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Abstract
We prove the renormalization conjecture for circle diffeomorphisms with breaks,
i.e., that the renormalizations of any two C 2+α -smooth (α ∈ (0, 1)) circle diffeomorphisms with a break point, with the same irrational rotation number and the same
size of the break, approach each other exponentially fast in the C 2 -topology. As was
shown in [18], this result implies the following strong rigidity statement: for almost
all irrational numbers ρ, any two circle diffeomorphisms with a break, with the same
rotation number ρ and the same size of the break, are C 1 -smoothly conjugate to each
other. As we proved in [17], the latter claim cannot be extended to all irrational
rotation numbers. These results can be considered an extension of Herman’s theory
on the linearization of circle diffeomorphisms.
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Introduction and statement of the results

Rigidity theory for circle diffeomorphisms is the subject of the classical theory of Herman [14], further developed by Yoccoz [38]. It states that any sufficiently smooth circle
diffeomorphism with a Diophantine rotation number ρ is smoothly conjugate to the rigid
rotation Rρ : x 7→ x+ρ (mod 1), i.e., there is a smooth circle homeomorphism ϕ : T1 → T1
such that T ◦ ϕ = ϕ ◦ Rρ . The crucial step in the whole theory is to establish C 1 smoothness of ϕ, from which one can derive higher smoothness results using Hadamard convexity
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inequalities and bootstrap techniques. It turns out that for almost all Diophantine rotation numbers, the conjugacy is arbitrarily smooth if the diffeomorphism is smooth enough.
On the other hand, Arnold showed that the conjugacy can be not even absolutely continuous for some Liouville (non-Diophantine) irrational rotation numbers, even in the case
of analytic circle diffeomorphisms. A natural approach to Herman’s theory is based on
renormalization [34]. In this approach, the rigidity statement can be obtained using the
convergence of renormalizations of sufficiently smooth circle diffeomorphisms with the
same irrational rotation number. In fact, the renormalizations of circle diffeomorphisms
approach a family of linear maps with derivative equal to 1. Such a convergence implies
rigidity and smooth linearization if the rotation number satisfies a Diophantine condition.
This paper presents the renormalization and rigidity theory for circle diffeomorphisms
with a single singular point where the derivative has a jump discontinuity. We call such
maps circle diffeomorphisms with breaks and these points the break points. Our main
result is the theorem on the exponential convergence of renormalizations for circle maps
with breaks provided that they have the same irrational rotation number and the same
size of the break, i.e., the square root of the ratio of the left and right derivatives of a map
at the break point. More precisely, we prove the following.
Theorem 1.1 Let α ∈ (0, 1) and let c ∈ R+ \{1}. There exists µ ∈ (0, 1), such that
for every two C 2+α -smooth circle diffeomorphisms with a break T and Te, with the same
irrational rotation number ρ ∈ (0, 1), and the same size of the break c, there exists C > 0,
such that the renormalizations fn and fen of T and Te, respectively, satisfy kfn − fen kC 2 ≤
Cµn , for all n ∈ N.
We emphasize that the convergence result holds for all irrational rotation numbers and
that the exponential rate of convergence is universal, i.e., it is independent of the maps
and, in particular, their rotation numbers, as long as the size of their breaks is the same.
As we have previously shown in [18], Theorem 1.1 implies a strong rigidity statement for
such maps.
Theorem 1.2 For almost all irrational ρ ∈ (0, 1), any two C 2+α -smooth circle maps with
a break T and Te, with the same rotation number ρ, and the same size of the break c, are
C 1 -smoothly conjugate to each other.
We have earlier proved in [17], answering a question of [16] (question II therein), that this
claim cannot be extended to all irrational rotation numbers.
To explain how maps with breaks appear naturally in the context of one-dimensional
dynamics, we start with a rigid rotation by an angle ρ on a unit circle T1 , i.e., a linear
map Rρ . It is well known that such a map can be regarded as an interval exchange
transformation of two intervals. While the intervals are transformed by isometries, in
the case of an interval exchange transformation, it is quite natural to consider nonlinear
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interval exchange transformations, where the maps acting on the intervals are assumed
to be smooth and strictly monotone. Such generalized interval exchange transformations
were recently introduced by Marmi, Moussa and Yoccoz [30]. In the case of two intervals
there are just two branches h1 : [0, ξ] → [h1 (0), 1] and h2 : [ξ, 1] → [0, h2 (1)], ξ ∈ (0, 1),
which satisfy a matching condition h1 (0) = h2 (1) ∈ (0, 1). By matching the derivatives
(h1 )0+ (0) = (h2 )0− (1), (h1 )0− (ξ) = (h2 )0+ (ξ), we obtain a circle diffeomorphism T with a
lift whose restrictions to [0, ξ] and [ξ, 1] are given by h1 and h2 + 1, respectively. Such
a matching condition is rather artificial in the setting of nonlinear interval exchange
transformations. Without the derivative matching one obtains a circle diffeomorphism
(1)
(2)
T with two break points at xbr = 0 and xbr = ξ. Since the two break points belong
(2)
(1)
to the same orbit of T , i.e., T xbr = xbr , one can piecewise-smoothly conjugate T to
a circle map with a single break point. A natural question to ask is when two maps
of this type are smoothly, or piecewise-smoothly, conjugate to each other. The main
and only missing piece in answering the latter question has been settled by the theory
presented in this paper. In a sense, this theory is a one-parameter extension of Herman’s
theory where the break size c plays the role of the parameter. While in the case of circle
diffeomorphisms, corresponding to c = 1, renormalizations converge to a one-dimensional
space of linear maps with derivative 1, in the case c 6= 1, the renormalizations converge to a
two-dimensional space of fractional linear transformations with very non-trivial dynamics
on the limiting attractor [21]. Theorem 1.1 and Theorem 1.2 correspond to the nonlinearizable case of nonlinear interval exchange transformations of two intervals. The
linearizable case of more general interval exchange transformations has recently been
considered by Marmi, Moussa and Yoccoz in [30]. The special case of cyclic permutations,
which corresponds to circle maps with more than one point of break and with the product
of the sizes of breaks being equal to 1, was considered by Cunha and Smania [5]. In
their case, the renormalizations converge to piecewise-affine (linear) maps, rather than
fractional linear ones. Theorem 1.1 and Theorem 1.2 are, so far, the only results in the
non-affine case, for generic rotation numbers.
In circle dynamics, the behavior of renormalizations plays a crucial role in proving
global rigidity results. Rigidity, in this context, is the phenomenon of smooth conjugacy between any two maps within a given topological equivalence class. For sufficiently
smooth circle diffeomorphisms, the topological equivalence classes are defined uniquely
by the irrational rotation numbers. Denjoy proved [8] that every C 2 -smooth (or even C 1 smooth with a derivative of bounded variation) circle diffeomorphism with an irrational
rotation number ρ is topologically conjugate to the rigid rotation Rρ . Almost 30 years
later, Arnold proved [2] that every analytic circle diffeomorphism with a Diophantine
rotation number ρ, sufficiently close to the rigid rotation Rρ , is analytically conjugate
to it. This local linearization result is essentially a KAM (Kolmogorov-Arnold-Moser)
type problem, and Arnold proved this result using the perturbative tools of KAM theory [3,27,32]. In one-dimensional setting, however, one can expect stronger rigidity results,
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and Arnold conjectured that the claim holds true if the assumption of closeness to the
rotation is removed. This global rigidity result was proved by Herman [14], and improved
by Yoccoz [38]. To make a precise statement, we define the Diophantine class D(b), for
some b ≥ 0, as the set of all irrational ρ ∈ (0, 1), for which there exists C > 0 such
that |ρ − p/q| > C/q 2+b , for every p ∈ Z and q ∈ N (ρ is Diophantine if it belongs to
a class D(b) for some b ≥ 0). For C 2+α -smooth circle diffeomorphisms, α ∈ (0, 1), and
Diophantine rotation numbers of class D(b), the conjugacy is C 1+α−b -smooth, provided
α > b [15,20]. An important step in the proof of this result is the proof of C 1 -smoothness
of conjugacy, which follows from the exponential convergence of renormalizations of any
two C 2+α -smooth circle diffeomorphisms with the same irrational rotation number [34].
The action of the renormalization operator can be naturally extended to a larger class,
involving not only circle diffeomorphisms but also circle diffeomorphisms with a singular
point where the derivative vanishes (critical circle maps) or has jump discontinuity. It
has been expected that the renormalizations of any two C 2+α -smooth circle maps in
these classes, with the same irrational rotation number and the same type of singularity,
approach each other exponentially fast in the C 2 -topology. The type of singularity is
characterized by the order of the critical point β > 1 (the derivative of the map T near
the critical point xc behaves as |x − xc |β−1 ), in the case of critical circle maps, and by the
size of the break c 6= 1, in the case of circle maps with a break. In the case of non-analytic
critical circle maps, this conjecture is still open. For analytic critical circle maps the
conjecture is true, as was proved by de Faria and de Melo [12] and Yampolsky [37]. The
methods they used to prove this result are based on holomorphic dynamics and cannot
be extended to the non-analytic case. It is expected, however, that the renormalization
conjecture is extremely general and holds for all orders β > 1 of the critical point. It
is interesting to mention that, contrary to the case of circle diffeomorphisms, for critical
circle maps, C 1 -rigidity should holds without additional Diophantine-type conditions on
the rotation numbers. For C 2+α -smooth critical circle maps, it was shown by Khanin
and Teplinsky [19] that a proof of the renormalization conjecture would imply robust
rigidity, i.e., C 1 -rigidity for all irrational rotation numbers. De Faria and de Melo [11]
previously proved that the proof of the renormalization conjecture would imply even
stronger C 1+ -rigidity of C 3 -smooth critical circle maps, for some  > 0, for almost all
irrational rotation numbers. They also proved that this statement cannot be extended to
all irrational rotation numbers.
In this paper, we prove the renormalization conjecture for circle maps with a break.
It has been known for more than two decades that the renormalizations of circle maps
with a break approach a family of fractional linear transformations [22]. This makes
certain aspects of the renormalization analysis of maps with breaks simpler than in the
critical case. On the other hand, circle maps with breaks are characterized by strongly
unbounded geometry, i.e., the ratio of lengths of nearby elements of dynamical partitions
can be arbitrarily small (exponentially small in the corresponding partial quotient kn+1 of
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the rotation number). This makes other aspects of the renormalization analysis of these
maps significantly more difficult than in the case of critical circle maps, for which the
geometry is bounded. Previous rigidity results for maps with breaks [16, 21], beyond the
family of fractional linear transformations, have been restricted to a small (zero measure)
set of irrational rotation numbers for which one has bounded geometry, i.e., when the
neighboring intervals of dynamical partitions are of comparable size. For circle maps
with a break, the intervals of the dynamical partitions of the circle can decrease at an
arbitrary rate. This is essentially a new phenomenon in the renormalization theory. It
creates major difficulties that we overcome in this paper. To deal with this problem, we
introduce a new notion of renormalization strings and analyze their asymptotic properties.
This allows us to prove the final result: Any two sufficiently smooth circle maps with a
break, with the same irrational rotation number and the same size of the break, belong
to the same universality class (i.e., their renormalizations approach each other). The
decomposition of the sequence of renormalizations into strings and the exploitation of
two different mechanisms of contraction play the key role in our proof.
In spite of full universality, the unbounded geometry prevents robust rigidity in the
case of circle maps with a break. The same is true in the case of circle diffeomorphisms,
for which the geometry is much less unbounded (the ratio of the lengths of neighboring
intervals of the n-th dynamical partition is at most of the order of kn+1 ). In fact, if the
lengths of the smallest elements of the dynamical partitions decrease sufficiently rapidly,
one can even find examples of analytic circle diffeomorphisms and analytic (outside the
break point) circle diffeomorphisms with breaks of the same size, which are topologically
but not C 1 -smoothly conjugate to each other. In [17], we constructed such examples
of analytic circle maps with breaks of the same size, in the same topological conjugacy
class, for which no conjugacy is even Lipschitz continuous. Nevertheless, Theorem 1.1
implies C 1 -rigidity for almost all irrational rotation numbers (Theorem 1.2). For those
rotation numbers, the geometry is super-exponentially bounded, i.e., the logarithms of
the ratios of the nearby elements of dynamical partitions are bounded by an exponential
function of the renormalization step [18]. An explicit condition under which the rigidity
was established in [18] is the exponential bound kn+1 ≤ C0 λ−n
0 , for some C0 > 0 and
λ0 ∈ (µ, 1) (with µ as in Theorem 1.1), on the growth of the partial quotients kn+1 of the
rotation numbers for the subsequence of odd n if the break size c < 1 or the subsequence
of even n if c > 1. This condition is different from the Diophantine condition on rotation
numbers that guarantees C 1 -rigidity of circle diffeomorphisms for almost all irrational
rotation numbers.
At the end of this introduction, let us place our results in a larger context of renormalization in dynamics. The idea of renormalization originated in quantum field theory and is
due to Stueckelberg and Petermann [35]. In statistical mechanics, renormalization methods provided an explanation for critical phenomena, by classifying systems into different
universality classes, according to their scaling limits and corresponding critical expo-
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nents. The renormalization methods in dynamics were introduced by Feigenbaum [9, 10]
and Coullet and Tresser [7], to explain the metric universality of period-doubling bifurcations in one-parameter families of one-dimensional maps. The universal properties of
the dynamics of one-dimensional systems can be understood by studying an associated
infinite-dimensional dynamical system: a renormalization operator R acting on a functional space of the original systems. Typically, the action of the renormalization operator
separates the systems into different universality classes, according to their approach to
different attractors. As shown by continuous efforts of Sullivan [36], McMullen [31] and
Lyubich [28], the Feigenbaum-Coullet-Tresser universality follows from the existence of a
hyperbolic fixed point on a space of such maps, with one unstable direction. The theory
was extended to infinitely renormalizable unimodal maps of other combinatorial types. In
addition to providing the proof for the universality of infinitely renormalizable unimodal
maps, and applications to rigidity theory of circle maps discussed above [5, 6, 16–22, 34],
renormalization also led to advances in several other areas of dynamics including complex
dynamics [31, 36], KAM theory [13, 23–25], the break-up of invariant tori [1, 29], and the
reducibility of cocycles and skew-product flows [4, 26]. This list of topics and references
is by no means complete.
The paper is organized as follows. In Section 2, we define the renormalizations of
circle maps and provide the basic definitions and earlier results that we use. In Section 3,
we prove general estimates of the renormalization parameters, including the parameter
an (a ratio of the lengths of successive renormalization segments). In Section 4, we define
the strings of renormalizations with large an tails, and obtain a result on the closeness
of renormalizations in the tail to fractional linear maps with the same (associated) rotation number. In Section 5, we show that renormalizations with small parameters an
are also close to fractional linear maps with the same rotation number. In Section 6, we
prove an almost commuting property of the renormalization operator and a projection
operator onto the space of fractional linear transformations. Finally, in Section 7, we develop a method to combine the two different mechanisms of closeness of renormalizations
established in Section 4 and Section 5 and prove Theorem 1.1.

