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David regularity of the Yoccoz extension

Luna Lomonaco, Lucas Oliveira and Miguel Ratis Laude

Abstract. A central problem in the study of critical circle dynamics is understanding the
regularity of the so called Yoccoz conjugators—circle homeomorphisms that conjugate critical circle
maps with irrational rotation numbers to their corresponding rigid rotations. One can approach
this problem from a different angle by studying the regularity of extensions of these maps to the
unit disk. Of particular interest is the question of when such a conjugator admits a David extension.
Building on the work of Petersen and Zakeri, we classify the David regularity of a specific extension
process known as the Yoccoz extension.

Yoccozin jatkeen Davidin sdinnéllisyys

Tiivistelma&. Kriittisessd ympyrddynamiikassa keskeinen ongelma on ymmértaéd ns. Yoccozin
liittokuvausten sddnnollisyys. Ndmé ovat ympyrén topologisia yhdenmuotoisuuskuvauksia, jotka
liittavit irrationaalisen kierrosluvun kriittiset ympyrikuvaukset vastaaviin jaykkiin kiertoihin. Ky-
symysté voi ldhestyd eri kulmasta tutkimalla ndiden kuvausten yksikkokiekolle tehtyjen jatkeiden
saannollisyytta. Erityisen kiinnostava on kysymys siité, milloin tédllaisella liittokuvauksella on Davi-
din jatke. Petersenin ja Zakerin tyon pohjalta tassa tyosséd luokitellaan Yoccozin nimelld tunnetun
erityisen jatkamismenetelmén Davidin sdannollisyys.

1. Introduction

Let f: S' — S! be an orientation preserving circle homeomorphism. Its rotation

number p(f) is defined as
o(f) = tim =T
n—oo n

where F': R — R is a lift of f: an increasing homeomorphism of the real line such that
forallz € R, moF(z) = for(x), where 7(x) = €*™*. Denote by Ry: S' — S the rigid
rotation by 6. Denjoy proved in [7] that, if f: S' — S! is an orientation preserving
Cl-diffeomerphism with derivative of bounded variation, and with p(f) € R\ Q,
then there exists a homeomorphism h: S' — S' conjugating f with R,s. In [20]
Yoccoz extended Denjoy’s result to real analytic critical circle maps: real analytic
maps f: S! — S! with at least one critical point, this is with at least a point w € S*
such that f'(w) = 0. More precisely, Yoccoz proved that, if f: S — S' is a real
analytic critical circle map with p(f) € R\ Q, then there exists a homeomorphism
h: S — S' conjugating f with R,. In [11] Herman improved the regularity of
the conjugating homeomorphism for critical real analytic circle maps with rotation
number satisfying some arithmetic property. Specifically, Herman proved that, if f
is real analytic critical circle map with p(f) € R\ Q, then

(1.1) p(f) € BT <= f=h"0oR,y ohwith h € QS(S"),
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with p(f) € BT when, denoting as [ag, a1, as, .. .| the continued fraction expansion
of p(f), we have

sup a,, < 0o,
and with h € QS(S!) if h is a quasisymmetric homeomorphism: an orientation

preserving homeomorphism of S! for which there exists a K > 1 such that, for all
r € R and t > 0, we have

1  H(z+t)—H(x)
KSH@ -Ha-p ="

where H: R — R is a lift of h. In [19], Swiatek extends Herman’s result to circle
homeomorphisms with a geometric control of some iterated cross ratios and a notion
of lateral criticality.

Quasiymmetric homeomorphisms can be regarded as the boundary values of qua-
siconformal mappings (see [3]). An orientation preserving homeomorphism ¢: U C
C — V C C is said to be quasiconformal if ¢ is in the Sobolev space W12?(U) of
functions whose first-order distributional derivatives are in L?(U), and there exists

k < 1 such that, setting ps(z) == gig, we have |ps(2)| < k a.e. We call j14(2) the

Beltrami coefficient of ¢ at z,

1o (2)| +1
1o (2)] — 1

the dilatation (or conformal distortion) of ¢ at z, and

Ky(z) =

K, = ess sup,ec Ky(2)

the dilatation of ¢. Note that, when ¢ is quasiconformal, K, < oo. The set of quasi-
conformal maps ¢: U — U form a group under composition: if ¢ is quasiconformal,
its inverse is also quasiconformal, with K, = K,-1, and if ¢ and v are quasiconformal,
¢ o 1 is quasiconformal with Kyoy < KyKy.

In [4], David introduced a generalization of quasiconformal maps, the so-called
David homeomorphisms, where the dilatation is allowed to explode, but in a con-
trolled way. More precisely, an orientation preserving homeomorphism ¢: U C C —
V C C is said to be a David map if ¢ is in the Sobolev space W2(U), and there
exist constants a > 0 and C' > 0 such that

(1.2) A, {z€U: Ky(2) > K} < Ce K,

// dz dy

(1+ [z?)?
The set of David maps ¢: U — U does not form a group under composition: in
particular, the inverse of a David map is not necessarily David. David maps with
David inverse are called biDavid maps in what follows. It is important to emphasize
that the boundary behavior of David maps is not known: there exist sufficient con-
ditions for a circle homeomorphism to be the boundary value of a David map, and

there exist necessary conditions, but the gap between the necessary and the sufficient
conditions is definitely not negligible (see [21] and the most recent [12]).

where A, is the spherical area:

Remark. Quasiconformal and David maps arise naturally in the study of so-
lutions of the Beltrami equation. Classically, Ahlfors and Bers [1] showed that, if
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p: U — Cisin L*(U) and ||p]|s < 1, then the equation
(1.3) df = pof

admits a unique quasiconformal solution (up to composition with conformal maps).
In [4], David generalized this result for the p € L*>(U) satisfying

Lt pl2)]
1—|p(2)]
for constants «, C' > 0—compare that to (1.2), showing the Beltrami equation now
admits a unique David solution (up to composition with conformal maps). Further
generalizations of these results exist when assuming certain integrability conditions
on the quotient (1+ |u(2)])/(1 —|u(z)|). See [9, Theorem 7.10] for the exponentially
integrable case, and [2, Theorem 20.5.2] for the most general case known within a
similar vein.

In [16] Petersen and Zakeri proved that, if f is real analytic critical circle map
with p(f) € R\ Q and, denoting as [ag, a1, as, ... ] the continued fraction expansion
of p(f), we have

AU{ZGU: >K} < Ce oK

loga, = O(y/n) asn — oo,

then the homeomorphism h: S' — S' conjugating f with R, admits a David ex-
tension H: D — D. The extension they constructed is the so-called Yoccoz extension
Y (h): H — H, an extension obtained iteratively and based on the dynamical parti-
tions of f and R,r). They conjectured that the converse should be true, that is, if
the normalized linearizing map h: S' — S', which satisfies ho f = R,y o h, admits a
David extension H: D — D, then the continuous fraction expansion of p(f) satisfies
loga, = O(y/n) as n — co. We prove the conjecture for the extension process they
used.

More precisely, let € R\ Q, and [ag, a1, as, .. .| its continued fraction expansion.
Define

BT :={0 ¢ R\ Q| supa, < oo},
PZ:={0eR\Q| loga, = O(v/n) as n — oo},

A={0cR\Q| log*a,1 < Zlog(ak +1)}.
k=1
Note that BT C PZ C A (see Corollary 3.1), and all the inclusions are strict. It
follows from the work of Herman and Swiatek that

p(f) € BT if, and only if, Y (h) is a quasiconformal mapping.
Here, we prove the following:

Theorem 1.1. Let F: S' — S! be a critical circle map with p(F) € R\ Q,
and let f: R — R be a lift of it. Let h denote the lift of the normalized linearizing
map h: R — R, which satisfies h o F' = Rp(f) o h, where Rp(f)(z) = z+ p(f). Let
Y (h): H — H be the Yoccoz extension of h. Then:

a. p(f) € PZ if, and only if, Y (h) is a David mapping;

b. p(f) € A if, and only if, Y (h)~" is a David mapping.

