
equation Y o T — ¢ = ¢. By a theorem of Gottschalk and Hedlund such a solution can be shown
to exist if one can prove that there exists a point xq such that the Birkhoff sums ¢ (xq) are
bounded independently on n € N. Marmi—Moussa—Yoccoz then show that there exists a finite
codimension subspace of cocycles ¢ for which Birkhoff sums are uniformly bounded.
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An observable whose renormalized Birkhoff sums tend to zero exponentially is then
easily shown (by an interpolation argument) to have uniformly bounded Birkhoff
sums (exploiting the Diophantine-like condition on the IET).

Deviations for piecewise constant cocycles. For cocycles which are piecewise con-
stant on each continuity interval, the phenomenon of power deviations of ergodic
averages was proved by Zorich in [68] (giving in particular the result for ergodic
integrals of functions which represent cohomology classes mentioned in Section 1.2,
see also footnote 6, since these integrals can be reduced to Birkhoff sums of piecewise
constant cocycles), according to the following blueprint: piecewise constant cocycles
of this form can be identified with vectors in R¥ (identifying the piecewise constant
cocycle with the vector of values taken on each of the d exchanged intervals). Study-
ing the action of renormalization on these cocycles reduces to study a product of
integer-valued matrices (the Rauzy—Veech cocycle). Oseledets’ theorem guarantees
the existence of Oseledets filtration and Oseledets exponents. At times, which grows
exponentially like the top exponents, special Birkhoff sums of mean zero observables
then grow exponentially like one of the lower exponents and this explains the power
deviations (see Section A.1, in particular Section A.1.1, for a longer heuristic explan-
ation of the phenomenon). From the approximation of (special) Birkhoff sums of
piecewise smooth observables by piecewise constant cocycles explained above, one
can in principle recover the power deviations spectrum for piecewise smooth observ-
ables from the phenomenon for piecewise constant ones (providing a variation on the
direct proof given by Forni in [17]).

Corrections of cocycles with logarithmic singularities. In this paper, we are inter-
ested, as motivated above (see the reduction at the beginning of Section 1.5), in
cocycles with logarithmic singularities. As in the case of piecewise smooth observ-
ables, if we are able to control the evolution of the size of renormalized Birkhoff
sums S(k)g, k € N, of an arbitrary observable ¢ with logarithmic singularities up
to a piecewise constant observable, we can hope to prove the deviation spectrum res-
ult deducing it from the deviations phenomenon for this special class of observables.
Although the main steps of our correction procedure are inspired by the construction
introduced in [39] (and later developed in [43]), there are considerable differences
and difficulties to successfully implement this strategy in this more general setting.
The major and most evident one is that, for observables with logarithmic singular-
ities (as for arbitrary L! observables), the original approach breaks down from the
start, since neither their supremum norm (since functions with logarithmic singularit-
ies are always unbounded) nor that of their derivatives of the sequence of renormalized
Birkhoff sums is finite. We therefore need to:
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(1) find an alternative way (in practice, a norm on the space of observables) to
measure the error (which is the defect of a given renormalized Birkhoff sum to being
piecewise constant) picked up renormalizing Birkhoff sums;

(2) show that as one renormalizes, this error stays ideally bounded, or at least
does not grow too much under renormalization (i.e., grows slower than the Birkhoff
sums of the piecewise constant correction); and

(3) show that controlling this error in terms of this new norm suffices to establish a
deviation spectrum or any other ergodic-theoretic result one might be after. Hereafter
we explain how we address all these issues.

The key idea to treat cocycles with logarithmic singularities, which are unboun-
ded, is to work with the normalized L'-norm, which to an observable o:1 - R

1
T /1 ()| dx.

To control the difference between the (normalized) L!-norm of a cocycle with logar-

associates

ithmic singularities and piecewise-constant cocycles, we also introduce a norm den-
oted by £V (see Section 4.2.1) on the cocycles we work with, which is induced by
a Banach space structure (on a larger space of cocycles). The technical result at the
heart of this paper (Theorem 6.1) shows that the normalized L!-norm can indeed
be controlled under renormalization and exploited to build correction operators (see
Section 6.1), which bound and control the normalized L !-norm of the sequence

(S(k)ﬁ")keN‘

The use of both norms has already appeared in our previous work [22], where we had
built corrections' for the (measure zero set of) IETs of hyperbolic periodic type. To
extend the result to almost every IET requires changes also to the basic step of the
construction that we used there, as well as the introduction of the above mentioned
delicate Diophantine-type condition on the IET. We refer the interested reader to Sec-
tion 6 (and in particular the outline of the strategy to build the correction operators
given in Section 6.1.2) for further details on the differences.

A qualitatively different behaviour appears in the control of Birkhoff sums of ¢
depending on whether the logarithmic singularities of ¢ are symmetric or not. Rough-
ly, while in the asymmetric case, we can only show the average of renormalized
Birkhoff sums grow subexponentially, namely for any € > 0, we have that the nor-
malized norm

ISK)gllL < Ce*

5Tn [22], for IETs of hyperbolic periodic type, we build correction operators for cocycles
with symmetric logarithmic singularities and we then exploit the result to build ergodic exten-
sions, but we do not work out the full deviation spectrum and asymptotic cocycles formalism.
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for all k € N (which is sufficient for the deviations result), in the symmetric case,
we show that the normalized ||S(k)¢]| 1, after correction by a suitable piecewise
constant observable, simply do not grow (i.e., there is a uniform bound). The proof
of this exploits the delicate cancellations among contributions of singularities which
were proved by the second author in [59], as well as the new SUDC Diophantine-type
condition introduced in this paper.

The second essential ingredient is to show that controlling the normalized L'-
norm suffices to establish deviation of ergodic averages and ergodicity of extensions.
In a nutshell, the cocycles u;: R x M — R which lead to understanding the beha-
viour of ergodic integrals (see the statement of Theorem 1.3) correspond (after the
reduction to skew-products) to the piecewise constant cocycles which give the cor-
rections. While the difference between deviations of ergodic averages of piecewise
smooth cocycles and their corrections is controlled in the sup norm, now we control
average L!-norms. A new technical hurdle is therefore to find a way of exploiting
the L!-estimates obtained to prove estimates on the growth of Birkhoff sums, which,
because of unboundedness, necessarily have to be non-uniform in the initial point.
The strategy to deal with this technical difficulty uses that the L'-norm still controls
the sup norm on large sets, although the control becoming worse as the set we choose
grows bigger (we refer to Section 7 and in particular to Section 7.1.3 for more details).

Finally, to prove the result on the ergodicity of extensions in the case of minimal
locally Hamiltonian flows in Uy, (Which give rise to symmetric logarithmic singular-
ities), the sharper bound on corrected Birkhoff sums (namely that corrected Birkhoff
sums have uniformly bounded L!-norm) is essential. This bound indeed show that the
sequence of renormalized Birkhoff sums (seen as a sequence of random variables) is
tight. This, combined with partial rigidity of the IET in the base (a result which dates
back to Katok [31]) and the presence of logarithmic singularities (which comes from
the assumption that f is non-identically zero on Fix(y/r)), allows to apply a quite
standard ergodicity criterion based on the existence of essential values (see Proposi-
tion 8.4 for the precise incarnation of the criterion which we use in this paper).

Structure of the paper

The following Section 2 contains background material on locally Hamiltonian flows
and their extensions (see, in particular, Sections 2.1.1-2.1.3 for basic definitions). We
also summarize (in Section 2.1.4) the typical ergodic properties of locally Hamilton-
ian flows and explain their reductions to special flows, as well as the reduction of their
extensions to skew products over IETs (see in particular Section 2.3).

Section 3 is dedicated to the Diophantine-like conditions on the IET. We first recall
basic definitions and properties of the Rauzy—Veech induction procedure and the asso-
ciated cocycle (see Section 3.1 to Section 3.1.7). Using Rauzy—Veech induction, we
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can then define the two Diophantine conditions (the UDC and the SUDC conditions)
that are used in the main results and prove that they have full measure (see Section 3.2
and in particular Theorem 3.8).

In Sections 4, 5 and 6 we study cocycles with logarithmic singularities over IETs.
In the first part, Section 4, we introduce the new norms on the space of cocycles with
logarithmic singularities which we are going to use. This addresses the static part of
the problem, i.e., provide the tools to show that it is enough to control the L!-norm
of renormalized Birkhoff sums to be able to do correction using piecewise-constant
observables without making too large a mistake. It remains to show that the normal-
ized L'-norm do not grow too fast under renormalization: this is the dynamic part,
which is addressed in Section 6. First, in Section 5, we prove the crucial estimates
which will be needed to control in Section 6 the error which is made at each step of the
renormalization procedure when approximating a cocycle with logarithmic singular-
ities with a piecewise constant cocycle. The different type of estimates which provide
the tools to prove the different qualitative growth of corrected cocycles in the symmet-
ric (uniformly bounded) versus the asymmetric (slowly growing) case are presented
in Section 5.2 and Section 5.3 respectively. With the input of these estimates, we then
proceed in Section 5 at investigating the renormalization process induced on such
cocycles by performing Rauzy—Veech induction. It is in Section 6 that the correction
operators, which provide the desired piecewise constant correction, are constructed
and the above mentioned Theorem 6.1 about existence and properties of the correc-
tion operators is proved.

The asymptotic deviation spectrum (see the first part of Main Theorem 1.3) is
proved in Section 7.2, where the asymptotic of ergodic integrals is expressed in terms
of the cocycles associated to the correction operators. In Section 8 we state the ergodi-
city criterion that we then apply to prove ergodicity of extensions. After discussing
also the reducibility case, we then prove Main Theorem 1.2, as well as the second part
of Main Theorem 1.3. Some technical but standard proofs in this part are relegated to
the appendix (in particular, the proofs of the ergodicity criterion and of a cohomolo-
gical reduction result which is needed for the reducibility part).

2. Definitions, background material and reductions

In this section we recall some basic definitions and background material concerning
locally Hamiltonian flows (Section 2.1) and their extensions (Section 2.1.3), includ-
ing a brief summary in Section 2.1.4 of our current knowledge of their typical chaotic
properties. We also give the definition of special flows (see Section 2.2.2) and skew-
products (in Section 2.2.3) over interval exchange transformations (defined in Sec-
tion 2.2.1). We finally recall in Section 2.3 the representation of locally Hamiltonian
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Figure 2. Type of singularities of a locally Hamiltonian flow.

flows to special flows (see Section 2.3.2) with logarithmic singularities (defined in
Section 2.3.1) and the reduction of the study of their extensions to skew products over
IETsS, see Section 2.3.3.

2.1. Locally Hamiltonian flows

Let (M, w) be a compact, connected, orientable surface with a fixed smooth area
form w. A smooth area preserving flow Yyr = (¥¢)rer on M is a smooth flow on M
which preserves the measure p associated to w. These flows are also called locally
Hamiltonian flows or multi-valued Hamiltonian flows in the literature, in view of their
interpretation as flows locally given by Hamiltonian equations, see the introduction.

It turns out that such smooth area preserving flows on M are in one-to-one cor-
respondence with smooth closed real-valued differential 1-forms as follows. Given a
smooth, closed, real-valued differential 1-form 7, let X be the vector field determined
by n = ixw, where iy denotes the contraction operator, i.e., iyw = (7, -) and con-
sider the flow y¥ygr on M given by X. Since 7 is closed, the transformations ¥;, t € R,
are area-preserving. Conversely, every smooth area-preserving flow can be obtained
in this way.

Let Fix(y¥'r) denote the set of fixed points (also called singularities) of the flow Yg.
We will always require that Fix(yYR) is a finite set, so in particular singularities are
isolated. Remark that when g > 2, Fix(y/r) is always not empty. Since YR is area-
preserving, singularities in Fix(y¥r), as shown in Figure 2, can be either centres
(Figure 2 (a)), simple saddles (Figure 2 (b)) or multi-saddles (i.e., saddles with 2k
prongs, k > 2, see Figure 2 (c) for k = 3). For g = 1, i.e., on a torus, if there is a sin-
gularity then there has to be another one and we get an Arnold flow as in Figure 1 (a).

We call saddle connection a flow trajectory from a saddle to a saddle and a saddle
loop a saddle connection from a saddle to the same saddle (see Figure 3). A peri-
odic component is either a (maximal) punctured disk or a (maximal) cylinder filled
with closed (i.e., periodic) trajectories (see Figure 3 (a) and Figure 3 (b), respectively).
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Figure 3. Periodic and minimal components.

A minimal component is a subsurface M’ C M, possibly with boundary, such that any
trajectory different than a fixed point and a saddle connection is dense in M. Periodic
and minimal components are bounded by union of saddle connections.

2.1.1. Open sets, genericity and minimality. Let us denote by # the set of smooth
closed 1-forms on M (i.e., locally Hamiltonian flows) with isolated zeros. One can
define a ropology on ¥ by considering perturbations of closed smooth 1-forms by
(small) closed smooth 1-forms.'® We say that a condition is generic (in the sense of
Baire) if it holds for flows described by an open and dense set of forms with respect
to this topology.

Let A C F be the subset of Morse 1-forms (adopting the notation introduced by
Ravotti [52]), namely forms which are locally the differential of a Morse function
(i.e., a function that has non-degenerate zeros, so that the Hessian at every fixed point
is non-degenerate). The set 4 of Morse 1-forms is then generic. Locally Hamilto-
nian flows corresponding to forms in 4 have only non-degenerate fixed points, i.e.,
centres and simple saddles (see Figures 2 (a) and 2 (b)), as opposed to degenerate
multi-saddles (as in Figure 2 (c)). We denote by «; . the set of 1-forms in 4 with s
saddle points and ¢ centres. By the Poincare—Hopf theorem, ¢ — s = 2 — 2g. Further-
more, each s ; is open and their union + is dense in ¥ (see, e.g., [52, Lemma 2.3]).

For every 1-form in +, the surface M splits into periodic components and (up
to g) minimal components (as proved independently by Maier [45], Levitt [38] and
Zorich [68]). Notice that if there is a unique minimal component (which is equal to
the whole surface M), then ¢ = 0 (since if there is a centre, then it is associated to a
periodic component) and s = 2g — 2.

Moreover, one can show that if the flow y¥r given by a closed 1-form 7 has a
saddle loop homologous to zero (i.e., the saddle loop is a separating curve on the

16Let 5, n’ be two smooth closed 1-forms. We say that 1’ is an e-perturbation of 7 if for
any x € M there exists coordinates on a simply connected neighbourhood U of x, such that
nlu = dH and (¥ — n)|y = dh, where ||h|coo < €||H| cos.
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surface), then the saddle loop is persistent under small perturbations (see [68, §2.1]
or [52, Lemma 2.4]). In particular, the set of locally Hamiltonian flows which have
at least one saddle loop is an open set, which consists of non-minimal flows. The set
U~ min mentioned in the introduction is an open and dense set of this open set (where
the open condition guarantees asymmetry in the special flow representation recalled in
Section 2.3.2; we refer to [52] for the precise definition, see [52, Notation 3.3, §3.1]).
The set Ui, 1S given by the interior (which one can show to be non-empty) of the
complement of U-, iy, i.e., the set of locally Hamiltonian flows without saddle loops

homologous to zero.!”

2.1.2. Measure class and typicality. Let us fix an open set #4; . of closed 1-forms
with ¢ centres and s (simple) saddles. A measure-theoretical notion of typical on g .
can be defined on each A, . as follows, by using the Katok fundamental class (intro-
duced by Katok in [30], see also [46]), i.e., the cohomology class of the 1-form n
which defines the flow. Let y1, ..., y, be a base of the relative homology

Hi(M,Fix(yr).R),

where n = 2g 4+ s + ¢ — 1, and consider the period map

BO) = (/y] r;,...,/ynn) e R".

The map ® is well defined in a neighbourhood of 7 in ;. and one can show that it
is a complete isotopy invariant (see [30], or also [52, Proposition 2.7]).

The pull-back Per, Leb of the Lebesgue measure class (i.e., class of sets with
zero measure) by the period map gives the desired measure class on closed 1-forms
in 4y . When we use the expression typical below (or typical in Upmin or U= min) We
mean full measure in each #4; . with respect to this measure class on each A, . (or on
each open subset of A, . contained in the union Ui or U= min)-

2.1.3. Ergodicity and reducibility of extensions. Let CDH]Q: = ((le)te]R on M xR
denotes the extension of an ergodic flow ¥gr on M by f: M — R given by the for-
mula (1.3). Recall that, if Yr preserves a measure u, Cbﬁ preserves the (infinite)
measure i x Leb. The flow @H]; is recurrent if . x Leb-almost every point is recur-
rent. A result by Atkinson [3] (which holds for 1-dimensional extensions of ergodic

7Note that saddle loops non-homologous to zero (as well as saddle connections) disap-
pear after arbitrarily small perturbations; therefore neither the set of 1-forms with saddle loops
(or more generally saddle connections) non-homologous to zero, nor its complement are open
(see [52] for details).
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flows) shows that dD]{g is recurrent if and only if

/Mfd;L:O.

We recall that CID{R is ergodic with respect to the (infinite) measure u x Leb if
for any measurable set A which is invariant, i.e., such that p x Leb(CD{ AAA) =0
for all t € R, either u x Leb(4) = 0 or u x Leb(A¢) = 0, where A° denotes the
complement.

Remark that if f = 0, the phase space M x R for the corresponding trivial exten-
sion given by <I>,f (x,y) = (Y¢(x), y) is foliated in invariant sets of the form M x {y},
y € R. In this sense, the dynamics is reduced to the dynamics of the surface flow Yg.
We say that CD]{{: is (topologically) reducible if it is isomorphic to CD]%{ and the iso-
morphism G: M x R — M x R is of the form G(x, y) = (x,y + g(x)), where
g: M — R is continuous. So the reducibility of CIDIJRS is equivalent to asking that

/0 F ) ds = g(Yrx) — g (x)

for every regular point x € M and any ¢ € R. In this case, the phase space is again
foliated into invariant sets for CD]{{S of the form {(x,y + g(x)), x e M}, y € R. On
each leaf the action of <I>]£ is conjugated to Yr on M.

2.1.4. Typical chaotic properties of locally Hamiltonian flows. Let us briefly sum-
marize the key chaotic properties of locally Hamiltonian flows and some of the recent
works on this topic. We already recalled in the introduction, in view of the relation
between locally Hamiltonian flows and translation flows (see also Remark 2.3), the
seminal works by Keane [32] and Masur [44] and Veech [61] show that a full measure
set of locally Hamiltonian flows in U, are minimal and ergodic and that for almost
every flow in U iy, the restriction to each minimal component is ergodic (and in
both cases the underlying foliation in uniquely ergodic).

Mixing depends crucially on the type of singularities of the flow. For a (non-
generic) locally Hamiltonian flow with at least one degenerate saddle (see, e.g., Fig-
ure 2 (c)), mixing was proved in the 1970s (by Kochergin in [33]). When n € 4 and
all saddles are simple, one has the following dichotomy: in Up,, the typical locally
Hamiltonian flow is weakly mixing, but it is not mixing in view of work [58, 59] by
the second author (see also [34,35] and [54] for previous special cases of this result).
There exist nevertheless exceptional mixing flows, see the work by [9], which pro-
duces sporadic examples in g = 5. If n € U~ min, the restriction of the typical locally
Hamiltonian flow ¥r on each of its minimal components is mixing (as proved by
Ravotti [52] extending previous work by the second author [57]). Ravotti also shows
in [52] subpolynomial bounds for the speed of mixing.
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Further recent work (see [28]) also shows that locally Hamiltonian flows in U - iy
display a quantitative shearing property inspired by the Ratner property which plays
a crucial role in the theory of unipotent flows (or more precisely a variation intro-
duced in [12] to deal with the presence of singularities). From this property, one can
deduce that the restriction of a typical locally Hamiltonian flow ¢r in Uy, on its
minimal components is not only mixing, but mixing of all orders, see [28]. Arnold
flows in genus one were also recently shown (by A. Kanigowski and M. Lemainczyk
and the second author, see [29]) to typically have disjointness'® of rescalings, a prop-
erty which in particular implies Sarnak Mobius orthogonality conjecture [53] to hold
(see [29] for details and [14] for a nice survey on the conjecture and progress toward it).

The spectral theory of locally Hamiltonian flows is still largely not understood.
Examples'® of locally Hamiltonian flows on surfaces of any genus > 1 with singu-
lar continuous spectrum were build by M. Lemarczyk and the first author (see [21,
Theorem 1]). For some flows in genus one with a degenerate singularity (sometimes
known as Kochergin flows), Forni, Fayad and Kanigowski could recently, prove in [11]
that the spectrum is countably Lebesgue. The first typical spectral result for surfaces
of higher genus, namely g > 2 was recently proved by Chaika, Kanigowski and the
authors, who showed in [7] that a fypical locally Hamiltonian flow on a genus two
surface with two isomorphic simple saddles has purely singular spectrum.

2.2. IETs, special flows and extension

Let us now introduce the notation that we will use for interval exchange transforma-
tions (Section 2.2.1) and recall the definition of two basic constructions, special flows
(Section 2.2.2) and extensions of IETs (Section 2.2.3).

2.2.1. Interval exchange transformations. Let 4 be a d-element alphabet and let
m = (mp, 1) be a pair of bijections m.: A — {1,...,d} for e = 0, 1. We adopt the
notation from [63]. Denote by § & the subset of irreducible pairs, i.e., such that

momg {1, k)£ {1.... .k}

forl <k <d.
Forany A = (Agq)gen € Rfo, let

A=) Aar 1=[0,]2])

aEA

83The notion of disjointness in ergodic theory was introduced in the 1970s by H. Furstenberg,
see in particular [24].

9These examples are known as Blokhin examples and are essentially built gluing genus one
flows. This allows to study them using (special flows over) rotations. On the other hand, they
are highly non-typical.
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and define Iy = [ly, ry), Where
o= Y. Ap. ra= Y A
7o (B)<mo (@) o(B)<mo(a)

Then |I,| = Ay. Denote by 2, the matrix [24 gla,ges given by

+1 if i () > w1 (B) and mo(a) < 7mo(p),
Qopg =19 -1 ifm(a) <m(B)and mo(e) > mo(B),

0 in all other cases.

Given (7, A) € S& x R%,, let

>0

T(z,2): [0, [A]) — [0, ]A])

255

stand for the interval exchange transformation (IET) on d intervals I, a € A, which

are rearranged according to the permutation Lo mg,ie.,
T(,,,,{)x =X + Wy

for x € Iy, where w = Q A.

Keane condition. Let End(7") stand for the set of end points of the intervals /,,
where o € A. A pair (7, A) satisfies the Keane condition if T(”; A)la # lg for all
m > 1 and for all , B € A with mo(8) # 1. Keane [32] showed that an IET with an

irreducible permutation that satisfy the Keane condition is minimal.
We record here two remarks that will be useful later.

Remark 2.1. Note that for every o € 4 with mo(a) # 1, there exists 8 € #4 such that

mo(B) # d and I, = rg. It follows that

{ly:aedh, my(a) Z 1} ={ry 1 € A, mo(ar) # d}.

Remark 2.2. Denote by YA“(,T, 2):(0,]11] = (0,|I1] the exchange of the intervals Iy =

(th ra], o€ A, i.e.,
Tir)X = X + wa

for x € (ly, ro]. Note that for every o € 4 with w1 («) # 1, there exists § € # such

that 77, (8) # d and Tirayle = Tin2y78-

2.2.2. Special flow definition. Let 7: I — [ be an (ergodic) IET and let r: I —

R. U {+00} be an integrable function such that

r = inf r(x) > 0.
x€el
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The special flow over T under the roof function r is the flow Ty := (T ):er acting
on
I" ={(x,5) e I xR:0<s <r(x)},

so that
T](x,s) = (x,s +1 — r(”)(x)),

20

where r ™ (x) denote the Birkhoff sums cocycle’” associated to r and 7 is the unique

integer number with
r®(x) <s+1<r®(x),

It describes the motion of a point in (x,s) € I” C I x R along vertical trajectories,
modulo the identification of each point (x, r(x)), x € I, with the point (7 x, 0).

2.2.3. Skew product extensions. Given an IET 7:/ — [ and a function ¢: I — R
the extension of T by ¢ is the skew-product map Ty,: I x R — I x R defined as
in (1.4) by

To(x.y) = (T(x).y + ¢(x)).

Notice that, for n > 0, the iterates of T, have the form
T2 (x.y) = (T"(x).y + 9™ (x)).

where
n—1

oM () =Y o(TF ().
k=0
Remark that the Birkhoff sums ¢ ™ (-) are a (additive) cocycle over T in view of the
cocycle relation
e (x) = (T x) + ™ (x).

2.3. Reduction to special flows and skew-product presentations

We recall two classical results that show that locally Hamiltonian flows and their
extensions can be reduced respectively to the study of special flows and skew-product
extensions over IETs, with roof functions or, respectively, cocycles, with logarithmic
singularities.

