QUASIPERIODIC SL(2,R) COCYCLES WHICH ARE NOT HOMOTOPIC TO THE IDENTITY

ARTUR AVILA AND RAPHAEL KRIKORIAN

ABSTRACT. We show that for every a € R, and for “almost every” A € C¥(R/Z,SL(2,R)) non-homotopic to the identity,
the cocycle (a, A) is non-uniformly hyperbolic. In the course of the proof we develop a non-perturbative “local theory” for
cocycles non-homotopic to the identity, which is based on complexification ideas, and does not use Diophantine assumptions.
The complexification technique is centered around the idea of monotonicity (it covers cocycles satisfying a twist condition). It
allow us to obtain a quite complete description of the dynamics in the local setting, including the rigidity and minimality of
the dynamics, and a surprising result (in this not uniformly hyperbolic setting): analiticity of the Lyapunov exponent. Those
results extend to the smooth setting “a la Lyubich” (through the use of asymptotically holomorphic extensions).
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1. INTRODUCTION

A one-dimensional quasiperiodic C"-cocycle in SL(2,R) (briefly, a C"-cocycle) is a pair (o, A) where o € R and A €
C"(R/Z,SL(2,R)). A cocycle should be viewed as a skew-product:

(1.1) (o, A) : R/Z x R? — R/Z x R?
(z,w) — (z + a, A(z) - w).

We call « the frequency of the cocycle.

There is a fairly developed theory of cocycles homotopic to the identity. This is partially motivated by the theory of
Schrédinger operators, which lead to the study of a certain family of cocycles homotopic to the identity.

The aim of this paper is to develop a theory in the case of cocycles not homotopic to the identity. It turns out that such a
theory is quite rich in its own right. In particular, we will develop a “local theory” which is completely different, much more
robust, and sometimes much more complete than that of cocycles homotopic to the identity. Indeed, the results we obtain
are quite surprising at first sight: for instance, while in the local theory of cocycles homotopic to the identity KAM schemes
play a determinant role, arithmetic properties of the frequency turn out to be irrelevant for all applications considered here.

While this local theory is the main novelty of this work, our original motivation was to obtain global results from local
results via renormalization. We will start by discussing those.
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1.1. Global results: typical non-uniform hyperbolicity. The Lyapunov exponent of (a, A) is defined as

1
(1.2) Lia, A) = 1im—/ In || Ay (2)]|dz > 0,
nJr/z

where A,,(z) = Hg:n_l Alx 4+ jo) = Az + (n — 1)a) - - - A(x) (we will keep the dependence on « implicit).
A key property of a cocycle (and other dynamical systems) is whether it has a positive Lyapunov exponent: this is a very
good starting point to a description of the dynamics.
In the case of cocycles homotopic to the identity, there is a severe obstruction for a smooth cocycle (a, A) to have a positive

Lyapunov exponent, namely, to be conjugate to a constant elliptic matrix 4g € SL(2,R):
(1.3) A(z) = Bz + @) Ao B(z) !,

where B : R/Z — SL(2,R) is smooth. We say that this obstruction is severe because it is reflected on a positive measure set
in parametrized families (this is a consequence of KAM theory, see [E] for the most sophisticated results).
In [AK1] the following result was proved. Let

cos2mf —sin 2wl
(1.4) Ry = <sin27ﬂ9 cos 2wl > ‘

Theorem 1.1 ([AK1]). Let & € RDC (a subset of R of full Lebesgue measure). For every A € C"(R/Z,SL(2,R)) which is
homotopic to the identity, and for almost every 0 € R/Z, eiher L(a, RgA) > 0 or (a, RgA) is C"-conjugate to a constant
elliptic matriz.

In other words, a typical quasiperiodic cocycle which is homotopic to the identity is either non-uniformly hyperbolic or
conjugate to a constant. In this result, typical corresponded both to a full measure set of frequencies and a “full measure”
set of cocycles.

We believe that an exclusion of frequencies is unavoidable. This should hold at least for cocycles associated to the Almost
Mathieu Operator.

Work more on this comment.

In this paper we consider quasiperiodic cocycles non-homotopic to the identity. In this case, the obstruction discussed
above vanishes: if (a, A) is not homotopic to the identity then it can not be conjugate to a cocycle homotopic to the identity,
it can not be reducible (conjugate to a constant matrix).

The main global result of this paper is the following: a typical quasiperiodic cocycle which is not homotopic to the identity
has a positive Lyapunov exponent. However, we are able to show this result without exclusion of frequencies.

Theorem 1.2. Let a € R. Let Z,, C C"(R/Z,SL(2,R)) be the set of all A non-homotopic to the identity such that
L(a,A) =0. Then Z], can be written as a union MZ7, U NMZ], where

(1) MZ". has positive codimension?,

(2) For every A € C"(R/Z,SL(2,R)) which is not homotopic to the identity, the set of 0 € R such that RgyA ¢ NMZ!,
has zero Lebesgue measure.

Notice that item (1) in the above description can not be removed: if A € C"(R/Z,SO(2,R)) then L(«a, RgA) = 0 for every
6 € R/Z. This event is “essentially” (modulo conjugation) what item (1) covers, more on this later.

1.2. Local theory: cocycles with a twist. In order to prove the theorem above we develop a “local” theory of cocycles
non-homotopic to the identity. In the case of cocycles homotopic to the identity, “local” stands for “cocycles close to a
constant”. In our case, there are no constant cocycles, so instead we discuss cocycles which are close to the simplest examples
of cocycles not homotopic to the identity, which are of the form (o, A) with A(z) = Rytdega, 8 € R/Z, deg # 0 (notice that
A :R/Z — SL(2,R) has degree deg). The key reason to study such cocycles (and for us to call this setting “local”) comes
from renormalization and will be clear later.

1By this we mean that, locally, M Z], is contained in the zero set of a C" real-valued function for which 0 is a regular value.
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Let us note that, previously, a local theory had been developed using a KAM scheme [K], thus it was perturbative (it
depends on arithmetic properties of «). Here we will follow a different path, based on complexification ideas. One of the key
advantage of this approach is that it is non-perturbative. Indeed the local setting is quite robust: it is C*-open (notice that
a satisfactory theory is impossible in the C° topology by [Bo]).

Our local setting consists of the class of “monotonic cocycles” (cocycles satisfying a twist condition). More precisely, a
C! cocyle (a, A) is said to be monotonic if its projectivized skew-product action R/Z x P! — R/Z x P! takes the horizontal
foliation {R/Z x {z}}.cpr to a foliation transverse to the horizontal foliation.

Notice that whether («, A) is monotonic only depends on A, so we may define the set of monotonic functions M" C
C"(R/Z,SL(2,R)). Clearly monotonic cocycles can not be homotopic to the identity.

In the context of cocycles homotopic to the identity, one has to work a lot to obtain regularity properties of the Lyapunov
exponent, even just continuity?. Perhaps the most surprising result of our analysis is the following:

Theorem 1.3. Let r = w,00. The Lyapunov exponent of («, A) is a C function of A € M".

This result is quite easy to prove (at least in the analytic case), once we have chosen the right framework. Notice that
in the case of cocycles homotopic to the identity, one only expects smoothness of the Lyapunov exponent in the uniformly
hyperbolic regime, while such cocycles simply do not exist in our context.?

It is not much more difficult to vary the frequency.

Theorem 1.4. The Lyapunov exponent of (a, A) is a C* function of («, A) € R x M.
We have the following result which characterizes monotonic cocycles with a zero Lyapunov exponent:
Theorem 1.5. Let (o, A) e R x M", r =w, 0. If L(a, A) = 0 then L(c, A) is C" conjugate to a cocycle of rotations.

This theorem can be seen as a rigidity result: a priori, a zero Lyapunov exponent is related to measurable conjugation to
some standard models, such as cocycles of rotations [T].

We believe many other results on monotonic cocycles are accessible by the techniques we use here. As an example of a
result going in a quite different direction, we get:

Theorem 1.6. Let « € R\ Q and let A € PS°. Then the projective skew-product action of (o, A) is minimal.

1.2.1. Premonotonic cocycles. The class of monotonic cocycles is not dynamically natural: it is not invariant by real-analytic
conjugacy. Thus it is natural to define the class of premonotonic cocycles P" C R x C"(R/Z,SL(2,R)) as the set of cocycles
(a, A) which are real-analytically conjugate to a monotonic cocycle. We let P" = Uyer Pl (whether (o, A) is premonotonic
depends both on « and on A).

Premonotonic cocycles form a C'' open set, and all properties of monotonic cocycles that we discussed transfer automatically
to this larger setting. It is not difficult to see that a cocycle (o, A) € (R\ Q) x SO(2,R)) is always premonotonic.

In the statement of Theorem 1.2 we make reference to a partition 2}, = ZM] U ZNM], of cocycles with zero Lyapunov
exponent. We may give a precise definition of those sets now: ZM) = Z] N P} is the set of premonotonic A such that
L(a, A) = 0.

It is easy to see that the first derivative of A — L(«, A) vanishes in ZM, and it is possible to show (using the rigidity
theorem) that its second derivative does not vanish. It immediately follows:

Corollary 1.7. The set ZM] has positive codimension in P.

This gives item (1) of Theorem 1.2.

It could be hoped that all cocycles with irrational frequencies (non-homotopic to the identity) are premonotonic. We will
show however that this is not the case: there are many (positive measure set in an open set of parametrized families) cocycles
which are not premonotonic. The examples we will construct build on results of Young [Y].

23ee [GS] (which also addresses Holder regularity, and [BJ1] for continuity in the global analytic setting. There are also perturbative local
results in the analytic and smooth setting, see [E] and [AK2].

3The Lyapunov exponent may not be better than 1/2-Holder, even for the Almost Mathieu Operator with Diophantine frequencies (which falls
in the local setting of Eliasson [E]). Indeed, in this setting, the Lyapunov exponent vanishes in the spectrum but near the endpoints of the gaps
one has square root behavior.
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At this point, it is not clear if premonotonic cocycles form the largest class of cocycles that behave dynamically as
monotonic cocycles. For instance, it is not clear if the class of premonotonic cocycles is fully invariant under iteration or
renormalization. However, this class is more than enough for several purposes. Some (possibly larger) classes of cocycles
which are invariant under several reasonable operations (including renormalization) and share the properties of monotonic
cocycles will be discussed in this work. None of them includes the examples we mentioned above.

1.3. Reduction from global to local. In order to prove Theorem 1.2, we will proceed by reduction to the local theory
via a renormalization scheme. Such a scheme was shown in [AK1] to cover typical cocycles with zero Lyapunov exponent.
The argument is slightly more complicated here because we want to take care of all frequencies. Thus, instead of considering
limits of renormalization we are led to use cancelation arguments to show convergence (of an appropriate sequence of
renormalizations) to “standard models” (of the form (a, A) with A(x) = Rptdegs)- (Cancellation schemes were developed
in [K], though we will present an alternative argument closer in spirit to [AK1].) In particular, the renormalization scheme
leads us to monotonic cocycles. The following consequence implies item (2) of Theorem 1.2.

Theorem 1.8. Let (o, A) € (R\ Q) x C"(R/Z,SL(2,R)), r = w, 00, be non-homotopic to the identity. For almost every
0 € R/Z, either L(a, RgA) > 0 or (a, A) is C"-conjugate to a cocycle of rotations (and automatically premonotonic).

All results discussed here have analogues in finite differentiability, which involve loss of derivatives. Although we did
not want to consider those distractions in the introduction, we will state and proof the results also in the case of finite
differentiability, and we will give an estimate on the loss of derivatives. Many of the results are much stronger than we state
in the introduction, for instance, in Theorem 1.2 one is not forced to consider families of the type 6 — Ry A, for instance,
any perturbation of such a family will do.