We obtain as a corollary that the David extension H: D — D of the homeomor-

phism h: S — S' conjugating f with R, in Petersen and Zakeri Theorem (see
[16]) is actually biDavid (see Corollary 3.1).
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Remark. A similar result about regularity of extensions of conjugators has re-
cently appeared in [14]. There, the authors prove that the conjugators between cer-
tain hyperbolic and parabolic circle maps admit David extensions using the sufficient
condition presented in [21] in order to construct correspondences that simultaneously
present the dynamical behaviors of rational maps and Kleinian groups. However, in
Example 3.3 of [21], it is shown that the Yoccoz conjugators of maps with rotation
number in the PZ class can be well beyond that sufficient condition; in fact, they can
be very close to a necessary condition for the existence of David extensions.

Remark. In [12], Karafyllia and Ntalampekos find similar results, characterizing
when the Beurling—Ahlfors extension presents certain kinds of regularity. In particu-
lar, they show that the Beurling—Ahlfors extension of a homeomorphism A of the real
line has exponentially integrable distortion (a generalization of the David condition)
if and only if the symmetric distortion function of h is exponentially integrable.

In Section 2, we introduce the Yoccoz extension and its properties. In Section 3,
we prove Theorem 1.1, and also present generalizations to strong David maps and
maps of controlled finite distortion (see Subsection 3.3 for definitions). More precisely,
we find the necessary and sufficient arithmetic conditions for Y (h) and Y (h)~! to be
strong David or of controlled finite distortion (see Corollary 3.2 and Corollary 3.3).
We end Section 3 with a lower bound on the quasiconformal dilatation of the piece-
wise affine approximations of the conjugator at level n, which allows us to compare
the Yoccoz extension with other classical ones (see Proposition 3.1).
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2. Preliminaries: the Yoccoz extension

In this section, following Petersen and Zakeri, we will carefully introduce the
Yoccoz extension. The concept behind it is really natural and, as we will see, the
extension carries all the information needed to understand the arithmetic properties
of the rotation number and the regularity of the conjugator (this last property in an
intrinsic way).

In what follows, let F': S' — S! be an analytic critical homeomorphism of the
circle, normalized to have its critical point at 1. We assume the rotation number
0 of F is irrational. By a theorem of Yoccoz [20], there exists a homeomorphism
H:S! — S! that conjugates F' with the rigid rotation Ry by 6; we shall call it the
Yoccoz conjugator or the linearizing map. As 0 is irrational, it admits a representation

in continued fractions:
1
0= a—|-—1 = [CLhCLQ,...]
1 as+...




David regularity of the Yoccoz extension 427

and we shall denote by p, /¢, (in lowest terms) the approximant

Dn [ ] 1
— =1, ., 0y = —————
dn ! a1+ 1

e L

an,

This means that the terms g, are the closest return times for F: given any x € S!,
the point F'~9 (x) is the closest to « out of all points F'~™(x), with m < g,11.

It will be simpler throughout most of the text to work with a lift of F' to the
real line—so a map f: R — R such that f(z) = F(e*™*). Thus f is an analytic
homeomorphism of the real line, satisfying f(x + 1) = f(x) + 1, with a critical point
at 0 (indeed, at any integer). The Yoccoz conjugator also lifts to a homeomorphism
h: R — R conjugating f with translation Ty by 6.

As to fix notation, given two sequences (A,),>1 and (By,),>1, we will say they
are comparable, and denote A, =< B,, when there exist index ng > 1 and constant
C > 1, not depending on n, for which

éAn < B, <CA,, Yn > nyg.

If we only have that B, < CA, for all n > ngy, we will denote B, < A, (this
is the same thing as writing B, = O(A,)). More generally, we might be dealing
with collections of values (A,,)n>1 and (B,)n>1, instead of a single sequence (e.g. the
lengths of intervals of finer and finer partitions); in those situations, we will denote
A =< B (and similarly A < B) if the comparison constant is independent of n and of
the specific elements A € A,,, B € B,, we pick.

2.1. Modified dynamical partitions. The main idea for obtaining the Yoccoz
extension of h is to obtain dynamically defined grids on H, with good geometric
control for each of their cells, and attempt an extension at each cell. For that, we
start by considering the following dynamical partition:

Q. :={f7(0)[0<j<g.}+Z
The partition Q,, projects to the circle, partitioning it like

In—qn-1—1 gn-1—1
St = ( U [F”"l(l),Fj(l)]> U ( U [Fj(l%F””*q“(l)]) :
J=0 Jj=0

Indeed, the intervals of the form [F~7=%-1(1), F~/(1)] are the closest return inter-
vals of time ¢,_;, meaning no other point of the partition lies in between them,
while the intervals of the form [F7(1), F~7~™%4n-1(1)] are the unions of two in-
tervals: [F7(1), F~7=4(1)], a closest return interval of time g,; and [F 77 (1),
F~i=antan-1(1)] a closest return interval of time ¢,,_;. As the middle point F—774 (1)
is not in the partition, the other two points are the closest to each other in ©,,. One
can now verify that, when refining into 9,1, the intervals above are partitioned into
new ones at the points

F*ijn-1(1>,Ffijn-rqn(l), . Ffijn_r(anﬂfl)qn(l) — Ffijn+1+qn(1)’Ffj<1)
in the first case and
F_j(]_),F_j_Qn(l)’ o ’F_j_arH-ICIn(l) — F_j_QTH-l'HIn(l)’ F—j—qn+qn—1(1)

in the second case; see Figure 1. Notice that they are laid in that order by being
closest return times. This shows us that, if one takes t,s € Q,, two adjacent points
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and write
[t,S]an+1 Z:{t:t0<t1 <"'<tk:S}
then we have k = a,, 1 or a, 1 + 1, depending on the type of interval.

F*.f*‘ln(l) o Fi—tntan 1(1)

| | | | |

F*J*’Iulfl*(lu(l)

Ff/'fqul |72llrt(1) I \ I

I
F—./—m,,x“)

I
T T T
F7i(1) F*jfzqn(l)
F*J—a,mqu(l) - F’j’%+l+’1rr(1) F—j—um—(unq—l)qn(l) — F_j_(”’*’+’1"(1)

T T 1

Figure 1. The two different kinds of intervals in the partiton Q,, projected to S'. The
intermediate points are closest returns of time g,.

We recall that the usual dynamical partition P, is given by
P,={f70)|0<j<qu+an1}+7Z.

The intervals defined by P, also come in two forms (again projecting down to S'):
[Fi=m=1(1), F~9(1)], for 0 < j < @, and [F9(1), F7~%(1)], for 0 < j < @1
(see [6]). Notice that the first ¢, — ¢,_1 intervals of Q, — the ones of the form
[F~i=4a=1(1), F~9(1)]—are included in the first type of interval of P,; the other ¢, ;
intervals of Q,, are unions of two intervals of P,,. Indeed, the remaining intervals of
first type have indices ¢, — ¢,—1 < J < qn, and so can be rewritten as

[Pty (1), P (1)), 0< < g,

which, when joined with the g, _; intervals of the second type, will form the remaining
intervals of Q,,. This means that we can transfer certain properties of P, to Q,,, for
instance the following a priori bounds (originally from [10, 18], see also Theorem 3.1
and its proof in [5]):

Theorem 2.1. (Herman—éwi@tek; Real a priori bounds) Let f be a C" critical
circle map, with r > 3, and P,, be the associated dynamical partition. Then the
followiong hold:

e if I, J are adjacent intervals determined by P, then |I| < |J| (meaning the
comparison constant does not depend on n nor the intervals);
o if [,,:= [0, f~%(0) + pyl, then |I,| < |I11]-

Corollary 2.1. There are constants 0 < € < o < 1 such that, for any interval I
of P,

e" S < S 0™

Notice that I,, is the lift of the closest return interval [1, F~%(1)] of time ¢,, and
therefore we indeed have |I,,| < |I| for all intervals I determined by P,. These results
transfer trivially to Q,, from the observation that the intervals determined by it are
either also determined by P,, or the union of two adjacent intervals determined by

Ph.