20Here r ™ (x) denotes the additive cocycle defined by
r®M) = Y r(T%x) ifn >0, and
O0<k<n

r(x) 1= — Z r(T*(x)) ifn <o.

n<k<O0
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Cao

CaolCah|

S PR A A b

+
Cap
(@) Roof function 7 € LG(|lye 4 1) (b) Cocycle ¢ € LG(Uqen Ia)

Figure 4. Examples of functions with geometric logarithmic singularities in LG(| |, c 4 {«)-

2.3.1. Logarithmic singularities. We say that a function (or cocycle) ¢: I — R
for an IET Tz has logarithmic singularities if there exist constants Co, Cy € R,
a € A, and a function g, absolutely continuous on the interior of each interval /g,
where o € 4 (i.e., with the notation that we will introduce later, a function g, €
AC(Uyeu La)), such that

o= Y coe(1n{* T

aEA

}) ZC log(lll{ N })+g¢(x). @.1)

We refer to Figure 4 for some examples. If g, = 0, we will sometimes say that ¢ is
purely logarithmic. We say that the logarithmic singularities are of geometric type if
at least one among C,, and C 1) is zero and at least one among C

'(d) 7 ()
C +_1 ) is zero (as shown in the examples in Figure 4). We denote by LG(|_|mE 4 1a)

or

the space of functions with logarithmic singularities of geometric type. We define also
the subspace LSG(| |, c4 fo) C LG(|l,c4 Io) of functions satisfying the symmetry

condition
Y =Y ¢F=o. (2.2)
aEA aEA

2.3.2. Special flow representations of locally Hamiltonian flows. It is well known
that locally Hamiltonian flows can be represented as special flows as follows (see, for
example, [10, 22, 52, 59]). Consider either a minimal locally Hamiltonian flow yr
on M or the restriction of a locally Hamiltonian flow on M to a minimal com-
ponent M’ C M. Let n be the associated closed 1-form and assume that n € A,
i.e., n is Morse. Then {¥r can be shown to be (measure theoretically) isomorphic
to a special flow T": 1" — I" over an interval exchange transformation 7: 1 — [
of d > 2 intervals and under a roof r € LG(|_],c4 /o). The number of exchanged
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intervals is d = 2g + s — 1 in the case when YR is minimal and s is the number
of simple saddles, or, for a minimal component M’, d = 2g’ + s’ — 1, where g’ is
the genus of M’ and s’ is the number of saddles in the closure of M’. Furthermore, if
1 € Umin, the logarithmic singularities are symmetric, i.e., ¢ € LSG(|_|,c.4 1o) (While
they are asymmetric for special flows representations of minimal components of typ-
ical n € U= min)-

Remark 2.3. We recall for contrast that also translation flows can be seen as special
flows over an interval exchange map, but under a roof function r which is piecewise-
constant (and constant on each continuity interval of the IET). One can therefore see
from these special representations that minimal (components of) locally Hamiltonian
flows are time-changes of translation flows via a singular reparametrization.

2.3.3. Reduction to skew products. The study of (ergodic properties of) extensions
can be reduced to the study of skew-products over IETs as follows.

Proposition 2.4 (Reduction of ergodicity of extensions to skew products). Consider
a Morse closed 1-form n € A on M and let Yyr on M be the associated locally
Hamiltonian flow. Consider its minimal component M' C M. For every C**€-map
f:M — R (e > 0), the extension CD]{{S of Yyr on M’ has a Poincaré map which,
in suitable coordinates, is given by a skew-product of the form

(x.y) > Ty, (x, ) i= (Tx,y + ¢r(x)), (x,y) el xR, (2.3)

where T = Tz 3y with w irreducible and the cocycle ¢r: 1 — R has logarithmic
singularities, i.e., of € LG(| |, e o), where (I¢)ae are intervals exchanged by T .

Moreover, the extension CD]{é on M’ X R is ergodic with respect to i1 X Leb if
and only if Ty,: I x R — I X R is ergodic with respect to the (restriction of) the
2-dimensional Lebesgue measure on I x R.

We give here only a brief sketch of the proof, referring to the proof in [22] for
details.

Proof. Fix a segment y C M’ C M transverse to the flow YR, containing no fixed
points and whose endpoints lie on outgoing separatrices of saddles. It is well known
(see, e.g., [65, Section 4.4]) that one can choose a parametrizationt € I — y(t) of y
by the unit interval / = [0, 1), so that the Poincaré first return map 7:1 — [ of
the flow YR to y is an IET, which is minimal by assumption. It follows that m is
irreducible.

Denote by r: I — R ¢ the first return time map for the flow (¥;);er on M’. Then
the isomorphism between the restriction of {r to M’ and a special flow T" on I" is
given by

I" 3 (x,5) — Ys(x) € M.
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As recalled in the Section 2.3.2, r € LG(|yc4 o), and moreover if Yr € Umin,
ie, M = M,thenr € LSG(l,c 4 1a); see, e.g., [52].
Consider now the extension ®p of ¥g on M’ given by a bounded function

f:M —R.

The Poincaré first return map of CID]{; on M’ x R to the section y X R in the paramet-
rization by / X R is by construction an extension of the Poincaré map 7 of Yr to
I, with return time function r(x, y) = r(x) (i.e., the return time only depends on the
return to / in the first coordinate, by definition of the section which has full fiber).
Moreover, if we consider the cocycle

r(x)
o7 (x) 1= /0 £ () dr (2.4)

(which gives the value of the ergodic integrals of f along the trajectory from x until
the first return time to the section), one can then see that the first return Poincaré map
of the extension CD]{{: has the form (2.3). If f is a C2"¢-map, from the explicit expres-
sion (2.4) and the properties of r, one can then show that also ¢r € LG(| |4 1)
(see [22] for details) and ¢f € LSG(| | eq o) if n € Unin.

The final statement is simply a consequence that ergodicity of a minimal flow
is equivalent to ergodicity of its Poincaré map with respect to the induced measure,
together with the remark that, under the isomorphism described above, the measure
induced on the section y x R by the invariant measure @ x Leb is mapped to the
Lebesgue measure on / x R. ]

The following result shows that not only ergodicity, but also reducibility of the
extension @1{{? can be reduced to a property of the skew product 7y, given by Propos-
ition 2.4.

Proposition 2.5 (Reduction of reducibility to skew products, [22]). For every min-
imal locally Hamiltonian flow Yr on M with non-degenerate saddles and for any
f € C?T¢(M) vanishing on Fix(Yr), the associated flow CDHQ is reducible if and only
if the cocycle r: 1 — R is a coboundary with a bounded transfer map having at least
one continuity point, i.e., there exists a bounded g: 1 — R such that of = g—goT
and g has at least one continuity point.

The statement of the proposition is proved in the proof’! of [22, Lemma 6.3].

2INote that the statement of [22, Lemma 6.3] claims incorrectly that reducibility requires
the existence of transfer function continuous at every point, while a the existence of a point of
continuity is sufficient. Nevertheless, the proof of [22, Lemma 6.3] is correct and gives a proof
of the statement of Proposition 2.5 here above.
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3. Rauzy—Veech induction and Diophantine-type conditions

In this section we define the Diophantine-type condition on IETs, which we will use
to prove our main results on deviations of ergodic averages and ergodicity of exten-
sions. The condition is described in terms of Rauzy—Veech induction, an algorithm
introduced by Rauzy and Veech in [51, 61] which is now a well established tool to
study IETs as well to impose Diophantine conditions on them (see, e.g., [4—06, 39,
41,57,59,66] and many more). We first recall some basic background material con-
cerning Rauzy—Veech induction in Section 3.1. The condition, that we call Uniform
Diophantine Condition, or for short UDC, is defined in Section 3.2 (see Definition 3
in Section 3.2.2). In Section 3.2.3 we also prove that this condition is satisfied by a
full measure set of IETs (see Theorem 3.8).

3.1. Rauzy-Veech induction

We recall here some basic definitions and notation related to Rauzy—Veech induction
that will be used throughout the paper, including how it acts on Rokhlin towers (Sec-
tion 3.1.4) and on Birkhoff sums (Section 3.1.5), as well as the definition of natural
extension (Section 3.1.6). We recall also Oseledets’ theorem (Section 3.1.7).

3.1.1. Elementary step of RV induction. Let T = T(; 3, (7, 1) € 8§ x R, be an
IET satisfying Keane’s condition. Then Aﬂo_l @ 7* )Lnl—l @)- Let

I = [O, max(lnal(d), l”rl(d)))
and denote by R(T') = T:T — T the first return map of T to the interval T. Set

8(7.[ A’) _ 0 lf}\n()—l(d) > A”l—l(d),
1 lfkﬂ.’o_l(d) < A’ﬂl_l(d)'

Let us consider a pair 7 = (7, 71) € $%, where

Te(a) = m() forall ¢ € A,
m1—e(at) if m_¢(0) < Mg 07, (d),
Ti—e(a) = § m—g(a) + 1 if 11— o (d) < mi—e(@) < d,
m—em;N(d) + 1 ifm_e(a) =d.

As it was shown by Rauzy in [51], T is also an IET on d-intervals

T=Tgz withd=A"(r A, 3.1
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where

Moreover,
A’(n, MNQ A, L) = Q5.

It follows that ker @, = A(w, A) ker Qz. Thus, taking H () = Q,(R*) = ker Q%+,
we get
H(7) = A' (7w, M) H (7). (3.2)

Moreover, dim H () = 2g and dimker Q, = «(;r) — 1, where k() is the number
of singularities and g is the genus of the translation surfaces associated to .

3.1.2. Renormalized induction. Let § C Si be any Rauzy class, i.e., a minimal
subset of 89 for which § x R, is R-invariant. Let

A* = (A eRA 1A = 1).
Then we can define the normalized Rauzy—Veech renormalization
R:ExA* > g x A*, R(w,A) = (7,1/|X]).

Veech in [61] proved the existence of an R-invariant ergodic measure g (ﬁ is recur-
rent with respect to (tg) which is equivalent to the product of the counting measure
on g and the Lebesgue measure on A,

For every T satisfying the Keane condition, the IET T fulfils the Keane condi-
tion as well. Therefore, we can iterate the renormalization procedure and generate a
sequence of IETs (R"*(T')),>0. Forevery n > 1, let

AM(T) = A(T) - A(R(T)) --- A(R"N(T)).

In what follows, the norm of a vector is defined as the sum of the absolute value
of coefficients and for any matrix B = [Bygla,gens, We set

IB]| = max > |Bypl.
aEA
BeA

3.1.3. Accelerations. Let T:1 — I be an arbitrary IET satisfying Keane’s condition.
Let (nx)k>0 be an increasing sequence of integer numbers with no = 0, called an
accelerating sequence. For every k > 0, let

T® .= R (T): 1P — B
Denote by (7 ®), 1)) the pair defining 7*) and by
k k k

2O = 0 aen = (1)) yeu

the vector which determines 7®).
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In view of (3.1), letting Z(k + 1) := APx+1776) (R"% (T)) for k > 0, we have
A0 = Zk + 1)A®+D forall k > 0.

We use the notation from [39], but adopt the convention later introduced in [43]. For
each0 <k <, let

Ok.1)=2Z(1)-ZU 1)+ Z(k +2)- Z(k + 1)
= AL (R (T))"

Then Q(k,1) € SL4(Z) and A®) = Q(k,1)*AD . It follows that
IO < 1P| Q (k. D). (3.3)

We will write Q (k) for Q(0, k).
We say that Z(k), k € N (resp. Q(k, 1)) are the matrices (resp. the product
matrices) of the acceleration of A along the (accelerating) sequence (1 )xenN-

3.1.4. Rokhlin towers. By definition, TO: 1O — 1O ig the first return map of
T®: 1% 5 1O (o the interval IV c 1™ Moreover, Qqp(k,1) is the time spent
by any point of IOEZ) in / [gk) until it returns to I ®. Tt follows that

Qulk.l) =Y Qap(k.])

BeA

is the first return time of points of IOEI) to 1D,
The map T7W. 1) 5 1®) can be then represented as a Rokhlin skyscraper as
follows. For every a € +4, we say that the set

{(T®Y D), 0<i < 0ok, D))

is called a Rokhlin tower. Notice that the Q(k, [) sets called floors of the tower are
pairwise disjoint intervals and that, for 0 <i < Q4(k, 1), T® acts on the ith floor
(TR (IOEI)) mapping it to the (i + 1)th one. The union of all Rokhlin towers over
o € A gives 10

3.1.5. Special Birkhoff sums. We deal with the special Birkhoff sums operators
Sk, 1): LY(I®) - LY I D) for 0 < k < [ defined by

Sk.Dfxy = > f(@PYx) ifxeld.

0=<j<Qq(k,l)

When k := 0, we simply write S(/) f for S(0,1) f.Let T = T'© be an IET satisfying
Keane’s condition. For every k > 0, let r® cpt v (k)) be the subspace of functions
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on I ® which are constant on each Iosk), o € A. Then, for 0 < k < [, we have
Stk,H)r® =r®,

Let us identify every function

Z ha)(,((xk) er®
aEA

with the vector h = (hy)ges € R, Clearly ' ®) ig isomorphic to R*. Under the
identification, the operator S(k, /) is the linear automorphism of R# whose matrix in
the canonical basis is Q(k, ). In view of (3.2), for 0 < k < [, we have

Ok, )H(x®) = H(=D).
For every k > 0, let
T = {heT® 3,0 3cs0 Visr Q. DR| < C|1 Q. D]},
The space Fs(k) is a subspace of H (7®)) and for every | > k, we have
Ok, HrP =Y.
Therefore, the restriction operator and the quotient operators of Q(k, /),
Os(k,1):T® — 1D,

Op(k,1):T®/r® _ O/ ph
04k, ): Hx®)/T® — H(D)/ T,

are well defined and are invertible. The arguments presented in [43, Section 3.2] show
that, if diim T{” = g, then

10s(k. M = Qs (k. D). (34

3.1.6. The natural extension. Rauzy—Veech induction is not invertible, but it can be

extended to an invertible induction on the space of zippered rectangles (as described

in the seminar paper by Veech [61]). We recall briefly the construction. We refer the

reader who needs more background to the lecture notes by Yoccoz [65] or Viana [63].
For every w € Sg*, let

@,,::{IER‘A’: Z Tq > 0, Z ra<0for1§k<d}.

mo(a)<k m(@)<k
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Forevery 1 € O, leth = h(t) = Q7 € R‘f’o. For every Rauzy class § C S({’“, let

X) = | J{m 1. 1) e {m} x A* x 07 - (X, Qq1) = 1). (3.5)

ey

For every (7, A, t) € X(¥), denote by M (7, A, 7) the translation surface arising in
the zippered rectangles process. Then M(m, A, 7) is zippered from the rectangles
Iy X [0, hy], @ € A such that the points

Y (hatit). 0<k=d,

mo(a)<k

are its singular points. Moreover, the IET T is the first return map to I C M(m, A, 7)
for the vertical flow on M (7, A, 7).
The map R: X(§) — X(§) given by

A7 (i, M)A

Rl = (7 AL
(= 4.2) (” AT Gr, )|

A~ (n, A)MA—I(]T,A)r)

is an invertible map and is the natural extension of R. Denote by fig the natural
extension of the measure wg. Then [ig is R-invariant and R is recurrent and ergodic
with respect to jig.

3.1.7. Oseledets splitting. First, let us extend the cocycle A: § x A* — SL4(Z) to
A: X(§) = SL4(Z) by
A, A, 1) = A(A, 1)

and let us consider the cocycle AZxX (8) — SL4(2),

A A, 1) - A(RGT, A, 7)) - AR (7, X, 7)) ifn >0,
AN A )= AR (A, 1) AR 2, A, 1)~ - AR (e, A, 7))
ifn < 0.
Then
AP (1, 1) = AP, )) ifn > 0. (3.6)

Let Y C X(¥) be a subset with 0 < fig(Y) < +o0. For ae. (m,A,7) €Y, let
r(n A, 1) >1 by the first return time of (n A, t) for the map R to the set Y. Denote
by Ry:Y — Y the induced map and by Ay:Y — SLy (Z) the induced cocycle, i.e.,

ﬁy(n,k,t) = ﬁr(”’k’r)(n,l,t), //l\y(n,)t, T) = //I\(r(”’)”’r))(n,k,r)

for ae. (r,A,7) € Y. Let [iy be the restriction of [ig to Y. Then ﬁy is an ergodic
measure-preserving invertible map on (Y, fiy).
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Suppose that log ||ffy | and log ||ff;1 | are integrable. Then, by Oseledets’ the-
orem, symplecticity of A y (see [66]) and simplicity of spectrum (see [5]), there exists
Ay > -+ > Ag > Osuch that for a.e. (w, A, v) € Y we have an Oseledets splitting

R'A = @ Fi(ﬂ,l, 'C)
—g=<i<g

for which
1
lim —log AW (A, v)v]| =A;  ifveTi(r,A,7)andi >0,
n—>too n

1
lim —10g||ff(Yn)(7r,k,r)tv|| =—A; ifvelj(mA,r)andi <0,
—xoo n

n

1
lim - log ||A\(}f’)(n,k,r)tv|| =0 ifveTly(rA, 1),
n—too n

and
dimTIy(w, A, 7) =1ifi #0, dimITy(mw, A, 7) =k — 1.

Furthermore, we have that

H(r) = PTi(r.A. 7).
i#0
We denote by I's(r, A, 7) and Iy (7, A, 7) the stable and unstable spaces, which are
given respectively by

Ti(rA.0):= @ Ti(ri.o) and Ty(r.hr.7):= P Li(x.A.70).

—g=<i=<—1 I<i<g

Notice that both I's(sr, A, 7) and I', (7, A, 7) have exactly dimension g. We say in this
case that the Oseledets splitting is of hyperbolic type.

3.1.8. Veech bases for the kernel ker 2. In [61, 62], Veech explicitly defines a
basis for ker €2, for every 7 in a given Rauzy class. We recall the construction (which
uses the classical notation for the permutation describing the IETs, also called mono-
dromy, namely the permutation 7 o 7y 1). Let us first define the extended permutation
p:{0,1,...,d,d +1} - {0,1,...,d,d + 1} to be the permutation

momy(j) ifl1<j<d,

p(])z{j if j =0.d+1.

Following Veech (see [61,62]), denote by 0 = o, the corresponding permutation on
{0,1,...,d},
o(j)=p '(p(j)+1)—1 for0<j=<d.
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Notice that (recalling Remark 2.2), we have
T sy = T a1 o))

forall j # 0, p~1(d).

Denote by X () the set of orbits for the permutation 0. Let X () stand for the
subset of orbits that do not contain zero. Then X (;r) corresponds to the set of singular
points of any translation surface associated to 7, and hence #X () = « (7).

For every © € X (), denote by h(0Q) € R** the vector given by

b(9)a = xo(mo(@)) — xo(mo(e) — 1) fora € s,

where yo(j) = 1iff j € O, and 0 otherwise. Moreover, for every @ € X (), we
denote by

Ay = {a € A, mo(a) € O}, Ag ={a € A, mo(e) — 1 € O}. 3.7

Ifoce Ag (respectively, a € #4) then the left (respectively, right) endpoint of I,
belongs to a separatrix of the saddle represented by ©.

Lemma 3.1 (see [62]). For every irreducible pair w, we have

i) Y oges) b(O) =0;

(ii) the vectors b(O), O € Xy () are linearly independent;

(iii) the linear subspace generated by {b(0), O € Xo(w)} is equal to ker Q.
Moreover, h € H(r) if and only if (h, b(OQ)) = 0 for every O € X ().

Veech also describes how these bases change under Rauzy—Veech induction.

Lemma 3.2 (see Veech, [62]). Suppose that T(ﬁ 7 = R(T(x,2)). Then there exists a
bijection &: X () — X(7) such that

A, M)7'h(0) = b(EO)  forall O € Z(n).

3.1.9. The boundary operator. The following operator d, is known by boundary
operator (as a special case of the more general operator introduced in [39], see Sec-
tion 4.1.3). Let X (7r) and ,A% be as in the previous subsection.

Definition 1. Let 9,: R* — R¥) stand for the linear transformation which maps a
vector 1 € R* to the vector in R¥) whose coordinates (3,/4)g, @ € (1) are given
by

(0xh)o = (h.b(O) = Y ha— Y hy for® e X(n).

[SE 9N +
A€M acA]
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One sees (in light of Remark 2.1) that the image of 9, is

an(R”")={(x@)@ez<n): >, xo=0}. (3.8)

Oex(n)

Remark 3.3. We can identify a vector 4 € R** with a piecewise constant function gy,
which gives the constant value /4 to the subinterval /. Then the operator d can be
thought of as acting on piecewise constant functions and producing, as a value at
O € X (), the sum of jumps of the function gy, at the endpoints corresponding to the
singularity labelled by ©.

Two extensions of this operator (viewed as in the previous remark as an operator
on functions) will be defined later, to functions piecewise absolutely continuous on
each I, (Section 4.1.3) and to functions with logarithmic singularities (Section 4.3.3).

3.1.10. Boundary operator estimate. Let H(7r) := ker d,;. Denote by
pH(,,):R‘A’ — H(m)

the orthogonal projection on H (1) with respect to the standard scalar product on R*.

Lemma 3.4. Forany h € R*, we have
Iprohll < Vd]lh].

Moreover, for any Rauzy class § C SX there exists a positive constant Cg such that,
for every w € § and h € R*, we have

Ih = pa@E I < Cglloxh]. (3.9

Proof. Let H(w)+ C R* be the orthogonal complement of H(r). By Lemma 3.1,
0 H(m)+ — 0, (R*) s a linear isomorphism. It follows that there exists C;; > 0
such that

|h]| < Cxlldxh| forallh € H(w)™ .

Hence, (3.9) holds with C¢ = max{C, : m € §}. Denote by || - | the Euclidean
norm on R**. Since

2]z < 1h] < Vd |kl

and pg () is an orthogonal projection, we have

| P < \/d_||PH(n)h||2
< Vd||h|2 < Vd|h|. n
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3.2. The uniform Diophantine-type condition and its full measure

We will now define the Diophantine-type condition that we will use. First, it is con-
venient to introduce an acceleration of Rauzy—Veech induction which produces times
which we call Rokhlin-balanced. We then define the condition and prove that it has
full measure.

3.2.1. The Rokhlin-balanced acceleration. The following acceleration of Rauzy—
Veech induction produces times of the Rauzy—Veech algorithm where the correspond-
ing Rokhlin towers (see Section 3.1.4) are balanced in the sense that all bases have
comparable lengths (see Definition 2 (B 1)) and all the towers travel together for a long
enough time (see Definition 2 (B2)). We call these times Rokhlin-balanced.

Definition 2 (Rokhlin-balance). Let us say that an accelerating sequence (7 )x>¢ is
Rokhlin-balanced if there exist constants ¥k > 1 and 0 < § < 1 such that the following
two conditions hold for every k € N:

B1) I®] <«|IP|forall k > 1 and o € ;
(B2) for every k > 1, there exists a natural number 0 < pr < mingeys Qq(k)

such that {T*1®) : 0 < i < pi} is a Rokhlin tower of intervals with meas-
ure greater than §|/]|.

We say that an IET is Rokhlin-balanced if it satisfies Keane’s condition and it admits

a Rokhlin balanced accelerating sequence (1 )x>o-

Remark 3.5. Notice that by conditions (B1) and (B2), for every « € # and k > 1,
we have

IoWII®) <k > 0a)IP] = k|11, (3.10)
aEA
1 8
Qu(k)2y) = —pil 1) = |11, 3.11)

so that each Rokhlin tower of a balanced acceleration induction time has measure
uniformly bounded below.

Let us show that for almost every IET one can find a Rokhlin-balanced sequence
by considering returns of Rauzy—Veech induction to special compact sets (for the
parameter space of the natural extension, see Section 3.1.6). Let us recall that X(§)
denotes the domain of the natural extension of the Rauzy—Veech induction (see (3.5)
in Section 3.1.6).

Lemma 3.6. Let 7 be irreducible. For Lebesgue-almost every choice of A, the IET
T = T(xr ) is Rokhlin-balanced. Furthermore, for every 0 < § < 1, one can define
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a set Y = Y(§) C X(§) such that a Rokhlin-balanced accelerating sequence with

constant § is given by returns of the natural extension of Rauzy—Veech inductionto Y .

Proof. Fix 0 < § < 1. Let us consider a subset Y = Y(§) C X(¥) which satisfies:
(i) its projection Yy on § x A* is precompact with respect to the Hilbert metric;

(ii) forevery (m,A,7) € Y, we have

min{{ Y til<k <d} Ulhe(t):a € A}} > Smax{hq (1) : @ € A).

o (@) <k

Let R > 0 be such that
Yo C§ x Bu((1/d,...,1/d), R),

where By ((1/d, ..., 1/d), R) is the closed ball (with respect to the Hilbert met-
ric dg) of radius R and centre at the centre of the simplex A*.

Balance at visit times. Consider any sequence (nx)x>1 wWhich corresponds to visits
to the set Y. By definition, for every k belonging to this subsequence,

(x® A0 ®) ¢y,
It follows that diy (A%, (1/d,...,1/d)) < R. Therefore,
1OV min 1®] < oR

max |I,"|/ min | I;7] < e,

which implies the condition (B1) for k := eR.
As (7® 1) 0y = Rnx (5, A, 1) € ¥, by condition (ii) in the choice of ¥,

taking

1% .= min Yo o Piiszi< d} U{h® o e A}}, (h® = h(z®)y),

7 @)=l

we have that 7 %) x [0, 7(®)] is a rectangle (without singular points inside) in the trans-
lation surface M(n(k), A6 r(k)) (= M(m, A, 7)) and its area is greater than

1934 > smaxhy? a0 = 60 9.h%0) = 811,
a€A * a€A

2

This gives (B2) with pg := [t(k)/maxae,A he(t)] and § := 87 < %%.

Typical Rokhlin balance. It now follows from Poincaré recurrence theorem (and

absolute continuity and finiteness of the Veech invariant measure, see [61]) that almost
every IET visits Y (§) infinitely often and hence is Rokhlin-balanced. ]
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3.2.2. The uniform Diophantine condition. We state now the Diophantine-type
condition that we will use in the main theorems. This condition, which is a strengthen-
ing of the Roth-type condition introduced by Marmi, Moussa and Yoccoz in [39] (see
Remark 3.7) involves a quantitative control of hyperbolicity, in the form of control
of contraction of the Rauzy—Veech cocycle (see, in particular, (UDCI) in Defini-
tion UDC). We remark that the condition is similar in nature to the condition used
by S. Ghaozuani and the second author in [25] to study generalized IETs, which also
involve quantitative control on hyperbolicity (there referred to as effective Oseledets
control). We refer the interested reader to the ICM Proceedings [60] by the second
author for an overview and discussion on the nature and role played by different
Diophantine-like conditions on IETs in the literature and some open questions on
the relation between them.

