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CHAPTER 1

Introduction

The classical Khinchin theorem concerns analytic number theory. For any real
number z we denote with {x} its fractionary part, that is {z} := min{z — k;k €
Z,k < x}. Let us consider &« € R. The most general diophantine condition on
« can be defined considering a positive sequence ¢ : N — R, and looking at the
equation

(1.1) {na} < o(n).
Khinchin proved the following classical result, known as Khinchin teorem (see [K]).

THEOREM 1.0.1. Let ¢ : N — R, be a positive sequence such that np(n) is
monotone decreasing.

o If Y cnw(n) < oo then equation (1.1) has just finitely many solutions
n € N for almost any o € Ry

o If > cnw(n) = oo then for almost any a equation (1.1) has infinitely
many solutions n € N,

A rotation can be thought as a map R, of the interval [0,1) to itself, where
a € [0,1) denotes the rotation number of R, in this way it takes the form:

Ryx =2+ a mod Z.

The dynamics of a rotation is strictly linked to the diophantine properties of its
rotation number. A first well known fact is that the rotation is periodic if and only if
the rotation number is rational and conversely all irrational rotations are minimal.
A solution of equation (1.1) can be thought as a rational rotation R),/, with rotation
number p/q (where (p,q) = 1) at C? distance less that ¢(q)/q from the rotation
R,. Khinchin theorem therefore has a natural dynamical interpretation in terms
of estimation of the recurrence of irrational rotations. A very classical tool to make
good rational approximations of irrational numbers is the Gauss map. It is the map
G :(0,1) — [0,1) defined by

G(a) = {a™'},

which generates the continued fraction algorithm. Khinchin result gives a quanti-
tative estimation about the maximal speed of approximation of generic rotations
with rational ones.

It is also quite well known that the continued fraction algorithm has a strict
relation with the geodesic flow g; on the modular surface H/PSL(2,7Z) (see for
example [Ser], even if there are many other references). In particular one of the
consequences of Khinchin theorem is the logarithmic law for the geodesic flow on
the modular surface.
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THEOREM 1.0.2. Let zg and z be any pair of points in H/PSL(2,Z). For almost
any unit vector v at z, if we denote with g; be the geodesic passing from z in the
direction of v, in terms of the Poincaré distance d we have

d
limsupM =1/2.
t—o0 logt

1.1. Interval exchange transformations.

An alphabet is a finite set A with d > 2 elements. An interval exchange
transformation (also called i.e.t.) is a map T from an interval I to itself such
that I admits two finite partitions Py := {I}}nc4 and P, := {Ig}BeA into d open
intervals and for any « € A the restriction of T to the interval I, is a translation
with image the interval I2. The map T : I — I is therefore defined by rearranging
(via translations) the intervals of the partition P; in a new order inside I given by
Py and is entirely defined by the following data:

(1) The lengths of the intervals,
(2) The order before and after rearranging.

The first are called length data, and are given by a vector A € Rﬁ, where A\, denotes
the length of I (which is equal to the length of I%) for any a € A. The second are
called combinatorial data and are given by a pair of bijections m = (7t 7%) from
A to {1,..,d}. The meaning of 7 is that for any o € A, if we count starting from
the left, the interval I! is in 7*(«)-th position in P; and I? is in 7°(a)-th position
in P,. For any combinatorial datum 7 let us call Ay := {7} x R the set of all
the possible i.e.t. with combinatorial datum 7. Let us consider any T' € A,. For
any « € A such that 7'(a) > 1 we call u!, the left endpoint of I,. In general T is
not continuous at uf,. Similarly for any 8 € A such that 7°(8) > 1 we call u% the
left endpoint of Ig. In general the inverse T~! of T is not continuous at u% For
any a, 3 € A with 7*(a) and 7°(3) > 1 the position of the associated singularities
depend from the data (m, A) with the relation:

(1.2) ul, = Z Aor and u% = Z Agr.

mt(a) <t (a) wb (B)<m® ()
We say that the combinatorial datum 7 is admissible if there is no proper subset
A" C A with k < d elements such that ©t(A’") = 7%(A") = {1,..,k}. We always
suppose that the combinatorial datum is admissible since otherwise the dynamics
of an i.e.t. decomposes into two simpler parts that can be studied separately.

DEFINITION 1.1.1. A connection for T : I — I is a triple (8, a,n), where n € N
and a, § € A satisfy ' (a),7%(6) > 1 and T"uf, = u}

Le.t.s with connections are the generalization of rational rotations. A first
reason to believe it is the following theorem, due to Keane:

THEOREM 1.1.2. If T has no connections, then it is minimal.

We remark anyway that there is not an true dichotomy as for rotations, since
there exist minimal i.e.t.s with connections. Lemma 2.1.4 in paragraph 2.1.3 gives a
deeper reason for this interpretation. Now as Khinchin did for irrational numbers,
we define a general diophantine condition for i.e.t.s. Let us consider a positive
sequence ¢ : N — R, such that ne(n) is decreasing monotone.
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DEeFINITION 1.1.3. Let m be an admissible combinatorial datum and let 1" be
an i.e.t. in A, be a i.e.t. without connections. A mod ¢ connection for T is a
triple (3,,n), where n € N and 3, € A satisfy 7*(a) and 7°(3) > 1 that is a
solution of

(1.3) |T”(u%) —ul| < ¢(n).

Let us fix any i.e.t. T : I — I with combinatorial-length data (m,\) € A,
and 7 admissible. For any 3,a € A with 7*(a) and 7°(3) > 1 and for any n € N
let us call I(5, ,n) the open subinterval of I whose endpoints are T (u}) and uf,
(doesn’t matter their reciprocal order).

DEFINITION 1.1.4. Let 7 be admissible. Given the i.e.t. T" with combinatorial-
length data (7, \) € A, let us consider a triple (3, a, n) with n € N and (), 7°(3) >
1. We say that (8, o, n) is a reduced triple for T if for any k € {0, ..n} the pre-image
T=k(I(8,a,n)) of I(B,a,n) does not contain in its interior any singularity u!, for
T or any singularity u%, for T—! with o/, 3’ € A.

DEeFINITION 1.1.5. Given a function ¢ : N — R, as before and an admissible
m, an interval exchange transformation 7' € A, is said

e mody-Diophantine if equation (1.3) has just finitely many solutions.

e modep-Liouville if for any pair of letters 8, with 7f(a) and #%(3) > 1
there exists infinitely many triples (3, o, n) reduced for T that are solution
of equation (1.3).

We proved the following generalization of Khinchin theorem.

THEOREM 1.1.6. Let us consider a positive sequence ¢ : N — R such that
np(n) : N — Ry is decreasing monotone. For any admissible combinatorial datum
m we have the following dichotomy:

a: Ifzzz p(n) < oo then almost any i.e.t. T € A, is modp-Diophantine.
b: If 32 (n) = 400 then almost any i.e.t. T € A, is mody-Liouville.

1.2. Translation surfaces.

Let us consider M a smooth, compact, orientable, boundaryless surface of genus
g. Let ¥ = {p1,..,p;} be a finite subset of M with r elements and ki, .., k, non-
negative integers. Let H(k1,.., k) be the (stratum of the) moduli space of pairs
(S, w), where S is a Riemann surface structure on M and w is a holomorphic abelian
differential with respect to the structure S having a zero of order k; at any point
p; € 3. The genus of M and the order of zeros of w are related by the formula
k1 + ..+ kr = 2g — 2. The datum X = (S, w) is equivalent to the datum of a flat
metric on M \ ¥ with cone singularities with angles 27 (k; + 1) at points p; € ¥ (the
zeros of w) and is also called a translation surface. Any H(ky,..,k,) is a complex
orbifold with dim¢ = 2g+7—1 (see proposition 2.3.5 in the background), in general
zorichit is neither compact nor connected. The area of a flat structure is given by

Area(X) := / w AW,
M\E

and the normalization Area(X) = 1 defines an hypersurface H(") (ky, .., k) which
has finite Lebesgue measure (theorem of Masur and Veech, see [Mal] and [Ve]).
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Let us fix X = (S,w) in some stratum H(kq,..,k.). Since the angles at the
singularities are multiples of 27 then X determines a parallel constant vector field
0y on M \ X, called vertical vector field. A saddle connection ~ for the translation
surface X is a geodesic for the flat metric starting and ending at zeros of w and
with no other zeros in its interior. If y is a saddle connection for X, at any point of
« the angle with the vertical direction 0, is constant and we denote it angle(vy, d,).
It is possible to see that the condition angle(y,d,) = 0, that is that the saddle
connection < is parallel to the vertical direction 9, on X, forces X to stay in
some codimension one immersed sub-manifold of H(kq, .., k). Since the saddle
connections are countably many it follows that for a generic X they are never
vertical. Nevertheless angle(wy, 9,) accumulate at 0 when ~y varies in the set of all
saddle connections of a fixed X. We ask how good the approximation is with respect
to the length || of the saddle connection v with respect to the flat metric on X.
This motivates the following definition:

DEFINITION 1.2.1. Let us consider a positive function ¢ : Ry — R bounded
from above such that tp(t) is decreasing monotone. A mod ¢ vertical connection
for a translation structure X is a saddle connection 7 such that

el
WIS

Let us fix a translation surface X. A point p; € X is a zero of w of order
k;, therefore is the starting point of k; + 1 trajectories of the vertical field 0,
associated to X. These trajectories are called outgoing vertical separatrices and
can be labeled with an integer [ in {0,..,k;} in the following way: a separatrix
Vskrt is arbitrarily chosen, then we call Vs““"’5 the [-th separatrix that we meet
moving in counterclockwise sense around p;. Slmllarly there are k;+1 trajectories of
0y that end in p;, they are called ingoing vertical separatrices. We chose arbitrarily
a separatrix Vp‘i%l and for any [ in {0,..,k;} we call Vp‘i?ld the [-th separatrix that
we meet moving in counterclockwise sense around p;.

For any saddle connection v on X we can specify the points p; and p; in X
where 7 respectively starts and ends. We can also determine uniquely a pair of
vertical trajectories Vpsjt%t and V;fld respectively starting in p; and ending in p;
such that

(1.5) —m < angle(, Vpsif‘frt) <7 and — 7 < angle(v, V;f]"gl) <.

(1.4) | tan angle(~, 0,

On the other hand let us fix some X, a pair of points p;,p; € ¥ and two integers
1 €{0,..,k;} and m € {0, ..,k;}. We define the configuration C(P:it™)(X) as the
set of saddle connections « for X that satisfy the relation in equation (1.5) for the
fixed data (p;, p;, 1, m).

The vertical separatrices at singular points can be labeled in a way such that
their names vary coherently when X moves in some small open set in H(kq, .., k).
This is to say that if V = V;;?i‘l”t is any outgoing vertical separatricx for X and
X' is sufficiently close to X, then the outgoing vertical separatrix V' for X’ which
corresponds to V' has name V’St‘“"t The same obviously holds for any ingoing ver-
tical separatrix. It follows that if v is a saddle connection for X in configuration
Cpips.lm) (X) that still is a saddle connection for X', then + is in configuration
CPipibm) (XY as saddle connection for X’. Unfortunately this is no more true
globally: we can find loops in H(ky,.., k) based at some X such that when X
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comes back to itself its saddle connections have changed their configurations. To
make configurations vary globally in a coherent way we have to introduce the space
ﬁ(kl, .., k) whose elements are the data X = (X,51,..,5,), where X is a transla-
tion surface and for any singular point p; we have chosen an horizontal separatrix
S; for X starting at p;. We call such a datum a totally marked translation surface.
The moduli space of totally marked translation surfaces is denoted ﬁ(kl, s k),
with the trivial projection X — X it forms a finite cover of H(k1, .., k). Details
are given in paragraph 3.1.2, conceptually the construction is the same as the one of
the orientable double covering of a non-orientable manifold. Exactly as any stratum
H(kq, .., k), its covering 7—A{(k1, ., k) is a complex orbifold with dim¢ = 2g+r — 1,
it is neither compact nor connected, nevertheless the hypersurface HD (k1, .., k) of
totally marked area one translation surfaces has finite Lebesgue measure (see para-
graph 3.1.2). Since for us it is important to preserve the configurations when X
moves in the moduli space, we will state our results for totally marked translation
surfaces.

DEFINITION 1.2.2. Let ¢ : Ry — Ry be a positive function as in definition
1.2.1 such that to(t) is decreasing monotone. An element X = (X,Si,..,S,) in
H(ky, .., ky) is said

e mody-Diophantine if there are just finitely many saddle connections -~y for
X that are solutions of equation (1.4).

o mody-Liouville if any configuration C(#Pi-lm) (X ) contains infinitely many
saddle connections =y that are solutions of equation (1.4).

For (totally marked) translation surfaces we proved the following version of
theorem 1.1.6.

THEOREM 1.2.3. Let us consider any stratum ﬁ(kl, ., k) of the moduli space
of totally marked translation surfaces and let ¢ : Ry — Ry be a function as in
definition 1.2.1.

a: Iffooo o(t)dt < 0o then almost any X € H(ky, .., k,) is modp-Diophantine.
b: If [ @(t)dt = oo then almost any X € H(ky, ... ky) is modep-Liouville.

Theorems 1.1.6 and 1.2.3 are Borel-Cantelli type result. Part a of both the-
orems corresponds to the easy half of the argument. A natural construction for
translation surfaces (totally marked or not) is to fix any X € ﬁ(/ﬁ, .., k) and ro-
tate its vertical direction 0. If 6 is the angle of the rotation we call X, the rotated
translation surface. We denote SO(2, R)X the image in the moduli space of the
application 6 — Xp: it is often a circle, except some cases when it can have a finite
number of self-intersections. The following proposition (proved in paragraph 3.4)
is another version of the easy half of the Borel-Cantelli argument. In section 3.5
we show that it implies the converging part of theorems 1.1.6 and 1.2.3.

PROPOSITION 1.2.4. Let us consider a function ¢ : Ry — Ry as before and sup-
pose that [° o(t)dt < co. For any X in H(ky,..,ky), almost any Xy € SO(2,R)X
is modp-Diophantine.

Part b of theorems 1.1.6 and 1.2.3 correspond to the difficult part of the Borel-
Cantelli argument and follows from the result that we develop in section 4.
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1.3. Generalized logarithmic law for abelian differentials

Let F; denote the Teichmiller flow (see paragraph 2.3.4) on the stratum
ﬁ(kl, ., k) with zeros of orders ki, .., k.. Since it preserves the area of flat surfaces
we can consider its restriction to the hypersurface ﬁ(l)(kl, .., k) of area one totally
marked translation surfaces. For any X = (X,51,..,5) in 7:2(/@1, .., k), any pair of
points p;,p; € X, any | € {0, .., k;} and any m € {0, .., k;} we put

sysPiPisbm) (X)) ;= min{length(y);y € CPiPi-bm™) (X)),

that is the length of the shortest geodesic in the configuration C®i it (X) (see
paragraph 3.1.2). The classic systole function Sys(X) is defined for elements X
in H(k1,.., k) as the length(v,,in), where v, is the shortest saddle connection
for X. Tts property is that a sequence X, in H(ky,..,k,) (or in HM (ki, ... k,))
diverges, that is it escapes from any compact set, if and only if Sys(X,) — 0.
For sequences X,, € ﬁ(l)(kh ..,kr) and for any datum (p;, p;,l,m) as before, the
condition Sys(pi’pj’l’m)(Xn) — 0 establish therefore a finer criterion to describe
the divergence, since in some sense to be specified it says that the sequence X,
is escaping towards some fixed direction in the boundary of ﬁ(l)(k‘l, . ks). By
recurrence of the Teichmiiller flow, for a generic X neither the Teichmiiller geodesic
passing from X is diverging, nor it stays in any compact set. Equivalently, for any
datum (p;, p;,1,m) as before, the quantity Sys(’”’pi’l’m) (.7-})2) stays bounded away
from 0 for the most of the time, but there are arbitrary big instants t,, such that
Sys(Pipi.tm) (FtnX) becomes small. We proved the following theorem, that gives
the (optimal) quantitative description of this phenomenon.

THEOREM 1.3.1. Let ¢ : Ry — Ry be a monotone decreasing positive function
bounded from above.

o If fooo Y(t)dt < +oc then for almost any X € ﬁ(l)(kh .y k) we have:
X
(1.6) lim M =00
o If fooo P(t)dt = 4oo then for any pair of points p;,p; € X, any | €
{0,..,k;}, any m € {0,...k;} and for almost any X e ﬁ(l)(kl,..,kr) we
have:

Sys®ipibm) (1, X
(1.7) lim inf 2¥° FX)
t—00 w(t)
The estimate in theorem 1.3.1 is a consequence of theorem 1.2.3. For the
one parameter family ¢(t) := ¢=" with » > 1 theorem 1.3.1 implies the following
corollary

COROLLARY 1.3.2. For any pair of points p;,p; € £, for any ! € {0, .., k;} and
any m € {0,...k;} and almost any X e HD (ky, .., k) we have:
—log Sys®ipilm) (F,X) 1

1. lims =-.
(18) lﬂiﬂp logt 2

Corollary 1.3.2 is the classical Masur’s logarithm law for abelian differentials
(see [Ma3]). We get it in a quite direct and natural way, that is via a Khinchin
theorem. Moreover we are able to prove it not only for the classical systole function
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Sys(X), but for all the functions Sys®::-L™) (X) for any pair of points p;,p; €
and for any [ € {0,..,k;} and any m € {0, .., k;}. On the other hand Masur’s result
holds in the most general setting of quadratic differentials.

QUESTION 1.3.3. lL.e.t.’s have been generalized with linear involutions by Dan-
thony and Nogueira (See [DalNo]) and the latter have been related to quadratic
differentials by Boissy and Lanneau (see [BoLa]). We ask if it is possible to extend
theorem 1.1.6 to linear involutions. The consequence of a Khinchin theorem for
linear involutions would be the generalization of theorem 1.3.1 to the setting of
quadratic differentials

1.4. Back to rotations.

The orbit foliation for the action of SO(2,R) (also called the SO(2, R)-foliation)
is regular, thus when a property holds almost everywhere on ﬁ(kl, ., k) it auto-
matically holds almost everywhere on almost any leaf of the foliation. In this case
a natural question is to ask if the property holds almost everywhere on any leaf.
Proposition 1.2.4 gives an example of positive answer. Once we proved the diffi-
cult half of the Borel-Cantelli argument on ﬁ(kl, .., k), that is that almost any
Xe ﬁ(kl, ., ky) is modep-Liouville if [~ ¢(t)dt = oo, a natural task is to show the
same result on any leaf of the SO(2,R) foliation. We have some partial result in
this direction when the genus of the surface is one, that is for translation structures
on a topological torus M.

Before stating our result we observe that an holomorphic one form cannot
vanish on a complex torus, therefore if the set of singularities ¥ has r elements
then the only admissible stratum is H(0,..,0), where the coefficient 0 appears r
times. The angles at points in X are all 2w, therefore these points are not real
cone singularities for the flat metric and each one is the starting point of just
one horizontal sepatratrix. It follows that the covering ﬁ((), ..,0) coincides with
H(0,..,0) (and is a fiber bundle over the modular surface). In particular for any
X € H(0,..,0) a configuration of saddle connection is specified simply fixing the
pair of points p;,p; of 3 where the saddle connections start and end respectively,
and is simply denoted C?s?1)(X) or CU¥(X). Finally we remark that even if in
this case points in 3 have a flat neighborhood, we still want saddle connections not
have them as interior points. Let ¢ : Ry — Ry be a positive function bounded from
above such that tp(t) is decreasing monotone. We proved the following theorem.

THEOREM 1.4.1. If fooo o(t)dt = oo then for any X € H(0,..,0) and for almost
any 0 € S the rotated marked torus Xy has at least 2r — 1 different configurations

each one containing infinitely many saddle connection v which are solutions of
equation (1.4).

Note: As it is explained by remark 5.2.1 in paragraph 5.2, for an arbitrary
marked torus X we cannot expect that almost any Xy in its SO(2,R) orbit is
modep-Liouville. Moreover we still do not know it the result in theorem 1.4.1 is
sharp or not, that is if for any X and for generic 6 the rotated marked torus Xy
has more than 2r — 1 configurations containing each one infinitely many solutions
of equation (1.4).

The first return map of the vertical flow to a properly chosen horizontal segment
defines a rotation, thus the analysis of complex tori can be reduced to analysis of
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irrational rotations. Then we can pass to analytic number theory via the rotation
number. On a flat torus X with just one marked point the set of saddle connections
corresponds to the set of closed geodesics. If « is the rotation number of the rota-
tion associated to X (once a transversal is fixed), at the n-th return of a vertical
trajectory to the horizontal transversal the error from having a closed geodesic is
given by the the quantity {na}. If ¥ contains more than one element we have to
consider the relative position between more than one marked point. The diophan-
tine condition that arises is the following generalization of equation (1.1): let us fix
any vector v = (z,y) in R? and for any positive real number « let us consider the
following equation:

(1.9) {(n+z)a —y} < p(n).

We proved the following statement.

THEOREM 1.4.2. Let ¢ : N — R, be a positive sequence such that np(n) is
decreasing monotone and let v = (x,y) be any vector in R?.

a: If °0°  p(n) < 400, then for almost every o € Ry there exist finitely
many solutions n € N of equation (1.9).

b: If >°°  ¢(n) = oo then for almost any « equation (1.9) has infinitely
many solutions n € N.

We observe that for v € Z? theorem 1.4.2 gives the Khinchin theorem.

1.5. Structure of this text.

The results of this thesis are theorems 1.1.6, 1.2.3, 1.3.1, 1.4.1 and 1.4.2, to-
gether with proposition 1.2.4. They are all either Borel-Cantelli arguments or direct
consequences. We can group our results into two main categories: arbitrary genus
and genus one. Theorems 1.1.6, 1.2.3, 1.3.1 and proposition 1.2.4 belong to the first
category, theorems 1.4.1 and 1.4.2 belong to the second one.

In arbitrary genus we have two direct results: proposition 1.2.4 and part b)
of theorem 1.1.6. We call them direct since their proof is a Borel-Cantelli type
argument. Proposition 1.2.4 corresponds to the easy half of the argument and its
proof takes less than one page. Part b) of theorem 1.1.6 is the difficult half of the
argument and the main task is to prove a form of weak independence for a family
of sets in the parameter space of all interval exchange transformations. The proof
takes the entire section 4. All other results in arbitrary genus are consequence of
these two.

In genus one the direct result is theorem 1.4.2, which can be seen as an other
generalization of Khinchin theorem.

We put in evidence two more results that does not appear in the introduction:
they are proposition 4.2.1 and theorem 4.6.1. They both appear in section 4.

1.5.1. Chapter 2. This section is a brief survey of the background theory.

In paragraph 2.1 we introduce the algorithm of Rauzy-Veech-Zorich and its
basic properties.

Paragraph 2.2 is the description of a result in [A,G,Y] about the control of
the distortion of the Lebesgue measure under the iteration of the algorithm. A
combinatorial operation called reduction is also described.

In paragraph 2.3 we define translation surfaces, their moduli space, the Te-
ichmiiller flow and its invariant measure.
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In paragraph 2.4 we describe the Veech construction. It’s role is to cover a full
measure subset of the moduli space with local charts where the machinery of i.e.t.
can be applied.

1.5.2. Chapter 3. This paragraph contains the proofs of all results in arbi-
trary genus, except the prove of part b) of theorem 1.1.6, which is the subject of
section 4. R

In paragraph 3.1 we introduce the moduli space H(ky, .., k) of totally marked
translation surfaces. The choice of an horizontal saddle connection starting at any
singular point in ¥ plays the role of reference frame and allows us to define the
configurations of saddle connections. We show that for any X € ﬁ(kl, ., k) the
configurations of its saddle connections vary coherently when X moves along the
orbit of the Teichmiiller flow (lemma 3.1.3).

In paragraph 3.2 we develop the relation between the diophantine condition that
we study for i.e.t. (equation (1.3)) and the one for translation surfaces (equation
(1.4)). The tool is the Veech construction, the main result is proposition 3.2.3, that
says how to pass from a solution of equation (1.3) to a solution for equation (1.4).

In paragraph 3.3 we give an equivalent formulation of theorem 1.1.6 restricting
to the set of i.e.t. with total length normalized to one (proposition 3.3.1). We
need such a normalization sice the Rauzy-Veech-Zorich alogorithm has interesting
properties just at projective level. In the same paragraph we give also an equivalent
formulation of theorem 1.2.3 considering the restriction to the moduli space of area
one totally marked translation surfaces (proposition 3.3.2).

Paragraph 3.4 contains the proof of proposition 1.2.4.

In paragraph 3.5 we show the relation between theorem 1.1.6 and theorem 1.2.3.
In particular we give the prove of part a) of theorem a) applying proposition1.2.4.
Then via a Fubini argument we prove part a) of theorem 1.1.6. On the other hand,
with the same Fubini argument, we show that part b) of theorem 1.1.6 implies part
b) of theorem 1.2.3.

Finally in paragraph 3.6 we deduce theorem 1.3.1 from theorem 1.2.3.

1.5.3. Chapter 4. This is the main section in this thesis, it consist in the
proof of part b) of theorem 1.1.6.

The main idea in paragraph 4.1 is to express the differences |T”ug — ul| as
lengths of some interval for the k-th step T) : I®) — T(*) of the Rauzy-Veech al-
gorithm (for some good instant k € N). The idea is developed in lemmas 4.1.2 and
4.1.3. They work in parallel, since they holds under some combinatorial conditions
and one applies when the other fails and vice-versa. A non-evident combinato-
rial property of Rauzy classes is necessary. The main result is proposition 4.1.12,
which converts part b) of theorem 1.1.6 into a shrinking target property for the
(normalized) Rauzy-Veech algorithm.

Paragraph 4.2 entirely concerns the combinatorics of Rauzy classes. We prove
proposition 4.2.1, which provides the combinatorial property that we need in order
to apply either lemma 4.1.2 or lemma 4.1.3.

In the sufficient condition formulated by proposition 4.1.12 we have a non-
uniform speed of shrinking. In paragraph 4.3 we apply some classical ergodic theory
for the Rauzy-Veech-Zorich algorithm in order to have an uniform control of such
a speed. The main result is proposition 4.3.2.
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The main problem in the diverging part of the Borel-Cantelli argument (the
difficult half) is to prove some kind of weak independence for a family of sets with
divergent sum of measures. In paragraph 4.4 we explain some local constructions in
the parameter space of normalized i.e.t. that we use to provide the independence.

Paragraph 4.5 is just a reformulation of a sufficient condition (proposition 4.5.1)
putting together the results of the preceding paragraphs.

Paragraph 4.6 contains the proof of our main distortion estimate, that is theo-
rem 4.6.1.

Finally in paragraph 4.7 we complete the Borel-Cantelli argument in the diver-
gent case.

1.5.4. Chapter 5. In this section we prove the results in genus one, that is
theorem 1.4.1 and theorem 1.4.2.

In paragraph 5.1 we collect two results holding in the general setting of i.e.t.s
and translation surfaces that anyway we use only in genus one. The first is lemma
5.1.1, which describes how the projective length data vary when we rotate a trans-
lation surface X (m, A, 7). The second one is lemma 5.1.2 (together with corollary
5.1.3) and explains how to get reduced triples starting from non-reduced ones.

In paragraph 5.2 we assume the arithmetic statement, that is theorem 1.4.2,
and we prove theorem 1.4.1.

Paragraph 5.3 is purely arithmetical and consists in the proof of theorem 1.4.2.
Since the converging part of the theorem is straightforward (we give anyway a short
argument) we are only concerned with diverging part (part b)). We start recalling
the geometric interpretation of the classical continued fraction algorithm in terms
of action of SL(2,Z). Then we develop geometrically another approximation proce-
dure that we call the twisted continued fraction algorithm. In terms of the twisted
approximation we give a sufficient condition to have infinitely many solutions of
equation (1.9). Finally prove that our sufficient condition has total measure. The
main step is lemma 5.3.8.



CHAPTER 2

Background material

This chapter is an essential survey of the theory of interval exchange transfor-
mations and translations surfaces. We follow the presentation given in [A,G,Y],
[M,M,Y] and [Y1].

2.1. Interval exchange transformations

2.1.1. Rauzy-Veech algorithm and Rauzy diagrams. Let 7 = (¢, %)
and A define an interval exchange transformation T : I — I. Let € € {t,b}, where
the letter ¢ stands for top and the letter b for bottom. If e =t we put 1 —e :=b
and if e = b we put 1 — e :=¢. Let us call oy and «ay the two letters in A such that
respectively 7t (c;) = d and 7°(ay) = d. The rightmost singularity of T is therefore

¢ and the rightmost singularity of 7! is ugb. We suppose that

Uq,

and we consider the value of € € {¢,b} such that

1—e
a1—¢”

€
Uy, < U

With this definition of € we say that the interval exchange transformation 7" : I — I
is of type e. We also say that the letter a is the winner of T': 1 — I and ay_ is
the loser. We define the subinterval I of I by

I:=1n(0,ulc)
and we consider the first return map T of T to the subinterval I of I. It is just

a matter of combinatorial computations to check that T:1—1 Is an interval
exchange transformation. The combinatorial datum 7 = (7!, 7%) of T is given by:

(o) =71 (a)Va € A

(2.2)

The length datum A of T is given by:

Ao = Ao if a # .

2.
(23) Ao, = Aa, — Aag_.-

When T = (m, A) satisfy the condition in equation (2.1), equations (2.2) and (2.3)
define a map

(m,A) = Q(m, \) = (7, \)

13
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that we call the Rauzy-Veech induction map. We also introduce the combinatorial
operations R’ and R’ such that, if € is the type of the pair (m,\), then for the
combinatorial datum 7 defined in equation (2.2) we can write

(2.4) # = R(m).

LEMMA 2.1.1. If 7 is an admissible combinatorial datum then both R'(m) and
R(7) are admissible.

Proof: The proof is just an exercise, it is enough to apply the definition of Rf(r)
and R®(7) in equation (2.2). O

DEFINITION 2.1.2. Let’s call & the set of all the admissible combinatorial data
7 over some alphabet A. The two maps R* and R? from & to itself are called the
Rauzy elementary operations. A Rauzy class is a minimal non-empty subset R of
& which is invariant under R and R?. If we look to elements in R as vertexes of a
graph, any elementary operation 7w — R/ b(7) defines an oriented arc, or arrow, and
we define a Rauzy diagram D as the maximal connected graph obtained taking all
the elements of some Rauzy class and all the arrows between them. A concatenation
of compatible arrows in a Rauzy diagram is called a Rauzy path. A Rauzy path
that has as first vertex 7 and as last vertex 7’ is denoted by 7 : 7w +— «’. We denote
by II(R) the set of all Rauzy paths connecting elements of R.

2.1.2. Linear action. For any Rauzy class R and any path v € TI(R) we
define a linear map B, € SL(d,Z) as follows. If v is trivial then B, = id. If v
is an arrow with winner « and loser 3 then B,e, = e, for all z € A\ {a} and
Byeq = eq + eg, where {ez}yeca is the canonical basis of RA. We extend the
definition to paths so that B, = B4, B,,.

We recall that for any combinatorial datum 7 we defined A, := {m} x Rf. For
any v € II(R) starting at some m € R we define the simplicial sub-cone A, C A,
by

A, = Bw(Rﬁ) x {m},
where 'B., denotes the trasposed of the matrix B, defined above. For the same ~y
we also define the vector ¢7 € N4 by

—

q" = B,1,
where T denotes the vector of N that has all entries equals to 1.

2.1.3. Iteration of the algorithm. The set of all the possible intervals ex-
change transformations arising from a Rauzy class R is

AR) = | A
TER

When T' € A(R) is such that the n-th iterated of Q is defined we have an explicit
formula for Q™(T).

LEMMA 2.1.3. Let v € II(R) be a path in the Rauzy diagram starting at © and
with length n, that is a path which is concatenation of n arrows. Let B, and A, be
respectively the matriz and the simplicial cone defined in paragraph 2.1.2. Then for
any T € A, the n-th iterated of Q is defined and the length datum A of Q™(T)
is given by the formula

n) __ —1
(2.5) A =t BN
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Proof: If v is an arrow in the Rauzy diagram and T € A, then the relation
between the length data A and A(") respectively of T' and Q(T') is given by equation
(2.3) in paragraph 2.1.1, that proves the lemma for paths of length one. If v is a
concatenation of n arrows vi...vy,, since the definition of the matrix B,, is such that
B, = B,, ...B,,, then equation (2.5) follows by iterative application of the formula
in equation (2.3). The lemma is proved. O

The domain of definition of @ is the set of all (7, ) € A(R) such that A\, #
Aa;_. and is denoted by A;(R). The connected components A, of A(R) are
naturally labeled by elements of R and the connected components A, of A;(R)
are naturally labeled by arrows, that is paths v of length 1. One easily checks
that each connected component of A;(R) is mapped homeomorphically to some
connected component of A(R). Let Q™ be the n-th iterated of the Rauzy induction
map and let A,(R) be its domain. The connected components of A, (R) are
naturally labeled by paths in TI(R) of length n. If v is obtained by following a
sequence of arrows 7i...y, then A, = {A € A(R); Q"1 € A, V1 < k < n}.
Furthermore if v ends at 7’ then Q" : A, — A, is a homeomorphism. The set
Ax(R) == N,en An(R) is the set of those i.e.t. T to which the Rauzy algorithm
can be applied infinitely many times. Being the intersection of countably many
sets of full lebesgue measure, A (R) has full lebesgue measure. Its elements are
those T' = (m, \) such that for any n € N, the n-th step T = (7™ A(™) of
the algorithm satisfy the condition in equation (2.1). For the points where the
algorithm stops the following characterization holds (see [Y1] for a proof).

LEMMA 2.1.4. When applied to some (m,\) € A(R) the Rauzy induction algo-
rithm Q eventually stops if and only if T = (w, \) has a connection.