1.4. Structure of the paper. The key feature of monotonic cocycles is that they are amenable to complexification tech-
niques. The typical complexification procedure, which is quite developed for Schrédinger cocycles, is to perturb the cocycle
by a complex parameter (the energy in the Schrodinger case). As far as we know, such complexification techniques were
restricted so far to very special kinds of perturbation, where the dependence on the complex parameter is a holomorphic
function with very specific global properties. In this work, we show that the construction is much more robust, and the
sole feature that enables it is monotonicity of the perturbation parameter. Our first step is to generalize such parameter
techniques to the case of general analytic dependence. Then, using a technique introduced for dynamical systems by Lyubich
[Ly1] (in the context of unimodal maps), we extend those results to the smooth setting.

After obtaining several parameter style results, we obtain the properties of monotonic cocycles by observing that the phase
variable can be considered as a parameter.

2. MONOTONICITY IN PARAMETER SPACE

Let I C R be an interval. We say that a continuous function f : I — R is e-monotonic if for every z # z’ we have

[f(2") = f(=)]

(2.1) P

>e€

This definition naturally extends to functions defined on (or taking values on) R/Z (by considering lifts) and on the unit
circle St € R? = C (by considering the identification with R/Z given by x + e27i®).

We say that a continuous one-parameter family of matrices Ay € SL(2,R) is e-monotonic if, for every w € R? = C, the
function 6 — ﬁ is e-monotonic.

A continuous one-parameter family Ay € C°(R/Z,SL(2,R)) is said to be monotonic if for every x € R/Z, the family
x +— Ap(zx) is monotonic.

We will now discuss one-parameter families of cocycles displaying monotonicity with respect to the parameter variable.
Many arguments here come from well known results first obtained for Schrédinger cocycles. Through this section, in order

to be definite and keep the notation simple, we shall describe the arguments when the parameter space is R/Z.
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2.1. Complexification. Much of the information we will get from matrices in SL(2,C) will come from their action on the
Riemann Sphere C through Md&ebius transformations. The usual action is

a b az+b

2.2 =z -
(2.2) (c d> AT T
but we prefer to work with a conjugate action, which we write

(2.3) A z=QAQ " x z,
where

-1 /1 4

2.4 = ap
2.4) o= (7 1)

If A e SL(2,C) we will write

(25) A (;) —QAQ " (;)

z A-z
1 1

In this form, SL(2,R) matrices are the ones preserving the unit disk (as opposed the the upper half plane). Let us identify
the real one-dimensional projective space P! with the unit circle D by associating to the line through (0,0) # (z,y) € R?
the complex number fcir—iz Then the action of A € SL(2,R) on P! is given precisely by z — A - z.

Define T as the space of SL(2,C) matrics A such that A-D C D.

Let A € C°(R/Z,Y). Define 71 =74 : R/Z x D — C\ {0} by

(2.6) Alz) - ('j) =, 2) - (A(xl) ' Z) .

Let + = 74 € C°(R x D, C) satisfy 7(z,2) = €>™7(®2). Two choices of 7 differ by a constant integer. In particular,
7(x + 1,2) — 7(x, 2) is an integer deg, which is readily seen to coincide with the degree of A. Thus we can define £ = €4 €
C°(R/Z x D,C)/Z by setting &(z, 2) = 7(x, z) — x deg.

Given a € R, define &, = &,,.0.4 € C°(R/Z x D, C)/Z by

where the product in the right hand side is the usual one. Thus A - < is a complex multiple of <

(2.7) En(w,2) = % S (o ([ Al + ka)) - 2).
k=0 k=0

A simple computation shows that |R(&,(z, 2) — &u (2, 2'))] < +. Thus we can define a function p = po,.4 € C°(R/Z,R)/Z
by

(2.8) plx) = lIm R, (z, 2).

Clearly, p(z + «) = p(x), so p is constant if « € R\ Q. In general, let

(2.9) P = pa,a =lim plx)dz € R/Z.
R/Z

We shall call p the fibered rotation number of (a, A). Tt is a continuous function C°(R/Z, T) — R/Z.
We define ¢ = (o, 4 € H/Z by taking

(2.10) ¢=—(p+2mil).
Notice that

(2.11) ;_71 In k_li[_l Az + ka) - G) H = $(xn(z,2))In (HZ_“ Agx + ka) - z) H .
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2.1.1. Invariant section. Assume that for every x € R/Z, we have A(z) -D C . In this case, by the Schwarz Lemma, there
exists m € CY(R/Z, D) satisfying

(2.12) m(x + «) = A(z) - m(x),
and we have for every (z,z) € R/Z x D,
(2.13) lim ﬁ Az + ka) - z = m(x).

k=—1
It immediately follows that

(2.14) (=-— &(x,m(x))dx.
R/Z
Notice that there is another formula for the Lyapunov exponent in terms of m. Let B, : D — C be the derivative of
A(z) : D — D and set q(x) = || Bz(m(z))|lm(x), where || - || is some conformal Riemannian metric on D. Then
1
(2.15) L= —/ —Ing(z)dx.
2 Jrsz

To get good estimates, it is convenient to consider the Poincaré metric, in order to apply the Schwarz Lemma. For instance,
if A(z)-D C D,-- for every x € R/Z then the Schwarz Lemma gives

Lo 1-|m(@+a)p?
2.16 2>
( ) q(x) = g—2¢c _ |m(a:—|—oz)|2
so that L > 5.

(= Dim( + ) _

2€
= 1
1+ 1—e2¢m(z+ )2 —

3

2.2. Simple examples of applications. We now turn to one-parameter continuous families § — Ay € C°(R/Z, SL(2,R)).
To keep definite and to avoid superfluous notation, we will consider in the proofs below only the case when the parameter
space is R/Z.

The key assumption on the family Ag will be monotonicity in 8. To fix ideas, we will always assume in the proofs below
that Ap is monotonic increasing. One obvious consequence of monotonicity (following directly from the definitions) is the
following.

Lemma 2.1. Let Ag € C°(R/Z,SL(2,R)), be a one-parameter family monotonic in 6. Then 6 — pa, is either non-increasing
or non-decreasing.

Before dwelving into more complicated matters, let us illustrate the relation of monotonicity and complexification with
two simple applications.

Let us say that a family 6 — Ay € C°(R/Z,SL(2,R)) is C" in 6 if there exists a compact subset K C C"(R/Z,SL(2,R))
such that for every x € R/Z, § — Ag(z) belongs to K.

Let Q5 = {2 € C/Z, S(2) < 0}, QF = {2 € C/Z, 0 < +3(z) < d}.

Theorem 2.2. Let Ay € C°(R/Z,SL(2,R)), 0 € R/Z, be analytic and monotonic in 0. For every 6 € R/Z, if L(Ag) =0
then
d €
2.1 _ >
(2.17) a9’ = on >0,
where € is the monotonicity constant of 6 — Ag.

Proof. Since Ay is monotonic, the Cauchy Riemann equations imply that there exists 6 > 0 such that the analytic extension
of Ay to 0 Q;_ satisfies Ag - D C D, ac—s(s@se) , where 0 < 5(t) < € and lim 5(t) = 0. Using the analiticity in 0 of Ay, we
conclude that 6 — (4, is a holomorphic function Q;r — H/Z, whose imaginary part is continuous up to R/Z. In particular,
for almost every o € R/Z,

(218) S(Cavu) = I(S(Ca,) + s pa, + o).
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Since the Lyapunov exponent is upper semicontinuous, if we know additionally that L(c) = 0, we have
(2.19) li ! L(o +it) d
. im—~L(oc+it) = —pa,,
ort at’
almost surely, and the result follows (since L(o + it) > (e — §(¢))t). O

Theorem 2.3. Let Ag s € C°(R/Z,SL(2,R)), 6 € R/Z, s a one-dimensional parameter, be monotonic in 6 and analytic in
(0,s). Let o € R. Then

(2.20) 5= L(a, Ags)do
R/Z
18 an analytic function of s.
Proof. Let
1
(2.21) Ul(t,s) = / L(a, Agtit,s)do = 5/ —In|7o. 4, (2)|dodz.
R/Z R/ZXR/Z

Notice that, from the formula above, for 0 < ¢ < ¢ then s — U(t, s) is analytic. Moreover, t — U(t, s) is an affine function
of 0 <t <0 (since o + it — 7o a,,,, .(x) is holomorphic). Notice that U(t,s) = U(—t, s), so by subharmonicity, U(t, s) is an
affine function of |¢| for 0 < |¢| < §. Thus, for 0 < ¢t < § we have

t
(2.22) / L(a, Ag.y)d0 = 20 (L, 5) — U1, s),
R/Z 2
is analytic on s. O

Remark 2.1. With a little bit more work, one can get the formula

|t deg |

(2.23) / L(a, Ag.0)d6 = U (t, )
R/Z 21w

for 0 < t < §, where deg is the degree of 8 — Ag (). Indeed, for fixed s, let g(o + it,s) : R x (0,6) — R be a continuous
determination of pq,a,,,, ,, so that [¢(o +it 4+ 1,5) — q(0 +it, s)| is | deg|. Then the function

o+1
(2.24) / 2miL (o, Ayyit,s) + qly + it, s)dy

is holomorphic in o + it € R x (0,6) and its real part is an affine function of o of slope |deg|. Thus the function U(t, s)

defined above is an affine function of 0 < ¢ < § with slope |d;rg ‘,

This theorem implies for instance that A — fR/Z L(a, RgA)df is an analytic function of A € C°(R/Z,SL(2,R)). Indeed,
it can be shown (see [AB]) that

and (ref form) follows.

_ [ MA@l Al
(2.25) /R/ZL(a,RgA)dH—/R/Zl . da.

This generalization beyond families with specific form such as Ry A will be crucial when we start to mix phase and parameter
in the next section.

It may appear that analiticity is crucial in order to exploit the complexification approach. This is not the case: in the
non-analytic case, we can still complexify the problem using asymptotically holomorphic extensions (this idea is inspired
from the work of Lyubich on smooth unimodal maps [Ly1]).
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2.3. General framework. After the motivation above, we are ready to introduce a more general framework for the com-
plexification argument.

Let Agt be the space of all continuous families A, ;s € CO(R/Z,SL(2,R)), o + it € Qs, which are C! and real-symmetric
in o+ it, satisfy Ayqi €t YT, o +it € QF,
(2.26) 0,4, =0, S(z)=0,
and such that ¢ — A, is monotonic in o.

Let us fix @ € R, A € AE. Then we have functions m* (o 4 it,z) € D, 7% (0 +it,x) € C\ {0}, o + it € QF, z € R/Z,
characterized by

" , " ,
(2.27) Agri(a) (m (it x>) o+ it ) (m (o +itat a>> |
In the notation above, we have m™ (o + it,z) = mqa A, (z), T (0 +it,2) =T A, (2)-

Notice that Aytt(z) ™! € int Y for o +it € QF. Thus we have also functions m~ (o +it,x) € D, 77 (0 +it, x), o +it € Qf,
x € R/Z, characterized by
(2.28) Ayiin(2) - <m (aii—zt, x)) — (o +it2) <m (o +1zt, x+ a)) .
In the previous notation, we have m™ (o +it,2) = m_q A, ., (2)-1> T (0 +it,z) = T:; Ao in(a)—1"

Since A,y is real-symmetric in o + it, letting

1 1
(2.29) ( e e U e CT P
and
_ ) 1 _ ) 1 ) +
(230) m (O’+Zt,x)::, T (O'—’-Zt,x)::, O'+Zt€Q 5
m~ (o —it,x) 7 (0 + it,x)

we have that (2.26) and (2.28) are valid for o + it € Q5 \ R/Z.
The description of Ay being analogous to that of A(J{, we will state our results for the latter one to simplify the notation.
Our first step is a key computation, which generalizes estimates of Kotani and Deift-Simon.