Remark. Notice that, while the first item of Theorem 2.1 still holds for irrational
rigid rotations ry(x) = z + 0, the second one does not in general. In fact, the length
of [0,7,%(0) 4 py,] is comparable to 1/g,+1 (see Lemma 3.4), and thus this property
holds for 7y if and only if 6 is of bounded type.

2.2. Grids, cells and the grid map. We turn to defining the grids now. For
each t € Q,, let the height at level n be y,(t) := (t;, —t,)/2, with t; € Q,, the point to
the left of ¢ and ¢, € Q,, the point to the right—i.e. y,(¢) is the average between the
two adjacent intervals of the partition at level n that share t as a boundary point.
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The points z,(t) := t + iy,(t) for t € Q,,n > 0 will then form a grid I' when we
connect:

o 2,(t) to z,41(t) with a vertical segment, for each t € Q,;
e 2,(t) to z,(s) with a line segment whenever t, s € Q,, are adjacent.

We may repeat the previous steps, now replacing the function f with the trans-
lation Ty by 6, to obtain partitions @/, height functions y/,, vertices 2/, and a grid

IV, Tt is clear that I and IV are homeomorphic by simply sending z,(t) to 2/, (h(t))
and affinely mapping corresponding segments; see Figure 2.

Figure 2. The base grids T' (left) and IT” (right). Each vertex is a point of the form z,(z) or

/

/(). Only three levels have been drawn.

Z

The Yoccoz extension will be constructed so as to coincide with this homeomor-
phism on the grid I Notice that the partition Q) still satisfies the first item of
Theorem 2.1—any two adjacent intervals are comparable. In fact, any two intervals
of the same level are comparable, independent of being adjacent. This is simply
because the intervals have either length |g, 16 — p,_1| (a closest return of time ¢, 1)
or |¢n8 — pu| + |¢n—10 — pn—1] (the union of a closest return of time ¢, and another of
time g,_1), and we see that

|@n—10 — Dn—1] < @00 — Pu| + [Gn-10 — Pr—1| < 2|¢n-10 — pp_1|.

We first observe that these a priori bounds imply that the cells of the grids I', T”
have controlled geometry.

» Zn(tr)

Zn(tO)‘

Zns1(tj+1)

Zn1(tj-1)

Zn+1(tj) E

| |
° Py PY ®

to  ti-n b ot b

Figure 3. A possible cell Q. In red, the angles between the top side and the left and right sides.
In blue, the angles between adjacent bottom sides.
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Lemma 2.1. Let Q) be a cell of the grid I' or of the grid I"". Then:

e the top, left and right sides of () are all comparable (with constant not de-
pending on the level or the cell);

e the inner angle between the top and the left/right side of the polygon @ is
uniformly bounded away from 0 and 7;

e the inner angles between any two adjacent sides in the bottom of () are
uniformly bounded away from 0 and 27.

See Figure 3. We will work only on I'; as the proof for IV is completely analogous.

Proof. Let I = [ty,tx] be the interval determined by Q,, associated to @, with
[to,te] N Qny1 = {to < -+ < t; < --+ < tr}. We will begin by showing that the
lengths of the left, right and top sides of @) are all comparable to |I|. Let [; be the
interval of Q,, to the left of I, J be the leftmost subinterval of I in Q,,,1 and J; be
the interval of Q,, .1 to the left of J—i.e. the rightmost subinterval of I;. Then the
length of the left side of @), which is the vertical segment connecting z, (to) to zn+1(to)
(see Figure 3), is given by

_ M+ T+
2 2

_ %[(m — )+ (5] = 13D,

where the second equality just follows from the definition of the y,. To see that this
is comparable to |I|, it is enough to show that |/| — |J| < |I| (the same argument
shows that |[;| — |.J;| < |[;|, and by Theorem 2.1 we have |[;| < |I]). On one side, we
trivially have |I| — |J| < |I|. On the other side, since any adjacent interval to J of
level n+ 1 has length comparable to |J|, and as J is a subinterval of I, we must have
|I| > (14 1/C)|J| for some constant C' > 1 not depending on I, J, @ or n. Easy
manipulations now show that, |I| — |J| > |I|/(C + 1).

The claim for the top side comes from similar computations: if we denote I, the
interval determined by Q,, to the right of I, we then see that

|2n(t0) = 2nt1(to)| = Yn(to) — Yny1(to)

zn(to) = to + ZM and 2, (tg) =t + iw,
meaning that the length of the top side is given by
|2 (to) — za(ti)| = |te — to + ZM .
On one side, this is greater than or equal to |tx — to| = |I|; on the other, we have
tk—to+iM < ]tk—tg]JrM ~2|I|

again by Theorem 2.1.

To see that any angle between the top side of () and either the right or left sides
of @ is bounded away from 0 and 7, it is enough to notice that vy, (to) < y,(tx) < |1|.
Indeed, the polygon formed by the points to, tg, 2,(tx), z,(to) has all comparable
sides (by the above arguments) and two right angles (at the base), and therefore
cannot be “arbitrarily far from being a square”—ore formally, if the angle was not
bounded, the top side would not be comparable to the left and right sides.

Finally, to see that the angles between adjacent bottom sides of () are bounded
away from 0 and 27, we simply observe that, given ¢;_;,t;,t;41 € I N Q,41 adjacent,
the polygon obtained by taking as vertices t;_1, tj+1, Znt1(tj41), Znt1(t5), Zns1(ti—1)
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has all comparable sides, with two vertical ones making right angles with the bottom,
and the previous arguments conclude the proof. 0

Remark. Up to this point, we have overlooked a certain edge-case: when y,,(t) =
Yn+1(t) for some t € Q,; this can only happen when a,,; = 1. This would imply
that a cell with z,(t) as a vertex has to be a triangle. We have not dealt with this
case carefully, but the result still holds by completely analogous proofs. This implies
that triangular cells cannot distort too much, meaning that any affine map taking
a triangle of I' to a corresponding one of I has distortion bounded by a universal
constant—mnot depending on the actual cell we take. Indeed, by triangulating cells,
we see that the same holds if we consider cells with up to a certain number of sides.
This is useful for us, since some methods we will employ will usually assume that the
cell has a large enough number of sides, or is in a deep enough level of the grid.

2.3. Uniformization mappings, the dynamics of Mobius maps and the
Yoccoz extension. Let us now fix a cell Q) of I' and its image @’ in I"; let us
also fix their base intervals I = [to,tx] and I’ = [t{,t,]. We are looking to extend
the piece-wise affine map between 9Q and 0@’ to a map between @ and @’. The
geometric control lemma we just proved allows us to simplify the problem by turning
these polygons into the upper half-plane with good control on the distortion. Indeed,
let S:={z+1iy||z] <1, 0 <y <2} beastandard square, and define ¢: Q — S,
¢’ Q) — S as maps that are affine on the real coordinate and affine on each vertical
fiber. To make things more explicit, we can consider the top sides of @) and Q' as
graphs of affine functions g; and ¢, while the bottom sides are graphs of piece-wise
affine functions g, and g5. Then

. th—x | x—t (Y= 9(x)
gbx—i—zyz(— + )—1-2@(—
( ) tk—to  tx—to 91(x) = g2(2)
and ¢’ is given by the same expression, replacing to,tx, g1, 92 by t(,t;, 91,95 By
Lemma 2.1, we get that gq,¢2,¢9] and g5 all have uniformly bounded derivatives,
since their slopes are ratios between adjacent intervals of the partition. Therefore ¢

and ¢’ have uniformly bounded distortions—i.e. their distortions do not depend on
the actual cell Q.