2.1.4. Normalized Rauzy Veech algorithm and Zorich’s acceleration.
The Rauzy-Veech algorithm has interesting recurrence properties just at projective
level. In order to see these properties we introduce a normalization on the sum of
the lengths of the intervals of interval exchange transformations. For any vector
A€ Rﬁ we introduce the notation

. A
Al := Z Ao and A= —

2 B
and for any combinatorial datum 7 over some alphabet A we write

AW = {(m,\) € A; | M| = 1}.
Interval exchange transformations T € AS}’ will be often denoted (, ;\) For any

Rauzy class R the set of all the possible normalized intervals exchange transforma-
tions with combinatorial datum in R is denoted AM(R) := U, cr N

DEFINITION 2.1.5. Let R be a Rauzy class over an alphabet A. The normalized
Rauzy- Veech algorithm is the map PQ : A (R) — AM(R) defined by

(2.6) PQ(r, A) i 2N

1Q(m, M)
where @ is the Rauzy-Veech algorithm introduced in paragraph 2.1.1.

It is possible to see that the map PQ) has an unique invariant measure which
is absolutely continuous with respect to the lebesgue measure, nevertheless this
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measure is not finite (the original proof appears in [Ve], see also [Y1]). Following
Zorich (see [Z]) we define an acceleration of the Rauzy-Veech algorithm as follows.
Let T be an i.e.t. with combinatorial-length data (m, A) in the domain of @ and
consider the first step T — Q(T) of the Rauzy-Veech algorithm applied to T. We
recall the definition of the type of the i.e.t. T given at the beginning of paragraph
2.1.1: we say that T is of type top (or "t”) if the combinatorial datum of Q(T) is
R'(r), on the other hand T is of type bottom (or "b”) if the combinatorial datum
of Q(T) is R*(w). Then for any T' € A(R) (even not normalized) we define

N(T) := min{n > 0;type(T) # type(Q"T)}.

DEFINITION 2.1.6. The Zorich’s acceleration is the map Z : A(D(R) — AM(R)
defined by

(2.7) Z(m, A) == PQNTN (1, \),

where QV is the N-th iterated of the Rauzy-Veech algorithm introduced in para-
graph 2.1.1 and PQY is its normalization.

The basic result in the ergodic theory of interval exchange transformation is
the following theorem (see [Z] or [Y1]).

THEOREM 2.1.7. For any Rauzy class R the Zorich’s acceleration map Z de-
fined by equation (2.7) has an unique invariant measure p which is absolutely con-
tinuous with respect to the lebesque measure on A(l)(R). Moreover p is finite and
ergodic.

Since the normalized Rauzy-Veech algorithm PQ : AM(R) — AM(R) has an
ergodic acceleration (the Zorich’s one), then it is recurrent. Quite often it is useful
to consider the first return map of PQ : AM(R) — AM(R) to some subset of
AM(R). We end this paragraph developing some basic facts that we are going to
use in the following.

Let us fix any Rauzy path 1 : Tsart — Teng Starting at msiqe and ending at
Teng and consider the sub-simplex Ag,l) of ALY defined by

Tstart

AL = A, NnAY

n Tstart’
that is the set of those T' = (7start, A) Whose Rauzy path begins with 1 (the sim-
plicial sub-cone A, has be defined in paragraph 2.1.2). For any T € A,gl) we write

7(T) := min{n > 0;Q"™M(T) € A, }.

The first return map of the Rauzy-Veech algorithm to the sub-simplex A%l) is the
map R, : A%l) — A%l) defined by

R, (T) :=PQ"")N(T).

Since PQ is recurrent the map R, is defined almost everywhere on A%l). On each

connected component of its domain it acts with a linear map composed with the

projection P : A, — As,l). In order to get e better description of the connected
components of the domain of R, let us introduce the following partial order on the

set II(R) of paths in the Rauzy diagram of R:

(2.8) v <~ iff v begins with v.
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Let I';, be the set of Rauzy paths v : Tgtart — Tengd both beginning and ending
with 7 and minimal with this property with respect to the ordering < introduced
in equation (2.8). In other words for any such ~ there exists two sub-paths 4/ and
~" such that we can write

(2.9) y:ny and v =7"n

and for proper no sub-path v with v < + the two decomposition in equation are
possible. The connected components of the domain of R, are exactly the sub-

simplices Agyl) of Ag,l) with v € I',. For any such ~, written according to the

decomposition v = 4'n as above, and for any T = (7start, A) € Agl) we have
tp-1
B,Y/ A

2.10 R,(T) = starts [T 5—1~ 1
( ) 77( ) (7Tt t IltB,Yll)\H

).

Since R, is defined almost everywhere on A%l) we have As,l) =1 yer, Agl) mod 0.

2.2. Reduction of Rauzy classes and distortion estimate.

This paragraph still concerns interval exchange transformations. It contains
a fine estimate on the distortion of the lebesgue measure under iteration of the
normalized Rauzy-Vecch algorithm. The proof of the estimate is based on a com-
binatorial operation on Rauzy classes called reduction. Both the estimate and the
reduction operation are obtained in [A,G,Y], the latter being a generalization of
a similar combinatorial operation introduced in [A,V]. The distortion estimate is
quite technical and we will only use it in the proof of theorem 4.6.1 in chapter 4,
for this reason we just state it (theorem 2.2.3) and recommend [A,G,Y] for de-
tails. The reduction operation appears more frequently in our work, for this reason
we give here a complete description of it. We closely follow §5 of [A,G,Y], the
reader may skip this paragraph at the first lecture and come back to it after having
attached chapter 4.

2.2.1. Decorated Rauzy classes. Let R be a Rauzy class with alphabet A
and A’ C A be a proper subset. An arrow is called A’-colored if its winner belongs
to A’. A path vy € II(R) is A’-colored if it is a concatenation of A'— colored arrows.

For an element 7 € R we say that m is A’-trivial if the last letters on both the
top and the bottom rows of m do not belong to A’, 7 is A’-intermediate if exactly
one of those letters belongs to A’ and finally 7 is A’-essential if both letters belong
to A’. An A’-decorated Rauzy class R, C R is a maximal subset whose elements
can be joined by an A'— colored path. We let II,(R.) be the set of A'— colored
paths starting (and ending) at permutations in R..

A decorated Rauzy class is called trivial if it contains a trivial element 7, in this
case R, = {r} and II.(R.) = {r}, recalling that vertices are identified with zero-
length paths. A decorated Rauzy class is called essential if it contains an essential
element. Any essential decorated Rauzy class contains intermediate elements.

Let R. be an essential decorated Rauzy class and let R$*® C R, be the subset
of essential elements. Let I1¢°°(R.) be the set of paths that start and end at an
element of RE**. An arc is a minimal non-trivial path in R¢% ) all arrows in the
same arc are of the same type and have the same winner, so winner and type of an
arc are well defined. Any element of R$% is thus the start and end of one top arc
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and one bottom arc. The losers in an arc are all distinct, moreover the first loser
is in A’ and the others are not.

If v € II.(R,) is an arrow then there exist unique paths s, v. € IL.(R,) such
that sy is an arc, called the completion of . If 7 is intermediate there exists a
single arc passing through 7, the completion of the arrow starting (or ending) at .

If m € R, we define w¢°° as follows. If 7 is essential then 7¢*% = 7, if 7 is
intermediate let 7¢°° be the end of the arc passing through .

To v € II.(R.) we associate an element 7°*° € II¢*°(R,) as follows. For a
trivial path m € R, we use the previous definition of 7¢*¢. Assuming that 7 is an
arrow we distinguish two cases:

(1) If  starts at an essential element, we let v¢*° be the completion of ~.
(2) Otherwise, we let v¢*¢ be the endpoint of the completion of ~.

We extend the definition to paths v € II,(R.) by concatenation. Notice that if
v € TI¢%%(R,) then 755 = ~.

2.2.2. Reduction of Rauzy classes. Given a permutation 7 on the alpha-
bet A, even not admissible, whose top and bottom rows end with differen letters,
we obtain the admissible end of m by deleting as many letters from the top and
bottom rows of 7 as necessary to obtain an admissible permutation. The resulting
permutation belongs to some Rauzy class R on some alphabet A” C A.

Let R, be an essential decorated Rauzy class, and let m € R$°°. Delete all
the letters not belonging to A’ from the top and bottom rows of 7. The resulting
permutation 7’ is not necessary admissible, but since 7 is essential the letters in
the end of the top and bottom rows of 7’ are distinct. Let 77¢¢ be the admissible
end of 7/. We call 77¢? the reduction of m. We extend the operation of reduction
from RS$® to the whole R, by taking the reduction of an element m € R, as the
reduction of 7¢%%.

If v € TI¢**(R.) is an arc starting at 7, and ending at 7., then the reductions
of 7w, and 7. belong to the same Rauzy class and are joined by an arrow 4"¢?. The
arrow 77! has the same type and the same winning letter of the arc v and its
losing letter is the same as the one of the first letter of 7. It follows that the set
of reductions of all 7 € R, is a Rauzy class R"*? on some alphabet A” C A’ C A.
We define the reduction of a path v € IL.(R.) as follows. If v is a trivial (zero-
length) path or an arc, it is defined as above. We extend the definition to the case
v € T1¢%(R.) by concatenation. In general we let the reduction of v to be equal to
the reduction of y¢%%.

Restricted to essential elements the operation of reduction give a bijection red :
R — R, If we think to elements m € R as trivial paths we can extend the
previous operation to a bijection compatible with concatenation on the set of arcs

red : T1¢%(R.,) — TI(R"%).
The following lemma holds.

LEMMA 2.2.1. Let R, be an essential A'—decorated Rauzy class and let Rred pe
its reduction, with alphabet A” C A’. For any vy € IL.(R.) we have two commutative
diagrams

A" A AI\A” AI\A”
Ry — Byrea — RY RY —Id— RY .
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Proof: See [A,G,Y], page 174. O

2.2.3. Drift in essential decorated Rauzy classes. Let R, C R be an
essential A’-decorated Rauzy class. For m € R, let az(m) (respectively ap(m)) be
the rightmost letter in the top (respectively in the bottom) row of 7 that belongs
to A\ A'. Let di(m) (respectively dp(7)) be the position of ay(m) (respectively of
ap(m)). Let d(m) := dy(m) + dp(m). An essential element of R, is thus some 7 such
that di(m),dp(m) < d. If 7, is an essential element of R, and + is an arrow starting
at ms and ending at 7. then

(1) di(me) = di(ms) or di(me) = di(ms) + 1, the second possibility happening if
and only if y is a bottom whose winner precedes «;(ms) in the top of .

(2) dp(me) = dp(ms) or dp(me) = dp(ms) + 1, the second possibility happening
if and only if 7 is a top whose winner precedes ay(7;) in the bottom of
Ts-

In particular d(w.) = d(7s) or d(m.) = d(7s) + 1. In the second case we say that ~
is drifting. Let R"¢? be the reduction of R, and let A” C A’ C A be the alphabet
of R™4. If = € R, is essential, then there exists some a € A” that either precedes
ay(m) in the top row of 7 or precedes a; () in the bottom row of 7, we call such an
a good. Indeed, if v € TI,(R.) is a path starting at 7, ending with a drifting arrow
and minimal with this property then the winner of the last arrow of v belongs to
A" and either precedes ay () in the top of 7 (if the drifting arrow is a bottom) or
precedes ap(m) in the bottom of 7 (if the drifting arrow is a top).

Note that if v € TI¢%*(R,) is an arrow starting and ending at essential elements
s, Te then a good letter for 7, is also a good letter for m.. Moreover, if 7 is not
drifting then the winner of v is not a good letter for .

2.2.4. Standard decomposition of separated paths. An arrow is called
(A\ A')-separated if both its winner and its loser belong to A’. A path v € I1,(R.)
is (A\ A’)-separated if it is a concatenation of (A \ A’)—separated arrows. We also
say that a Rauzy path ~ is complete (or A-complete) if for any letter o € A there
exists an arrow composing v having a as winner.

If v € II(R) is a non-trivial maximal (A \ A’)-separated path then there exists
an essential A’-decorated Rauzy class R. C R such that v € II,(R.). Moreover,
if ¥ = v1...7, then any arrow ~; starts at an essential element 7; € R (and -,
ends at an intermediate element of R, by maximality).

REMARK 2.2.2. Let r := d(m,) — d(m1). Let v = vl 447 where the
% are drifting arrows and () are (possibly trivial) concatenation of non drifting
arrows. If a is a good letter for my, then it follows that « is not the winner of any

arrow in any v(¥. The reduction of any () are therefore non-complete paths in
H(RTEd).

2.2.5. The distortion estimate. For ¢ € R let A, := {A € R'; (\,¢) < 1}.
Let R a Rauzy class and let v € II(R). We let Ay, :=" ByAp_ 4. The definition is
so that {r} x A, = ({7} x Ay) N A4, where 7 is the starting point of .

For A’ C Aandq € R“_f_‘ we put Nar(q) := [ car Go and M/ (q) := maxaec A’ Go-
In the trivial case A’ = A we simply denote N(q) := Na(q) and M(q) := M(q).

We have Leb(A,) = ﬁ(q).
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IfT C II(R) is a set of paths starting at the same 7 € Rlet Agpr ==, A

yer Pa,ve
Given v € II(R) let ', C T be the set of paths starting with . Let’s define
Leb(Aq T )
2.11 P,(T|y) := ——————2=.
( ) Q( |FY) Leb(Aq”y)

Let R, be an essential A’—decorated Rauzy class and let Rred be its reduction,
with alphabet A" C A’. Let ¢"*? be the canonical projection of ¢ o ]R“_f_‘” obtained
by forgetting the coordinates in A — A”. For any v € II,(R.) lemma 2.2.1 in
paragraph 2.2.2 implies that

Pq(7|7r) _ NA*A’((])
Pyrea(yredimred)  Na—a(Byq)

(2.12)

When the vector ¢ is a vector ¢7 for a Rauzy path v (defined in paragraph
2.1.2) we will write P, instead of P,~. The following distortion estimate holds (See
theorem 5.4 and proposition 5.7 in[A,G,Y] for a proof and for more details).

THEOREM 2.2.3. There ezist a pair of constant C' > 0 and 0 > 0 depending
only on d = §(A) with the following property. Let A C A be a non-empty proper
subset, 0 < m < M be integers, q € Rj_‘. Then for every m € R we have
(2.13)

P{y €T(R); M(B.q) >2MM(q) and M (B,q) < 2M~™M(q)|x} < C(m+1)P2™™
and
(2.14)

P{y€TI(R) is not complete ; My (B,q) >2MM(q)|r} < C(M +1)727M,

Note. If fact the complete result in [A,G,Y] contains two more distortion
estimates similar to these ones, but we don’t need them in our work.

2.3. Translation surfaces

We consider a triple (M, X, k), where M is a compact, boundaryless, orientable
topological surface of genus g, 3 is a finite subset {p1, ..., p,} of M with r elements
and k = (k1,..,k.) € N" is an integer vector whose entries satisfy the relation:

(2.15) > ki=2g-2.
=1

A translation structure & on (M, %, k) is given by

(1) A maximal atlas on M\ X such that the changes of charts are translations.

(2) For each marked point p; € ¥ a neighborhood V; of p;, a neighborhood
W of 0 in C and a ramified covering p : (V;,p;) — (W,0) of degree k; + 1
such that the local sections of p are charts of the atlas.

We call Trans1(M, X, k) the set of translation structures on the triple (M, 3, k).
A translation atlas £ on (M, X, k) provides us also with the following structures:

(1) A Riemann surface structure on M. (Not only on M \ X)

(2) A holomorphic 1-form we on M, that in a translation chart is given by
dz. The 1-form we is newer 0 on M \ ¥ and in a chart around a marked
point p; it takes the form we = zFidz, that is it has a zero of order k;.
The combinatorial relation (2.15) therefore corresponds to the well known
topological relation for the zeroes of a closed one form on (M, ¥).
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(3) A flat metric g¢ := |dz|? defined in M \ ¥ with cone singularities of total
angle 2(k; + 1) at any point p; € 3.

(4) Two vertical and horizontal vector fields 0, and 9, on M\ X. These fields
are not complete since their trajectories stop when they arrive at a marked
point. We call outgoing vertical separatrices the trajectories of 9, starting
from a marked point and ingoing vertical separatrices the trajectories of
0y ending in a marked point. For the horizontal vector field 9, we define
similarly its outgoing or ingoing horizontal separatrices. Observe that a
marked point p; € ¥ of degree k; is the end-point of exactly k;+1 outgoing
vertical separatrices and k; + 1 outgoing horizontal separatrices.

(5) An area form dz AdZ on M \ X.

The total number of vertical separatrices equals the sum of the angles at sin-
gularities (modulo a factor 2m) and is equal to »° (ki +1) = 29 +7 —2. We
recall from the introduction the notion of saddle connection for a translation sur-
face &: it is a path v : [0,T] — M such that y~1(X) = {0, T} (it starts end ends at
marked points in ¥ and do not contains other such points in its interior) and that
is geodetic for the flat metric on M \ X.

2.3.1. Triangulations. Let £ € Transl(M, X, k) be a translations structure.
A triangulation for £ is a cellular decomposition

M= XoUX; UXo

of M where the 0-skeleton X is the set X, the 1-skeleton X is a finite set {1, .., yr}
of saddle connection (without endpoints) for £ and the 2-skeleton X» is a finite set
{T1,..,Tn} of open triangles having as sides the saddle connections in X;. Any
translation surface admits such a triangulation (see [KeMaS$] or [E,M]). For any
T € X, there is an homeomorphism ¢ : T — D onto an open triangle D C C
which is a chart of the translation atlas. We have therefore a family {Ds,.., Dy}
of open triangles in C. Let T" € X, be any triangle of the triangulation and let D
be its correspondent euclidean triangle in C. We assign to any saddle connection y
in the boundary of T" an open segment L in C in the boundary of D. Any pair of
neighboring triangles T',T" produces a pair L, L’ of parallel segments of the same
length. Let v be any element in X; and let L be the correspondent segment in C.
We associate to any endpoint p of v a vertex v in C which is an endpoint of L.

We cut M along a proper subset of saddle connections in the 1-skeleton X3
in order to obtain a surface with boundary which can be embedded in C (that
is a polygon). The embedding is obtained pasting together the triangles D; with
identifications between sides of the same length. Several vertices of the triangles are
in this way identified to the same point. We get a closed polygon P = P(&) C C,
which has a cellular decomposition P = Py U P; U Py, where

Po = {v1,..,vv}

7)1 = {Lla "7LS}

Py ={Di,..,Dr}.
As a consequence of the identifications some vertex v; may fall in the interior of
P, this can happen if v; corresponds to a marked point p; € ¥ which is not a
zero for the form. Since the triangles pasted together are at least two, there will

always be some side L; € P; in the interior of P. All the other sides Ly are in 0P
and correspond exactly to those saddle connections v; € X; that have been cut to
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construct the embedding. These sides therefore arrears in pairs (L, L), where L
and L’ are parallel and have the same length.

DEFINITION 2.3.1. A developing graph for £ is a planar cellular complex P =
P (&) constructed as above.

LEMMA 2.3.2. Any translation structure & admits a developing graph P(§) with-
out horizontal sides in its boundary.

Proof: Let us suppose that we have a developing graph P(£) for the translation
structure £ that has an horizontal side L in its boundary. Let us call D the unique
triangle in P() that has L as side. Since L is a boundary side, P(§) has in its
boundary another side L’ parallel to L and with the same length. Let D’ the unique
triangle in P(€) that has L’ as side. We can construct another developing graph
P’ (€) for € cutting the triangle D away from P(£) and pasting it to the triangle D’
along the side L’. Since in any triangle the sum of the angle is 7 then this operation
does not make appear new horizontal sides, on the other hand the sides L and L’ are
no more in 9P’(§) but they are identified to some side L” in the interior of P’(£).
Therefore the new developing graph P’(£) has two horizontal sides less than P(€).
Iterating the procedure we can eliminate all the horizontal sides in the boundary.
The lemma is proved. O

Let £ be a translation structure and let P = P(§) be a developing graph for
¢ with no horizontal sides in its boundary. Let us introduce the subset V(§) C Py
of those vertices v in Py such that there exists some ¢ > 0 and 8 > 0 such that
the angular sector {v + re’®;0 < r < ¢,|s| < 0} is contained in the intersection
B(v,e) NP of P with a small disk around v of radius e.

LEMMA 2.3.3. Let & be a translation structure in Transl(M, 3, k) and let P =
P(&) be a developing graph without horizontal sides in its boundary. Let V = V(&)
the set of vertices defined above. There is a bijection between the points of V and
the pairs (p;,S), where p; is a point in ¥ and S is an horizontal separatriz for £
starting at p;.

Proof: Elements v in V(§) are exactly the vertices in P(§) such that the initial
segment of the horizontal half line starting from v is contained in the interior of
P(&). Since open sets inside P (&) project to open sets in the translation surface &
we have a well defined application

v (pi, S5)

assigning to any v € V(§) the datum of a point p; € ¥ and an horizontal separatrix
S; starting at p;.

For any pair (p;, S;) either there exists a triangle T' € X5 that has p; as vertex
and contains the beginning of S; or there is a pair of triangles T, T € X5 that share
a side v € X; and such that T'U~ U T’ satisfy the same property. It follows that
the application above is surjective.

On the other hand a triangle 7" € X, can contain the beginning of just one
horizontal separatrix starting at one of its vertices, this because the sum of its
angles is m. The same properties follows for the triangles D that compose P(§).
The application above therefore is injective too and the lemma is proved. (I
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2.3.2. Teichmiiller space of abelian differentials and its strata. Let
Diff*(M,Y) denote the set of orientation preserving diffeomorphisms of M that
are the identity on ¥. Elements £ in Transl(M, X, k) are holomorphic atlas on
M, each atlas being a maximal family ¢ = {p;} of compatible homeomorphisms
©; : U; — V; from opens sets U; in M to open sets V; in C. For any f € Diff™(M,X)
any local chart ¢ of £ can be composed with f, giving an other local chart ¢ o f.
It is easy to check that when ¢ varies among all the charts of ¢, the set of charts
o f is a new translation atlas f.£, moreover at any singular point p; € ¥ the
total angles respectively for the structures £ and f.£ are the same. In other words
Diff™(M,Y) acts on the right on Transl(M, X, k):

Transl(M, X, k) x DiffT(M,¥) — Transl(M,X, k)

Let Diff$ (M, ) denote the set of those f in Diff+ (M, X) that are isotopic to the
identity. It acts on Transl(M,X, k) as a subgroup of Diff™(M,Y). The quotient
space

(2.17) T(M,%, k) := Trans1(M, %, k) /Dif£d (M, ).

is the set of isotopy classes [£] of translation structures on the triple (M, 3, k) and is
a stratum of the so called Teichmiiller space of abelian differentials on M. It turns
out that the set 7 (M, X, k) can be provided by a complex manifold structure. We
briefly describe the construction on local charts.

Let us fix a singular point ¢ € ¥ and consider a (differentiable) universal
covering p : (M*,q*) — (M, q) of the topological surface M. Let £ be any trans-
lation structure on (M, X, k). The associated 1-form we can be lifted to a 1-form
wg = p we on M*. Since wg is closed, w is exact on M* and we get a C* map
e : M* — C defined by z — qu wg‘ for any x € M*. Note that the value of the
integral is unchanged when we change ¢ with f.£, where f € Diff{ (M,Y) is an
isotopy. Therefore ¢ depends only on the isotopy class [¢] of £ and we get a map

T(M,S,k) — C=(M*,C)

(2.16)

2.18

(2.18) 3 = 3

The topology we put on 7 (M, X, k) is the pull-back of the compact-open topology
on C*(M*,C).

Local charts on 7 (M, %, k) are introduced through the so called period map.
For any translation structure & on (M, X, k), the integral of the associated 1-form
we on relative homology classes

b [ w
Y

defines an element in hom(H;(M,¥,Z),C) that is in H'(M,%,C) = C?9+—1
Moreover for any [y] € Hy(M,%,Z) the integral above keeps unchanged when
changing we with f.we for f € Diffy (M,¥). Denoting with ©(¢) the linear oper-
ator associated to £ as above we get a map

©: T(M,S k) — HYM,X,C)

(2.19) ¢ . o (¢)

which is called period map.

LEMMA 2.3.4. The map © defined in equation (2.19) is a local homeomorphism.
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Proof: From the definition of the topology on 7 (M, X, k) given above it is evident
that the map © is continuous, therefore in order to prove the statement it is enough
to prove that for any [] € T (M, X, k) there exists an open subset U C 7 (M, %, k)
with [¢] € U such that:

e the image O(U) is open in H*(M,%,C) = C29+7—1
e the restriction ©|y of the period map to U is injective.

Let [€] be any element in 7 (M, X, k) and let {71, ..,7»} be saddle connections for
the translation structure £ that define a triangulation. They are smooth curves
vi : [0,Ti] — M with v, %(2) = {0,T;} which are geodesic for the flat metric
induced by £ on M \ ¥. In particular they define n homotopy classes [y1], .., [n]
with fixed endpoints for the pair (M,X). Let P = P(£) be a developing graph for
¢ induced by the triangulation above. Pasting together the sides in JP parallel
and with the same length we obtain a map P — M that induces the translation
structure £ on M.

We consider an open subset U in 7 (M, X, k) such that for any [¢'] € U any
homothopy class [y;] defined above contains a representant «; which is a saddle
connection for &'. For any [¢'] € U the family of curves {+1,..,7,} obtained in
this way defines a triangulation for £’. With the same cuts used to construct the
developing graph P for £ we obtain a developing graph P’ = P’(¢’) for £'.

We first show that ©(U) is open in C?97"~1. Tt is sufficient to prove that the
image is open at O([¢]). The datum (z1, .., z4) = O([¢]) € C?¥=297"~1 corresponds
to a choice of a basis {71y, ., Vi(a)} of Hi(M,¥,Z) whose elements are sides of
the fixed triangulation for £. The values z; = f%(l) We, .., 2q = f%(d) we determine
the geometry of the developing graph P for £&. Once the combinatorics is fixed,
the condition of forming a graph is open in zi,.., zq, therefore choosing #, .., 2
sufficiently close to z1,..,24 we can form a graph P’. Then pasting together the
sides in 9P’ that are parallel and have the same length we obtain a translation
surface & in U with ©([¢']) = (21, .., z;). The openness of the image is proved.

Now we prove that the restriction G|y is injective. Let us consider any pair
[€],[¢'] € U. By definition of U the translation surfaces ¢ and & both admit a
triangulation with sides in the fixed homotopy classes [v1], .., [y4] defined above.
Therefore, cutting along the same sides, £ and ¢’ admit two developing graphs P
and P’ with the same combinatorics. Once the combinatorics is fixed the value of
the period map determines the developing graph, therefore the condition O([¢]) =
O([¢']) implies P = P’. We have a commutative diagram

P - P
! !
£ - ¢

where the upper horizontal arrow is the identity. The lower horizontal arrow there-
fore gives an element f € Diff] (M, X) such that [f.&] = [¢], the restriction O|y is
therefore injective. The lemma is proved.

O

PROPOSITION 2.3.5. For any closed compact surface M, for any non-empty
finite subset X of it with v elements and for any integer vector k = (k, .., k) with
non-negative entries such that k1 + .. + k. = 2g — 2, the stratum T (M,X, k) of
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the Teichmdller space is a mon-compact complex manifold of complex dimension
d=2g+r—1.

Proof: Local charts are given by the restriction of the period map in equation
(2.18) to the small open sets where it acts as an homeomorphism. (]

Let’s fix any integer vector k = (k1, .., k) with non-negative entries such that
k1+..4+k,. = 2g—2. For any two pairs (M, X)) and (M’, ¥') of closed compact surfaces
of genus ¢ and finite subsets of the same cardinality 7, we can find a diffeomorphism
of pairs h : (M,%) — (M',¥'). For any translation structure ¢ for (M, X, k)
its push-forward h.¢ is a translation structure for (M’, ¥’ k). Obviously isotopic
structures are sent to isotopic structures, thus we have a well defined application
between strata:

he : T(M, S k) — T(M',Y k).

Moreover in the carts given by the period maps the action of h, correspond to the
action of h on relative homology groups

HI(M7ZaZ) - HI(M/7Z/72)7

which is a Z-linear isomorphism, therefore complex linear. The strata 7 (M, X, k)
and T (M’ %' k) therefore differ for a complex diffeomorphism h, and they can
be identified. The information about the pair (M,X¥) can be therefore omitted
and for any positive integer g and any r non-negative integers ki, .., k. such that
> ki = 2g — 2 we denote

T (k1. kr)

the corresponding stratum of the Teichmiiller space of abelian differentials.

2.3.3. Action of mapping class group and GL(2,R), area, volume form.
Given a closed compact oriented surface M of genus g and a finite subset 3 of it
with cardinality r, the mapping class group of the pair (M, Y) is the quotient

(2.20) Mod(M, ) := Diff* (M, %) /Diff] (M, ).

Consider any two pairs (M,Y) and (M',¥’) as above. A diffeomorphism of pairs
h:(M,%) — (M',Y) induces (by conjugation) an isomorphism of groups respec-
tively between Diff*(M,Y) and Diff*(M’,¥’) and between Diffd (M,¥) and
Diffé (M',%"). The corresponding mapping class groups are therefore isomorphic
and we can omit the dependence on the pair (M, X) and simply write Mod(g, r) for
Mod (M, X). The action of Diff*(M,X) on Transl(M, X, k) induces an action of
Mod(g,r) on T (k1, .., kr)

T (k1y ..y kr) x Mod(g,7) —  T(k1,.., kr)
(€, [/D — [f+€].-

The action defined in equation (2.21) is proper, but not free, since there are trans-
lation structure that admit conformal automorphisms.

(2.21)

The group GL(2,R) acts on the Teichmiiller space 7 (kq, .., k) as follows. Given
a pair (M,Y) and a translation structure £ € Transl(M, X, k) let us look at £ as
to a family of local charts {¢;}, where any ¢; : U; — V; is an homeomorphism
from an open subset U; of M to an open subset V; of C. For any G € GL(2,R) we
consider the family {G op;}. Since the translation subgroup is normal in the group
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of complex affine automorphisms of C, the family {Go¢;} is still a translation atlas
and we denote it G¢. We get an action on the left
GL(2,R) x Transl(M,X,k) — Transl(M,X, k)
(G,8) = G¢&.
Since DiffT (M, Y) acts on the right on Transl(M, Y, k) and GL(2,R) on the left
then the two actions commute and we get an action on the quotient
GL(2,R) x T (k1,..., k) — T(k1,.., k)
(G.[€]) - [GE].
Moreover the action of GL(2,R) and commutes with the action of Mod(g, r) defined
at equation (2.21).

(2.22)

For any ¢ € Trans1(M, X, k) the corresponding holomorphic 1-form wg induces
an area form wg Awg on M \ X. The area of a translation structure £ is therefore
given by

(2.23) Area(§) := /M\E we A We.

The integral in equation (2.23) is obviously invariant under isotopy (that is under
the action of Diff] (M, X)), moreover it is a real analytic function of the periods
of the structure &, that is the entries of the complex vector O([]), where O is the
period map defined by equation (2.19)). We get a real analytic function on the
Teichmiiller space, that we call the area function:

Area: T (k1,., k) — Ry

(2.24) 13 —  Area(§).

Since the map [£] — Area([€]) is real analytic, the set of area one translation
structures

(2.25) TO(ky, . k) = {[¢] € TV (ky, .., k,); Area([€]) = 1}

is a codimension one embedded sub-manifold of 7 (kq, .., k).

Let us consider the standard volume form dLeb on C% normalized in order to
give co-volume one to the integer lattice (Z@®iZ)?. Using the period map © defined
in equation (2.19) we pull back it and we get a volume form

(2.26) m = ©*dLeb

on the stratum 7 (ki, .., k). An element f € Diff*(M,Y) induces an isomorphism
in the relative homology H;(M,X,7Z), that is an element of SL(d,Z), which pre-
serves the standard volume form dLeb on H'(M,¥,C). The action of Mod(g, )
therefore preserve the volume form m. SL(2,R) acts on 7 (ky,..,k,) as subgroup
of GL(2,R). Looking at the effect of the action on the space of periods, that is
on HY(M,¥,C), we get that SL(2,R) too preserves the form m. The subgroup of

GL(2,R) of matrices < "

0 with r > 0 determines a diffeomorphism

(0, 400) x TV (ky, . k) —  T(ki, .. k)
(r.[€]) — [ré]



2.3. TRANSLATION SURFACES 27

that induces a decomposition
(2.27) m = dr Amb)

where the form m(!) in equation (2.27) is a positive volume form on 7W (ky, .., k,.).
It is easy to check that the area function defined by equation (2.24) is invariant
both for the action of Mod(g,r) and of SL(2,R). Thus the area one hyper-surface
TW (ky, .., k,) is preserved both by SL(2,R) and Mod(g,r) and the two groups act
on T (ky, .., k) by restriction of their actions on 7 (ki, .., k). Moreover SL(2,R)
and Mod(g, ) preserve the volume form m® on 7(1)(ky, .., k).

2.3.4. Moduli space and Teichmiiller flow. Given two positive integers g
and r and r non-negative integers ki, .., k. satisfying equation (2.15), the stratum
of the moduli space of translation surfaces with a cone singularities of orders 2(k; +
Dm, ., 2(ky + )7 is

(2.28) H(ki, ... ky) = T (ky, .. kr) /Mod(g, 7).

We call X the general element of H(ky, .., k-). Once we choose a pair (M,X) as
above such an X correspond to the datum (S, w) of a Riemann surface S of genus g
and an holomorphic 1-form w on S with a zeroes of orders k;...kx. Since the group
Mod(g, r) acts with non-trivial stabilizer on 7 (kq, .., k) the moduli space is not a
manifold but just an orbifold.

We may also consider the moduli space of area one translation surface. The
stratum corresponding to the prescribed order of singularities k1, .., k. is

(2.29) HD (ky, k) = TW (ky, .., k) /Mod(g, ).
Sometimes when the base topological surface M and its subset X are specified

we will also use the notation H(M,¥, k) for H(ky,..,k,) and HM (M, %, k) for
H(l) (kl> oy kT)

The volume forms m and m(?), defined respectively on 7 (ky, .., k) by equation
(2.26) and on T (ky,..,k,) by equation (2.27), are invariant for the action of
Mod(g,r). Therefore m and m™) define two measures v and v respectively on
T(ky,..,k,) and on T (ky, .., k). These two measures have smooth density and
are invariant under the action of the mapping class group. The natural projections

T (ky, . ky) — H(ky, . k) and TW (ky, . k) — HO (ky, .o k)

induces two smooth measures y and ;Y respectively on H(ky, .., k) and on HD (K, .