2
2.1

Preliminaries
Renormalization of commuting pairs

For every orientation-preserving homeomorphism T of the circle T1 = R\Z there is a
unique rotation number ρ := limn→∞ T n (x)/n mod 1, where T is a lift of T to R. If
ρ ∈ (0, 1) is irrational, it can be expressed uniquely as an infinite continued fraction
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expansion
ρ = [k1 , k2 , k3 , . . . ] :=

1
k1 +

1
k2 + k

,

(2.1)

1
3 +...

where kn ∈ N. Conversely, every infinite sequence of partial quotients kn defines uniquely
an irrational number ρ as the limit of the sequence of rational convergents pn /qn =
[k1 , k2 , . . . , kn ]. The denominators satisfy the recursion relation qn+1 = kn+1 qn + qn−1 ,
with q0 = 1 and q−1 = 0.
To define the renormalizations, we start with a marked point x0 ∈ T1 , and consider
the marked trajectory xi = T i x0 , with i ≥ 0. The subsequence (xqn )n≥0 indexed by the
denominators of the sequence of rational convergents of the rotation number ρ, will be
called the sequence of dynamical convergents. We define xq−1 := x0 −1. The combinatorial
equivalence of all circle homeomorphisms with the same irrational rotation number implies
that the order of the dynamical convergents of T is the same as the order of the dynamical
convergents for the rigid rotation Rρ . The well-known arithmetic properties of the rational
convergents now imply that dynamical convergents alternate their order such that
xq−1 < xq1 < xq3 < · · · < x0 < · · · < xq2 < xq0 .

(2.2)
(n)

The intervals [xqn , x0 ], for n odd, and [x0 , xqn ], for n even, will be denoted by ∆0 , and
called the n-th renormalization segments associated to the marked point x0 . The n(n)
th renormalization segment associated to the marked point xi will be denoted by ∆i .
(n−1)
(n−1)
(n)
(n)
The intervals ∆i
:= T i (∆0
), for i = 0, . . . , qn − 1 and ∆i := T i (∆0 ), for
i = 0, . . . , qn−1 − 1, cover the whole circle without overlapping except at end points and,
thus, form the n-th dynamical partition Pn of the circle. The first return map on the
(n−1)
(n)
(n−1)
(n)
and T qn−1 restricted to ∆0 .
interval ∆0
∪ ∆0 is given by T qn restricted to ∆0
The n-th renormalization of an orientation-preserving homeomorphism T of the circle T1 ,
with a rotation number ρ = [k1 , k2 , k3 , . . . ], with respect to the marked point x0 ∈ T1 , is
given by a pair of functions (fn , gn ), n ∈ N0 := N ∪ {0}, obtained by rescaling the first
return map, i.e.
fn := τn ◦ T qn ◦ τn−1 ,

gn := τn ◦ T qn−1 ◦ τn−1 .

(2.3)

Here, τn is the affine change of coordinates that maps xqn−1 to −1 and x0 to 0. Thus,
fn : [−1, 0] → R, and gn : [0, an ] → R, where an := τn (xqn ). The sequence of renormalizations (fn , gn ) can also be generated by the action of a renormalization operator R on
a space of commuting pairs. Renormalization of commuting pairs was first introduced
in [33]. A commuting pair is a pair (f, g) of two real-valued, continuous and strictlyincreasing functions f and g, with f (0) ≥ 0 and g(0) ≤ 0, defined on [g(0), 0] and [0, f (0)],
respectively, satisfying f (g(0)) = g(f (0)). If g(0) = −1, the commuting pair is called normalized. If (f, g) is a commuting pair with g(0) < 0, then (f, g) := (τ ◦ f ◦ τ −1 , τ ◦ g ◦ τ −1 )
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with τ (z) = −z/g(0) is a normalized commuting pair. A commuting pair is non-degenerate
if f (0) > 0. For a normalized, non-degenerate pair (f, g), we define the height k ∈ N0 by
the condition f k (−1) ≤ 0 < f k+1 (−1). On a set of renormalizable commuting pairs, i.e.
commuting pairs with finite and nonzero height, we define a renormalization operator as
R(f, g) := (f k ◦ g, f ). Pairs which are not renormalizable are called non-renormalizable.
A pair (f, g) is called infinitely-renormalizable if Rn (f, g) is renormalizable for all
n ∈ N0 . Clearly, if the rotation number of T is irrational, then R(fn , gn ) = (fn+1 , gn+1 ),
for all n ∈ N0 . Here, f0 = T |[−1,0] is the restriction of a lift T of T to [−1, 0] satisfying
T (0) ∈ (0, 1] and g0 : x 7→ x − 1 defined at [0, T (0)].
For normalized pairs (f, g) such that f (−1) < 0, we define a rotation number ρ(f, g) ∈
[0, 1], by substituting its consecutive heights for partial quotients in the continued fraction
expansion ρ(f, g) = [k1 , k2 , . . . ], where kn is the height of Rn−1 (f, g) (the symbol "∞"
is the terminator of the sequence). On the set of rotation numbers, the renormalization
operator acts as Gauss map: G[k1 , k2 , . . . ] = [k2 , . . . ], i.e. ρ(R(f, g)) = Gρ(f, g).