[@ﬂﬁ - a

S ~1 H 1

Figure 4. Uniformization of a cell @) into the upper half-plane. Notice that the distribution of

points of the partition on the base remains the same.

To get to the upper half-plane now, we will fix a quasiconformal map p: S — H
that coincides with identity on the interval [—1, 1]; this can be done by first taking a
conformal uniformization p;: S — H, then a quasisymmetric map on R that coincides
with ¢! on [—1, 1], then a quasiconformal extension py of that quasisymmetric map,
and finally setting p := p,op;. Aslong as we use the same map p for all cells, the final
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result of this construction has turned the previous problem of extending the piece-
wise affine map from 9Q to 9Q)' into extending the piece-wise affine homeomorphism
of the real line that is identity outside of [—1, 1] and sends the points s; := ¢(z,41(%;))
to the points s} := ¢'(2;,,,(t;)). To solve this problem, we will need to understand
the distribution of these points. Since the points t; are obtained by rotation, their
distribution is uniform and then we get the following control:

Lemma 2.2. Let I' = [t{,t;] be an interval of the partition Q, and write I' N
=1ty <t} <---<t.}. Then

., — t
’ / - k 0 —
In particular, if s} := ¢'(z,,,(})), we have
1

, / ~ ‘_
S;—Sj_q < 1=1,... k.

k?

The distribution of the points ¢; is a much more involved problem. When we
subpartition the interval I, we get intervals that are the images of their adjacent
under the map f%. Since f is analytic, it has negative Schwarzian derivative, which
implies that f|; is an almost-parabolic map. The following estimates were obtained
by Yoccoz for this class of maps (see Appendix B in [5] or Lemma 7.3 in [6] for a
precise definition of almost-parabolicity and the proof of the estimates):

Lemma 2.3. (Yoccoz’s almost-parabolic bound) Let I = [to, ;] be an interval
of the partition Q,, and write I N Q1 = {tp < t; < --- <ty}. Then

te —to

PN S i kv 1—gp2 T
In particular, if s; := ¢(z,41(t;)), we have
1
55 — Sj_ j=1,... k.

T min{j k41— )2

The main trick now is to notice that the map we want to extend sends a distribu-
tion concentrated in the center of the interval to one that is uniform; or, equivalently,
the inverse of that map sends a uniform distribution to one that accumulates in the
center. Dynamically, this picture is similar to one where we have an attracting fixed
point in the interior of the interval and repelling fixed points at both ends. We
will use this observation to change the problem of extending the piece-wise affine
map, which has k affine pieces, to that of extending a piece-wise Mobius map, which
will have only two pieces to be considered. The Mobius maps in particular will be
modeled by the family

z
o(z) = ——mm—, > 2.
Gl2) a—(a—1)z “=
We can see that (, fixes 0 and 1, with multipliers 1/a and a at each of them, respec-
tively. Furthermore, ¢, leaves the interval [0, 1] invariant.

Proposition 2.1. The derivative of (, on [0, 1] is increasing. For x,x+¢ € [0, 1],
¢ > 0, one has

Calr +¢)

(2.1) 1< ()

< (1+¢a)?,
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’a 1 e(l+ea)*> 1
o OC L L= S

Proof. Tt is not hard to verify that ¢’ (x) = a/(a — (a — 1)z)? is increasing, giving
us the lower bound in (2.1). The upper bound of (2.1) is equivalent to

(2.2)

a—(a—1)z
a—(a—1)(z+e)
which is easily seen to be true since z + ¢ < 1. For the second set of estimates, we
apply the mean value theorem to get

() < C“(“i_ “l®) < e o).

<l+ea < (a—De+ala—1)e(z+¢) < ea?

Now it is easy to see that

, a (1+ea)?
W) = T e D o) S o o)
a <1+5a
a—(a—1)(z+e) = 1—=x
0<—ea+zx+e+ea(a(l —x)—ca+x+e¢)
=z+ec+eala—1)(1—(z+¢)),
and
, a e%a
W) = T S Areali—of
1 S €
a—(a—1)z — (14ea)(l —x)

I1—(1+4+¢)x>0.

The first inequality is then seen to be true, while the second one will follow from the
observation that, since x,x +¢ <1, we get (1 +¢)z < (2 —x)z < 1. O

Remark. From these estimates, we can see that, whenever € < 1/a, we get
Gl +e) < (o),
1
€) — = —_—
o e) = Glo) = Gy
in the sense that the constants involved in both estimates depend only on the ratio
between e and 1/a. More explicitly, if C' > 1 satisfies 1/C' < ae < C, then

Gz +¢) 2
l< 22—~ < (1+0)%
a9
1 Calz +€) — ()
> = 1/a*(1 —x)?
Now, let us decompose the integer k = a+ b, with a = |k/2]| and b = [k/2], and
consider the piecewise Mobius map : R — R defined by

s, = (L )G (550) if —1<0 <)

D(@) =4 s+ (1= 5)G, (H&> if s <a<1;

< C(1+4C?).

!
1-s],

T otherwise.
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Notice that on [—1, s/] the map ¢ is conjugate with (,, and on [s/, 1] with ;. This
is done in such a way that the fixed points of (, and (, are taken to the endpoints
1,s!,—1 of the intervals. More specifically, —1 and 1 are the repelling fixed points
of multipliers a and b, respectively, and s/, is the attracting fixed point of multipliers
1/a to the left and 1/b to the right. The map ¢ admits an explicit extension, which
allows us to easily compute its distortion.

Lemma 2.4. The map ¢: R — R, as defined above for a cell () of level n of the
grid I', can be extended to a K,-quasiconformal map of H, with

4
K, = — log? api1 + O(log apiy) as anyq — 00.

Proof. First, notice that the action of ¢ on the interval [—1, s/] is the restriction
of a Mobius transformation with real coefficients; let us denote this transformation
by (,. This means that (, is an automorphism of the upper half-plane, and as such
must preserve geodesics. If we let v be the geodesic on H connecting —1 to s/, then,
because éa fixes its endpoints, we must have that it leaves v invariant as well. Notice
that -y touches the real line at angles of /2. One can define similarly a geodesic v/
from s/, to 1, left invariant by the Mobius action of ¥ on [s,1]. Our goal will be to
extend 1 as to interpolate between its boundary action on [—1, 1] and the identity
on the geodesics v and +/'; this way, one can simply set the extension as identity for
the rest of the upper half-plane, since 1(x) = x outside of the interval [—1,1].

Now, consider L a Mébius transformation mapping —1 to 0 and s/, to 0o, so that L
conjugates (~a with another Mobius action that fixes 0 and oo, i.e. just multiplication
by some scalar. Since L must preserve the multiplier of —1, we have that L o (, o
L7'(z) = az. We can choose L such that the interval [—1, /] is sent to the non-
negative real line, so that L(y) will be an arc of a circle (in the sphere), connecting 0
and oo, invariant under multiplication by a, and crossing the real line in an angle of
7/2. Since L preserves orientation, L(7y) is the non-negative imaginary line. Further
conjugating with the exponential map shows us that the action of {, on the half-
disk D, bounded by « and the interval [—1,s)] is conformally conjugate to that of
translation by loga on the strip {z +iy | 0 <y < 7/2}.

5 2+ z+loga
a A
P % R+
2
OZHCL-Z

R

A

L log

»
L

0

Figure 5. The uniformization of the half-disk between the interval [—1, s/] and the geodesic 7
into an infinite strip of height 7/2. The map (o is then conjugate to translation by log a.

The problem thus reduces to finding a map on this strip that coincides with
translation by loga on the real line, and the identity on the line R + 7i/2—since we
can then use the above uniformization from the half-disk to the strip to conjugate to
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a map that coincides with ¢, on [—1, s'] and identity on <. This map can be given
explicitly:

. . T
Vol +1y) = o + iy + Syloga.