Moreover v and v(!) are invariant under SL(2,R) (since the volume forms m and
m() are invariant) therefore SL(2, R) preserves p and pu().

The Teichmiiller flow F; on HW (ky, .., k,) is the action of the diagonal sub-
group of SL(2,R), that if for any ¢ € R:

(2.30) Fi = ( %t egt )

The following one is the basic result in Teichmiiller dynamics (see [Mal] and [Ve]).

THEOREM 2.3.6. The smooth measure p'Y) defined above is invariant for the
Teichmailler flow, it gives to 7"((1)(k17 .., k) finite volume and its restriction on any
connected component is ergodic.
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2.4. Zippered rectangles and Veech space

In this paragraph we describe a fundamental construction given by Veech (see
[Ve]). We follow the presentation appearing in [Y1] and [M,M,Y]. Let R be a
Rauzy class and 7 = (7%, 7%) € R. Let ©, C R4 be the set of all 7 such that

(2.31) > 7a>0and Y 73<0forall I<k<d-L
wt(a) <k 7t (8)<k

O, is an open convex polyhedral cone. It is not empty, since the vector 7 with
coordinates 7, 1= 7°(a) — w'(a) belongs to ©,. We say that the 7 € O, are the
suspension data for .

2.4.1. The Veech construction. From the data (7, A,7) it is possible to
define a translation surface X = X (7, \,7) in some H(k1, .., k), where the orders
of singularities ki, .., k, depend only on the Rauzy class R of m. The construction is
due to Veech and is known as the zippered rectangles construction. For any length
and suspension data (), 7) € A, x O, we define the complex vector ( = A\+iT € R%.
Then for any o € A we define two complex numbers

b = Lont(@)<t(a) o
§o 7= 2ont(a) <t (a) Co
Let T be the i.e.t. defined by the data (m, ). Note that, if uf, and u% denote the

singularities for 7 and T~! (introduced in equation (1.2)), then u! = Re(£},) and
ub = Re(&) for all a € A. We see that the condition in equation (2.31) means
that

(2.32)

Im(¢) >0 if n'(a) > 1 and Im(&2) <0 if 7°(a) > 1

In particular we can define a vector h = h(m,7) € Rf setting for any o € A:

(2.33) ha = S(&L) — S(€)-
We also define the translation vector 6 € R? by 6, := &% — ¢!, We have § = 6 — ih
for some § € RA. We form 2d open rectangles in the complex plane defining for
any a € A:

R! = (ul,ul, + No) x (0, hy)
RY = (ul,ub + \o) X (—ha,0).
In order to get a surface we past together these rectangles. The identification arr
the following

(2.34)

(1) For each a the rectangle R! is equivalent to the rectangle R? via the
translation by the complex number 6,,.

(2) For each a with 7*(a) > 1 we consider o/ with 7f(a) = 7f(a’) + 1 and
we paste together Rf, and R, along the common vertical open segment
in their boundaries that connects the point u!, + 0 to the point &,.

(3) For each 3 with 7°(3) > 1 we consider 8 with 7°(3) = 7*(8’) + 1 and
we paste together R% and R%, along the common vertical open segment
in their boundaries that connects the point u% + 10 to the point fg.

(4) We paste all the rectangles RY, to the horizontal open segment (0, 4 Aa)
along their lower horizontal boundary segment (uq,uq + Aa) X {0}

(5) We paste all the rectangles RY, to the horizontal open segment (0, 2 4 Aa)
along their upper horizontal boundary segment (uq, uq + Ao) X {0}.
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(6) Finally we add the origin 0 of C, the points &, with 7*(a) > 1, the points
52 with 7°(3) > 1 and the point £* := > 4 Ca

DEFINITION 2.4.1. For any combinatorial datum 7 over the alphabet A and
for any pair of length-suspension data (A, 7) for = we call X (7, A, 7) the translation
surface that is obtained following the procedure above, which is also known as the
zippered rectangles Veech’s construction.

We recall from paragraph 2.1.1 the definition of the two letters a; and ay in A
such that 7(ay) = 7°(ap) = d. We also introduce the letters o} and «j in A such
that 7'(a) = 7°(a}) = 1. We introduce two symbols R and L and we define the
set of pairs

{(a, R),(a, L); v € A}.
On this set we define the equivalence relation ~ given by the two identifications
(o, L) ~ (af, L) and (ay, R) ~ (ap, R) and we consider the set A of equivalence
classes. We consider the permutation o of the elements in A given by:

o(a, L) := (Bo, R) such that ©*(5p) + 1 = 7' («)
o(B, R) := (ag, L) such that 7°(ag) = 7°(3) + 1.

The permutation o can be interpreted as follows. For any o € A such that 7% (a) > 1
we associate to the symbol (c, L) the right part of a neighborhood of &, in R, that
we call U!. Similarly for any 3 € A such that 7°(3) > 1 we associate to the symbol
(6, R) the left part of a neighborhood of 5{% + (s in Rtﬁ, that we call Ug. Now
let p; be any point in ¥ and let us turn in counterclockwise sense around p; in
the translation surface X (w, A, 7). It is easy to check that the half neighborhoods
Ul and Uﬁb that we meet in this way correspond to the elements (o, L) and (5, R)
of some cycle of o. If k; is the order of the zero of w at p; then the length of
the corresponding cycle is 2(k; + 1). It follows that if (2k; + 2)..(2k, + 2) is the
decomposition in cycles of ¢ then X (mw, A\, 7) is in H(k1,..,k.). It is also easy to
check that o is an invariant of R.

(2.35)

2.4.2. Marked translation surfaces. Let us consider an i.et. T : [ — T
defined by the data 7, A\. Let us also consider a suspension datum 7 for = and
consider the translation surface X = X (m, A, 7) obtained with the Veech construc-
tion in paragraph 2.4.1. For such X a point p; € ¥ and a horizontal separatrix S
in p; are naturally marked, they correspond to the left endpoint of I and to the
separatrix that contains the interval.

Let’s fix a point p; € 3. We introduce the set Transl;(M, X, k) of pairs (&, .5),
where £ is a translation structure in Transl(M, X, k) and S is an horizontal separa-
trix starting at p;. We call such a datum a marked translation surface (at the point
pi). The group Diff*(M,Y) defined in paragraph 2.3.2 acts on Transl;(M,Y, k)
by

(2.36) £, 5 f.& f(9)

where f,£ is defined as in equation (2.16) and f(S) is just the image of the separatrix
S under f. As before we define the Teichmiiller space of translation surfaces marked
in p; considering the action of isotopies:

(2.37) 7,(M, %, k) := Trans1,(M, ¥, k) /Dif £l (M, X).

When there is no ambiguity on the choice of the point p; € X we simply write
T(M,%, k) instead of T;(M, X, k).
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PROPOSITION 2.4.2. For any choice of a point p; € X the space ’f,(M, Y, k) has
a structure of complex manifold of complex dimension 2g +r — 1. Moreover the
natural projection

T(M, S, k) — T(M,%.k)
&s) = £

is a covering map of degree k; + 1, where k; is the order of the zero in p;.
Proof: See [Y3]. O

The modular group Mod(M, ¥) naturally acts on 7;(M, ¥, k) as it does on
T (M, k). The quotient space with respect to this action gives the moduli space
of marked translation surfaces:
(2.39) Hi(M, %, k) := T,(M, , k) /Mod(M, %).

When we are not interested on the underlying topological pair (M, X)) we also
use the notation H;(ki,..,kr). The covering map in equation (2.38) induces a
covering map H;(k1,.., k) — H(k1,.., k). The pull-back of the measures p and
M introduced in paragraph 2.3.4 defines two _measures, that we still denote
and £, in the lebesgue class respectively of H;(k1,.., k) and the hypersurface

(2.38)

ﬁgl)(kl, .., k) of area one marked translation surfaces. The group SL(2,R) acts
on ﬁi(k‘l, . k) as it does on H(kq,.., k) (see paragraph 2.3.3), in particular the
Teichmiiller flow F; is defined. The area of a marked translation surface is obviously
invariant under F;, therefore we have an action on the hyper-surface ﬁgl) (k1. k)
of area one marked translation surfaces.

2.4.3. Extension of the induction and the Veech space. Let us consider
a Rauzy class R over the alphabet A. For any m € R recall the definition of the
open cone O, C R4 given by equation (2.31) and let us define

AR):= | | Ax x O
TER
If v € TI(R) is a path starting at = and ending in 7', let ©, be the open sub-cone
of O, defined by the condition
‘B,O, = O,.
If v is a top arrow ending at 7’ we have an invertible map

Q, A, x0, — An X O,

(2.40) (m, A7) = (Q(m,\),t B;lT).

Putting together the maps QAY defined by equation (2.40) for every arrow =y, we get
a map Q : A(R) — A(R) which is defined and invertible almost everywhere. In
particular its domain is the union of the sets A, x ©,, where 7 is any element in
R and + is any arrow starting at m. The image of Q is the union of all the sets
Az x O, where 7’ is any element in R and 7 is any arrow ending in 7’. The
map Q is a skew-product map over the Rauzy-Veech algorithm @, that is for any
(m, A\, 7) € A(R) the matrix tB;1 in equation (2.40) depend just from (7, \) and
not from 7.

The action of Q on A(R) admits a nice fundamental domain. Let ¢(m, X, 7) :=
[All and let V(R) be the set of (m, A, 7) € A(R) such that either
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(1) C:)(w,)\,f) is defined and ¢(Q(m, A, 7)) <1 < ¢(m, A, 7),

(2) Q(m, A\, 7) is not defined and ¢(m, A, 7) > 1,

(3) Q(m,\,7)~" is not defined and ¢(m, A, 7) < 1.
It is evident that each orbit of Q intersects V(R) in exactly one point, therefore
the latter is a fundamental domain for the action of Q. We call V(R) the Veech
space. There is a useful alternative construction of the same fundamental domain,
that we describe here. If T = (m, \) is an i.e.t. in A(R) that satisfies Ao, # Aq,

we call qjpse(T) the letter in {ap, ay} that loses in T. For any element 7 of R we
define the subset U, of A, by

Uei={T €A >  M<1<) A}

aFtaese(T) acA

Then it is easy to check that we have:

(2.41) V(R) = | | Ux x O
TER

2.4.4. Representability. Let us consider any Rauzy class R. During all this
paragraph we fix an element 7 of R.

We define two standard length and suspension data A™ € A, and 7" € O,
setting for any a € A:

(2.42) A =1 and 77 := 7°(a) — 7'(a).

[

The Veech construction in paragraph 2.4.1, applied to the data (w, A7, 77™), gives a
marked translation surface. Let M™ and X7 be respectively the topological surface
supporting the conformal structure and the set of zeros of the one form associated
to the data (mw, \™,7™). Let also denote k™ the integer vector that gives the order
of the zeros of the holomorphic one form. The entries of k™ are the length of the
cicles of the permutation o defined by equation (2.35) in paragraph 2.4.1. Since the
decomposition in cycles of ¢ is an invariant for Rauzy classes, the vector k™ too is
an invariant, and we can denote it simply k.

For a pair of length-suspension data (A, 7) in A, x O, the translation surface
X (m, A\, 7) given by the Veech construction corresponds to a marked translation
structure on the standard topological data (M7™, X7, k), therefore we can introduce
an application

T(M™, %7 k)
X(m, A\, 7).

ix: O X Ay

(2.43) Do)

N
—
which is an embedding onto an open subset of ’ZN'(M’T7 7 k).

We consider an arrow v : 7 — 7 in the Rauzy diagram starting at the fixed
vertex m. For such a 7 let’s take any (A, 7) in Ay X O, and apply the extended
Rauzy induction Qv to (m, A, 7). In terms of translation structures this means that
we have a bi-holomorphic map between the marked translation surfaces X (7, A, 7)
and X (7', N, 1), where (7', \,7") = Q—Y(W,A,T). In particular Q7 defines a dif-
femorphism between the underlying topological pairs (M™,¥™) and (M ”,,Z“/).
We denote this diffeomorphism by

Qy: (M™,57) — (M™,5™).
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The map (£,5) — Qi‘y(ﬁ,S), assigning to any marked translation structure in

’ZN'(M T 37 k) its push-forward under Qv» gives an analytic bijection between Te-
ichmiiller spaces:

(2.44) Q:T(M™, 27, k) — T(M™ =" k).

Let us consider all the non-oriented Rauzy paths v : @ — «’, where 7 is still
the fixed element and 7' varies in R. The definition of Q7 in equation (2.44) can
be extended to any such non-oriented paths v by concatenation. For any 7 eR
the sets i (Aqx X ©r) are open embedded sets in 7 (M™ , %™ , k), thus for any
v : 7 — 7 the set QAfy’l 0dp (Agr X Ops) is an open embedded set in 7 (M™, X7, k)
that intersects i, (Ar x ©,). We paste together all these sets to get a bigger open
set:

(2.45) U= | Q@ loin (A xOp).
i’

The stratum ﬁ(M”, Y7 k) is obtained taking the quotient by the action of the
mapping class group Mod(M™,¥7) on 7 (M™, X7, k) and it is identified with some
stratum H;(k1, .., k) for some values ki,.., k. (depending from the Rauzy class

of ). We call representable marked translation surfaces the marked translation
surfaces that can be obtained with the Veech construction of paragraph 2.4.1.

LEMMA 2.4.3. Let ﬁi(kl, .y k) be any stratum of the moduli space of marked
translation surfaces with genus g and let (X,S) be any of its elements. Then ei-
ther X has both vertical and horizontal saddle connections, or the following is true:
there exists an admissible combinatorial datum 7 with 2g+r — 1 letters and length-
suspension data A and T for w such that X coincides with the translation surface
X (mw, A\, 7) obtained with the Veech construction of paragraph 2.4.1 and the horizon-
tal separatriz S coincides with the positive real line in X (mw, A\, 7).

Proof: See [Y3]. O

Consider the natural projection II : %(M”,E”,k) — ﬁ(M”,E”,k) to the
quotient space. Since the open set U, introduced in equation (2.45) is connected,
then its image II(U,) under the map II is also connected, therefore it is contained
in just one connected component of ﬁ(M 7,57, k). Let us call C, this connected
component. Lemma 2.4.3 has the following consequence.

COROLLARY 2.4.4. Any marked translation structure (X, S) in Cx \II(Ur) must
have both vertical and horizontal connections, therefore the set of such (X,S) has
codimension 2 in Cr. In particular TI(U;) has full measure in C,. Moreover any
stratum ﬁi(kl,..,kr) is identified with some representable stratum ﬁ(M”,Z”,k:)
and therefore almost any marked translation structure is representable.

Let us consider any 7’ in the same Rauzy class R of m, any path v : 7 — 7’
in the Rauzy diagram and the associated map Qf/ as in equation (2.44). Since
U N QAfy’l(Z/lﬂ/) # () then the two sets belong to the same connected component
Cr of H(MT™, X", k), moreover corollary 2.4.4 implies that U, = Q;—l(u,r,) =C,
mod 0. It follows that we can forget the dependence from 7 and denote C, sim-
ply C(R) (everything is meant modulo identifications between 7?{(M T 37 k) and
H(M™ , %™ k) with 7 and 7/ in the same R).



2.4. ZIPPERED RECTANGLES AND VEECH SPACE 33

DEFINITION 2.4.5. For any stratum ﬁi(kl, .., k) of the moduli space of trans-
lation surfaces marked at the singular point p; we consider any alphabet A with
d = 2g + r — 1 letters and define the set &;(kq, .., k) of those admissible combi-
natorial data m over A such that for any pair of length-suspension data (A, 7) in
A, x O, the surface X (m, A\, 7) given by the Veech construction coincides with a
translation surface (X, S;) in ’}-Nli(kl, oy ko).

The set &;(kq, .., k) introduced in definition 2.4.5 is union of a finite number
of Rauzy classes. Kontsevich and Zorich classified the connected components of
strata in the moduli space and proved that such number is always at most 3 (see
[KZ)]). Let C be any connected component of H(ky, .., k). Since almost any ele-
ment in C is representable via the Veech construction of paragraph 2.4.1 with some
combinatorial datum = € &;(kq, .., k), then C is identified with some connected
component C(R) of H(M™, %™ k). The Veech construction therefore establish a
surjective application
(2.46) R+—C=C(R)

that assigns to any Rauzy class R C &;(ky, .., k) a connected component C of the
stratum H;(k1, .., k). The following lemma holds.

LEMMA 2.4.6. Let m and 7' two admissible combinatorial data on the same
alphabet A. Let g : (M™,X™) — (M™ ,X™ ) an homeomorphism of pairs such that

(2.47) 9(U) MUy £ 0.

Then © and 7' belong to the same Rauzy class R and there exist a mon-oriented
Rauzy path v : ® — ©' such that g = Q5.

Proof: See [Y3]. O

Lemma 2.4.6 has the following consequence.

COROLLARY 2.4.7. The application R — C = C(R) in equation (2.46) is a
bijection, that is there is a ono-to-one correspondence between Rauzy classes and
connected component of the moduli space of translation surfaces marked at some
point.

For any m € &;(k1,.., k) recall the subset U, of A, defined at the end of
paragraph 2.4.3. We consider the restriction to U, x O, of the map i, defined by
equation (2.43). Then we compose ir |5, xo, Wwith the projection IT on the moduli
space. We get an homeomorphism

Ie: UOax0, — ﬁi(kl,..,k‘r)

(2.48) N7 o~ X(m A7)

which is surjective onto an open subset of ﬁi(kl, ., k). Let R be one of those
Rauzy classes that compose &;(kq, .., k) and recall the definition of the map Q :
A(R) — A(R) and of its fundamental domain V(R) given in paragraph 2.4.3. For
any (m,\,7) € A(R) in the domain of @ the translation surfaces corresponding to
(m, A, 7) and Q(ﬂ, A, T) are obtained by appropriate cutting and pasting, therefore
they correspond to the same element in the moduli space. Let us recall equation
(2.41) in paragraph 2.4.3. Corollary 2.4.4, together with the identification between
ﬁi(kl, .y k) and ﬁ(M’T, Y7 k), implies the following corollary.
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COROLLARY 2.4.8. For any stratum H;(ki1, .., k.) of the moduli space of trans-

lation surfaces marked at some singular point p; and for the set S;(ky, .., k) defined
above we have

(2.49) Hi(ky, . k) = || Z:(0x x©:) modo,
€S, (k1ye k)
where the union is disjoint.



CHAPTER 3

Preliminary results.

3.1. Configurations of saddle connections.

3.1.1. Marking all the separatrices. We consider the set Trans1‘(M, X, k)
whose elements are the data (£, 51,..,S,), where £ is a translation structure in
Transl(M, X, k) and for any singular point p; € ¥ S; is an horizontal separatrix
starting at p;. We call such a datum a totally marked translation surface. The
group Diff™ (M, ) defined in paragraph 2.3.2 acts on Trans1'*(M, 3, k) by

(3.1) (& S1, 5 8) = (f£, f(S1), - f(Sr))

where f.¢ is defined as in equation (2.16) in paragraph 2.3.2 and for any i € {1, ..,r}
the separatrix f(S;) is the image of the separatrix S; under f. The Teichmiiller
space of totally marked translation surfaces, that we denote ’ZA'(M , 2, k), is obtained
as before taking the quotient by the action of isotopies:

(3.2) T (M, %, k) := Trans1''(M, 3, k) /Dif£ (M, %).

ProrosiTION 3.1.1. The space ’?(M, 3, k) is a complex non-compact manifold
of complex dimension 2g +r — 1. Moreover the natural projection

~

FM,S, k) — T(M,S,k)
(&Sla---a‘s’r) — E

is a covering map of degree I;—y .(k; + 1).

(3.3)

Proof: The proof is the same as the one in proposition 2.4.2 in paragraph 2.4.2
for the Teichmiiller spaces 7;(M, X, k) of translation surfaces marked at some point
pi € 2. [l

The action in equation (3.1) can be considered modulo elements in Diff{ (M, ),
in this way we get an action of the group Mod(M, X) (defined by equation (2.20))

in paragraph 2.3.3 on the space ’ZA’(M, ¥, k). The quotient

(3.4) H(M, S, k) :=T(M, %, k)/Mod(M, ¥)

is called the moduli space of totally marked translation surfaces. Let us denote with
X its elements, that is any X is the datum (X, Sy, .., S,) of a translation surface in
H(M, X, k) plus a choice of an horizontal separatrix S; starting at p; for any p; € 3.
The projection in equation (3.3) passes to the quotient and give a projection

~

HM, S, k) — MM, k)

(35) (X,81,08) = X

which is a covering map of degree II;—1 ,(k; + 1). Let X = (X,51,..,5) be any
totally marked translation surface in H(M, X, k). The vertical separatrices starting
and ending at singular points of X can be labelled as follows. For any p;, € ¥

35
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and any I € {0,..,k;} we call V24" (X () and Verd(X () the two vertical separatrices
respectively startlng and endmg at p; such that

(3.6)

3.1.2. Configurations of saddle connections. Let us consider any X =
(X, 51,..,S) in ﬁ(kl, ., kr). If v is a saddle connection for X that starts at p; € 3
then there exists an only integer m € {0,..,k;} such that the vertical separatrix
Vot defined in equation (3.6) satisfies —m < angle(V;'47",v) < . Similarly, if p;
is the ending point of  then there exists an only integer 1 €0, .., k;} such that the
vertical separatrix Vpe"d defined in equation (3.6) satisfies —m < angle( v, Vpe:ld) <.
This motivates the following definition.

DEFINITION 3.1.2. Let X be any element in 7‘A{(M, ¥, k). For any pair of singular
points p;,p; € ¥ and any pair of integers [, m with [ € {0, .., k;} and m € {0, .., k;}
we define the set C(Pi-Ps:L:m) (X ) as the set of saddle connections 7 for the translation
surface X that start at p;, end in p; and such that

< angle(y, V3tert) <
3.7) ™ 2angle(v ) m )<
—m < angle(y, V) < .

LEMMA 3.1.3. Let X be any element in 7’-\[(M7 3, k). For any datum (p;,p;,1,m)

as in definition 3.1.2 let us fir any saddle connection v € CPi-pitm) (X) Then

for any t € R the smooth curve v : [0,T) — M associated to v is still a saddle

connection for F:.X and moreover it belongs to C(Pi-Pslm) (ftf().

Proof: Let us consider any v € C?i-2i:bm) (X)), Tt is a geodesic for the flat metric
of X and as a smooth curve v : [0,7] — M it satisfies y~1(X) = {0,7}. This
last condition does not depend from the translation structure, therefore keeps true
for the translation structure F3(X). Moreover the action of F; is affine in charts
and sends straight lines into straight lines, therefore for any ¢ € R the curve
is a geodesic for the flat metric of 7 X and therefore is a saddle connection. The
Teichmiiller flow F; does not acts by conformal maps, therefore it does not preserve
angles, anyway if we fix any saddle connection « and a vertical separatrix V starting
(or ending) at the same endpoint in 3, then for any ¢ € R we have

tanangley (7, V) = ¢ tan angle (7. V),

which means that the configuration C®i2:L)(X) of ~ is preserved by F;. The
lemma is proved. (I

3.1.3. Relation with the Veech construction. Let us fix any point p; € ¥
and consider the moduli space 7‘~(1(M , 2, k) of translation surfaces marked in p;. The
projection in equation (3.5) in paragraph 3.1.1 can be factorized into two natural
projections:

ﬁ(MaZ7k) - ﬁl(Mvzak) - H(M727k)

(38) (Xasla"'7ST) = (Xasz) = X.

The projections in equation (3.8) are two covering maps, the one on the left has
degree II,.;(k; + 1) and the one on the right has degree k; + 1. Let us call Proj;
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the projection on the left hand side of equation (3.8), that is we write
()(7 Sz) = PI‘Oji(X, Sl, ooy Sr)

Let us consider the set &;(kq, .., k) associated to ﬁZ(M, ¥, k) in paragraph 2.4.4
of the background and consider any 7 € &;(kz, .., k). Equation (2.48) of the same
paragraph defines an homeomorphism

Tr: Op x Op — Hilky, ., ky).
For any 7 € &;(ky,..,k,) let us consider a fixed pair (\5f, 75%) of length suspen-

T U
sion data in U, x ©, and consider the associated translation surface X,Srt =
Zo(m, A8t 751). Any choice of a pre-image X3t € H(M,X, k) of X3! under Proj;
determines an unique lift

(3.9) T, %o Ux X Or — H(ky, ., k)

Tr)

of the homeomorphism Z,.. Corollary 2.4.4 implies the following corollary.

COROLLARY 3.1.4. For any stratum H;(ki, .., k) of the moduli space of trans-
lation surfaces marked at some singular point p; we have

(3.10)  H(ki, k)= | ] | | T, 3. (Ux x ©7) mod 0.
€& (k1;.,ks) XsteProj; H{Xzt}

Recall the zippered rectangles construction in paragraph 2.4.1. For any admis-
sible combinatorial datum 7 over the alphabet A and for any (A, 7) € Ay x O, the
complex numbers (, = A\, + i7, define 2d curves in C, two for each letter o € A:

¢L:(0,1) > Cit s &l +1¢q
fg : (0,1)—>C;tl—>§g+t§a.

LEMMA 3.1.5. For any o € A either éé or ég projects to a saddle connection
Ca for the translation surface X (m, A, T).

Note: We denote with (, both the complex number A, +i7, and the associated
saddle connection, when any confusion risk to arise we specify if we are talking about
the former or the latter.

Proof: For any a € A the Veech construction associates to the triple 7, A, 7 a pair
of open rectangles R!, and RY in the complex plane, moreover the identifications
that define the translation surface X (7, A, 7) give an embedding of each one of these
rectangles onto a well defined open rectangle R, C X(mw, A, 7). It follows that in
order to prove the statement it is enough to prove that for any o € A either gcé is
contained in the interior of Rf, or ég is contained in the interior of R%. The height
he is defined by h, = (&) — $(€8) and we have that the lower horizontal side
of R! is on the real axis and the upper one is at eight h,, conversely the upper
horizontal side of R? is on the real axis and the lower one is at eight —h,. We
first observe that for any o € A we have $(£%) < h, and $(€L) > —h,. Since 7 is
admissible for any « € A there are two cases: either 7°(a) < d or 7t(a) < d.

e If 7(a)) < d then the suspension condition (equation (2.34) in paragraph

2.4.1) implies that (€% + (,) < 0 and therefore

ha= > To— > Ty =S+ Ca) — SEL + Ca) > S(E + o)

wt(z) <t () b (y) <7l (a)

It follows that C, is contained in the interior of RY,.
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o If If w'(a) < d then then the suspension condition (equation (2.34) in
paragraph 2.4.1) implies that S(&f, + ¢,) > 0 and therefore

“ha=— > mA Y Ty = =S(E )+ S(E ) < S(E + Ca):

wt(z)<wt(a) b (y)<mb(a)

Then it follows that fg is contained in the interior of RY.

The lemma is proved. O

Let us consider any 7 € &;(k1, .., k) and a pair (A, 7) of length-suspension data
for m. Let X (m, A, 7) the translation surface associated to the data (m, A, 7) by the
zippered rectangles construction in paragraph 2.4.1. For any o € A we consider the
saddle connection (, for X (m, A\, 7) given by lemma 3.1.5 and the point p(a) € ¥
where (, start from.

For any « such that 7¢(a) > 1 we call V" the only vertical separatrix ending
at the point p(a) where (, starts such that

(3.11) angle(Ve"? ¢,) < .

Similarly, for any 8 such that 7°(8) > 1 we call V*"* the only vertical separatrix
ending at the point p(/5) where (g starts such that

(3.12) angle(V5""", (3) < m.

DEFINITION 3.1.6. Let 7 be an admissible datum over the alphabet A and let
a, (3 letters such that 7*(a) > 1 and 7°(3) > 1. For any pair of length-suspension
data (\,7) for 7 we define the set C/%®) (7, X, 7) of those saddle connections v for
the translation surface X (w, A, 7) that start at the same point where Vgt‘”’t starts,

end in the same point where V"¢ ends, and such that

—m < angle(y, V5*t) <7

(3.13) —m < angle(y, V) < 7.

For any admissible combinatorial datum over the alphabet 4 we introduce the
subset AL C A of those a € A such that 7!(a) > 1 and the subset A% C A of those
B € A such that 7°(8) > 1.

LEMMA 3.1.7. Let ﬁi(kh ., k) be any stratum of the moduli space of translation
surfaces marked at some singular point p; € . Let 1 € &;(ky,.., k) and let fﬂ
be any lift to ’I-A[(k‘l, . k) of the map I, as in equation (3.9). Then there exist a
bijection from the set of the data (p;, p;,l,m), where p;, p; is any pair of points in
Y and l,m are indexes respectively in {0, .., k;} and {0,..,k;}, and the set of pairs
of letters (3,a) with w(a) > 1 and 7°(B8) > 1. The bijection is such that for any
(A7) € B X0, if X = fﬂ()\,T) and if (B, «) is the pair associated to (p;, p;,l,m),
then the set C%®) (m, X\, 1) coincides with the configuration CPiPi b (X)),

Proof: Let X = (X,51,..,5-) be a totally marked translation surface in the
image of Z, and consider the data ), 7 such that X = 7, (A, 7). We define r letters
@; = a;(m, A\, 7) such that for any i = 1..r we have that S; starts in R}, . Let us
consider the permutation o introduced in equation (2.35) in paragraph 2.4.1. The
second iterated o? of ¢ induces two permutations respectively of A* and A°. The
permutation o2 has a cycle decomposition with cycles of lengths k; + 1,..,k, + 1,
moreover all the letter a; defined above are in different cycles. Let us consider any
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i € {1,..,7} and any letter a € A’ in the o2 orbit of a;. If V"4 is the vertical sep-
aratrix for X (m, A\, 7) defined according to equation (3.11) then the unique integer
1 €{0,..,k;} such that a = 0% (q;) satisfies
end 3

angle(VS"4, 8;) = 2n (1 + Z)
Similarly for any other j € {1,..,7} and any letter 3 € A® in the o2 orbit of a;, if
Vtert is the vertical separatrix for X (m, A, 7) defined according to equation (3.11)
then the unique integer m € {0, .., k,, } such that 3 = 0% («;) satisfies

1
angle(V5"*™, 8;) = 2m(l + 1)

Recalling equation (3.6) in paragraph 3.1.1, modulo the identification X = fﬂ()\, T),
we have Vend = Vpei’fld and Vend = Vp‘iﬁd, therefore the set C(%®) (rr, \, 7) is identified
with the configuration C(?i-7:b™)(X). The lemma is proved. O

3.2. On the suspension.

3.2.1. Combinatorially defined homology classes. Let 7 be any admissi-
ble combinatorial datum over the alphabet A. For any (A, 7) in A, x©, and any a €
A consider saddle connection ¢, for X (m, A, 7) defined by lemma 3.1.5 in paragraph
3.1.3. In particular any ¢, defines a relative homology class (., € H; (M,%,Z). The
formulae that define &, = 3=+ (1) <t (a) Cor €0 7= Db (a) <t (o) G AN O := €5, — €L
for « € A may be extended formally on relative (or absolute) homology classes

g(tl = Z 5m€H1(M72aZ)

wt(x)<mt ()

&

> &€ Hi(M,3,2Z)

b (z)<mwP ()
0o ==& — &' € Hi(M,Z).

All the homology classes appearing here depend only on the combinatorial datum
7 € R. For any pair of length-suspension data (\,7) € A, x ©, each one of
the homology classes above has a representant which is concatenation of saddle
connections for the flat structure X = (w, A\,7), anyway this representant is no
more a saddle connection since it contains in its interior singular points in .

For any admissible combinatorial datum 7 over the alphabet A and any A € A,
let us consider the i.e.t. T : I — I corresponding to the data (m,A). We define a
piecewise constant map 7 : [ — H; (M,Z) by the formula

Op(z) =0, iff z eIt

Let us consider the Birkhoff sum SnéT over the map T of the function éT. We
fix a pair of letters (3, ) € A? with 7t(a), 7°(8) > 1. If T has no connection we
can iterate 7' on u% infinitely many times and we get a sequence of elements in the
relative homology Hy(M,X,Z) defined by

(3.14) Ag.am,r = &L — & — Subr(uh).
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3.2.2. Combinatorially defined saddle connections. For any admissible
combinatorial datum 7 over the alphabet A and any pair of length-suspension
data (A, 7) in A x ©, the abelian differential wx associated to the flat structure
X = X(m, A\, 7) defines an element in hom(H;(M,%,Z),C). Let us recall the set
CP) (m A, 7) of saddle connections for X (m, \,7) defined by equation (3.13) in
paragraph 3.1.3.

LEMMA 3.2.1. Let m be an admissible combinatorial datum over the alphabet A
and let T = (m,\) € A; be an i.e.t. without connections. Let us consider any sus-
pension datum T for m and the associated translation surface X = X (w,\, 7). For
any pair of letters (3,a) € A% with 7' (a), 7°(8) > 1 and for any triple (3, a,n) re-
duced for T' there exists a saddle connection g o.n,x in CE) (w, X\, T) for X (m,\,T)
such that for the homology class 33.an,r defined by equation (3.14) we have

(3.15) / wx = wx (8,a,n,T)-
VB,ain, X

Proof: Let T : I — I be the i.e.t. defined by the data (m,A) and let 6 :
I — H{(M,Z) be the piecewise constant map defined in paragraph 3.2.1. Let 7
be any suspension datum for = and let wx be the element in hom(H,; (M, %, Z),C)
associated to X (m, A, 7). In terms of the notation of paragraph 2.4.1 we have the
identities
wx (53”) = &tx/b and wx (éa) =ba
for any a € A. In particular we can define a piecewise constant map 0x : I — C
by
Hx(.r) = wx(9T<$)).
We fix a cartesian frame of reference on C by choosing as origin the left endpoint
of the interval I and as positive real half-line the half-line starting from the origin
and containing the interval I. Let (8,a,n) be a reduced triple for T and let us
consider the relative homology class 43 a,n,7 defined in equation (3.14). Observe
that we have
wx (&ﬁ,a,n,T) = g:; - fg - SngX (U%)
We consider the path 93.4,n,x : (0,1) — C defined by

Ao, x (8) = &5 + Snx (u) + (&, — & — Snfx (u)),
Our aim is to project 43, q,n,x onto a saddle connection in X. In order to construct
the immersion we define the open rectangle R(3,a,n,X) in C with sides parallel
to the vertical and horizontal directions and vertices in the points §g + SHHT(U%)
and &, (that is the rectangle that has 43 o, x as diagonal). For any i € N and any
x € I such that T~! may be iterated i — 1 times on = we define

S;0x(x) = 0x(z) + ..+ 0x (T~ Va).
For any i € {0,..,n} the iterated T"’lu% is in the domain of S; 07 and for these 4
we have Snﬁx(u%) — S{@X(T"_lu%)) =S lﬁx(uﬁ) For i = 0,..,n + 1 we define
the rectangles R; C C by
for i =0: Ro:=I(3,a,n) x [0,3(&)),

(o3

for i € {1,..,n}s Ry :=1(B, 0,n)x [% 1”%)%%(51719X(T”_1u%))),
for i =n+ 1 Ropy 1= I(8,a,m)x |S(S; ub) + ), (S Ox (Tl

))-
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We have R(83,a,n, X) = |_|i:07”7n+1 R;. For any i € {0,..,n} we have
(Ri — S; 0x(T" 'ul) NR =T 1(3,a,n).