2.2

Circle diffeomorphisms with breaks

In this paper, we consider renormalizations of C 2+α -smooth circle diffeomorphisms with
breaks, for α > 0, i.e. homeomorphisms T : T1 → T1 for which there exists a point xbr ∈ T1
such that: (i) T is C 2+α smooth on [xbr , xbr + 1]; (ii) inf x6=xbr T 0 (x) > 0; and (iii) there
exist one-sided derivatives T−0 (xbr ) 6= T+0 (xbr ). We refer to xbr as the break point and to
s
c=

T−0 (xbr )
6= 1,
T+0 (xbr )

(2.4)

as the size of the break. We will use the break point xbr as the marked point x0 . One can
verify that renormalizations
of circle diffeomorphisms with a break of size c satisfy the
0
0
n (fn (0))
,
where
cn = c if n is even, cn = c−1 if n is odd.
condition c2n = fng0(0)g
0
n (0)fn (−1)
q 0 0
f (0)g (f (0))
We refer to commuting pairs (f, g) satisfying c =
∈ R+ \{1} as the
g 0 (0)f 0 (−1)
commuting pairs with a break of size c. For the renormalization operator acting on
commuting pairs (f, g) with breaks of size c, we sometimes write Rc instead of R. Notice
that the renormalization operator maps renormalizable commuting pairs with a break of
size c to commuting pairs with a break of size c−1 .
It is well known [22] that renormalization maps fn and gn for circle diffeomorphisms
with a break of size c ∈ R+ \{1} approach, exponentially fast, two particular families of
fractional linear transformations
an + (an + bn Mn )z
Fan ,bn ,Mn ,cn (z) :=
,
1 − (Mn − 1)z

Gan ,bn ,Mn ,cn (z) :=

−cn +
cn +

cn −bn Mn
z
an
,
Mn −cn
z
an

(2.5)
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where

(n)

an :=

(n−1)

|∆0 |
(n−1)

|∆0

|

,

bn :=

|∆0

(n)

| − |∆qn−1 |
(n−1)

|∆0

|

,

(2.6)

and




n
Mn := exp 
(−1)

Z
(n−1)





qn −1
X


(T qn )00 (z)
n


dz
=
exp
(−1)

2(T qn )0 (z) 
i=0

1
= exp 
2

Zx0


T 00 (z)

dz
2T 0 (z) 

(n−1)

∆i

∆0



Z



(ln(T qn )0 (z))0 dz  =

s

(T qn )0 (0)
=
(T qn )0 (−1)

xqn−1

s

(2.7)

fn0 (0)
.
fn0 (−1)

We will sometimes abbreviate the notation by writing Fn := Fan ,bn ,Mn ,cn and Gn :=
Gan ,bn ,Mn ,cn .
It is easy to see that V = VarT1 ln T 0 < ∞. It follows that the map T satisfies the
Denjoy’s lemma [22], which implies that | ln(T qn )0 (x)| ≤ V , for all x ∈ T1 . In particular,
we have
(A) | ln fn0 (x)| ≤ V , for all x ∈ [−1, 0] (at the end points, both the left and right
derivatives are considered).
The following estimates have been proved in [22]. For every C 2+α -smooth, α > 0, circle
diffeomorphism T with a break of size c, there exist constants C > 0 and λ ∈ (0, 1), such
that, for all n ∈ N, we have
(B) kfn − Fan ,bn ,Mn ,cn kC 2 ≤ Cλn , kgn − Gan ,bn ,Mn ,cn kC 1 ≤ Cλn ,
(C) |an + bn Mn − cn | ≤ Can λn , and
(D) |Mn+1 − cn+1 (1 + an+1 an (Mn − 1))| ≤ Can+1 an λn ,
We show here (Proposition 3.7 below) that λ is universal, i.e., that it can be chosen
independently of T , depending on c and α only.
Property (B) is a statement about the approach of renormalization maps to fractional
linear transformations. Property (C) is a consequence of a commutation-type relation of
R 0 00 (x)
dx.
the maps fn and gn [22]. Let us define the total nonlinearity of fn as N (fn ) = −1 ffn0 (x)
n
Property (D) then provides a relation between the total nonlinearities of the maps fn and
fn+1 , taking into account that Mn = exp( 12 N (fn )). We note that Fan ,bn ,Mn ,cn is the unique
fractional linear map that satisfies Fan ,bn ,Mn ,cn (0) = fn (0), Fan ,bn ,Mn ,cn (−1) = fn (−1) and
N (Fan ,bn ,Mn ,cn ) = N (fn ).
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We also define




qn−1 −1
X

n

Nn := exp (−1)
i=0

Z


T 00 (z)
dz 
.
0
2T (z) 

(2.8)

(n)

∆i



n

Clearly, Mn Nn = exp (−1)

R
S1

T 00 (z)
2T 0 (z)



n

dz = c(−1) = cn .

For a normalized commuting pair (f, g) with a positive height, we define, the canonical
lift Hf,g (w) : R 7→ R, satisfying Hf,g (w + 1) = Hf,g (w) + 1, and
(
(1)
Hf,g (w),
w ∈ [−1, φ (f −1 (0))] ,
Hf,g (w) :=
(2.9)
(2)
1 + Hf,g (w), w ∈ [φ (f −1 (0)) , 0] ,
where
(1)

Hf,g (w) := φ ◦ f ◦ φ−1 ,

(2)

Hf,g (w) := φ ◦ g ◦ f ◦ φ−1 ,

(2.10)

and φ : [−1, f (0)] → R is the fractional linear transformation that maps (−1, 0, f (0)) into
(−1, 0, 1), i.e.
(f (0) + 1)z
.
(2.11)
φ(z) :=
2f (0) + (f (0) − 1)z
The derivative of the latter coordinate transformation is given by
φ0 (z) =
(1)

2f (0)(f (0) + 1)
.
(2f (0) + (f (0) − 1)z)2
(2)

(1)

(2.12)
(2)

Notice that Hf,g (φ (f −1 (0))) = 1 + Hf,g (φ (f −1 (0))) and Hf,g (−1) = Hf,g (0) and, thus,
Hf,g is continuous on R. In fact, it is a lift of an orientation-preserving circle homeomorphism. We will denote the circle map generated by it by the same symbol. Notice that
the rotation number ρ(Hf,g ) = ρ(f, g). Notice further that Hf,g for a commuting pair
(f, g) with a break of size c has, in general, two break points. Nevertheless, they belong
to the same orbit and the product of the sizes of their breaks is equal to c.
It is sometimes convenient to consider the following two parameter families of fractional
linear maps
Fan ,vn ,cn (z) :=

an + c n z
,
1 − vn z

Gan ,vn ,cn (z) :=

−cn + z
,
n
cn − cn −1−v
z
an

(2.13)

where
vn := Mn − 1.

(2.14)

The derivatives of these maps are given by
0
Fa,v,c
(z) =

c + av
,
(1 − vz)2

G0a,v,c (z) =

c(1 − c−1−v
)
a
.
c−1−v
(c − a z)2

(2.15)
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We define Fn := Fan ,vn ,cn and Gn := Gan ,vn ,cn , if an < cn ; otherwise we set Fn :=
Fcn ,vn ,cn and Gn := Gcn ,vn ,cn .
The estimate (B) gives that, for some C > 0,
(B’) kfn − Fn kC 2 ≤ C λn , kgn − Gn kC 1 ≤ C λn .
We will identify each point (a, v) ∈ R2 with the corresponding pair of fractional linear
maps (Fa,v,c , Ga,v,c ). The following sets play an important role in the renormalization of
commuting pairs of fractional linear transformations. We define
Dc := {(a, v) : 1/2 ≤

c(c − v − 1)
v
< 1,
≤ a ≤ c} ,
c−1
v

(2.16)

and Ďc := Dc ∩ {(a, v) : a > (c − 1)2 /4v}, if c > 1, and Ďc := Dc ∩ {(a, v) : v >
a(c − 1)2 /4c + c − 1}, if c < 1. It was shown in [21] that the renormalization operator
maps all infinitely renormalizable pairs in Ďc into Ď1/c . Moreover, these sets are absorbing
areas for the dynamics of the renormalization operator on a space of commuting pairs of
fractional linear maps, i.e. each infinitely renormalizable commuting pair of fractional
linear maps eventually falls inside these sets, under the action of the renormalization
operator R. The set of points in {(a, v) : 0 < a ≤ c, a + v − c + 1 > 0} ⊃ Ďc with the
same irrational rotation number ρ ∈ (0, 1) is a continuous curve a = γρ,c (v), v > −1, such
that the slope of any secant line, in the (v, a) coordinate system, belongs to the interval
(−1, 0). As was also shown in [21], the slopes of the of the curve γρ,c also lie in this
interval. Furthermore, for c > 1 and all irrational ρ ∈ (0, 1), all curves γρ,c lie above the
2
.
hyperbola a = (c−1)
4v
We end this section with some comments about the notation. We write An = Θ(Bn ),
if there exits a constant K1 > 0, such that K1−1 Bn ≤ An ≤ K1 Bn , for all n. We write
An = O(Bn ), if there exists a constant K2 ∈ R, such that −K2 Bn ≤ An ≤ K2 Bn , for
all n.

3

A priori estimates of the renormalization parameters

In this section, we give some general estimates of the renormalization parameters of a
C 2+α -smooth (α > 0) circle map T with a break of size c ∈ R+ \{1}.
Proposition 3.1 ln Mn = O(1), for all n ∈ N.
(n−1)

Proof. Since the interiors of the intervals ∆i
, for i = 0, . . . , qn − 1 do not overlap,
the claim follows from the definition of Mn and the facts that T 00 is bounded and that T 0
is bounded from below by a positive constant.
QED
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Proposition 3.2 Mn = cn + O(an ), for all n ∈ N.
Proof. Since by Denjoy estimate (A), bn = 1 − Θ(an ), the claim follows directly from
estimate (C).
QED
Proposition 3.3 There exists  > 0 such that, for n sufficiently large, if cn > 1, then
an ∈ (, cn − bn + O(λn )); if cn < 1, then an ∈ (0, cn − );
Proof. Consider first the case cn > 1. Assume that an ≤  for some small  > 0. It
follows from Proposition 3.2 and the Denjoy estimate (A) that Fn0 (0) = (an + bn )Mn =
(1+O(an ))Mn is close to cn . Due to (B), for sufficiently large n, fn0 (0) = cn +O(λn )+O(an )
(an +bn )Mn
is close to cn > 1 as well. By Proposition 3.1, Fn00 (z) = 2(Mn − 1) (1−(M
3 is bounded
n −1)z)
00
and, by (B), so is fn (z). If an is small enough, fn (z) = z at some point z ∈ [−1, 0), close to
0, which contradicts the fact that the rotation number of T is irrational. This gives a lower
bound on an . The estimate (C) implies an ≤ cn − bn Mn + O(λn ) ≤ cn − Θ(bn ) + O(λn ),
which gives an upper bound.
In the case cn < 1, it follows from (C) and Proposition 3.1 that cn − an = Θ(bn ) +
O(λn ) ≥ Θ(an ) − Θ(λn ). Here, we have also used that bn ≥ an+1 an and that an+1 > , for
sufficiently large n. In order for cn − an to be very small, an must be very small, which is
impossible.
QED
Corollary 3.4 There exists δ ∈ (0, 1) such that, for sufficiently large n, an+1 an < 1 − δ.
Proof. It follows directly from Proposition 3.3 and the fact that cn cn+1 = 1.
Proposition 3.5 For every 0 > 0, we have
n.