Definition 3 (UDC). An IET T:1 — [ satisfying Keane’s condition, satisfies the
Uniform Diophantine Condition UDC if T is Rokhlin-balanced (in the sense of Defin-
ition 2), and for every 7 > 0 there exist constants 0 < ¢ < C, a Rokhlin-balanced
accelerating sequence (nx)x>o and an increasing sequence of integers (r,),>o with
ro =0and r,/n — o > 0, so that:

(O) T is Oseledets generic, i.e., there exists an extension (1, A, 7) of T = T( 3)
such that it admits an Oseledets splitting of hyperbolic type, as we saw in
Section 3.1.7;

and, furthermore, the matrices Z (k) and product matrices Q(k, /) of the acceleration
along the subsequence (1 )ren (see Section 3.1.3) satisfy the following conditions:

(UDC1) [|Qs(k,D)| < Ce U0 forall 0 < k < I, where A = Az /2;
(UDC2) || Z(k + 1)|| < Ce** =l forallk > 0and n > 0;
(UDC3) cet* < ||Q(k)|| < CeM1U+DE forall k > 0;

Remark 3.7. By conditions (UDC2) and (UDC3), there exists C’ > 0 such that
1Z(k + D = o(le()7). (3.12)
Then using arguments from [39, Section 1.3.1], one can show that

| )]l = O(min Qa(k)'*7). (3.13)

Thus, the UDC condition implies condition (a) of the Roth-type Diophantine con-
dition defined in [39]. The other two conditions (as well as the last assumption of
the restricted Roth-type condition’®) also hold, in view of the Oseledets genericity

221n [41], Marmi, Moussa and Yoccoz introduced a more restrictive (but still full measure)
Diophantine-type condition, that they called restricted Roth-type: in addition to all the properties
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assumption (O) (see, for example, [43, Remark 3.4]). Thus, IETs which satisfy the
UDC are in particular of (restricted) Roth-type.

3.2.3. Full measure of the UDC. Let us show that the UDC condition has full meas-
ure.

Theorem 3.8. Almost every IET satisfies the UDC Diophantine condition.
Proof. We split the proof in several steps.

Construction of a good recurrence set. Let us consider a subset ¥ C X(¥) which
satisfies the assumptions (i) and (ii) in the proof of Lemma 3.6, which guarantees that
visits to Y give a Rokhlin-balanced sequence, and furthermore such that:

(iii) f(Y) is finite, so fiy := fi/f(Y) is a probability measure;
(iv) the functions log ||ffy | and log ||/Y;1 || are integrable with respect to iy .

Let A; > --- > A4 > 0 the positive Lyapunov exponents of the corresponding accel-
erated cocycle, which are g and distinct in view of [15] and [5]. Let A := Ag/2 and
k = deR . Fix 0 < T < g/2. Since for fiy-a.e. (7,1, 7) € Y, we have

. 1 ~
lim —log |4 (2, 2, 1) Mroan | = —Ae

n—-+oon

the map from Y to R given by

(. 2, 7) > sup e« AP (2 4, 1) My |

n>0

is a.e. defined and measurable. Therefore, there exists a measurable subset K C Y
with iy (K)/fiy (Y) > 1 — /2 and C > 0 such that if (, A, t) € K, then for every
n=0,

1A (2.2, 7)" Pryram | < Cem G < Cen, (3.14)

First acceleration. Let us consider the induced map R k. K — K and the induced
cocycle Ag: K — SL 4 (Z). Then

.‘RAK(n,A,f) = ﬁ;,’((ﬂ”\’r)(n,)t, 7),

where ri (7, A, 7) is the first return time of (71, A, 7) € K to K for the map Ry.

of Roth-type, one requests in this case that the stable space has exactly dimension g. This holds
for IETs which satisfy the UDC in view of the Oseledets genericity assumption (O), since we
require that the splitting is of hyperbolic type, which means exactly that there are g positive
exponents, see Section 3.1.7.
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Let
r1(<n) = Z rKoﬁK
0<i<n
for every n > 0. Then
e’ pr(Y)
- > —— ae.onk,
n ny (K)

(n)
and furthermore 121\([?) = A Yr &)

(m, A, 1) € K, we have

for every n >0. In view of inequality (3.14), for every

~ (n)
IAD (1,4, 7)Moy | < Ce ™K @AD < Coman, (3.15)

and for a.e. (7, A, 1) € K, we have

1 ~ ny (Y
lim —log||AI(?)(ml,T)||=)tl/fY( )
n—+oo n my (K)

€ (A1, A1+ 1)). (3.16)
Second acceleration. Since the functions log || Ag || and log ||/4TI_<1 || are integrable, for
a.e. (m,A,7) € K, we have
log ||A\K(RA}’<(n,A,r))||/n — 0 as|n| > +oo,
also the map from K to R given by
(m, A, 1) > sup e ! ||/TK(ﬁ”K(n,)t, r))”
nez

is a.e. defined and measurable. Thus, there exists a subset K’ C K with jig(K") > 0
and a constant C’ > 0 such that if (7, A, ) € K’, then for every n € Z, we have

| Ak (R (A, 7)) || < C'e™". (3.17)

Moreover, for a.e. (7, A, ) € K, there exists an increasing sequence of non-negative
integer numbers (1, (7, A, 7)),>1 such that ry (7, A, 7) = 0 and
ﬁ;("(””\’r)(n,)t, 7)€ K' foralln > 0, and
Fa(m, A, T) kg (K) (3.18)
— = ~=ta>0.
n Rk (K')

Let K” C K’ be a subset of (7, A, 7) € K’ for which (3.16) and (3.18) hold. Then

fig(K") = ig(K') > 0.
By the ergodicity of R, for a.e. (m, A, 1) € X(9),

there exists (7, A, ) > 0 such that R (A.7) (m, A, 1) € K. (3.19)
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By the Fubini argument, there exists a measurable subset & C § x A% such that
we(§ x A*\ E) =0,
and for every (7, 1) € E there exists T € ® such that (;, A, 1) € X(§) satisfies (3.19).

Full measure. We can now show that every (7, 1) € E satisfies the UDC. Suppose that
(m,A) € E and (1, A, 1) € X(§) satisfies (3.19). Then the corresponding acceleration
sequence (ny)x>o is defined by setting 1 := 0 and then defining n inductively such
that, for every k > 1,

R (7, A, 1) = RETRMEAD (7 ) 1),

Let us now consider the cocycle matrices Z(k), k € N, of the acceleration along
the sequence (nx)ren, as defined in Section 3.1.3, as well as their products Q(k, (),
k,l € N (see again Section 3.1.3). By definition of Q and (3.6), for 1 <k <1, we
have

O(k.1) = AP (R (R™ (.4, D))",
0(0,1) = AL V(R (7, 4, 7)) A (m, A, 1),
1Qs(k, Dl = ||/T(Ié_k)(ﬁlf(_l(ﬁ”1(n,/\,r)))

s

t rr‘s(ﬁ’;{‘ (R (7,4,1)))
12:0.01 < A (R (2.2.0)' My qmn grpop 1147 G 1)
Since ﬁ’f{l(ﬁ’” (m,A,7)) € K forevery k > 1, by (3.15), for 0 < k < [ we have
10k, D)]| < Ce* || AT (, 2)! =204,

which gives (UDCI).
Consider now the sequence (r,),>0 defined setting ro := 0 and, forn > 1,

pi= rn(ﬁ”‘(n,k,r)) + 1.
As RM (m, X, 1) € K", by (3.18), we have r,/n — o > 0 and
Ry~ (R (4 ) = REEEED RN @A) € K forn > 1,

Since
Z(k + 1) = Ag(REYR" (2,4, 1)))" fork > 1
and Z(1) = ff(’“)(n,)k, 7)!, by (3.17), forevery n > 1 and k > 1 we have
1Z(k + D)) = |Ax (REH(R™ (2,2, 0)) |
= [ Ak (R (R (R .2, 0)) |

< C/erlk—rnl'
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For k = 0, on the other hand, we have
1Z)| = |A™0 G, 1| < AP (G, )| e?!!
for every n > 0. Moreover, as r; = 1, it follows that for every k > 1 we have
|Z(k + 1)]| < C'e™kn1l < eIkl

which gives (UDC2) with C = max(C’, |A”V (7, 1)|).
As R" (7, A, 1) € K, by (3.16),

A
. logllo®) . logllAY TV (RM (w4, )|
lim —————— = 1lim

k—400 k k—+o00 k

Aifty (Y)

Ry (K) ( )
which implies the condition (UDC3). Finally, the sequence (7j)x>o is a Rokhlin-
balanced acceleration sequence by Lemma 3.6, since the set ¥ was chosen to satisfies
the conditions (i) and (ii) which guarantee Rokhlin-balance in the proof of Lemma 3.6.

This concludes the proof. |

3.3. Diophantine series

In the proof of our main results, certain sums and series (defined in Definition 4) which
depend on the matrices of the (accelerated) cocycle will play a central role, both to
control Birkhoff sums and to prove ergodicity. We here show that these quantities,
under the UDC, are first of all well defined and furthermore grow in a controlled way
(see Proposition 3.9).

Definition 4. For every IET T:1 — [ satisfying Keane’s condition and any acceler-
ating sequence we define four sequences (K;);>—1, (K})i=—1, (Ci)k=05 (C})k=0:

Ki(T):= ) 1Z(j + DI Qs j + D] for/ > 0and Ky := 0;
Jj=l

Kj|(T) := ZI 1Z(j + DINIQs(. j + Dllog|Q(j)|  for! >0and K/, :=0;
j=

Ci(T) := le 1051 ON(IZD I K11 (T) + Ki(T))  fork > 0;
0<i<

Ci(T) := le 10 I(IZDIIK]_,(T) + Kj(T)) fork > 0.
0<I<

Proposition 3.9 below shows in particular that if T satisfies the UDC these quant-
ities are finite, and hence well defined for every pair of integers k > 0, > —1.
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Proposition 3.9. Forevery IET T:1 — [ satisfying the UDC all sequences (K;)1>—1,
(KDi1z-1, (Ci)i=0, (Ck=0 are well defined, and for every 0 < T < A/2, there exists
a constant D > 0 such that

K (T) < Detn=0 if ru—1 <1 < ry for somen > 0, (3.20)
K)(T) < DI+ D)e® foreveryl > 0; (3.21)
C.,(TY<D foreveryn > 1; (3.22)
CL(T) < D(k + 1)e*™*  for every k > 0. (3.23)

Proof. By (UDC1) and (UDC2), for r,—; <l < ry, we have

K(T)y= Y 1ZWOIsE DI+ Y NZWDIQs i

I+1<j<rm J>rn
<2 Y iR 4 02 3 ot A D
I+1<j<r, J>Tn
< Czer(r,,—l) Ze—/lj + C2e—/l(rn—l+1) Ze—(k—r)j’
Jj=1 Jjz0

which gives (3.20).
By condition (UDC3), forall j > [ + 1, we have

log [Q() <logC + (1 +1)j <C'j <C'(U+ D —=1D).
Therefore, again by (UDC1) and (UDC?2), we have

K(T)<C'(+1) Y 1ZDOIQsU. NG =1

jzl+1
<C'C?U+1) Y (j—DeTe VD
j=l+1
_ Clcz(l + l)erl Zje—(l—l’)j’
j=1

which gives (3.21).
In view of (3.20), (UDC1) and (UDC2), we have

Cri(T) = Y 105 ri)I(IZD) | Ki-1(T) + Ki(T))

0<l<ry
< CZD Z e—k(rn—l)(er(rn—l-i-l)et(rn—l-i-l) + er(rn—l))
o<I<ry
< 2c2De2‘r Z e—(A—Z‘[)l’

>0

which gives (3.22).
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In view of (3.21), (UDC1) and (UDC?2), for every k > 0 we have

C(T) = Z 10s(LIOIIZDK;_(T) + Kj(T))
o<l<k
<C?D Z e_k(k_l)(letler(l_l) +{ + l)e’l)
o<l<k
< (k 4 1)2c2DeZtk Ze—(A—Z‘L’)j’
Jj=0

which gives (3.23). [ ]

4. Cocycles with logarithmic singularities

We define in this section norms on the spaces of cocycles ¢: I — R with logarithmic
singularities over IETs that will allow us to control the normalized L !-norm of (spe-
cial) Birkhoff sums and in particular the error obtained when subtracting a suitable
piecewise-constant observable. We first introduce (in Section 4.1) the class of cocycles
of bounded variation over a given IET, then move to cocycles with logarithmic singu-
larities. We then prove several properties which will be used later in the proofs of the
main results.

4.1. Bounded variation and absolutely continuous cocycles

Let us denote by BV (||, 4 1) the space of functions ¢: I — R such that the restric-
tion ¢: I, — R is of bounded variation for every o € #A.

4.1.1. Banach structure on bounded variation cocycles. For every function ¢ €
BV(yes Io) and x € I, we will denote by ¢ (x) and ¢_(x) the right-handed and
left-handed limit of ¢ at x, respectively. Let us denote by Var(¢)|s the total variation
of ¢ on the interval J C I. Then set

Varg := Y Var(@)|m 1,
aEA

The space BV(|_],c 4 o) is equipped with the Banach norm || ¢||gv = ||¢||sup + Vare.

4.1.2. Piecewise absolutely continuous cocycles. Denote by AC(| |, 4 /o) the sub-
space of cocycles in BV(]_|,c 4 Io) Which are absolutely continuous on the interior
of each I, o € A.

Denote by BV! (] ],c.4 Io) the space of functions ¢ € AC(|_|,c.4 1o) such that
¢" € BV(Ll,e4 La)- The space AC(|_|,c 4 o) equipped with the BV-norm is a Banach
space and BV!(]_],c4 o) is its dense subspace.
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4.1.3. Boundary operator on cocycles. Let 0,:BV (|| c4 Io) = RZ™) be the lin-
ear operator given by

Ox@)o = Y ¢-(ra)— Y ¢+(la)

€A, +
AEA achg

for @ € X (7). This is an extension of the operator defined in Section 3.1.9 from
piecewise constant cocycles (in view of Remark 3.3) to bounded variation cocycles.
It associates to each singularity the sum of jumps at the discontinuities associated to
that singularity (see also Remark 3.3).

Remark that if ¢ € AC(|_],c4 [a). then

> (0xp)o = /I ¢'(x)dx =:5(¢). (4.1)

Oex(n)

4.2. Cocycles with logarithmic singularities

Consider the space L(|_|,c 4/« ) of cocycles with logarithmic singularities on | |, ¢ 4/,
defined in Section 2.3.1 (see, in particular, (2.1) for the form of such cocycles), as well
as its subsets LG(|_|, 4 o) and LSG(]_|,c 4 1), consisting of the cocycles in L with
logarithmic singularities respectively of geometric type (see Section 2.3.1) and sym-
metric geometric type, i.e., satisfying in addition also the symmetry condition (2.2)
(both also defined in Section 2.3.1).

We will also use the spaces

LBV(I—lae.A Ia) = L(I_lae.A Ia) + BV(I-'O(EA IOC)’
LGBV(I_lae.A Ia) = LG(I_lae.A Ia) + BV(I_lae.A Ia)’
LSGBV (I_laeA Ia) = LSG(I_laGA Ia) + BV(I—laeeA Ia)’

consisting of all functions with logarithmic singularities (respectively, symmetric log-
arithmic singularities) of geometric type of the form (2.1) for which we require only
that g, € BV(|_|,c4 fo)- Notice that the space BV (AC resp.) coincides with the sub-
space of functions ¢ € LG (LG resp.) as in (2.1) such that CO[jE = 0 for all o € .

4.2.1. Norms and Banach space structure. We now define a norm on the space
LBV (|l e 1a), which makes it a Banach space.

Definition 5. For every ¢ € LBV(| |, 4 Io) of the form (2.1), set

L) =Y _(ICH+1C, ).

aEA
LV (p) := L£(¢) + Var g,.
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The space LBV (||, <4 1) equipped with the norm

lelley = £(@) + llgollBv

becomes a Banach space. Since LG®Y (| ], c.4Ze)> LG(|_l et To)> and LSG(| | c 4 1a)
are closed subsets” of LBV (] ],c 4 /o) they also inherit the norms &£ and £V (which
make them complete metric spaces). Moreover, for every ¢ € LGBV(|_|Me 4 1a), we
have

1
mll(ﬂlluu) < (1+[log|]])ll¢llev. 4.2)
Indeed, since every ¢ € LGBY (|_|0le 4 1) is of the form (2.1), we have

) ||g<p||Ll(1)
Lelia | llog x| dx + =R
"o = |1| 1]

=(1+ |10g|1||)$(<p) + llgg llsup-

We can associate a value also to each saddle in Fix(y¥r) individually as follows.
Using the notation introduced in Section 3.1.8, let @ € X(xr) be a saddle and let
Ay, A o be the sets of letters defined in (3.7), associated respectively to right and left
endpoints of intervals which correspond to this saddle. Then

Ao@):= ) Co— ) CJ. “3)

€A, oceeA.g
is the value of the asymmetry at the saddle labelled by . We also set

AS(@) = Y Ao

Oex(n)

Comparing the above definition and (4.3) with Definition 5, one sees that

AS(¢) = L(9). 4.4

2 More precisely, LG( |yen o) (and similarly the other spaces) is only a union of closed
linear subspaces and not a linear subspace itself. Indeed, f € LG(| |y e 1) iff

Coliy (/) =0and C 2y (f) = 0.0r
iy (/) =0and €y (/) = 0.or
Coliy (/) =0and €y, (/) = 0.or
Cliy () =0and €y, (/) =0.

Thus, while if we sum up two functions from different spaces then the sum can be outside
LG(lyen o) (30 LG(||yen o) is not a linear subspace), each of these 4 conditions defines
a closed subspace (of codimension 2), so that LG(]_|,c.4 I«) is a union of four closed linear
subspaces.
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4.2.2. Properties of the cocycles arising in the reduction. As we saw in Section 2.3,
the study of extensions of locally Hamiltonian flows can be reduced to the study of
skew product extensions of IETs with logarithmic singularities (see Proposition 2.4).
We now recall the properties of the cocycles which appear from this reduction, which
were described in [22] (see [22, Proof of Theorem 6.1 and Proposition 6.1]).

Let M’ C M be a minimal component of a locally Hamiltonian flow yg with
non-degenerate saddles. Fix a section y as in the proof of Proposition 2.4 and con-
sider the map that associate /€ C2T¢(M’) to the cocycle ¢ which appears in the
skew-product presentation of the Poincaré map of the extension dD]{é to y x R (see
Proposition 2.4).

Proposition 4.1 (Properties of the skew-products cocycles, see [22], and in particu-
lar’* [22, Theorem 6.1]). For every € > 0 the map from C*t¢(M) to LG(|_|,e 4 o)
which maps

f 95 € LG(Uyen 1o)

is a bounded linear operator. Moreover, gfp ;€ LG(|lyens Io) and there exists C > 0
such that A

ct f)) =2

o €Fix(Yr)NM’

<C > |f(@)| forevery f € C*T(M).

o €Fix(YR)NM’
Furthermore,
() if f € CY (M) and f(0) = 0 for all o € Fix(Yr) N M’, then the map
o7l —>R

is bounded;
(i) if yr € Unmin, S0 M' = M, then AS(¢r) = 0 and 3, (¢r) = 0.

4.3. Properties of cocycles with logarithmic singularities

We state and prove in this section a number of elementary properties of cocycles
with logarithmic singularities which will be used in the construction of the correction
operators.

24The statements are all part of [22, Theorem 6.1], but (i). Namely, the boundedness of ¢; |
when f € C!(M) and f vanishes on Fix(yyr) N M’. This last statement can be proved with
the same arguments used in [22] to prove Theorem 6.1.
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4.3.1. Control of tails of the derivatives growth. The derivative of a cocycle with
logarithmic singularities has singularities which explode at most as 1/x, as stated in
the following lemma.

Lemma4.2. Suppose that LG(|_|,c 4 I«) and g, = 0. For every o € A, denote by my
the middle point of the interval 1, i.e., my = %(la + 14). Then

o' () (x —la)| = L(p) for x € (lo. ma].

, 4.5)
lo"(X)(x —ra)| = L(@) for x € [mq,ra).
Proof. Indeed, for every x € (I, mg] and B € A, we have
{x—lﬂ} . x—la’ {rﬁ—x} . Fo — X . x — Iy
1] 1] ] 1] 7]
It follows that
1€ I(x — la) €71 (x — L)
PO —l) < Y + 3
e HRG=1g)/ITTy 2= T 1{(rp — x) /11 [}
<Y (Icf1+1cq1) = £(9).
BeA
The second inequality of (4.5) follows by the same arguments. ]

4.3.2. Control of mean value on subintervals. For every integrable function f:/ —
R and a subinterval J C I, let m( f, J) stand for the mean value of f on J, i.e.,

1
m /J f(x)dx.

Proposition 4.3 ([22, Proposition 2.5]). Ifp € LG®Y (|, o) and J C I, for some
o € A, then

m(f.J) =

Iy
(g, J)—mp. I)] < £V() (4 + %) “6)
and |
o /J l0(x) — m(p. J)] dx < 8LV(p). @)

Lemma 4.4. Let ¢ € LGBV(UQGA 1y). Then for every x € Int Iy, we have

o) = (e llrmal)| = 2901+ 108 )i €

o) =l )| = £V (14 Tog L) i € g

(4.8)
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Proof. We divide the proof into three steps.

Step 1. First note that for any C '-map f: (xg,x;] — R such that | f/(x)(x — xo)| < C
for x € (xo, x1], we have that for all 7, s € (x¢, x1],

s / $ 1 t—xo
|f(s) = f()] = Suw)ydu| = C du| = C|log ,

t t U—Xo S — Xo

and hence that
C *1 t
|f(S)—m(ﬁ [Xo,xl])| = / log 9\ dr
X1 = X0 Jxg — Xo
=C(logx1_x0+l—2xl_s)fC(logxl_xo—i—l). (4.9)
§—Xo X1 — Xo S — X0

Step 2. Suppose now that ¢ € LG(]_|,c 4 Io) With g, = 0. In view of Lemma 4.2
(see (4.5)), we can apply (4.9) to f = ¢ restricted to I and taking C = £V(p) =
L (¢). This gives (4.8) in the case g, = 0.

Step 3. Consider now the general case. For every g € BV(||,c 4 /o) and any interval
J C I, we have

lg(x) —m(g,J)| < Var(g) foreveryx € J. (4.10)
Adding this equality to the result of Step 2, we obtain (4.8) for any ¢ € LG(|_|,c.4 1o)-
]
From Lemma 4.4 and (4.10), we immediately get the following corollary.
Corollary 4.5. Let ¢ € LGBV(L]OCGA 1y). Then for every x € Int Iy, we have
211 Nl I
ey < AL D o) (1 4 10g —— e L @1
[Io]  |1] min{x — [y, ry — X}
If additionally ¢ € BV(|_|,e4 Ia), then
I el
[0l < ——12! D Var(g). 4.12)
minge4 | 1o 1]

4.3.3. Extension of the boundary operator. In this subsection, we show that the
operator d: BV(|_| e Te) — RZ™ introduced in Section 4.1.3 can be extended to
an operator 0, : LGBV(|_|a€A Iy) — R a5 follows.

Definition 6. Let 0 : LGBV(|_|O¢e Ala) — RZ) be a linear operator given by
0 (0)o 1= 1im+ ( Z (p(ro —x) + Cy logx) — Z (oo + x) + C log x))
x—>0 aeAa aeAg

for every ¢ € LG®V(|],c4 Io) and O € (7).
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Leta:=min{|Ig|: B€+A}/2. Then for every o € A and every weLGBV(Ua6A 1y),
there are 93‘ . ¢4 +[0,a] — R functions of bounded variation such that

P(ra —x) = =C, logx + ¢, (x),
o(loy + x) = —C; logx + g(j(x) for x € (0, 4].
For every O € X (), let us consider the bounded variation map Dg: [0,a] — R given
by
Do(x) := Z @ (x) — Z gj(x) for x € [0,a]. (4.13)

aEA, ae,A,g
Then for all x € (0, a], we have
Do(x) = Z (¢(ro —x) + C4 logx) — Z (oo +x) + C logx). (4.14)
aEeAa Otea‘%g

As D is of bounded variation, it follows that

Iz (p)o = (Do)+(0) (4.15)

is well defined.

4.4. Mean value projection

If ¢ € L'(I), we can consider the piecewise constant function that is constant and
equal to the mean m (¢, I,) on I,. Formally, we define the linear operator M: L!(1)—
R* given by

M(p)(x) =m(p, Iy) ifxely,.
This operator will play an important role in defining corrections operators. In the rest
of this subsection we prove the following Proposition, that gives an estimate on how

the boundary operator d,, changes when one projects using this mean value projection
operator M.

Proposition 4.6. For every ¢ € LG®Y (||, c4 Io), we have

1ox (M < 132 ()] + As«a)(l " log.—)
minge 4 ||
1

4+ 2d LV(p) (5 + ZL) (4.16)

minge4 |1g|

Furthermore, we also have that
2
0% (@)l < 2dlog ————|l¢llev. (4.17)
minge4 | /5|
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Proof. Suppose that g, =0. Then the maps 9(;':: [0,a] =R (a:=min{|Ig| : B A}/2)
are of class C! for all @ € 4 with

l9a (V)] < Lp)loga™ and |(py) (x)| < L(p)/a forx € [0,a].

In view of (4.13) and (4.15), it follows that for every @ € X (;r) the map D¢ is of
class C!, and we have

10z (9)o| = |De(0)] < (HAg + #Ag)L(p)loga™ (4.18)

and

Do ()| <

BAD + #AG)L
(Ao + p 0) () for x € [0, a].