Since the triple (3, a,n) is reduced we have that T~%I(3, o, n) never contains the
points u!, and u%/ for any o/, 8’ € A and any i € {0,..,n}. The relations v, =
R(&L,) and u%, = %(fg,) therefore imply that the points £, and §g, with o/, 3" € A
are not contained in any of the rectangles R; — S{HX(T”_lu%) for any ¢ € {0,..,n}.
We introduce the pair of piecewise constant functions o : I — Aand o : 1 — A
defined respectively by of(z) = § iff x € I} and ab(z) = § iff z € I?. The previous
relation implies that for any i € {0,..,n} we have

R, — SZ_OX(T”_lu%) - R;t(T"*iug)'

For any o € A recall the rectangles R. and R% associated to the data (m, A\, 7) by
the zippered rectangles construction in paragraph 2.4.1 in the background. Let us
denote with p : |_|a’ﬁ_’€A R, R% — X the projection from open subset of C union
of these rectangles into the translation surface X (7, A\, 7). For any i € {0,..,n} and
the corresponding rectangle R; in C defined above we have an isometric embedding
fi : Ri — X (m, A\, 7) defined by

fi(2) = p(z = S7Ox (T up)).

We also have T~" C I(3,a,n) C I}, therefore R, 11 — S, 0x (T 'u}) — 05 C R
and we have an other isometric embedding f,,+1 : Ry+1 < X(m, A\, 7) defined by

filz) = plz = 87 0x (T ujy) — ).

For any i € {0,..,n} and for any z € R(8, a,n,X) with J(z) = Szﬂ(u%) we have
fi(z) = lim, ., fi+1(x), therefore the embedding f; past together to a local isometry

f:R(B,a,n, X)— X(m,\, 1),
(that may not be injective). We define the curve y5.a.n,x = f 0 Yg,a,n,x. Since it
satisfies the relations

li O'Yﬁ,a,n,X(t) = p(thi% V8,0,m,x — Snblx (u%)) = P(EZ)

t—
lim y,0,n,x (1) = p(liM Yp,0,n,x) = p(EL),

extended continuously on [0,1], the curve vgq ., x is a saddle connection. It is
also evident that vg o n,x € CB) (X, 7). Finally, since f is a local isometry, the
holonomy of ¥3.q4,,,x is the same of the holonomy of 45 4. x, that is &, — §g —
SnOT(u%), therefore the lemma is proved. O

Given an i.e.t. T = (m, \), a suspension datum 7 for 7 and the associated
translation structure X = (m, A, 7), recall the vector hx defined by equation (2.33)
in paragraph 2.4.1. It can be seen as a piecewise constant function hx : I — R,
defined by hx(z) = hs iff z € It. We denote with S,hx the Birkhoff sum of the
function hx.

LEMMA 3.2.2. Let w be an admissible combinatorial datum over the alphabet
A and let T = (7w, \) € A, be an i.e.t. without connections. Let us consider any
suspension datum T for m and the associated translation surface X = X(m, A\, 7).
Let (B,a) € A? be any pair of letters with 7' (a),n%(3) > 1. For any € > 0 and
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any triple (B, a, n) reduced for T with n big enough the associated saddle connection
VB,a.m,x given by lemmad.2.1 satisfies the following two estimates:

(3.16) (1— &) yp.am x| < Snhx(ul) < 78,0.m.x]
(7l — ) Tty —
(3.17) (1—¢) < |tanangle(vg,a.n,x,0y) < (1 +€)————.
178,0,m,X | 178,0,n, x|

Proof: Let v34,n,x be the curve given by lemma 3.2.1. We have

/ wy = € — € — S,0x(u)
Y8,a,n,X

R(&, — € — Snfx (u)) = T"ufy — g,
(&0 — &5 — Sufx (u)) = Snhux (uf) + &, — I&j-
We observe that |T"u%—ufl| < ||A]| for all n € N and on the other hand S,hx (ul[’,) >
nming e heq and ming ¢ 4 by, is strictly positive. Therefore for any € > 0 and any
n € N big enough equation (3.16) holds. We observe that

n,,b t
T"ug — ug

T Suhx(ub) + € - €8

therefore using equation (3.16) we get that for any € > 0 and any n € N big enough
equation (3.17) holds. The lemma is proved. O

tan(angle(v,a,n,x,0y))

For any bounded function ¢ : Ry — R, such that to(t) is decreasing monotone
and for any (small) € > 0 let us introduce the function ¢, : Ry — Ry defined by

(3.18) pe(t) = (1 = e)p((1 - €)t).

PRroPOSITION 3.2.3. Let m be an admissible combinatorial datum over the al-
phabet A and let T = (7, \) € Ay be an uniquely ergodic i.e.t. without connections.
Let (B3, a) be a pair in A? with n*(a) > 1 and 7°(3) > 1 and suppose that there exist
infinitely many triples (8, a,n) reduced for T that are solutions of equation (1.3)
with respect to w. Then for any suspension X (w, A\, 7) of T with Area =1 and any
€ > 0 there are infinitely many saddle connections v for X (mw, A\, T) in configuration
CB) (N, T) that are solutions of equation (1.4) with respect to ., that is

| tan angle(vy, 9,)| < M

7l
Proof: Let us suppose that we have infinite reduced triples (8, a, n) for T that are
solution of equation (1.3) with respect to the function ¢. Let us consider any suspen-
sion datum 7 for 7 such that Area(X (7, \, 7)) = 1. To any triple (3, a, n) as before
lemma 3.2.1 associates a saddle connection v = 7g,4,n,x in the set C(ﬁ’a)(ﬂ', A, T).
Equation (3.17) of lemma 3.2.2 implies that for any ¢ > 0 and for all n big enough
(and such that the triple (3, «, n) is reduced for T') we have

n
[ tan angle(yp.0.mx.3y)] < (14 )2
"Yﬁ,a,n,X|

Since T is uniquely ergodic, for n — oo the Birkoff average %th X (u%) converges
to [, hx = Area(X) = 1, therefore equation (3.16) of lemma 3.2.2 implies that for
any € > 0 and any € N big enough we have

(1= lvs.amnx| <n <1+ e)vs,anx]
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Since tp(t) is decreasing monotone, for any € > 0 and any € N big enough we have

np(n) < (1= €)lyp.anxle((1 = €)15,0.n,x]), that is

(1 = €)vs,0,n,x1) < @e(|78,0,n,x])
|’y,8,o¢,n,X - |’yﬁ,a,n,X|

since (14 €)(1 — €) < 1. The proposition is proved. O

| tan angle(vg,a,n,x,0y)| < (1 +¢€)

3.3. Normalization of length and area.

3.3.1. Normalization of length. We want to take advantage of the Rauzy-
Veech and Zorich algorithms. Since they have interesting recurrence properties
just at projective level we need to relate part b) of theorem 1.1.6 to an equivalent
formulation (proposition 3.3.1) on the subset A (R) of length one i.e.t..

PROPOSITION 3.3.1. Let us consider a sequence ¢ : N — Ry such that np(n)
is decreasing monotone. Let us fix any admissible combinatorial datum m over an
alphabet A. Theorem 1.1.6 is equivalent to the following dichotomy:

a: If Yy .np(n) < oo then almost any i.e.t. T € A s mody-Diophantine.
b: If Y cn@(n) = oo then almost any i.e.t. T € AW s mode-Liouville.

Proof: For any s € Ry and any admissible 7 let us define the subsets AE? and
A of the iet. T = (m,A) in A, such that respectively ||[A|| < s and ||A] > s.
For any (m,\) € A, and any ¢t € Ry let us introduce the i.e.t. T := (m,t\). For
any pair of letters (3, ) such that 7!(a), 7°(3) > 1 we denote as usual with ug and
u!, the bottom and top singularities of T" and with ﬂ% and @, the bottom and top

singularities of T. For any n € N we have

(3.19) [T aly — al | = T uly — ul)|

«
therefore the triple (3, a,n) is a reduced solution for T of |T”u% —ul| < ¢(n) if

and only if it is a reduced solution for T of |T"ﬂ% —ak| < to(n). We also note that
for any m we have an homeomorphism

R, x AY - A,
(t,(mA) = (7, tN),

and the Lebesgue measure on A, is equivalent to the product of the Lebesgue
measures on the two factors.

Let us suppose that statement a) of proposition 3.3.1 is true. We observe that
if (m,\) € AY i modep-Diophantine then also any (,tA) is modg-Diophantine for
any t € [1,00), therefore by our hypothesis almost any (mw, \) € AS?” is mode-
Diophantine for any ¢ such that ne(n) is decreasing monotone and such that
Y onen®(n) < co. Let us consider such a ¢ and for any fixed s € (0,1) let us

consider the sequence @ := sp. We still have } _y@(n) < oo, therefore almost

any T = (m, ) € AFY is mod p-Diophantine. Let us consider such a T: for

any pair of letters (3, ) such that (), 7%(8) > 1 there exist just a finite num-
ber of reduced triples (5, o, n) solution of |T”u% —ul| < @(n) = sp(n), therefore
equation (3.19) implies that for T := (7,5 '\) there exist just a finite number
of reduced triples (3, a,n) that are solutions of |T"ﬂ% — 4| < ¢(n), that is T is

~ —1
mody-Diophantine. Since such T is generic we get that almost any (7, A) € A;ZS )
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is modp-Diophantine. Since s is any arbitrary real number in (0, 1) and we get part
a) of theorem 1.1.6.

Let us now suppose that statement b) of proposition 3.3.1 is true. We ob-
serve that if (m, A) € AD i modp-Liouville then also any (m,t)) is modep-Liouville
for any ¢ € (0, 1], therefore by our hypothesis almost any (7, \) € AEY g mod-
Liouville for any ¢ such that ng(n) is decreasing monotone and such that Y7 | p(n) =
oo. Let us consider such a ¢ and for any fixed s > 1 and let us define the sequence
@ :=s"tp. Westill have >, @(n) = oo, therefore almost any T' = (m, \) € ALY
is  mod @-Liouville. Let us consider such a T: for any pair of letters (3, «)
such that 7f(a),7*(3) > 1 there exist infinite reduced triples (3, ,n) solution
of [T"uly — ul,| < @(n) = s7'(n), therefore equation (3.19) implies that for
T := (m,s\) there exist infinite reduced triples (3,a,n) that are solutions of
\T”ﬁ% —@!| < @(n), that is T is modg-Diophantine. Since such T is generic
we get that almost any (m,\) € ASTZS) is mody-Diophantine. Since r is arbitrary
we get part a) of theorem 1.1.6. The proposition is proved. [

3.3.2. Normalization of area. Proposition 3.2.3) introduces a normalization
of area, therefore we need an equivalent formulation of theorem 1.2.3 for strata
ﬁ(l) (K1, .., k) of area one totally marked translation surfaces. The proof has evident
analogies with the one of proposition 3.3.1.

PROPOSITION 3.3.2. Let us consider ¢ : Ry — Ry such that to(t) is a de-
creasing function and fix a stratum H(ki, .., k). Theorem 1.2.3 is equivalent to the
following dichotomy:

a: IffR+ p(t)dt < oo then almost any X € ﬁ(l)(kl, .., k) is modep-Diophantine.

b: If fR+ o(t)dt = oo then almost any X € HY (ky, .., k,) is modep-Liouville.

Proof: For any s € Ry let ﬁ(gs)(k‘l,..,kr) and ﬁ(zs)(kl,..,kT) be the sets
of totally marked translation surfaces X = (X,S1,..,5-) such that respectively
Area(X) < s and Area(X) > s. For any X € H(ky,..,k,) and any t € R, let us
consider the flat structure ¢ - X, where the multiplication is given by the action of
GL(2,R), and the totally marked translation surface ¢ - X = (t-X,51,.,5). It
is evident that ~ is saddle connection for X if and only if it is a saddle connection
for t - X. For any t € Ry we denote with |v|;.x its length with respect to the flat
structure ¢ - X. The angle angle(wy, 9,) with the vertical directions is evidently the
same for X and t- X. For any v we have

(3.20) o(vlex) _ e(thlx)
. "VltX th/‘X

It follows that -y is a solution for ¢ - X of | tan angle(y, d,)| < % if and only if

it is a solution for X of | tan angle(y, dy)| < %. We also note that we have an
homeomorphism
Ry x HO(ky, . k) — H(ky, .. kr)
(t, X) — t-X

and the Lebesgue measure on ﬁ(kl,..,kr) is equivalent to the product of the
Lebesgue measures on the two factors.



3.4. PROOF OF THE STRONG STATEMENT IN THE CONVERGENT CASE. 45

Let us suppose that statement a) of proposition 3.3.2 is true. We observe
that if X € ﬁ(l)(kzl,..,kT) is mody-Diophantine then also any t - X is mode-
Diophantine for any ¢ € [1,00). It follows by our hypothesis that almost any
X e ﬁ(zl)(kl, ., k) is modp-Diophantine for any ¢ such that tp(t) is decreasing
monotone and such that f0+oo p(t) < oo. Let us consider such a ¢ and for any
fixed s € (0,1) let us put @¢(z) := ¢(sz)/s. We still have fo ) < oo, therefore
almost any X € H=V (ky, .., k,)is mod @-Diophantine. For any buch X there exist
just finitely many saddle connections « that are solutions of |tanangle(y,d,)| <
(7] x)/ 7| x, therefore equation (3.20) implies that for s- X there exist just finitely
many solutions of |tanangle(7, ) < @([7ls-x)/|7s.x, that is s . X is mode-
Diophantine. Since such X is generic we get that almost any X e HES) (k1. k)
is mody-Diophantine. Since s is arbitrary we get part a) of theorem 1.2.3.

Let us now suppose that statement b) of proposition 3.3.2 is true. We observe
that if X € HO) (k1, .., k) is modyp-Liouville then also any ¢- X is modep-Liouville for
any t € (0, 1], therefore by our hypothesis almost any Xe ﬁ(gl)(lﬁ, .y kg) is modep-
Liouville for any ¢ such that t¢(t) is decreasing monotone and such that fR+ o(t) =

+00. Let us consider any such ¢ and for any fixed s > 1 let us put ¢(x)
o(sx)/s. We still have f+oo 5(t) = +o0, therefore almost any X € H(SD (ky, .., k

-
is mod ¢-Liouville. Let us COIlbldeI‘ any such X: any configuration C®:rs:l: m)(f(
contains infinitely many saddle connections vy that are solutions of angle(y, d,) <

~— —

@(l7lx)/l|x- Let us consider the corresponding configuration C (pipjlm) (5. X) for
s-X. Equation (3.20) implies that C(?i-2i-1™) (5. X') contains infinitely many saddle
connections 7 that are solutions of |tan angle(7y, 9y)| < @(|vls.x)/|7]s-x and this is
true for any conﬁguratlon that is s - X is modep-Liouville. Since such X is generic
we get that almost any X € H(<s) (k1, .., k) is mody-Liouville. Since s is any real
number in (1,400) we get part b) of theorem 1.2.3. The proposition is proved. O

3.4. Proof of the strong statement in the convergent case.

As we said in the introduction proposition 1.2.4 is a strong version of part a of
theorem 1.2.3. In this paragraph we prove the proposition (and therefore part a of
the theorem too). We recall the statement.

Let us consider a positive function ¢ : Ry — Ry such that fooo p(t)dt < oo.
Then for any X in ﬁ(kh . k), almost any Xy € SO(2,R)X is modp-Diophantine.

Proof: In the proof we don’t need any information about configurations of sad-
dle connections, therefore the proposition can be proved directly for translations
surfaces (without any marking of horizontal saddle connections at singularities).
Let us therefore fix a stratum H(kq,..,k,) of the moduli space of abelian dif-
ferentials and X € H(ky,.., k), then let us consider the orbit SO(2,R)X of X
under the action of SO(2,R). It is an immersed circle in H(kq, .., k) (the immer-
sion may fail to be injective at ramification points). We have a parametrization
[0,27) — SO(2,R)X; 6 — Xy, where Xy := RypX and Ry denotes the rotation of
angle § in R? (the multiplication is induced by the action of SL(2,R)). Let us define
the set S of all the saddle connection for the flat structure X, it is a countable set.
For any 6 € [0,27) the curve 7 is a saddle connection for X if and only if is a saddle
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connection for Xy. For any 6 the flat metric determined by Xy is the same as the
flat metric determined by X, therefore the length of a saddle connection « does not
change passing from X to Xy and we denote it as |y|. For any v € S we define the
set

@(\WD}

ol
where Ry0, denotes the constant vertical vector field associated to the rotated flat
structure Xy. The set I(7y) is the set of 6 such that the flat structure Xy has v as
solution of equation (1.4). For any v € & we have Leb(I(v)) = 2¢(|v|)/|v|- It is
sufficient to prove that Zwes Leb(I,) < oo, then with the classical Borel-Cantelli
argument we conclude that almost any 0 € [0, 2) is contained into a finite number
of sets I(vy) for v € S. We re-order our sum as:

> > Leb(I,)

kEN \~veS2k—1<|y|<2F

In [Maz2] it is proved that for any Y € H(kq, .., k) the number N(Y, L) of saddle
connections 7 for Y of length |y| < L has quadratic growth with L, that is there
are two positive constants ¢ < C' such that for any L big enough we have

cL? < N(Y,L) < CL2.

I, := {0 € [0,27); | tan angle(y, Rgd,)| <

This implies (recalling that tp(t) is decreasing monotone and therefore ¢(t) too)

k—1
> Leb(r) <o)
YES 2k~ 1<y <2k

and - 5 Leb(l,) <8C Y, oy 2Fp(2k) < 0o. Proposition 1.2.4 is proved. O

3.5. Proofs of non-direct results in arbitrary genus.

In this paragraph we assume part b) of theorem 1.1.6 and together with proposi-
tion 3.2.3 we show theorems 1.1.6 and 1.2.3. We first develop some useful machinery.

Let us fix a singular point p; and consider a stratum ﬁi(kzl, ..y k) of the moduli
space of translation surfaces marked at p;. Recall that we have a covering map of
degree IT£; (k;+1) from the moduli space H(k1, .., k) of totally marked translation
surfaces:

Proj; : H(ky, .., ky) — Hi(ki, .., kr)
Recall the set &;(k1, .., k) introduced in definition 2.4.5 in paragraph 2.4.4 of the
background. For any 7 € &;(k1, .., k) we have amap Z, : U X O, — 'ﬁ,—(kl, vy k)
defined in equation (2.48) of paragraph 2.4.4, which is an homeomorphism onto an
open subset of ﬁi(kl, ., k). For any marked translation surface X* € Z, (U, x ©,)
a choice of a pre-image X*in ﬁ(kl, .., k) determines uniquely a lift 7, %+ of 7 to
the moduli space of totally marked translation surfaces (see paragraph 3.1.3). The
map Iw,)”(* extends continuously to a map on A, X O, that we still call Im)ﬂ(*.
Such a map will be no more injective. Let us denote with

(3.21) Tr: Ap x Op — H(ky, .., ky)
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the general map obtained in this way. For any combinatorial datum 7 € &,;(ky, .., k)
we define the hyperboloid HY ¢ A, x @, by

(3.22) HWY = {(\,7) € A x Op; (A, Qp7) = 1}
For any (7, A\) € A, we also introduce the set @83/\) ={7 €0\ Q) =1}. We
have a decomposition g = |_|(7r7/\)eAﬂ @E?M. Moreover, since for any (m, A) € A,

the fiber @83 ") is diffeomorphic to PO, the hyperboloid H7(rl) is diffeomorphic to
the product A, x PO,. Let us denote Leb; and Leby_; the lebesgue measure
respectively on A, and on PO... By Fubini’s theorem the lebesgue measure Lebog 1
on H7(Tl) is equivalent to the product measure on A, x PO.,.

The restriction to the hyperboloid H7(T1) of any map fﬂ as in equation (3.21)
gives a continuous map

Tl o + HY — HO (ky, o k)

onto an open subset of the hyper-surface or area one totally marked translation
surfaces. Moreover the invariant volume p™®) on H(k1, .., k,), restricted to ir(Hfrl)),
is equivalent to the push-forward meebm_l of the lebesgue measure on H7(T1).
Corollary 3.1.4 implies that

(3.23) HO(ky, k)= U Z.#=Y) modo.
m€G;(k1,.-.kr) Proj, 0L, =T

where in the formula for any = € &;(kq, .., k) we take the union over all the lifts
Z, of Z,. (the union will be no more disjoint).

3.5.1. Convergent case, proof of part a) of theorem 1.2.3. The proof is
a trivial consequence of proposition 1.2.4, just observe that the foliation induced by
the action of SO(2,R) on 7—A{(k:1, .., k) is smooth, therefore the lebesgue measure in
7—A{(k1, .., k) is equivalent to the product of the lebesgue measure on the leaves and
the transversal measure. Observe that the area one hyper-surface 7:2(1)(161, k)
is SO(2,R)-invariant, therefore the theorem holds also for area one translation
surfaces.

3.5.2. Convergent case, proof of part a) of theorem 1.1.6. Let us con-
sider a positive sequence ¢ : N — R, such that nep(n) is decreasing monotone.
Let us take any admissible combinatorial datum 7 over the alphabet A. In this
paragraph we prove that if >~>7 | ¢(n) < 400, then almost any 7' € Ay is modep-
diophantine.

If the claim is not true, then there exist two letters 3, a such that 7f(a) > 1
and 7°(3) > 1 and a positive measure set D C A, such that for all T € D there
exist infinitely many triples (8, a, n) reduced for T that are solutions of equation
(1.3), that is such that

IT"ufy — ug| < o(n).
By the celebrated result of Masur and Veech (see [Mal] and [Ve]) almost any i.e.t.
is uniquely ergodic, therefore we can assume without losing in generality that any
T in the subset D is also uniquely ergodic.
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The sequence ¢ may be extended to a bounded positive bounded function
¢ : Ry — Ry such that ty(t) is decreasing monotone and [~ ¢(t)dt < +oc. If
T = (m,A) is any element in the set D introduced above, for any 7 € @83)\) the
translation surface X (m, A, 7) has area one and uniquely ergodic vertical flow 9,. In

particular proposition 3.2.3 applies and we get that for any € > 0 there are infinitely
many saddle connections v for X (7, A, 7) that are solutions of

| tan angle(7y, 9,)| < M,

vl
where ¢ (t) = (1 — €)p((1 + €)t). We introduce the set D := Ui e @E?)\).
Since Leby(D) > 0 and the lebesgue measure Lebsg_1 on the hyperboloid HT(rl)
is equivalent to the product Leby x Lebg_q1 on A, X PO, then Lebyy_1(D) >
0. Now we consider any map Z, : H,(rl) — HW(ky, ... k,) that appears in the
union in equation (3.23). The invariant volume u(!) restricted to the image of
this map is equivalent to Z,.Lebog_1, thus the set LT(ZA)) is a positive measure
set in H()(ky, .., k,) of area one totally marked translation surfaces that are not

¢e-Liouville. Since [ ¢(t)dt < +oco implies that also [ ¢e(t)dt < +oo we get an
absurd. Part a) of theorem 1.1.6 is proved.

3.5.3. Divergent case: reduction to theorem 1.1.6. In this paragraph
we show that part b) of theorem 1.1.6 implies part b) of theorem 1.2.3. We first
show how part b) of theorem 1.1.6 implies the following proposition.

PROPOSITION 3.5.1. Let us fix any pair of points p;,p; € ¥ and any pair of
indezes I,m with 1 € {0,..,k;} and m € {0,..,k;}. If [~ ¢(t)dt = +oo then for
almost any X € ﬁ(l)(kl, ., k) the configuration CPi-Pibm) (X)) contains infinitely
many saddle connections v which are solution of equation (1.4), that is

| tan angle(y, 9y)| < W
Y
Proof: We recall that from corollary 3.1.4 in paragraph 3.1.3 we have that
HO by k)= | || Ze(HY 0 (0, x ©,)) mod 0,

7€G;(k1,-.kr) Proj;0Z,=Tx

where in the formula for any 7 € &,(ky, .., k,-) we take the union over all the lifts 7,
of 7, and the hyperboloid H7(rl) is defined in equation (3.22). The union is disjoint
since any f,r is restricted to U, x O,. It is enough to prove the statement on each
element of the union.

Let us fix any pair of points p;,p; € ¥ and any pair of indexes I,m with
1 €{0,.. .k} and m € {0,..,k;}. Lemma 3.1.7 implies that there exist a pair of
letters (3,a) (uniquely determined) with 7*(a) > 1 and #%(8) > 1 such that for
any (A, 7) € Up X O, the map 7, induces a bijection between the set C(%®) (7, X, 7)
of saddle connections 7 for the marked translation surface X (7, A, 7) and the con-
figuration C®¢Ps1m) (X)) for X = fﬂ(/\, 7).

Let us fix any € > 0 and consider a bounded positive function ¢’ : Ry — R4
such that ¢, = ¢, where ¢.(t) = (1 — €)¢'((1 + €)t). It is easy to check that
t¢'(t) is decreasing monotone and [ ¢(t)dt = co. Part b) of theorem therefore
implies that there exists a full measure subset D, of U, such that for almost any
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T = (m, \) in D, there exists infinite triples (3, o, n) reduced for T that are solutions
of equation (1.3) with respect to ¢', that is |T"u% —ul| < ¢'(n). By the theorem of
Masur and Veech (see [Mal] and [Ve]) we can suppose without losing in generality

that any T in D, also uniquely ergodic. Proposition 3.2.3 in paragraph 3.2 implies
1)

(m,A
one marked translation surface X (m, A, 7) has infinitely many saddle connections ~y

in C(%%) (1, A, 7) that are solutions of equation (1.4), that is
o)
vl

With the identification X = Z,(m, A,7) we have that these saddle connections
correspond to infinite elements in configuration Ci?5:4™)(X) for X that are so-

that for any T = (m,\) € D, and for any suspension datum 7 € © ) the area

tan angle(y, 0) <

lutions of the same equation. We consider the set D, := U(W,A)eDﬂ @E;))\). Since
D, has full measure in U, and since the lebesgue measure Lebsy_1 on the hyper-
boloid Hﬁl) is equivalent to the product Leby x Leby_1 on A, x PO, then D, has
full measure in (O; x ©,) N a7, 1t follows that i,(f))w as full pM-measure in

7. (H7(r1) N (U x O;)). The same argument works for any lift Z; in equation (3.21),
therefore the proposition is proved. O

Proposition 3.5.1 together with proposition 3.3.2 implies part b) of theorem
1.2.3.

3.6. Generalization of the logarithmic law.

3.6.1. Preliminary facts. In this paragraph we prove some useful estima-
tions about saddle connections. In what we do we don’t use any information about
the configuration they belong to, therefore in all the paragraph we will work with
simple translation surfaces without any marking of horizontal separatrix at the
singularities. Let us fix a stratum H(kq, .., k) in the moduli space of translation
surfaces and consider the action on it of Teichmiiller flow

et 0
)

Let us consider any X € H(k1,.., k) and a saddle connection ~ for X. As we have
seen in the prove of lemma 3.1.3 the curve 7 is a saddle connection for F X for
any t € R. We recall that for any ¢ € R we denote with |y|x ; the length of v with
respect to the flat metric of 7; X and with angley ,(7,d,) the angle between v and
the vertical direction dy in the translation structure F; X.

LEMMA 3.6.1. Let us fiz any X € H(k, .., k) and any saddle connection v for
X. Let us denote 7 := 7(X, ) € R the instant defined by

(3.24) [v|x,+ == min{|y|x+;t € R}.
Then 7(X,7) satisfies
(3.25) 2" XY | tan angley o(7,9y)] =1

Proof: For any translation surface X and any saddle connection v for X we have
tanangley ,(7.9,) = ¢ tan anglex (7. 9,).

We observe that for any fixed v which is a saddle connection for X, the length
|7 x,¢ is minimal when angley ,(v,d,) = /4. The lemma is proved. O



50 3. PRELIMINARY RESULTS.

LEMMA 3.6.2. If € is any fized positive real number, then for almost any X in
H(ky,.., k) and for any saddle connection v for X with initial length |v| = |v|x.0
big enough, the instant 7(X,v) associated to v by equation (3.24) satisfy:

(3.26) 7(X,7) < (1+€)log h-

Proof: Let us fix any € > 0. Since the function ¢ — ¢~(172¢) has convergent tail,
part a) of theorem 1.2.3 implies that for almost any X € H(kq, .., k) there are just
finitely many saddle connections  for X such that

| tan angle(y, 9,)| < || =2+

On the other hand the instant 7(X, ) associated to v by equation (3.24) satisfies
equation (3.25), therefore we have

7(X,7) = — log| tan angle(,3,)| < (1 + ) log .
O
LEMMA 3.6.3. Let X be any translation surface and v any saddle connection
for X. If for some instant t > 0 we have |y|x+ <1 then
(3.27) t > log |v|x,0-
Proof: The quantity
tanangley , (7, )

2
s 1+ tan® angley (v, dy)

is constant in ¢, therefore putting it equal to its value for t = 0 we get
(3.28)

7%, 1+ tan®angley 0(7:0y)
tanangley (v, 0y) = : :

= tan angle ,0y).
%0 1+tan2angleX,t(”y,6y)> glex.((7,0y)

We recall that tanangley ,(v,8,) = e* tananglex (7, 9,) and that for ¢ > 0 we
have angley ,(v,0,) > angley (7,9, ), therefore it follows that

e~ 2t < M%(,t
N |7‘§(,0

and taking the logarithm we get ¢t > log |v|x,0 —log |y|x,. Since by assumption we
have |y|x, <1 then the lemma follows. O

LEMMA 3.6.4. Let X be any element in H(ky,..,k.). Let v, withn € N be a
family of saddle connections for X such that

(3.29) anglex o(Vn, 0y) — 0

asn — oo. If 7, € R is the instant associated to v, by equation (3.24) for any
n € N, then we have

627—" n 2
(3.30) tim & b,

=2.
n—oo |'Yn|§(,0
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Proof: For any n € N we call 0,, := angley (7n,9,). Any saddle connection 7,
is the diagonal of some open rectangle R, immersed into X with sides parallel to
the vertical and horizontal directions. We have

9 . 5 |tané,|
Area(Ry,) = |ynl|* cos O, |sin b, | = |vx| T+ tan?0.
Equation (3.29) says that tand,, — 0 as n — oo and therefore
Area(R,,) 1
|7 [?] tan 6, |

as n — oo. Equation (3.25) in lemma 3.6.1 implies that for any n € N and for the
instants 7,, defined in equation (3.25) we have |tan#,| = e~?™, therefore

Area(R,)|yn| 2e*™ — 1

as n — oo. Finally we observe that Area(R,) is invariant under the Teichmiiller
flow. In particular for any n € N, at the instant 7, associated to =, by equation
(3.25) we have |v,|% , = 2Area(R,) and the lemma follows. O

3.6.2. Proof of theorem 1.3.1. Here we prove theorem 1.3.1. We recall the
statement:

If fooo Y(t)dt < 400 then for almost any X e ﬁ(l)(kl, ., k) the condition in
equation (1.6) holds, that is we have
S X
oy SYs(FX)
If fooo (t)dt = 400 then for any pair of points p;,p; € X, any l € {0,..,k;},
anym € {0, .., k;} and for almost any X e ﬁ(l)(kl, .., k) the condition in equation
(1.7) holds, that is we have:

Sys(Pipibm) (F, X)

lim inf =
Before starting the proof we recall that in lemma 3.1.3 in paragraph 3.1.2 we
proved that for X € H(")(ky, .., k,) the configurations C(Pi-Pi-t™) (X)) are invariant
for the Teichmiiller flow F;. The following lemma is useful.

LEMMA 3.6.5. Let ¢ : Ry — Ry be a positive function such that tp(t) is
decreasing monotone and associate to it the function ¢ : R — Ry defined by

p(s) == ep(e”).
Then ¢ is decreasing monotone on R. On the other hand, for any decreasing

monotone positive function ¥ : R — Ry there exists a unique positive function
v : Ry — Ry with tp(t) decreasing monotone such that v = $. Such ¢ is given by

p(t) = ¢(logt)/t.

Finally we have

(3.31) Am¢@mp_lm¢@m&
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Proof: The proof is a simple exercise in calculus. O

Proof: (Of theorem 1.3.1)
We first consider the case fooo P(t)dt < 4+00. We show that for almost any

X € HW(ky, .., k,) we have

(3.32) lim inf M >1
t=oo ¥(t)

Before proving the claim we observe that for any positive constant C' > 1 the
function C?1) still has finite integral, thus we can substitute ¢ with C2¢ in the
preceding result and get that the the liminf above is greater than C'. We conclude
that the liminf in infinite, therefore the limit exists and is infinite too and the
first part of the theorem follows from the claim. Now we prove the claim. Let us
suppose that there exists a positive measure subset S of ﬁ(l)(kl, .., k) such that
for any X € S, in equation (3.32) we have

Let us fix any X € 8. There exists a sequence of instants t; < to < .. < t, < ... with
t, — +o0o and such that Sys(F;, X) < \/9¥(t,). Let v, be a sequence of saddle con-
nections for the fixed X such that for every n € N we have Sys(F, X) = |vn|x .1, -
On any translation surface there are just finitely many saddle connections with
length smaller than some fixed bound, thus the initial length |y, |x 0 of the saddle
connection v, satisfies |y,[x,0 — oo as n — oo and therefore anglex (vn,0y) — 0
as n — oo. Let us fix any € > 0. Equation (3.28) in lemma 3.6.3 implies that for
any n big enough we have

|7n|§(
| tanangle  o(7n,0y)| < (1 4 €)——5™

‘7n|§(,0 .