Mn −1
cn −1

QED

∈ (δ − 0 , 1 + 0 ), for sufficiently large

Proof. It follows from (D) that
Mn+1 − 1 = cn+1 (1 + (Mn − 1)an an+1 ) − 1 + O(λn ).

(3.1)

Applying this estimate recursively, first for Mn+2 and then for Mn+1 , we obtain
Mn − 1
Mn+2 − 1
= an+2 an+1 an+1 an
+ (1 − an+2 an+1 ) + O(λn ),
cn+2 − 1
cn − 1

(3.2)

since cn+2 = cn . Since, by Corollary 3.4, an+1 an ≤ 1 − δ, by iterating the latter equality
−1
is bounded from below by a positive constant, that can be chosen
we obtain that Mcnn−1
arbitrarily close to δ, for sufficiently large n. The previous equality can be put in the form




Mn+2 − 1
Mn − 1
1−
= an+2 an+1 an+1 an 1 −
+ (1 − an+1 an ) + O(λn ).
(3.3)
cn+2 − 1
cn − 1
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By iterating this identity, we find 1 −

Mn+2 −1
cn+2 −1

> −0 , for sufficiently large n.

QED

Proposition 3.6 For sufficiently large n, fn00 (z) is bounded away from zero and positive
if cn > 1 and negative if cn < 1.
Proof. It follows from the Denjoy estimate (A) that an = Θ(1 − bn ) and thus an + bn =
Θ(1). The claim follows from Proposition 3.1 and Proposition 3.5, using (B) and the
(an +bn )Mn
explicit form of Fn00 (z) = 2(Mn − 1) (1−(M
QED
3.
n −1)z)
Proposition 3.7 Let c ∈ R+ \{1} and α ∈ (0, 1]. There exist a universal constant λ ∈
(0, 1), such that the estimates (B), (C) and (D) hold true for every C 2+α -smooth circle
map T with a break of size c, and every n ∈ N.
Proof. There exist a universal constant V̄ > 0, such that for every C 2+α -smooth circle
map T with a break of size c the following holds. There exists N0 ∈ N, such that for
all n ≥ N0 , we have | ln fn0 (z)| ≤ V̄ , for all z ∈ [−1, 0]. This follows from the estimate
(B), estimate (C) and Proposition 3.5. Namely, estimate (C) and Proposition 3.5 imply
that for any 0 > 0 (independent of T ) and sufficiently larger n, Fn0 (z) is bounded by
cn /(cn +(cn −1)0 )2 from one side and by c2n +cn (cn −1)0 from the other. The estimate (B)
then implies that for any C 2+α smooth circle map T with a break of size c ∈ R+ \{1} and
for any ¯ > 0, for sufficiently large n, we have min{c2 , c−2 } − ¯ < fn0 (z) < max{c2 , c−2 } + ¯,
and the initial claim holds for any V̄ > 2| ln c|. It is easy to show (see Lemma 2 in [34]),
that there is a universal constant λ̄ = (1 + e−V̄ )−1/2 , such that
(n)

(N −1)

(n+2)

|∆i

(n)

|∆i

|

|

≤ λ̄2 , for n ≥ N0 ,

(N )

provided that ∆i ⊂ ∆0 0 ∪ ∆0 0 . Using the standard small distortion argument, for
(n+2)
¯ > λ̄, we obtain |∆j | ≤ λ̄
¯ 2 , for all j = 0, . . . , q
any λ̄
n+1 − 1 and n sufficiently large.
(n)
|∆j |

Following [22], this implies that the estimates (B), (C) and (D) are valid with the same
¯ α , for every such map T , with some C > 0 (depending on T ), for every n ∈ N. QED
λ = λ̄

4

Strings of renormalizations with large an tails

We define a string of renormalizations (or simply a string) to be a (finite or infinite)
sequence fn with n ∈ [n1 , n2 − 1], n1 ∈ N ∪ {0} and n2 ∈ N ∪ {∞}. We call n2 − n1 ,
the length of the string. It can be finite or infinite. We choose some positive σ <  from
Proposition 3.3, and assume that the strings have tails with (relatively) large an , i.e. for
all n ∈ [n1 + 1, n2 − 1], we have an > σλn1− , for some λ1− ∈ (λ, 1). Each finite string ends
with cn2 < 1 and an2 ≤ σλn1+2 , for some λ1+ ∈ [λ1− , 1). We consider two types of strings:
(i) an initial string, starting at some n1 = n0 ∈ N0 , and (ii) an ordinary string, starting
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at some n1 ∈ N with an1 ≤ σλn1+1 . If λ1+ > λ1− , there is certain freedom in the choice
of strings within the renormalization sequence fn . We will use this freedom later on. We
assume that the initial string is sufficiently long so that the estimates of the previous
section are already valid. Notice that the initial string can be made arbitrary long by
taking σ sufficiently small and that for an ordinary string we have an1 ≤ σ <  and thus
cn1 < 1.
The objective of this section is to show that, with an exponentially small (in n) change
of the parameters an and vn of the pair of fractional linear maps (Fan ,vn ,cn , Gan ,vn ,cn ), one
can obtain a pair of fractional linear maps with the same rotation number as (fn , gn ), for
sufficiently large n in the initial string and for all integer n ∈ [n1 + 1, n2 − 1] in an ordinary
string.
We emphasize that this section deals with single strings only, and that the constants
hidden in O(·) and Θ(·) notations are independent of n1 and n2 .
n
∈ (1 , 1 − Θ(λn1− )), for sufficiently
Proposition 4.1 There exists 1 > 0, such that cnv−1
large n, in the initial string, and for all n ∈ [n1 + 2, n2 − 1] in an ordinary string.
v 1 +1
v 1
∈ (1 − Θ(λn1+ ), 1 + Θ(λn1+1 )) and cn n+1
∈
In an ordinary string, we also have cn n−1
−1
1
1
(1 − Θ(λn1+ ), 1 + Θ(λn1 )).

Proof. Part of the argument here is similar to that of Proposition 3.5. We repeat it for
the benefit of the reader. It follows from (D) and definition (2.14) that
vn+1 = cn+1 (1 + vn an an+1 ) − 1 + O(λn ).

(4.1)

Applying this estimate recursively, first for vn+2 and then for vn+1 , we obtain
vn
vn+2
= an+2 an+1 an+1 an
+ (1 − an+2 an+1 ) + O(λn ),
cn+2 − 1
cn − 1

(4.2)

n
since cn+2 = cn . It is now easy to see from Corollary 3.4 that if cnv−1
is negative, in
two steps it will increases by a positive constant; once it becomes positive, it will stay
larger than a positive constant that can be chosen arbitrarily close to δ. This proves
the desired lower bound for sufficiently large n in the initial string, if the string is long
enough. A similar argument has been previously used in [21]. For an ordinary string, it
v 1
= 1 + O(λn1+1 ).
follows directly from the definition (2.14) and Proposition 3.2 that cn n−1

v

1

1 +1
Identity (4.1) implies cn n+1
= 1 − Θ(an1 ) + O(λn1 ). The recursion relation (4.2) leads
−1
1
to the desired lower bound for the remaining n in the string.
By rewriting the equality (4.2) as




vn+2
vn
1−
= an+2 an+1 an+1 an 1 −
+ (1 − an+1 an ) + O(λn ),
(4.3)
cn+2 − 1
cn − 1
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n
> Θ(λn1− ). If
we see that, for sufficiently large n in the initial string, we have 1 − cnv−1
vn
for some n ∈ N0 , 1 − cn −1 < −δ, it will increase in two steps by an amount larger than
a positive constant and, thus, in a finite number of steps, it will become positive. Once
it is positive, it will remain positive for all larger n belonging to the same even or odd
subsequence. This proves the desired upper bound for sufficiently large n in the initial
n
string. For an ordinary string, the above estimates on cnv−1
, for n = n1 and n = n1 + 1,
and the recursive relation (4.3) imply the desired upper bounds.
QED

Proposition 4.2 For n ∈ [n1 + 1, n2 − 1] in either the initial or an ordinary string, we
have
cn (cn − vn − 1)
− Θ(λn ).
(4.4)
an ≥
vn
Proof. It follows directly from (4.1) that
vn + 1 − cn
1
= cn vn−1 an−1 + O(λn ),
an
an

(4.5)

1
cn − vn − 1 vn
−
= cn−1 − 1 − vn−1 an−1 (an + cn ) + O(λn ).
an
cn
an

(4.6)

and, thus,

We further have
an−1
cn−1 − an−1
an−1
= vn−1
+ O(λn ).
+ vn−1
cn−1
1 + vn−1
cn−1
(4.7)
vn−1
For cn−1 −1 ∈ (0, 1], the right-hand side of (4.7) is smaller or equal to |cn−1 − 1| + Θ(λn ),
since it is the absolute value of an increasing function of vn−1 , which takes the value
cn−1 − 1 at vn−1 = cn−1 − 1. Thus, if cn−1 > 1, we have
|vn−1 |an−1 (cn + an ) ≤ vn−1 bn−1 + vn−1

cn − vn − 1 vn
1
−
≥ O(λn ),
an
cn
an

(4.8)

and, since vn is bounded from above by a negative constant, by Proposition 4.1, we have
(4.4). If cn−1 < 1, then one gets the same inequality (4.4) for sufficiently large n in the
initial string and for n ∈ [n1 + 2, n2 − 1] in an ordinary string. For n = n1 + 1, in an
ordinary string, we obtain (4.4) (without the error term) directly from (4.6), using the
fact that vn and an are bounded, as follows from Proposition 3.1 and Proposition 3.3.
QED