Therefore, for every x € [0, a],

Jo |Do(0) = Do (x)| dx
a

- Jo Jo | Dy (s)] ds dx

o a

|Do(0) — m(Do. [0,a])| <

< (#Ah +#AG)L(p). (4.19)

Moreover, by (4.14) and (4.3), we have

m(De.[0.a]) = Ao(p)m(log.[0.a)) + Y. m(p.[ra —a.ra))

aeA, (@)@

Y mlelleta +al).

aeA,mo(@)—1€0@

In view of (4.6), for every o € 4, we have
.o = aurel) = mg. Lo)| = 224+ ).
.l o+ =t 1] < 260+ 120,
As m(log, [0,a]) = loga — 1, it follows that
|05 (M@)o —m(Do.[0.a])| < |Ap(p)|(1 +loga™)
+ £(¢) (4(#,;4; + #g) + 2%)
Together with (4.15) and (4.19), this gives

102 (M@)o — 3z (9)o] < |Ao(p)|(1 +loga™)

+ £(p) (5(#Ag + #og) + 2%)
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As Zmz(n)(#v‘% + #Ay) = 2#A = 2d and AS(p) = dez(n) |Ap ()|, sum-
ming up these inequalities for all @ € X (;r), we have

- I
I8(39) = 30D = AS()1 +1oza™) + 22 (54 1) @20)
Now assume that g, # 0. Since g, € BV([|,c4 1), We have
1(8¢)+Ua) —m(gy, la)| = Vargy, and |(gy)—(ra) —m(gy. lo)| = Varg,.
It follows that, for every @ € X (i), we have

|92 (M(gg))o — 3z (g0)0]|

D (mgpIa) = (8)-(ra)) = Y (m(ge- Ia) — (8)+(a))

no(@)eO@ no(w)—1€0
< (#A(’; + #Aq) Var g,.

Summing up these inequalities for all @ € X (;r), we have

[0 (M(gp)) — 0z (gp) |l < 2d Var gy, (4.21)

which together with (4.20) this completes the proof of (4.16).
By the definition of d,(g,)e, we also have

|8,,(g¢,)(9| = (#'Ag + #A(_Q)Hg(p”sup for every O € X(m).

This, together with (4.18), gives
2
102 @) < 2d ( £(0)————— + gyl )-
minge [75]

As |lollgv = £(p) + Var gy + [|go|lsup this completes the proof of (4.17). [

5. Renormalization of cocycles with log singularities

The renormalization map on IETs given by Rauzy—Veech induction (or any of its
accelerations) induce also a renormalization operator on cocycles over IETs, given
by taking special Birkhoff sums (see defined in Section 3.1.5 and also Section 5.1
below). In this section we estimate special Birkhoff sums of cocycles with logarithmic
singularities: those estimates will be used in Section 6 to implement the correction
strategy (in particular to estimate each step of renormalization what is left after sub-
tracting a piecewise constant observable). The estimates which we need on S(k, /)¢
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for the correction procedure should be a function of (1) the normalized L!-norm of
the observable ¢ that is being corrected or, more precisely, £V(¢) and (2) the com-
binatorial complexity of the step of renormalization, which is given by ||Q(k,[)]|.
The estimates that we prove are different in the symmetric and asymmetric cases. Let
us give a preliminary rough overview of the results and the phenomena behind the
proofs.

The asymmetric case. In the case of asymmetric singularities, treated in Section 5.3,
the growth is controlled by Proposition 5.11, which provides the crucial estimate to
carry out the classical correction strategy (for the general case, in particular the asym-
metric one): it gives that (up to a constant), for a ¢ which is purely logarithmic (i.e.,
of the form (2.1), but with g, = 0), we have the estimate

A
£(S)p) < L log 061 £V(p),

min |

where |1 n(n]ﬁ,)(| / |Irfl]fn)| is the ratio between the bigger and smaller renormalization inter-
vals (which provides a measure of how well balanced the floors of Rokhlin towers of
the kth renormalization step are). The proof builds on estimates of the Birkhoff sums
of the derivatives of ¢ (when ¢ is purely logarithmic) and encapsulates the following
heuristic phenomenon (which is also at the base of the works on mixing properties
of locally Hamiltonian flows by Kochergin [34, 35], the second author in [57] and
Ravotti [52]): the only way the Birkhoff sums at a point can explode is if its iterates
come abnormally close to the a singular point: the number of times this happens is a
function of Q (k) and the magnitude of the contribution of each is controlled by how

unbalanced the dynamical partition (which in turn is given by Lemma 5.10).

The symmetric case. In the symmetric case, which is considered in Section 5.2,
instead of the control of the derivative ¢’ by the number of times images of a point
come abnormally close to a singular point, a much finer (although delicate) estim-
ate can be obtained exploiting cancellations, i.e., showing that the contributions from
the closest visits to the singularities (from the left and from the right) cancel out
because of the symmetry. This fine cancellations rely on the work of the second author
in [59], see Theorem 5.6. In view of these cancellations, the estimate given by Pro-
position 5.11 in the asymmetric case can be improved and replaced in the symmetric
case by a stronger estimate (see Proposition 5.8, whose proof relies on Theorem 5.6)
which reads (up to a uniform constant)

|15
0, £V@)

min

LV(S(k)p) <
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where the ratio |In(ﬂlf‘,)(| / |Irfllfn)
the Rokhlin towers.

We now proceed to state and prove these estimates (in Section 5.2 and Sec-
tion 5.3).

| is as before a measure of the balance between floors of

5.1. Special Birkhoff sums

Recall that for all 0 < k < [ the renormalization operator S(k,1): L' (1®) — L1 (1®)
is given by

Sk, D(x) = Z o((T®)x) forx e Iél).
0<i<Qpg(k,l)

We write S (k)¢ for S(0, k)¢ and we use the convention that S(k, k)¢ := ¢. Sums of
this form are usually called special Birkhoff sums. Since Rokhlin towers representa-
tion allows to write 7 ®) as

Qp(k,)—-1
k) — (k)i 7D
m=y U an,
BeA i=0

where the intervals in the union are all pairwise disjoint, from the definition of special
Birkhoff sums, one can see that for every ¢ € L'(1®)), we have

/ Sk, De(x)dx = / @(x)dx.
10 10
Therefore, we also have that
ISk, Dellpi oy < el ®)- (5.1
(k)
If g € BV(| | en 1o ), then
Var S(k,l)g < Varg. (5.2)

The following lemma, which was proved by the authors in [22], shows that con-
stants of logarithmic singularities, as a set, is invariant under renormalization when
logarithmic singularities are normalized suitably (i.e., by the map f(x)+— f(A{x/A}),
where A is the length of the inducing interval).

Lemma 5.1 (see [22]). For each 0 < k <[ and for each ¢ € LG(|_|,c4 105")) of the
form

n (k) x—lo(,k) *) rék)—x
(p(x):—Z(Ca log(|1 |{ o })+ca 10g(|1 |{W})) (5.3)

aEA
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there exists a permutation y: A — 4 such that

+ (i f*—la )T~
S(k,Dp(x) = — Z(Ca log(ll |{W}) +Cx(a)1°g(|l |{ 170 }))

aEA

+ gS(k,1)p (X)),

1
where gsx.1yg € BV (U yen IOE )).

Remark 5.2. In the general case, when ¢ € LG(|_|,c4 Iogk)) and g, is non-trivial,
the map ¢ — g, is of the form (5.3). It follows that

Sk, Dg(x) = S(k, (@ — o) (x) + Sk, 1)(gy)(x)

) ()
= Flog( 170X - )T =X
— Z(Ca log(|1 |{ 70| }) + Cx(a) 10g(|1 |{ 70 }

aEA
+ 85k, (p—go) () + Sk, 1)(gp)(x).

As gs(k,I)(p—g,) and S(k,1)(g,) belong to AC(| |, 4 IOEI)), we have

gStke = &S(k,)(o—go) T+ Sk, 1)(gp)- (5.4)

Recalling the definition of &£ and AS (see Definition 5) and of the various spaces
of cocycles with logarithmic singularities (refer to Section 4), we immediately have
the following corollary.

Corollary 5.3 (Invariance of £ and AS). For every ¢ € LG®V (||, c4 Iosk)),
éﬁ(S(k,l)(p) = £(p) and AS(S(k,1)p) = AS(p). (5.5)

Therefore, the operator S(k, 1) maps

(i) the space LG®Y (|l en Io(,k)) into the space LGV (] e 4 Io({l));

(ii) the space LG(| ] e 4 IO([k)) into the space LG(|_|,c 4 Iogl));

(iii) the space LSG®Y (| | eu 1},")) into the space LSGPV (|_],c4 Io(f));

(iv) the space LSG(|_| e 1Py into the space LSG(|]yen 1D,

The following result (Lemma 5.4) is a generalization of [22, Lemma 3.2], which
was proved for cocycles with strongly symmetric logarithmic singularities. Since the

proof of the following lemma runs in the same way, we skip it. The operator d,, which
appears in the statement was defined in Section 4.3.3.

Lemma 5.4. Forall 0 < k <[ and for every ¢ € LG(|_|,c.4 Io(,k)), we have

10,0 (S, D) | = [0z (@) (5.6)
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5.2. Cancellations for symmetric singularities

The following property of cocycles with symmetric logarithmic singularities was
proved by the second author in [59, Proposition 4.1] and will play a crucial role to
renormalize cocycles with symmetric logarithmic singularities and in the proof of
ergodicity.

Let us denote by (x)* the positive part of x, i.e., (x)* = xif x > 0,and (x)* = oo
if x < 0, so that if x < 0, then 1/(x)™ is zero. Using this notation, for every o € s,
let us define

xé = 0<lr<ng;(k)(T’x —ly), XL i= osirBiQ[;(k)(ra —T'x)" . 5.7

Then xé (resp. x},) is the closest visit to the singularity /, from the right (resp. to 7y
from the left) in the orbit segment {77 (x), 0 <i < Qg(k)}.

Remark 5.5 (Closest visits comparison). By the proof of [22, Proposition 3.2], for
every x € [ ék) and any o € 4, we have

1 1 1

<
) _1® ' — k)’
Yoo 1O e

1 1 1
; = Tw
w101 I

Thus, the closest visits defined above are comparable with the quantities expressed
above in terms of { - }.

The following theorem (as the proof below indicates) follows from the results
in [59], combined with the acceleration defined in the UDC.

Theorem 5.6 (Cancellations for symmetric logarithmic singularities). For almost
every (mw,A) € § x R>0,
Mz 2y = 1 such that Ty 5 satisfies the UDC (along the accelerating sequence) and
for every ¢ € LSG(|_lyc 4 Ia) with g, = 0, any k > 1 and x € 19 we have

there exists an accelerating sequence and a constant M =

(k) Qp (k)

'(w) sE (x) =" °; +Z ML@)=7 (SUDC1)

ach Yo aE,Aa
where x., and x! are the closets visits defined in (5.7).
Moreover, for every 0 <r < Qg(k) and x € Iék), we have
+ -

ING) |Ca | |Ca | Qﬂ(k)

[COXIEED = +y o TMLO= (SUDC2)

aeA ¢ ach %

Proof. By the proofs of [59, Propositions 4.1 and 4.2], there exists a precompact
subset Ep C X(¥) with positive measure such that Ag,, and AEL are log-integrable
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and the accelerating sequence defined by recurrence of (7, A, ) to Ep is such that
(SUDC1) and (SUDC?2) hold for every k > 1.

Then we repeat all steps of the proof of Theorem 3.8 starting from the set Y = Ep.
Since both (SUDC1) and (SUDC?2) also hold along a subsequence obtained taking
further accelerations, this completes the proof. |

Definition 7 (SUDC). We say that an IET T satisfies the Symmetric Uniform Dio-
phantine Condition, or SUDC for short, if it satisfies the UDC along an accelerating
sequence (1 )k>o along which the cancellations (SUDC1) and (SUDC2) hold.

Theorem 5.6 above thus shows that the SUDC has full measure.

Proposition 5.7. Suppose that T satisfies the SUDC. For every ¢ € LSG(|_lye4 o)
with g, = 0 and k > 1, we have gs)p € BV (Uyen 15y and

M + 1DE(p)

/
€5y llsup = — [GI
mlnﬁeA| B |

Proof. The proof runs in the same way as the proof of [22, Proposition 3.2], only
replacing [22, Corollary 3.1] with (SUDC1).
Let y: A — oA be the permutation given by Lemma 5.1. Then

Cl C.
5ty () = SE)Q'(x) = Y b AR (58
ach [TONTFET ) aen 1O,

Notice that S(k)¢’(x) = (¢')@8E) (x)if x € Iék). Thus, (5.8), in view of (SUDC1)
and Remark 5.5, and remarking that (since Rokhlin towers give a partition)

Qp (k) min | 1] < Qp(k) 157 < 3 Qub) P = 111,

ach
(k)
forevery x € I g we get that
k £ £
Syl = M2 2 L 2Oy 2O
7] ming |1 | ming |1y |
Taking the supremum over x € 1% concludes the proof. ]

Proposition 5.8 (Key estimate in the symmetric case). If T satisfies the SUDC, then
for every k > 1 and for every ¢ € LSGBV(UaeA 1y), we have

(k)
LV(S(k)p) < 4M Lk LV(p) <4Mk LV (p). (5.9)

. k
minge.4 |I/§ )|
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Proof. First suppose that g, =0. By Proposition 5.7, we then have that g g(x), belongs
to the space BV (||, c4 1) and

Var gs(c)p = /nk) |85y () dx

110
= ||gs(k),p||sup|1(k)| =M+ 1)95(90)—(,{)
minge.4 |I |

If g # O then, by (5.2), we have Var(S(k)g,) < Varg,. As gyo—g, = 0, by (5.4), it
follows that

V(S(k)p) = £(S(k)p) + Var gsioye
= L(9) + Var(gs@k)(p—g,) + Sk)g0)
< £(p) + Var(gs@yo—g,)) + Var(S(k)gy).

Therefore, by Proposition 5.7, we get

1®)

V(Sk)g) < £(p) + (M + 1) 0 £00 = 80) + Ntz

mingey4 |/
1%
<4M

—EV(p). ]
. k
minge |Ié )|

5.3. Non-symmetric case

We now estimate (special) Birkhoff sums for the derivative ¢’ of a function ¢ which
belongs to LG(|_|, e 105")) with asymmetric logarithmic singularities. Birkhoff sums
of this type of function over rotations (which can be thought as IETs with d = 2)
were first estimated in the seminar work by Kochergin [34] (see also [35]). When the
base transformation is an IET, they were studied by the second author in [57] when
there is a unique logarithmic singularity and by Ravotti in [52] in the general case. A
crucial estimate in all these works is provided by the following Remark, which was
first used by Kochergin in [34].

Remark 5.9 (Inverses of an arithmetic progression). If the points (xi)zN=o C [0, 1] are
such that, for some § > 0, |x; — x| > & for every pair of i # j, then

minoSisN Xi 5

N 1 logN +1
E — = + .
i m1n0<,<N Xi = jé
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Lemma 5.10. Suppose that T(y ) satisfies the Keane condition. Then for every ¢ €
LG(||yen Ia) with g, =0, any k > 1 and x € 1% we have

_.l_ —_
1S<k)<¢’)(x> Yy

aEA X aeA ¢

L +log| Q)]

< L(p)
minge |17

(5.10)

Proof. Notice first that it is enough to prove (5.10) in the special cases when
¢ =g =log([T[{(x —1)/II]}) or ¢ =g :=log(lI[{(ra —x)/II}).

Indeed, taking the linear combination

> Clrof +Cres

acA
then yields the general form of the result. Since the reasoning is analogous for func-
tions of the form ¢ or ¢, we will only do the computations for ¢F.

Forany x € 1 fgk), choose 0 < ip < Qg (k) such that the iterate 70 x is the closest
to /o, among all iterates 7/ x with 0 < j < Qpg(k) belonging to the interval (Io, |/]).
Then xé = T(x) — l,. Since all points in the orbit segment {T¥x, 0 < k < Op(k)}
belong to separate floors of a Rokhlin tower on which T acts as an isometry on the
floors, we also have that

min{|T" (x) = T/ (x).0 < i # j < Qpk)} = min |10,
ac
Therefore, if we reorder the points in {77x 0 <i < Qg(k)} so that [y < T'0x <
Thx < T2x <---, we have
[T () = la)/|1} = min | 10]j forall 1 < j < Qp(k).
[4S

Thus, since by definition of the special Birkhoff sum S(k)¢’(x) = (¢')(2s®) (x),

: (k)
ifx e Iﬂ ,

1 1
(@) @@ - =< P |
Ya! T ogi<gato.inio | NI = /D)
1

IA

.. k
1<j<Qp(k) J MNgeA |IoE )|
1 +log Qp(k)
S . (k) b
Minges |1y |

were in the last inequality we have used the estimate given by Remark 5.9. This com-
pletes the proof. |
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Proposition 5.11 (Key estimates in the asymmetric case). Suppose that T(; 5y satis-
fies the Keane condition. Then for every ¢ € LGBY (Uyen Ia) and k > 1, we have

19

V(S(k)g) < @), £V(p)(3 +log [Q(K)I). (5.11)

Minge 4 |1y
Proof. First suppose that g, = 0. Then, by Lemma 5.1 and in view of Remark 5.5,
we can apply the derivative estimates given by Lemma 5.10, and for every x € 1%,
we get that
Lo ()] = [SE)Fx) = 3 L{) T
aca |1 {71(lk)| booaea O |1(k)x
i(w)(2 + log [Q(K)[D

minge |14

It follows that

*) 11%]
Var g5y < €500 lupl ] < £(@)(2 + log [QK)]) Pt
minge4 |/

If g, # 0, then by (5.2), we have Var(S(k)gy) < Vargy. As gy—g, = 0,by (5.4),

it follows that
EV(S(k)p) < £(9p) + Var(gsx)o-g,)) + Var(S(k)gy)

J®)
< 2(¢) + (2 + log | 0(k) ) — !
minge 4 |/,

11%]

(k)li((p g(ﬂ) + Var(é’(p)

< (3+1og| QK1) V) .

minge 4 [ /o

Since by definition of the Diophantine condition UDC (see Definition 2 (B1) and
Definition 3) the IETs obtained inducing on the subintervals / &) are all k-balanced,
ie., [I®] <k mingeny |I(§k) |, the conclusion of Proposition 5.11 immediately give the
following corollary.

Corollary 5.12. Let T be an IET satisfying the UDC. Then for all 0 < k <[ and for
every function ¢ € LGBV(L]OCGA 105")), we have

LV(S(k,1)(p)) < k(3 +1log|Qk,DI)LV(p). (5.12)

6. Correction operators

This section carries out Marmi—Moussa—Yoccoz’s strategy to obtain a piecewise con-
stant approximations, with the modifications needed to deal with the difficulties dis-
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cussed in the introduction (see Section 1.5). The section contains in particular the
statement and the proof of the key technical result of the paper (Theorem 6.1 below),
which, roughly, says that the normalized L!-norm of special Birkhoff sums of correc-
ted cocycles with (asymmetric) logarithmic singularities grow subexponentially (see
Corollary 6.2), while in the symmetric case they do not grow (i.e., there is a uniform
bound).

6.1. Correction operator for cocycles with logarithmic singularities

Let ¢ be a function with logarithmic singularities and T an IET satisfying the Keane
condition. Let S(k)¢ be a sequence of special Birkhoff sums obtained by renormal-
ization, see Section 5.1. Consider the sequence

ISE)@ 1oy /II®], k eN, (6.1)

of L'-norms, normalized by |I ®)|. Notice that if S (k)¢ were bounded, the sequence
would simply be controlled by the sequence of sup norms || S(k)¢ || oo(s k), kK € N.
Typically, the sequence in (6.1) grows exponentially with an exponent related to the
Lyapunov exponents of the cocycle Ay.

Our goal is to eliminate this growth, by correcting the function ¢, namely by
subtracting a piecewise constant function (constant on the continuity intervals of T').
This piecewise constant function, which we call the correction, can be defined for
IETs which satisfy the UDC and its values can be identified with a vector in H ().
The correction vector will be given by a correction operator

5:LG( e Lo) — H(x).
We will call the correcting operator, the operator
P:=1—-9LG(]yes la) = LG(yen 1a).

which performs the correction, namely to ¢ associates the corrected cocycle P(¢) =
¢ — h(¢p) obtained subtracting the correction §(¢). Under the assumption that 7" sat-
isfies the UDC, for every ¢ € LG(]_|,c 4 /o), the correction h(¢) will be such that the
corrected function P(p) = ¢ — h(¢) produces a sequence

ISt) o P(@)llp1zaoy/II®]. kN, 6.2)

which now has sub-exponential growth. This will then be the starting point to show the
existence of a full deviation spectrum for the L!-norm (see Section 7.2). Moreover,
if additionally 7 satisfies the SUDC and ¢ € LG(|_|,c 4 [«) satisfies a stronger sym-
metry condition, AS (¢) = 0, then the sequence (6.2) is bounded along a subsequence,
and it will play a crucial role in the proof of ergodicity (see Section 8).
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6.1.1. The main result on correction of logarithmic cocycles. The formal state-
ment of the result that we are going to prove is the following.

Theorem 6.1 (Existence of a correction operator). Assume that T = T( ;) satisfies
the UDC. There exists a bounded linear operator ): LG(|_|,c 4 Io) = H () such that
for every ¢ € LG(|_|,c 4 Ia) with h(¢) = 0, we have

IS(K) @llp1 o)

1] = C(Cé(T)Ilmlxv + 105k

”‘/’”L‘(I))’ 63)

1]

where C/(T) is the Diophantine series defined in Definition 4.
Furthermore, if additionally T satisfies the SUDC and AS (¢) = 0, then
IS) @llL1 a0 lellzr
e s c(ckm(xv(so) + l0z0 @) + ||Qs(k)||T”),
6.4)
where Cy(T) is the other Diophantine series defined in Definition 4.

Combining Theorem 6.1 with the estimates on the Diophantine series given by
Proposition 3.9 (see, in particular, (3.23)), we have the following corollary.

Corollary 6.2 (Subexponential growth of special Birkhoff sums of corrected co-
cycles). Given T and b as in Theorem 6.1, for every ¢ € LG(|_l, ¢ 4 1) with h(¢) =0,

we have 1S®el
PliLrawy tk
—|I(k)| = 0(e™).

Notice that, in virtue of the definition of the Diophantine series Cy (T') and C; (T),
the control for the symmetric case given by (6.4) is finer than that given by (6.3) since
C ,é (T) has an additional term which is logarithmic in the matrix cocycle norms (which
comes from the presence of K;(T') instead of K;(T'), see Definition 4).

Remark 6.3. More precisely, we will show in the proof of Theorem 6.1 that for any
choice of a subspace F' C H () such that F & I's(w) = H (), where I's(ir) is the
stable space of " = T(y,3), one can define a unique such operator ) = hr such that
Hr(h) = hforany h € F.

The proof of Theorem 6.1 will take the rest of this section. We first of all com-
ment on the difficulties which motivate the change of strategy in comparison to [39]
and [22] and give an outline of the main steps.

6.1.2. Difficulties and outline of the proof. The idea of correction as well of the
strategy for proving of Theorem 6.1 are inspired by the seminal work by Marmi—
Moussa—Yoccoz on the cohomological equation in [39] (see also [43]). As we already
anticipated in the introduction, though, when considering functions with logarithmic
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singularities (or more in general BMO functions) and want to control the L!-norm
(which is the only one that can be controlled for functions with logarithmic singularit-
ies, which are unbounded), we need to modify substantially the original construction.
The construction presented here is a modification of the construction that we intro-
duced in [22] to prove an analogous result for IETs of hyperbolic periodic type.
Working with almost every T, it requires again some major changes in the basic steps
of construction. We comment here on the differences while giving an outline of the
steps in the proof of Theorem 6.1.

The procedure to build a correction, at a naive level, entails renormalizing Birkhoff
sums and at each step of renormalization process:

(1) finds the best approximation of the renormalized BS by a piecewise constant
observable;

(2) subtracts at the very beginning the preimage of this piecewise constant observ-
able (with the goal of implementing the heuristic strategy described in Section A.1 for
piecewise smooth cocycles, but replacing the uniform control of the error with control
in the norms introduced in Section 4).

For this approach to work, one needs to make sure that what is left after subtracting
the piecewise constant observable is not too large. A key technical point is given
by the preliminary estimates in Lemma 6.4. This is an enhanced version of (4.7) of
Proposition 4.3, which takes into account that it is more convenient to correct with a
piecewise constant observable that is in the absolute homology space of the Rauzy—
Veech cocycle. This requires further control of the boundary, which is achieved in
Proposition 4.6, which is an important technical addition contained in this article.

Let us now outline the steps of the construction of the correction operators in more
detail. First note that there is not a unique way to define a correction operator

5:LG([yen Ia) = H()

with the desired properties (as in Theorem 6.1), since if we are given a function §(¢)
that satisfies the desired estimates (namely (6.3) and (6.4) in Theorem 6.1) and add an
element from the stable space I'y, we get a new function that still satisfies the same
estimates. On the other hand, if we compose with the projection U: R* — R*/ T, to
the quotient by the stable space, the quotient operator

bY := U o 5: LG(lyep Iu) — H(m)/ T

is uniquely defined and is the operator we are going to construct.
We will construct in fact a sequence of correcting operators with values in the
quotient by the stable space, namely

P®:LG(Uyen 1) - LG(Upe s IP)/ T, keN
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(notice that if T satisfies the UDC the induced IET 7 ®) satisfies the UDC for every
k > 1). For k = 0, the correcting operator P () will have the form I — §Y, where Y
is the sought correction operator with values in the quotient. We want the sequence of
operators P(k), k € N, to be equivariant under the action of the renormalization, i.e.,
to commute with the operation of taking special Birkhoff sums (see Lemma 6.7 for a
precise statement).