This is an R-linear map with constant distortion

@/1+%10g2a+%loga 4
Ky = = —log”a+ O(1).

o 2
w/l—i—#logza—%loga T

The exact same arguments can be repeated for the interval [s/,1] to obtain an ex-
tension W, with distortion 4log®b/m% 4+ O(1) which is identity on 4. Thus, the
extension of ¢ by taking the conformal conjugates of ¥, and ¥, on the half-disks D,
and Dy—the second being that bounded by [s/, 1] and '—and identity outside will
have distortion bounded by some constant (since b > a)

4 4
Ky = —logb+O(1) = — log® an1 + O(log a,y1). 0
™ T

The following corollary to the above lemma will be useful us.

Corollary 2.2. There exists a universal constant C > 1, nor depending on the
cell () nor the level n, for which the extension of 1 given by Lemma 2.4 is not
((log® any1/C) — €)-quasiconformal, for all € > 0.

Proof. Let us still denote by 1) that extension. Observe that the distortion K,
of 1 is constant in the region D,, and thus

esssup Ky (z) = Ky, < log? 1.
zeH

This means that there exists some universal constant C' > 1 such that

2
log Qn+1

Kw(Z) > Vz € Db7

meaning the map 1 cannot be ((log? a,+1/C) — €)-quasiconformal. O

Remark. Notice that, if such a statement were to hold for every possible exten-

sion of v, then the one given by Lemma 2.4 would be essentially optimal—meaning
that, although better extensions with smaller distortion constants may exist, they
would all be comparable to that specific extension. This would mean that the Yoccoz
extension has the optimal growth rate of its distortion when going to the boundary
among all extensions that agree with it on the grid I'. We unfortunately do not know
whether this optimality property holds or not.
Recall that the points s; and s are the images of the bottom vertices of the
cells Q and @' after uniformization, and we have thus far reduced the problem of
extending the piece-wise affine map between Q) and 9Q’ to the interiors of the cells,
to that of extending the piece-wise affine homeomorphism of R that sends the points
s; to the points 5}. To that end, consider the piece-wise affine maps 7;: R — R,
defined by sending each s; to ¥(s}), and ny: R — R, defined by sending each 1(s’)
to s}, and set n := 1 omy o 7. By showing that this map 1 admits a quasiconformal
extension of uniformly bounded distortion, we will be able to transfer the distortion
control of the extension of 1 described above back to our problem.

Lemma 2.5. The map n satisfies '(x) < 1 wherever the derivative is well de-
fined.
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Proof. We will actually show that this is true for n; and v o 1y independently.
For n;, we remember that, from Lemma 2.3, one has

1
8;—8;_1 < .
’ I mln{]7k+1_j}2
It is enough to show that the points (s}) satisfy the same property. Indeed, let us
first take 7 < a, so that s;, s;»_l < s!. Then

st -0+ o (B ) o (222,

1+ s 1+ s

Since we have, from Lemma 2.2,
/
j=1 _

1+s, 1454, i 1+,

!/ / / / /

)

and
$osha 11
I+s), k- a
we conclude using Proposition 2.1 (or rather the remark right after it) that
1 s,—s\ 7?1
/ / - a J -
v~ o) = o (1220 =
/ —

since 1 + s, = s — sy < j/k. The case when j > a is analogous and uses the
observation that 1 — s} =< (k — j)/k.
For the composition ¢ o 15, we get by the chain rule that

D(p o 1p)(2) = D(1a(2)) - Da(2)
and by the definition of 7,, we have
s;— 81 min{j,k+1—j}?

D(sh) —v(si_y) k

whenever z € [1(s]_,),(s})]. Let us now assume that j < a — the case j > a will
again be completely analogous. Since 1 is conjugated to (, by an affine map in the
interval [—1, /], we get that

’

Dny(z) =

Dy(a(2)) = DC, (M)

1+ s
whenever z € [¢)(s)_,),v¥(s})]. By Proposition 2.1, we conclude that

D, (ﬂ) < Dy(m(2)) < DG, (M) = D, (ﬂ) .

145 1+ s 1+ s,
By direct computations, we see that
—s + s, a k k
DC“( T+s )Z S\ k(= DED)? 7
a (a—(a—l) ) ) (k= (k=1%)
concluding that D(i o ny)(2) < 1. O

Corollary 2.3. The extension n(z + iy) := n(z) + iy is K-quasiconformal, with
K =<1.

We are finally ready to define the Yoccoz extension.
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Definition 2.1. The Yoccoz extension Y (h) of h is the homeomorphic extension
to the piece-wise affine map from I' to IV determined in each cell @ of the grid I' as
the composition

Yh)g=9¢""op oy lonopog.

T I

oL

&{W
H
-1 1, -1 1, -1

1
U (G

Figure 6. All of the steps to define the Yoccoz extension on a cell ). Step (1) uniformizes

the cell into the upper half-plane, maintaining the distribution of base points; step (2) redistributes
these points in a controlled way (bounded derivative) so that they are now the image of a uniform
distribution under the piecewise Mobius map; step (3) applies the (inverse of the) piecewise Mobius
map, which has repelling points at the extremes +1, and an attracting point at s/; step (4) applies
the (inverse of the) uniformization for the cell Q' = Y (h)(Q).

Theorem 2.2. Let Q) be a cell of level n. Then the map Y (h) satisfies
esssup Koy (2) < log? apn 1.
z€Q

The proof really comes from all of the controls we obtained for the maps involved
in the definition, and the following simple observation about quasiconformal maps:

Lemma 2.6. Let g1, g2, g3 be K1, K5, K3-quasiconformal, respectively. Assume
that g is not (K — ¢)-quasiconformal for any € > 0. Then the composition g; © gs© g3

K>
K1 K3

is not — ¢ |-quasiconformal for any € > 0.

Proof. Since g is not (K3 — ¢)-quasiconformal, we must have that there is some
quadrilateral A such that m(g2(A)) > (K2 —e)m(A), where m denotes the modulus.
Thus, we find that

_ 1 _ Ky —e¢ _
m(g1 0 g2 0 g3(g5 ' (A))) = o 920 93005 '(4))) > 2Kl m(gs(g5")(4))
K2 — & 1
> S mlay ' (4)
which implies the claim. 0

Proof of Theorem 2.2. Obtaining log® a,1 as an upper bound comes from the
construction itself, since all of the maps involved have universally bounded distortion,
except ™1, whose distortion is bounded by (something comparable to) log? tpy1—
and remember that when two maps are K; and Ky quasiconformal, respectively,



438 Luna Lomonaco, Lucas Oliveira and Miguel Ratis Laude

their composition is K; K, quasiconformal. By Corollary 2.2, the map ¢! is not
((log® any1/C) — ¢)-quasiconformal for some universal constant C' > 1. Lemma 2.6
thus tells us that there is another C’ > 1 such that Y (h) is not ((log® a,11/C") — ¢)-
quasiconformal (C” is the product of C' with the distortions of the maps ¢/~! o p and

nopog). [

3. Proof of the main result

In this section, we prove Theorem 1.1.

3.1. Supporting lemmas. Before proving the main results, we need to es-
tablish some supporting lemmas: the first three give lower bounds on area controls,
which are relevant when using the regularity of the extension to obtain information
about the rotation number; the fourth is an analogue of Corollary 2.1 for the rotation;
and the fifth is a finer inequality relating the values of ¢, with the terms a,,.

Lemma 3.1. Let Q be a cell of the grid T' at level n. Then Area(Q) = %" for
e € (0,1) the constant from Corollary 2.1.

Proof. Let I be the interval of the partition at level n that bounds Q. A
consequence of Lemma 2.1 is that () must contain a square of side ¢ =< |I|. Since
|I| = &™ by Corollary 2.1, and the area of such a square is ¢*, we conclude the
result. O

Lemma 3.2. Let QQ be a cell of the grid I' at level n. Then there are universal
constants C' > 1 and A € (0,1) not depending on () nor n such that

2
10g An+1

Area {z €Q ‘ Koy (2) > c } > X\ Area(Q).