We recall that by definition |v,|x+, = Sys(Fi,x) < v/¥(t,). In particular, since
P(t) — 0 as t — oo (the integral is finite), lemma 3.6.3 implies that ¢, > log |vn|x.0
and since 9 is decreasing monotone we get

log |vn
| tan angle o (v, 8,)] < (1 + ) 2008 tnlx0)

o g(,o
Now we consider the function ¢(s) = (1 + €)1 (logs)/s. Lemma 3.6.5 implies that
fooo ¢(s)ds < 400, but on the other hand the last condition implies that for any
X € S and for all n big enough the saddle connection ~, for X defined above
satisfies
o(|nl)

Il

Part a) of theorem 1.2.3 implies that we have an absurd, therefore the claim is
proved.

| tan angle(y,, 9y )| <

Now we consider the case fooow(t)dt = 4o0. Let us fix any pair of points
pi,p; € ¥ and any pair of indexes {,m with [ € {0,..,k;} and m € {0,..,k;}. We
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show that for almost any X € H® (ky, .., k) we have

(pi-pslm) (F, X
(3.33) lim it Y EX)

t=oo ¥(t)
The second part of the theorem follows from the claim, just observe that for any
positive constant ¢ > 0 the function €21 still has divergent integral and therefore
substituting 1 with €2¢ we get that the liminf above is less than e. Here we show
the claim. Let us consider the function o(t) := t(logt)/t. Lemma 3.6.5 implies
that we have fooo (t)dt = oo, therefore part b) of theorem 1.2.3 applies. We have

that there exists a full lebesgue measure set S in ﬁ(l)(kl, .., k) such that for any
X € S the configuration CPi-Pi-L) (X') contains infinitely many saddle connections
~n such that

[ tan angley o (7, 8y)| < LX),
|7n|X,0

For any such v, let 7, = 7,(X,~v,) be the instant associated to 7, by equation
(3.24) in lemma 3.6.1. Let us fix any ¢ > 0. Since angley o(7n,0,) — 0 lemma
3.6.4 implies that

—27y

[l 7, < 21+ )l & 07,
therefore equation (3.25) implies that
Tl 7, < 21+ €)lmlx00(17nlx.0)-

Lemma 3.6.2 implies that e/ (1+€) < |¥n | x,0 for almost any X e ﬁ(l)(kl, ., k) and
of course we do not lose in generality if we assume that our fixed X € S satisfies
this supplementary condition. Since tp(t) is decreasing monotone we have

[l x.00 (17l x,0) < €7/ 1FIp(em/(119)
and therefore recalling that for any ¢ we have ¥ (t) = elp(et) we get
2 Tn
n <2(1 .
lem, < 201+ ()

The condition on t is of course equivalent to 2(1 + €) [~ ¥(t/(1 + €))dt = oo,
therefore modulo changing the initial function ¥(t) with 2(14¢€)1(t/(14¢)), we get
\fyn@(m < 1p(ry,) for any n. Since the Teichmiiller flow preserves the configurations

acting on ﬁ(l)(kh .., k) we have that for any 7, the saddle connection 7, is in
Ccwipibm)(F_ X)), therefore

Sys(pi,pj,l,m)(anX) < |'Yn|X,‘rn < V(7).

Finally, it is evident that 7,, — oo therefore the statement follows. O






CHAPTER 4

Divergent Case, arbitrary genus

Let us fix any Rauzy class R on an alphabet A with d > 2 letters. For any
7 € R we consider the pairs of letters (3, a) such that 7°(3) > 1 and 7f(a) > 1.
It is easy to note that for 7w varying in R the first letter respectively in the top
line and in the bottom line of 7w are always the same, therefore the set of pairs
(B, ) that satisfy the property above depends only from the Rauzy class R and
not from the combinatorial datum. In what follows we keep writing the condition
above as m?(3) > 1 and 7*(a) > 1, even when just a Rauzy class is fixed but no
combinatorial datum 7 € R is specified. This chapter is entirely devoted to the
proof of the following:

PRrROPOSITION 4.0.6. Let us consider a positive sequence ¢ : N — R such
that no(n) is monotone decreasing and Y .- | p(n) = co. Then for and any pair
of letters (3,a) such that 7°(3) > 1 and 7'(a) > 1 and for almost any i.e.t.
T € AD(R) there exist infinitely many triples (3,a,n) reduced for T that are
solution of equation (1.3), that is such that

|T" () — ug | < @(n).

Proposition 3.3.1 in paragraph 3.3.1 implies that part b) of theorem 1.1.6 then
follows.

4.1. Reduction to a shrinking target property.

In this section we consider pairs of letters (3,a) € A? with 7t(a), 7%(3) >
1 for all 7 € R and we introduce two properties of these pairs (properties A
or B in definition 4.1.1). In paragraph 4.2 we prove a combinatorial proposition
(proposition 4.2.1) on Rauzy classes which implies that any pair (8, a) as above
satisfies at least one of the two properties. In this paragraph, for a pair of letters
(8, &) that satisfies one of the two properties, we give a sufficient condition to get
the result in proposition 4.0.6 for the pair (3,«). The sufficient condition that
we give is stated in proposition 4.1.12 and is a shrinking target property for the
Rauzy-Veech algorithm.

DEFINITION 4.1.1. Let (8, ) € A? be a pair of letters with 7t(a), 7°(3) > 1
for all m € R.

e (8,a) has property A if there exists some 7 = (8, a) € R such that
(4.1) 7(a) = 7(8) = d

that is we have
_ X ... «
™\y ... )

55
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e (8, «) has property B if there exists some m = 7(5, @) € R and some letter
V € A such that
{z € Asnl(z) <m'(@)} U{V} = {y € A; 7°(y) < 7°(B)}
(V) = 7b(a) = d.
When (8, «) has property B, for an element 7 € R that satisfies equation

(4.16), let us introduce the letter L € A such that 7°(L) = 7*(3) — 1 and
mt(L) < m'(a) (observe that it has to be L # V since 7 is irreducible).

We have
... L ... o ... 1%
T™= .
...V ... L B ... «
4.1.1. Two fundamental lemmas. Here we look at the non-normalized ver-
sion of the Rauzy-Veech algorithm:

Q:AR) — A(R)

For any T = (m,\) € A(R) and for any k € N we write Q*(T) = (7(®, A(*)) for
its k-th iterated. If T" undergoes k iterations of @ it generates a path in the Rauzy
diagram of length k, that we denote v(k).

LEMMA 4.1.2. If the pair (3,a) with 7' (a), 7%(8) > 1 has property A (that is
equation (4.1) holds) then there exists a finite path n in the Rauzy diagram such
that the following holds. The element w([3, ) that satisfies equation (4.1) is in
third to last position in 1. Moreover for any Rauzy path (k) ending with n and
any T = (7, \) € Ayx) we have an integer n = n(y(k)) with n < "™ such that

(4.3) AR — T — ul|
and the triple (n, 8, @) is reduced for T.

Proof: We first recall a general fact. For any i.e.t. T : I — I without connections
let us call v = v(T') the half-infinite Rauzy path generated by T' and let us consider
the finite subpath v(7) of v(T) truncated at time i. To simplify notation we write
¢ instead of ¢¥(¥), where for any finite Rauzy path v the vector ¢" is defined
in paragraph 2.1.2. Let us call T® : 1) — I the corresponding i.e.t. and
(7, X(¥)) the corresponding combinatorial and length data (not normalized). For
any x € A we also define ugf)’t and u&i)’b respectively the singularity for 7() at
position 7():*(z) and the singularity for T ~1 at position 7(?)-*(x). For any pair
of letters 3,a € A? there exist two nonnegative integers (i, 3) and h(i,a) that
depends only from v (i) such that:
u(ﬁi),b _ Tl(i,ﬁ)u%’ ug),t _ Tfh(i,a)ug'

For any 7 € N and any « € A we also define Iw(i)’t as the interval in the domain
of T at position 7(¢(z) and I?" as the interval in the domain of (7))~

)t undergoes exactly

at position 7():?(x). It is easy to see that the interval s
¢ = I(i,x) + h(i, ) + 1 iterations under the map T = T(%) before coming back to
IO therefore it is clear that for any pair a, 3 € A we have:

(4.4) (i, ) + h(i, ) < [l¢"].

Since the pair (3, «) has property A then there exists an element 7 = 7(8,a) € R
such that 7!(a) = 7°(8) = d. Let us consider the top arrow ! : m — ¢ with
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winner « starting from 7 and the bottom arrow 7"}‘/ ! Tint — Tend Starting from
T;nt With winner the last letter W in the bottom line of m;,;. These two arrow can
be concatenated. Let us consider any Rauzy path n : msart :— Tenq ending with
their concatenation v:¥,. (7(3, ) is therefore in third to last position in 7).

Let us consider a length k path (k) in the Rauzy diagram as in the hypothesis.
Since (k) ends with 7 we have (7(*=2) A(k=2)) ¢ ALty C Ar(gay, therefore the
next step (m*=2), A\(#=2)) s (k=1 \(E=1)) of the algorithm Q is given by the top
arrow v/, and we get \f=1 = |u53k72)’b — u&k%)’q, that is

al*

Ak = |Tl(k72,6)u% _ k=2t

For the same reason we have ugv_m’b IS I&k_z)’t

, therefore

k—2),b _ i (k—2),b i (k—
|u(ﬂ ) _u((lk 2),t|:|T u(ﬂ ) —Tu((f 2),t|

for all ¢ € {0, ..,q((lkﬁ)} (we recall that qékiZ) is the first return time into I(*=2)
of the interval IS~ under iterations of T). Since h(k — 2,a) < q,(ffz), if we

associate to the path (k) the integer n = n(y(k — 2)) :=1(k — 2,0) + h(k — 2, )
we have A = \T”u% —u!|. Since 7Y, is the last arrow in 7, and therefore in

~v(k), and the loser in the arrow 'y%jV is the letter «, then the length )\((f_l) keeps
unchanged at this step and we get

AR = |T”ug —at .
Thanks to equation (4.4) we have n(y(k)) < [|¢"*~2)||. Finally since (7(F=2), \(¥=2))
Av‘bv cC A then ugﬂﬂ)’b IS Ic(yk%)’t and u&kd)’t S 118572)’177 that implies that

. k=2),t  (k—2),b
the interval (u& ) ,ug ) )

may be iterated I(k — 2,3) times in the past and
h(k — 2, @) times in the future without meeting any other singularity both for T
and T~ that is (n = I(k — 2, 8) + h(k — 2,a), 8, ) is a reduced triple for T. The
lemma is proved. O

LEMMA 4.1.3. If the pair (3,a) with 7t(a), 7°(8) > 1 has property B (that is
equation (4.2) holds) then there exists a finite path n in the Rauzy diagram such that
the following holds. The element 7(3, «) that satisfies equation (4.2) is in second to
last position in 1 and the last arrow of 1 is of type bottom with winner a. Moreover
for any Rauzy path (k) ending with n and any T = (7,\) € Ay we have an
integer n = n(y(k)) with n < ||¢"®|| such that

(4.5) )\i,k) = |T"uy — ul,).

(63

Furthermore if )\gf) < )\(Lk) then the triple (n, 8, ) is reduced for T (the letters V
and L are the ones defined by equation (4.16)).

Proof: Since the pair (5, «) has property B then there exists an element 7 =
(8, a) € R such that

{z e A;nl(z) <7l (@)} U{V}={y € A; 7} < =°(B)}
(V) = (o) = d.
Let us consider the bottom arrow 'yf; I — Teng With winner « starting from 7 and

pick as 1) : Tgtart — Tena any Rauzy path ending with 42 (thus 7(3, ) is in second
to last position in 7).
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Since (7*=D A*=1) € A, then the combinatory of m implies that A$_1) =
‘“Eak_l)’b — u&k_l)’t| (the notation is the same as in lemma 4.1.2), that is
A= — (Ti=18)y — p=hle=Ta)yt |
Since in fact (7:~D AF=D) € ALy € Ay then AFY < ATV that is uff TV €
=Dty
o , therefore

|Tiug€—1)7b . Tiugcq),t (Bk—l),b B U((lkfl)’tl

= |u
. (k—1) (k—1) . . (k—1)
for all i € {0,..,q0 '}, where gg is the first return time to [ of the

interval I&""""* under iterations of T'. Since hik —1,a) < a7 | if we associate

to the path (k) the integer n = n(y(k — 1)) :=l(k — 1,8) + h(k — 1, @) we have
AP = |T"u% —ul|. Since 1% is the last arrow in 7, and therefore in v(k), and
the loser of 72 is the letter V, then the length )\gf -b keeps unchanged at this step
and we get

)\gf) = |T”u% fu’;\.
Thanks to equation (4.4) we have n(y(k)) < ||¢"*=?)| and the first part of the
lemma is proved. To prove the second part just observe that )\gf) < )\(Lk) is equivalent

to )\8671) < )\(kal) (since the last arrow in (k) is 7%) and this condition implies
that u&kil)’t € Iékil)’b. Together with u(ﬁkfl)’b € Iékil)’t the former condition

implies that the interval (u,(xk_l)’t, u(ﬁk_l)’b) may be iterated {(k — 1, 3) times in the
past and h(k —1, ) times in the future without meeting any other singularity both
for T and T—1, that is (n = Il(k —1,3) + h(k — 1, ), 3, @) is a reduced triple for T.
The lemma is proved. ([

4.1.2. First return to a pre-reference path. From now on we will always
consider the normalized version of the Rauzy-Veech algorithm, that we denote:

PQ : AM(R) — AD(R).

Let us fix any Rauzy path 7 : Tstart — Teng starting at msq+ and ending at mepnqg

and consider the sub-simplex A%l) of AV According to the discussion at the

Tstart *
end of paragraph 2.1.4, the first return map R, : Ag,l) — A%l) of the Rauzy-Veech
algorithm to the sub-simplex As,l) is defined almost everywhere. The connected
components of the domain of R, are exactly the sub-simplices A,(Yl) of A%l) with
v € Iy, where I';, is the set of Rauzy paths v : Tgart — Tenq that admit two
decompositions

v =71 and v =17" for v',7" € II(R)
and that are minimal with this property with respect to the ordering < defined by
equation (2.8) in paragraph 2.1.4. We also recall that for any such v € IT';), written
according to the decomposition v = v'n as above, and for any T = (7start, A) € Ag,l)
we have
t B;,l B\

R, (T) = Tstarty 77511
77( ) ( tart ||tB’;,1)\H

).

DEFINITION 4.1.4. We say that a finite Rauzy path 7 is neat if any time that
we can write 17 = 111 = n3ny either n = n; or n; is trivial.
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LEMMA 4.1.5. The Rauzy path 1 is neat if and only if any v € Iy, is of the
form

(4.6) Y =177

where vy does not contain 1.

Proof: Let us first suppose that 7 is not neat, which means that there exist three
non trivial paths 71,72, n3 such that n = 1112 = m2m3. The concatenation 7;nn3
begins with 7, then for A € AlH,,,. we have "B, A/|I'B A € A Without
loosing in generality n3 may be taken minimal, therefore \ —? Bn_gl)\/HtB%l)\H is a

branch of the first return map R, to A%l) and n1m2n3 € I'y, which is absurd.

On the other hand for any 7, any path in I';, begins and ends with 7, therefore
if there are paths different from those in equation (4.6) then 7 is not neat. The
lemma is proved. O

DEFINITION 4.1.6. Let (3,) be a pair with 7¢(a),7%(3) > 1 satisfying prop-
erties A or B. A pre-reference path for the pair (5, «) is a neat Rauzy path 7 :
Tstart — Tend (See definition 4.1.4) chosen according to lemma 4.1.2 (if the pair
(8, @) has property A) or according to lemma 4.1.3 (if the pair (5, «) has property
B).

REMARK 4.1.7. Lemmas 4.1.2 and 4.1.3 just specify the ending part (the last
arrow or the last two) of the path 7 that they provide, whereas they leave complete
freedom in the choice of its beginning. This make possible to have a neat path 7
compatible with the prescription given in both the two lemmas. Later on (definition
4.7.5) we will need n to satisfy more properties and we will fix more restrictions on
its beginning.

Let us fix a pair (3, a) with (), 7%(3) > 1 for all 7 € R and suppose that it
satisfies property A or B. Then let us consider a pre-reference path 1 : Tsrart — Tend
for the pair (8, «) as in definition 4.1.6.

Let us consider the sub-simplex Ag,l) of AS}S{m and the first entering map of
the Rauzy algorithm into A%l), that is the map R, : A(R) — A,(71) defined by
R, (7, \) := PQ™™N) (7, \), where

n(r, A) = min{k € N*; PQ*(m, \) € AW},

The map R,} is defined almost everywhere on the whole set A()(R) and has image

A%l). Restricted to the sub-simplex Ag,l) - Aﬁ}jm it coincides with the first return
map R, defined in paragraph 2.1.4. Let I' be the set of Rauzy paths v : 7 — 7epg
starting at any 7 € R and ending in 7.,y which end with 1 and are minimal
with this property with respect to the ordering < introduced in equation (2.8) in
paragraph 2.1.4. In other words the elements of I'"? are the paths « such that there

exists a sub-path 4/ € II(R) such that we can write
(4.7) v=1"n

and no proper sub-path v with ¥ < ~ has the decomposition in equation (4.7).
The connected components of the domain of ]:277 are exactly the simplices Aﬁ,l) in
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AM(R), with v € I'". For any such ~, written according to the decomposition
v = ~'n as above, and for any T = (7, \) € Agl) we have

. tBA
4.8 R, (7, )) = (Tstart, ——s—).
- () = et o)
We consider the homeomorphism PQ),, : Ag,l) — AQ}W , defined by
BQu (ot ) = (R )
n\Tstart, = (Tend; ||tB771)\|| .

DEFINITION 4.1.8. Let (8, «) be a pair of letters satisfying property A or B
and let n be a pre-reference path associated to (5, «) as in definition 4.1.4. We

introduce the map %, : AM(R) — AQQM defined by
(4.9) Fp(m,A) :=PQ, 0 Ry (7, \).

The connected components of the domain of F,, are the same as those of the

map Rm that is they are the simplices A(Wl) with v € I'". For any path v : 7 — 7eng

in I'7" we have )
t —
Bw A

)
1B\l

LeEMMA 4.1.9. For any k € N the k-th iterated of the map F, introduced in
definition 4.1.8 satisfy:

(4.10) Ff=PQ,oR}.

(m,A) € Agl) & Fp(m, A) = (Tends

Proof: We recall that the pre-refernece path 7 is neat by definition. For £ = 1 the
statement follows trivially from the definition of the map F,, (definition 4.1.8). Let

us consider the first return map R, : A%l) — Aﬁ,l) of the Rauzy-Veech algorithm
to the sub-simplex A,(71). For any £ > 1 we have R’; = ngfl o Rn' Let us call
N = N(n) the number of Rauzy arrows in 7. Since 1 is neat, equation (4.6) in
lemma 4.1.5 implies that for any (7stare, A) € A%l) and any ¢ € {1,.,N — 1} we
have that PQ!(7s¢art, A) is not in A%l), therefore

R, = R, oPQ,.
This implies that for any & > 1 we have
Rf, = R:;_l o Rn = R:;_l oPQ, o fin = Rf]_l o Fy.

It follows that PQ,, o Rf] =PQ, 0 Rf;*l o F,, and therefore equation (4.10) follows
by induction over k. The lemma is proved. ([

For any k € N let us introduce the set T'(®¥):7 of those finite paths 7 : T — Teng
starting at any m € R and ending in 7,q that contain 7 exactly k times and are
minimal with this property with respect to the ordering < defined in equation (2.8)
in paragraph 2.1.4 (we observe that by minimality all these paths end with 7). The

connected components of the k-th iterated f,’; of F,, are exactly the simplices Aﬁ,lk)

with v € &) For any path v : ™ — Teng in )1 we have
‘B A )

A k = (Mong, —=2
(m,A) € AL) & F(m,A) = (Tend, B
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Since f,(,k) is defined almost everywhere, for all £ € N we have

AD(R) = |_| A,(y? mod 0.

v €L (K):m

For any (m,A) € L, cre. Agylk) we denote with (7, \) the element in T'(®):7

such that (m,\) € Afyi)(w »- We also denote with rj, = ri(m, \) the Rauzy time of
the path g (m, A), that is the number of simple Rauzy arrows that compose v (7, A).
With this notation the k-th iterated of the map F, (defined by equation (4.9)) on

the element (7, A) can be written as
.7:7’;(#,)\) = (Tena, AT)).
Lemma 4.1.9 has the following corollary:

COROLLARY 4.1.10. For any k € N and any (m,\) in the domain of .7-',’7C we
have

(4.11) #{i e N*;1 < i <ri(m,A) and PQ'(m,\) € AV} = k.

Let us fix any other finite path v in the Rauzy diagram starting at some element
m € R. Let us denote F,(,k)’" the set of those finite paths v : @ — menq that start
with v, contain 7 exactly k times and are minimal with this property with respect
to the ordering < defined in equation (2.8) in paragraph 2.1.4 (we stress on the fact
that by minimality all these paths end with 7). The connected components of the
restriction .7-"7’7“|A1(11> of .7-",’; to A,(,l) are exactly the simplices A(Wlk) with v € F,(,k)’".

LEMMA 4.1.11. If the fized path v does not contain n, then for any k € N the
set F,(,k)’n contains more than one element and we have a non-trivial partition
(4.12) A= || Al modo.

Yk erym
Proof: The proof is just a rephrasing of the definition of first entering map. 0O

Here we formulate our first sufficient criterion to get proposition 4.0.6. It is
formulated as a (non-uniform) shrinking target property for the map F,, introduced
in definition 4.1.8.

PROPOSITION 4.1.12. If the pair (8, «) has property A and 1 is given by lemma
4.1.2 then for any T = (m,\) € AD(R), in order to have infinitely many triples
(B, a,m) that are reduced for T and solutions of equation (1.8), it is sufficient to
find infinitely many solutions k € N of

(4.13) AR) <

1 s
o < W@(HQW( M),

If the pair (B, «) has property B and n is given by lemma 4.1.3 then for any T =
(m,\) € AD(R), in order to find infinitely many triples (3,a,n) that are reduced
for T and solutions of equation (1.3), it is sufficient to find infinitely many solutions

of
(4.14) AR < min{ A0 !

Y (7, X)
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Proof: Just observe that paths in I'*)7 always end with the fixed pre-reference
path 7, therefore lemmas 4.1.2 or 4.1.3 apply. For any any (7, \) € AM(R) and
any k € N the integer n(vyx(m, \)) associated to the path v (m, A) € T®7 by
lemmas 4.1.2 and 4.1.3 satisfy n(vyx) < ||¢7*||. Since the sequence ny, is decreasing
monotone also ¢, is and we get ¢(||¢7]]) < ¢(n(vk)), therefore the condition in
the statement is sufficient. The proposition is proved. O

4.2. A combinatorial property of Rauzy classes

In this section we prove that any pair (3, «) € A? with 7¢(a), 7%(8) > 1 satisfy
either property A or property B in definition 4.1.1. For any irreducible Rauzy class
R with alphabet A let us call X = X(R) and Y = Y(R) € A the two letters such
that 7/(X) = 7%(Y) =1 for all m € R.

PROPOSITION 4.2.1. Let R be any Rauzy class with alphabet A and (3, ) € A?
be any ordered pair of letters with 8 # Y and o # X. Then at least one of the
following two statements is true:

a: There exists an element m € R such that
(4.15) m'(a) = °(B) =d
b: There exist two (different) elements m, 7’ € R and two letters V,V' € A
such that
(w16) fr e Ain'(2) <@} U (V) = {y € A; 7(y) < 7(9))
‘ (V) =r"(a) =

and

{z € Asn'(x) <7'(a)} = {y € A; 7(y) < 7*(B)} U{V'}

(V) = at(8) = d

Note: Observe that the case a is compatible just with pair of different letters.
In case b, when 8 = a equation (4.16) implies 7/(a) = d — 1 and 7°(a) = d and on
the other hand equation (4.17) implies 7/*(a) = d and 7"°(a) = d — 1.

COROLLARY 4.2.2. For any Rauzy class R on an alphabet A, any pair (3, «) €
A2 with 7t (a), 7%(B8) > 1 satisfy either property A or property B in definition 4.1.1.

(4.17)

Proof: (Of proposition 4.2.1.) The proof is by induction on the number of let-
ters d. All Rauzy classes with d < 4 are easily computable and for these classes
the assertion is just a matter of checking a small number of conditions. There-
fore we consider a Rauzy class R on an alphabet A with d > 5 letters and suppose
that the lemma is true for any Rauzy class R’ on an alphabet A’ with d’ < d letters.

Step 1. Tt is easy to see that there always exists a standard © € R, that is an
element such that 7(X) = #(Y) = 1 and #(Y) = #°(X) = d. Moreover, as shown
in [A,V], it is possible to find a 7 which is good or degenerate, where a standard
permutation is said good if the permutation that we get deleting the letters X and
Y from 7 is still irreducible and is said degenerate if there exists a letter C' € A
different from X and Y that is second or second to last in both the top and bottom
lines. Let us consider an element 7 € R which is good or degenerate. Let us display
also the second letters in the top and bottom lines of 7, that is we write

. (X A ... Y
™\vy B ... x )"
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Step 2. In the Rauzy diagram of R we consider the bottom cycle v(7, bottom, X)
of length d — 1 that starts (and ends) at 7. For any letter o € A\ {X} there exists
an unique vertex in (7, bottom, X) with winner X and loser o. We call 7(«) this
vertex. It follows that for any pair (X, «) with a # X we find a solution on equa-
tion (4.15). With the symmetric argument we show that the top cycle (7, top,Y)
of length d — 1 that starts (and ends) at 7 provides us with d — 1 ordered pairs
(6,Y) with 8 #Y for which exists a solution of equation (4.15).

Step 8. Now we consider the alphabet Ax := A\ {X} and we apply the
operation of reduction described in paragraph 2.2.2 (following [A,G,Y]). First
we split R in Ax-colored Rauzy classes, then from the essential ones we get a
reduced Rauzy class. Let us consider the essential Ax-decorated Rauzy class Rx
that contains the cycle (7, top,Y) and let us call R$® the subset of its essential
elements and Rg(ed the reduced Rauzy class that we get from it. Let us recall that
the operation red, restricted to the subset of essential elements in Rx, induces a
bijection red : RS — R

Since the letter Y is first in the bottom line and last in the top line of @ when
we delete the letter X from any element in R x we get an irreducible permutation,
therefore the alphabet of R3¢ is the whole Ax. Moreover any element 7774 in R4¢?
satisfies 77¢?*(A) = 77¢4b(Y) = 1, therefore by applying the induction hypothesis
we get that for any ordered pair of letters (3,a) € A% with a # A, X and B # Y, X
the proposition is true. Let us fix «, 3 as above. We know that there exists a
solution 77¢4 € R%¢? of equation (4.15) or two solutions (774, V') and (7'"¢? V') of
equations (4.16) and (4.17). We separate the two cases.

Case a: If 77¢¢ € R¢? is a solution of equation (4.15), then its (unique) es-
sential preimage m = red~!(7"¢?) € RS is a solution of equation (4.15).

Case b: Here the discussion is more complicated. We first consider the solution
ared € R of equation (4.16), its (unique) essential preimage m € R5® and the
letter V € Ax. We have 7!(X) = 1, therefore there are two possibilities:

(1) If 7°(X) < #%(B) then 7 is a solution of equation (4.16)
(2) If 7°(X) > 7°(3) note that all the pairs (8, ) with a = 3 are automati-
cally excluded and we have

(v LY LK L) e =

therefore 7 is not solution of equation (4.16), anyway the following three
Rauzy operations

. X A « Vv
Y R Vs AT - . ¢
. X vV A «
Y o Voo a .. B L0 X
= X vV A «
Y Lo VoL« X ... p

give a solution of (4.15). (Note that we may have V #Y or V =Y and
the argument works in both cases.)
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Now we consider the solution 7¢? € R%¢? of equation (4.17), its (unique)
essential preimage 7’ € RE® and the letter V' € Ax. Note that we have Y # A, V’,
therefore the general form of ©'7¢¢ is

re A ... Y ... «a ... p .
e (Fo Yoy 0 ) me e =)
We still have 7'*(X) = 1, therefore as before if 7/°(X) < 7/%(3) then 7’ is a solu-
tion of equation (4.17). In the other case, if 7/°(X) > 7'°(3) we have to consider
several possibilities. We first separate two cases: 7°(3) < 7/°(a) < 7°(X) and
(X)) < 7'(a) < 7°(V').

Case 1'°(X) < 7®(a) < #°(V’) : In this case all the pairs (3, ) with 3 = « are
automatically excluded. We also observe that we cannot have 7'*(V') = 7't (o) — 1,
since in this case 7" would not be irreducible, so let us call W # V' the letter
that appears just before o in the top line. The general form of n’ therefore is

(X A .0V L0 W o I}
Y ..W ... 8 ... X ... a .. Vv )

with 7'¢(a)) = 7'*(3) + 2, which is not a solution of (4.17). We apply the following
Rauzy steps

(X A LV B ... W
T Y ... W ... B ... X ... a ..V
(X A .V o 3 ... W
Y ... W ... a Vi B ... X
(X 3 ... W A ... V' a
Y ... W a ... VI ... B X
_ X Ié; w A ...V «
Y ..W o X ... V' .. B

and we get a solution of equation (4.15). Note that this sequence of steps does the
trick both in the cases A =V’ and A #V".

Case 7°(3) < 7*(a) < 7'*(X) : We consider two subcases A = V' and A # V.
Subcase A = V’: The general form of 7’ is

r X A xxx Y xxx o« I}
Tl Y s« 6 ... a ... X ... A

where the asterisques denote the letters {x € A; 7''(z) < 7''(a)} \ {4} =
{y € A; 7"°(y) < 7"*(B)} and where 7'*(a) = 7'°(3) + 2. We therefore
don’t have a solution of (4.17). We apply the following Rauzy steps

X A B *xxx Y *xxx «
LY ke 8 e X ... A
X A B xxx Y kxx

Ty ses 8 « A

@
X
X *x%x%x Y xxx a A I}
LY sk g ... a ... A ... X
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and we get a solution of equation (4.17). Note that in this case we may
have a = 3 or a # 3 and the sequence of steps works in both cases.
Subcase A # V': The general form of 7’ is

(X A VL« I}
™T™\y ... 4 ... B ... a .. X ...V

where both the cases & = 3 and a # 3 are possible and 7't (a) = ©'°(3)+2.
Again this is not a solution of (4.17). We apply the following Rauzy steps:

L X A ...V 8 ... «
T Y ... A ... B ... a ... X ...V

. X A ...V 6 ... «
Y ... A .. B . a ...V .. X

(X v B ... a A
Y ... A ... B ... oa ...V ... X))

Calling 7" this last vertex of our Rauzy path, if « = 8 we have
n (X .0V a A
TT\ly ... A4 .. aV X
and we get a solution of (4.17) with the two Rauzy steps:
" X ... v .. a A . X ...V A .. o
m Y ... A X ... aV Y ... A X ... a V)
In the case « # 8 we continue from the general expression of 7" and we
get a solution of equation (4.15) with the steps

" X ...V 8 ... a A

T Y ... A ... a ...V ... X .. B

. X ...V 8 A ... «
Y ... A ... a ...V ... X ... 8)

This completes step 3. The summarized result is that if the proposition is true
for any Rauzy class with less that d letters, then it is also true for the Rauzy class
R with d letters that we are considering for the pairs of letters (3,a) € A? with
a#A X and 0#Y, X.

Step 4. Since the letters X and Y (and A and B) play a symmetric role in our
proof we can also consider the alphabet Ay := A\ {Y'}, the essential Ay-decorated
Rauzy class Ry that contains the cycle v(7, bottom, X) and the reduced Rauzy
class R}¢4 that we get from it. Again the alphabet of R}¢? is the whole Ay and
any element 77¢¢ in R4 satisfies 774%(B) = 7"°d!(X) = 1. Therefore, with a
proof symmetric to the one in step 3, that is exchanging the roles of X with Y and
of A with B respectively, we get that the proposition is true for any ordered pair
of letters B, ) with 8 #Y,B and a # X,Y.

Step 5. Combining the results of the preceding steps we get that the propo-
sition is true for any pair of letters as in the statement exept for the only pair
(8,a) = (B, A). To complete the induction we provide a solution for this pair. We
come back to the standard vertex 7. It may be good of degenerate and we consider
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separately the two cases.

7 degenerate. We have two subcases
(1) A = B. In this case

. (X A ... W ... Y
vy a .. WX
where W denotes the last letter in the bottom line before X. We apply
the Rauzy steps
- X ... W ... Y A X W Yy A
™\ly a .. w x )7 \y 4 x w
. X ... W A ... Y . X w A . Y
Y A X .. w Y w A X
. X Yy ... W A
Y w A X

and we get a solution of equation (4.17). Thanks to the symmetry of 7
we can get also a solution of equation (4.16).

(2) A # B. Since d > 5 there exists a letter C # X,Y, A, B that is second to
last both in top and bottom lines and we have

. (X A ... B .. CY
™\vy B ... A4 ... ¢ X )
We apply the following Rauzy steps
- X A ... B ... CY X A Y B C
™\y .. ¢ x B ... A)7\y ... ¢ X B A
X A 'Y ... B ... C . X . B C AY
“\y ... ¢ B .. A X Y C B A X
. X .. B ... C AY . X B Y Cc A
Yy .. A X ... C B Y A X C B

and we get a solution of equation (4.15).
7 good. (A # B is implied.) Let 7 be the element obtained from 7 letting YV

win one time, that is
. (X A ... Y
\vy x B ..