The strategy to construct the sequence P®), k € N, of equivariant correcting
operators is the following:

(1) As first approximation of the correction operators, consider, for k € N, the
mean value projections M *): LG(| |, en 105")) — '™ as defined in Section 4.4, and
the associated correcting operators P(fk) =1 - M® k eN;

(2) The correcting operators Pék), k € N, are not equivariant and do not take
values in the quotient. Let us hence modify them by subtracting a term A®) and
composing with the projection U ®) to the quotient space r® / Fs(k), namely consider,

for each k € N, a operator of the form P& .= y®, Po(k) —A®);

(3) Following [39], one can see that for P© defined as in (2) to be equivariant,
one needs to define A ¢ so that the modified correction operator U o M © 4+ AO
is the limit (if it exists) of the sequence U o Q(k)~! o M®) o S(k)(p), which is
obtained by bringing back the correction of ¢ € LG(|_],c 4 IDEO)) at time k, namely of
the function S(k)(p), to time 0 by applying Q (k)™!;

(4) Show that the sequence in (3) converges, so that one can define the modific-
ation operator A%, then the correcting operator Pl =y, Po(k) — A% has the
required equivariance and growths properties.

Thus, to obtain the desired correction operator one has to show that the sequence
Uo Q) oM@ oSk)(p) e H(x@)/T{”, keN

obtained in (3) converges for every ¢ € LG(|_]yc.4 1 OSO)). Notice that when M) takes
values in H(m®) c T'® then Q (k)" composed with the projection on '/ I’y con-
tracts exponentially and this allows to prove the convergence. In [39] and [22], though,
the mean value projection M) obtained taking mean values of the function over
every exchanged interval (see (6.5) below) takes values also outside H (7 (k)). There-
fore, the contraction argument does not apply. To circumvent this problem, in [22] we
have used the projection on I'/ I'cs, where I'cs is the central stable space. Unfortu-
nately, though, this is not sufficient now, when we consider almost every IET.

One of the novelties in this part of the article in relations to the previous correction
operators constructions is that we consider initial corrections Mg;) obtained by com-
posing M®) with the projection PH (%) onto the space H (7)) (see Section 6.2).
In view of the boundary operator estimate given by Lemma 3.4 (see Section 3.1.10),
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we can control the displacement between Mg‘) and M®) in terms of the boundary
operator ) (see Section 6.2, in particular the proof of Lemma 6.4). It is starting
from this modified preliminary correction operators in step (1) that allows to prove
convergence and hence leads to a good definition of correction (and correcting) oper-
ators in the more general setting of this paper, but also requires proving a series of
new inequalities and adding some new technical steps to the construction. The UDC
is devised exactly in order to guarantee convergence of this series. In fact, to show
that the series that gives A®) (which is written in (6.20)) converges, we will exploit
the exponential contraction provided by the condition (UDC1) and (3.4).

The final part of the proof is to show that any correction operator fj defined choos-
ing a representative §)(p) for the equivalence class Y (¢) in H()/T'* is such that
|S(k) (@ = HleD L1 rwny/ |1 ()| has sub-exponential growth. This part follows quite
closely the proof that we gave in [22], along the lines of [39].

6.2. Preliminary corrections

To define initial corrections, let us consider linear operators on LGBV(|_|aE A Io(,k)),
k € N, obtained by considering mean value-projections (which we defined in Sec-
tion 4.4)

k k
MP:LGH (Upep 167) > TP, MPg =5, ym(e, 18 1,00 (65

6.2.1. Initial corrections. The sequence of initial corrections that we want to use
is given by composing these mean value-projections with the projection onto the
space H(®). Recall that PH(x®): r® — H(x®) is the orthogonal projection
on H(rx®).

Definition 8 (Initial corrections). Consider the operator
Mg):LGBV(Ua6A 105")) — H(n(k)), Mg;) ‘= DH(x®)) © ME)
Set the corresponding initial approximation of the correction operator to be
Py LG (Ugen 16”) = LG™ (Lyea 16”)-
o> PPp =9 - M.

The following properties of the initial corrections follow almost directly from the
estimates on mean average corrections that we proved in Section 4.4 as preparatory
work, combined with the control of the projection through the boundary operator
(given by Lemma 3.4).
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Lemma 6.4 (Initial correction estimates). There exists a positive constant C such
that for every k € N, for every ¢ € LG(||,c4 Iogk)), we have

1Pl 1 rary < CHTP|(log [|QK)[AS (@) + LV(@) + 870 (@)]),  (6.6)

k
1Pl raory < 4dC TP 1og(2 QK gl v 6.7)
k) ‘/_
My ol < |1<k>|”‘p”“<"“) (6.8)

(k)

Proof. To estimate Pék), we will compare M ®) with M 5 > namely estimate

k k
1PF ol gwy = o — MP el o

k
< llg = MPp| i gwry + IMPp — MP gl 1wy (6.9)

Let us estimate separately the two terms in (6.9), namely the mean-value correcting
operator and the difference of the mean value projections.

Estimating the mean-value correcting operator. By the construction of the mean pro-
jection operator (see (6.5) and the definition of m in Section 4.3), we have

1Ml gaoy = D mlp, 18) 115

aEA
/(k) o(x)dx

- Z < lelzrgw, (6.10)
and, by (4.7), we can therefore estimate the first term in (6.9) by

aEA

lp — MB0]l L1 ey < 811 P £V(p). (6.11)

Estimating the difference of the mean value projections. To estimate the second term
in (6.9), we recall that PH(x®) by Lemma 3.4, satisfies

Ih = Pyl < Colldzwhl|
forevery k > Oand € %) Thus,

IMD 9 — pprrun MOllLi gy < TP IMBp = pyriny, MOy
< Col1 O 070 M O] (6.12)

Moreover, by Proposition 4.6,

||8,,(k>m‘k>go||<||8,,(k>(¢)||+(1+log )AS@)HWJ&V(@ (6.13)

2%
110]
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Proof of (6.6). Going back to (6.9) and combining the two separate estimates just
proved, namely (6.11), (6.12) and (6.13), it follows that

2K
1P80lz1cry = 1191(Colgan @+ o 1+ Tog ) 450)

+ (14dkCg + 8)$"V(<p)).

By (3.3), we have
TP < )|,
so we get 1 + log(2c/|1®|) = O(|| Q(k)||), which yields (6.6). "

Proof of (6.7). Recall now that, by the estimate (4.17) of ||d,,«) (¢)|| and balance, we
have that

2K
10200 ()| < 2d IOg(m)llfﬂllxv < 2d log(2d [ Q)] £v-

Thus, as AS (p) < £V(¢) < |l¢|l£v, it follows from (6.6) that
1PO Il oy < CHHP|(log |QK)| + 1+ 2d Tog(2¢ [ Q (k) 1)) ¢l v
< 4dC 1P 1og(2k| Q) ¢l v-

This proves also (6.7). ]

Proof of (6.8). Finally, to prove (6.8), let us apply once more Lemma 3.4, which also
gives that, for every k > Oand & € r®,

| PrzGeanhll < Ve |hll.
Using this combined with (6.10), we get

”M;}IC)(/)” = ”pH(n(k))M(k)(p” < \/E”M(k)(p”
k/d e Jd

k
< 7] [ M )(p||L1(1(k)) =< 7] el @y,

which proves also (6.8) and concludes the proof. ]

6.2.2. The series bringing back the corrections. We can now build the modifica-
tion A®) as a series (see (6.15) below), obtained by quotienting and pulling back the
preliminary corrections defined in the previous section.
Consider, for k € N, the projections U &) on the quotient by the stable space,
namely
U(k): LGBV(I_lae,A Iogk)) - LGBV(I_lae.A Iﬂ(tk))/rs(k)'
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Since S(k, l)Fs(k) = Fs(l) and S(k,[): r'® — r® is invertible, the quotient linear
transformation

k k I I
Sy (k. 1: LGP (Uye 182)/ T — LG (Uye s 1)/ 1L
is well defined and S (k,1): T®)/ Fs(k) —T1r®y Fs(l) is invertible. Moreover,
Sy(k,1) o UR g = UD o S(k,)p for g € LGPV (Lyeu IP). (6.14)

The following lemma shows that our Diophantine condition guarantees the conver-
gence of the series (6.15) obtained bringing back the corrections and hence it can be
used to define a modification operator A®). Furthermore, it provides estimates that
show that the modification operator is bounded.

Lemma 6.5 (Convergence of the modification series). Suppose that T satisfies the
UDC. For every function ¢ € LG(|Ll,c.4 Io([k)), the following limit:

A® G — Jlim U® o Sk,)™ o (Sk,l)o P — PP oSk, )  (6.15)

exists in H(n(k))/f’s(k), and
1AR 9| < CKL(LV(9) + 11950 (@)]])- (6.16)
Moreover,

AP (SK)e)| < CKL(£V (@) + 13x(@)]]) for every ¢ € LG(|yen Ta)-
(6.17)
If additionally T satisfies the SUDC and ¢ € LG(|_|,c 4 o) with AS(¢) = 0, then
for every k > 1, we have

IAD(S(k)p) || < CKe(L£V (@) + 13 (@)])- (6.18)

Let us first show that the lemma implies that A®) is bounded.

Corollary 6.6 (Boundedness of the modification). For every k > N, the operator
AB:LG( ] en 1) > H@®)/T® defined by (6.15) is bounded.

Proof. Tn view of (6.16) and (4.17), for every ¢ € LG(|_|,c.4 &), we have
1A® g < K; (1 + 2d log(2«cd | Q(K)I)) ¢l £v- (6.19)
This shows that A®): LG(Uyen 105")) — H(x®)/ I'S(k) is bounded. ]

The rest of this section is devoted to the proof of Lemma 6.5.
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Proof of Lemma 6.5. Exploiting the telescopic nature of the series, calculations sim-
ilar to those in [22] show that

U® oSk, 1)™ o (S(k,1) o PF = PP o S(k, 1))
= Y (Sstkr + D) o U o MG 0 S +1) 0 PV 0 S(k.1).

k<r<l

It follows that we need to prove the convergence of the series

S (St + D) o U o MTT 0 S(rr + 1) 0 PV 0 Stkor)p (6.20)

r>k
in H(x®)/ Fs(k).

Convergence of the series and the estimate (6.16). For any r > k, using (6.8), (5.1),
and (6.6), we obtain

IMGTD 0 S(ror + 1) 0 P 0 Sk, g

2k/d )
< e IS+ Do P o S, Melli e+
2kd |
= |I(r+1)| ”PO( ) o S(k7 r)(p”Ll(I(r))
)4
=C |[|(r+1|)| (AS(Sk,r)p) log [ QN[+ LV(S (k. r)¢)+ |00 (Sk, ) |).

By the invariance of AS, £V and the boundary operator (see (5.12), (5.5) in Corol-
lary 5.3, (5.6)), (3.3) and (4.4), consecutively, we have

1MUY 0 S(r,r 4+ 1) 0 P 0 S(k, r)g|

r)

= C%(iv(ﬂk 1@) + |00 (Sk, 1)) | + AS(Sk, r)¢)log | Q(r)])
)

=, ,'f,+1')| (k(3 +log | Q (k. )L V() + 10500 (@)l + A4S (@) log | Q(r)])

<C'NZr + DI(EV(R) + 9,0 (@) log [ Q).
In view of (3.4), for 0 < k <l and h € H(z®), we have
[(Ss k. 1)) " o UDM)|| < 105Gk, DINUDL )| < 105K, DRI (6.21)

Since MUTD o S(r,r + 1) 0 P{” 0 S(k, )¢ € H(x"+D), by (6.21), the norm of
the rth element of the series (6.20) is bounded from above by

C'IQs(k.r + DIIZ(r + DI(LV(@) + 19500 (@)]]) log [ Q(r)].
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Since T satisfies the UDC, by Proposition 3.9, the series

Y105k, r + DIIZ(r + D log | Q)]

r>k

is convergent and its sum is K} . As A(k)go is the sum of the series (6.20), it follows
that the operator A®) is well defined and (6.16) holds.

The estimates (6.17). If ¢ € LG(|_l 4 /o), then we can repeat the above arguments
for S(k)¢p € LG(|l,en Iogk)) instead of ¢. As

EV(S(k.r)(Sk)p)) < Clog | Q(r) LV ().
|82 (SGe, ) (SGI)) | = 13=(@)]l,  AS(Stk, r)(S(k)p)) = AS(p),

now the norm of the rth element of the series (6.20), where ¢ is replaced by S(k)¢,
is bounded from above by

C'NQstk,r + DINIZ(r + DI(LV(e) + 19z (@)]) log [| 2 ().
This gives also (6.17).

Symmetric singularities estimates. Now suppose that T satisfies the SUDC and ¢ €
LG(|l,e4 o) With AS(¢) = 0. Using (5.9) and reasoning similarly to above, we
obtain

[P6” 0 St 1) (SKI) |1 gory = 1267 (ST)0) [ 1 gy

< CHOLV(S)@) + 820 (S()e)])
< CNZo + DITTFVI(E V() + 132 (9)])-

Thus,

[(Solk,r + 1) o U o MGV 0 S r 4+ 1) 0 P 0 Sk, 1) (S(h)) |
< ClIQs(k.r + DIIZ(r + DI(LV(p) + 19z ().
This gives (6.18). ]
6.2.3. The equivariant correction operators. Consider now the operator

POLG(Ugen fa”) = LG (Ugen 1a”)/ T

given by P®) = y® o Pék) — A®_ As the operators U ®) and Pék) (see (6.7)) are
bounded linear operators, P *) is also linear and bounded when LG(|_|,c 4 1(5")) / r®
is equipped with the L' (1 %))/ Fs(k)—norm. We will now show that this modified cor-
recting operator satisfies the sough equivariance property, i.e., commutes with the
operation of considering special Birkhoff sums.
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Lemma 6.7 (Equivariance). Suppose that T satisfies the UDC. Forall 0 < k <1, we
have
Sy(k,1)o P® = pD o Sk, 1). (6.22)

Moreover, for every ¢ € LG(|_|,c 4 Ia), we have
1
(k) -
m || P (S(k)(P) ”Ll(l(k))/l"s(k) = ®k(€0) = CKI;”QDHSEV (6.23)

If additionally, T satisfies the SUDC and ¢ € LG(|_|,c4 Ia) with AS(¢) = 0,
then (6.23) holds with

Ok(p) := CKx(LV(9) + 3 (9)]])-

Proof. The condition (6.22) is a direct consequence of the definition of P ®) Tts proof
runs along similar lines as the proof of the first part of [22, Lemma 4.2].
In view of [U®| = 1, (6.6), (6.17), (5.11) and (5.6), we get

| POS©0) 1 a0 = 1P S0 |1 gy + T AR (502)]
< ClIPIKL(£V(p) + 102 (@)]).

Moreover, using (6.7) and (6.19) instead of (6.6) and (6.17), we also have

[ PO (S(k)g) o < CHP K gl 2v.

% (I®)/ T
which give (6.23).

Symmetric singularities case. We now suppose that T satisfies the SUDC and ¢ €
LG(Uye4 Ia) with AS(¢) = 0. Then, using (6.18) and (5.9) instead of (6.16) and
(5.11), we get (6.23) with O (¢) = CKr(L£V(¢) + |0z (@)])- [

6.3. Proof of Theorem 6.1

Now we have built the correcting operator P(® with values in LG(| | en IOEO)) / FS(O)
and the desired equivariance properties (see Lemma 6.7), we want to check that any
choice of representative for the equivalence class P (¢ satisfies the desired growth
estimates and then to lift P9 to an operator I — §) with values in LG(Uyen IOEO)).
We first prove a lemma that shows that any choice of representative of the equivalence
class P (@ (¢) satisfies the desired estimates hold (see Lemma 6.8 and in particular the
estimates in (ii)) and then use it to show that the correction is uniquely defined (see
Corollary 6.9). The proof of Theorem 6.1 then follows easily from this Lemma 6.8
and Corollary 6.9 and is given at the end of the section.
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Recall that we defined the equivariant correction operator P (?) by setting
PO = y© o pl® _A©@

We say that amap ¢ € LG(|_|,c4 1050)) is a correction of ¢ if it is a representative of
the corrected equivalence class P(O)(p, 1.e.,

U@ = PO).

With this in mind, the following lemma shows that any correction of ¢ satisfies the
desired estimates on the growth of Birkhoff sums. The constants C; and C ,2 which
appear in the estimates of Birkhoff sums of corrected functions (see part (ii) of the
lemma below) are given by the Diophantine series Cy(T) and C;(T') which we
defined for any k € N in Definition 4 and showed that they converge, and hence
are well defined under the assumption that 7" satisfies the UDC or SUDC.

Lemma 6.8 (Birkhoff sums estimates for corrected functions). Suppose that T satis-
fies the UDC. Assume that ¢, 9 € LG(|_| e Ia(,o)) and that U®$ = P, Then
D ¢—¢eHxO);

(i) for any k > 1, we have

||S(k)(@)||L1(1(k)) , " ||@||L1(1(0))

(6.24)

and if T satisfies the SUDC and AS (¢) = 0, then

IS @)1 10
110]

10121 (1o
< (v + o0 @) + 1 HE)

(6.25)
with Cy := Ci(T), C; := C[(T) (refer to Definition 4 for the definition of
the Diophantine series Cy and C;) and C;! := || Qs (k)]

The lemma shows that every correction of ¢ is of the form ¢ — i with h € H(x©).
Let us first show that the lemma also implies that the correction 4 is uniquely defined,
once we fix a complement to I'S(O) in H(x©).

Corollary 6.9 (Uniqueness of the correction). Fix a subspace F C H () such that
Fo FS(O) = H(x©). Suppose that hy, h, € F are two vectors such that

U —hy) =UQ(p —hy) = POy

Then h1 = hz.
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Proof. In view of (6.24) of Lemma 6.8 combined with (3.23), we have

. IOg(”S(k)(‘/’_hi)||L1(1(k))/|I(k)|)
lim sup
k—-+o00 k

<0 fori=1,2.

Thus,
lo kYhi —h
lim s g || Q(k)(h: 2l <

0.
k—+o00 k

As hy —hy € H(®), by the condition (O) in Definition 3, it follows that
hy—hy e TO,
Since hy — hy € F and F§O) N F = {0}, we have hy = h,. [ ]
Let us now prove the lemma.
Proof of Lemma 6.8. Since by definition of the operators
U9 =p0y=y©®, Péo)w —AOy =y _y©®, MJ(L(I))QO —A@y,

we have
U~ =UY o Mg+ AO¢ ¢ Hx®)/T.

Therefore,
0—9p e Ha )+ 1O c H=©).

In view of (6.14) and (6.22),
U oSk)p = Sy(k)oUPG = Sp(k) o PPy = PP o S(k)g.
Therefore, from (6.23), we have
IUP 0 ST L1 iy 0 = | P (STNO) | 11 gy r0 11D < Ok (@)

t follows from the definition of || - ||, ; ., %)y, -t on the quotient space that, for every
It follows fi he definition of oy h i hat, f
k >0, there exists ¢x €LG(| |, e 4 1o )) and s € Fs(k) such that

. lox Nl
S(k)§ = gx + s and IILT%) < Or(g). (6.26)

Next note that

k41 + Sky1 =Stk + 1)@ = Sk, k + 1)S(k)p
= S(k.k+ Dox + O(k. k + 1)s.
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so setting Asgy1 = Sg+1 — Z(k + 1)sg (where Asg = s¢), we have
Ask1 = —¢k+1 + Sk, k + Dok
Moreover, by (5.1), for k > 0,
8511l = TSk o)
= (et = Gk + Dol

K
< 1D (lgrs1llpr oty + I1SK.k + Drllpiga+ny)

- lok+1llLra+v)y 1T®] lerllprgw
- |](k+1)| |](k+1)| |](k)|

Next, by (6.26) and (3.3), it follows that
[Ase 1l < k(1 Z(k + DOk (¢) + O 41(p)) fork >0,

and

IsollLrzoy ||¢—<.00||L1(1<0>)< 1112170

[Asoll <« 70 =K 70| <k 70

+ kB ().

Since s;, = Zoslgk O(l,k)As; and As; € FS(I), setting ®_; := 0, we have

Isell < Y QW K)Asi = D 1QsU k)l As|

o<i<k o<l<k
@1l L1 1o
<k Y 10s.B(O1() + 1Z)O1-1(p)) + €l Qs =y —
o<i<k

In view of (6.26) and taking O (¢) = CK} [l¢| £v. it follows that for k > 1,

ISK)@I L1 (rory _ Nexllzr oy
1] R AC)

1@l 21 7o
+ skl < dKC(C;QH(Plev + G — |1(0()| ))

If T satisfies the SUDC and AS (¢) = 0, then the same argument applied to

Ok (p) = CKi(LV(9) + 00 ()]])
shows also (6.25). ]

We have now all the elements to conclude the proof of Theorem 6.1.
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Proof of Theorem 6.1. Fix a subspace F C H(7©®) such that F & T” = H(z©).
Choose any ¢ € LG(|_|,c4 Io) With U@ ($) = P©g¢. By item (i) of Lemma 6.8,
¢ — ¢ € H(x®). Therefore, there exist h € F and /' € T such that

o—h=9¢+hn.
As U@ (p) = POy, it follows that
U —h)=U@+n)=U@) = POy

By Corollary 6.9, for every ¢ € LG(|_|,c4 [«). there exists a unique & = h(p)e F
such that
U —h)=POg.

Thus, there exists a unique linear operator h: LG(| |,c4 lo) — F (the correction
operator) such that

U@ —-5b(p) = PO). (6.27)

As the operator P©; LG(Uyen L) = LG(Ugen o)/ FS(O) is bounded, by the
closed graph theorem, the operator ) is also bounded. Indeed, if ¢, — ¢ in LG and
H(¢n) — hin F then we have both

P@g, - POy =UO(p—15(p)),
POy, =UO (g, —h(gn)) = U (¢ — h).

It follows that h(¢) — i € F and at the same time () —h € FS(O), so h = Bh(¢). Since
the vector norm and the L'-norm are equivalent on T'(¥), we get that the operator is
bounded.

Suppose now that §(¢) = 0. Then

U@ () =UP(p - b(p)) = PO(p).

Therefore, (6.3) and (6.4) follow directly from (6.24) and (6.25) of Lemma 6.8 (ii),
respectively. This concludes the proof and proves as well the statement of Remark 6.3.
]

7. Deviations of Birkhoff sums and integrals

In this section we prove the main results on the deviation spectrum of locally Hamilto-
nian flows, by first reducing the study of integrals along a locally Hamiltonian flow to
the study of Birkhoff sums (see Section 7.1), then exploiting the correction operator
built in Section 6 to build (in the spirit of Bufetov functionals and Bufetov work [6])
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the cocycles which correspond to pure power behaviour, see Section 7.2. An important
technical hurdle, which is new and specific to the cocycles with logarithmic singular-
ities, is that the error term after corrections is only controlled in the L!-sense (see,
e.g., Corollary 6.2) and not, as for piecewise smooth cocycles, with respect to the sup
norm. While the L!-norm still controls the sup norm on large sets, is it then necessary
to control the measure of the fails. The strategy to achieve this control is described in
Section 7.1.3.

7.1. Estimates of Birkhoff integrals through Birkhoff sums

In this section we provide an effective estimate for the growth of Birkhoff integrals
(Proposition 7.8), which can be applied when the roof function g is unbounded. The
section is structured as follows. We first exploit the special flow representation of the
flow as a suspension flow over an IET under a roof function with logarithmic singular-
ities (refer to Section 2.3) to reduce to estimates of Birkhoff sums, see Section 7.1.1.
We then exploit a standard decomposition of Birkhoff sums in special Birkhoff sums,
see Section 7.1.2. Notice that the estimates relies on the speed of decay of the tails
of g; the new technical ingredients, which allow to control the tails, are explained in
Section 7.1.3. The main result of this section, namely Proposition 7.8, is then proved
in Section 7.1.4.

7.1.1. Reduction of integrals along the flow to Birkhoff sums. Let 7: ] — [ be
an ergodic IET and let g: I — R~ U {400} be an integrable function such that

g = inf g(x) > 0.
= xel

Following Section 2.2.2, we denote by Tﬁ : 18 — I8 the special flow over T under
the roof g. For every integrable function f: 7% — R let ¢r: I — R be given by

g(x)
pr(x) = /0 f(x,r)dr.

By Fubini’s theorem, ¢y is well defined for a.e. x € I, is integrable and

/wf(X)dx =/ f(x,r)dxdr.
I I8

For every (x,r) € I8 and s > 0, denote by n(x, r, s) > 0 the number of times the
orbit segment {7 (x,r) : t € [0, s]} crosses the interval I (identified with I x {0}),
i.e., the unique non-negative integer number such that

g(n(x,r,s))(x) <r4s< g(n(x,r,S)-‘rl)(x)_ (7.1)

Then 0 < n(x,r,s) < s/g + 1.
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Definition 9. For every ¢ > g let I, C I be a sublevel set, this is
I.C{xel:g(x)=<c}.
Given s > 0, let AS C I¢ denote the following thickening of the set I, in /&
AL ={(x,r) e I8 :x € I}\{T%(x,0): x €I\ I, 0<t<s}.

The following elementary lemma relates the Birkhoff integrals of f for the flow
Tﬂ‘g with the Birkhoff sums of ¢y for the IET T'.