Lemma 2.4. Let o € R and A€ A}. Let og € R/Z.

(1) If
I .
(2.31) liminf 200
t—0 t
then
(2.32) 1"f/ ! d+/ ! do <
. im in .
=0+ Jg/z 1 —|m* (00 +it, x)|? * r/z 1 —|m~ (o0 —it,z)|? T
(2) If
L it
(2.33) lim sup Lloo +it) < 00
t—0 t
then
(2.34) lim su / ! dx —|—/ ! dx < oo
) g r/z 1 — [m* (o0 +it, )[? r/z 1 —|m~ (o0 —it, x)[?
and
(2.35) lim inf |m™ (o9 + it, x) —m ™ (o¢ — it,z)|*dz = 0.

t—0+ R/Z
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Proof. Let us assume that

1 0

(2.36) Ao +it,x) L0, Aog +it, ) = u(x) (0 1

> + C(UO + Ztv .’E),
where u(x) > 0 and sup,cg 7 [|C (00 +it,z)|| = €(t) — 0 ast — 0. The general case can be reduced to this one by a conjugacy
B(z + a)A(og +it,x)B(z) !, where B : R/Z — SL(2,R) is continuous such that

(2.37) B(x)A(og,x) 10, A(0g, z)B(z)™*

is a non-zero diagonal matrix (such a matrix B can be found if and only if the determinant of A(oq, ) 19;A(00, x) is negative,
which follows from monotonicity).

Let us denote for simplicity m™* for m*(o¢+it, z), m™ for m~ (oo+it, z), m* for m¥ (o¢+it, z+a), m~ for m~ (oo+it, v+a),
7t for 7% (00 +it,x), 7~ for 77 (00 + it,x), A for Ay, it(x), L for L(og + it) and u for u(x).

Notice that

m+ mt —m~ (mt 2m™* m- 4 (m* _(m~
(2.38) A-(l):u7m++m_<1>—7m+_m_<1)+c (1)+c (1>7

where ¢t = ¢t (0 +it,x), ¢~ = ¢ (0 +it,x). We have the estimate

1 1
2.39 + it - it,x)| < Ke(t _ _ d
(2.39) [c"(00 +it, @) + |¢” (00 +it, z)| < 5()(1_|m+(00+m|2+1_|m—(00_m|2> &z

for some constant K > 0.
Notice that A(co +it,z) - D is contained in D_;y()—s(1)), Where §(t) — 0 as t — 0. By the Schwarz Lemma,

, _ 1 —|m™*(og +it,z)|?
Hu(z) —5(1)) 0 +it,
(2'40) L(UO + Zt) > /R/Z Ine 1— €2t(u(fc)—6(t))|m+(go + it, $)|2
This gives
th(u(m)—é(t))(l _ |m+(00 + it)|2)
2.41 L it > —t —4(t 1
(2.41) ootitia) 2 [ —tute) ~00) + 0 T o i )P
Notice that e2/(“(®)=0)|m (g + it, z)|? < 1. Using that for r >0 and 0 < s < e~" we have
e"(l—s) r
2.42 1 >
(242) n(l—eﬁs)l—s7
we get
‘ 2t(u(x) — () / L+ |m™ (o0 +it, x)|?
2.43 L(og + 1t >/ —t(u(z) —6(¢)) + ; = u(x) — o(t - ,
( ) (o0 ) = Rz (u(z) (1)) 1 — [m*(og + it,z)|2 R/Z( (z) ( ))1 — |m* (o + it, z)|?
so that
L it 1 * ity x)|?
(2.44) lim Lloo +itk) > 1imsup/ u(z) + Im™ (o0 +? k)l )
k—oo tk k—s 00 R/Z 1 — |m+(0'0 + ltk, x)|2

and an analogous argument gives

L it 1 “ (o0 — ity, )|?
(2.45) lim Lloo +ite) > limsup/ u(z) + Im” (o Z_k’x)L :
k—o0 tr k—o00 R/Z 1-— |m_ (0'0 — Ztk,$|

whenever ¢t — 0+ is such that lim M exists. This gives item (1) and the first part of item (2). Moreover, under the

hypothesis of item (2) (which we assume from now on), we get

L it 1 + it, x)|?
(2.46) lim inf 270+ ) —/ ol UG s Z.’m)L >
R/Z L —|m* (o0 + it, |

)
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and an analogous argument also gives

L it 1 ~ (o9 —it,z)|?
(2.47) lim inf 20 %) —/ TS Pt LN Gl B0 | Y
t R/Z 1—|m=(o¢ — it, z|?

Differentiating

(2.48) A. <”§+> =7t <”§+>

with respect to ¢, and applying A~ to both sides, we get

+ 5+
(2.49) (A719,) (””; ) + Om T <(1)> =9 rAL. (”"; ) + 70yt AT! ((1)) .
Using that
1 1 mt m~ 1 mt m-
(2:50) (o)zm«l)‘(1)):m<(1>‘(1>)’
we get
+ O,m+ + - 9,7+ + O+ + -+ -
1 m it mT\  (m _ O m ; mT\ 1" (m
ean o (77 )= e (1) - (1)) -5 () = () -2 (1))
Jr
Using (2.36), taking the coefficient of (n; ) and integrating with respect to x we get
+ - +
(2.52) / u%dm —|—/ ctdr = 3157; dz.
R/z T —MmM R/Z R/Z T
We can now consider the real part, which gives
H2lm-172 =1
(2.53) / u|m [Flm”] 5 dx + Reidx = —0, L.
R/Z ’m_j _ 1’ R/Z

Using (2.39) we conclude

H2lm- 172 =1
(2.54) hm [ ol da+0,L = 0.
R/z ‘m—f—l

Using (2.46), (2.47) and (2.54) we get

L 1 1 +12 1 1 -2 2lm—|72 -1
(2.55) liminf——atL——/ u%dm——/ u%dx—/ u|m [Fm~| s——dx > 0.
13 2 Jryz 1—|mt]| 2 Jryz 1—|m~| R/Z ‘m_t_ll
Notice that
11 +2 11 -2 +2lm— |72 = 1 12
21 —|m*]2 21— |m~|2 ‘m_+_1‘ m
SO we can write
L
(2.57) liminf — — 9;L > liminf uldz > 0.
t R/Z

Since lim inf % < 00, we must have

L L
(2.58) liminf = — &L = ~t0,7 <0,



QUASIPERIODIC SL(2,R) COCYCLES 11
so lim inf fR Iz uldxr = 0, and since u is positive and bounded away from 0 we have lim inf fR Iz Idx = 0, which gives the
second part of item (2) by (2.56). O

The following estimates will allow us to work in the asymptotically holomorphic setting:

Lemma 2.5. Let A® € As be a one-parameter family. Fiz o € R. Assume that s — A%(z) is C", 1 <r < 0o and

(2.59) J0E A3 (@) = O(1), 0<k<r.

Then

(2.60) 05m} (z,2)| = O(IS(2)F), 1<k<r
Moreover, if additionally s — 0, A%(z) is C"' and we have the estimate

(2.61) 1050: A2 ()|l = o(IS()[" 1), 0<k<r—1,
for some n € R then

(2.62) |0¥0,m} (2, 2)| = o(|S(2)|"" 1), 0<k<r-1

Proof. Let F(s,z,z,w) = AS(z) - w, m(s,z,2) = mJ(z,z). Our estimates will come from the study of the hyperbolicity of
F with respect to the variable w, as measured in the Poincaré metric. The way we exploit this hyperbolicity is contained in
the following.

Proposition 2.6. There exists K > 0 such that if u(s, z, ) is continuous then

(2.63) lu(s, z,2)| < K|3(2)|~* mﬂ%;cz |u(s, z,x 4+ ) — (0w F) (s, 2, x,m(s, z, x))u(s, z, x))|.
EAS

Proof. For s and z fixed, let x satisfy
(264) |U(S’Z’x+a)| = M = max M

1—|m(s,z,z + a)|? ver/z 1 —|m(s, z,y)[?
Then for every y,

u(s, z,y)|
2.65 < —72 <M
(2.65) s, 29)| < oo <
S0 it is enough to estimate
(2.66) M < K|3(2)| " Hu(s, 2,2 + a) — (0w F) (s, 2,2, m(s, 2, 2))u(s, 2, )|.
We have
(267) |U'(sza T+ O[) - (81UF)(57 2, T, m(s, Z, QZ‘))’(L(S, 2, .13)| = (1 - |m(85 2, @+ O[)|2)
u(s, z,x + ) 1—|m(s,z,2)[? u(s, z,x)
: - awF ) g .
(i ~ Qoo G
Noticing that
1—|m(s,z,z)[?

268 awF ) ) ) b I 15
(2.68) @)oo,z D
we get
(2.69) [u(s,z, x + a) — (0 F) (s, 2, 2,m(s, z,z))u(s, z,z)| > M(1 —|m(s,z,z + a)[*)

- (1 (O F)(5, 2,2, m(s, 2, 2)) | — L5 2 D ) .

1—1|m(s,z,z+ a)|?

Now we have the bound

1 - |m(s,z,x)|2 e—e%(z)l _e2e$(z)|m(s’z’x)|2

(2.70) |OwF (s, 2,2, m(s, z, x)|

)

L—|m(s,z,z + o) 1—|m(s,z,z)?
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for some constant € > 0, which gives

1—1|m(s,z,z+ a)|?

(2.71) (1 —|m(s,z,z +a)?) (1 — (0w F)(s, z,2,m(s, 2, ))| L= Im(s, 2, 2) ) >1-—c¢

which implies the result.

Differentiating (taking 9%)

(2.72) m(s,z,x + ) = F(s,z,x,m(s, z,x)),
we get
(273) (8.§m)(85 2, Z‘) :(81UF)(8) Z,, m(s, Z, .’,U) ’ (afm)(sv 2, .’,U)
l
+ Z C - (090 F)(s,z,x,m(s, z, ) H (Oinm)(s, 2, x),
1>0,1<i1 <...<i;<k, n=1

i1 A=<k
where C' = C(k, i1, ...,4;) > 0 is a constant. Thus, if

(2.74) 0Im(s, z,2)| = O(IS(2)]"), 1<j<k-1,
we get
(2.75) |(6§m)(s,z,x) — (OwF)(s,2,2,m(s, z,x) - (8§m)(s,z,x)| = O(|%(z)|k_1),

which implies by the previous proposition
(2.76) |(85m) (s, 2, 2)] = O(IS(2)[*).

The first estimate then follows by induction.
Differentiating (taking 9.) (2.73), we get

(2.77)  (0%0.m)(s, z,2) =(0uF)(s, 2,2, m(s, z,z) - (OXD.m)(s, z, x)
+ Z C - (9¥90,0, F)(s, 2,2, m(s, z,x) H d'rm) (s, z,x)

1>0,1<i1 <...<i;<k, n—1
i1+...+i =<k

!
+ Z D - (0F90L F) (s, 2,2, m(s, z,2)) - (0°0,m)(s, 2,2) - H(@gnm)(s, z,T),
n=1

1>20,1<41 <... <4 <k,
10>0,i0+41+...+i1=j<k

where D = D(k, 1o, ...,i;) > 0 is a constant. Thus, if

(2.78) 1070, m(s, z,z)| = o(|S(2)[""#71), 0<j<k-1,

we get

(2.79) |(0%0.m) (s, z,2) — (D F)(s, 2,2, m(s, z,x) - (OKOmM) (s, 2, 2)| = o(|S(2)["~2F),
which implies as before

(2.80) [(050.m) (s, 2, 2)| = o(|S(2)[72F71).

The second estimate then follows by induction.