Proposition 4.3 For sufficiently large n in the initial string and for every n ∈ [n1 +
1, n2 − 1] in an ordinary string, the following holds. The point (an , vn ) belongs to the
n
O(λn )-neighborhood of Ďcn . If cn > 1, then cnv−1
∈ ( 21 − Θ(λn ), 1 + Θ(λn )). If cn < 1,
n
then cnv−1
∈ ( 12 + 2 , 1 − Θ(λn1− )), for some 2 > 0.
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Proof. It follows from Proposition 3.3, Proposition 4.1 and Proposition 4.2 that, if cn > 1,
n
n
∈ ( 12 − Θ(λn ), 1 + Θ(λn )). If cn < 1, then cnv−1
∈ ( 12 + 2 , 1 − Θ(λn1− )), for
then we have cnv−1
some 2 > 0. Together with Proposition 3.3 and Proposition 4.2, these estimates show that
(an , vn ) belongs to O(λn )-neighborhood of Dcn (defined by (2.16)), for all n ∈ [n1 +1, n2 −1]
either in the initial or in an ordinary string.
Let cn > 1. Since the rotation number is irrational, using (B’), for all z ∈ [−1, 0], we
have
z < fn (z) ≤ Fn (z) + O(λn ).
(4.9)
n −1
+ O(λn ) ∈ (−1, 0), we obtain
In particular, for some z0 = − c2v
n

2
Fn (z0 ) − z0 =
cn + 1



(cn − 1)2
an −
4vn



+ O(λn ) ≥ O(λn ),

(4.10)

and, thus,
an −

(cn − 1)2
≥ O(λn ).
4vn

(4.11)

This inequality, together with (4.1), implies
(cn − 1)2
1
(cn+1 − 1)2
1
vn+1 + 1 − cn+1
≥
+
O(λn ) =
+
O(λn ).
2
cn+1 an+1
4
an+1
4(cn+1 )
an+1

(4.12)

The estimates (4.11) and (4.12) show that, for all n ∈ [n1 + 1, n2 − 1] either in the initial
or in an ordinary string, (an , vn ), in fact, belongs to O(λn )-neighborhood of Ďcn .
QED
Proposition 4.4 For sufficiently large n in the initial string and for all n ∈ [n1 +1, n2 −1]
in an ordinary string, we have an + vn + 1 − cn > Θ(an ).
Proof. If cn > 1 then it follows from Proposition 3.3, Proposition 4.2 and Proposition 4.3
that, for sufficiently large n in the initial string and for all n ∈ [n1 +1, n2 −1] in an ordinary
string,
vn
an + vn + 1 − cn ≥ an − an − Θ(λn ) > Θ(an ).
(4.13)
cn
If cn < 1 then it follows from Proposition 4.1 that, for sufficiently large n in the initial
string and for all n ∈ [n1 + 1, n2 − 1] in an ordinary string,
an + vn + 1 − cn > an + Θ(λn1− ) > an .
This proves the claim.

(4.14)
QED
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Proposition 4.5 There exists a constant C1 > 1 such that, for sufficiently large n, and
for every z in the domain of the corresponding function, we have
C1−1 < Fn0 (z), G0n (z) < C1 ,

C1−1 an < φ0n (z) <

C1
.
an

(4.15)

Proof. The bounds on Fn0 and G0n follow from the definition (2.14) and Proposition 3.1,
together with the estimates of Proposition 3.3 or estimates (A) and (C), respectively. The
QED
bound on φ0n is obvious, taking into account Proposition 3.3.
Proposition 4.6 There exists C2 > 0 such that |Hfn ,gn (w) − HFn ,Gn (w)| ≤
sufficiently large n and for all w ∈ R.

C2 n
λ ,
an

for

Proof. Since fn and Fn are monotonically increasing, fn−1 (0) and Fn−1 (0) are defined
uniquely. Furthermore, since fn (0) = an > 0 and fn (−1) = −bn < 0, due to Proposition 4.5 and estimate (B’), for sufficiently large n ∈ N, we have fn−1 (0) ∈ (−1, 0).
Since Fn (0) = an > 0 and Fn (−1) ≤ 0, due to Proposition 4.5, we have Fn−1 (0) ∈
[−1, 0). Notice that, since fn (0) = Fn (0), φ is the same for (fn , gn ) and (Fn , Gn ). On
[−1, min{φ(Fn−1 (0)), φ(fn−1 (0))}), using property (B’), we have
|Hfn ,gn (w) − HFn ,Gn (w)| = |φ ◦ fn ◦ φ−1 (w) − φ ◦ Fn ◦ φ−1 (w)|
C1
= φ0 (ζ)|fn ◦ φ−1 (w) − Fn ◦ φ−1 (w)| ≤
C λn ,
an

(4.16)

where ζ is a point between fn ◦φ−1 (w) and Fn ◦φ−1 (w). On [max{φ(Fn−1 (0)), φ(fn−1 (0))}, 0),
we have
|Hfn ,gn (w) − HFn ,Gn (w)| = |φ ◦ gn ◦ fn ◦ φ−1 (w) − φ ◦ Gn ◦ Fn ◦ φ−1 (w)|
= φ0 (ζ1 )|gn ◦ fn ◦ φ−1 (w) − Gn ◦ Fn ◦ φ−1 (w)|
≤ φ0 (ζ1 ) G0n (ζ2 )|fn ◦ φ−1 (w) − Fn ◦ φ−1 (w)|
 C1
+ |(gn − Gn ) ◦ fn ◦ φ−1 (w)| ≤
(C1 + 1)C λn .
an

(4.17)

Here, ζ1 is a point between gn ◦ fn ◦ φ−1 (w) and Gn ◦ Fn ◦ φ−1 (w), and ζ2 is a point between
fn ◦ φ−1 (w) and Fn ◦ φ−1 (w).
Since the functions Hfn ,gn and HFn ,Gn are continuous and monotonically increasing,
and since Hfn ,gn (φ(fn−1 (0))) = 0 and HFn ,Gn (φ(Fn−1 (0))) = 0, we obtain a similar estimate
|Hfn ,gn (w) − HFn ,Gn (w)| ≤

C1
(C1 + 2)C λn ,
an

(4.18)

for all w in the interval [min{φ(Fn−1 (0)), φ(fn−1 (0))}, max{φ(Fn−1 (0)), φ(fn−1 (0))}]. Thus,
on the whole interval [−1, 0], we have the desired estimate, and the claim follows. QED
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Figure 1: Regions Ďc (shaded) and Φ0c,n (trapezoidal) for 0 < c < 1 (left) and c > 1 (right), and
some large n ∈ N.

Let ε ≥ 0 and ς > 0. If c > 1, we define


1
v
ε
n
n
Φc,n := (a, v) : ε < a ≤ c, − ςλ <
< 1 + ςλ , a + v + 1 − c > ε .
2
c−1

(4.19)

If c < 1, we define
Φεc,n



1
v
n
n
:= (a, v) : ελ1− < a < c − ε, + ε <
< 1 − ελ1− .
2
c−1

(4.20)

Proposition 3.3, Proposition 4.3, and Proposition 4.4 show that there exist ε > 0 and
ς > 0 such that, for sufficiently large n in the initial string and for all n ∈ [n1 + 1, n2 − 1]
in any ordinary string, (an , vn ) belongs to Φεcn ,n . In the following, we assume that ε and ς
have been chosen such that this is the case. Also, we abbreviate the notation by setting
Hn := HFn ,Gn . The value that Hn takes at point w will be denoted by Hn (w; an , vn ), when
necessary to specify the parameters an and vn of Fn and Gn .
Proposition 4.7 There exists µcn ,ε > 0 such that, for any (an , vn ) ∈ Φεcn ,n , we have
(i)

∂Hn (w;an ,vn )
∂an

≥ µcn ,ε a5n , for i = 1, 2.

Proof. The proof that we give here is an improvement of the method developed in [21].
To abbreviate the notation, let us write a, v, c instead of an , vn , cn , respectively. A direct
(1)
a+1
calculation gives us that ∂H∂an = −4wP1 (w)/Q21 (w), for w ∈ [−1, − 2c+1−a
], where P1 (w) =
2
2
2
−(2vc+2ac+v+va −2c )w+2ac+a v−v+2c and Q1 (w) = −(a+1)2 +w(−1+4va+a2 −
2ac + 2c). Clearly, the denominator Q21 (w) is bounded and, thus, −4w/Q21 (w) is bounded
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from below be a positive constant. Since P1 (−1) = 2a(c + av) + 2c(v + a − c + 1) > Θ(a),
a+1
) = 2(c + 1)(a + 1)(c + av)/(2c + 1 − a) is bounded from below by a positive
P1 (− 2c+1−a
constant, and P1 is linear in w, we can conclude that on the whole interval P1 (w) > Θ(a)
and, thus, the claim is proved for i = 1.
(2)

a+1
Similarly, we can find ∂H∂an = 2P2 (w)/Q22 (w), for w ∈ [− 2c+1−a
, 0], where P2 (w) =
4a2 c(c + 1)v 2 w2 + (2c2 a2 + 2c2 + 2a4 c − 4c3 a2 + a2 + a4 + c − 23 + 7a2 c − 2ca)vw2 + c(4a3 c +
c − 6a2 c2 − 2c2 − 3ca2 + 1 − 3a2 + 2a3 + 6ac)w2 − 2(c + 1)(a2 − 1)(a2 + c)vw − 2c(c + 1)(a2 −
1)(2a − c + 1)w + (a + 1)2 (a2 + c)v + c(a + 1)2 (2a − c + 1), and Q2 (w) = −(a + 1)(a2 − ac +
a + c) + (3a2 c − a + a3 + 4c2 a − c)w − 2a(a + 1)v + 2a(1 + c)(a − 1)vw. As the denominator
Q22 (w) is bounded, the term 2/Q21 (w) is bounded from below be a positive constant. We
a+1
also have P2 (− 2c+1−a
) = 4ca(1 + c)(1 + a)2 (v + a + 1 − c)(c + av)/(2c + 1 − a)2 > Θ(a2 ) and
2 (w)
P2 (0) = (a+1)2 (a(c+av)+c(v+a+1−c)) > Θ(a). Furthermore, since the derivative ∂P∂w
is bounded, there exists 3 > 0 such that, for every w ∈ [−3 a3/2 , 0], we have P2 (w) >
a+1
Θ(a). In order to provide a lower bound on P2 (w) in the interval [− 2c+1−a
, −3 a3/2 ),
2
notice first that P2 (w)/w is a quadratic polynomial in 1/w, which has minimum at point
1/w = (1 + c)(a − 1)/(a + 1), outside our interval of interest (−∞, − 2c+1−a
]. Therefore,
a+1
2c+1−a
within this interval, it reaches the global minimum at point 1/wmin = − a+1 . Finally, for
a+1
2
≥ Θ(a5 ), since P2 (wmin ) >
w ∈ [− 2c+1−a
, −3 a3/2 ), we have P2 (w) ≥ 23 a3 P2 (wmin )/wmin
Θ(a2 ).
QED