We consider the alphabet Ay = A\ {Y} and the Ay-decorated Rauzy class Ry
that contains 7. We note that Ry is an essential decorated Rauzy class and we call
R5e4 its reduction. Since 7 is good then the alphabet of R} is A” := A\ {X,Y}.

As we said in step 1 the rauzy class R3¢ contains a standard element, thus let us

consider any such 7, that is
. (A ... B
t=\B ... A4 )

An essential pre-image of 74 in the Ay-decorated Rauzy class Ry is an element of

the form
_— X A ... Y ...
T Y X B ... A )
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Letting A win the correct number of times we get

_— X A .. Y

T Y X B ... A)
which is a solution of equation (4.16). Since the argument is symmetric changing
the top line with the bottom one we can get also a solution of equation (4.17). O

Note. The natural claim would have been to say that for the pairs of letters
(8,) with a # 8 (and 8 # Y, a # X) we always have a solution of (4.15) and we
need to consider equations (4.16) or (4.17) just for the pairs with 8 = «. Unfortu-
nately this is not true, for example it can be proved that for all hyperelliptic Rauzy
classes (with d > 3) there never exists a solution 7 for the pair (B, A) considered
in step 5.

4.3. Uniform control of the speed of shrinking.

Let us fix any pair of letters (3, a) with 7¢(a), 7%(3) > 1 for all 7 € R. Corollary
4.2.2 says that any such pair has property A or B (or both), therefore a pre-reference
path 1 can be associated to it as in definition 4.1.6. Proposition 4.1.12 gives a
sufficient criterion to get, for any (7, \) € A (R), infinite reduced triples (3, a,n)
that are solutions of equation (1.3). This sufficient criterion is formulated as a
shrinking target property for the map F,, defined in equation (4.9). More precisely
we look at the iterates .7-"]; (m,A) and we have a solution for any k € N such that
the corresponding iterated falls into a shrinking neighborhood localized at the face
of the simplex A;{)n . opposite respectively to the vertex e, in case of property A,
or to the vertex ey, in case of property B. At the k-th iterate the thickness of the
shrinking neighborhood is

Il ).

What makes things complicated is that the speed of shrinking of the thickness
depends from the starting point (7, A). In this paragraph we apply well known
results on the ergodic theory of the Rauzy-Veech and Zorich algorithms to get a
lower bound for this speed of shrinking. Since ergodic properties are going to be
used the sufficient criterion that we will get (proposition 4.5.1 in paragraph ?7) will
hold no more for any (7, \) € AM(R) but just for almost any one (with respect to
the Lebesgue measure on A1 (R)). We fix a constant § > 1 and we introduce the
sequence

(4.18) Yy = 0% p(0%).

LEMMA 4.3.1. Let ¢, be a sequence such that np(n) is decreasing monotone. If
Yoo ¢n = 00, then for any parameter 6 > 1 the sequence vy, defined by equation
(4.18) has divergent series.

Proof: The proof is just a classical exercise in calculus. O

For any pair (8, ) € A% with 7t(a),7°(8) > 1 for all € R let us consider a
pre-reference path 7 : Tsart — Tend given by lemmas 4.1.2 or 4.1.3 and the asso-
ciated map F, : AD(R) — AS}}M defined by equation (4.9). Recall the notations
introduced in paragraph 4.1.2.
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PROPOSITION 4.3.2. There exists a constant @ > 1 (depending on n) such that
if Yy is the sequence defined in equation (4.18) the following is true. For almost
any (m,\) € AM(R) there exists an integer N such that for any k > N the path
Y (m, A) € TR and Rauzy time ry = ri(m, \) satisfy

1 =
(4.19) i < W@(Hq%( M)

Proof: For any finite path v in the Rauzy diagram and any (m, A) € A%l) without
connections let us denote with #(m, \) the shortest segment of the Zorich’s path
associated to (m, \) that begins with ~. For any (7, \) € Agl) without connections,
for any k € N, the path v, € I'®) such that (m, ) € A%,) and the associated
integer r = 71 (m, \) satisfy:

(m,X) Vi (,A) (rk) tp—1
(4.20) I < gD and A 2 'S

All-

For any finite path v in the Rauzy diagram let us call with T'(y) its Zorich’s
time, that is the number of Zorich’s elementary steps that compose 7. Applying
the Oseledet’s theorem to the Zorich’s cocycle we have that there exists a positive
constant 7 > 1 such that for almost any (m,\) € AW (R) and for any k € N
sufficiently big, the path ;, € T'®):7 such that (m,\) € A»(Yl,c) satisfy:

(4.21) || < 7 TEREA) ang L TG,
< e <
[RESNERORL
Let us now consider the positive integer function Z : A(M(R) — N* defined by
Z(m,A) == min{i € N*; Z'(m, ) € AV}

and the first entering map 2, : AM(R) — Ag,l) of the Zorich map Z : AM(R) —
AM(R) into the simplex A%l), that is Z,(m,\) := 2Z(™N (1, \). Finally we con-
sider the Birkhoff sum SiZ : A (R) — N* of the function Z with respect to the
map 2:7,7.

Recall the map R,} s AD(R) — A%l) defined in paragraph 4.1.2. Since the
path n is neat (see definition 4.1.4), corollary 4.1.10 applies to F,, = PQ, o Rn,
then the Rauzy-Veech algorithm, when following any path v, € T*)% pass from
A%l) exactly k times. The map Z is an acceleration of the Rauzy-Veech algorithm,
therefore for any k € N, any v, € I'*)7 and any (m, \) € A%) without connections
we have:

T(:Yk (ﬂ-v /\)) < SkZ(Trv )‘) + R,
where we denoted R = R(n) € N the number of simple arrows composing the fixed
path 7.

Since the Zorich’s map Z is ergodic (see theorem 2.1.7 in paragraph 2.1.4)
we have that there exists a constant C such that limy_ . k~1S,Z(7,\) = C for
almost any (m,\) € A (R) (C being equal to the inverse of M(A,(?U), where p is the
invariant measure for the Zorich’s map). Therefore for almost any (7, \) € A()(R)
there exists an integer N such that for any k& > N we have

SkZ(m,\) < Ck

(in fact this is true modulo a small change of C, that is taking C + € instead of C
for any choice of € > 0). We deduce that there exist a constant C' such that for
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almost any (m,\) € Ag,l), for any k € N sufficiently big, the path ~;, € I'*)7 such
that (m,\) € A%? satisfy:
(4.22) T(Ar(m,N)) < Ck.

Now we put together the results of equations (4.20), (4.21) and (4.22) and
defining 0 := 7¢ we get that for almost any (w,\) € AW(R), for any k € N
sufficiently big, the path v, = v(m,A) € T*)7 such that (7, \) € A%) and the
associated integer ry = r(m, \) satisfy:

1
Vi (7,0) k - k
lq | <6% and o] < 6",

Finally, since the sequence ny(n) is decreasing monotone, we get that for almost
any (m,)) € AM(R) there exists an integer N such that for any k > N the path

Y = V(7 A) € D)7 such that (7, \) € A%) satisfy:
1
0k (0% < SLICIVITAY
A(0) < Tl )

The proposition is proved. ([l

4.4. Local constructions

4.4.1. General case. We recall that if W is any letter in the alphabet A we
denote with Ay the sub-alphabet A\ {W}.

DEFINITION 4.4.1. For any m € R, any letter W € A and any ¢ > 0 we define
the set E(m, W, €) of those Ay -colored paths +y starting at 7 such that ¢jj, > 1/e that
are minimal with these two properties with respect to the ordering < introduced
in paragraph 2.1.4. We also define the set N(mw, W, ¢€) of those paths v starting at
7 that satisfy ¢}, < 1/e, end with an arrow with winner W and are minimal with
these two properties with respect to <.

It is easy to see from the definition of E(m,W,¢) and N(w, W, ¢€) that we have
(the union is disjoint by minimality of paths)

(4.23) APV =( [ aMu( || AP) modo.
YEE(m,W,e) neN (w,W,e)
LEMMA 4.4.2. For any letter W € A, any m € R and any € > 0, for any
v € E(m,W,€) we have
(4.24) (m,A) € Al = Ay < e

Proof: The vectors \ € Aﬁ,l) C Agrl) are linear convex combination of the vectors
v; := (1/q] ) Bye;. Any of these vectors has W coordinate equal to
('Byei,ew) _ (ei, Byew)

U’,ew - =
{vi, ew) 7 )

Since vy is the most height vertex of the simplex Agl) in the W direction then it is
(Bwevxaev‘/)
q

the one with biggest W coordinate, whose value is . Now, by definition
w
of E(m,W,e€), the letter W newer wins in the trajectory v, therefore B ew = ew

and the maximum value of the coordinate W for vectors in A(Vl) is (q,) ", that is
smaller that € by definition of E(m, W,¢). The lemma is proved. O
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Let us consider any pair (3, ) with 7(a), 7°(3) > 1 and a pre-reference path
7t Tstart — Tend given by lemmas 4.1.2 or 4.1.3. If (5, ) has property A then 7
may be chosen as in lemma 4.1.2 and in this case we know that Rauzy paths ending
with i give rise to triples (n, 3, @) such that \T"u% —ul )| is equal to the length of an
interval and these triples are automatically reduced. On the other hand if the pair
(8, ) satisfy property B and not property A then the pre-reference path 7 has to
be chosen as in lemma 4.1.3, therefore even after having applied 7 the condition of
having a reduced triple is independent from the past and some more combinatorial
work is necessary to get it. This will be the subject of paragraph 4.4.2.

LEMMA 4.4.3. For any pair of letters W and L in A and any m € R, if we have
a path v : m — 7 satisfying

(4.25) B,Y(GL — €W) € N'A
then for any (7, \) € A(Wl) C ASS) we have A\yy < Ap,.

Proof: Reasoning in the same way as in lemma 4.4.2, in order to have that
Aw < A for any A € Agl) it is equivalent to have that the condition is true for the
vertices v; of the simplex Agl). The condition is (v;,er, —ew) > 0 for any i = 1..d,
that is

<tB,y€i,€L — ew> = <€i,t B’y(eL — ew)> Z 0

for any i = 1..d, that is B, (e, — ey) € N%. The lemma is proved. O

4.4.2. Pairs with property B. In this paragraph we fix a pair (8, «) satisfy-
ing property B and a pre-reference path 7 : Tstqrt — Teng @s in lemma 4.1.3. Since
the element 7(3, ) satisfying equation (4.16) is in second to last position in 7 and
since 17 ends with an arrow having a as winner, then we have {z € A; 7! . (z) <

7t (@)} ULV = {y € As 7y (y) < 7t y(B)} and 7ty (V) = 7,,(8), that is

. ... L ... a V ...
Tend=\ 'V ... L B ... a)"

where L € A is the letter such that 72 ,(L) = 7% ,(8) — 1 and 7! _,(L) < 7! ().

end end end

Let us define the set A" := {x € A; 7!, (z) < 7! ,(«)} and let us call a the number

end end

of elements of A’. We will keep these notations fixed in all this paragraph.

Let us consider the essential (A\.A")-decorated Rauzy class Ry = Ry (menq) that
contains me,q and the associated reduced Rauzy class R4 = R’"Ed(wend) obtained
from R, with the operation of reduction described in paragraph 2.2.2. Let us call
A" C A\ A’ the alphabet of R™?. Since m.,q is an essential elements of R, then
there exists a good letter for 7epq, furthermore there exists only one good letter
and it is evident that it is V.

LEMMA 4.4.4. Let 7 : Teng — 7 be any A’-separated path starting at Tenq and
ending in 7. Then for any letter v € A" U {a} we have:

(4.26) (@) = mepa(2)-

Moreover if 4 : Teng — T 18 mazimal A’-separated, then its ending point & satisfies
#%(L) = d and we have:

(4.27) Biey = Y e
TEA\A
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Proof: If the first statement of the lemma is not true there exists an A’-separated
path 4 : mepg — 7 starting at 7e,q and ending in 7 such that equation (4.26) is not
true. We can suppose that 4 is minimal with this property, that is 7 is the first
element in 4 where condition (4.26) does not hold, therefore there exists a letter
x € A" U{a} such that
#(x) = 7k, 4(z) + 1.

Let 7145t : @ — @ be the last arrow in 4 and let W be the letter that wins in ~;,4¢.
We must have (W) < 7(z). Since 4 is A’—separated then W € A\ A’, therefore
7 still doesn’t satisfy condition (4.26), which is absurd by minimality of 4.

Now let us consider a maximal A’-separated path ¥4 : m.,q — @ starting at
Teng and ending in 7. By maximality of 4 there exists a letter y € A’ such that
#t(y) = d or #%(y) = d. By the first part of the lemma the only possibility is
#%(y) = d. Moreover L is the rightmost letter of A’ in the permutation 7,4 and
in order to invert its position with respect to any other letter of y € A’ it has to
arrive in last position in the bottom line at least one time, which may happen just
at the end of 4 since it is an A’-separated path. Therefore we have #°(L) = d.

To prove equation (4.27) let us decompose ¥ as 4 = nWn..n™n,,, where
m =d—a—1 and for any i = 1..m the sub-path n() is not drifting and »; is a
drifting arrow. Let us write 79 := My, ..n". For any i = 1..m let us also call
a; and (3; respectively the winner and the loser of the arrow n; and mﬁi) and 779
respectively the starting and ending point of ;. Since V is the only good letter for
7 we have oy = V. Then we have

Bnu)@v =ey and B, ey =ey +eg,

and the only good letters for 7721) are V and ;. Let us put Zp := {V'}. Let us fix
k < m and suppose by induction that for any 1 < i < k we have that there exists
a subset Z; C A\ A’ with 7 + 1 elements and such that

Bﬁ(i) (ev) = Z e, and Bﬁ(i)m (ev) = Z (&

r€L;_1 x€Z;

and the good letters for (i) are exactly the x € Z;. Just observe that the base
of the induction hypothesis is satisfied by Zy. Let us consider the path 7*) =
A% =Dp._1n®*) . By the induction hypothesis By, ,(ev) = > ez, , €z and
the good letters for w.(k — 1) are exactly the x € Zp,_;. Since there is no drift for
any arrow in %) then its winner is never in Zj_1, therefore we have By (ev) =
Zﬂel—k—l e;. Now let us consider the k-th drifting arrow 7y, its winner ay and its
loser (. Since the first part of the lemma says that all the drifting arrows of 4 are

top arrows then ws(k)%k = d, therefore ) is not an element of Zj_1, moreover since

Nk is drifting we have my(k)!, = d and 7,(k)%, < dy(ms(k)), therefore ’/Te(k)%k =

ms(k)%, +1, that is 3j, come in good position for 7. (k) and putting Zy, := Zy—1 U{SB}
the inductive step follows. The lemma, is proved. ([l

REMARK 4.4.5. Let us consider any path v € E(7eng, V, €) (definition 4.4.1).
Since by definition V never wins in 7 and it is the only good letter for m¢,q, then
there is no drift for any arrow contained in <, that is d(7’) = d(menq) for any
7’ € R. touched by v. In other words for any v € E(7enq, V, €) and for any vertex
7’ € R, touched by ~ any letter z € A’ U {«} has to keep its position in the top
line constant and equal to 7% ,(x) and any letters z € A" U {8, V} has to keep its

end
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position in the bottom line constant and equal to 7 ;(z). In particular v has to
be A’-separated.

We fix a path v € E(mend, V, €) and we introduce the set I‘ﬁl of maximal A’-
separated paths ¥4 : Teng — @ that begin with . Thanks to lemma 4.4.4 for any
v € Fiy“/ the ending point # € R. of 4 satisfies #°(L) = d, therefore there is a
bottom arrow starting at 7 that has L as winner. Let us call v(L,a) the path
starting at 7 where L wins exactly d — a times. Let us call I'(L, a) the set of path
starting at @ where L wins less than d — a times and then it loses one time.

DEFINITION 4.4.6. Let us consider the fixed pair of letters (3, «) satisfying
property B, the letter V' € A and the pre-reference path n(8, «) given by lemma
4.1.3 and its last element 7¢,q. Let us fix any € > 0. Then we define

E(Tend, V,€) :i= |_| |_| Av(L,a),

~ AI
YEE(Tend,V,€) 4€T

N(7ena, V,€) := N(mena, V,€) U |_| |_| |_| ¢

YEE(menda,Vie) yeT 4 C€T(Lsa)

LEMMA 4.4.7. Let us consider the fixed pair of letters (3, ) satisfying property
B, the letter V. € A and the pre-reference path 1 : Tsiart — Tend given by lemma
4.1.8. Let us fix any € > 0. For any v’ € E(Tend, V, €) we have

(4.28) (m,2) € AL = Ay < min{Ap,e}.

Proof: Since any ' € E(meng, V, €) begins with a path v in E(7, V, €) then lemma
4.4.2 tells us that Ay < e for any \ € A(Wl,). We decompose any 7' € &(Tend, V; €)
as v = A4v(L,a), where 4 € F;‘V for some v € E(Tend, V,€). We have

B’y/e\/:By(L,a)( Z em): Z €x,
TEAVA! CEAVA

where the first equality follows from equation (4.27) and the second from the fact
that the winner in v(L, a) is always L and this letter is not contained in A\ .A". On
the other hand we have

Byer = Byaer =erL + ( Z €r).
zeA\A’

Here the first equality follows since ¥ is A’-separated, therefore L newer wins in
it, the second follows since equation (4.26) implies that the ending point & of 4
satisfies {z € A; 7t > a} = A\ A" and v(L, a) is the concatenation of exactly d —a
bottom arrows with winner L. Therefore we have

B,Y/(GL — Gw) =€y

and the lemma follows from lemma 4.4.3. O
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4.5. The uniform shrinking target property.

For any m € R, any letter W € A and any € > 0 let us introduce the following

notation
(1) o 1
N )
YEE(m,W,e€)

Moreover if the pair (3, ) has property B and 7 : wgtart — Tena and V' are respec-
tively a pre-reference path and the letter given by lemma 4.1.3, then we put

@ — (1)
Ag(ﬂ'endvvvf) T |_| A'Y’ :
7/68(7\'57“1,‘/76)

PROPOSITION 4.5.1. For any pair (8,a) € A% with ©t(a),7°(3) > 1 let us
consider a pre-reference path 1 : Tstart — Tend given by lemmas 4.1.2 or 4.1.3 and

the associated map F, : AD(R) — A&?d defined by equation (4.9).
o If the pair (8, ) has property A and n is given by lemma 4.1.2, then for
almost any T = (m,\) € AMD(R) in order to have infinitely many triples
(B, a,n) reduced for T and solutions of equation (1.3) it is sufficient to
have infinitely many solutions k € N of
(4.29) Fim ) e Al)

E(mend,,¥k)

o If the pair (8, «) has property B and 1 is given by lemma 4.1.8, then for
almost any T = (w,\) € A(l)(R) in order to have infinitely many triples
(B, a,n) reduced for T and solutions of equation (1.3) it is sufficient to
have infinitely many solutions k € N of

k (1)
(4.30) Fu(mA) € Detravasn)

Proof: Let 8 > 1 be the parameter given by proposition 4.3.2 and let ¥, be the
associated sequence.

Let us suppose that the pair (8, «) has property A and 7 is given by lemma
4.1.2. Then for any (m,)\) € AM(R) equation 4.13 in proposition 4.1.12 gives a
sufficient condition. Proposition 4.3.2 says that for almost any (m,\) € AM(R),
to have infinitely many solutions k£ € N of equation 4.13 it is sufficient to have
infinitely many solutions of

A <

Equation (4.25) in lemma 4.4.3 implies that if (7end, A) € Ag()w B’ then M\, <
Yy, therefore for almost any (m, A) € A(R), to have infinitely many solutions k € N
of equation 4.13 it is sufficient to have infinitely many solutions of

AR) € Ag()

Tend s PE)

If the pair (3, a) has property B and 7 is given by lemma 4.1.3 then equation
4.14 in proposition 4.1.12 gives a sufficient condition for any (m,\) € AM(R).
Applying proposition 4.3.2 we get as before that for almost any (m,\) € AM(R),
to have infinitely many solutions k£ € N of equation 4.14 it is sufficient to have
infinitely many solutions of

5\9’“) < min{j\g’“), Yt
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Equation (4.28) in lemma 4.4.7 implies that if (meng, A) € Ag(n 2 Vapy)» then
Av < min{\g, ¢y}, therefore for almost any (m, A) € A(R), to have infinitely many
solutions k € N of equation 4.14 it is sufficient to have infinitely many solutions of

(r 1)
g < Af(ﬂ'md,vdm)

The proposition is proved. O

4.6. The local estimate.

4.6.1. Preliminary facts. In this paragraph we develop the notation that
we will use to prove theorem 4.6.1 and we recall some facts from paragraph 2.2.2
in the background.

For any m in any Rauzy class on an alphabet .4 with d elements let us call

Leby_1 the Lebesgue measure on the simplex Agrl) normalized in order to have

Lebd,l(Agrl)) = 1/d!. With this normalization, for any Rauzy path v starting at =
and for the associated vector ¢7 = B, T we have

(1))
Lebg_1 (A = H
aeA

Given a family I'; of Rauzy paths ~ starting at m we introduce the notation

(4.31) Lebg_1(T'y) :== Lebd_1< U Ag1>>.

yEl R
For any integer 2 < k < d — 1 and for any (k — 1)-dimensional sub-simplex

A C 8A(1) let us call Lebg_; the Lebesgue measure on A’ normalized in order

to have Leby,_ 1(A(1)) = 1/k!. Given a proper sub-alphabet A’ of A with d’ < d

a )

letters let us consider the (d' — 1)-simplex A v C ALY whose extremal points

are exactly the vectors e, € Z? with o € A’. If ~ is any A’-colored Rauzy path
starting at 7, for any a € A’ we have

'B.eq € Span{eq;a’ € A’}
therefore if we call A(lz‘l, C 5‘A(1) the (d’ — 1)-face of A(l) spanned by the vectors
(1/¢2)'Beq with o € A, we have Al A/ - A(llv For the sub-simplex Av s DY

the normalization of Leby _1 on Aﬂ “4» we have

Lebd/ 1( = ” H

’ aEA’

Given a family I'; 4/ of A’-colored Rauzy paths v starting at = we write

Lebd/,1 (Fﬂ,.A’) = Lebd/,1 < U AE;L,) .

YEL A 4
When the sub-alphabet A’ is Ay = A\ {W} for some letter W € A we will simply
write A to denote the (d—2)-simplex AS’%W. Similarly for any Ay -colored path
~ starting at m we will simply denote with A(Wl) the (d — 2)-simplex A(Vl’i‘w. As a

particular case of the discussion above, A(Wl) is a sub-simplex of A&”. By our choice
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of the normalization of the Lebesgue measure Leby_5 on ASE), for any Ayy-colored
path v starting at = we have

11
daqyy
For any fixed m and W € A let us consider the Ay -decorated Rauzy class R¢Y that
contains 7 (see paragraph 2.2.1 in the background). Here we suppose that R¢% is
essential. In this case we can associated to it a reduced Rauzy class R}”/f}d on some
sub-alphabet A"*¢ C Ay,. We also have a reduction map red : R$Y — Rie4, which
extends to a map red : (R — T(Rye?). The inclusions A C Ay C A
induce naturally a decomposition

(4.33) RA = RA™ @ RAW\A™ g RAVAW,

(4.32) Lebg_1(AY) = Lebg—_2(A().

Let us denote P grea : R4 — RA™ and Py area : RA — RAWNA™" the canonical
projections respectively on the first and on the second factors in equation (4.33). For
any vector v € R we introduce the simplified notation © := P4rea(v). Similarly for
paths v € TI°/(R$!) we also write ¥ := red(v) € II(R%4). The associated matrix
B; acts on the first factor in equation (4.33). Lemma 2.2.1 in paragraph 2.2.2 says
that for any v € TI°°/(R¢Y) the associated vector ¢” = B, 1 satisfies

(4.34) ¢” = Parea(q”) and Py area(q”) = 1.

Let a be the number of letters of A™?. For any m € R§Y and v € II°(REY) let

us consider the reduced elements 7 := red(m) € Ry and ¥ = red(v) € I(R}E?).

Let us also consider the (a — 1)-simplex AW

™

subsimplex A(ﬁl) associated to . Equation (4.34) implies

corresponding to 7 and its (a — 1)-

al

(d— 1)!Leb“‘1(A(ﬂl))'

(4.35) Lebg_o(AV) =

4.6.2. General case.

THEOREM 4.6.1. There exists a positive constant C, that depends only from
the number d of letters of A, such that for any m € R, any letter W € A and any
€ > 0 we have

(4.36) Lebg 1 (A%

(w,W,e)) > Ce.

Proof: By definition paths in E(w, W,¢€) are Ay -colored. For any v € E(w, W, €)
we consider the (d — 1)-simplex Ag,l) and its base A(Wl) defined in paragraph 4.6.1.
Equation (4.32) in paragraph 4.6.1 implies that it is sufficient to prove that there
exist two positive constants N € N and C, with 0 < C' < 1, such that for any
m € R, any W € A and any € > 0 we have

(4.37) Lebg_2{y € E(r,W,€); qyy < 2V /e} > C,

then the theorem follows redefining C' by C = C/(d2"V).

Let us call R the decorated Rauzy class that contains 7. If REY is not es-
sential then E(m, W, €) contains just one Rauzy path 7. The letter W is the loser of
any arrow composing -y, this implies that ¢} = 1 for any a € Ay. Therefore, if we
denote with v(k) the finite Rauzy sub-path of v composed by its first k arrows, we

have q%k) =k, hence 1/e < ¢y}, < 1/e+1 and equation (4.37) follows immediately.
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It follows that from now on and during all the proof of the theorem we can suppose
that R¢Y is essential. Let us call RIS := red(R§Y) the associated reduced Rauzy
class and A™°? C Ay the corresponding sub-alphabet.

We consider Ay -colored paths v : m — 7’ starting at m and such that ¢}, < 1/e.
Any v € E(w,W,€) begins with such a v. For any such v let us call E(w, W, ¢|v)
the set of v € E(m, W, €) that begin with v. Let us also call S(m, W, e|v) the set of
paths n € H(Rf/‘o,l) starting at the ending point 7’ of v and such that the composed
path v = vn is in E(m, W, €|v). For v as before and n € S(mw, W, €|v) the composed
path v = vn satisfies

q" = Byq".

DEFINITION 4.6.2. An intermediate path is an Ay/-colored path v : 7 — 7/
starting at m, such that ¢fj, < 1/e, that satisfies the following property: for any
Aw-colored path n : 7" — 7 starting from the ending point 7’ of v and containing
at least one arrow where W loses, we have (B, ¢")w > 1/e.

The set of Rauzy paths starting at 7 is partially ordered by the relation <
defined by equation (2.8) in paragraph 2.1.4. The partial ordering < pass to the
set of intermediate paths starting at . Let us introduce the set I(w, W,e€) of the
intermediate paths starting at m, minimal with respect to this ordering.

LEMMA 4.6.3. For any v € E(w,W,¢€) there exists an unique path v = v(y) €
I(w,W,€) such that v € E(n,W,e|v). On the other hand for any v € I(m,W,¢€) the
set E(m, W, e|v) is not empty.

Proof: Let us consider any v € E(w, W, €) and let us decompose it as v = 7' yast,
where 745 1s the last arrow of 4. By minimality of paths in E(w, W,€) the arrow
Viast has W as loser. The path v’ : # — 7 is of course Ay -colored and satisfies
qg‘; < 1/e. Let us call 7’ the ending point of 4’. Any Ay -colored path n : 7’ — 7"
starts with ~;,4s¢, since the other arrow starting from 7’ has W as winner, therefore
we can decompose any such  as 7 = Y457’. It follows that B,]q'y, = B, q7, that
is (Bnq'yl)w > qqy > 1/€ and therefore 4/ is intermediate. For any v € E(m, W, ),
among the intermediate beginnings of v there exist a minimal one, and this one is
of course unique by minimality. The second statement is evident. The lemma is
proved. ([

REMARK 4.6.4. Let us decompose any v € E(w,W,¢€) as v = vn, where v =
v(y) € I(m, W,e) is given by lemma 4.6.3 and n € S(m, W, €|v). Let us also consider
the sub-path Yyo,4—to—1ast < ¥ that ends with the arrow where the letter W loses for
the second to last time in 7. The letter W loses exactly one time in 7 (at the end of
it), therefore vond—to—iast < v, but in general Yo,4—to—1ast 18 DOt intermediate and
it does not coincide with v.

COROLLARY 4.6.5. We have a mod 0 partition
AV || AD.
vel(m,W,e)
Proof: The family of simplices {Agl); v € E(r,W,e)} form a partition mod 0

of the base A{”. On the other hand any v € E(m, W, €) starts with the (unique)
minimal intermediate path v = v(v) given by lemma 4.6.3 and for the associated
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simplices we have Ag,l) C A,(,l). This means that the family of all simplices A,(jl) with
v € I(m,W,e) covers ( mod 0) the base AWM. By minimality of paths v € I(m, W)
the simplices A,(jl) are all disjoint, therefore they form a partition mod 0. The
corollary is proved. (]

For any integer k € N let us consider the set I(m, W, €|k) of paths v € I(m, W, €)
with M(¢q") > 2¥/e. We have I(m,W.,€) = J,_, . I(m, W,e|k) (the union is not
disjoint).

LEMMA 4.6.6. There exist two positive constants C' and 0, that depend only
from the number d of letters of A, such that for any m € R, any W € A, anye >0
and for any k € N* we have

(4.38) Leby_o(I(m, W, e[k)) < Ck?2~ (1)

Proof: We decompose any v € I(m,W,e€) as v = V'vj45t, where g is the last
arrow in v, and we consider the family

(W) = {v' s v € I(m, W, e)}.

We note that the map I(m, W, e) — I'(w, W, €); v — 1/ is a bijection. This because
if for some v/ € I'(w, W, €) there exist two paths 14 and vy in I(w, W, e€) such that
V' = v} = vh, then v/ would be intermediate, which is absurd by minimality of
paths in I(m,W,¢€). For any k € N we define the set I'(w, W, ¢|k) of paths v/ such
that the associated v is in I(w, W, e|k)

Let us fix any k£ € N and consider any v’ : # — 7’ in I’ (7, W, €|k). By minimality
of paths in I(m, W,e€) the sub-path v/ is not intermediate. Therefore there exists
an Ay -colored path ' : #’ — 7"/ starting at the ending point 7’ of v/, containing
one arrow where W loses and such that we have (Bn/q”/)w < 1/e. Let us call
X € A7 the letter that wins against W' in 7’. In terms of the reduced path v and
the reduced vector ¢, since (B,,/q”/)W < 1/e, equation (4.34) implies

i = a¥ <1/e
Let us fix X € A" and define the set I(m, W, €|k, X) of those paths v € I(m, W, €|k)
such that the associated path v/ € I'(m, W, e|k) satisfies ¢% < 1/e. We also define
the set I'(m, W, €|k, X) of all the paths v” with the associated v in I(w, W, €|k, X).
We have
I(m, Wyelk) =] I(m,W,elk,X)
XeAred

(the union is not disjoint). For any v € I(w, W, €|k, X) and the associated v/ we
observe that M(¢") < 2M(q”/). Tt follows that for any v/ € I'(m, W, €|k, X) we have
M(q"") > 2*='/e. By definition of the set E(m, W,€) we have ¢, < 1/, therefore
equation (4.34) implies that

M(q") = Marea(q”') = M(G"),

therefore the set Red(I'(m, W, €|k, X)) of reduced paths v with v/ € I'(m,W,e| X, k)
is contained in

{4 e (R ; ¢% < 1/e and M(§Y) > 2871 /e}.
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Let us call a the cardinality of the reduced alphabet A7¢. Equation (2.13) in
paragraph 2.2.5 implies that there exist two positive constants C' and € that depends
only from a such that for any k € N we have

Leba 1 {5 € II(R}4); ¢L < 1/e and M(§Y) > 2¥"1/e} < CKI2F1

that implies

Leb, 1 (Red(I'(m, W, e|k, X))) < CkI2~-1,
From the last inequality, using equation (4.35) in theorem 2.2.3 (paragraph 2.2.5)
we get

Lebg_o(I' (7, W, €|k, X)) < @ poghet

(d—1)!

and modulo modifying the constant C it follows trivially that Leby_o(I(m, W, €|k, X)) <
Ck?2%=1. When 7 and W vary (respectively in R and W), the cardinality of Ay
is always smaller than d, therefore we can chose a pair of constants C' and 6 that
work for any 7 and W, these C and @ depend only on d. We sum over all X € A"?
and modulo changing C' into aC we get equation (4.38). The lemma is proved. O

For any v € I(m, W, €) and any integer m > 1 let us consider the set S(m, W, e|v, m)
of paths n € S(m, W, €|v) such that we have (B,q")w > 2™ M(q¢").

LEMMA 4.6.7. There exist two positive constant C and 0, that depend only from
the number d of letters of A, such that for any v € I(w,W,€), for the reduced path
v € Red(I(m,W,€)) C I(R5e?) and for any integer m > 1 we have

(4.39) Py (Red(S(m, W, elv,m))) < Cmf2-(m=1),

Proof: Let us fix v € I(m,W,e) and a positive integer m. Let us consider
any 7 € S(m,W,elv,m) and let us decompose it as 1 = 1'nast, Where 15 is its
last arrow . Since the composed path v = vn is in E(w, W,e€) then the arrow
Niast has the letter W as loser. Moreover, since v is minimal intermediate, the
sub-path 7’ is {W}-separated. Let Y € A" be the letter that wins against W
in the arrow mgs. Since 1’ is {W}-separated and obviously ¢l < M(g”), then
(Byq”)y > (2™ —1)M(g”) > 2™~ ' M(q"), that is

M(Byq”) = 2" M(q").
Let us consider the ending point 7’ of the fixed path v and for M > m — 1 let

['(v|M) be the set of {W }-separated paths 1’ in the decorated Rauzy class RS
starting at 7’ such that

2MM(q") < M(Byq”) <2MT M (q").