O

Remark 2.2. The estimates above are still valid if the parameter space is allowed to be multidimensional, or, more generally,

a Banach manifold, but the notation is more cumbersome.
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Remark 2.3. As a particular case of the previous estimates (zero-dimensional parameter space), if A € A(;r satisfies

(2.81) 10 Az ()] = o(IS(®)[")
then
(2.82) |5zm+(z,x)| = o(|$(t)|”_2).

In order to illustrate the asymptotically holomorphic technique, we generalize Theorems 2.2 and 2.3 to the smooth setting.
Given a function u : Q;r — C/Z which is continuous with locally integrable derivatives and satisfies

(2.83) [Ou(z)] = OIS (=)™,

for some € > 0, let us write a canonical decomposition u = u” + u® where v : Qf — C/Z is holomorphic and u® : C/Z — C
is a real-symmetric continuous function given by the Cauchy transform

(2.84) u’(z) = lim _—1/ $(w) dw A dw,
[—tt]x[-8,6] # — W

where ¢(z) = Ou(z) if 0 < J(2) < § and ¢(z) = Ju(Zz) for 0 < —3(z) < 6.
Notice that if

(2.85) [Gu(2)] = O(13(2)|**),

then u®(z) is complex differentiable at each z € R/Z, and u®(z) : R/Z — R is Ck*1,

Theorem 2.7. Let Ay € C°(R/Z,SL(2,R)), 6 € R/Z, be C*>*" and monotonic in 6. For almost every 6 € R/Z, if
L(a, Ag) =0 then

d €
2. TpFPa > )
( 86) dop 7A9 — 27T > O

where € is the monotonicity constant of 6 — Ag.

Proof. For 6 > 0 small, let us denote by A € Agr, z € Qgr, some fixed asymptotically holomorphic extension of Ay satisfying
(2.87) 10:A-(x)] = O(IS(=)["*).

It is enough to show that our hypothesis imply that for almost every o € R,

L(o +it) — limy_o L(o + it)

(2.88) Oyp(0) = }gr(l) ; ,
since the result then follows as in Theorem.
We have
(2.89) [0.m7 (z,2)| = O(IS(2)|"),
which implies
(2.90) 10:6(2)] = O(I3(2)]")
as well. Thus (*(z) is complex differentiable at z € R/Z and ¢* : R/Z — R is C'. Since I¢ > 0 and o — p(o) =
lim¢ o4 ((o + i) is monotonic, this is enough to conclude that (2.88) holds for almost every o. O

For further use, let us remark that an argument analogous to the proof of Theorem 2.7 also gives:
Proposition 2.8. Let A € As satisfy
(2.91) 194zl = O(3(2)[*+).
Then, for every og € R/Z, if

(2:92) lim sup 2z ~ ooy |

< 0
oo |0 — 00l
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then

L AU it) L 7AU i
(2.93) lim sup |L(cv, Agyit) (o, Agytit)| < .
e 0
Theorem 2.9. Let Ay s € C°(R/Z,SL(2,R)), 0 € R/Z, s a one-dimensional parameter, be monotonic in  and C* 1€ in
(0,s). Then

(2.94) S — L(w, Ag,5)db
R/Z
is C".
Proof. Let A% € A;r be an asymptotically holomorphic extension of Ag ¢ satisfying
(2.95) B As(@)) = 0(1), 0<k<2r
(2.96) 1958, 43 (2)]| = O(S(2)"~++), 0< k<2
Then we have the estimate
(2.97) 958.¢,(2) = O(S(2)" 2, 0<k<r—1.
Thus
(2.98) oF / 3¢ (0)dO = OS¢ (o +it)do + 2 / OFRI.Cs(2)dz A dZ + 0% (27t deg)
R/Z R/Z R/Zx(0,5)
is a continuous function of s for 0 < k < r. O

2.4. L2-estimates.

Lemma 2.10. Let A:R/Z — SL(2,R) be measurable and let o € R. The following are equivalent:
(1) There exists a measurable B : R/Z — SL(2,R) such that fR/Z | B(z)||?dx < oo and B(x + a)A(z)B(z)~! € SO(2,R)

for almost every x,
(2) There exists a measurable m : R/Z — D such that fR/Z de < oo and A(x) - m(z) = m(xz + «) for almost

every x.
- (=Im@))2 \ () 1 )

If (a, A) € R x C°(R/Z,SL(2,R)) satisfies the equivalent conditions of the previous lemma, we will say that (a, A) is
L2-conjugate to a cocycle of rotations.
Our aim in this section is to prove the following.

Theorem 2.11. Let Ay € C°(R/Z,SL(2,R)), 6 € R/Z, be C**¢ and monotonic in 0. For every 6 € R/Z, if

Proof. Let QB(z)Q !

.. |pa.A ; — Pa,A |
2. 1 fUESer  PET6T
(2:99) o= |0 — 0|

(in particular if 6 — pa. a, is Lipschitz) and L(a, Ag) = 0 then (o, Ag) is L*-conjugate to a cocycle of rotations.
We will need a simple compactness result:

Proposition 2.12. Let (o, Ax) € R x CO(R/Z,Y) be a sequence converging to («, A). Assume there exists measurable
functions my, : R/Z — D satisfying Ag(z) - mp(z) = mi(z + «), such that lim inf fR/Z Wlk(z)\?dx < 00. Then there ezists a

measurable m : R/Z — D such that A(z) - m(z) = m(z + «) and fR/Z de < 00.

The proof uses the notion of conformal barycenter [DE], and we leave it for the Appendix B.
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Corollary 2.13. Let A€ As. If og € R/Z satisfies
L it
(2.100) liminf 2D

t—0

then Ay, is L%-conjugate a cocycle of rotations.
Proof. Follows from the previous proposition and Lemma 2.7. O
Proof of Theorem 2.11. 1t is enough to apply Proposition 2.8 and the corolary above. O

Remark 2.4. If one is only concerned with a result valid for almost every 6, one can bypass the use of the conformal barycenter
argument. Indeed, the most usual argument in such situations is to apply the Lemma of Fatou to guarantee convergence of
m* (o +it,z) as t — 0+ for almost every z, and then apply Fubini’s Lemma to obtain a set of o of full Lebesgue measure
for which lim; oy m™ (o + it, z) exists for almost every z.

2.5. Smooth dependence of conjugacies.

Theorem 2.14. Let a € R and let Ag € C°(R/Z,SL(2,R)) be C™T1+¢, 0 < r < oo and monotonic in 0. If L(a, Ag) = 0 for
every 0 in some open interval J then there exists By € C°(R/Z,SL(2,R)), 6 € J depending C" on 6 and conjugating (c, Ag)
to a cocycle of rotations.

Proof. We shall assume that J = R/Z for simplicity. Consider an asymptotically holomorphic extension of Ay satisfying

(2.101) 1.4, = O(S(=)[™*).

Then we have

(2.102) [02m* (2, )| = O(IS(2)["+),  3(2) >0

and analogously

(2.103) l0.m™(z,2)| = O(|S(2)|"" "), S(z) <O0.

Let

(2.104) H(z,x) = D.m™(z,2), £3(z) >0,

and let u : C/Z x R/Z — C be given by

(2.105) u(z,xz) = lim _—1/ de A dw.
t=o0 T JI_t4x[-5,8 £ W

A compactness argument shows that u(z,x) is continuous on both variables. Moreover, R/Z > y — u(y,x) is C" (uniformly
in z). Let

(2.106) m(z,z) =m*(z,z),2 € Qgt.
Then
(2.107) %ir%m(a +it, z)

exists for almost every o and almost every & by Lemma 2.4. Thus for almost every = € R/Z, z — m(z,z) — u(z, z) extends
to a holomorphic function defined on Q5. A compactness argument shows that this holds indeed for all z € R/Z, and that
the function Qs x R/Z > (z,x) — m(z,x) — u(z,z) is continuous. It also follows that R/Z > y +— m(y,x) is C" (uniformly
on z). To conclude, it is enough to show that m(y, z) takes values on D.

If y is such that m(y,zo) € D for some xg € R/Z, then for every x € R/Z we also have m(y,z) € D (by invariance).
However, since L(a, A,) = 0 for every y, pa,a,) is C' (by Schwarz Reflection), so for every o we have

1
2.108 lim su / - dx < 00,
(2.108) ot Joye T—m* (0 + ity )2

so by continuity m(c, z) € D for almost every . O
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Similar arguments yield the analytic and infinitely differentiable cases, so we will not get into their proof:

Theorem 2.15. Let o € R and let Ag € C°(R/Z,SL(2,R)) be C", r = w, 00 and monotonic in 0. If L(ca, Ag) = 0 for every
6 in some open interval J then there exists By € C°(R/Z,SL(2,R)), 6 € J depending C” on 6 and conjugating (o, Ag) to a
cocycle of rotations.

2.6. Dependence on the frequency of the Lyapunov exponent. Several of our estimates are still valid when varying
the frequency.

Lemma 2.16. Let (a(s), A*) € R x A} be a one-parameter family. Assume that s — a(s) and (s,z) — AS(z) are C",
1<r< oo and

(2.109) 10302 A% ()] = O(1), 0<i+j<r.

Then

(2.110) 0:0im S (z,2)] = O(IS(2)|F), 1<i+j<m

Moreover, if additionally s — 0AS(x) is O™~ and we have the estimate

(2.111) 02050, A5 ()] = o(|S(2)|" 1), 0<i+j<r—1,

for some n € R then

(2.112) 100020 mt (z,2)] = o(|S(2)[""21), 0<i+j<r-—1

Proof. The proof is essentially the same as before, except that the relevant equations are longer. ([

Using the previous lemma we get the following result. The argument is the same as before and we won’t repeat it.

Theorem 2.17. Let us consider a family (a(s), Ags) € R x C*T1T¢(R/Z,SL(2,R)), 1 < r < oo, § € R/Z, s a one-
dimensional parameter, such that 0 — (6) and (0,s,x) — Ag s(z) is C*" 1+ Then

(2.113) 5= L(a(s), Ag,s)do
R/Z
is C".
Remark 2.5. Even if everything is analytic, we do not, in general, get analytic dependence when varying the frequency, and
we believe this is unlikely to happen. A special case that has analytic dependence is Ag s = RgA;.

3. MONOTONIC COCYCLES

We now turn to the study of cocycles presenting monotonicity in phase space. We shall say that A € C°(R/Z,SL(2,R)) a
monotonic cocycle if x — A(x) is monotonic.

Given a monotonic A € C%(R/Z, SL(2,R)), one can consider a family Ag € C°(R/Z, SL(2,R)) given by Ag(x) = A(z +6).
Notice that Ay is monotonic in 6. This simple observation has the following remarkable consequences:

Theorem 3.1. Let A € C"(R/Z,SL(2,R)), r = w, 00 be a monotonic cocycle. If L(co, A) =0 then (o, A) is C"-conjugate to
a cocycle of rotations.

Theorem 3.2. Let A € C™"1¢(R/Z,SL(2,R)), 0 < r < oo be a monotonic cocycle. If L(a, A) = 0 then (a, A) is C"-
conjugate to a cocycle of rotations.

Theorem 3.3. Let us consider a one-parameter family A® € R x C¥(R/Z,SL(2,R)) of monotonic cocycles. If (s, x) — A*(x)
is C* then

(3.1) s+ L(a(s), A?%)
is C¥.
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Theorem 3.4. Let us consider a one-parameter family (a(s), A5 € R x C?"T1+¢(R/Z,SL(2,R)), 1 < r < oo of monotonic
cocycles. If s — a(s) is C*" 1€ and (s,x) — A%(x) is C*H1T¢ then
(3.2) s+— L(a(s), A?)
is C".
For every o € R, pa,4, = pa,a + degx is Lipschitz. More generally, we have the following result:

Lemma 3.5. Let us consider a one-parameter family Ag € C°(R/Z,SL(2,R)) which is monotonic in 0. If for some 6y, Apg,
is a monotonic cocycle, and

1
(3.3) K =limsup ———||Ao(z) — Ay, (z)]] < 00
9—0, |0 — 6o
then
1
3.4 lm SUp ———— | pa 4y — poas | < K,
(3.4) m sup |9_90||p Ap — Pa,Agy | <

where K' depends on K, the monotonicity constant of Ag,, ||As,|lco and the degree of Ay, .