Lemma 7.1. Suppose that f:1% — R is bounded. For every s > 0 and ¢ > g,
if (x,r) € A3, then T'x € I, forall 0 < i < n(x,r,s), and

< "D ()] + 2¢| f | oo

/S f(T,g(x, r)) dt
0

Proof. For every (x,r) € AS we decompose the orbit segment {7 (x,r) : ¢ € [0, 5]}
into n(x,r,s) + 1-pieces using its meeting points with / x {0} C ¥, 1i.e., along cross-
ing times

O<ty<---<t, <s,

where n :=n(x,r,s)and t; := g®@(x) —r for 1 <i < n. Then Tt‘f(x, r) = (Tx,0)
for0 <i <n,withty := —r. As (x,r) € A}, it follows that

g(T'x)<c for0<i <n,

which proves the first part of the lemma. As ;41 —t; =gtV (x) — g® (x) = g(Tx),
according to the decomposition we obtain

/S f(T,g(x, r))de
0
= / ’ F(TE(x,r))de + Z /th F(TF (x,r))de + /-s F(TE(x,r))dt
0 t; 1,

0<j<n n

g(zj) . r S—tn
= J — n
Z / S(T7x,1)dt /0 f(x,t)dt+[0 f(T"x,t)dt

0<j<n

=}Wn-£}m0m+£

Sincer < g(x) <cands—1t, < g(T"x) < c, we also have

‘A%@ﬂm

s—t,

’ f(T"x,t)dt.

g(x)
sf fe 0l dr < el fllzoe
0
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and
s—tn g(T"x)
‘ | rarna < [T parsle s el flus.
Therefore,
S
| 1@ e ar| < o o)+ 2el £l
for every (x,r) € A3. ]

7.1.2. Decomposition of Birkhoff sums in special Birkhoff sums. In this sub-
section we estimate ¢ (x) by decomposing the sum into special Birkhoff sums
introduced by Zorich in [67]. Let T: I — [ be an arbitrary IET satisfying Keane’s
condition. For every x € [ and n > 0, set

m(x,n) =m(x,n,T):= max{l >0:#{0<k<n:Tkxe I(l)} > 2}.
Proposition 7.2 (see [67] or [64]). For every x € I and n > 0, we have
min @y (m) < n = d max Qo(m +1) = d||Q(m + D
where m = m(x,n).
Since the sequence (minge4 Qg (1))m>0 increases to the infinity
m(n) =m(n,T) = max{m(x,n):x € I}

is well defined. If 7' additionally satisfies the UDC then, by (UDC3) and (3.13), for
every T > 0, we have

e)tlm(n) < O(HQ(I’I’l(I’l))”) < O(mlx Qa(m(n))l-{-r) = 0(}11+T), (72)

Proposition 7.3. For every s > 0 and ¢ > g if (x,r) € Ay, then

mn(x,r,s))
o <2 3 1ZK+ DIISEes oy (73)
k=0

with
I1®(c) = [ J{x € 1P : Yoz jc0,00 T x € I}
aEA
Proof. Fix s > 0 and ¢ > 0. For each point (x,r) € ¥, we will decompose the orbit
segment
x,Tx,....,T" 'x withn :=n(x,rs)
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into segments. Let m := m(x,n), so [ (m) i hit by the orbit segment at least twice and
1™+1) at most once. For each 0 < k < m, let

nf=min{j >0:T/x e I®}, ny =min{j > 1: 7" 7x e I®)}.
For 0 < k < m, we also have

Tty = (TOWE T, T ik = (7O b Trnk

with
0<bf.by <|Zk+1)]. (7.4)

Moreover,
(T Tl — Ty with 1 < by, < || Z(m + )| (1.5)

Here 77" x, T""m x are the first and the last visit of the orbit segment in 7. Thus,

m—1bi—1 b1
o) = 30 2 (S ) (T T 0) 4 3 (Semer) (T T"0x)
k=0 j=0 =
m—1b;—1 )
+ YD (SWer) (TR T i+ x).
k=0 j=0

If (x,r) € AS, then, by the first part of Lemma 7.1, T'x e I. forall 0 < < n. Hence,
(T T (TR T e x e [R(e).

In view of (7.4) and (7.5), it follows that

m
o ()] <23 12k + DIIS s ll oo 100 0y)-
k=0

which proves (7.3). ]

7.1.3. Control of the tail behaviour. In order to prove a deviation spectrum, the
error obtained after correcting special Birkhoff sums is still allowed to grow subex-
ponentially. We seek a way of choosing sets (Ex)ren, Whose measure tends to 1 as k
grows, on which special Birkhoff sums at time k are pointwise controlled by their L!-
norm in a satisfactory way. A subtle point is quantify what satisfactory way means
in comparison to special Birkhoff sums and their averages. This is the goal of the
estimates proved in this subsection (in particular Lemma 7.4).
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Let g: I — R.¢ U {400} be an integrable roof map with g = minye; g(x) > 0.
For every roof function with logarithmic singularities, we construct a family of sub-
level sets I, for ¢ > g, this is I, C I is such that g(x) < ¢ for x € I.. Recall the
notation Tﬁ for the sp_ecial flow over T under the roof g (see Section 2.2.2), as well
as the definition of the set A7 given by Definition 9.

Lemma 7.4 (Tail decay). For any roof function g € LG(| ]y la), there exists a
family of sublevel set {I. : ¢ > g} and a map s > c(s) such that the measure of the
tails sets 18\ Af:( 5) decays with the polynomial speed in s, i.e., there exists o > 0
such that

Leb(78 \ Ai(s)) = 0(s™%).

The proof of the lemma will follow as a corollary from an auxiliary result (Lem-
ma 7.6), which estimates the measure of the tails sets for the sublevel sets that we now
define.

Remark 7.5. Note that from the form of g € LG(|_|, ¢4 /«). it follows that there exist
two positive constants C, b > 0 such that for every s > g, we have

g(x) <s forallx e U [lo + Ce ™ 1y — Ce_bs]_
a€h

Let us define the following sublevel sets:

I, .= U [la +Ce ™ 1y — Ce_bs] forany s > g. (7.6)
aEA

Consider the map §: [g, +00) = Rxg given by
£(s) ;== Leb({ \ Iy). (7.7)
Denote by Fy:R>o — Ry the tail distribution function of g, i.e.,
Fo(s) := Leb({x el :gx) > s}) fors > 0.
By definition,
{xel:g(x)>s}CI\I; and Fg(s) <&(s) fors=>g. (7.8)

Lemma 7.6. Suppose that £:[g, +00) —Rxg is decreasing integrable and of class

C'-map with limg_, o s&(s) = 0. Let us consider E: [g, +00) — R given by

+o00
B(s) = / E()dt
N
fors = g. Then for every s > 0 and ¢ > g, we have

Leb(/8 \ A7) < s&(c) + 2c&(c) + E(c).
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Proof. By the definition of Z and (7.8), using integration by parts, we have

lxel:g(x)zc} g(X) dx = _/L: tng (t) = CFg (C) + /c Fg (t) dt
<c&(c) + E(c).

Therefore,

[ ewars [ g+ [ 2(x) dx
JAVE: {xel:g(x)=c} {xel\I;:g(x)=c}

<2cé&(c) + E(c).

It follows that for every ¢ > g and 5 > 0, we have

Leb(/8 \ A)) < / g(x)dx + sLeb({ \ I.) = s&(c) + 2c&(c) + E(c),
I

c

which completes the proof. |
Remark 7.7. Note that, by definition, E is a decreasing C 2-map and

lim E(s) = 0.

§—>—+00
We can now deduce Lemma 7.4.
Proof of Lemma 7.4. We deal with the family of sublevel sets given by (7.6). Then

2dC
b e—bs’

£(s) =2dCe™ and E(s) =

so they satisfy the assumptions of Lemma 7.6. For any a > 1, we take the function
c(s) = % log s. Then, in view of Lemma 7.6,

2dC
Leb(1¥ \ A7) <s52dCs™ + 4%(log $)dCs™ + 5 s
= 0(s“™), (7.9)
which gives the polynomial decay of the measure of 78 \ Ai( 5)° [

7.1.4. Estimates of integrals and tails. We can now combine the results on the two
previous subsections, i.e., the reduction of integrals along the flow to Birkhoff sums
(Lemma 7.1) and the decomposition of Birkhoff sums into special Birkhoff sums
(Proposition 7.3), to get the following estimate of ergodic integrals in terms of special
Birkhoff sums.
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Proposition 7.8. Let n:R>o — [g, +00) be an increasing C Lmap. Let f:18 — R
be a measurable bounded map. Then, for every s € R,

Leb(I% \ 4)) < sE((s)) + 2n()E(7(5)) + E(n(s)),

where () is defined by (7.7) and E(-) is given by Lemma 7.6, and for every
(x,r) € A;(S), we have

'/ T(xr)dt

Proof. The result follows by combining Lemma 7.1, Proposition 7.3 and Lemma 7.6
with ¢ = n(s). [

<2 11 Z(k + DIISE s | oo 1o sy + 201 llLeon(s).
k>0

(7.10)

7.2. Deviation spectrum and asymptotic behaviour of ergodic integrals

We present in this section the proof of Theorem 1.4 and the first part of Theorem 1.3,
namely the existence of the asymptotic spectrum for ergodic integrals both in the
minimal and non-minimal case. We first define, in Section 7.2.1, the cocycles that
will govern the asymptotic behaviour of the ergodic integrals. Notice that, since we
are proving at the same time the existence of the expansions in Theorems 1.3 and 1.4,
we will define cocycles u, parametrized by o € Fix(yyg) N M’ also when consider-
ing the restriction of a typical Yr € U mi, to a minimal component M’ (even if these
do not appear explicitly in the statement of Theorem 1.4, where they are absorbed
in err(f, T,-)). We then estimate the error term and show that it exhibits subpolyno-
mial deviations, see Section 7.2.4 and then we prove in Section 7.2.5 that the cocycles
that we build have the desired pure power behaviour, i.e., each has oscillations of
the order of TV where v; is one of the g distinct exponents in the power spectrum.
Finally, in Section 7.2.6 we conclude the proof.

7.2.1. Definition of the distributions and the cocycles. Assume that T = T, )
satisfies the UDC. Then, in view of the Oseledets genericity property (O) of the UDC

condition (refer to Definition 3), there exists vectors Ay, ..., hg € H (n(o)) such that
1

lim —[[Q(k)hi|| =A; forl <i <g, (7.11)
k—>+o00 k

and furthermore span{/y, ..., hg} @ F(O) H(7©®). We will now use these vec-

tors h; to define the distributlons and the cocycles which appear in the asymptotic
expansion.
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The distributions. By Theorem 6.1 (in view of Remark 6.3) and Corollary 6.2 app-
lied to F :=span{hy,...,hg}, there exists a bounded operator h: LG(|_|,c 4 [o) = F,
such that h(h) = h for every h € F and for every v > 0 if ¢ € LG(| | e 4 Io) and

H(p) = 0, then
NGy

_ tk
70| = 0(e™).

Let di: LG(| | ey Ia) — R, i = 1,..., g be bounded operators such that
g
hp) = Z di(p)h; forevery ¢ € LG(| ]y la)- (7.12)
i=1

We can then define bounded operators D;: C2t¢(M) — R fori = 1,..., g, by using
the map f > ¢y (see Proposition 4.1 for its basic properties) which associates to an
observable f: M — R the cocycle which arise in the skew-product representation of
the Poincaré map described in Section 2.3.3 and setting

Di(f):=di(pr), 1=i=<g. (7.13)

We will prove in Section 7.2.6 that these are the distributions which enter in the
asymptotic expansion.

7.2.2. The power growth cocycles. To construct the cocycles we exploit the follow-
ing lemma, proved in [10].

Lemma 7.9 ([10, Lemma 7.4]). For every h € H(m), there exists a €*°-function
f:M — R, which vanishes on a neighbourhood Fix(Yr), such that ¢y = h.

Let f; € C°°(M) be the observable such that ¢r, = h;, given by Lemma 7.9
applied to 2 = h;. Let us now define

T
u; (T, x) :=/0 fi(ws(x)) ds forl<i<g.

7.2.3. The singular cocycles. For every o € Fix(yr) N M’, to define u,, we let
E(,: M — R be any C°°-map which is equal to 1 on an open neighbourhood of ¢ and
equal to zero on an open neighbourhood of all other fixed points. Let £,: M — R be
a C°°-map given by

g
Eo 1= gc - ZDi(ga)fi-
i=1

Then, since each f; given by Lemma 7.9 vanishes on a neighbourhood of Fix(¢Rr)
(see Lemma 7.9), &; is also equal to 1 on an open neighbourhood of ¢ and equal to
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zero on an open neighbourhood of all other fixed points. Moreover, by linearity of the
operator b, the definition (7.13) of D; and (7.12),

g g
blge,) = bleg,) — > DiEo)bles) = blgg,) — Y dilgg )i =0.  (7.14)

i=1 i=1

Finally, the cocycle us: R x M — R is defined by

T
o (T, x) = /O £, (V5 () ds.

We will show in Section 7.2.5 that each u;, in view of (7.11), displays the desired
deviation behaviour and in Section 7.2.6 that they are indeed the desired asymptotic
cocycles. We first estimate the error term though.

7.2.4. Subpolynomial deviation case. The following proposition provides subpoly-
nomial estimates for the growth of corrected ergodic integrals (in light of Corol-
lary 6.2) and will be used in Section 7.2.6 to control the error term in the asymptotic
expansion.

Proposition 7.10 (Subpolynomial deviation). Suppose that the IET T: I — I satisfies
the UDC. Assume that g, ¢ € LG(| |y Io) and

1
110 ||S(k)‘/’f||L1(1(k)) = O(erk) for every T > 0.

Then for a.e. (x,r) € 18, we have

log | 5 /(T (el _

lim sup (7.15)
s—+00 log s
Moreover, for every p > 1, we have
log| [3 foT# dt
lim sup ell fo S oI dtleras <0. (7.16)
s—>4o00 log s

Proof. By Remark 7.5, there exist two positive constants C, b > 0 such that for every
s > g, we have

g(x) <5 forallx € Iy := | J[la + Ce™ 1y — Ce™].
aEA

Then
£(s) = Leb(I \ I;) = 2dCe™® and E(s) = (2dC/b)e™?".
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Take any a > 2 and set n(s) = £ logs. By the description of C, b > 0, we have
[0.Ce™P] € I\ Iyy).

Hence, if [I®)| < Ce™?"®) = C /52, then 1®)(5(s)) = 0. By condition (UDC3)
and (3.10), it follows that

IOy £0= 1P > C/s = |0k)| <ks?/C =k < Ailog(C/s).
1

Moreover, if x € 1% (5(s)) N 105"), then
X € [l‘gk) + Ce o) r(f{k) - Ce_b”(s)] = [lék) + C/s%, r(gk) - C/s“].
In view of (4.11), (5.12) and (UDC3), it follows that for every x € I® (5(s)),

|(S(k)p)(x)| < 2;(% + £V(S(k)p) (1 + log(|1® |52/ C))

= 0(e™) + 0(logys).

Therefore, by (7.10), for every (x,r) € A; () We have

‘/5 F(TE (x,r))de
0

< O(logs) + 0( > 1Z(k + 1)||efk)

05k5ﬁ log(C’s)
+ 0(logs > 1 Z(k + 1)||)
Oskg)f‘—llog(c’s)
< 0(logs) + O(s227*1) 4 0(s7%/*1 Jog s)
— O(SZar/)ll)‘

Moreover, by (7.9), we have Leb(/8 \ Afy(s)) = O(1/s% 1) witha — 1 > 1. Therefore,
for every T > 0 and a > 2, there exists C;, > 0 such that for every s > 0, we have

Leb{(x,r) elf: ‘/sf(T,g(x,r)) dt
0

> c,,asm/*l} < Leb(I%\ 45 )

Cra
ga—1 :

(7.17)

It follows that for a.e. (x,r) € I8, we have

B log| fy f(TE(x,r))de]
1m sup
s—>+00 log s

<2ta/A;.

This gives (7.15).
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Finally, the inequality (7.16) also follows directly from (7.17). Indeed, if a >
p + 1, then

ngdl

/ ‘/ foTE(x,r)dt " dxadr
LP(18) e

+Leb(1g \ A7 )TN oo
— O(SZpar//ll) + 0(sp+l a) — O(SZpar//ll)‘ -

Corollary 7.11. Suppose that T is an IET satisfying the UDC and ¢ € LG(|_l, ¢ 4 1o)-
Ifb(¢p) = 0, then

/Igo(x) dx =0.

Proof. Let us consider any roof function g: I — R~ such that ¢ € LG(|_|,c4 Ia)
and |p(x)| < g(x) forx € I.Let f: 18 — R be given by

f(x,r) =9o(x)/g(x) for(x,r)eI8.

Then f is bounded and ¢y = ¢. In view of Theorem 7.10 and the ergodicity of 7', for
every 0 <7 < 1,fora.e. x € [ andae.r € [O,g], we have

g (x) .
¢™(x) = O(n) and /(; F(TE(x,r))dt = 0((g(”)(x)) )-

Since

" (x)
'go(")(x) — / ’ F(TE(x,r))dt
0

g™ (x) g (x)
/ F(TE (x,0)) di — / F(TE () di
0 0

+ ‘/r F(TE(T"x,0))drt
0

=

/ " (T 0) e
0

= 2§”f”supv

it follows that (p(")(x) = O(n"). On the other hand, for a.e. x € I, we have

) — .
o™ (x)/n /1 o(x) dx

This gives
/(p(x) dx =0. [
I
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7.2.5. Pure power deviation case. We consider first a function f such that ¢y = h,
where /1 has exponential growth rate A.

Proposition 7.12 (Pure deviation). Suppose that the IET T: 1 — I satisfies the UDC.
Assume that the roof function g € LG(| | e 4 o) and f:18 — R is a bounded func-
tion such that there exists K > 0 for which f(x,r) =0 forr > K and ¢y € L*(1).
Suppose that for some A > 0, we have

log S ()@l ooy _

lim sup A
k—+o00 k
Then s ¢
lo o TP dt oo A
lim sup 122 Jo foTidil= _ A (7.18)
s—>—+00 logs A
If, additionally, o = h = (hq)aea € H(m), A > 0 and
1 k)h
im lozlO®R] _
k—+o0 k
then s ¢
lo T7 dt||peo A
lim sup el fo JoTi dife = —. (7.19)
s—>—+00 log s A

Proof. Let us consider the trimmed roof function
gx:1 — [0, K], gg(x) = min{g(x), K}.

Taking n = K and I, ;) = Ix = I, we have A;(s) = [8K_ Note that, by assump-
tion, the map ¢r does not change after passing to the trimmed roof function. In view
of (7.10), for every regular point (x,r) € 8K, we have

m(ng (x,r,s))

<2 ) Zk+ DIISEer Loy + 20 fll<K,
k=0

/5 f(Tth (x, r)) dr
0

where ng (x, r,s) is defined by (7.1) for the roof gx. Then
0 <ng(x,r,s) <n(x,r,s) < s/g + 1.
By assumption, for every T > 0, we have
ISE)er oo qroy = O(e**D¥).
Moreover, by (7.2),

ermnkg (x,rs)) — O(nK(x,r, S)H—r) — 0(s1+r)‘
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Therefore, by (3.12), it follows that

'/sf(Tth(x,r))dt
0

IA

m(ng (x,7,s))
0( 3" 1ZGKk + DIISE)er oo, + ||f||LooK)
k=0

mng (x,r,s))
0( Yo A £ K)

k=0

— O(e(k+21)m(n1<(x,r,s)) + ||f||LooK) _ O(SW)

By assumption and the definition of g, for every regular (x,r) € 18 and s > 0 there
exists 0 < s’ = s'(x,r,s) < s such that

= '/s F(TES (x,r)) dt
0

, A+20)d+71) A+20)d+71)
:0((s) A1 ): (s A1 )

‘/S f(T,g(x,r)) dr
0

This gives (7.18) and proves one inequality (namely the upper bound) in (7.19).
To prove the inverse inequality, and therefore (7.19), note that for every x € [, ék),

we have

g(Qa k) (x)

S(k)g (x)
[ ey | £ (TE (x.0)) dr
0 0
= 02 ® () = Sher (x) = (KR,

Moreover, by assumption, for every T > 0 there exists ¢ > 0 such that for every k > 0,
we have

S [(QK)R), | = 10K)R] = eIk,

aEA
As g is positive, by (B1), (3.3) and (UDC3), we have

1)
m(S(k)g. 1) <~
1767

k) km(g, )
m(S(k)g, I ) = W
<wm(g, D Q)| < xm(g, NCe1 DK,

For every k > 0, choose o € #4 such that

1
[(Qk)h), | = 120l
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and then we take any x® e Iosk) such that
sk = SU)g(x®) < wem(g, 1)CH I,

Then

>
Lo

T8 (x®,0)) dr

—~~

S(k)g(x®)
f 7
0

= |(eh),| =
= e UL

" dkem(g. HC) T 1FE

Sk
/ foTfdt
0

|G| = <=0k

Q| —

It follows that for every t > 0, we have

log|l [ foTSdtl|ge A 1-—
sy 122 Lo S 0 T Al 3
s—>+00 logs AMl+T

which gives (7.19). n

To have uniform control over the asymptotics of the error growth, we also need
the following corollary.

Corollary 7.13. Let T: I — I be an IET satisfying the UDC and g € LG(|_|,c.4 o)
be a roof function. Suppose that f: 18 — R is a bounded function such that o7, ¢ 5| €
L%°(1). Then for every A > 0,

log ||S(k 0
p og [[S(k)(@r) I oo (1) <

lim su A
k—>+o0 k
log|l [ foTfdt|gee A
= limsup 28 STy dtllz= A (7.20)
§—>400 log s Al

Proof. For any K > 0, let us consider the bounded map fx: /% — R given by

fle,r)  ifg(x) =K,
Jr(x,r) =1 ¢r(x)/K ifg(x) > Kandr < g(x),
0 if g(x) > K and r > g(x).

Then fx satisfies the assumptions of the first part of Proposition 7.12 and ¢, = ¢r.
Hence,
log || fo fx o TF dt|reo
i sap 9216 fi o T drlz
s—>+00 log s

<2 (7.21)
= .
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Note that for every x € [ in the interior of exchanged intervals and any pair 0 < r; <
r, < g(x), we have

r r g(x)
/ flx.r)dr 5/ |f(x,r)|drs/0 )| dr

1

= @171(x) = o171 llsups

ra
/ (o) dr| < 0@ < o < Nt s
ry

Since
g(x)

g(x)
() dr = g () = gy (x) = fo Fx.r)dr.

0
it follows that for every regular point (x,r) € I8 and any s > 0, we have

= 40171 llsup-

/s F(TEG ) di - / i (TE (e, dt
0 0

Together with (7.21) this yields (7.20). [ ]

7.2.6. Power deviation spectrum. Combining the results in the two previous sub-
sections, we can now prove the full deviation spectrum result stated in Theorem 1.4
as well as the existence of the asymptotic expansion in Theorem 1.3.

Proof of Theorem 1.4 and of the first part of Theorem 1.3. Let D; for 1 <i < g, u;
for1 <i < g, and us, 0 € Fix(yr) N M’ be, respectively, the distributions and the
cocycles defined in Section 7.2. One can see that, for each 1 <i < g, u; displays
the desired power behaviour (1.5), by the pure deviation Theorem 7.12 proved in
Section 7.2.5, which can be applied to f = f; since by construction ¢, = h; and h;
has exponential growth rate A;, see (7.11).

The error term function. Let us consider f, € C2T¢(M) given by
g
foi= £ =Y D)) fi.
i=1
By the definition of f;,i =1,..., g,
fe(o) = f(o) forevery o € Fix(yr) N M. (7.22)

Then we set

T
err(f. T, x) := /0 Je(Ws(x)) ds.
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Let ¢y, be the cocycle associated to f, (refer to Section 2.3.3). We can then check
that h(¢r,) = 0, since

g
B(er,) = blpr) — Y Di(f)bles)

i=1

g g
=ber) — Y_ Di(f)Bhi) = bley) = Y dilop)hi =0.  (7.23)

i=1 i=1

We now show that for every non-zero § € C2*€(M) such that h(pg) = 0, we have

log | [ &(we(x)) de]

lim sup =0 forae. xe M,
T—+o0 log T (7.24)
T .
lo o dr ’
lim sup el fo § o yi dillran) =0 foranyp > 1.
T—+00 logT

As bh(gg) = 0, in view of Corollary 6.2, we can apply the subpolynomial deviation
Theorem 7.10 to f = & and prove both inequalities < in (7.24).

Almost everywhere error estimates. Suppose now that the upper equality in (7.24)
does not hold. Then there exists a subset B C M’ with positive area such that

T
lim E(lﬂ,(x)) dt =0 forallx € B.
T—>+o0 Jo

By the ergodicity of the flow, for u-a.e. x € M’, the limit

T
) = tim [ e a (7.25)

exists. Then {: M’ — R is a measurable map such that {(x) = 0 for any x € B and

N

L(x) —C(Ysx) = /0 E(w, (x)) dr foreverys > Oandae.x € M'. (7.26)

Note that { = 0. Indeed, by (7.25) and (7.26), we have limg_, 4o {(Y¥sx) = O for
a.e. x € M’. Since Y is ergodic, this gives ¢ = 0. Therefore,

1[5 1

—/ é(wt(x)) dr = —(é‘(x) — g“(wsx)) =0 foreverys > Oandae.x € M.
S Jo N

As & is continuous, it follows that for a.e. x € M’, we have

.1
e = fim = [ e(no)ar =0,

contrary to the assumption £ is non-zero.
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Error estimates in LP-norm. Suppose now that the lower equality in (7.24) does not
hold. Then

T
lim / Eoy,dr =0 inL”.
0

T—+o0

Hence, for every s > 0, we have

s T+s T
/Sow,dt= lim / Eoy,dt — lim / EoyYroYsdt =0 inL”.
0 T—+o0 Jo T—>+o00 Jgo
It follows that

1 N
—/ S(w,(x))dtzo forevery s > Oand a.e. x € M.
s Jo

The final contradiction argument is the same as above. This completes the proof
of (7.24).
In view of (7.14) and (7.23),

blge,) =0 and Ber) =0,

so we can apply (7.24) to § = &, and £ = f,. This yields (1.6) in Theorem 1.3, as
well as (1.11) and (1.12) in Theorem 1.4.