Proof. Let us recall that the Yoccoz extension Y (h) on the cell @ is obtained as
a composition of maps

Y(h) = Cbl_l op_l O@D_l onopo g,

where ¢, ¢', p,n are all quasiconformal with universally bounded distortion, and the
map 1 is K,,-quasiconformal, with K,, = 4log® a, 11 /7% +O(log a,11), by Lemma 2.4.
The distortion of ¢ is in fact constant in the regions D,, D, defined in the proof of that
Lemma, and by combining Corollary 2.2 and Lemma 2.6, we conclude that Y (h)|q
has distortion bounded from below by log® a,,.1/C for some universal constant C' in
the region (nopo¢)~t(D,UDy). All we must do now is show that this region occupies
a constant proportion of the area of Q).

Since D, and Dy, are halves of disks with centers in [—1, 1] and diameters adding
up to 2, we must have that D, U D, always contains a half disk of radius 1/2—either
the one centered at —1/2 or the one centered at 1/2, and thus Area(D,U D,) > m/4.
Now, since 7'(z) < 1 along the real line, we must have that n distorts areas in H
in a controlled way, i.e. there is a constant A; not depending on () nor n such that
Area(n~*(D, U Dy)) > A;. Since p is fixed and equal to identity in the interval
[—1,1], we must have another constant A, not depending on @ nor n such that
Area(p~'on ™! (D, U Dy)) > Ay. Let now A = Ay/ Area(S) = Ay /4, so that

Area(pt o 1 (D, U Dy)) > X Area(S).

Since ¢ preserves the area proportions of sets (it is affine in vertical fibers, i.e. it
preserves length proportions in vertical fibers, and we can apply Fubini’s theorem),
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we conclude that
Area(¢ptop ton (D, U Dy)) > \Area(Q). O

Remark. Through the exact same arguments, we prove a similar result for the
inverse Y (h)™!

Lemma 3.3. Let Q' be a cell of the grid I'" at level n. Then there are universal
constants C' > 1 and X € (0,1) not depending on )’ nor n such that

2
log” an 41

Area {z €qQ ' Koypy-1(2) > & } > A\ Area(Q').
Lemma 3.4. Let 0 € R\Q, Ry be the rotation by @ on R/Z, and I}, := [1, Rj"(1)]

the interval of n'™ return to 1. Let also Q' be the adapted dynamical partition for
the rotation Ry. Then, for any interval I in Q! , one has

1 1
S < S —.
Gn+1 n
Proof. The lower estimate comes from the fact that

1

I'| = g0 — pn| > > .
Il = land = pal 2 == 25—

For the upper estimate, recall that an interval in @/, is either of the form [R,”(1),
R;j_q"‘l( 1)}, 0 < j < gy, in which case it is an (n — 1)™ return, or of the form
[R,7(1), Ry7 ™" (1)] U [R,7 (1), Ry” ™ *"1(1)], 0 < j < gn_1, in which case it is
the union of an ' return and an (n — 1) return. From that, we get

DPn— 1 1
|[| = |Qn—19 _pn—1| = (n—-1 0 — ! S gn—1 = —
Gn—1 dnQn—1 dn
in the first case and
2
in the second case. O

Finally, the following Lemma is a refinement of the classical inequalities

Hak H ag +1
k=1 k=1

which come easily by induction from the relation ¢,+1 = @419, + ¢o—1. The lower
inequality is not useful in its current state, since it cannot see long strings of ones in
the sequence a,,. To fix it, we will slightly addapt the sequence a,,.

Lemma 3.5. Let 6 = [ay,as,...] and {¢,},>1 be the associated sequence of
denominators from the approximants of . Define the sequence

Qe ifak 7& 1,
bk = F,

o ifap,_;=1forall0 <i</{anday_,#1

with F, the (" Fibonacci number—starting from Fy = F, = 1. Then

H bk H ag +1
k=1 k=1
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Proof. As observed before, we only need to prove the left inequality; we will apply
induction on the relation ¢,.1 = a,11q, + ¢n_1. First, observe that ¢ = ay = by. If
we then know the result for all m < n, we consider two possible cases: either a, # 1
and g, < apgn_1 < szl bp;ora, =a,1=+++=a,_¢41 = 1 and a,_, # 1, in which
case we can see that

n—~{
I =Gn-1+Gn2=20n2+Gn3=""=Fognrv+ Fr1qn-1 > F} H b
k=1
By the definition of b,, we see that Fy = [];_,_,., bx and the result follows. 0J

3.2. Proof of the main result. Proving that Y (h) is a David map under the
Petersen—Zakeri conditions involves both a control of its distortion from Theorem 2.2
and a control of the areas of the cells of I', which is obtained as a consequence of
Theorem 2.1. But, in proving the optimality of the condtion for the Yoccoz extension,
we need to know that the distortion of the map is not somehow concentrated in small
areas of each cell, nor that the areas of the cells decay faster than expected. This is
what Lemmas 3.1 and 3.2 are for.

Proof of Theorem 1.1.a.  The fact that p(f) € PZ implies that Y (h) is a
David map is already known from [16], but we include a proof for completeness. Let
K > 1, and assume z € H satisfies Koy (2) > K. Then either z is in the grid T,
which has zero measure, or z is in some cell of level n. Combining Theorem 2.2 with
the hypothesis that log® a, = O(n), we see that there is a universal constant C' > 0

satisfying Koy (2) < Cn, and in particular n > K/C. If ng = ng(K) is the smallest
integer such that ng > K/C, we find that

Area{z € [0,1] x [0,1] | Kyn(2) > K} < Area(cells of level at least ).
From Corollary 2.1, these cells reach a height of at most 6" (up to some constant),

for some universal o € (0, 1), and therefore

log(1l/0) &
,ETK.

Arvea{z € [0,1] x [0,1] | Ky (z) > K} < o™ < o®/¢ =¢

Thus Y (h) is a David map, with some constant A > 1 and « = logo™!/C.
Suppose now Y (h) is a David map with constants A, « > 0. By definition, this
means that

Area{z € [0,1] x [0,1] | Ky (2) > K} < Ae K.
Combining both Lemmas 3.1 and 3.2, we get

1 log® ay, 1
g2 < Area(Q) < XArea {z €qQ ‘ Koy (z) > %} < XAefalog2an+1/C.

Taking logarithms on both sides, we find that

o 1 A
50 log? apy1 — §IOgX +O(1) <mn,

and since A and A do not depend on n, we recover that p(f) € PZ. O
The ideas involved in item b of Theorem 1.1 are similar to the ones used up to

this point, now needing to apply some geometric control for the rotation instead of
the map f.

Proof of Theorem 1.1.b. Let us start showing that the condition is necessary.
Observe that Lemma 3.3 still guarantees that the area of the points in each cell
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Q' of the grid I where the distortion of % (h)~' exceeds some log®a,;/C is at
least a constant proportion of the total area. We also get from Lemma 2.1 that ¢’
will contain some square of side comparable to |I|, where I is the interval of the
dynamical partition @/, that bounds Q’. Thus, if we assume that Y (h)~! is David
with constants A, a > 0, then the lower bound from Lemma 3.4 gets us:

n+1
1 _
} > NAreaQ' 2 —— > H(ak+1) 2
1 b

2
log An+1

C

‘Aefozlog2 ant+1/C Z Area {K@y(h)—l (Z) Z
4
and the desired conclusion follows by taking logarithms (and noticing that log(a,+1+

1) = olog? ans1)).
Now, we will show that Y (h)~! is a David map whenever

log? aniq < Zlog b, =: B,,.
k=1

The equivalence between this condition and the one in the hypothesis is easy to verify.
Let K > 1, and assume z € H satisfies Koygy—1(2) > K. Then either z is in the grid
IV, which has zero measure, or z is in some cell of level n. Combining Theorem 2.2
with the hypothesis that log® a,11 < B,, we see that there is a universal constant
C > 0 satisfying Kony-1(2) < CB,, and in particular B,, > K/C’ If ng = no(K) is
the smallest integer such that B, > K/C, we find that

Area{z € [0,1] x [0,1] | Koypny-1(2) > K1 < Area(cells of level at least ng).