Proof. The hypothesis imply that for h close to 0 and z € 9D, Ag,+n(x) - z lies in the shortest segment of JD determined
by Ag,(z — Ch) - z and Ag, (x + Ch), for some C' > 0. This implies that pa,a,,,, lies between p, 4, (—cny and pa, 4, (-—ch),
that is, in the segment [pa, 4, — Clhdeg|, pa,4,, + C|hdeg]|], and the result follows. O

Thus, if A is monotonic then 6 — RyA is a monotonic family with Lipschitz rotation number. In low regularity, it may
be preferrable to work with this family, because it is always analytic in 6. As an application, we have the following result (if
we were to use only the family 6 — A(- + ), we would need C?7¢).

Theorem 3.6. Let A € C°(R/Z,SL(2,R)) be a monotonic cocycle. If L(a, A) = 0 then («, A) is L?-conjugate to a cocycle
of rotations.

It also allows us to get continuity results in Lipschitz open sets of cocucles.
Theorem 3.7. Let € > 0 be fixred. The Lyapunov exponent is a continuous function of e-monotonic cocycles.

Proof. Let (a,, A™) — (a, A) be a sequence of e-monotonic cocycles converging in C°(R/Z,SL(2,R)). It follows that
0 +— L, (0) = Ly, ReA™) are Hilbert transforms of (uniformly bounded) Lipschitz functions, so they belong to a compact
set of continuous functions (their derivatives being uniformly in BMO). Thus we may assume L,, — Lo, in C°(R/Z,R). By
upper semicontinuity of the Lyapunov exponent, L(a, RgA) — Lo () is a non-negative continuous function, which we must
show to be identically zero. This follows from

(3.5) / L(a, RgA) — Leo(0)d6 = lim L(a, RgA) — L(cn, RgA™)do
R/Z =0 JR/Z
-1 (n) (n) -1
~ lim i A@I+ AT A @)+ [A™ @)
=0
by [AB]. O

3.1. Minimality. It is an interesting problem to consider the dynamics of a cocycle («, A) from the topological point of view.
For this, one considers (o, A) as a function R/Z x 0D — R/Zx 0D (a two-dimensional torus) given by (z,w) — (z+«, A(z)-w).

It can be shown (see [KKHO]) that if A € C°(R/Z,SL(2,R)) is not homotopic to the identity then for every o € R\ Q,
(v, A) is transitive. The following question seems much harder however:

Problem 3.1. Let A € C°(R/Z,SL(2,R)) be non-homotopic to the identity, and let o € R\ Q. Is (c, A) minimal?
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Of course the same problem still makes sense under additional smoothness assumptions. In this section we will give a
partial result in this direction.

Let us first discuss some known results on the minimal sets of non-uniformly hyperbolic cocycles. Let o € R\ Q and let
A e CO(R/Z,SL(2,R)). If L(c, A) > 0 then it follows from Oseledets Theorem that there exists two measurable function
u,s : R/Z — 0D (the unstable and stable directions) such that A(0) - u(d) = w(0 + o) and A(#) - s(§) = s(0 + a) and for
almost every 0, for every w € 9D, if w # s(0) then |A,(0) - w — u(f + na)| — 0 exponentially fast, and if w # u(#) then
|An (0 — na)™t - w — s(6 — na)| — 0 exponentially fast. It follows (from unique ergodicity of § — 6 + «) that there are
exactly two ergodic invariant measures on R/Z x 9D, the push-forwards of Lebesgue measure on R/Z by 6 — (0, u(6)) and
0 — (0,s(0)), which we denote by u, and us. Let us denote their (compact) support by K, and K. It follows that any
minimal set for («, A) coincides with either K, or K, (and in particular, at least one of K, K, is a minimal set).*

We now show that the complexification methods allow one to address the local case, at least if one assumes enough
smoothness.

Theorem 3.8. Let A € C?*T(R/Z,SL(2,R)) be monotonic. Fix « € R\ Q. Then (o, A) is minimal.

Proof. If L(a, A) = 0 then (o, A) is C* conjugate to a cocycle of rotations. For a cocycle of rotations, transitivity obviously
implies minimality, so the result follows from [KKHO].

Let now L(a, A) > 0. We consider the analytic case, the smooth case being analogous. Let m : Q5 — D satisfy
Ao +it) - m(o +it) = m(o + it + o). Since L(a, A) > 0, for almost every ¢ € R/Z, m(o) = limm(o + it) € 0D, and m|R/Z
coincides with the unstable direction u : R/Z — 0D defined above. Since A is not homotopic to the identity, m|R/Z is not
continuous.

We claim that for every interval J C R/Z and any interval J' C 9D, there exists a positive measure set of o € J such that
m(o) € J'. This follows from the Schwarz Reflection Principle: otherwise m|J would be analytic so by invariance we would
have m|R/Z analytic, hence continuous. Thus K, = R/Z x 0D. Analogously, we have Ky = R/Z x 9D, which concludes the
proof of minimality. O

3.2. Premonotonic cocycles. As remarked in the introduction, the concept of monotonicity is not dynamically natural.
The easiest way to extend the concept of monotonicity is the following. We say that (o, A) is premonotonic if it is C*
conjugate to a monotonic cocycle: there exists B € C1(R/Z,SL(2,R)) such that B(z + «)A(z)B(x)~!. This happens if and
only if (a, A) is real-analytic conjugate to a monotonic cocycle (any C!-perturbation of B which is real analytic will do).
This definition is such that all results proved for monotonic cocycles extend in a trivial way to this larger setting. It is also
enough for us to prove our global results.

Although premonotonicity is (expressily) invariant under smooth conjugacies, we have not succeeded in proving it is
invariant under more general classes of transformations. For instance, it is not clear if a cocycle which admits a monotonic
iterate is premonotonic (though it is easy to show that there exists real-analytic premonotonic cocycles with any given
frequency which do not admit a monotonic iterate). Worse, this definition does not behave well under renormalization. Thus
we were led to study some more general classes of cocycles which can be shown to admit a description similar to monotonic
cocycles. Our results are, at the moment, not completely satisfactory: we have identified a natural class which is invariant
under renormalization, but we did not succeed in showing that this class is actually bigger than the class of premonotonic
cocycles. In order not to distract from the normal flow of our arguments, we have left this discussion for Appendix F. In the
same appendix we shall also prove the existence of many cocycles which are not premonotonic.

4. NON-UNIFORM HYPERBOLICITY FOR TYPICAL COCYCLES
4.1. Monotonic (and premonotonic) cocycles with a zero Lyapunov exponent.

4.1.1. An estimate for the second derivative of the Lyapunov exponent for a cocycle of rotations. Since the Lyapunov exponent
L takes non-negative values, we must have DL = 0 whenever L = 0. Here we are going to show that if L = 0 then D?L # 0.
This implies that {L = 0} is a subvariety of positive codimension.

4Although we will not need this fact, if (c, A) is non-uniformly hyperbolic then K, N K, = by a result of Herman [H].
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Lemma 4.1. Let B € C°(R/Z,SL(2,R)). Let Ag(z) = RpeB(xz —0). Then
1 1 -1
B B(
(4.1) / L(a, Ag() / m (1B@I+ ” @l ) dz.
0 0
Proof. Let Cy(x) = RpgRn.B(x). Notice that Ag(x + 0) = Cy(x). In particular, L(a, Ag) = L(c, Cy). The result follows by
[AB]. O
Let s € C°(R/Z,sl(2,R)), that is,
_ a(x) b(z) + c(x)
(+2) @ = (1) b "Ly
where a,b,c: R/Z — R are continuous functions. Let Ag: = R,€*@=%  Then the previous lemma implies that
1 1
(4.3) %lr% 212 / L(a, Agt)dl = / a®(x) + b*(z)dz.
- 0

In particular, the limit above is zero if and only if a and b vanish identically, that is, if and only if s takes values in so(2,R).
4.2. Reduction to the case of premonotonic cocycles.
Theorem 4.2. Let (o, A) € (R\ Q) x C*(R/Z,SL(2,R)) be L?-conjugate to rotations. Then (a, A) is premonotonic.

Corollary 4.3. Let Ag € C"(R/Z,SL(2,R)), r = w, 00, be C*T¢ and monotonic in 6. For almost every 0, either L(a, A) > 0
or (a, A) is C"-conjugate to a cocycle of rotations.

Corollary 4.4. Let Ay € C"t1¢(R/Z,SL(2,R)), 1 < r < oo, be C*T¢ and monotonic in 0. For almost every 0, either
L(a, A) >0 or (o, A) is C"-conjugate to a cocycle of rotations.

APPENDIX A. ASYMPTOTICALLY HOLOMORPHIC EXTENSIONS

For r € [1,00), let AH"(C,C) be the space of C" functions f : C — C satisfying

(A1) j—;ﬁF(J) =0, ceR k=0,..[r—1],
and in particular

(A.2) IF (o +it) = o(|t|""1),

for integer r or

(A.3) IF (o +it) = O([t|"™1),

for non-integer 7.
It is easy to see that one can define (linear) sections ®,. of the restriction operator AH™ — C"(R, C), moreover, ®, can be
chosen to commute with translations. For instance, one can let

(A.4) S,.(f)(o+1it) = /K(x)f(a+tx)d:v,
where K : R — C is a C* function with compact support satisfying
(A.5) /ka(x)dx:ik, k=0,..[r+1].

a b

In order to obtain asymptotically holomorphic extensions of a matrix valued function A = (c d) € C"(R/Z,SL(2,R)),

it is enough to consider

(A6) %, (4) = (@ (@2, () — 0, 02,0 (510 20,
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which is a well defined function Qs — SL(2,R), where & only depends on the C'*-norm of A.

APPENDIX B. CONFORMAL BARYCENTER

Let M be the set of probability measures on D, and for p € M, let ®(u) = [, 17—\12\2‘1/‘(2)' For w € D, let ®,,(u) = (1)

where p' is the pushforward of p by some Moebius transformation of D taking w to 0. Notice that if ®(u) < oo then
D, (1) < oo for every w. For every 1 < K < oo, let Mg = {pn € M,®(n) < K}, and let My = UMg. Notice that Mg is
compact in the weak-* topology for every K < oc.

The next proposition can be proved using the conformal barycenter of Douady-Earle [DE]. The construction is sufficiently
simple for us to give the details here.

Proposition B.1. There exists a Borelian function B : Mg — D, equivariant with respect to Mdebius transformations of D
and such that ®(0g(,)) < P(u).

Proof. Following an idea of Yoccoz, let us define a pairing D x D — DD by setting z * w as the midpoint of the hyperbolic
geodesic passing through z and w if z # w, and z x z = z. This pairing is continuous and equivariant, and we have

(B.1) ug(z,w) = By (5Z 0w

2
with equality if and only if z = w. Notice that

) - (1)5(52*10) - (2(1)5(52*10) - 1)(1)5(52*10) Z O;

(B.2) us(z,5) = Do(62) — ®4(5:)2.
Extend the pairing * to M x M — M linearly. Thus
(B.3) kU= / 0w dpe(2)dv(w).
DxD
If p,v € My then
1
(B.4) () = 0G4 ) = Bulixv) = [l w)du()dv(w) > 0
DxD

with equality if and only if 4 = v is a Dirac mass. Notice that us : M x M — [0, 00] is lower semicontinuous, so if pr — u
and us(pg, pi) — 0 then p is a Dirac mass. If pup — 5 we have

(B5) lim sup us(,uka ,Uk) > lim sup us(,uka 59) = lim Sup/ (I)s((sz) - (I)s(5z)1/2duk(z)v
D

k—o00 k—oo k—oo
and in particular if additionally lim ws(pk, ) = 0 then lim &4 (ug) = 1.