Uniform estimates of errp. Let us consider f,; € C?T¢(M) given by

fo="Te— Y, [0, (7.27)

oeFix(yr)NM’

Then

T T T
| towena= [ fwma- Y o) [ awma

o €Fix(YR)NM’

—en(fT.0) = Y. f@ue(T.x) =emy(£,T.),

oeFix(Yyr)NM’

Since f.(0) = f(0) and &5 (0”) = 840, for every o € Fix(yr) N M’, we have

fer(@) = felo)— Y [f(0)és(0) =0. (7.28)

o’ €Fix(yr)NM’

In view of Proposition 4.1, ¢, € AC(| |y 1a)- As h(gg,) = 0and h(gy,) =0, we
also have

b(er,) =bler)— Y. f(@)bh(gg,) =0. (7.29)

o€Fix(Yyr)NM’
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In view of (4.12), property (B1) of the UDC, (5.2) and Corollary 6.2, it follows that,
for every t > 0, we have
[T®] 1SK)er,, I raoy

1S(K)e e llsup < + Var(S (k) .
fen llsup Minge |105k)| NGl ( fh)

oy IS(K)pr,, L1
- |1

+ Var(gy,,) = O(e™).

By (7.28) and Proposition 4.1 (see, in particular, property (i)), the map ¢ r;: I — R
is bounded. In view of Corollary 7.13, this gives (1.10).

This completes the proof of Theorem 1.4 as well as the proof of the first part of
Theorem 1.3. |

The second part of the statement of Theorem 1.3, namely the equidistribution
statement for the error term (which is a consequence of ergodicity) and the uniform
estimates on errp will be proved at the end, in Section 8.2.4.

8. Ergodicity of extensions

The goal of this section is to prove the Main Theorem 1.2 and complete the proof
of the Main Theorem 1.3. In view of the reduction explained in Section 2.3.3 and
the equivalence between ergodicity of the extension CD]f{j on M x R and of the skew
product Ty, on [ x R obtained via a Poincaré first return, we treat first the case
of skew products of this form. The main result on ergodicity of skew products is
Theorem 8.1 stated in Section 8.1 below. In Section 8.1.1 we state the ergodicity
criterion that we will use to prove it (see Proposition 8.2). Theorem 8.1 is then proved
in Section 8.1.2. Finally, in Section 8.2 we prove the Main Theorem 1.2, by combining
the ergodicity result for skew products with a discussion on reducibility.

8.1. Ergodicity of skew products over IETs with logarithmic singularities

We state in this section the ergodicity result for skew-products over [ETs with cocycles
with logarithmic singularities. We also show that the ergodicity result for locally
Hamiltonian flows (Main Theorem 1.2) can be reduced to it.

Theorem 8.1 (Ergodicity of skew-products with log-singularities over IETs). Sup-
pose that T: 1 — I satisfies the SUDC. Let ¢ € LG(|_|,c4 Ia) be a cocycle with
logarithmic singularities of geometric type, so that

L) >0, A4S@) =0, g, eLG(|yes la)-

Assume, furthermore, that ¢ is corrected, namely (@) = 0. Then the skew product T,
on I xR is ergodic.
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The proof of the theorem will take most of the section, from Section 8.1 to the
end. We first state the ergodicity criterion which will be exploited (see Section 8.1.1)
and proceed with the proof, which will take Section 8.1.2.

8.1.1. An ergodicity criterion. We now formulate a quite classical criterion (Pro-
position 8.2) for ergodicity of a special flow. It shows that one can deduce the exist-
ence of essential values (a classical tool to prove ergodicity; see, e.g., [1,55]) from
the presence of rigidity sets for the base transformation on which Birkhoff sums (up
to the time which gives rigidity) are tight. The criterion was in particular used (and
proved) in [22]. For simplicity in this section we constantly assume that |/| = 1.

We first give the definition of rigidity sequence for IETs (which are the base trans-
formations in the special flow).

Definition 10 (Rigidity sequences for an IET). Let 7: 1 — I be an IET. Let (E,)n>1
be a sequence of towers of intervals of the form E,, = {T?J, : 0 <i < p,}. We say
that (E,),>1 is a rigid sequence of towers if there exists a strictly increasing sequence
(qn)n>1, called the rigidity sequence, and § > 0 such that

Leb(E,)>6 and sup |T9x — x| — 0.

XEE,

The following proposition is the ergodicity criterion that we will exploit. It was
proved in [22] (using [22, Proposition 2.3 and the end of the proof of Proposition 5.2]).

Proposition 8.2 (Ergodicity criterion, see [22]). Assume that T:1 — I is an ergodic
IET and ¢: I — R a measurable map. Suppose that (E,),>1 is a rigid sequence of
tower and (qn)n>1 its rigidity sequence. If, for all |s| > so, we have

» 2 —
f, e nar =0, [ an = Sien@n + (sl 1

then the skew product T, on I x R is ergodic.

Remark 8.3. Suppose that T satisfies the SUDC. For every k > 1, let J® ¢ Iogﬁ) be
a sequence of intervals such that lim inf |J ®|/ |IOEI,:) | > 0. In view of (B1) and (B2),

Er ={T"J® :0 <i < pg} is arigid sequence of Rokhlin towers

8.2
with the rigidity times g := Qg (k). (8.2)

Since 7% J® < 1®) for every 0 <[ < g, we have that
T'Er =(T"I®0<i < pi}

is also a tower of intervals.
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Specializing the ergodicity criterion to our setting, we have the following propos-
ition, that shows that to prove ergodicity (and Theorem 8.1) it is sufficient to verify
the assumptions in the statement.

Proposition 8.4. Suppose that T satisfies the SUDC and let (J (k))kzl be a sequence
of intervals such that J® c IOEI;) and liminf|J(k)|/|I,§];)| > 0. Let (Ex)k>1 and
(qk)k>1 be a sequence of rigid Rokhlin towers and its rigidity sequence given by (8.2).
Let ¢ € LG(||yep L) be a map such that g, € BV(||ycy lo)- We additionally
assume that there exists ¢ > 0 such that

(1) the sequence “(l—k)|||S(k)§0”Ll(1(k)) is bounded;
(i) dist(Ui, T Ex, End(T)) > ¢/qx;
(>iii) for every O < j < py there exists an interval J j(k) c T7J® such that
1701 2 17®1/3 and ()99 ()| = cqp for all x € .
Then the skew product T, on I x R is ergodic.

The proof is a variation on arguments from [22]. We present it for completeness
in Section A.2.

Remark 8.5. One can see from the proof presented in Section A.2 that the same con-
clusion about the ergodicity of the skew product can be deduced under the assumption
that conditions (i), (ii) and (iii) hold along any subsequence.

8.1.2. Proof of ergodicity of skew products. We will now prove Theorem 8.1 by
showing that the assumptions of the criterion for ergodicity of skew products with
logarithmic singularities over IETs (namely Proposition 8.4) hold.

For every ¢ € LG(|_lyc 4 Io) such that AS (¢) = 0 and £ (¢) > 0 (using the defini-
tions introduced in Section 4), we want to construct a sequence of rigid Rokhlin towers
as in Remark 8.3 for which the condition (ii) and (iii) in Proposition 8.4 hold. In view
of (B2) and [22, Lemma 5.1], we have the following result.

Lemma 8.6. Let ¢ € LG(| |4 o) be such that AS(¢) = 0 and £(¢) > 0. There
exists a sequence (0t )g>1 in /4 and a sequence on natural number (ji)x>1 such that
Pk < jk < Qq (k) and at least one of the following cases hold:

(L) Cg # 0and T = lgy; or
R) Cy, # 0 and Tk rg;) = Tap-

Moreover, the closures of the intervals T’ IOSI,:) for Qg (k) < j < Qg (k) + pr do
not intersect End(T).
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Definition 11. For any 0 < ¢ < 1/2 we define the base J® I (k) = [a, b) of the
tower Z as follows:

c
J® = (a + —Agz), a—+ E/ng()) in case (L);

J® = (b )Lgl’j(),b Ag?) in case (R).
Lemma 8.7. Let ¢ € LG(|lyc4 lo) be such that AS(¢) = 0 and £(¢) > 0 and
g(’p, g(Z € AC(Uyeu La)- Let (Ex)k>1 be a sequence of rigid towers defined in Defin-
ition 11 with

— | )
= . 8.3
¢ \/2(6:@((,0) + Var g/, (8.3)
Then

c
(")) (x)| > (;))2 for all x € B, and where ¢ = 6&£(p) + Var g,,.
ok

Proof. We present the proof only in the case (L). The other case is similar.
Suppose that x € 7! J® for some 0 < I < pg. By assumption,

[ 1
(T x —IO[O}2 208

the elements of the orbit 7/ x for 0 < j < py are distant from each other at least )tak ,
and for j # jr — [ we have {T/x — Iy} > Ag?. It follows that

SRRt NN
0< =g, {T7/x —lyy)? (Ag;))z = j2 6 (/\((x’;))z ()Lg;))z
J#jk—l

Since, for every 0 < j < pg, we have
(T7x —lg} = A8 fora # o and  {ry — T/x} > A /2 foralla € 4,

the same arguments show that for all ¢ € 4, we have

[ [ G Crlo
E —— <6 and E —< <2—2 ifa#o.
_ - k _ - k
0cimp e = TIx2 = (1 80)2 ocizp T x =) 728y

Moreover, for every x € I, we have

Var
(gx)
|(g )qk ()C)l = Qng ||Sllp — ( (k))2
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(ol Cc
V4 o o "
W)=Y 3 e ),
aE€A {x - la} aEA {ra a X}
it follows that, for every x € Ej, we have
Cayl  6%(p)  Varg,,
BN
208 a8 ad)?

Ce — 6£(¢) — Varg!
R

A%

()90 (x))|

c
A2 a8y

The following elementary lemma will help us choose the subintervals J. l(k) C
T J®) satisfying Proposition 8.4 (iii).

Lemma 8.8. Let f:1 — R be a C'-map defined on a closed interval I and such that
| f/(x)| = ¢ > 0 forall x € I. Then there exists a closed subinterval J C I such that
|J| = |I|/3 and | f(x)| = c|I|/6forall x € I.

Proof of Theorem 8.1. Recall that ¢ € LG(|_|,c 4 I«) is a cocycle such that

£(p) >0, AS@@) =0, h(e) =0, g, €LG(yen la)-

By definition, ¢ = ¢ + g4, where
go(x) = — Y Cjllog{x — I} — Y Cyloglre — x}.

ach ach
and gy € AC([ye s 1) With g, € LG(|_|,c 4, I«)- By Proposition 8.9, g, is cohomo-
logous to a piecewise linear map ¥ € AC(|]yc 4 o) With H(¥) = h(gy). It follows
that ¢ is cohomologous to @ := ¢o + . Then ¢ € LG(|_|,c 4 Io) is such that

£(9) = £(po) = £(p) >0, AS(9) = AS(po) = AS(¢) =0,
b(@) = b(wo) + b(¥) = Hlgo) + b(gy) = h(p) =0,
and gg = ¥, so g7, &5 € AC(yen La)- As ¢ is cohomologous to ¢, the skew
products Ty, and T3 are isomorphic, so it is sufficient to show the ergodicity of 7.

Let (Ex)x>1 be a sequence of rigid towers defined in Definition 11 with ¢ given
by (8.3) for that function ¢. In view of (B2) and (3.11), this sequence satisfies

dk =
. 1 3
. - 1w
dISt(ilzol T uk,End(T)) > zckak > "k

so Proposition 8.4 (ii) holds. Moreover, by Lemma 8.7,

|(¢”)(‘1n)(x)| > for every x € T'J® 0<1 < Pk

C
()2
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Since |T!J®| = |J®| = gkg?, by Lemma 8.8, for every 0 <[ < py there exists
an interval J* < 7/J® such that
PAESVARITE
and _ _
(@) (x)| = @f—zkgﬁ) > %qk for every x € Jl(k),

so Proposition 8.4 (iii) holds.
Since AS (@) = 0 and h(¢) = 0, by Theorem 6.1 and (3.22) in Proposition 3.9,

ISEDF 1oy
|[(rn)|

is bounded, so Proposition 8.4 (i) holds along a subsequence. In view of Proposi-
tion 8.4 together with Remark 8.5, this gives the ergodicity of T3, and hence the
ergodicity of T,. |

8.2. Reducibility and final arguments

The main goal of this section is to prove the Main Theorem 1.2, in particular the dicho-
tomy between ergodicity and reducibility for typical extensions with observables in a
suitable subspace of smooth functions. We also deduce from the Main Theorem 1.2
the second and final part of the Main Theorem 1.3. We first need to state an auxiliary
result, which we call cohomological reduction.

8.2.1. Cohomological reduction. The following result allows to reduce the study
of cocycles whose derivatives have logarithmic singularities (up to coboundaries and
hence cohomological equivalence) to piecewise linear cocycles (whose derivative is
piecewise-constant). An analogous result was proved also in [22], but only in the
special measure zero class of self-similar IETs considered there.

Theorem 8.9. Assume that T satisfies the UDC. Then every ¢ € AC(| | e 4 o) with
¢" € LG(|Uyeu La) is cohomologous (via a bounded transfer function) to a piecewise

linear cocycle ¥ € AC(| |, e Ia) with H() = b(@), 0. (¥) = 0 (@) and where
[|S(k)(@ — ¥)|lsup tends to O exponentially.

The proof of the theorem, which generalizes the proof in [22] to full measure, is
included in Section A.3. In view of [39, Theorem A], if T is a Roth-type IET and ¢ €
AC(Uyeu Io) is such that s(¢) = 0 and ¢’ € BV(|_|,c 4 I«), then ¢ is cohomologous
(via a bounded transfer function) to a piecewise constant map / and ||S(k)(¢ — h)||sup
tends to 0 exponentially.
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Assume additionally that ¢ in Theorem 8.9 satisfies s(¢) = 0. Then

sW) = Y (@)= Y. (0x(9)y =s(p) =0.

Oex(n) OeX(m)

So, by [39, Theorem A], it follows that ¥ is cohomologous to piecewise constant map.
As the UDC implies Roth-type (see Remark 3.7), this gives the following important
corollary, which gives a generalization of [39, Theorem A].

Corollary 8.10. Assume that T satisfies the UDC. Then every ¢ € AC(|_lyc 4 1a) with
s(p) = 0and ¢’ € LG(|l,c 4 La) is cohomologous (via a bounded transfer function)
to a piecewise constant map h and ||S(k)(¢ — h)||sup tends to 0 exponentially.

The importance of this result is that in view of Proposition 4.1 it applies to solve
cohomological equations for a.e. Yg € Upi, and for functions f € C2T€(M) van-
ishing on Fix(y¥r). Recall that [39, Theorem A] applies only when f vanishes on an
open neighbourhood of Fix(yR).

Classical Gottschalk—Hedlund-type arguments, first applied in the context of [ETs
in [39, §3.4], show the following result.

Lemma 8.11 ([39]). Suppose that T:1 — I is a minimal IET and ¢ € AC(| |, ¢ 4 Io)-
The following conditions are equivalent:

(i) the sequence ||@™ |lup, n € N, is bounded;
(i) o =g—goT, where g:I — R is bounded;

(iii)) ¢ =g —go T, where g: I — R is bounded and has at most countably many
discontinuities.

Proof. The implications follow from the classical Gottschalk—Hedlund theorem, that
can be applied to IETs by extending them to a homeomorphism to a Cantor space,
see [39, §3.4]. The only non-classical implication, (iii) = (i), is also proved in [39,
§3.4], where the authors show that the transfer map g exists and is the composition
of a continuous map and a monotonic map, so is bounded and has at most countably
many discontinuities. =

8.2.2. Reduction to coboundaries. Now that we reduced to the study of cocycles
which are piecewise absolutely continuous (i.e., to ¢ € AC(|l e 4 o)), We can prove
reducibility exploiting the following result on coboundaries.

Proposition 8.12. Assume that T satisfies the UDC. Then every ¢ € AC(| |, e o)
with 0z (p) = 0, h(¢) = 0 and ¢' € LG(||,c 4 Ia) is a coboundary with a bounded
transfer map having at most countably many discontinuities.
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Proof. By Corollary 8.10, there exists & € I" and a bounded map g: I — R such that
¢ =h+ g —goT.Moreover, ||S(k)(¢ — h)||sup tends to O exponentially. As

135 = Wl = |90 (SG) @ = M) | < 2d[1SE) (@ = 1)l sups
it follows that 9, (h) = 0, (¢) = 0, so h € H(;r). Moreover, as

IS (@ =M1 awy
110

< ISk)(@ =MW lswp = O,

by the definition of the operator §y and Corollary 6.2, we have
bl —h) = 0.

It follows that
h(h) = h(p) =0,

so h € I's. Therefore, h is also a coboundary with a bounded transfer map. As the
sum of two coboundaries, ¢ = h + g — g o T is also a coboundary with a bounded
transfer map. Finally, in view of Lemma 8.11, the transfer map has at most countably
many discontinuities. |

8.2.3. Proof of the dichotomy for extensions. We have now all ingredients needed
for the proof of the dichotomy in the Main Theorem 1.2.

Proof of the Main Theorem 1.2. Let us say that a locally Hamiltonian flows Y sat-
isfies the SUDC condition if and only if ¥yg has a section I C M such that the
corresponding IET T satisfies the condition SUDC. Then, since the SUDC has full
measure by Theorems 3.8 and 5.6, one can show by definition of the measure class
on Upin (see for example [59]) that the set of locally Hamiltonian flows satisfying the
condition SUDC has full measure in U,,;, (in the sense of Section 2.1.2).

In view of Propositions 2.4 and 2.5, we equivalently need to prove the dicho-
tomy between ergodicity and reducibility for the skew product map 7, . Furthermore,
we know from Proposition 4.1 that the cocycle ¢ is such that ¢r € LG(| |,c 4 1a)-

In(pr) = 0,8y, € LG(yen fo) and AS(¢r) = 0.
Definition of the subspace K. Let us consider the linear operator
$:C?T¢(M) > F ~R¢

given by $(f) = h(¢r). As the composition of two bounded operators, it is also
bounded. Let K :=ker$ C C21€(M). Then K is a closed subspace of codimension g
(the genus of M).
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Ergodicity. Suppose that f € K and
> 1f)]>o.

o €Fix(YR)

By Proposition 4.1,

¢ € LG(Uyen o).  £(pr) >0, 80, € LG(| lyex fo). and AS(¢r) =0.

As f € K, we additionally have h(¢r) = 0. In view of Theorem 8.1, this gives the
ergodicity of the skew product 7;, .. By Proposition 2.4, we have the ergodicity of the
extended flow CD]{;.

Reducibility. Suppose that f € K and

S 1S =0.

o €Fix(YR)

By Proposition 4.1,

¢ € AC(|yes o) With 3 (¢r) =0 and (p]’, € LG(Ugen 1a)-

As f € K, we additionally have h(¢r) = 0. In view of Theorem 8.12, ¢ is a cobound-
ary with a bounded transfer map having at most countably many discontinuities. By
Proposition 2.5, this gives the reducibility of the extended flow CID]{Q. |

8.2.4. Equidistribution of the error in the symmetric case. We can now conclude
also the proof of Theorem 1.3, by proving that in this case err, is uniformly bounded
and deducing from ergodicity the equidistribution statement for the singular cocycles
as well as the error term.

Proof of the second part of the Main Theorem 1.3. Suppose that Yyr € Up, 1S min-
imal and satisfies the SUDC. Let f: M — R be any C2¢-observable.

Boundedness of the error. Let fop: M — R be the map defined in (7.27). By con-
struction (see (7.28) and (7.29)), f. is a C%€-map such that

feb (0) =0
for all o € Fix(yRr) and b(¢y,,) = 0. By Proposition 4.1, we know furthermore that

?f,, € AC(Lyen La)- o) € LG(lyen Ie). and 9(¢y,) =0.

In view of Proposition 8.12, ¢y, , is a coboundary with a bounded transfer map having
at most countably many discontinuities. By Proposition 2.5, this gives the reducibility
of the extended flow @ﬁeb, so there exists a continuous map u: M — R such that

/0 Fos (W) ds = u(x) — u(r).



K. Fraczek and C. Ulcigrai 334

It follows that for every regular x € M and ¢ > 0, we have

ey (fi 1. x)| = ‘ /0 Fp(Wsx) ds

< 2/l sup.

which completes the proof.

Equidistribution of the singular cocycles and the error term. Assume now in addition
that f € C?%€(M) is not identically zero on Fix(yg). We will prove at the same time

err(f.1,x) = /0 foex)dr and ug(t.x) = /0 £ (o) dr

are equidistributed on R, in the sense of (1.8).

Let £ be, respectively, £ = f, or £ = &,. We want to show that the assumptions of
Theorem 8.1 hold for ¢¢ so that we can deduce that the skew product 7y, on [ x R is
ergodic. In both cases, by Proposition 4.1,

e, g(/pé € LG(UO(EA IO‘)’

and (by property (ii), since pr € Umin)
AS(pg) =0, 9x(pg) =0.

We claim, furthermore, that we also have
3 jE@)] >0,
o €Fix(YR)

and therefore, also by Proposition 4.1, &£(¢g) > 0. To see this for § = f,, recall that
in view of (7.22),

o le@l= Y 1f)>o.
o €Fix(YR) o €Fix(YR)

Furthermore, in view of (7.23), h(¢r,) = 0. For £ = &, on the other hand, recall that,
by the definition of &, and (7.14), for every o € Fix(y/r), we have &;(0) = 1 and
b(&é;) = 0. Thus, since T satisfies the SUDC, all assumptions of Theorem 8.1 hold
and we conclude that the skew product T, on I x R is ergodic. It follows that also
the skew product flow (®5);cg on M x R given by

@5 (x, 1) = (w,x,r + f CEon) dr)
0

is ergodic.
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We now apply the ratio ergodic theorem to the ergodic flow (<I>§)zeR and to the
characteristic functions of the sets I x J; and I x J,. Then for a.e. (x,7) € I xR,
for any pair of finite intervals J;, J» C R, we have

Leb{r € [0,T]: fo §(Wex)dr € Ji} [ grsey+n (@5 (x. 1)) dr
Leb{r € [0.T1: fy §(Wex)dr € 2} [T yruiryanm (@ (x, 7)) di
[J1+rl |1l
o +r| |l

Since
err(f.,x) = /0 Cf@ede and ug(tx) = /0 g (o) dr,

this gives the equidistribution of cocycles ¢ > err(f, ¢, x) and ¢ — uq (¢, x) for a.e.
xeM. ]

A. Heuristics and the proofs of ergodic criterion and cohomological
reduction

In the following appendix, we first include some heuristic explanations of the fun-
damental results on deviations and corrections of cocycles over IETs (see the first
part, Section A.1). We then present the proofs of two auxiliary results used in the
main text, namely the ergodicity criterion (Proposition 8.4) in Section A.2 and the
cohomological reduction to piecewise linear cocycles (Theorem 8.9) in Section A.3.

A.1. Heuristics of corrections and deviations phenomena

In this subsection, we first explain the heuristics of the deviation phenomenon for
piecewise constant cocycles (see Section A.1.1), summarizing the main Zorich’s ideas
from [68]. We then present a sketch of the basic idea behind the work [39] by Marmi—
Moussa—Yoccoz (see Section A.1.2). This simplified overview was presented to us by
the referee. We included here (with the referee permission) believing it may be useful
to some readers.

A.1.1. Heuristic idea behind deviations of piecewise-constant cocycles. For co-
cycles which are piecewise constant, more precisely constant on continuity intervals
of T, the existence of a power deviation spectrum (a discretized version of the phe-
nomenon described in the introduction in Section 1.2) follows from the existence
of Lyapunov exponents for the Zorich—Kontsevich cocycle. We hereby present the



K. Fraczek and C. Ulcigrai 336

heuristic explanation of this phenomenon (first proved by Zorich for characteristic
functions of an interval in [67] and then fully in [68]).

Let us first of all recall that a function y which is piecewise constant on each
interval I, a € 4, can be identified with a vector v € R*, namely the vector v =
(Va)aes Whose entry vy, is the constant value v, = y(x) taken by y on any x € I,.
Conversely, we will write y = y(v) for the piecewise constant function associated to
the vector v € R*. By the definition of Rauzy—Veech induction and special Birkhoff
sums, we then have, for any k € N, that

Sk)x(v) = )((v(k)), where v®) = Q(k)v,

i.e., S(k)x(v) is again a piecewise constant cocycle (with constant values on each
interval 15") ,a € A), whose values vék), o € A are the entries of the vector obtained
by applying the cocycle product matrix Q (k) to the vector v. It then follows by the
Oseledets multiplicative theorem that, for almost every IET, we can find a decompos-
ition” of R* as

RAZFS@FCEBFu,

where 'y (resp. 'y, I'c) is the stable (resp. the unstable, central) space for the action
of the cocycle Q (see also Section 3.1.7).

In the special case when T is of periodic type, these Oseledets spaces simply
reduce to the direct sum of eigenspaces corresponding to eigenvalues which are resp-
ectively greater, smaller or equal to 1 in modulus. For almost every IET, I, has
dimension g and corresponds to positive (distinct) Lyapunov exponents

Ay >Ay > o> Ag >0,

Given a vector v which belongs (or has non-zero projection onto) I'y, there exists A;
with 1 <i < g such that

L Tog |0l _

k—o00 k /\i > 0.