The rotation number ρ(an , vn ) of the fractional linear pair (an , vn ) does not necessarily
equal ρn = ρ(fn , gn ). For that reason, we define the projection operator P from the space
of all commuting pairs (fn , gn ) with well-defined rotation number to Ďcn , as P(fn , gn ) =
(a∗n , vn∗ ), where (a∗n , vn∗ ) = (γρn ,cn (vn ), vn ) if (γρn ,cn (vn ), vn ) ∈ Ďcn , or let (a∗n , vn∗ ) be the
closest to (an , vn ) intersection point of the curve a = γρn ,cn (v) with the boundary of Ďcn .
Since this projection is determined uniquely by fn , and the rotation number ρn , and since
we will always have in mind the n-th renormalizations of a particular circle map T , we
will write Pfn = (a∗n , vn∗ ).
√
Proposition 4.8 Let λ1− > 6 λ. Then, γρn ,cn (vn ) − an = O((λ/λ61− )n ), for all n ∈
[n1 + 1, n2 − 1] either in the initial or in an ordinary string.
Proof. We assume that an > γρn ,cn (vn ). In the opposite case, the proof is similar and
even simpler. It follows from Proposition 4.6 that, for all w ∈ [−1, 0], we have
Hfn ,gn (w) ≥ Hn (w; an , vn ) −

C2 n
λ .
an

(4.21)

Since (an , vn ) ∈ Φεcn ,n , for large enough n in the initial string and for n1 < n < n2 in
ε/2
an ordinary string, at least half of the segment [γρn ,cn (vn ), an ] × {vn } lies inside Φcn ,n .
Moreover, that is the segment [ân , an ] × {vn }, for some ân ∈ [γρn ,cn (vn ), an ]. To see this,
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notice that (γρn ,cn (vn ), vn ) belongs to Φ0cn ,n and that the distance between the bottom
boundaries of the regions Φεcn ,n and Φ0cn ,n ⊃ Φεcn ,n , in the direction of coordinate a, is
proportional to ε.
Using Proposition 4.7, we find
Hfn ,gn (w) ≥ Hn (w; γρn ,cn (vn ), vn ) + µcn ,ε/2
6

a6n − â6n C2 n
−
λ .
6
an

(4.22)

6

n
− Can2 λn > 0, then Hfn ,gn (w) > Hn (w; γρn ,cn (vn ), vn ) for all w ∈ [−1, 0]. This
If µcn ,ε/2 an −â
6
gives that the rotation number ρ(fn , gn ) > ρ(γρn ,cn (vn ), vn ), while, in fact, they are equal.
Thus,
6C2 λn
6C2 λn
.
(4.23)
a6n − â6n ≤
≤
an µcn ,ε/2
σλn1− min{µc,ε/2 , µc−1 ,ε/2 }

The claim follows since an − γρn ,cn (vn ) ≤ 2(an − ân ) ≤ 2(a6n − â6n )/a5n .

QED

√
Lemma 4.9 If λ1− > 6 λ, then a∗n − an = O((λ/λ61− )n ) and vn∗ − vn = O((λ/λ61− )n ), for
all n ∈ [n1 + 1, n2 − 1] either in the initial or in an ordinary string.
Proof. The claim follows from the definition of the projection operator P, Proposition 4.3
and Proposition 4.8. Just notice that the slopes of the curves a = cn (cn v−v−1) and a =
4cn (v+1−cn )
inside of Ďcn are bounded away from the interval (−1, 0) and, thus, their
(cn −1)2
intersection with γρn ,cn is transversal.
QED
On the set of commuting pairs (F, G) in Dc , we consider two sets of coordinates (a, v)
and (x, y), where


v+1−c
.
(4.24)
(x, y) = U(a, v) = av,
ca
The coordinates x and y, introduced in [21], can be viewed as independent indicators of
nonlinearity of F and G. To see this, notice that if we perform a linear scaling z = at,
1+ct
. Similarly, by simple inversion z = −t,
the map Fa,v,c (z) is transformed into Fc (t) = 1−xt
1+t/c
Ga,v,c (z) is transformed into Gc (t) = 1−yt . The following corollary follows directly from
Lemma 4.9.
√
Corollary 4.10 If λ1− > 8 λ, then yn∗ − yn = O((λ/λ81− )n ), for all n ∈ [n1 + 1, n2 − 1]
either in the initial or in an ordinary string.
Proposition 4.11 ([21]) For any (x, y) ∈ Ďc , Rc (x, y) = (x0 , y 0 ) with y 0 = x.
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Renormalizations with small an

In this section, we consider renormalizations at the beginning of ordinary strings, satisfying an ≤ σλn1+ . In particular, cn < 1, since in the opposite case an is bounded from below
by a positive constant due to Proposition 3.3.
Lemma 5.1 Let λ2 ∈ (λ1+ , 1). For sufficiently small σ > 0 and all n ∈ N, if an ≤ σλn1+ ,
then a∗n − an = O(λn2 ) and vn∗ − vn = O(λn2 ). Also, Pfn = (a∗n , vn∗ ) and Rcn−1 Pfn−1 =
(ān , v̄n ) are O(λn2 )-close, as points in Ďcn .
Proof. It follows from [17] (see Proposition 3.2 and Proposition 3.4 therein) that for every
κ > 0 there exists a constant C3 > 0 such that for sufficiently large n ∈ N and sufficiently
−(χ+κ)kn+1
large kn+1 (σ > 0 sufficiently small), we have γ1
≤ C3 an ≤ C3 σλn1+ , where
γ1 := (fn )0+ (−1), γ2 := (fn )0− (0), χ :=

ln γ2
ln γ2 +ln γ1−1

and, thus, kn+1 >

n ln λ−1
+ −ln(C3 σ)
1

(χ+κ) ln γ1
2

. Since

the map fn is exponentially close to the fractional linear map Fan ,vn ,cn , in the C -topology,
due to (B’), and since vn = cn − 1 + O(an ) is, by Proposition 3.2 and our assumption
on an , exponentially close to cn − 1, it follows that γ1 and γ2 are exponentially close to
n
n
−1
c−1
n and cn , respectively, i.e., γ1 − cn = O(λ1+ ) and γ2 − cn = O(λ1+ ). Consider now
an arbitrary fractional linear map Fa0n ,vn0 ,cn with (a0n , vn0 ) ∈ Ďcn and with the same height
kn+1 as fn . Denote its corresponding derivatives at −1 and 0 by γ10 and γ20 , respectively.
Notice that the estimates of Proposition 3.4 of [17] still hold for such a map, since the
ln γ20
second derivative of Fa0n ,vn0 ,cn is negative and uniformly bounded. Let χ0 := ln γ 0 +ln(γ
0 −1 .
2
1)
0
Using once again Proposition 3.2 and Proposition 3.4 of [17], we find that for every κ > 0
and σ > 0 sufficiently small
a0n

≤

0
0
C4 (γ10 )−(χ −κ )kn+1

≤

− 1
C4 (γ10 ) ln γ1

χ0 −κ 0
χ+κ

ln γ 0

0

1 χ −κ
−ln(C3 σ))
(n ln λ−1
1+
= C4 e ln γ1 χ+κ

0

ln(C3 σλn+ )
1

, (5.1)

for some C4 > 0. By choosing σ > 0 small enough, we can make γ10 and γ20 arbitrarily
ln γ10 χ0 −κ 0
close to c−1
n and cn , respectively, and thus ln γ1 χ+κ can be made arbitrarily close to 1.
Therefore, for every λ2 > λ1+ , there exists C5 > 0, such that
0 0
ln γ1
χ −κ 0
χ+κ

a0n ≤ C4 (C3 σλn1+ ) ln γ1

≤ C5 λn2 .

(5.2)

In particular, this is true for a0n = a∗n , i.e. the first component of Pfn , and the first
component of Rcn−1 Pfn−1 . The estimates on the second components follow from the fact
that these two points belong to Ďcn .
QED
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Renormalization and projection operators

On the set of commuting pairs in Dc , we consider two metrics: the standard metric
d((a, v), (e
a, ve)) = |a − e
a| + |v − ve|.

(6.1)

dc ((x, y), (e
x, ye)) = |x − x
e| + |y − ye|.