Given p € M, define p® inductively by u(® = pand ¥ = p®=1 % E=DIf 4 € My then p® € Mo, and we have
O(p*FHtD)) = &(u®)) — w(u®, u®). Thus us(p®, x*) — 0, and any limit of x*) (which exists by compactness) must be a
Dirac mass. Moreover, if (") — &, then ®,(u(™)) — 1, so ®,(u(™) — 1 as well and §, must be the unique limit of z(™).
Now we can set B(u) = s, which is clearly Borelian.” O

The estimates above allow us to obtain compactness result for invariant sections of cocycles. For instance, we have the
following.

Proposition B.2. Let (ag, A;) € R x C°(R/Z,T) be a sequence converging to (o, A). Assume there exists measurable
my : R/Z — D satisfying Ak(x) - mi(x) = mg(x + «), such that

1
B.6 H = lim inf min{ K, ——————dx < oo.
(B.6) K=o Jp/7 { 1 — |mg(z)|?

Then there exists a measurable m : R/Z — D such that A(z) - m(z) = m(z + «) and fR/Z de <H.

5Although we do not need this fact, it is easy to see that B is continuous in each Mg, 1 < K < co.
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Proof. Let Xg = {z € R/Z, W < K}, and let pgp = fXK,k Om(zydz. Let p be any limit of ux i along a
sequence K; — oo, k; — oo attaining the liminf in (B.6). Then p is a probability measure which projects onto Lebesgue
measure on R/Z satisying fR/me ﬁdu(m,z) < H. Let pg, v € R/Z be a desintegration of pu: fR/ZX]D) o(z, z)du(z, z) =
fR/Z(fD o(x, 2)dps(2))dx. Then piz4q is the pushforward of p, by A(z), and m(x) € My for almost every x. Let m(z) =
B(iz). Then m(z + o) = A(z) - m(x) and we have [ ——L——dx < [ I(ﬁdur(z)dx <H. O

I=[m(2)[?
ApPPENDIX C. CODIMENSION OF MONOTONIC COCYCLES WITH ZERO LYAPUNOV EXPONENT

Let us denote by Mj,, C C"(R/Z,SL(2,R)) the open set of monotonic cocycles of degree deg. Here and in what follows,
we shall assume that 7 > 6, so that A — L(a, A) is a C? function of A € MT.

In this section we are going to show that for each o € R, {L(«, A) = 0} is contained on a smooth submanifold of M" of
codimension 4 deg. Since L > 0, the derivative of A — L(«, A) must vanish at {L(a, A) = 0}. Thus, in order to estimate
the codimension of {L(a, A) = 0}, it is enough to estimate the rank of the second derivative of A — L(«, A) at any A € M”
satisfying L(a, A) = 0.

We first deal with the case where a = 0. It is easy to see that if A € M" then L(0,A) = 0 if and only if each of the
equations A(z) = id and A(z) = — id has deg solutions. An obvious estimate shows that the second derivative of A — L(«, A)
has rank 4 deg at such a cocycle. Even without using this fact, this characterization clearly defines {L(0, A) =0} as a C" 2
smooth submanifold of M" of codimension 4 deg.

The case of rational frequencies can be studied similar to the case « = 0, so we shall concentrate on o € R\ Q from now
on.

Theorem C.1. Let (o, A) € C"(R/Z,SL(2,R)) be conjugated to a cocycle of rotations. Then D* has rank 4n.

Proof. The result is obvious if a € Q.
It is enough to consider the case where A(x) = R,,. If « is close to 0 then D?L has rank 4n. The result follows by
renormalization. O

APPENDIX D. PARTIALLY HYPERBOLIC SIMPLETIC COCYCLES

Theorem D.1. Let « € RDC. Typical cocycles in PHj 5 are either reducible or non-uniformly hyperbolic.

APPENDIX E. CONVERGENCE OF RENORMALIZATION
E.1. Convergence of renormalization.

Theorem E.1. Let (a, A) € (R\ Q) x CY(R/Z,SL(2,R)) be L2-conjugated to rotations. For almost every z,. € R/Z, the
renormalizations of (o, A) around x. converge in the C-topology to the set of standard models of the same degree as A.

Corollary E.2. Let (o, A) € (R\Q) x C*(R/Z,SL(2,R)) be L?-conjugated to rotations. If A is not homotopic to the identity
then (a, A) admits a monotonic renormalization.

E.1.1. Strategy. The stategy of reduction from global to local of [AK1] can be summarized as follows. One considers (o, A) €
(R\ Q) x CY(R/Z,SL(2,R)) which is L?-conjugate to a cocycle of rotations, and analyze the iterates of (o, A) under a
renormalization operator. Those renormalizations are essentially cocycles (au,, A™) where «,, are the iterates of o by the
Gauss map. Using the L2-conjugacy, we are able to show that the sequence of renormalizations is C'! precompact and that
limits of renormalization are of the type (s, A>°) where A is essentially (that is, modulo a constant matrix) a cocycle of
rotations. If a is irrational then (au, Aso) can be Cl-conjugated to a cocycle arbitrarily close to a standard model.

This strategy does not cover the case where o is rational. This excludes even some Diophantine frequencies (for instance,
whenever the continued fraction coefficients converge to co we must have ao, = 0).

Notice that the strategy of [AK1] does not prove convergence of renormalization to a standard model. Rather, it shows
convergence to cocycles of rotations, and it implicitly uses that renormalization converges for cocycles of rotations with
irrational frequency.
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Why renormalization converges for a cocycle of rotations with irrational frequency? One way to see convergence is to
observe an averaging effect when iterating (“cancellations”). In this setting, the mechanism of cancellation is obvious: unique
ergodicity of irrational rotations together with commutativity of the group of rotations.

In [K], it was shown under slightly different hypothesis (L>°-conjugacy instead of L?-conjugacy, C? differentiability) that
renormalization converges to a standard model. This method is based on finding cancellations directly in SL(2,R) and is
quite different to the approach described above.

In this work, we will show convergence to a standard model by making a simple adaptation of the argument of [AK1]. We
first renormalize several times in order to get close to a cocycle of rotations, but we do not take the limit. Here “close” to
rotations means more than just C'-close: it is important to also guarantee that the L2-conjugacy is L2-close to rotations.
Then we show that the cancellation mechanism for cocycles of rotations still works if we are only “close” to rotations.

E.1.2. Statements. Let us fix some notation. If A is L2-conjugate to a cocycle of rotations, we denote by B the L? conjugacy,
so that B(x + a)A(z)B(z)~! € SO(2,R). We let ¢(z) = || B(x)||?, and let

k
(E1) S(a) = sup 5 D ola).
= jsz

In [AK1], precompactness of renormalization is based on the following estimate:

Lemma E.3 (see Lemma 3.3 of [AK1]). Let (a, A) € (R\ Q) x C*(R/Z,SL(2,R)) be L?-conjugated to a cocycle of rotations.
For almost every x. € R/Z, there exists K = K(x.) > 0, such that for every d > 0, for every n sufficiently large such that
Inal| < 4, for every v € R/Z such that |x — x| < £, we have

(E.2) 14, 194 )] < K.

(In [AK1] higher derivatives are also considered.)

This result is enough to obtain precompactness of iterates of renormalization in topologies weaker than C!, but not
in the C' topology, which will be necessary in our argument. We will prove the following estimate, which does stablish
Cl-precompactness.

Lemma E.4. Let (o, A) € (R\Q) x CY(R/Z,SL(2,R)) be L?-conjugated to a cocycle of rotations. For almost every z. € R/Z,
there exists K = K (x.) > 0, such that for every d > 0, for every n sufficiently large such that ||nal| < %, for every x,2' € R/7Z
such that |z — x|, |2/ — z.| < £, we have

(E.3) %HAn(x)*l@An(x) — A (2")710A, ()| < Kn|z — 2'| + 6(n),
where limy,_,o 6(n) = 0.

(This result also implies that limits of iterates of renormalization are C1 TP but we will not use this.)
For x € R/Z such that B(z) is defined, let A*(y) = B(z)A(y)B(z)~!. In [AK1], information about the limits of
renormalization was based on the following:

Lemma E.5 (see Lemma 3.4 of [AK1]). Let (a, A) € (R\ Q) x C*(R/Z,SL(2,R)) be L?-conjugated to a cocycle of rotations.
For almost every x. € R/Z, for every 6 > 0, d > 0, for every n sufficiently large such that ||na| < %, for every x € R/Z
such that |z — x.| < £, we have
(E.4) [AL ()| < 1+ 6(n),
where limy,_,o 6(n) = 0.

This result is enough to stablish C%-convergence of renormalization to cocycles of rotations (modulo a constant matrix).

Because of C''-precompactness, this is enough to get C'-convergence.
Our key estimate, which is based on cancellation, is the following:
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Theorem E.6. Let (o, A) € (R\ Q) x CY(R/Z,SL(2,R)) be L2-conjugated to a cocycle of rotations. For almost every
xx € R/Z, for every d > 0, for every n sufficiently large such that ||na| < %, for every x € R/Z such that |z — x| < %, we
have

(8.5) |z )0 (@) - o < ato)

where w = w(x,) € s0(2,R) and lim, . §(n) = 0.

(Actually w only depends on the degree of A.)

This result implies convergence of renormalization to the standard model (modulo a constant matrix).

The proofs of Lemma E.4 and Theorem E.6 involve quite a bit of the proof of Lemmas E.3 and E.5, so we will give the
proof of all of them for completeness.

E.1.3. Proof of Lemmas E.3 and E.4. Let X1 C R/Z be the set of © € R/Z for which S(z) < co. It has full Lebesgue measure
by the Maximal Ergodic Theorem. Let Xo C X3 be the set of measurable continuity points of S and of B (and in particular
of ¢). Tt has full Lebesgue measure by the Lebesgue Density Point Theorem.

In what follows, C; will denote various constants that only depend on A and C;(z) will denote constants depending on

x € X1 and which are continuous increasing functions of ¢(x)S(x).
Let y,y' € R/Z. We have

(E.6) id —A; ()

\ N

> HnAu )2|lid —A(y + i10) " Ay +ia)|

0<i,r<...<i1<j—11=1

> H01|Z/—y'||\Au(y)||2

r<..<i1<j—11=1

IN

=y
vy

Jj—1
—1+eXp<01|y v 1Y Ay ||2>

=0

where C7 depends only on the Lipschitz norm of A.
Notice that

j—1
(E.7) ZHAl I < jow)S(y),
so we get
(E.8) lid —A;(y) " A, ()]l < —1+exp(Crily — y'|6(y)S(y))-
If |y — x| < , and = € X; then this implies
(E.9) lid = A;(y) ™ A ()] < Ca(2).
In particular this gives
(E.10) [A; ()] < Ca(2)||4; ()]

If |y — x| < 1 and x € X; this gives

n

(E.11) ZHAJ )I? < Ca().
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Thus, if x € X7 and |y — x|, |y — 2| < % we get

j—1
(E.12) [id=A4;(y) " Aj(y")]| < —1+exp <01|y VI Ay ||2> < —1+exp(Crly — ¥'|Cua(x)) < Cs(x)jly — ¥l
1=0
Let us now estimate
n—1
(E.13) An(y) ' 0A(Y) = Y Aj(y) T Ay + ja) T OA(Y + ja) A;(y).
=0
We have
n—1
(E.14) [An(y) ' 0AL(y)| < Z IA; (W) 1P| A(Y + ja) T OA(y + ja)|l < Ce Y 14 ()],
7=0

where Cg depends on the C' norm of A. Thus if |y — 2| < 2 where € X; we can estimate

(E.15) 140 (1) 04 (y)|| < Cr()n.