We claim that this implies that the Birkhoff sums

n—1
=) g
i=0

% Note that the direct sum decomposition is not unique. It becomes unique only when also
the past of the cocycle is assigned, in particular when a suspension datum t for the IET (7, 1)
(i.e., a triple (7, A, 7)) is assigned, see Sections 3.1.6 and 3.1.7. When only (7, 1) are given,
only I's and a filtration I's C . cTyis uniquely determined.
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of the associated piecewise constant function y := y(v) have power deviations with
exponent v; := A; /A1, which means informally that )((”) is of order O(n"i), or, more
formally, that

: log x™ (x) Ai

limsup ——— =v; = —

=00 logn A1
for all x € I. To see this where this phenomenon comes from, one can remark that for
special points and times which correspond to special Birkhoff sums, i.e., if we take
X € 105") for some k € N and o € + and

n=Qqk) =Y Qup(k)

BeA

(i.e., for the time corresponding to the height of the Rokhlin tower over / 05")), we have
that (by definition of special Birkhoff sums; see, e.g., Section 7.1.2) that y™ (x) =
SE)x) = vék), i.e., these Birkhoff sums are given by the entries of the vector
v® = O (k)v. One can show, moreover (see [68] for details), that each Q (k) (sum of
entries of the a-column of Q(k)) grows like the norm || Q (k)||, which in turn satisfies

lim log||Q(k)|/k = A4
k—00

(e.g., by Perron—Frobenius-type arguments,’® since the matrices Q (k) are eventually
positive). Thus, taking a sequence (xj)x of such points with corresponding o € 4
such that x € 1051,? and ny = Qg, (k), we have that

(k)

. log )((”k)(xk) L log v,
imsup ———= = limsup —————

ng—>00 logng k—oo 10g Oul(k)

(k)
. log vy ) k 1
=11 k 1 _ = )L — =,
( sk )(ki“éo log O, (k)) N

which proves that y %) (x;) display the claimed power deviation of order O((rx)").
Birkhoff sums x (x) of other x € [0, 1] and n € N can then be approximated by

Birkhoff sums of this special form by a standard interpolation argument, expressing
them as sum of Birkhoff sums of this special form (see, e.g., [39, 68] or [25, §2.6.4]).
Thus, one shows that functions y(v) corresponding to vectors v which project to T,

When T is self-similar, the cocycle Q(k) is periodic, i.e., there exists a ko such that
0 (ko) = Q(‘; for some strictly positive matrix Q>0 and every £ € N, see for example [56]. In
this case one can apply directly Perron—Frobenius theorem to deduce that the largest eigenvalue
is exactly || Qo||}/ %0 and the largest eigenvector has strictly positive entries. In general, one can
show that the positive cone is contracted by Q (k).
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display power deviations of order O(n") with v € {vy, ..., vz}, thus explaining the
power deviations spectrum and its link with Lyapunov exponents.

We conclude remarking that if v € I'. @ Iy, special Birkhoff sums grow subexpo-
nentially, from which one can derive that deviations are subpolynomial; if furthermore
v € Iy, one can show hat y(v) has uniformly bounded Birkhoff sums”’
coboundary for T'.

and is a

A.1.2. Heuristic idea behind corrections of smooth cocycles. We recall the main
result proved in [39]: For a full measure set of (Roth-type) IETs, for any piecewise
smooth cocycle ¢: I — R (whose derivative is of zero mean), continuous on each
continuity interval of T', one can find a piecewise constant function & (the correction),
constant on continuity intervals of T, such that the Birkhoff sums

n—1
(@—5" = (p—6)(Trx)

k=0

of the corrected cocycle ¢ — & are uniformly bounded in n and x. To prove this res-
ult, Marmi, Moussa and Yoccoz show that special Birkhoff sums S(k)¢, as k tends
to infinity, look more and more like piecewise constant observables. An heuristic
explanation of this phenomenon is that, if x, y both belong to the same continuity
interval I,,Ek) of S(k)¢(x) (so that, in particular, |x — y| < [I®)]), then, by the mean
value theorem, we can estimate the difference between S(k)¢(x) and S(k)¢(y) by

n—1

> e (T7(2))

i=0

S()e(x) = SK)e()| < [(St)p) ()]11®] = 11®], AD

where z is a point between x and y and n = n(k, z) € N is the first return time of z
to 1),

We can now remark that:

(1) the length |1 ®| of 1% is roughly || Q(k)||™";

(2) by definition, n is the sum of the elements of a column of Q(k), more pre-
cisely

Qa(k) = > Qup(k)

BeA

(see Section 3.1.4), where o € 4 is such that z € I, and therefore n <| Q (k)||.

"In this latter case, although special Birkhoff sums S (k) x decrease exponentially, but when
one needs to control all Birkhoff sum, the interpolation argument, leads to the study of a geo-
metric series which, under the assumption that the IET satisfy a Diophantine-like condition, is
only bounded.
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In particular, applying Birkhoff ergodic theorem combined with unique ergodicity
to @', one can show that if ¢’ has mean 0, then we have that

n—1

> ¢(T(2)

i=0

= o(n),

and therefore by (2),
1S(k)¢'(2)] = o(Q()])-

It then follows by (1) that the right-hand side of (A.1) tends to zero; furthermore,
one can show that the convergence is uniform.”® Thus, for an observable ¢ whose
derivative has mean zero (since the left-hand side of (A.1) goes to zero uniformly as k
grows), we can write

S(k)p = vk + €k,

where vy is a piecewise constant function, constant on each continuity interval of the
kth renormalization of 7', and € a small error that uniformly tends to zero as k tends
to infinity. In [39] the authors show that vy is actually of the form S (k)vo for a certain
piecewise constant function vy.

We give now some intuition on how this is achieved exploiting the hyperbolicity
of the Zorich—Kontsevich cocycle Q. Take k¢ so large so that €, is small. A good
candidate for vy would then be Q (ko) 'vg, . Notice that Q (ko) ' vg, is also a piece-
wise constant function, with constant values on each of the continuity intervals of 7T'.
Thus, if vg := Q(ko)_lvk0 then S(ko)vo = vk, and S(ko)e = S(ko)vo + €x,. If one
continues iterating the renormalization process, we get

Stko + £ = S(ko + €)vo + S(Z)Eko.

If after iterating £ times, S({)eg, has become too big, since €, is piecewise smooth
whose derivative has zero mean, we know that S({)eg,, can be written as a piecewise
constant observable vg, ¢ plus a very small mistake €, ¢, i.e.,

S(O)ery = Vig+t + €kott
is close to a piecewise constant function. In that case, we can replace vy with

Vo + Q(k() + 6)_11)](0_}_[.

280ne can indeed assume that T is uniquely ergodic (since, as shown by Masur and Veech
in the 1980s, almost every IET is uniquely ergodic). The observables considered can then be
seen as (restrictions of) continuous observables after extending the IET to a homeomorphism of
a Cantor set, see [39] for details.
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If we choose vg,4¢ so that it does not project to the central-stable space of the
cocycle Q(n), the vector Q (ko + €)™ v, 4k is roughly of size v_(k0+£)||vk0+g||,
where v > 1 is related to the smallest positive Lyapunov exponent of Q.

The term vo + Q (ko + €)' vg,+x provides the second step to the desired cor-
rection. The crucial point is that the increment is exponentially small in k¢ + ¢,
therefore one can continue making successive corrections to the initial piecewise con-
stant observable in a similar way and add them up to obtain a series which, under
the Diophantine-type conditions assumed, is convergent. The sum of this series gives
the vector vy whose associated piecewise constant function y := y(vp) is such that
Sk)(p — x) = S(k)p — S(k)vg tends to 0 exponentially fast. Notice that this expo-
nential decay is crucial to conclude that the initial claim, namely that the Birkhoff
sums S(k)(¢ — y) of the corrected cocycle ¢ — y stay bounded, holds (and from here
that ¢ — y is a coboundary, see footnote 14 in Section 1.5). Indeed, the control for
intermediate Birkhoff sums times (which do not correspond to special Birkhoff sums)
is done by an interpolation argument, using again the Diophantine-like condition on
the IET to guarantee that each special Birkhoff sum enter in the approximation only
subexponentially many times.

To deduce a deviation spectrum result, on the other hand, it suffices to show that
the special Birkhoff sums S(k)(¢ — x) of the corrected cocycle stay bounded (or even
grow subexponentially), since this is enough (again under a suitable Diophantine-like
condition) to compare the initial observable to a piecewise constant one, for which
the deviation phenomenon was proved by [68] along the lines explained above in
Section A.1.1.

A.2. Ergodicity criterion

In this section, we prove the ergodicity criterion stated as Proposition 8.4. The proof
repeats arguments from the proofs of [22, Propositions 5.1 and 5.2] and is included
for convenience.

Proof of Proposition 8.4. For simplicity, assume that |/| = 1. First we show that there
exists C > 0 such that

|9 (x) — U (T™x)| < C forall0 <m < pg,x € J®. (A.2)
Note that
99 (x) = g @ (T"0)| = o™ (x) — " (Tx)|

T9% x
f 1) ()] dy].

<
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Assume that g, = 0. In view of (SUDC2) in Proposition 5.6, for every y € I ®), we
have

Cf Cy
0l X (el S )

= Ming<j<m |T'y —ly|  ming<j<m |T7y — rg|
+ ML(p)|| QK|

As x € J® by assumption (ii), there exists ¢ > 0 such that

1T x —lo| > ¢/qx, T x —rg| > ¢/qx,
ITH(T W x) —ly| > ¢/qr, |THTIx) —rg| > c/qx

forallo € Aand 0 <i < py.
As x, T9% x € I® it follows that

|T'y — Iyl > ¢/qx. |T'y —re| >c/qr forall y € [x, T9x].

In view of (3.10), this gives

T9% x
/ @)™ ()] dy

< |x — T9%x|L(p)(qx/c + M| QK)])
< [TPNQE)I(M + 1/)L(p) < k(M + 1/c)L ().

Suppose that g, # 0. As x, T%x € I1®), we have that {T?[x, T%x]: 0 <i < m} is
a tower of intervals. Hence,

126" (0) = gg" (T = 37 [g(T"x) = go (T (T%x))| < Varg.

0<i<m

This gives (A.2). Therefore, for every 0 <i < pg, we have
[, e wmias [ gewlas1®e
Ti JKk) J k)
= [, 1s®eax + 17 Plc
J&)
Hence,

/ 1090 ()| dx < p / 0@ (0 dx + pelTP|C
Ex J (k)

=

1
- k d .
|1<k>|/,(k)'5( Yo()|dx + C

In view of assumption (i), this gives the left condition in (8.1).
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For every 0 <[ < pg, let [a;, bj] = Jl(k). Repeating some integration by parts
arguments from the proof of [22, Proposition 5.2], we have

2759 9K) (x) ( 2 )
e dx| < —( — + Var g, 51— |-
/;;k) |s] MiNxe[q;,b;] (9" @) (x)] Lar-brl (¢") @)

In view of (iii), it follows that

ar)
/ eZnsw (x) dx
Jl(k)

1 2 1
< —| — —V: e
= (ch " c2q2 ltar 0@ )

1
= m(ch Z Va'rlT’[al b] )

¢ qk 0<i<gy

By (ii), {T%[a;,b;] : 0 < i < g} is a tower of intervals and each level interval T%[a;, b;]
is distant from the set End(7") by at least ¢ /qy. Recall that

ct C,
¢'(x) = — = —— 4 g, (x).
g{x_la} Z{a x} ¢

aEA
Moreover,
1 gk
Z Var | i las, b/]{ Io} = Vare/q; 1] X = o
0<i<gg
1 1 qk
> Varlpig, Iy r—— = Varo,1—e/ge 1 T S
0<i<gqi
and

Z VarlTi[az,bl]g; = Varg:p.

0<i<gg

It follows that, for every 0 <[ < pg,

259 U (x) 4| < (2 ! )2 4 var(e!
/;I(k)e 1= il ear + czq,f( (¢) -t ar(gw)) :

Leb(Ek\ U J}’”): 3 Leb(T' 7R\ g )

0=<l<pi 0<i<px

2 2
22 IT®)= S Leb(Ew),

0<l<pyi

IA

this yields

(ar)
/ e27rs<p (x) dx

Sk

2 1 /2 L(p)
<= 3 Leb(Ex) + ﬂ(_ + = ( + Var(g(p)))
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which gives the right condition in (8.1). By Proposition 8.2, we have the ergodicity
of T,,. n

A.3. Cohomological reduction

In this section, we present the proof of the cohomological reduction stated as The-
orem 8.9. We will assume throughout that 7" satisfies the UDC. For simplicity, we
also assume that |/| = 1. Let us denote by

ACY (Uyen Ia) := {9 € AC(Ugen To) : @' € LG(yen Io) and h(g") = 0}.

Outline of the proof. We will show first of all that every ¢ € AC(|_|,c4 o) With
¢" € LG(| e Io) can be modified by a piecewise linear map such that its modific-
ation is in ACY (Llyens La), by showing that one can subtract a map whose derivative
is h(¢’) (see Steps 1 and 2 of the proof of Theorem 8.9 below).

The next step of the proof is to apply the correction by a piecewise constant func-
tion described in Section 6 (see Step 3 of the proof of Theorem 8.9). We then show
that, after this further correction, the resulting map ¢ is a coboundary. We will show
more precisely that ||.S(k)@||sp decays exponentially (see Theorem A.1). Then stand-
ard arguments based on decompositions of Birkhoff sums (see Section 7.1.2) and the
Gottschalk—Hedlund theorem yield that ¢ is a coboundary (see Step 4 of the proof of
Theorem 8.9).

The proof of Theorem A.1 (namely of exponential decay of ||.S (k)@ ||sup) is similar
to the proof of Theorem 6.1 in Section 6, or more precisely to the proof of sub-
exponential growth of [|S(k)@ | L1y /[T (&) (see, in particular, (6.4) in the statement
of Theorem 6.1). One of the key arguments in this proof was showing that £V (S (k)¢)
was bounded (or had sub-exponential growth in the non-symmetric case). Here, we
will have a stronger input, namely the exponential decay of £V (S (k)¢): indeed, for
every ¢ € ACH (Llyes 1a), since @ is piecewise absolutely continuous, we have that

£V(S(k)g) = Var(S(k)gp)

and therefore, in view of Theorem 6.1 (applied to ¢’) and the control of the L!-norm
via || - || v given by (4.2), for every k > 1,

LV(S(k)p) = Var(S(k)p) = ISE) (@)l 1 zun = CHPICUD ¢ 2. (A3)

Since |I®)| decays exponentially, this shows that £V (S (k)¢) decays exponentially.
Exploiting this exponential decay, analyzing its effect on all inequalities used in Sec-
tion 6, we will prove the exponential decay of ||S(k)@||sp. Differently than in Sec-
tion 6, though, instead of the L!-norm, we have now to always use the sup-norm.
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This requires a detailed and patient analysis of all steps used in Section 6 in this new
context, which is performed for example in the proofs of Lemmas A.2 and A.3 below.
We begin by stating and proving the following exponential decay result.

Theorem A.1. Assume that T satisfies the UDC. Suppose that ¢ € ACP (Ugens o)
0z (p) = 0and h(p) = 0. Then

IS(K)@llsup = O(e™*).

The proof of Theorem A.1 will follow from combining the following three lem-
mas (Lemmas A.2, A.3, and A.4). The first is an improved estimate of the growth
of the image P ®)¢ of the correcting operators P*) (introduced in Section 6) when
RS AC[)(I_lae.A ]050)) and 9,0 (¢) = 0.

Lemma A.2. The correcting operator
PO:AC(Uyen 167) = AC(Ugeu 167)/ TS
is such that, for every ¢ € ACY (P IOEO)) with 30 (¢) = 0,
[ PO (SK)0) |y r0 = Clie 2 W (A4)

where

Wi :=Y Q5. r + DIIZ( + DITP|CUT).

r>k
Proof. Recall that P®) is given by
PO —y® o p) _A®)
Let us first give a preliminary estimate for the modifying operator
A®:AC(Uyen 1) = HE®) TP,

starting with the definition of A®) as the series given by (6.20). We then let ¢ €
ACY( e 189) with 9,0) (¢) = 0.

Step 1. Estimates of A®) . To estimate the series (6.20) (with S(k)(¢) instead of @),
for each fixed r > k, we need to estimate

(Sp(k.r + 1) o U o MU o S(r,r + 1) 0 P 0 S(r)(9).

Let us start from right to left: we first estimate the action of Po(r) on S(r)(¢), then of
MI(L;H) o S(r,r + 1), and finally applying and estimating (S, (k,r + 1)) "L o UC+D,
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Step 1(i). The action of P{". Recall that (by Definition 8)
PY = 1= g o MO

where I is the identity operator and M ") the preliminary correction given by subtract-
ing the mean in each 105’). Since S(r)(¢) € AC(|l,ex 105’)) is piecewise absolutely
continuous,

[S() () = MO (S (@) ] = Var(S(T)(9)).

Using first the above estimate together with the control of the projection by the
boundary operator
Ih = Pkl < Co 130 h]

given by Lemma 3.4 (see, in particular, (3.9)), then the comparison between 0.,y and
3o M) given by (4.21), and finally the estimate (A.3) of the variation together
with the invariance of the boundary (5.6) and the assumption that

0 (n (S(r)<p) = 0,0 (p) =0,
we get the following chain of inequalities:

1P 0 SG)@)llswp < [ S (@) = MO (S) @),
+ [MO(S0)@)) = Py MP (S() (@) [
< Var(S(r)()) + Cs |3,00 MP (S(r)(9) |
< (1+2dCg) Var(S(r)(p)) + Cg| 8,0 (S(r)e)|
< "D/ ¢ | v (A5)
Step 1 (i1). The action of MZH) o S(r,r + 1). In view of the initial correction estim-
ates of Lemma 6.4 (in particular, (6.8)), the L'-norm of special Birkhoff sums estim-

ate (5.1) and the interval length control in terms of cocycle matrix norms given by
inequality (3.3), for every ¢ € AC(|], e 1a"),

Vd kd

(r+1) K
Mg oS, r+ Dol < mllb’(nr + 1)¢||L1(1<r+1>)§m”‘ﬁ”umr))

110
< Kﬁm”(ﬁ”wp < K\/E”Z(r + 1)””¢”sup

Step 1 (iii). The action of (Sy(k,r + 1))~ o UCTD_ Since [|[UTTV| = 1, by (A.5),
this gives (when applied to ¢ = P{" o S(r)(¢))

[(Sok,r + 1) o UCHD o MGV 0 S(r,r 4+ 1) 0 P 0 Sk, r)(S(h)) |
< kNdC'|Qg(k,r + DINZ(r + DI DIC/T) ¢ || £v-
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As A®) (S(k)g) is the sum of the series (6.20), it follows that

e e O e A (A0

Step 2. Estimates of P% ¢. We can now estimate the operator
k k (k) k
P():U()OPO YNGR
As |UB|| = 1, in view of (A.5), if ¢ € ACY(|],eu 1) and 3, (¢) = 0, then
k k
U o PO (S)0) | r0r < I1P5 0 ST @) up
< C'HBICUD)NI¢' [ £v < C'Willg' | 2v-

Together with (A.6), this gives the desired estimate and proves the lemma. |

Lemma A.3. Under the assumptions of Theorem A.1, if additionally §(¢) = 0 then
forany k > 0,

IS®)¢llsup = C (Il lv Vi + 125Kl @ llsup)

where Vi is given by the following series

Ve = Y 110U )W + I ZU) | Wis),

0<i<k
in which W_1 := 0 by convention and the series Wj for | > 0 is defined in Lemma A.2.
Proof. By the definition of the operator §j (see (6.27)), since h(¢) = 0, we have that
UQ(p) = PO(g).
In view of the equivariance described by Lemma 6.7, it follows that
U® o Sk)p = Sy(k) oUPg = Sy(k) o PPy = P 6 S(k)g.
Therefore, by Lemma A.2, we have

|U® o SE¢ll,, o = HP(k)(S(k)Q") ||sup/1"§k) = CWelle'llev.

It follows that, for every k > 0, there exists g € AC(|l,e4 105")) and s € Fs(k) such
that

S(k)p = g + s and gk llsup < CWill¢'ll £y (A7)
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Setting s¢ := Asg and Asgyq = Sg+1 — Z(k 4+ 1)sg for any k > 1, since for
sk € T®) we have that S(k,k 4+ 1)s; = Z(k + 1)sg, we get
ASk+1 = Sk+1 — S(k,k + I)Sk
= (Stk + D)o — gry1) — S(k.k + 1)(S(k)p — k)
= —¢k+1 + Sk, k + Dox.

Therefore, by (A.7),
[Ask+1llsup = llok+1 — Sk, k + Dggellsup
= ||§0k+1”sup + ”S(k’k + 1)¢k”sup

< llor+1llsup + 12 + D@k llsup
< C (Wt + I1Z(k + DIIWie)llg' | v

and, since by definition Asy = 59 = ¢ — @p,
”ASOHSup = ”QO - §00”sup = ”(p”sup + CWOH(p/Hi'V-

Since
sk= Y 0U.k)As; and As €T,

0<i<k

setting W_; = 0, we have

Iskllap < 3 10U K) Astlup

o<l<k
< Z Qs k)1 Ast[lsup
0<I<k
< 10:®lellwp + € Y 10 RN(Wr + I1ZD[Wi-1) @'l £v-

o<l<k

In view of (A.7), it follows that

ISC)@llsup = Nl llsup + Ik llsup
<105 lellswp +2C D 105 DI(Wr + 1ZWD)[Wi-1) ¢ 29,

o<l<k

which completes the proof. ]

Lemma A.4. Suppose that T satisfies the UDC. Then, for every 0 <t < (A1 —1)/5,
we have Vi, = O(e=*k).
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Proof. In view of (3.23) in Proposition 3.9 and |7 @ | < k[|Q(r)|| ™! = O(e™*17) (see
(3.10) and (UDC3)), we have

Wi = 0(2 105K, r + DIIZ0 + 1>|||1<’>|c;<T>)
r>k
— O(Ze—l(r-i-l—k)e&cre—/l]r)
r>k

— O(e—()q—4r)k Ze—(l+)&1—4r)(r—k)) — O(e—(/ll—4r)k).

r>k

By the definition of Vg, it follows that,

Ve = 0( 3105 Bl (e ®1 1 ||Z(l>||e—<*1—4f><’—”))

o<l<k

— 0( Z e—/\(k—l)erle—(kl—h)l) — O(e—kk Z e—(Al—A—Sr)l)
o<i<k 0<I<k

= O(e_kk). [ ]

Proof of Theorem A.1. The proof follows immediately by combining Lemma A.3 and
Lemma A.4, which show that

ISE)llwp < C' (I 2w e + 105 (K) ¢ lsup) -

Since also || Qs(k)|| = O(e k) by the UDC (see (UDCI1) of Definition 3), we get
that | S(k)¢llsup = O(e™¥). L

We can now also prove the cohomological reduction.

Proof of Theorem 8.9. Assume that T satisfies the UDC and that ¢ € AC(]_|,c4 1a)
and ¢’ € LG(ye4 Lo)- Fixany 0 < < min{(A; — A)/5,1}.

Step 1. First correction for the derivative to be in the kernel of §. If we let hy =
b(¢') € H(r), and take any piecewise linear ¢ € AC(| |, Io) such that ¢" = hy,
then

h((p —9)) =0.

Step 2. Correction to be in ACH (e 1) Since h((¢ — @/) = 0 by Step 1, Corol-
lary 7.11 shows that the sum of jumps

sl —¢) = /I(cp —¢)'(x)dx = 0.
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By (4.1), it follows that

Z (9 (¢ _f))a =0.

OeX(n)

Since the image 9, (R**) consists of all vectors (xg)@ such that

(see (3.8)), there exists i, € I such that
I (h2) = 0z (¢ — @).

We claim that ¢ — ¢ — h; belongs to ACH (Lyex Ia)- To see this, notice first that

¢p—¢—hye AC(|:|a€A Iy), and that (¢ — ¢ — ha)' = ¢' — h1 € LG(|yep 1o)-
Furthermore,

In(p—9—h2) =0, H(¢—¢—ha))=bh((¢—¢)) =0,

sop—¢—hy € ACB(UQGA 1,).

Step 3. Last correction to be in the kernel of . Let hs = h(¢ — ¢ — h2) € H(r) and
set

gi=¢—¢—hy—hs.
Then @ € ACY (|, ey 1) With §(F) = 0 and 9, (F) = 9 (¢ — ¢ —hy) — 0z (h3) =0.

Step 4. Proof that ¢ is a coboundary. Given any every bounded function ¢: I — R
and n > 0, by decomposing the Birkhoff sums ¢ into special Birkhoff sums (see,
for example, [39, §2.2.3]), we can get the estimate

o™ llp <2 D" 1ZA + DINS D llsup-
leN

As 0 < t < A, in view of the UDC (in particular, the estimate of || Z(/)||) and The-
orem A.l, which gives that ||S(/)@|lsp = O(e™*), it follows that

15y = O(Z 12 + 1>||e—“)

leN

= O(Ze—“—f)’) = 0(1).

leN

Applying Gottschalk—-Hedlund-type arguments (see [39, §3.4]), we obtain that ¢ is a
coboundary with a bounded transfer map.
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Step 5. Conclusive arguments. Let us now define ¢ := ¢ — @. By Step 4, ¢ and ¢
differ by a coboundary, so they are cohomologous. Furthermore, since by definition
of ¢ and of ¢ (see Step 3),

V=¢—¢=¢+hy+hs,

and ¢, h, and h3 are all piecewise linear (actually piecewise constant in the case of /1,
and Z3) functions (by construction, see Step 1 and Step 2), we see that i is piecewise
linear. Furthermore, since by construction §(@) = 0 and 9, (@) (in view of Step 3),
we have that

h(¥) =ble) —b(®) = b(p) and 07 (¥) = 0 (9) — 9= (P) = 0= ().

Finally, Theorem A.1 shows that ||S(k)(¢ — ¥)|lsup = |S(k)@|lsup decays exponen-
tially. This completes the proof. ]
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