(6.2)

and the metric
Here, the parameters (a, v) and (x, y) correspond to a pair (F, G), and (e
a, ve) and (e
x, ye)
e
e
correspond to (F , G).
√
Proposition 6.1 Let λ1− > 8 λ and λ2 > λ/λ81− . For all n ∈ [n1 + 1, n2 − 1] either in
the initial or in an ordinary sting, we have dcn (Pfn , Rcn Pfn−1 ) = O(λn2 ).
Proof. Let Rcn (a∗n , vn∗ ) = (ān+1 , v̄n+1 ). It follows directly from (4.1) that yn+1 = xn +
O((λ/λ1− )n ), for n1 ≤ n < n2 − 1. It follows from Proposition 4.11 and Lemma 4.9 that
ȳn+1 = x∗n = xn + O((λ/λ61− )n ), for n1 < n ≤ n2 − 1. Lemma 5.1 gives us ȳn1 +1 = x∗n1 =
xn1 + O(λn2 1 ). Therefore, we obtain ȳn+1 − yn+1 = O(λn2 ), for n1 ≤ n < n2 − 1. Using
∗
Corollary 4.10, we find ȳn+1 − yn+1
= O(λn2 ), also for n1 ≤ n < n2 − 1.
Recall that the slopes of the curve γρn+1 ,cn+1 lie in the interval (−1, 0). On the other
∗
hand, the slopes of the straight lines y = ȳn+1 and y = yn+1
, in the (v, a) plane, lie
outside of this interval. In what follows, we will show this claim for the first of these
lines only, as the same argument applies to the second line. Notice first that the slopes
n+1
n+1
and a = v+1−c
,
of these straight lines, whose equations take the forms a = v+1−c
cn+1 ȳn+1
cn+1 y ∗
n+1

∗
)−1 , respectively. Since (ān+1 , v̄n+1 ) ∈ Ďcn+1 , it
are da
= (cn+1 ȳn+1 )−1 and da
= (cn+1 yn+1
dv
dv
follows directly from the definition of Ďcn+1 that

1
ān+1
cn+1
da
=
≥
≥
.
dv
v̄n+1 + 1 − cn+1
v̄n+1
|cn − 1|

(6.3)

If cn > 1, then da
> 0 and, thus, the slope of the line y = ȳn+1 lies in the interval
dv
da
1
n
[ cn −1 , ∞) (in fact, it is in [ cn1−1 , (cn4c−1)
2 )). If cn < 1, then dv < 0 and, thus, the slope of
this line belongs to the interval (−∞, cn1−1 ]. In both cases, the slope of the line y = ȳn+1
∗
is bounded away from the interval (−1, 0). The same can be said about the line y = yn+1
.
Hence, the intersections of these lines with the curve γρn+1 ,cn+1 are uniformly transversal,
i.e., the angles between these lines and the curve at the intersection points, are greater
than some positive constant. Therefore, the distance of the intersection points of these
∗
lines with the curve γρn+1 ,cn+1 , i.e. d((ān+1 , v̄n+1 ), (a∗n+1 , vn+1
)), is of the order of the angle
∗
∗
∗
between these lines, and, thus, d((ān+1 , v̄n+1 ), (an+1 , vn+1 )) < Θ(|ȳn+1 − yn+1
|). The latter
sin(θ̄−θ∗ )
∗
∗
estimate follows from the formula tan θ̄ − tan θ = cos θ̄ cos θ∗ , where θ̄ and θ are the angles
∗
between the v axis the lines perpendicular to y = ȳn+1 and y = yn+1
, respectively. Finally,
∗
n
for n1 ≤ n < n2 − 1, we obtain x̄n+1 − xn+1 = O(λ2 ).
QED
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Convergence of renormalizations

On the set of renormalizable commuting pairs in Ďc , with the same irrational rotation
number, the renormalization operator is Lipschitz and the two-step renormalization operator is a contraction, in the metric dc .
Proposition 7.1 ([21]) For every positive c 6= 1, there exist constants B > 0 and β ∈
(0, 1) such that for any two points (a, v) and (e
a, ve) in Ďc \{(0, c − 1)}, with the same
irrational rotation number, and corresponding coordinates (x, y) and (e
x, ye), respectively,
we have
x, ye), Rc (x, y)) ≤ Bdc ((e
x, ye), (x, y))
(7.1)
d 1 (Rc (e
c

and
dc (R 1 ◦ Rc (e
x, ye), R 1 ◦ Rc (x, y)) ≤ βdc ((e
x, ye), (x, y)).
c

c

(7.2)

On the other hand, the C 2 -norm of the distance of fractional linear maps is easily
controlled by their distance in the d metric.
Proposition 7.2 There exists C6 > 0 such that if (a, v), (e
a, ve) ∈ Dc then we have
kFea,ev,c − Fa,v,c kC 2 ≤ C6 (|e
a − a| + |e
v − v|).

(7.3)

Proof. The claim follows from
Fea,ev,c (z) − Fa,v,c (z) =

(a + cz)(e
v − v)z
e
a−a
+
,
1 − vez (1 − vz)(1 − vez)

(7.4)

and analogous expressions for the derivatives and the second derivatives, since (1 − vz)
and (1 − vez) are bounded away from zero on [−1, 0], and all other variables are bounded.
QED

The following proposition provides a relation between the metrics.
Proposition 7.3 There exists K > 1, such that for any two commuting pairs (a, v) and
(e
a, ve) in Ďc \{(0, c − 1)}, on the same curve γρ,c , and with corresponding coordinates (x, y)
and (e
x, ye), we have
K −1 d((e
a, ve), (a, v)) ≤ dc ((e
x, ye), (x, y)) ≤

K
d((e
a, ve), (a, v)).
ae
a

Proof. The first inequality follows from the second of the inverse relations
s
s
!
!
c−1
4cxy
c−1
4cxy
a=
−1 + 1 +
,
v=
1+ 1+
.
2cy
(c − 1)2
2
(c − 1)2

(7.5)

(7.6)
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The only situation when we use the fact that both (a, v) and (e
a, ve) belong to the same
4cxy
curve γρ,c is when (c−1)2 is close to −1. In Ďc , this is only the case when a is close to
c, v is close to c−1
and, thus, y is close to 1−c
. The level sets of y in the (v, a) plane
2
2c2
2c
. These slopes are bounded away
are straight lines with slope cy1 , which is close to 1−c
from the interval (−1, 0) and, thus, the intersection with γρ,c (v) is transversal. Therefore,
|a − e
a| and |v − ve| (and, thus, |x − x
e|) are at most of the same order as |y − ye|. The second
inequality follows from the direct relations (4.24).
QED
Remark 1 Without the assumption that the pairs belong to the same curve γρ,c in Proposition 7.3, one would have a weaker inequality d2 ((e
a, ve), (a, v)) ≤ Kdc ((e
x, ye), (x, y)).
e1− < λ1 < λ
e1+ . Consider the sequences of renormalizations
Proposition 7.4 Let λ
(fn , gn ) and (fen , gen ), n ∈ N0 , of any two C 2+α -smooth circle maps T and Te with a break of
size c and the same irrational rotation number ρ, with corresponding parameters (an , vn )
and (e
an , ven ), respectively. For any 4 > 0, there exist C7 , C8 > 0 such that for n ∈ N0 , if
en+ . If an > σλn , then
an ≤ σλn1 , for some σ > 0 sufficiently small, then e
an ≤ C7 σ 1−4 λ
1
1
1+4 en
e
an > C8 σ
λ1− .
Proof. The proof of the first claim is similar to the proof of Lemma 5.1. Notice that
similar reasoning can be applied to obtain the estimates on the parameters e
an associated
to the renormalizations fen on any C 2+α -smooth circle map with a break Te with the same
rotation number as T and the same size of the break c. One obtains that, for any 4 > 0,
en+ . The proof of the second
there exist C7 > 0 such that, if an ≤ σλn1 , then e
an ≤ C7 σ 1−4 λ
1
claim is by contraposition, exchanging first the roles of T and Te.
QED
Proposition 7.4 allows us to partition the two sequences of renormalizations for two
maps T and Te, with the same irrational rotation number, into finite or infinite sequence
strings Si := (fn1 (i) , . . . , fn2 (i)−1 ) and Sei := (fen1 (i) , . . . , fen2 (i)−1 ), with 1 ≤ i < N , N ∈
N0 ∪ {∞} and n2 (i) = n1 (i + 1), in such a way that, for each i, the lengths of the ith strings are the same. More precisely, starting with some n0 ∈ N0 , we can partition
the sequence of renormalizations for T indexed by n ≥ n0 into strings
Si of lengths
√
8
n2 (i) − n1 (i) uniquely, by choosing σ > 0 and λ1− = λ1+ = λ1 ∈ ( λ, 1). We choose
λ2 ∈ (max{λ1 , λ/λ81 }, 1). The sequence of renormalizations for Te can thenpbe partitioned
e1− ∈ ( 8 λ/λ2 , λ1 ) and
into strings Sei of the same lengths n2 (i) − n1 (i), with some σ
e > 0, λ
e1+ ∈ (λ1 , λ2 ).
λ
Lemma 7.5 There exists C9 > 0 such that, for λ3 ∈ (max{β 1/2 , λ2 }, 1) and for every
n ∈ [n1 + 1, n2 − 1] either in the initial or in an ordinary string, we have
dcn (P fen , Pfn ) ≤ C9 λn3 .

(7.7)
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Proof. Using the triangle inequality, we find
dcn (P fen , Pfn ) ≤ dcn (P fen , Rcn−1 P fen−1 ) + dcn (Pfn , Rcn−1 Pfn−1 )
+dcn (Rc P fen−1 , Rc Pfn−1 ) .
n−1

(7.8)

n−1

It follows from Proposition 6.1 that, for every n either in the initial or in an ordinary string
such that n1 < n < n2 , we have dcn (Pfn , Rcn−1 Pfn−1 ) ≤ C10 λn2 and dcn (P fen , Rcn−1 P fen−1 ) ≤
p
e1− > 8 λ/λ2 and λ
e1+ < λ2 .
C10 λn2 , for some C10 > 0, assuming that we have chosen λ
Applying (7.8) recursively, in a string of more than two renormalizations, and using
Proposition 7.1, we obtain
dcn (P fen , Pfn ) ≤ 2C10 λn2 + dcn (Rcn−1 ◦ Rcn−2 P fen−2 , Rcn−1 ◦ Rcn−2 Pfn−2 )
+dcn (Rcn−1 P fen−1 , Rcn−1 ◦ Rcn−2 P fen−2 ) + dcn (Rcn−1 Pfn−1 , Rcn−1 ◦ Rcn−2 Pfn−2 )
n
e
≤ 2(1 + Bλ−1
2 )C10 λ2 + dcn (Rcn−1 ◦ Rcn−2 P fn−2 , Rcn−1 ◦ Rcn−2 Pfn−2 )
≤ 2(1 + Bλ−1 )C10 λn + βdcn (P fen−2 , Pfn−2 ).
2

(7.9)