Let us now consider x € X; and points y,y’ such that |y — z|, |y’ — z| < % We want to estimate

(B.16)  An(y) '0An(y) — Anl(y) 1 0AL( =Z Yid —A; () A (y) A + ja) TOA(y + ja) Aj(y)
7=0
n—1
+ 3 Ai(W) Ay + jo) TOA(Y + ja) — AW + ja) TOA(Y + ja))A; ()
j=0
+ ) Aj(y) M Ay + ja) Ay + jo) (id — A5 (y) T A5 (y) As ().
j=0
Notice that
n—1
(E.17) D Aj(y) A + jo) T OAY + ja) — A(Y + jo) TIOA(Y + ja))A; ZIIA )I? < e(n)Ca(z)n,
§=0
where
(E.18) e(n) = s [A(y)~10A(y) — A(y') " OAW)|
satisfies lim,_,o €(n) = 0.
On the other hand,
(E.19) iAj(y)*l(id—Aj(y)Aj(y')*l)A(y+ja) LOA(y + jo) A Z_: CollA; () [1P[1id = A; () A; (y) 7|
3=0 —0
Cy(x)Cs(2)Conly — y'|.
Similarly
(E.20) Z_: Aj(y) T Ay + ja)TTOA(y + je) (id — A, (y) 1 As(y) A5 (y) || < Ca(e)Cs(x)Conly — o'
§=0
Thus

(E.21) 140 ()~ 0AR(y) = An(y") T 04y < Calw)e(n)n + Ca()Cs(x)Conly — o/ |.
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Let now x, € X5. Then for d > 0 fixed and for n big, the set of z € X such that ¢(z) < ¢(z«)+ 1, S(x) < S(x,)+1 and

|z — z.| < 24 has Lebesgue measure bigger than 2% — L If |[na||z < £, this implies that every y such that |y — z,| < £ is

n 100n
L close to some 2 € X satisfying such that = + na € X;. For such an y we have

10n

(E.22) I4n (@)l < Cs(2)[[An(2)]| < Cs(@)(é(a) +1)* < Cs(z2),
(E.23) [4n ()" 0AL ()] < Cr(z)n < Co(wi)n.

This already gives Lemma E.3. Moreover, if y' € R/Z is such that |y — ¢/| < ﬁ, we also have

(E-24)  [|An(y)"10An(y) — An(y)T'0Au(Y)]| < Ca(a)e(n)n + Ca(2)Cs(2)Conly — y'| < Cro(a)ne(n) + Cro(z.)nly —y'|.
Thus, if [y — 2], |y’ — 2| < £ we have
(E.25) [ A (y) ™ 0AR(y) — An(y') " 0AL(y')|| < 10dC10(z4)ne(n) + (10d + 1)Cro(z)nly — ¢/,

which implies Lemma E.4.

E.1.4. Proof of Lemma E.5 and Theorem E.6. Let z, € X5. For every € > 0, for n sufficienly large such that ||na|z <
4 any y € R/Z such that |y — 2| < < is at distance at most € from some z € X; such that [z — z,] < £ and

|B(2.) = B(@)|l, [| B(z+)~*B(x + na)|| < 1+ e Thus
(E.26) 1B(2.) An(y) B(ws) M| < |B(2:) An (@) Bwa) 7| + 1 B(2:) (A (y) — An(2))B(z.) |
< 1B(@)Bex) " [I1B(a.) ™' B(w +na)l + 1Bz 7| An(y) — An(2)]
= (1+ €)% + K (z.)]| B(z.)|%€,
where K (x,) is as in Lemma E.3. This already implies Lemma E.5.
Let IT : sl(2,R) — so(2,R) be the orthogonal projection.
Let n; — oo be the increasing sequence of all n; such that ||n;al < ni Let V; : [—=d,d] — SL(2,R) be given by

Vi(y) = A% (24 + %). By Lemma E4, V; is C! precompact, and by Lemma E.5, any limit V of V; takes values on SO(2,R).
It follows that

(E.27) [Vi(x) ' aVi(z) — T(Vy(z) ' dVi(x))|| — 0.
In other words, we have proved the following:

Proposition E.7. For every z, € Xo,

: 1 xT xr xr T
(E.28) A osup LAY (y)0AY (y) — (A (1)0A ()] — 0.

’ d
Inalz<d W=l

For & € R/Z such that B(x) is defined, let B = B(x)B(y)B(z)~" and let ¢,(y) = [|B*(y)|*.
We may assume 0 < a < 1. Let %, k > 0 be the sequence of continued fraction approximants of «a, see for instance

[AK1] §4.2. We will need only a few properties of the approximants. We have 1 = ¢p < ¢1 < ¢2 < ... and <

(~1)(gpa — pr) < 1.
Let Jp k = (+ qx—10 —pr—1, T + grer — pi) and define Ty, : Jp ) — Jo i the first return map. Thus Ty, x(y) = y + 7.6 (y)
where 7, 1 (y) is the first return time of y to J, ,. We have r, ,x(y) = qi for y € (@ + gr—1c, 2] and r, ,x(y) = qr—1 for
y € (z + gra]. Thus z is the only discontinuity of Ty ;. If we glue the endpoints of Ty, to obtain a circle, the map Ty
becomes an irrational rotation of frequency G*(a), where G is the Gauss map.
Let A%k : J, . — SL(2,R) be given by A%F(y) = AL @)

The return time to J, 1 is bounded by ¢; which is less that ﬁ This estimate will be crucial for us to use Lemmas E.3,

1
Ak +qr+1

E.4 and E.5 in order to obtain estimates on A%* (after a convenient choice of z and for k large).
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For x € Xy, let Y, 1., be the set of all y such that for all [ > 0,
(E.29) > b0 ()62 (T2 1 (1)) < 1.

0<j<i-1,
fors (y)¢z(T;,k(y))>1+n

Let X3 C X3 be the set of all x such that there exists a sequence 7, — 0, k; — oo and z; € X5 such that K(z;) < 2K (z),
|B(z) — B(z)|| <m, x € int Jy, 1, and z is a density point of Yy, x, n,-

Proposition E.8. The set X3 has full Lebesgue measure.

Proof. For n > 0, let Z,;,, be the set of points x € Xy « € int Jy; NYy 110, [|B(z) — B(y)|| < n and 2K (z) > K(y). It is
enough for us to show that

(E.30) leITC)lo |Ui> Uyex, Zy,l,n| >1-10n.
By the Lebesgue Differentiation Theorem, for almost every = € X,

(E.31) lim y)dy = ¢(z).

l—o0 |Jw l|

This implies that

(E.32) lim / bz (y)dy =

l—o0 |Jrl|

(one must use that z is a measurable continuity point of B).
By Vitali’s Covering Lemma, Lebsgue Density Point Theorem and the above, for every £ > 0, there exists a sequence
y; € Xo, l; > k such that J,, ;, form a disjoint cover of almost all of R/Z, such that

(E.33) / oy, (y) — 1dy <,
|J7!ul | Ty,
and the set of y € J,;, with 2K (y) > K (y;) and ||B(y) — B(y;)|| < n has measure at least (1 — n)|J,, ;|- By the Maximal
Ergodic Theorem, w > 1 — 10n. This implies
(E34) |Ul>1€ UyEXz Zy7l177| > Z |Zy'i7li;"7| >1- 1077
as required. Il

We shall now prove that for any x, € X3, the conclusions of Theorem E.6 hold. From now on, we will fix z, € X3 and let
xy, ki, m; be as in the definition of Xj.
Let Jl = ']frl,klv ﬂ = Tltl,k”

(E.35) si(@) = ra, k0 (2),
(E.36) Ul(x) = A" F (2) = AT, (2),
j—1
(E.37) sl(z) = si(T}(z))
=0
0 .
(E.38) Uj@) = ] U'(T@) = Ay (@),

Notice that

(E.39) U (z)"'oU (z)| < K,

1
si(x)
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where K depends on z, but does not depend on .
Let u; : J; — so(2,R),
and bounded (by K). Let

%z) Ul(z)~1oU!(x) onto so(2,R), which is continuous except at .

1 _
(E.40) n = 51615) @) Ul(z) 710U (z) — wy(x)
z€J;
By Proposition E.7, lim#, = 0.
Let also
1
(E.41) &= m si(y)dy,

¢1 = == by Kak’s Lemma or by easy verification),
[71]

1

(E.42) Y = ]

si(y)u(y)dy € so(2,R).
Notice that q’“ < ¢ < qi,-

Let x € le,khm, and let n > 0 be very large and such that « + na € J;. Then n = s{(x) for some ¢t > 0 very large. We
notice that (by unique ergodicity of irrational rotations) by taking n large we can assure that

t—1

(5.43) 2> a) — an| <
j=0
and
t—1
(B.44) > T @I @) ~ | <
j=0
‘We have
(E.45) A% () LAY (x ZUl LUNT (2) T OUN(TY (2)) UL ().
Let us estimate
t—1 t—1 l LTI () 1oU N (TY Lig )
(E46) A:;ELL( 18Azl Zsl Ul TJ ZS[ U( ) U (Tl( ))] oU (T ( ))Uj( ) _ul(le(Z‘))H
=0 far si(T} (x))

Let us split {0,...,t — 1} = T U I’ where I is the set of j such that |U}(x)|]| < 1+ and I’ is the complementary set. For
Jel,

V) LUNT? ()10 T (VU (2 )
Uj(a) U (T ()~ OU (T} (2)U;( )_UZ(TZJ(QC))

E.
(547) (17 (@)

< 10 max{m;, n; }.

We can estimate
Ul ()" UNTY ()" OU (T} (2)) U ()

(E.48) > si(Ti (2)) T @) — (T} (

jer

< Y 10K s (2)[|Uf ()]

jer’

<D 10K gr, b, (), (TY ().

jer
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If j € I', we must have ¢y, (z)¢ps, (le(x)) > 1+, and since x € Yy, , ., We have

U@ o T (@)U (T (2) U :
(E.49) > s(T (@) jte)” U l(x))j T )0 ) —w (T} (x))|| < 10K gy, tm;.
(T} ()
Notice that gyt < 3n, thus
t—1
(E.50) A7 (2) " DAL () = Y su(T (T7(2))]| < (30K + 10) max{n, n;}n,
7=0

which implies

(E.51) < 30(K + 1) max{m, m;}-

1

1 ) — x; ¢l

Since ||B(z4) — B(x;)|| < mi, we conclude that for n sufficiently large such that z € J;, x + na € J; we have

<¢q

1 T — Ty ¢l
(E.52) HEA” (x)"rOA® (x) — P

with lime; = 0.

Since @, is a density point of Yy, k., any ¢ € R/Z such that |z — 2,| < £ is at distance at most

xo € Yu, k;,m, where lim, . €, = 0. By Lemma E.4, if n is such that ||nal| < % this implies that

from some

(£.53) AT (1) OAT: (2) — A (a0) DAL (1)

< 5l7n~

where lim,, .o 6;,,» = 0. In particular, if n is sufficiently large,

1
(E.54) ’—Ai* (x)‘laAfl*( ) — wl <€+ 00 < 26,
n o
holds for every x € R/Z such that |z — x| < %. To conclude, we notice that this implies that
’@[}l wm ’
E.55 — = || < 2(e + €em)s
(1:59) B | P TEm)

so that % converges to some w € R/Z, and we can rewrite (E.54) as

(E.56)

1

— A% () LoAT (x) — wH <4¢
n

as required.

APPENDIX F. MORE ON PREMONOTONIC COCYCLES

For simplicity, we shall restrict ourselves to the case of cocycles which are at least C!.

It will be convenient to identify R/Z with OD through h : R/Z — 0D given by h(y) = e*™¥. Let II;, Il : R/ZxR/Z — R/Z
be the coordinate projections.