From Lemmas 3.4 and 3.5, these cells reach a height of at most e~ %

constant), and therefore
Area{z € [0,1] x [0,1] | Ky1(z) > K} S e Pro < e K/C
Thus Y (h)~! is a David map, with some constant A > 1 and « = 1/C. O

By looking at our arithmetic classes, we observe an unexpected phenomenon: the
condition for Y (h) to be David is strictly included in the condition for Y (h)~! to be
David. Indeed, if log? a,, = O(n), then

"0 (up to some

Zlog(ak +1) >n-log2 > log*a,.
k=1
We remind the reader that biDavid maps are David maps with David inverse.
Theorem 1.1.b implies the following:
Corollary 3.1. If Y (h) is a David map, then it is actually biDavid.

Remark. Although the condition for Y (h)~! to be David results in a cumber-
some arithmetic class, we can compare it to other classes that are easier to under-
stand. For that, let us denote

loga, = O <n%+5> } ,

PZ. .= {«9: [ai,aq,...] €ER\Q
and recall that we defined

A= {GZ[al,ag,...]ER\Q

D

k=1
Then we find that
PZ=PZyC AC PZs.
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Indeed, the first inclusion is exactly the previous corollary, and the second comes
from a simple induction argument.

Furthermore, we can check that A intersects PZ. for all 0 < ¢ < 1/2 without
entirely containing these classes. Indeed, on one hand, taking 6 = [aj, as,...] with

a, the integer part of e”l/%E, we have 6§ € AN PZ.. On the other hand, if we let

a, be the integer part of e"*" when n is a perfect square, and 1 otherwise, then
0 € PZ. still, but 6 ¢ A. It is also worth mentioning that A is still included in the
Brjuno class.

3.3. Generalizations. The proofs presented in the above section can be adapted
to more general classes of maps, as long as they are defined through similar area con-
trols as the David class. To make this more explicit, let us state the following:

Theorem 3.1. Let F': S' — S' be a critical circle map with 0 = p(f) € R\ Q,
and let f be a lift of it. Let h: R — R be the lift of the normalized linearizing map,
which satisfies ho f = Tys)oh, where Ty(z) = z+0. Let Y (h): H — H be the Yoccoz
extension of h. Let f: [l,00) — [1,00) be a strictly increasing function satisfying
that, for any C > 1, f(Cz) < C'f(x), where C' depends only on C'. Then:

a. there are constants A, a > 0 satisfying
Area{z €[0,1] x [0,1] | Koyy(2) > f(f()} < Ae—oK
for all K > 1 if and only if
loga, = O ( f(n)) ;
b. there are constants A, > 0 satisfying
Area{z € [0,1] x [0,1] | Koyny-1(2) > f(f()} < AeK

for all K > 1 if and only if

log®a, < f (Z log(ay + 1)) :

k=1
Proof. Let us assume Y (h) and Y (h)~! satisfy the area controls of items a and

b. Then, according to Lemmas 3.1, 3.2, 3.3, 3.4, 3.5, for values of n with a,, large
enough, there are cells Q, Q" of ', I”, respectively, and a constant C' > 1, such that

—af-! log? a1 log?
A ( “ )zArea{zeQ Koy(h)(z)zm}

C
> AArea(Q) > ¥ =

log® a,
= f! (%) Sn+1 = log’an S f(n+1),

and

—afl (10%2 ‘ln+1>
Ae ¢ > Area {z €Q | Kygpy-1(2) > &

n+1

> Mrea(Q) 2> | |(ax +1)* =
1

log? an 41 }

+

B
Il
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2 n+1 n+1
— [ <log$) < Zlog(ak +1) = log*any S f (Z log(ax, + 1)) :
k=1 k=1
On the other hand, if 6 satisfies the condition log a,, = O(/f(n)), we take K > 1
and observe that, if there is a point z in a cell of level n satisfying Koy(n)(2) > f (K),
then f (f( )< C log? a4+, for some universal C' > 1, from Theorem 2.2, which in turn
implies that f(K) < C"f(n), for some universal C’ > 1, from the hypothesis. By the
condition imposed on f, there is C” > 1 also universal satisfying K < C"n. Thus,
taking ng = ng(K) the smallest integer such that ng > K/C”, we have

Area{z € [0,1] x [0,1] | Koy > F(K)} < Area(cells of level at least ng)
< 0_n0 S O_IA(/CW

which is the area control we wanted, with some A > 1 and a = log(1/0)/C".

The argument for Y (h)~! is perfectly analogous. 0

We can now apply this theorem to two classes of maps.

Definition 3.1. A homeomorphism H: H — H is strong David if there are
A, o > 0 such that

Area{z € [0,1] x [0,1] | Ku(z) > K} < Ae™",

which can be rewritten as

Area{z € [0,1] x [0,1] | Ky(2) > log K} < Ae K.
As a consequence of Theorem 3.1 we obtain the following

Corollary 3.2. Y (h) is strong David if and only if log a,, = O(y/logn), and the
inverse Y (h)~! is strong David if and only if

n+1

log? ani1 < log Z log(ay + 1).
k=1
It is clear that Y (h)~! is strong David when Y (h) is, but the converse must
also be true, since strong David maps are closed under taking inverses [4]. It is also
possible to check this fact directly by proving that the arithmetic classes above are
actually the same.

Definition 3.2. A homeomorphism H: H — H is of controlled finite distortion
if there are A, o > 0 and v some concave function satisfying [~ d¢/tv(t) = oo such
that

Area{z € [0,1] x [0,1] | Ky (2) > Kv(K)} < Ae k.
As a consequence of Theorem 3.1 we obtain the following:

Corollary 3.3. Y (h) is of controlled finite distortion if and only if loga, =

O(y/nv(n)) for some such v, while Y (h)~! is of controlled finite distortion if and
only if

n+1 n+1
log? ani1 < (Z log(ax + 1)> v <Z log(ax + 1)) .
k=1

k=1
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This regularity class is used in [17] to generalize the Petersen—Zakeri result, and
in particular the arithmetic class there considered was exactly the optimal one for
the Yoccoz extension.

Remark. One can find an example where Y (h)~! is David, but Y (h) is not
even a controlled finite distortion map: define a, to be the integer part of ev*o8”
when n is a perfect square and 1 otherwise. That gives us that, on one hand,

n vn+1
Zlog(ak+1)§/ ky/logkdk + nlog2 = ny/logn,
k=1 0

and on the other hand log® a,, < nlogn.

Remark. The class of controlled finite distortion maps is related to solutions
of the Beltrami equation in the general context of finite distortion maps—maps for
which the distortion function Kp is finite almost everywhere. Indeed, when U is a
bounded domain in C, and pu € L>*(U) satisfies

o (2)) e

for some function A: [1,00) — [0,00) that doesn’t increase too slowly, then the
Beltrami equation df = pdf admits a unique solution (up to composition with
conformal maps) that lies in a certain Orlicz space—see [9, Section 20.5] for precise
definitions and proofs of results. Theorem 3.1 in [17] shows that the controlled finite
distortion maps lie among such solutions.

3.4. A remark on optimality. Let us begin by stating the following conjecture
made by Petersen and Zakeri in [16].

Conjecture 3.1. If F': S' — S! is a critical circle mapping with rotation number
0 and if the normalized linearizing map H: S' — S', which satisfies Ho F' = Ryo H,
admits a David extension H: 1D — D, then 0 € PZ.