Let us denote I'(v|M) := Red(I'(v|M)). Since any path 7’ € D(v|M) is {W}-
separated, remark 2.2.2 in paragraph 2.2.4 implies that there exists a positive inte-
ger s with s < 2(d — 1) such that the reduced path n’ of 7’ is a concatenation

(4.40) 0 = f1...0s

of s paths 7); not complete with respect to the reduced alphabet A™?. We put
G = ¢” and 77° :=  and for any i = 1..s we define inductively 7 := 7*~'7}; and
¢ = B;,¢"~Y. We can find s non-negative integers my, ..,ms such that for any
i €{1,..,s} we have:

(4.41) 2™ M (V) < M(By, ¢ Y) < 2™ M (GEY).
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It turns out that mq, .., ms satisfy the relation:
(4.42) M—-s—1<mi+.+m, <M.

Let us fix a positive integer s with s < 2(d—1) and s non-negative integers my, .., ms
satisfying equation (4.42) and let us define I'(v|my, .., ms) as the set of ’ € T'(v| M)
such that the corresponding reduced path 7', decomposed as in equation (4.40),
satisfies the s conditions in equation (4.41) for the values myq,..,ms. For any k €
{0,.., 5 — 1} we also define the set T'(v|my, .., my) of those 7* that satisfy the first
k conditions in equation (4.41) for the first k integers my,..,my. For any 7* €
[ (v|my, .., my) we define the set I'(v|my, .., mz|7¥) of those 751 € T'(v|my, .., mpy1)
that begin with 7*.

Let us fix any s with s < 2(d — 1), any set of s integers my, .., m; satisfying
equation (4.42), any k € {0,..,s —1} and any 7* € T(v|my, .., my). Equation (2.14)
in theorem 2.2.3 (paragraph 2.2.5 in the background) implies that there exist two
positive constants C' and #, depending only from the cardinality of A"°?, such that

Pﬁk (f(y|m1, . mk+1)) < C(mk+1 + 1)92—mk+1.
Applying this last equation s times we get
Py(T(v|my, .., ms)) < T, C(my +1)727™ < s M0~ MHs+L,

For any s with s < 2(d — 1) the number of possible vectors (mq,..,ms) € N®
satisfying equation (4.42) is proportional to M*~!, therefore summing over all the
possible (mq,..,ms) € N® and all the s € {1,..,2(d — 1)}, modulo changing the
constants C and 6 we get

Py (D(v|M)) < C(M + 1)%27M,

Since {i}’;n € S(m, W,elv,m)} C Uprsm_1 ['(v|M), summing over all M > m — 1
we get

Po{iysn € S(m, W, elv,m)} < Cm?2- (=1
that trivially implies
Py (Red(S(m, W, ely,m))) < Cmfo—(m=1)

Letting 7 and W vary respectively in R and A the cardinality of the alphabet A"°?
is always less or equal to d — 1, therefore a pair of constant C' and 6 can be chosen
in order to work for all # and W. These constants will depend only on d. The
lemma is proved. O

Here we finish the proof of theorem 4.6.1. For any k € N let us define
3w, W, elk) 1= I(m, W, )\ I(m, W, elk).
For any v € I(m, W,¢) and for any integer m > 1 let us define
S(m, W, ely,m) := S(m, W, e|v)\S(m, W, elv, m).

Let us fix any pair of positive integers (k,m). For any v € J(w, W, e|k) we have
M(q") < 2% Je. For any v € J(m, W, e|k) and for any n € &(m, W, €|y, m) we have

(4.43) (B,q")w < 2™M(q”) < 25T™ /e



80 4. DIVERGENT CASE, ARBITRARY GENUS

Let C' and 0 be the constant that appear in lemmas 4.6.6 and 4.6.7. We take N € N
such that CN?2V—! < 1 and we put ¢ := 1 — CN?2N~1. Equation (4.43) implies
that the set {y € E(m, W,€); ¢y, < 22V /e} contains
|_| S(m, W,elv,N).
veTJ(m,W,e|N)
Lemma 2.2.1 in the background implies that for any v € I(w, W, €) we have
Lebg_o(S(m, W, €|y, N)) = Lebg_o(AM) Py (Red(S (7, W, €|y, N)))
therefore we get
Lebg_o{v € E(m, W, €); ¢}y < 22N Je} >
> Lebyo(AD)Py(Red(S(m, W, elv, N))) > cLeby_o(I(m, W, e[ N)) >
veJ(m,W,e|N)

from the results in lemmas 4.6.6 and 4.6.7. Equation (4.37) therefore follows with
C = c%. The theorem is proved. (Il

4.6.3. Pairs with property B..

PROPOSITION 4.6.8. There exists a positive constant C' > 0 such that for any
pair of letters (B3, «) satisfying property B, for any pre-reference path 1 : wspare —
Tend given by lemma 4.1.3, for the associated letter V, and for any € > 0 we have

(4.44) Leb(AL) 1) > Ce.

Proof:  Recall the definition of the set A" := {z € A;n! ,(z) < 7', ,(a)}
introduced in paragraph 4.4.2. With the notation of the same paragraph we call
a the number of letters in A’. Let us consider any v € E(7enq, V,€) and the set
E(Tend, V, €ly) of those paths v/ € E(mena, V, €) that begins with 7. We prove that

1
(4.45) P’y(g(ﬂ-enda Viely)) = 2d—a

that implies the proposition with ¢’ := C27(4=%)  where C is the constant ap-
pearing in theorem 4.6.1. We recall that for a fixed v € E(meng, V,€) any v €
E(Tend, V, €y) is decomposed as v = 4v(L,a), where 4 € ny“/ (the set of maximal
A’ —separated paths beginning with ~, see definition after remark 4.4.5). We have

Py(E(Tena, Viely) = > Py(ALY) ) =

~ A,
WEFW

1 1 . 1
S PAMP(AL, ) = inf Py(Al )
’,\YeFﬂl Y

since {A%l); e F::V} form a partition mod 0 of A»(yl). We have:

—1 —1
Leb(A})) = 5 (H q; ) and Leb(Al") (H qm> .

zeA zeA

The finite path v(L,a) is concatenation of d — a bottom arrows. Any of the d — a
letters in A\ A’ is the loser of exactly one of these arrows, on the other hand the
winner is always the letter L. It follows that for the path v = 4v(L, a) we have

@ =q¢)+q] for re A\ A and ¢ =q) for z e A
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Since the trajectories 4 € I‘;“/ are {L}-separated we have qz = 1, therefore if
we decompose any v € E(m,W,€e|y) as v = v(L,a) for some 4 € FA/A/ we have
@l =ql +1<2q) for any z € A\ A’ . Since

1 qi
PAD), )= (n )

2
zeA Iz

we get Py (Af}l(La)) > 27(4=%) and the result in equation (4.45) follows. The propo-

sition is proved. O

4.7. End of the proof: generalized Borel-Cantelli argument.

We fix any pair (3, ) € A2 such that 7¢(a),7%(3) > 1 for all 7 € R. We con-
sider a pre-reference path 1 : Tstart — Teng as in definition 4.1.6 and the associated

map F, : AD(R) — Ade defined by equation (4.9).

LEMMA 4.7.1. o If (B, ) has property A, a pre-reference path n can be chosen
as in lemma 4.1.2 and in a way such that the following holds. For any ¢ > 0 and
for any v in the sets E(mend, o, €) or N(Tend, i, €) (introduced in definition 4.4.1),
the simplex A,(jl) admits a non-trivial partition into connected components of the
domain of the map F,.

e If (B,c) has property B, a pre-reference path 1 can be chosen as in lemma

4.1.83 and in a way such that the following holds. For any ¢ > 0 and for any v in
the sets E(Tena, V,€) or N(Tena, V,€) (introduced in definition 4.4.6), the simplex
A(yl) admits a non-trivial partition into connected components of the domain of the
map Fy.
Proof: e For any 7 in the Rauzy class R and any € > 0 the letter o never wins in
paths in E(7, «, €) and wins just one times in paths in N (7, «, €). In view of lemma
4.1.11, to have the required property, it is enough to choose a pre-reference path
N Tstart — Tend cOntaining at least two arrows with winner a. This is possible as
observed in remark 4.1.7 at the end of paragraph 4.1.2. Such 7 cannot be contained
in any path v in the sets E(meng, @, €) or N(Tend, @, €).

e Assume now that the pair (3, «) has the property B. Let us recall the defini-
tion of the sub-alphabet A’ of A given in paragraph 4.4.2 and let us denote with a
the number of its elements. In view of lemma 4.1.11, to have the required property,
it is enough to choose a pre-reference path 7 : Tsart — Teng containing at least
d — a + 2 arrows with winner V, this is possible as observed in remark 4.1.7 at the
end of paragraph 4.1.2. Such an 7 cannot be a sub-path of any path v in the sets
E(Tenda, V,€) and N (Tena, @, €), this because the letter V wins at most d — a + 1
times in paths in these sets. The lemma is proved. O

DEFINITION 4.7.2. For any real number M such that M > 1 we say that the
vector q € R“_f_‘ is M-equilibrated if g; < Mgq; for any 4, j € A. We say that the finite
Rauzy path 7 is a M-equilibrated path if for any vector ¢ € Rﬁ the vector B, q is
M-equilibrated.

LEMMA 4.7.3. For any M > 1, if n is a M -equilibrated path and ~y is any finite
Rauzy path ending with n, then we have

P,

dLebd_l
dLebg_q

4.4
(4.46) || i

| < M? and | | < M2
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Proof: Let v be any finite path in the Rauzy diagram ending at the element 7
and consider the probability measure P,. For any Rauzy path v starting at the
element 7™ where v ends we have

Py(AY)  Tacaqay

Lebdfl(A,(jl)) HaeAng .

Since v ends with 1 we can write v = 7' for some ' and therefore ¢7 = B,,q"’l.
Since 7 is an M-equilibrated path it follows that ¢” is an M-equilibrated vector.
Moreover, since ¢7¥ = B,q", for any a € A we have M ~1q)q" < q2¥ < MqlqZ,
and therefore

(1)
I 1020 NS Y

M® = Leby 1 (AYY) ~
When v varies among all the finite Rauzy paths starting at 7 the sub-simplices Af,l)

form a base of the Borel o-algebra of AQ), therefore the estimation in equation
(4.46) follows. The lemma is proved. O

LEMMA 4.7.4. There exists a constant M depending only on the number of
intervals d such we can choose a pre-reference path 1 : Tsiart — Tend 6S in definition
4.1.6 which satisfies the supplementary condition of lemma 4.7.1 and which is M-
equilibrated.

Proof: A sufficient condition on 7 for being M-equilibrated is that all the entries
of the matrix B, are positive and that its norm || B, || is less that M. Since in any
Rauzy class R any letter wins against any other it is sufficient to consider any finite
pre-reference path 7 : Tsqrt — Teng that contains any arrow of the Rauzy diagram
D, this will assure that all entries in B,, are positive. Moreover if 7 is given by
lemma 4.1.2 we ask that it contains at least two arrows where the letter o wins, if
7 is given by lemma 4.1.3 we ask that it contains at least d —a+ 2 arrows where the
letter V' wins. Pre-reference paths satisfying these requirements exist since lemmas
4.1.2 and 4.1.3 just specify the beginning and the ending part of 5. Then it is
enough to put M := || B,)||, this value will work for the all pair (3, o). Since the are
(d — 1)? such pairs the maximum over the cases is still a finite quantity and will
depend just from the number of intervals. O

DEFINITION 4.7.5. Let (3,a) be a pair with 7t(a),7%(3) > 1 for all 7 € R.
A reference path for the pair (8, «) is a pre-reference path 1 : Tgpqrt — Tend as in
definition 4.1.6 that satisfy the supplementary conditions in lemma 4.7.4.

Since reference paths form a subset of pre-reference paths, everything we did
for pre-reference paths still work when 7 is a reference path as in definition 4.7.5.
Therefore from now on, for any pair (3, a) such that 7t(a), 7°(3) > 1 we consider
a reference path 7 : Tsiart — Tend as in definition 4.7.5 and we associate to it the
map 5, : AD(R) — A&”d defined in equation 4.1.8. Proposition 4.5.1 still gives a
sufficient condition in order to have, for almost every T € AM(R), infinitely many
reduced triples (8, @, n) that are solutions of |T"u% —ul| < ¢(n). For any k € N

we recall the family of paths I'*)7 introduced in paragraph 4.1.2, whose elements

are the paths , which give the connected components A%_) of the domain of the

k-th iterated of F,,. Theorem 4.6.1, proposition 4.6.8 and lemma 4.7.3 imply the
following consequence:
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COROLLARY 4.7.6. There exists a constant C' > 0, depending only on the num-
ber of intervals d, such that for any (m,\) € AM(R) without connections, any

k e N and any v, € TR such that (m,A) € Ag,lk), we have the following estimates.
o [f the pair (3,a) has property A and n is given by lemma 4.1.2, then

(4.47) P, (Aggwa’ ooy = Cty.

o If the pair (B8, «) has property B and 1 is given by lemma 4.1.3, then
(4.48) Py (AL o) = Cton

Proof: Let us consider a reference path 7 as in definition 4.7.5 and the associated
map F,. By the definition of 7, for any k € N, any v, € M ends with 7
and this one in M-equilibrated. Therefore we can apply lemma 4.7.3 and we get
||m|| < M% and ||MH < M. If n is chosen as in lemma 4.1.2 we apply

the estimate in theorem 4. 6 1 and we get that

P, (A% ) > M%Lebg_1 (AL

d
E(7end,®,Pk) E(Tend,o wk)) > CM%Yy,.

Equation (4.47) follows redefining C' as CM®. If 7 is chosen as in lemma 4.1.3 we
apply the estimate in proposition 4.6.8 and we get that

(1) d 1) d
P’Yk (Ag(ﬂ—end7v7'l/)k)) >M Lebd_l(AE(mnd,V,wk)) > ' M Pk

Equation (4.48) follows redefining C' as C’M<. The corollary is proved. O

4.7.1. The Borel-Cantelli argument. Here we finish the proof of propo-
sition 4.0.6. From now on the proof is the same both for pairs with property A
and pairs with property B. Therefore to simplify our notation, for any k£ € N we
just write & instead of E(mend, @, 1) (if the pair (8, ) has property A) or instead
of E(Tenda, @, Yr) (if the pair (8, ) has property B). We also write N} instead of
N(Tend, @, ¥) (if the pair (3, «) has property A) or instead of N (mena, a, ¥x) (if
the pair (3, @) has property B). We also introduce the notation:

A (&) = | | A1 and ADWN) = [ | ALY,
VEEK YENK
Let us define
Cr :={(m, ) € A(l)(R);f,];(W, A) e AW\

For any k € N and any finite Rauzy path v recall the set F(Vk)’

" defined in para-
graph 4.1.2 of those finite Rauzy path v, such that A(wi) is a connected component

of the domain of ]—"fﬂAm (the restriction of F}\ to A,(,l)).

LEMMA 4.7.7. Let C be the constant appearing in corollary 4.7.6. For any pair
of integers m,n with m > n we have:

(4.49) Leb(() Ck) < H (1 — Cip).
k=n k=n
Proof: For any n € N we have

=[] [ af,

A €D v €N,



84 4. DIVERGENT CASE, ARBITRARY GENUS

therefore
Leb(cn) = Z Z Leb 'Ynyn) - Z Z Leb(A'(Yln))P'Yn (A(Vi)) =
Y €L (M) v €N, Y €L ()1 v ENG,
> LebAD)P, ADW) (1 -Ch) Y Leb(A) = (1-Cwy)
Y €)1 S NCOR

thanks to corollary 4.7.6. According to lemma 4.7.1 the path 7 is not contained
in any v, € N,. Corollary 4.1.10 implies that for any v, € A, the simplex A,(,i)
admits a non-trivial decomposition into connected components of the domain of
the maps F,, that is we have

(1) — |_| A(l)_

1€F

For any 7, € T'"™" any v, € N, and any v, € I} we define the path 7,11 =
(1)

Nwy1 Of the domain of

YnVn7y1, Which corresponds to a connected component A

nn+1)|A%yn. The decomposition above is equivalent to

(€5 |_| (1)
A'Yn Un — A'Yn+1 :
Yn41 EFSYT:I;)’”

Let us suppose that for m > n we have Leb((" C;) < II- (1 — Cy). We
also have

Ne= U U U U st

A €T vy ENG, Ym DN, Um €Nm

According to lemma 4.7.1 the path 7 is not contained in any v, € N;,. Corollary
4.1.10 implies that for any v, € N, the simplex AE,W)L admits a non-trivial decom-

position into connected components of the domain of the maps F,| A > that is we

A= | ] al).

m€ery,,

have

For any v, in the union above, any v, € N, and any 71 € I'} we define the
path ;41 = YmVm7y1, which corresponds to a connected component A(ﬁz 41 of the

domain of Fy™ ™) |Al . The decomposition above is equivalent to
1y _ 1
(4.50) AY = L] Al

1
Ym+1 EF%IT/J "

If follows that
m—+1

m Ck = |_| |_| |_| I_l AEYlm),+1l’m+1'
k=n

Y €D vy ENG, +1€1—~(m+2 N Vg ENpt1

Using the identity Leb(A(Wln)LH,,mH) Leb(AE,ln)LH) P, .. (A,(,lmﬂ) and recalling corol-
lary 4.7.6, we have

m—+1
Leb((YC)= >, > > Leb@al) P, (AYWN40)) <
k=n Y €L ()1 v ENG, ’Ym+1€F—(y:nnt,12 \n
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(1=Ctmi1) >, > . > Leb(A() ).

€L vn €N ep(mt D
Equation (4.50) implies that

U - U alll=

€L €N L ep(mthn

U u- U U Agagym:ﬁnck,

A €T()m vy ENG, ’ym€F<m)’" Vi ENm

Ym—1Ym—1

that is _— .
Leb( () Ck) < (1 — Ctbmy1)Leb([) C)
k=n k=n
and by the induction hypothesis we get that Leb(ﬂ?‘k1 Cr) <TIPHH(1—Cy). The
lemma is proved. O
LEMMA 4.7.8. For any sequence of positive numbers {an }nen, if Y, cn Gn = 00

then [[,en(1 —an) = 0.

Proof: The proof is a classical exercise in calculus. Il

For any NV € N we put éN = ﬂZO:N Ci. Thanks to lemmas 4.7.7 and 4.7.8 we
have Leb(Cy) = 0 for any N € N. Any (7, A) for which there is just a finite number

of solutions of
Fr(m A) € &

is contained in some Cy and Leb(Unen Cn) = 0, that is, for almost any (7, \) €
AM(R) there are infinitely many solutions k& € N of f,’;(w,)\) € &. In the two
cases of property A or B this means that equations respectively (4.29) or (4.30)
have infinite solutions for almost any (7, \) € A®)(R). Therefore proposition 4.5.1
implies proposition 4.0.6 at the beginning of this chapter. Thanks to 3.3.1 part
b) of theorem 1.1.6 follows. This complete the discussion of the divergent case in
arbitrary genus.






CHAPTER 5

Divergent case, genus one

In this section M denotes a topological torus and ¥ C M a finite subset with
r elements. We consider translation structures X on the pair (M, ). Let us fix a
singular point pg € ¥ as base point for the absolute periods Hy(M,Z). If w is an
holomorphic 1-form on M the set

A= {/ w;y € H1(M,Z)}

defines a lattice, that is a co-compact subgroup of C. The holomorphic 1-form w is
identified with the constant form dz over C/A and is therefore uniquely determined.
The moduli space of holomorphic 1-forms on a torus is therefore identified with the
space of lattices, that is GL(2,R)/SL(2,Z). Let p; # po be any other point in ¥
different from the base point of the absolute periods. Since w has no zeros on M
the only free parameter left to determine a translation structure X is the position
of p;. This position is identified with the coset A; := A 4 v; of A in C (where v; is
some element in C) given by

A; = {/ w;7y connects py to p;}
v

that is the integral of w over the relative periods starting at py and ending at p;.
The datum of a translation structure X on a torus with » marked points is often
called marked torus. Fixing in pg the origin of the associated lattice A and calling
v; the position of any other p; # pg we write

X = (A,’Ul7 ~-7Ur71)-

At any point in X the total angle is 27, therefore the stratum associated to these
topological data is H(0,..,0), where the coefficient 0 appears r times. Since all
the angles at marked points are 2w, for any p;, € X there is just an horizontal
outgoing separatrix. It follows that the moduli space 7'7(0, .., 0) defined in paragraph
3.1.1 coincides with H(0,..,0). In particular, for any X € H(0,..,0), to specify a
configuration of saddle connection it is enough to fix the pair p;,p; of points in ¥
where the saddle connection starts and ends respectively. Therefore for a marked
torus X and for 4,5 € {0,..,7 — 1} we redefine the configuration C?i-?9)(X) as
the set of straight segments on X that connect p; with p; and that have no other
marked point in their interior.

5.1. Some more background.

Theorem 1.4.1 and theorem 1.4.2 concern respectively marked tori and irra-
tional rotations, anyway to prove them we use some arguments which work in gen-
eral for translation surfaces of any genus and interval exchange transformations.

87
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We collect these arguments in this preliminary paragraph, the reader can skip and
come back to it after reading paragraph 5.2.

5.1.1. Action of SO(2,R) on A(M(R). In this paragraph we apply to a trans-
lation structure X (m, A, 7) a rotation of its vertical direction and we study what is
the effect on the parameter space of length data normalized to one. Let us fix any
admissible datum 7 over the alphabet A and consider the application

A, x0, — AW

(51) P ()\77_) — H)\”fl)\

For any A € Ay let us consider the linear map f(. ) in hom(R?, (T)l) defined by

o A
(5.2) S (1) = (T, 1>W —T.
Note that ||A|| = (A, 1), but for the vector 7 we use the scalar-product notation to

stress that (7, 1) may also be negative. For any (\,7) € A, x O, we also consider
the function s(y ;) : (=7/2,7/2) — R defined by

B tan @
IAll = (T, T) tan@

(53) S(\,7) (6>

Now let us consider any stratum ﬁi(kzl, .., k) of the moduli space of translation
surfaces marked in p;. For any m € &;(k1, .., k) it is identified with ﬁ(M”, X7 k).
We recall the subset U, C A, defined in paragraph 2.4.3 and the embedding
Ze : Op X Op — ﬁi(kl,..,kr) defined in paragraph 2.4.4. 7, has a continuous
extension _

Li: ArxO, — Hilki,. k)
NT) = X(mo\T)

Now we fix any (A, 7) € A, x O, and we consider consider the associated translation
surface X (m, A\, 7) = I;(\, 7) € Hi(k1, .., k). Let SO(2,R)X (7, A, 7) be the orbit of
X (mw, A, 7) under the application 8 — Ry X (m, A\, 7), where
Ry - ( cosf) —sinf >
o .

sinf cos6

Let C(m, A,7) be the connected component of SO(2,R)X (m, A, 7) N I;(A; X O)
that contains X (7, A\, 7). Let I(m, A\, 7) C (—7/2,7/2) be the maximal interval such
that the parametrization

I(m, \7) —  C(mA\T)

(5:4) 0 —  ReX(m, A\, T)

is defined: it is an open interval containing 0. There exists an unique lift

I(m, A7) — Apx0,

(5:5) ¢ = (A, 7o)

of the parametrization in equation (5.4) such that for any 6 € I(w,\,7) we have
RyX(m,\,7) = I:(Ag,79) and for § = 0 we have (A\g,6p) = (N, 6). Let pr be
the application defined by equation (5.1), let f(r ) be the linear map defined by
equation (5.2) and sy ) be the smooth function defined by equation (5.3). We
have the following;:
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LEMMA 5.1.1. Let us consider any (A, 7) in Ay X O, the associated transla-
tion surface X (m,\, 7) in ﬁi(kl, .., k) and the interval I(m, A\, ) defined by equation
(5.4). The function sy -y restricted to I(m, A, T) gives a smooth change of parame-
ter, moreover if 0 +— (g, T9) is the lift of the application 0 — R X (w, A\, 7) defined
in equation (5.5), then the map 0 — pr(Ag, 7o) satisfies

A
(5.6) px(Xo,T9) = I + 500, (0) 0 (7)),

that is it is a diffeomorphism which sends I (7, X\, T) onto an open segment R(m, A\, T)
mn ASE).
Proof: For the data (m, A\,7) let us consider the vectors 53,{}’3 € C defined in
paragraph 2.4.1. We have that RgX (7, A, 7) € I;(A; x O,) if and only if
R(EL) - R(&)
tan 6 @
s S TS ik S
that gives the explicit formula for the endpoints of the interval I(m, A, 7):
b t
I(m, A\ 7) = <arctan ( max m) ,arctan( min R O‘)>> .
w(a)>1 (EL) mt(a)>1 (EL)

The function s(y ;) has a singularity for 6 = arctan(||A||/(r, 1)), that is not in
I(m, A\, 7), therefore is everywhere defined on it. Moreover we have

d 1

—s(,n)(0) = 5 >0

o (14 02) (X — (r, 1) tan 0)?
for all @ € I(m, \,0) and the assertion on s, ;) follows. The explicit formula for the
lift 6 +— (Ag, 7p) in equation (5.5) is Ag = Acosf — 7sinf and 79 = Asin6 + 7 cos 6.
After some elementary computations, we get

A tan 6 -
W)\,T:)\_l)\:—&-( = ) 7, Dp(X)—7).
pr0sma) = ol ™30 = 55+ (= g ) (0 Do) =)

For 6 € I(m,\,7) we have \g € R, therefore (Ag, 1) = |Al|cosf — (r,1)sin > 0.
The lemma is proved. ([

5.1.2. Getting reduced triples from non-reduced ones.

LEMMA 5.1.2. Let T be an i.e.t. without connections. There exist an € > 0
(depending on T ) such that the following is true. If (3, c,n) with ©*(a),7%(3) > 1
and n € N is a triple non reduced for T and such that
(5.7) |T”u% —ul| <e
then there are two triples (B, xz,h) and (y,a,l) reduced for T with 0 < h,l < n that
satisfy
(5.8) |Thu% —aul, |Tluz —ul| < |T”ug —al)|.

Proof: First of all we chose
:=1/2 min_|u} —u®
€:=1/2 min fu, — )

(When taking the minimum it is understood that we don’t consider the trivial

distances ul, — ul, =0 or ug — uZ =0 for all z,y € A). Since T has no connections
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we have € > 0. In particular our choice implies that all the intervals I’ or I;; with
z,y € A have length at least 2¢. Let a, 3 be letters in A such that 7t(a),7%(8) > 1
and let (8, a,n) be a triple non reduced for T and such that condition in equation
(5.7) holds. Being non reduced there exists some k € {0,..,n} and a letter z € A
with u! € T=*(I(B,,n)) or u® € T=*(I(B,,n)). We consider the smallest k €
{0, ..,n} such that the last condition holds. By minimality of ¥ we have that T~*
is a translation on I(8, «,n) for any ¢ = 0, .., k, that is

|T"u% —ul| = |T"7ku% — TRl | <e.

Without any loss in generality we suppose that we have u} € T=*(I(3,a,n)). We
can also suppose that we have

(5.9) T Fufl < ul < T Ful,.

Since by our choice of € we have |ul, — uj| > € for any = # y the condition above
implies k > 1. Moreover there are no other points u!, or u® in T=*(I(8,a,n)).

The first inequality in equation (5.9) implies that (8, z,n — k) is a triple with

\T"‘ku% —ul| < \T”u% —aul ).

Now we look to the second inequality in equation (5.9). By minimality of & no
other singularities of T or T~! are contained in (ul,T~*u!)) and in all its iterates
T (u, T~*ul) for any i = 0,..,k. We apply T one time on the interval. Recalling

that for any letter x € A we have lim. o T'(ul, + ¢) = u®, we get
ul < T_(k_l)ug.
Then we apply T' the remaining k& — 1 times and we get that the triple (z,a, k — 1)
satisfy
T 1l —ul | < |T"u% —aul).
Now, if both the two triples are reduced, we are done. If not we call j(8,a,n)
the number of singularities, both for 7" and 7!, that are contained in the orbit

I(ﬁ’ a? n)7T71[(6’ a? n)? "7T71](/87 a? n)'

We observe that j(3,z,n —k),j(z,a,k — 1) < j(B,a,n), therefore we can start a
descending induction procedure until we get two reduced triples. Observe that in
this procedure equation (5.8) keeps true and that the the two letters § and « are
always respectively the first letter of the triple (5, z, h) and the second in the triple
(y, o, 1). The lemma is proved. a

Let ¢ : N — R, be a sequence such that ng(n) is decreasing monotone.

COROLLARY 5.1.3. Let T be an i.e.t. without connections and let (3, ) € A*
with 7 (a),7%(B) > 1. If there exist infinitely many triples (3, a,n), not reduced
for T but solutions of equation (1.3), that is such that

|Tnu,[()9 - ufxl < @(n)a

then there are two letters x,y in A with 7' (x),7%(y) > 1 and two sequences of
triples (y, o, l;) and (B, x, h;) reduced for T and solutions of equation (1.3)

Proof: We first observe that since ng(n) is decreasing monotone, then ¢(n) — 0
as n — oo, therefore any sequence of triples (3, «, n;) that satisfy equation (1.3)
eventually satisfy condition (5.7) in lemma 5.1.2.
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Let us suppose to have a sequence of triples (3, «, n;) non reduced for T and
satisfying equation (1.3). We construct the two sequences (y, o, ;) and (0, z, h;) of
reduced triples as follows. Let us first apply lemma 5.1.2 to any (0, o, nq) with nq
big enough. We get two reduced triples (yi1,a, 1) and (8,21, h1). Since hy,l; < ng
and ¢(n) is decreasing monotone, then equation (5.8) implies that (y1,,l;) and
(8,21, h1) are solutions of equation (1.3).

Let us suppose by induction that (y, o, ) and (5, xg, hi) are chosen. Then
we take ng41 such that

Ty — | < min{ [Ty — ub, [T — |},

and we apply lemma 5.1.2 to (8, a, ng41). We get two reduced triples (Y41, @, lp+1)
and (8, k41, hgr1). Since hri1,lke1 < ngr1 and p(n) is decreasing monotone,
then equation (5.8) implies that (yg41,, lk+1) and (8, zx11, hit1) are solutions of
equation (1.3).

It may happen that the pairs of letters (zx, yx) appearing in these two sequences
are not always the same, anyway there exist some pair (z,y) and two subsequences
of (yg, @, hg) and (B, xg, ) such that this is true. The corollary is proved. |

5.2. Reduction to an arithmetic formulation.

In this paragraph we assume part b) theorem 1.4.2 and we prove theorem 1.4.1.
We recall its statement:

If fOOO @(t)dt = oo then for any X € H(0,..,0) and for almost any 0 € S* the
rotated marked torus Xg has at least 2r—1 different configurations C\Pi:P)(Xg) each

one containing infinitely many saddle connection v which are solutions of equation
(1.4), that is:

| tan angle(7y, 9,)| < B

REMARK 5.2.1. For an arbitrary marked torus X we cannot expect that almost
any Xy in its SO(2,R) orbit is modp-Liouville, that is we cannot expect that for
generic @ any configuration CU")(Xy) contains infinitely many saddle connections
satisfying equation (1.4). For example, with » = 4 marked points, we can consider
the marked torus X = (A, v1,v2,v3) given by the lattice A = Z? and by the extra
marked points vy := (1/2,0), vy := (0,1/2) and v := (1/2,1/2) (we recall that in
this chapter we denote ¥ = {py, .., pr—1 }, where pg always coincides with the origin
of the lattice A). For such X it is easy to check that for any ¢ = 0,1,2,3 and for
any 0 € [0,27) all the configurations C(»?)(Xy) are empties.

For arbitrary X we also ask if our result is optimal, that is if it is always possible
to find, for generic 6, more than 2r — 1 configurations for Xy containing each one
infinitely many solutions of equation (1.4) .

()
|

Let us recall that any translation surface X (including marked tori) determines
an (unique) abelian differential wy, that defines an element of hom(H; (M, ¥, Z), C).
For any 0 € [—m, ) let us call wy the abelian differential associated to Xy and also
the associated element in hom(H;(M, X, Z), R?).

LEMMA 5.2.2. Let X € H(0, ..,0) without any vertical or horizontal connection.
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o There exists a basis {41,752} of the absolute homology Hy(M,Z) such that
the periods w; := wx (¥;) of wx satisfy

(5.10) R(wr), R(wz) >0 and I(wr) <0, (ws) > 0.

e There exist an open interval I C R containing 0 such that for any 0 € 1
the periods w;(0) := wg(¥;) of the rotated marked torus Xo (over the base
{¥1,92} of H1(M,Z) constructed above) satisfy equation (5.10).

Proof: The periods of wx over the absolute homology H;(M,Z) form a lattice
A C C. The first part of the statement correspond to find a base {wy, w2} of A
with the required properties. If T' is the element in SL(2,R) defined by

ro— ( R(wi)  R(ws) )7

S(wi)  S(we)

the changes of base correspond to multiplication on the right by elements of SL(2, Z).
Since X has neither vertical nor horizontal connections, both the quantities

aR(wy) + cR(wz) and b (wy) + dS(ws)

are never zero for any choice of integers a, b, c,d € Z with ad — bc = 1. Using the
generators of SL(2,7Z) it is a trivial exercise to find a base satisfying equation (5.10).

To prove the second part it is sufficient to argue that condition in equation
(5.10) is open in SL(2, R), therefore it keeps true under small rotations. The lemma
is proved. ([l

Let R be a Rauzy class on an alphabet A with d = r + 1 letters such that
there are i.e.t. in A(R) that are rotations. An element m € R is called rotational
if 7t(a) — 7°(a) = const mod d for any a € A. Interval exchange transformation
with rotational combinatorial data are rotations.

LEMMA 5.2.3. Let X € H(0,..,0) without any vertical or horizontal connection.
Let I be the open interval associated to X by lemma 5.2.2. There exist a rotational
7w such that for any 6 € I the rotated marked torus Xy has length-suspension data
mn Ay X O,.