2

By iterating the resulting inequality, we obtain
dcn (P fen , Pfn ) ≤ 2(1 + Bλ−1
2 )C10

k−1
X

λ2n−2i β i + β k dcn (P fen−2k , Pfn−2k )

i=0

(7.10)

≤ C11 λn4 + β k dcn (P fen−2k , Pfn−2k ),
for some λ4 > max{β 1/2 , λ2 } and C11 > 0. If dcn (P fen−2k , Pfn−2k ) ≤ C9 λn−2k
, n1 <
3
n
e
n −√2k < n < n2 , for some λ3 > λ4 and C9 > 0, then dcn (P fn , Pfn ) ≤ λ3 (C11 (λ4 /λ3 )n +
C9 ( β/λ3 )2k ) ≤ C9 λn3 , if C9 is large enough.
To complete the proof by induction, we need to verify that the estimates are also true
for n = n1 + 1 and n = n1 + 2, in an ordinary string. In the initial string, the initial
estimates are certainly satisfied, for some large n01 and n01 + 1, if C9 is chosen sufficiently
large. For an ordinary string and n = n1 + 1 (if smaller than n2 ), we have from (7.8) and
Proposition 6.1 that dcn (P fen , Pfn ) ≤ 2C10 λn2 + dcn (Rcn−1 P fen−1 , Rcn−1 Pfn−1 ). Using similar reasoning as in the proof of Proposition 6.1, we find dcn (Rcn−1 P fen−1 , Rcn−1 Pfn−1 ) ≤
C12 |ye¯n − ȳn | = C12 |e
x∗n−1 − x∗n−1 | ≤ C13 λn2 , for some C12 , C13 > 0. The equality follows from
Proposition 4.11. In the last inequality, we have used Lemma 5.1 and Proposition 7.4.
For n = n1 + 2 (if smaller than n2 ), the claim follows from (7.8), using the estimate on
dcn1 +1 (P fen1 +1 , Pfn1 +1 ), Proposition 6.1 and Proposition 7.1.
QED
Proof of Theorem 1.1. Using the triangle inequality and Proposition 7.2, we find
kfen − fn kC 2 ≤ kfen − P fen kC 2 + kfn − Pfn kC 2 + C6 d(P fen , Pfn ).

(7.11)
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For n belonging either to the initial or to an ordinary string such that n1 < n < n2 , we
have kfn − Pfn kC 2 ≤ C14 (λ/λ61 )n , for some C14 > 0, as follows from property (B’) and
Lemma 4.9. Therefore, for some C15 > 0, we have
e6− )n + KC6 dcn (P fen , Pfn ).
kfen − fn kC 2 ≤ C15 (λ/λ61 )n + C15 (λ/λ
1

(7.12)

Using Lemma 7.5, we obtain, from this estimate, for some C16 > 0,
kfen − fn kC 2 ≤ C16 λn3 .

(7.13)

It remains to prove the same estimate for n = n1 in every ordinary sting. For n = n1 ,
this estimate follows directly from
kfen − fn kC 2 ≤ kfen − Fen kC 2 + kfn − Fn kC 2 + C6 d((e
an , ven ), (an , vn )),

(7.14)

using property (B’), Proposition 7.4 and Proposition 3.2 (together with the definition (2.14)).
It follows from Proposition 3.7 and the estimates above that the constant µ = λ3 can
be chosen uniformly. It depends only on the size of the break, c, and does not depend on
the rotation number of the maps.
QED

References
[1] G. Arioli, H. Koch, The critical renormalization fixed point for commuting pairs of
area-preserving maps, Comm. Math. Phys. 295 2 (2010), 415–429.
[2] V. I. Arnold, Small denominators I: On the mapping of a circle into itself, Izv. Akad.
Nauk. Math. Serie 25 (1961), 21–86; Transl. A.M.S. Serie 2 46 (1965).
[3] V. I. Arnold, Proof of A. N. Kolmogorov’s theorem on the preservation of quasiperiodic motions under small perturbations of the Hamiltonian, Usp.Mat.Nauk. SSSR
18(5) (1963), 13–40.
[4] A. Avila, R. Krikorian, Reducibility or nonuniform hyperbolicity of quasiperiodic
Schrödinger cocycles, Ann. Math. 164 4 (2006), 911–940.
[5] K. Cunha and D. Smania, Renormalization for piecewise smooth homeomorphisms
on the circle, Ann. Inst. H. Poincaré Anal. Non Linéaire 30 3 (2013), 441–462.
[6] K. Cunha and D. Smania, Rigidity for piecewise smooth homeomorphisms on the
circle, Adv. Math. 250 (2014) 193–226.
[7] P. Coullet and C. Tresser, Iteration d’endomorphismes et groupe de renormalisation,
J. Phys. Colloque 39, (1978) C5–25.

K. Khanin and S. Kocić

27

[8] A. Denjoy, Sur les courbes définies par les équations differentielles à la surface du
tore, J. Math. Pures Appli. Série 9 11 (1932), 333–375.
[9] M. J. Feigenbaum, Quantitative universality for a class of nonlinear transformations,
J. Stat. Phys. 19 (1978), 25–52.
[10] M. J. Feigenbaum, The universal metric properties of nonlinear transformations, J.
Stat. Phys. 21 (1979), 669–706.
[11] E. de Faria, W. de Melo, Rigidity of critical circle maps I, J. Eur. Math. Soc. 1 4
(1999), 339–392.
[12] E. de Faria, W. de Melo, Rigidity of critical circle maps II, J. Am. Math. Soc. 13 2
(2000), 343–370.
[13] D. Gaidashev, Renormalization of isoenergetically degenerate Hamiltonian flows and
associated bifurcations of invariant tori, Discrete Contin. Dyn. Syst. 13 1 (2005),
63–102.
[14] M. R. Herman, Sur la conjugasion differentiable des difféomorphismes du cercle a de
rotations, Publ. Math. Inst. Hautes Etudes Sci. 49 (1979), 5–234.
[15] Y. Katznelson, D. Orstein, The differentiability of conjugation of certain diffeomorphisms of the circle, Ergod. Th. & Dynam. Sys. 9 (1989), 643–680.
[16] K. Khanin, D. Khmelev, Renormalizations and rigidity theory for circle homeomorphisms with singularities of break type, Commun. Math. Phys. 235 1 (2003), 69–124.
[17] K. Khanin, S. Kocić, Abscence of robust rigidity for circle diffeomorphisms with
breaks, Ann. Inst. H. Poincaré Anal. Non Linéaire, 30 3 (2013), 385–399.
[18] K. Khanin, S. Kocić, E. Mazzeo, C 1 -rigidity of circle diffeomorphisms with breaks
for almost all rotation numbers, Preprint mp-arc 11-102.
[19] K. Khanin, A. Teplinsky, Robust rigidity for circle diffeomorphisms with singularities,
Invent. Math. 169 (2007), 193–218.
[20] K. Khanin, A. Teplinsky, Herman’s theory revisited, Invent. Math. 178 (2009), 333–
344.
[21] K. Khanin, A. Teplinsky, Renormalization horseshoe and rigidity theory for circle
diffeomorphisms with breaks, Comm. Math. Phys. 320 2 (2013), 347–377.
[22] K. M. Khanin, E. B. Vul, Circle Homeomorphisms with Weak Discontinuities, Advances in Sov. Math. 3 (1991), 57–98.

28

Renormalization and rigidity of circle maps with breaks

[23] H. Koch and S. Kocić, Renormalization of vector fields and Diophantine invariant
tori, Ergod. Theor. Dynam. Sys. 28 5 (2008), 1559–1585.
[24] H. Koch and S. Kocić, A renormalization group aproach to quasiperiodic motion with
Brjuno frequencies, Ergod. Theor. Dynam. Sys. 30 (2010), 1131–1146.
[25] S. Kocić, Renormalization of Hamiltonians for Diophantine frequency vectors and
KAM tori, Nonlinearity 18 (2005), 1–32.
[26] S. Kocić, Reducibility of skew-product systems with multidimensional Brjuno base
flows, Discrete Contin. Dyn. Syst. 29 1 (2011), 261–283.
[27] A. N. Kolmogorov, On conservation of quasiperiodic motions under small perturbations of the Hamiltonian, Dokl.Akad.Nauk SSSR 98 (1954), 527–530.
[28] M. Lyubich, Feigenbaum-Coullet-Tresser universality and Milnor’s hairiness conjecture, Ann. Math. 149 1 (1999), 319–420.
[29] R. S. MacKay, J. D. Meiss and J. Stark, An approximate renormalization for the
break-up of invariant tori with three frequencies, Physics Letters A 190 (1994), 417–
424.
[30] S. Marmi, P. Moussa, J.-C. Yoccoz, Linearization of generalized interval exchange
maps, Ann. Math 176 3 (2012) 1583–1646.
[31] C. T. McMullen, Renormalization and 3-manifolds which fiber over the circle, Princeton University Press, Princeton, NJ, 1996.
[32] J. Moser, On invariant curves of area-preserving mappings of an annulus, Nachr.
Akad. Wiss. Göttingen, Math. Phys. Kl. II 1 (1962), 1–20.
[33] S. Ostlund, D. Rand, J. Sethna, E. Siggia, Universal properties of the transition from
quasi-periodicity to chaos in dissipative systems, Physica 8D (1983), 303–342.
[34] Ya. G. Sinai, K. M. Khanin, Smoothness of conjugacies of diffeomorphisms of the
circle with rotations, Uspekhi Mat. Nauk 44 1 (1989), 57–82.
[35] E. C. G. Stueckelberg, A. Petermann, La normalisation des constantes dans la theorie
des quanta, Helv. Phys. Acta 26 (1953) 499–520.
[36] D. Sullivan, Bounds, quadratic differentials and renormalization conjectures, In
American Mathematical Society centennial publications Vol. II (Providence, RI,
1988) 417–466; Amer. Math. Soc. (Providence, RI, 1992).

K. Khanin and S. Kocić

29

[37] M. Yampolsky, Hyperbolicity of renormalization of critical circle maps, Publ. Math.
Inst. Hautes Etudes Sci. 96 (2002), 1–41.
[38] J.-C. Yoccoz, Conjugaison differentiable des difféomorphismes du cercle donc le nombre de rotation vérifie une condition Diophantienne, Ann. Sci. Ec. Norm. Sup. 17
(1984), 333–361.