If it was possible to prove that the Yoccoz extension is somehow extremal among
extensions of the Yoccoz conjugator, one could conclude the conjecture as a direct
consequence of Theorem 1.1. Since such a notion has no standard definition, how-
ever, we wish to compare the Yoccoz extension with other possible extensions of h.
Specifically, we will consider the maps h,, which are the piece-wise affine approxi-
mation of h at level n—i.e. h,(z) = h(z) for all x € Q,, and h,, is affine between
these points; see Figure 7. It turns out that one can estimate their quasisymmetry
constants in terms of coefficients a,,.

QZ Qn

Figure 7. The graph of a map h,, and zoomed in sections emphasizing the distribution of points

given by the Yoccoz almost-parabolic inequality.
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Proposition 3.1. Let h, be the piece-wise affine approximation of h. Then
|hnllgs 2 max apn.
1<m<n

Proof. Let a,, be the maximum element in the sequence up to term n. Take [
any interval determined by elements of Q,, 1 and we denote by t, < t; < --- < t;
the elements of Q,, N [—so I = [t, tg]; recall that k = a,, or ay,11. Let a := |k/2],
and set

t, -t t, —t
= tl and §:= 0
2 2

Observe that t — 0 =ty and t + § = t,. We first observe that #([to,t] N Q,,) < 1.
Indeed, if #([to,t] N Q,, = v), then

ta—t:tyﬂ—tJthj—tj_lsz% 0.
tk—to tk—to j= tk—to j= V—00

observing that ¢, —t < t,41 — t,. But from the choice of ¢, (t, —t)/(tx — to) < 1,
showing that v cannot be arbitrarily large.
Now we check that

t:

On one side, we have

a

: t — 1 —v—2
ha(t+8) = ha(t) = thyy = ha(t) + > =t 2> L 0o_ ¢ Z (t, —th).

j:y+2 j=l/+2

On the other,

v+1

v 1y 1
) = halt = 0) = hat) — £, + 305~ 11, £ 3 0= VT ),
=1 j=1

Thus p = (a—v—2)/(v+1) < . O

With such a control of the quasisymmetry constant, we can now see that a couple
of usual extensions would generally result in worst distortions. For instance, if we
denote by Epa the Beurling—Ahlfors extension, then Lehtinen showed in [13] that

Kipa(9) < 2(gllgs

for any quasisymmetric map g: R — R. Thus, this bound would only get us a linear
control of the distortion, instead of the logarithmic one that the Yoccoz extension
provides. The Douady—Earle extension, here denoted Epg, is much worse. Douady
and Earle [8], and Partyka [15] showed that

Kgpp(g9) < G (min {[|g]122,2[|glles — 1})

for some explicit growth function G: [1,00) — [1,00) that grows asymptotically
faster than polynomial. These are not concrete proofs of optimality, since these
bounds are very general and might not be sharp in our context, but they illustrate
that, by taking the underlying dynamics into consideration, the Yoccoz extension
can massively improve traditional distortion controls.



446

1]

2]

Luna Lomonaco, Lucas Oliveira and Miguel Ratis Laude

References

AnLFORS, L. V., and L. BERS: Riemann’s mapping theorem for variable metrics. - Ann. of
Math. (2) 72, 1960, 385-404.

Astara, K., T. IwaNIEC, and G. MARTIN: Elliptic partial differential equations and quasi-
conformal mappings in the plane. - Princeton Math. Ser. 48, Princeton Univ. Press, Princeton,
NJ, 2009.

BEURLING, A., and L.V. AHLFORS: The boundary correspondence under quasiconformal
mappings. - Acta Math. 96, 1956, 125-142.

DaviD, G.: Solutions de 'équation de Beltrami avec ||it]cc = 1. - Ann. Acad. Sci. Fenn. Ser.
A T Math. 13:1, 1988, 25-70.

DE FARIA, E., and W. DE MELO: Rigidity of critical circle mappings. I. - J. Eur. Math. Soc.
(JEMS) 1:4, 1999, 339-392.

DE FARIA, E., and P. GUARINO: Dynamics of circle mappings. - 33 © Coléquio Brasileiro de
Matemética, Instituto Nacional de Matemética Pura e Aplicada (IMPA), Rio de Janeiro, 2022.

DENJOY, A.: Sur les courbes definies par les équations différentielles & la surface du tore. - J.
Math. Pures Appl. IX. Sér. 11:1, 1932, 333-375.

Douapy, A., and C.J. EARLE: Conformally natural extension of homeomorphisms of the
circle. - Acta Math. 157:1-2, 1986, 23—48.

HencL, S., and P. KOSKELA: Lectures on mappings of finite distortion. - Lecture Notes in
Math. 2096, Springer, Cham, 2014.

HeErRMAN, M.-R.: Conjugaison quasi symétrique des homéomorphismes analytiques du cercle
a des rotations. - Manuscript, 1987.

HERMAN, M.-R.: Notes inachevées—sélectionnées par Jean-Christophe Yoccoz. - Documents
Mathématiques (Paris) 16, Société Mathématique de France, Paris, 2018.

KARrRAFYLLIA, C., and D. NTALAMPEKOS: Extension of boundary homeomorphisms to map-
pings of finite distortion. - Proc. Lond. Math. Soc. (3) 125:3, 2022, 488-510.

LEHTINEN, M.: The dilatation of Beurling—Ahlfors extensions of quasisymmetric functions. -
Ann. Acad. Sci. Fenn. Ser. A T Math. 8:1, 1983, 187-191.

LyuBicH, M., S. MERENKOV, S. MUKHERJEE, and D. NTALAMPEKOS: David extension of
circle homeomorphisms, welding, mating, and removability. - Mem. Amer. Math. Soc. 313:1588,
2025.

PARTYKA, D.: On the maximal dilatation of the Douady—Earle extension. - In: Workshop
on Complex Analysis (Lublin, 1994), Ann. Univ. Mariae Curie-Sklodowska Sect. A 48, 1994,
80-97.

PETERSEN, C. L., and S. ZAKERI: On the Julia set of a typical quadratic polynomial with a
Siegel disk. - Ann. of Math. (2) 159:1, 2004, 1-52.

SHEN, L.: An application of the degenerate Beltrami equation: quadratic polynomials with a
Siegel disk. - Ann. Acad. Sci. Fenn. Math. 43:1, 2018, 267-277.

SWI@TEK, G.: Rational rotation numbers for maps of the circle. - Comm. Math. Phys. 119:1,
1988, 109-128.

SWIATEK, G., On critical circle homeomorphisms. - Bol. Soc. Brasil. Mat. (N.S.) 29:2, 1998,
329-351.

Yoccoz, J.-C.: Il n’y a pas de contre-exemple de Denjoy analytique. - C. R. Acad. Sci. Paris
Sér. I Math. 298:7, 1984, 141-144.

ZAKERI, S.: On boundary homeomorphisms of trans-quasiconformal maps of the disk. - Ann.
Acad. Sci. Fenn. Math. 33:1, 2008, 241-260.



David regularity of the Yoccoz extension 447

Received 14 August 2025 e Accepted 12 April 2026 e Published online 15 June 2026

Luna Lomonaco Lucas Oliveira

Instituto de Matematica Pura e Aplicada Universidade Federal do Rio Grande do Sul
Estrada Dona Castorina 110, Jardim Botanico = Departamento de Matemética Pura e Aplicada
Rio de Janeiro, RJ, CEP 22460-320, Brazil 91509900 Porto Alegre, RS, Brazil
luna@impa.br lucas.oliveira@ufrgs.br

Miguel Ratis Laude

Universidade de Sao Paulo

Instituto de Matematica e Estatistica
Sao Paulo, SP, CEP 05508-090, Brazil
miguelrlaude@gmail.com



	1. Introduction
	2. Preliminaries: the Yoccoz extension
	2.1. Modified dynamical partitions
	2.2. Grids, cells and the grid map
	2.3. Uniformization mappings, the dynamics of Möbius maps and the Yoccoz extension

	3. Proof of the main result
	3.1. Supporting lemmas
	3.2. Proof of the main result
	3.3. Generalizations
	3.4. A remark on optimality

	References