Given a cocycle (o, A) € R x C°(R/Z,SL(2,R)), we let F = F, 4 : R/Z x R/Z — R/Z x R/Z be its projective action:
F(z,y) = (z + a,h" (A(z) - h(y)))-

Let us consider a foliation F of R/Z x R/Z which is transvers to the vertical foliation {{z} x R/Z},cp/z. We will say that
F is trivial if its holonomy for horizontal loops is trivial: in other words, its leaves are circles projecting homeomorphically
on the first coordinate.

We will say that a foliation is projective if it can be obtained locally as the image of the horizontal foliation by Fy g
for some B € CY(R/Z,SL(2,R)). A trivial projective foliation is globally the image of the horizontal foliation by some
B € CY(R/Z,SL(2,R)).
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We will say that a foliation F is transverse (with respect to F' = F, 4) if F'(F) is transverse with respect to F. We
may distinguish between positively transverse foliations and negatively transverse foliations according to whether the slope
of F(F) is bigger or smaller than the slope of F.

In this language, monotonicity and premonotonicity can be defined as follows: a cocycle is monotonic if the horizontal
foliation is transverse, and it is premonotonic if there exists a trivial projective foliation.

This suggests several possible extensions of the concept of monotonicity based on dropping the requirements on the
transverse foliation. The weakest is to ask just for the existence of a transverse foliation, and we will call this notion weak
monotonicity.

Associated to a foliation F which is transverse to the vertical foliation is a vector field of the form (1,u) where u €
C°(R/Z x R/Z,R) which is tangent to the foliation. Following this link, we can defined transverse, trivial and projective
functions u € C°(R/Z x R/Z,R). For instance, u is transverse if

(F.1) Mo DE(z,y) (1, u(z,y)) # u(F(z,y)).

It is often more convenient to work with u than with F. The class of transverse (respectively, projective) functions is an
open convex cone (respectively, closed subspace) in C°(R/Z x R/Z,R).

F.1. Behavior under renormalization. We say that an action ® is weakly monotonic if its frequency module is non-trivial
and there exists a foliation F of R x R/Z which is transverse to the vertical foliation and which is positively transverse for
®(1,0) and negatively transverse for ®(0,1). Obviously weak monotonicity is C''-open.

Proposition F.1. A normalized action ® is weakly monotonic if and only if ®(1,0) is a weakly monotonic cocycle. Moreover,
weak monotonicity is invariant by conjugation, dilatation, translation and base change. In particular it is also invariant under
renormalization.

Proof. If (a, A) is a weakly monotonic cocycle then there exists a 1-periodic foliation F on R x R/Z which is, say, positively
transverse for ®, 4(1,0). This foliation is associated to a one-periodic function u : R x R/Z. Let us consider an increasing
function v’ : R — R such that |u/| < 1. Then v’ (x,y) = u(x,y) + eu/(z) is negatively transverse for ®, 4(0,1) for € > 0.
Moreover, if € is small v is close to u so it is positively transverse for @, 4(1,0). Thus ®,, 4 is weakly monotonic.

If @, 4 is a weakly monotonic action then there exists u : R x R/Z — R which is, say, positively transverse for ®,, 4(1,0)
and such that u(z + 1,y) > u(z,y). Let v’ : R x R/Z — R be given by v'(z,y) = v/(z — [z],y) which is one-periodic and
L%, but not continuous. Define u”(z,y) = [ K(t)u'(x + et,y)dt where K (t) is a C* function with compact support which
is non-negative and [ K (t)dt = 1. Then u”(xz,y) is C*°, one-periodic, and it is easy to see that it is positively transverse for
®,,4(1,0). It follows that (o, A) is weakly monotonic.

The only remaining non-trivial part is to show invariance of weak monotonicity by base change. Thus let ®, 4 be a weakly
monotonic normalized action and let u: R x R/Z — R be a one-periodic C* function which is, say, positively transverse for

@, 4(1,0). Let ¥(1,0) = ®(a,bd), ¥(0,1) = ®(c,d) with (CCL Z) € GL(2,Z). We can reduce to the case when (CCL Z) is
. -1 0 0 1 11 .
either ( 0 1), (1 O) or (0 1), and all those are obvious. ([

Corollary F.2. Let (a, A) € C1(R/Z,SL(2,R)) be non-homotopic to the identity and L?-conjugated to a cocycle of rotations.
Then (a, A) is weakly monotonic.

Remark F.1. Actually it is possible to show a stronger result: there exists B € C¥(R/2Z,SL(2,R)) such that B(x + «) o
A(z) o B(z)™! is monotonic.

F.2. Examples of non-premonotonic cocycles. Let v : R/Z — R/Z be C' of non-zero degree, and assume that D~y
changes sign. Let A(f) = R,). Then (0, A) is not homotopic to the identity and not weakly monotonic, and indeed if
B e CY(R/Z,SL(2,R)) is C'-close to A, the cocycle (0, B) is not weakly monotonic. More generally, it is easy to construct,
for each o € Q, C'-open subsets of cocycles which are not-homotopic to the identity and not weakly monotonic with frequency
a.
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It is harder to give examples of non-premonotonic, non-homotopic to the identity cocycles with irrational frequencies. For
instance, any cocycle of rotations with irrational frequencies is premonotonic, so the example above does not work. Indeed,
it could be expected that cocycles with irrational frequency tend eventually to start turning in the direction of the degree.
However, the growth of the degree is only linear, so it might not be enough to overcome the exponential behavior of cocycles
with a positive Lyapunov exponent. To make this idea work, we will need an extra ingredient: in non-uniformly hyperbolic
settings, there are frequently points in the phase space where there is coincidence of stable and unstable directions. Our
contruction is based on the following result.

Theorem F.3 (Young, [Y]). Let By € C1(R/Z,SL(2,R)) be a one-parameter family (defined on a neighborhood of t = 0),
such that (t,x) — By(x) is C1. Let B(z,t) = By(z)"1(=1) and C = {z, B(x,0) = 1}. Assume that 0,3(z,t) # 0, x € C and
{g:ggg Ywec are all distinct. Let Ay, = (>)\ )\91 B;.

Let a € R/Z be a Brjuno number. Then there exists g = €p(a) > 0 (small) and Ao = Ao(a,€9) > 0 (large) such that
for every € < €y and for every A > Ao there exists § = 6(a,e,A) > 0, n = n(a,A) > 0, such that im0 r—0cd = 0 and
limy—oo =0, and a set X = X(a, €, \) C (—e¢,€) such that | X| > 2e —n with the following property. If t € X then for every
x € C, there exists ¢ = c(a, \,t,x) ER/Z, z = z(a, A\, t,x) € ID such that |c — x| <6, |z — 1] < § and for n > 0 we have

0
(F.2) H< H A)\’t(x—i— ka)) . (ZM 1)
k=n—1

S )\72"1/37

S )\—27},/3.

(F3) H( ﬁ A>\7t(x+ka)_1> X (ZJVI 1)

k=—n

This result uses an inductive construction inspired by the work of Benedicks-Carleson [BC] on Hénon maps. The points ¢
that appear in the description are ‘critical points”. In the case of Hénon maps the critical set is a Cantor set of tangencies
between stable and unstable manifolds [WY]. In the case discussed here the critical set is a finite set of points displaying
coincidence between the stable and unstable directions. Besides the qualitative aspects of the result, it will be very important
that those results localize very precisely the critical points near the easily defined set C, and gives quantitative estimates for
the behavior of the orbit of the critical points.

Theorem F.4. In the same setting of the previous lemma, assume that {S0,5(x,t)}wec do not have all the same sign. Then
if € is sufficiently small and A is sufficiently big, if t € X (a, €, A) then Ay, is not premonotonic.

Proof. Let h : R/Z — 0D be given by h(z) = e?™@. Let F,G,H : R/Z x R/Z — R/Z x R/Z be given by F(z,y) =
(o7 (A ) ) Glap) = (o ™ (Bule)-h(a)) and (o) = o (%0 ) i), so ht F = oG
Let also IIy : R/Z x R/Z — R/Z be the projection on the second coordinate. We have

F.4) 20, F(z,y) = (20 H (G (2,9))) (201 G(x, y)) = (202 F (2, y))(M20:G(x, y)) "  (T20:1G(x, ),
(F.5) Mo, F~ (F(2,y)) = 20, G~ (G2, y)) = _%.

By the hypothesis, there exists € C such that II,0;G(x,0) > 0. Let ¢ = c¢(a, A\, t,x) and let z = z(a, A, ¢, z). Let
d = h™1(z). Then I120,G(c,d) > 0.
Let us consider a continuous function u : R/Z x R/Z — R. We have
(F.6)
n—1
I, DF"(F~"(c,d))(1,u(F~"(c,d))) = Y (202 F*(F~*(c, d))) M0 F(F " (c,d))) + 202 F™ (F~" (¢, d))u(F " (c,d))
k=0
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so we have
oo

(F.7) v (e,d) = lim Ty DF™(F~"(c,d))(1,u(F~"(c,d))) = Y (M0 F*(F~¥(c,d))) (01 F (F %7 (¢, d))),

n—o0
k=0

and the series in the right side converges exponentially fast. We may rewrite

(F.8) v (e, d) =Y (Mada FH(EF (e, ) (20:G(F 7 (e,d)) T (Tt G(F 7 (¢, d))),
k=0

which gives
(F.9) (e, d)] = O ).

On the other hand, we have
(F.10)

Mo DF " (F™(c,d))(1,u(F"(c,d))) = > (0o F~*(F¥(c,d))) (20, F~ (F¥ (¢, d))) + 202 F ~"(F" (¢, d)u(F" (c, d))

k=0
so that
(F.11) (e, d) = nlglgo DF™™"(F™(¢,d))(1,u(F"(c,d)) i 0o F~F(F*(c,d))) (0, F L (FF (¢, d))),
k=0
which we can rewrite
- 11,0,G(F*(c,d))
(F.12) kgo H282F ( ,d)))m,
so that
H281G(c, d) - 4

(Flg) ’}/+(C, d) + m = O()\ /3)

Those estimates together imply that v+ (c,d) < v~ (c¢,d). In particular, if n is large,
(F.14) I, DF"(F~"(¢,d)) (1, u(F~"(c,d))) > e DF " (F"(¢,d)) (1, u(F"(c,d))),

which implies Il DF?"(F~"(c,d))(1,u(F~"(c,d))) > u(F"(c,d)). Thus u can not be negatively transverse.
An analogous argument (considering a different critical point) shows that u can not be positively transverse. Thus u
cannot be transverse at all. (]

Remark F.2. Let us define the sign of a critical point as the sign of 11291 G(¢, d) in the notation of the proof of the previous
lemma. In the argument above, we could have used only one critical point with sign opposite to the degree (the case of
degree 0 being trivial). But this does not give a result stronger then what is stated above: indeed, there are always critical
points with the same sign of the degree. Actually there are always 2 deg critical points more with the sign of the degree than
with opposite sign (since x — [(z,0) has degree 2d).

It would be interesting to know if (in the case of non-zero degree) the absence of critical points with sign opposite to the
degree implies premonotonicity of the cocycles coming from Young’s construction (for A sufficiently large and e sufficiently
small).

The examples discussed above show that absence of premonotonicity is non-negligeable in the measure-theoretical sense.
We believe that premonotonicity is not even dense, but the method above does not answer this question.

Problem F.1. Let (o, A) € (R\ Q) x C"(R/Z,SL(2,R)), r > Lip. Does L(«, A) = 0 imply that («, A) is premonotonic?

A positive answer to this problem would show that, for irrational frequencies, the only obstruction to non-uniform hyper-
bolicity (in C", r > 2) is to be smoothly conjugated to a cocycle of rotations.
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