Proof: Let A be the lattice in C associated to X and let {w;y, w2} be the base of
A given by lemma 5.2.2. The origin of the lattice is identified with the 0 of C. Let
S be the open segment on the real line of C defined by

S = (0,%(11)1 +U)2))

The interval S projects to an interval in the quotient C/A, that we still call S. This
interval is parallel to the horizontal direction, its left endpoints is py and the right
one is on the vertical line passing trough pg. It follows that the first return map
to the section S of the vertical flow on X is a rotation, therefore its combinatorial
datum 7 is rotational. It follows that the marked torus X is representable with
length-suspension data (A, 7) in A, X ©,. Now let 6 vary in the interval I given by
lemma 5.2.2. Let Ay be the lattice in C associated to Xy and let {w1(6),w2(6)} be
the base of Ay given by lemma 5.2.2. Then the embedding in C/Ay of the horizontal
open segment Sy defined by

So = (0, R(w1(0) + w2(0)))
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gives a section for the vertical flow on Xy that make the same construction work.
Therefore Xy is suspension of an i.e.t. with the same combinatorial datum = as X,
that is a rotation. The lemma is proved. O

For the rotational m determined by lemma 5.2.3 and for = € A let us introduce
the elements U%/® € homy (R, R) (with coefficients in N, therefore positive on R4)
defined by the formula

U\ = Y A

/b (y)<mt/b(x)

Their meaning is that if 7' = (7, \) then the singularities for 7' and T~ are given
respectively by uf, = U}()) and uf, = U}()). For the same  let us also call A and
M the letters in A such that respectively 7t(A) = 1 and #°(M) = 1. Since any T
in A, is a rotation it is continuous at all u}, except for z = M. For the same reason
T~ is continuous at all ug except for y = A. For T' = (m, ) let us call T' = (m, )
the corresponding normalized i.e.t. (where A = (J]A|~!A). It easy to see that the
rotation number o = «(T) of T € A is given by

(5.11) o(T) = UY(N).

In other terms for 7": [0,1) — [0,1) we have.

(5.12) Tz =2+ a(T) mod Z.

If  is the rotational element determined by lemma 5.2.3, for any x in A we consider
the relative homology classes fz € Hi(M,3,Z) defined in paragraph 3.2.1. All these
elements depend only on 7 and .

Let X and I be respectively the flat torus and the open interval in lemma
5.2.2. For any 6 in the I we consider the complex numbers ¢, () := wg(,). For
any = € A let us decompose (,(0) as (;(0) = A\, (0) +i7,.(0), where A, (0) and 7,(6)
are real. Lemma 5.2.3 implies that for any 6 € I the rotated marked torus RgX
is representable with the zippered rectangles constructions of paragraph 2.4.1 and
moreover it has length-suspension data in Ay x O, that is A\(0) € A, 7(0) € O,
and RpX = X (m, A(0),7(0)) for any 6 € I. In particular the i.e.t. Tp := (m, A\()) is
a rotation. As before, the top/bottom singularities of Ty = (7, A(f)) are given by
ul! b(@) =UY b()\(e)) and among these points the only two true discontinuity points
are u%; (6) (for Ty) and % (6) (for T, ). Tf for any 6 € I we put A(6) = [|A(8)] ' A(6)
we have a normalized rotation Ty = (m, A()). The top singularities for Ty and T@_ !
are given respectively by 4t (0) = UL(A(#)) and ab(0) = Ué’(j\(ﬁ)) Among these
ones the only two true discontinuity point are respectively ¢, (6) and @% (6).

PROPOSITION 5.2.4. Let us suppose that y ., p(n) = co. Then for any pair
y,x of letters in A such that w*(z),7%(y) > 1 and almost any 6 in the interval T
(defined by lemma 5.2.2) there exist infinitely many triples (y,z,n) that are solu-
tions of [Tyl (0) — 4L (0)| < ¢(n). Anyway these triples may not be all reduced for
Ty.

Proof: (Using part a) of theorem 1.4.2.) Let (A\,7) € A, X O, such that the
marked torus X coincides with X (7, A, 7). Lemma 5.1.1 implies the map 0 — Tp
is the parametrization of a segment in A&”, in particular the length datum 5\(0) of
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Ty is given by
AO) = A+ 832 (0) fn) (T)

where the linear map fir ) : O — (f) and the smooth function sy : I — R
are defined in paragraph 5.1.1. In particular we recall that the function s, y) is a
smooth change of parameter on I. Let y, z be letters in A such that 7t (z), 7°(y) > 1.
By linearity of the functionals U} and U;j defined above we have that the singular-

ities @, () and @ (0) for Ty are given by

at(8) = UL(A(9)) = @ (0) + (0 (6)0F
iy (0) = Uy (A(0)) = 1ty (0) + 5,0 (0)0

where 0! and 172 are the values respectively of U! and of Ufj on fiz (7). The
last pair of equations, together with equation (5.12), implies that the quantity
T4l (0) — 4k (0)] equals to

(5.13) (25 (0) + 5,2 (B)0y) +1cx(8) — (@5(0) + 5,0 (O)T)-
Using equation (5.11) again we see that the rotation number (@) of Ty is given by
) = UL(A0)) = @%4(0) + s(x ) (0)24
with o4 = Ug(f(m)\)’l').
LEMMA 5.2.5. For any marked torus X = X (m, A\, 7) we have 9% # 0.

Proof: We recall from paragraph 5.1.1 that

DweATe
fan(t) = S=5—A—T.
( ) ZyEA >\y

Therefore we have

Moa =) D AW =Q A D 7)=

zeA b (y)<nb(A) reA b (y)<m?(A)
C > w0 > A= > 2 Y 7).
W) >T(A) b (y)<nb(A) r(@)b(A)  wh(y) < (A)

Recall the Veech construction of paragraph 2.4.1. For any x € A the eight of the
interval RE is h, = Dont(y)<mt(z) Ty — Domb(y)<ab(z) Ty- Since 7 is rotational, the
condition 7°(z) < w°(A) is equivalent to wf(z) > 7!(M) and 7b(z) > n°(A) is
equivalent to 7t(x) < 7t(M). Therefore for 7°(z) < 7°(A) we have

hy, = Z Ty + Z Ty — Z Ty

wt(y)<m*(M) mH (M) <7t (y)<m*(z) wb(y)<m’(z)
= > = D
wt(y)<m* (M) wb(z)2mb(A)
In the same way we get that for 7°(z) > 7°(A) we have h, = — Db (y)<nv(A) Ty
We conclude that ||||0% = Area(X) # 0, ant the lemma is proved. O

Lemma 5.2.5 implies that we can write

(5.14) s (0) = (a(8) — a4 (0)/(2%)
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Putting together equations (5.13) and (5.14) we get that for any y, z € A such that
mt(x), 7 (y) > 1 there exists real constants C,, and D, , (depending on m,\, )
such that for any n € N we have

(5.15) T3ty (0) — @, (0)] = [|Cuy + (n + Day)ar(6)]-

We apply theorem 1.4.2 with the two fixed constants C, , and D, , and we get that
for almost any « € [0,1) there are infinitely many solutions n € N of

[Cay + (0 + Dy )| < p(n).

Now we recall that in lemma 5.1.1 we proved that for any data (m, A, 7) the function
0 — s(x,x)(0) is C* and invertible on I. Together with equation (5.14) this implies
that the function I — [0,1);60 — «(f) is C*° and invertible on I, in particular it
preserves sets of zero lebesgue measure. Therefore we get that for any y,xz € A
such that 7¢(x),7%(y) > 1 and for almost any 6 € I there are infinitely many triples
(y, z,n) that are solution of

and proposition is proved. (I

5.2.1. Proof of theorem 1.4.1. Let X € H(0,..0). We want to prove a
statement that concerns almost any Y € SO(2,R)X. For any X the set of marked
tori Y in SO(2,R)X that have horizontal or vertical connections form a countable
subset of SO(2,R)X. It follows that to prove theorem 1.4.1 it is sufficient to prove
that for any X € H(0,..,0) without vertical or horizontal connections there exists
an interval I C R containing 0 such that for almost any 6 in I the statement
holds for the rotated marked torus RyX. Given X without vertical or horizontal
connections we consider the interval I given by lemma 5.2.2 and let € vary in [.

We recall that if Ty = (m,A(0)) is the normalized of Ty = (m, A(f)), then we
have A(6) = |A(0)|A(6). This implies that

. 1
T3y (0) — a5 (6)] = mlﬂ?ﬂﬁj(@ —ug(0)]-
We decompose I into subsets I, with k& € Z such that for any 8 € I, we have
2k=1 < |IA(0)]| < 2*. Let us suppose that Y -, ¢(n) = co. Let us fix any k. Since
to multiply ¢ by a factor 2% does not affect the divergence (or the convergence) of
its series, proposition 5.2 implies that for any v,z such that 7!(x),7%(y) > 1 and
almost any 6 in Ij, there exists a sequence of triples (y,x,n) that are solutions of

|75 1, (60) — i, (0)] < ().

Since the last statement holds for any k € Z, then it holds for almost any 6 € I.
Let us fix y,x such that 7t(x),7(y) > 1 and consider a (generic) 6 € I such that
there exist infinitely many triples (y,x,n) as above. There are two cases:

(1) The family of triples (y,z,n) contains a subsequence (y,z,n;) of triples
reduced for Typ. In this case we keep the subsequence (y, z,n;).

(2) The family of triples (y,z,n) contains just finitely many reduced triples
(possibly 0). In this case we apply corollary 5.1.3 and we get two pairs
(y,v) and (u,z) in A? with *(z), 7t (v), 7%(y), 7%(x) > 1 that correspond
to two infinite families of triples (y,v,1) and (u,z, h) reduced for Ty and
solutions of equation (1.3).
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Without any loss of generality we can now suppose that Area(X) = 1 and therefore
that Area(RpX) =1 for all § € I. (If Area(X) # 1, since the multiplication of ¢
by a constant keep its integral divergent, we can still make the argument work).
We can also suppose that R¢X has uniquely ergodic vertical flow, since this is
true for almost any # € I. Then we apply proposition 3.2.3 and the two cases
above lead to the following two possible situations: in case (1) the configuration
CW*)(RyX) contains infinitely many solutions of equation (1.4), in case (2) the
two configurations C¥*)(RyX) and C(**)(RyX) contain infinitely many solutions
of equation (1.4).

Now we consider all the pairs (y,z) € A2 with 7*(z),7%(y) > 1, we apply the
argument above and we look at all the different configurations C(*>*)(RyX) that
contain infinitely many solutions of equation (1.4) obtained in this way. The worst
case is when for all the pairs x,y we always have case (2) and moreover the letters
1 and v that appear applying corollary 5.1.3 are always the same. In this case
we have exactly 2r — 1 different configurations containing each one infinitely many
solutions of equation (1.4). In all the other cases the different configurations are
always more than 2r — 1. Theorem 1.4.1 is proved.

5.3. Proof of the arithmetic statement.

This paragraph is devoted to the proof of theorem 1.4.2. We recall the state-
ment. We consider equation (1.9), that is

{(n+2)a -y} <p(n)

where ¢ : N — R is a positive sequence such that ny(n) is decreasing monotone
and v = (x,%) is any fixed vector in R?. Then theorem 1.4.2 says:

a: If >0°  p(n) < 400, then for almost every o € Ry there exist finitely
many solutions n € N of equation (1.9).
b: If >°°  ¢(n) = oo then for almost any « equation (1.9) has infinitely
many solutions n € N.
Part a) of the theorem correspond to the easy half of the Borel-Cantelli argu-

ment and we can prove it directly here. Let us fix any pair of integers m and n in
N and let us consider the set

e = fa € [m,m+ 1) {(n +x)a— y} < p(n)}.

We also consider the function f, ,, : [m,m + 1) — [0,1), defined by f m(a) ==
{(n+z)a—y}, which is piecewise linear and has the same slope on all its branches.
The branches of f, ,, are defined on sub-intervals of [m, m + 1), if we exclude the
leftmost and the rightmost of these intervals all the others have the same length
(equal to 1/(n + x)) and restricted to them f, ., is surjective onto [0,1). It follows
than for any € > 0 and any n big enough, for any subinterval I of [0,1) we have

Leb(f, 1, (I)) < (1+ ¢)Leb([).
In particular for any m in N and for any n big enough we have Leb(C™) < (1 +

€)e(n). Since ¢ has convergent series it follows that

Z Leb(C1') < 400

n=1
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and therefore equation (1.9) has just finitely many solutions for almost any « in the
interval [m, m+1). Since the same argument works on any other interval [m, m+1)
then part a) of theorem 1.4.2 follows.

Part b) of theorem 1.4.2 is more complicated and its proof takes the remaining
of this section. In the next two paragraphs we recall some classical facts about the
continued fraction algorithm (paragraph 5.3.1, see [K] for more details) and develop
some useful machinery (paragraph 5.3.2, which is a rephrasing of some ideas coming
from [Y2] at pages 105,106.).

5.3.1. About the classical continued fraction. For two vectors v, w € Rf_
we write

v < w if det(v,w) >0 and v < w if det(v,w) >0

where (v,w) denotes the matrix with v as first column vector and w as second
column vector. Let us define 7_s := (1,0) € N? and r_; := (0,1) € N?. For any
a € Ry we define a vector 79 = ro(a) € N? by

ro(a) :=ag(a)r_1 +r_o

where ag(a) € Nis such that agr_1+7_2 < (1,a) < (ag+1)r_1+7r_o. Let us write
the vector ro(a) as ro(a) = (go(a),po()), with go(a),po(e) € N. Letting « vary
in R, we introduce the family of integer vectors Qg := {ro(a);a € R;} C N2 and
the partition Qg := {I(r9);70 € Qo} whose elements are the intervals I(rg) with
constant value for the function a +— ro(a).

Now let us suppose that for any @ > 0 and for all i < n we have defined all
the vectors r;(a) = (gi(a),p;(@)), with ¢;(a),pi(a) € N, the associated families
of integer vectors @; := {r;(a); @ € R} and the partitions Q; := {I(r;);7; € Q;}
whose elements are the intervals I(r;) C Ry with specified value for the function
a +— 1;(a). Then we define by induction

(5.16) rn(a) = ap(a)rp_1(a) + rp—ao(a)
where a,,(«) is the positive integer such that

anTn—1+Tn—2 < (L,a) < (an + D)rp_1 + 7rp—2 if n is even
and

(an+ Drp—1+71p—2<(1,0) R aprn_1 +rn—2if nisodd .
We write 7, (o) = (gn(@), pn()) with g (), pr(e) € N and letting o vary in Ry
we define the family of integer vectors @, := {r,(a);a € Ry} and the partition
Q= {I(rn);rn € Qn} whose elements are the intervals I(r,,) C R with specified

value for the function a +— r,(a). For any n € N we also consider the o-algebra
generated by the partition 9, and we still call it Q,,.

DEFINITION 5.3.1. For any fixed o € R, we say that the vectors r,(a) € N2
defined above are the approximations of oo with respect to the continued fraction
algorithm.

Let us now consider any interval J contained in R, (endpoints included or not)
and define

(5.17) i(J) := min {k € N; Ir = (¢,p) € Qiex—s such that g € J} )
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Let us define J; ;) C I as the maximal subinterval that is measurable with respect
to Qigi(s)- It is easy to show that J; ) is not empty. There are two possibilities:
either J = J;(7) and the endpoints of J are both of the form p/q with (¢,p) €
Q16i(s), or J \ Ji(y) # (). In this second case we define a prober subset of J by
Jitn+1 = J \ Jicyy. If one of the two endpoints of J is of the form p/q with
(¢,p) € Quei(s) then the subset Jj(j)41 consists of just one interval, if not it is a
pair of disjoint intervals.

Let us fix any integer k > i(J) and suppose by induction that for any j with
i(J) < j < k we have defined a decomposition

(5.18) J = Jiny U UJj U Ty,

of J with the following property: Jj sy U ... U J; is the maximal subinterval of J
that is measurable with respect to Q; and for any [ with i(J) < [ < j the subset
J; is an interval or a pair of disjoint intervals and is measurable with respect to 9;
but not for Q;_;. Note that this property implies that the rest J;;1 is empty, an
interval or a pair of intervals according to the fact that both, just one, or none of
the endpoints of J are of the form p/q with (¢,p) € Q;. Then the decomposition of
I in equation (5.18) is defined also for k as follows. If J has both its endpoints of
the form p/q with (q,p) € Qk_1, then J, = ) and we put also Jr, = ) and Jy1 = 0.
In the other case J is a non-empty subset of J, we define Ji as the maximal subset
of J which is measurable with respect to Qi and we put Ji+1 := Tk \ Ji-

LEMMA 5.3.2. Let J C be any interval contained in Ry. For any k > i(J) we
have

(5.19) Leb(Jk1) < (1/2)FH17 1 Leb(J; ).

Moreover if there exists some k € N such that J, = () then J, = 0 and J has
endpoints in Q.

The proof is consequence of very classical results on the continued fraction
algorithm and is left to the reader.

5.3.2. Twisted continued fraction. Let us call G the semidirect product
between SL(2,Z) and Z? defined with the standard action of SL(2,Z) on Z2. The
elements (A,b) € G with A € SL(2,Z) and b € Z? act on GL(2,R) x R? by

(A, v) — (AA, Ab + v).

Starting from the base of Z2? given by A := {r_5 = (1,0);7_; = (0,1)}, the column
vectors of the matrix AA, written as r = (g,p), give rise to the approximations
p/q for a described in paragraph 5.3.1. For any fixed v € R? the vectors {s =
AAb +v; A € SL(2,Z),b € Z?}, written as s = (¢ + x,p + y), with p,q € Z and
q+x,p+y >0 and where v = (z,y), give rise to approximations for a of the form
gi—i’. The classical continued fraction gives for any « a sequence of good rational
approximations py, /¢,. Here we want to do the same: for any « we define a sequence
of good approximations s, chosen in the set of points ZJ%.

Let us fix any v € R?. For any ro € Qo let us put r{ := ro + 7_; and define
A(rp) as the fundamental domain in C spanned by the base of Z? given by {ro,7}}.
In general for any k € N let us introduce the notation r}, := ry 4+ ry_1, Let us write

). as r, = (q),, p),) with ¢, pj, € N and then define the fundamental domain A(ry)
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spanned by the pair of vectors (ry, ). For k € N and i, € Q, let also define v(ry)
as the element of minimal length between the vectors w € {v + Z2} that satisfy

(5.20) det(rg, w), det(w, ry,) > 1.
Observe that with this definition we have
(5.21) R(v(rr)) < 2(qr + qb)-

Let us fix @ > 0. We observe that for k even the k-th approximant ri(a) =
(gr(a), pr(c)) satisfies 7, = (1,) < 7. For any n € N we first consider the 16(n —
1)-th approximation rig(,—1)() € Q16(n—1) of a with respect to the continued
fraction algorithm. Then we define the n-th twisted approzimation s,(«) according
to the following two cases:

o If rigpn-1)(a) < (1,a) < v(rigm-1)(a)) we define
vn(a) = min{v € N;v(r15(,-1)) + vrign-1) = (1,)}.
Observe that in this case we always have v, () > 1. Then we define
(5.22) 5n = V(r16(n-1)) + VnT16(n—1)-
o If v(rign-1)(a)) = (1, @) < 74,1 () we define

vn(a) i= max{v € N;v(rig(n_1)) + vrigm_1) < (1, )}
In this case we may also have v, («a) = 0. Then we define
(5.23) $n 1= V("16(n—1)) + VaT16(n_1)-

For any n € N we write s,(a) = (kn(a) + , jn(@) + y) with k, (@), jn(a) € Z.
Observe that we always have s,(«) < (1,«). Letting a vary in Ry we define the
family of vectors

P, = {s,(a); a € Ry} C (Z* +v) NRE

and the partition P,, := {I(s,); s € P,} whose elements are the intervals I(s,) C
R, with specified value for the function « — s, («). We also consider the o-algebra
generated by the partition P,, and we still call it P,,. We observe that for any n € N
the o-algebra P, is a refinement of Q16(,—1)-

DEFINITION 5.3.3. For any fixed & € R, we say that the vectors s,(a) €
(Z? + v) NR%. defined by equation (5.22) or (5.23) are the twisted approzimations
of o with respect to v + Z2.

LEMMA 5.3.4. For any a > 0 Let us consider the sequences of the approzima-
tions r,, (defined by equation (5.16)) and the twisted ones s, (defined by equations
(5.22) or (5.23)). Then we have

(5.24) kn 4+ < qren—s-
Proof: We first suppose that we are in the case 716(,—1) () = (1, ) < v(r16(n-1)())-
In this case we have
kn +2 < 2q16n-15 + 3q16(n-1)) < Q16n—13 + q16n—14 < q16n—8-
On the other hand, if we are in the case v(rig(,—1)(@)) = (1,a) < 7",16(7171)(0‘)7 we
have
kn +x < 2qi6n—14 + 2qsn—13 < 2q16n—12 < q16n-s-

The lemma is proved. ([
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If s,(a) is defined according to equation (5.22), that is we are in the case
T16(n—1) (@) = (1, @) < v(ri6(n—1)(@)), then we define
Sy, 1= Sp — T16(n—1)
If s, () is defined according to equation (5.23), that is we are in the case v(r16(,—1)(@)) =
(1, @) < 7g(n_1)(c), then we define
S 1= Sn + Tl6(n—1)-
Let us write s/, = (kl, + x,j,, + y), with k/,, j/, € Z. Observe that by definition we
have s,(a) < (1,a) < s, (a). If s,(a) is defined by equation (5.22) we have
det(sn, s;,) = det(r16(,-1), V(r16(n—1)))
If s, () is defined by equation (5.23) we have
det(sn, s;,) = det(v(ri6(n-1)), 7”16(n—1))
In both cases, recalling that det(rw(n_l),r’lﬁ(n_l)) = 1, equation (5.20) implies
(5.25) 1 < det(sp,s,) < 2.
LEMMA 5.3.5. For any n € N and for any atom 1(s,,) of P, we have
(5.26) i(I(spn)) = n.

Proof: First of all we observe that any atom I(s,) of P, is contained in some
atom I(rig(n—1)) of Qi6(n—1), therefore there is no rational pign—1)—a/q16(n—1)—8
contained in I(sy), thus i(J) > n.

Now we prove that i(I(s,)) < n. Let us put k := i(I(s,)) and suppose that
k > n. By definition, there is no rational r16(,—1)—s contained in I(s, ), that means
that I(s,) is a subinterval of some atom of Qyg(,—1)—s. Since k > n, I(s,) is a
subinterval of some atom I(rig,—g) of Qien—s. We have

1

[1(r16n-8)| = ——F—.
q16n—8916n—8
On the other side we have

| det (s, 57,)]

(kp + ) (K, + )’

[L(sn)| =
therefore equation (5.25) implies that

Q16n—8G16n—g| det(sn, s7,)| < (kn + ) (K], + ).

Equation (5.24) in lemma 5.3.4 says that k, + < ¢ign—s, that implies that we
have also k!, + < ¢lg,,_g, therefore the last condition is absurd. The lemma is
proved. ([l

LEMMA 5.3.6. Let J be any interval contained in some atom I(s,) of Pn. Then
(5.27) Leb(J) < (1/2)")""Leb(I(sy)).

Proof: Weput I := I(s,) and k :=i(J). If k = n the lemma is trivially true, thus
we can suppose that k > n. We use the decomposition of I defined by equation
(5.18) until the k-th step:

I=1,U..UIl_1UZ.
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Since i(J) = k then J is contained in some atom I(r1g5—24) of Qigk—24, therefore
either J C I; for some | = n,...,k — 1 or J C Z;. In the second case the lemma
follows immediately from lemma 5.3.2, in the first we just recall that the length of
an atom I(r,) of Q,, is 1/(gnq),) and the uniform estimate g, (a) < 2¢,4+2(c) holds
for any n € N and any « € R, the lemma is therefore proved. O

5.3.3. A sufficient condition. For any fixed v = (z,y) € R? and for almost
every a € R4 we look for a condition on « sufficient to have infinite solutions n € N
of

{(n+z)a—y} <)
For any « > 0 we consider the twisted approximations s, («) with respect to v. Let
us denote & := (1,a) € RZ. Since for any n € N we have by definition s, (a) < &,
then
kn(a)+z 1

gula)+y o | (kn(@) +2)a = jn(a) —y > 0.

det(sn(a), &) = ‘

On the other hand

4] / &

| det (s, (@), sn (@) < 2———
|sn () |sn(a)]
as n — oo, therefore for n big enough we have {(k,(a)+ z)a —y} = det(s,(a), &).
For any n € N and for any fixed s,, € P,, and the associated interval I(s,) € P,, we
define a bijective linear function Y[s,] : I(s,) — [0,1) by the formula

(5.28) Y[s,](a) = de’E(S:i)

n

| det(sn (@), &, )| <

— 0

det(sp, &).

The property of the family of functions {Y[s,]}s,ep, that is sufficient to prove
theorem 1.4.2 is the following:

PROPOSITION 5.3.7. If1) : N — R is a positive sequence such that .\ ¥n =
400 then for almost every o € Ry we have infinite solutions n € N of

(5.29) T[sn()](@) < Y.

Proposition 5.3.7 will be proved in the next (and last) paragraph, here we show
how it implies theorem 1.4.2.

For any n € N and any s, € P, the function Y[s,](a) defined by equation
(5.28) satisfies
det(sp, s))
{(kn(a) + x)a —y} = ﬁT[Sn](Q)
Therefore for any o € Ry in order to have infinite solutions of equation (1.9) it is
sufficient to have infinite solutions n € N of

kn(o) +
Tsn(a)](a) < det(sn (), st ()

1 n

@(kn()).

It is a well known fact (see [K]) that for the standard continued fraction exists a
constant v > 0 such that for almost every o € Ry the denominators ¢, = ¢, ()
satisfy g, < e™ for any n big enough. Since for any o > 0 and any n we have
kn(a) 42 < gsn(a) and k], () + & < gsn () then there exists a positive real number



102 5. DIVERGENT CASE, GENUS ONE

v > 0 such that for any n big enough and for almost every o € Ry we have
kn(a) +z < e™ and ky(a) + 2 < ™. We put

P 1= €ip(e™).

Since by assumption ¢t — t(t) is monotone, recalling that for equation (5.25) in
paragraph 5.3.2 we always have 1 < det(s,, s],) < 2, for almost every @ € Ry and
for n big enough we have

" k(o) +x

" S Jet(sn(a), 5 ()

ren

P(kn()).

It follows that to prove theorem 1.4.2 it is sufficient to prove for almost any oo € R4
there exist infinite solutions n € N of T[s, (a)](a) < 1. It is a simple computation
to see that if ) _\p(n) = oo that also } . _y¥(n) = oo, therefore the sequence
1, satisfy the hypothesis in proposition 5.3.7 and theorem 1.4.2 follows.

5.3.4. The sufficient condition has total measure. In this paragraph we
prove proposition 5.3.7. Let us define

(5.30) Cri={a e Ry Ysa(a)l(@) = ¢n}

and C := U,,enNn>as Cn- Proposition 5.3.7 says that Leb(C) = 0 and in order to
show it it is sufficient to prove that for any M € N we have Leb((),,~,,Cn) = 0.
Thus we fix any M € N and we re-define C := ), >, Cn. To show that C has zero
measure we define a nested family of sets

én D) én+1...

such that C  C,, for any n € N and Leb(C,) — 0 as n — oco.

For any atom I(s,) of P, the function Y[s,] : I(s,) — [0,1) is bijective and
linear, therefore Y[s,]71[0,,,) is a subinterval of I(s,) and we have

(5.31) [1(sn) NCn| = (1 = n)I(s0)]-

Let us recall the index i(J) € N associated by equation (5.17) to any interval J
contained in R;. Lemma 5.3.5 says that i(I(s,)) = n, therefore

(5.32) i(I(52) NCp) > n.

Here we define the sets C,. The first element of the family will be defined for
n = M. We put I M := Cpr. The connected components of ¢ M are the subintervals
of the atoms I(sys) of the o-algebra Py defined by the condition Y[sas](c) > Y.
We observe that equation (5.32) implies that for any connected component J of Car
we have i(J) > M. For n > M the definition of C,, is less simple and is given by
induction.
Let us fix n € N and suppose that for any integer k& < n the sets Cy, are defined.
We also assume by induction that for any k& € {1,..,n — 1} and for any connected
component J of C, we have i(J) > k. Now we complete the inductive step. Let us
consider a connected component J of Coi. By your inductive hypothesis there are
two cases.
e if i(J) > n—1 then we put JNC, := J, that is the interval pass unchanged
to step n of the iterative construction. We observe that in this case we
trivially have i(J) > n.
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e if i(J) = n — 1 we decompose it as J = J,—1 U J, according to equa-
tion (5.18). The subinterval J,,_; is Qg(,_1)-measurable, therefore P,-
measurable and we put J,_1 ﬂén = J,_1NC,. We observe that equation
(5.32) implies that if J’ is any connected component in this intersection
we have i(J') > n. The other part remains unchanged, that is we put
Tn N én :=7,. As we have seen in the discussion of the decomposition in
equation (5.17), the rest Z,, is empty or consists of one or two intervals. If
J' is a connected component of Z,, it cannot contain any atom of Qg(,_1),
therefore i(J') > n.

The inductive step is complete, therefore the sets C,, are defined for all n € N and
they have the property that if J is a connected component of én, than we have
i(J) > n.

For any n € N and any M < k < n let us define

Dpe=  max {(7/8)" 550 TT(1 - wi/2)).

AC{k+1,..n} ica
For any n > M we also set I']) := 1.

ALEMMA 5.3.8. For anyn € N, any 0 < k <n and any connected component J
of Ci, with i(J) = k we have
(5.33) Leb(J NC,) < I'Leb(J).
Proof: During all the proof of this lemma, for any interval J we will use the no-
tation |J| := Leb(J). We first show that if the interval J is a connected component
of C,,—1 with i(J) = n — 1 then

[T Cal < (1= /2)| ).

To see this we consider the decomposition J = J,,_1 UJ, defined in equation (5.18)
and we recall that JNC, = (Jn—1NCn)U Ty, this is possible since J, 1 is Qg(n—1)-

measurable and therefore P,-measurable. Equation (5.31) implies |J,—1 N C,| =
(1 — )| Jn—1| and thus

) iy TIn
|Jﬁcn| - (1 _wn)l']n—1| + |\77L‘ = ((1 _1/)n)| |J1| —+ ||J|> ‘J|

1 Tl _
_(1 a-% m)ugu bn/2)1J],

where the last inequality follows from lemma 5.3.2. For any fixed n € N the proof
of the lemma is by descending induction on k. The argument above proves the first
step of the induction, that corresponds to k =n — 1.

Now, for any fixed n, we suppose by induction hypothesis that the lemma is
proved for any j € {k,..,n — 1} and we consider a connected component J of Cr1
with i(J) = k—1. We decompose J as J = J;_1 U J} according to equation (5.18).
We have that Ji_1 is Qg(x—1)-measurable and therefore Py-measurable, thus

1T N Cnl = (TN Ck) NCr| = [(Ji—1 NCi) NCr| + | Tie N Cal

Our aim is to show that |J N C,| < I'?_,|J|, in order to do that we have to take
account of the two summands in the last equation. We first consider the second
one. Let us write J = Jj U J}, where Jj and j} are the connected components of
Ji- We observe that, as a consequence of lemma 5.3.2, for both € = 1,2, either J! is
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empty, or it musts satisfy i(J/) = k. In the second case we can apply the inductive
hypothesis to J! and we get |J.NC,| <T7|J/|. In the first case this last inequality
keeps trivially true. Summing over € = 1,2 we have
(5.34) | Tk N Ca| < TR|Til.

Here we pass to the first summand. The connected components of Cj, belonging to
Jp—1NCy are the intervals J’ that arise from the intersection of an atom of P, with
Ci. For these intervals the index { = i(J’) defined by equation (5.17) may take all
the values from k to co. For any such value [ we define the set Py ;(Ji—1) of those
sk € Py such that, if I(sy) is the associated atom of Py, then J'(si) := I(sx) N Ck
has index i(J'(s)) = . We have

Je_1NC = U U J,(Sk)

=k 53 €Pr,i(Jp—1)
We separate 3 cases.
o If | = k. For any si € Py r(Jk—1) equation (5.31) says that

[T (s)] = (1 = bw) I (sx)]-

Moreover since J'(sy) is a connected component of Cj, with i(.J’(s)) = k
the inductive hypothesis of the lemma implies that

|7 (s%) N Co| < TR (s8)]
which together with the first inequality gives us
[1(s1) N Cal < (1= 1) T[T (s8)].
e e {k+1,..,n—1}. As a consequence of the iterative construction of the
sets Cp, for any s, € P (Jx—1) the interval J'(si) keeps untouched until

the step [ + 1, that is it is a connected component of C; with i(J(fr)) =1
The inductive hypothesis implies

T (s1) N Col TP (s1)].

On the other hand, since J'(sy) is contained in some atom I(sy) of P,
lemma 5.3.6 implies

|7 (s1)] < (1/2)'7F [T (sp)] < (3/4)' DI (sy)],
where the last inequality holds since [ > k. Therefore we have
[1(s1,) N Co| < (3/4)' 7 F7DTF|I(sy,)]

e If [ > n. The iterative construction of én says that for any sy € D (Jx—1)
the interval J'(sj) pass untouched the n-th step, that is J'(sj) is a con-
nected component of C,,. Lemma 5.3.6 gives

[1(si) N Col = 1/ (fi)] < (1/2)'7F|T(s0)] < (3/4)" D [L(s)-
Summing the components arising from the tree cases above we get
| Ji—1 N Cp| < max ((1 — )Tk, max {(3/4)1_(k_1)F?}) | Jk—1]-
<l<n
We observe that

o (1= 00T, o ((3/0) -4y} ) <
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max{(1 — ), 3/4} max ( T maxn{(3/4)lkF?}>

k<I<

=max{(1 — ¢r), (1 —1/4)}T% = (1 — min{e)y, 1/4}) T},
where the second to last equality follows from the definition of I'}. Therefore we
get
(5.35) | Jk—1 N Cp| < (1 — min{pr, 1/4}) T2 |Jp_1].
Summing (5.34) and (5.35) we get

|70 Co| < (1 — min{ehy, 1/4}) TR|J—1| + TR | Tl

= ((1 — min{dy, 1/4}) (1 —~ {;7) + f}]) k]

= (1= (1= ) mingor 1y ) vy

Since by hypothesis i(J) = k, lemma 5.3.2 implies that | x| < |J|/2, therefore we
have

[Tl . .
1— ( — |J’€> min{ty,, 1/4} < 1— (1 —1/2) min{ty,, 1/4}

=1 —min{ey/2,1/8} = max{(1 —x/2),7/8}.
It follows that

|70 Cp| < max{(1—4y/2),7/8}TR|J| = T} |J]|
by definition of I'}_;. The lemma is proved. O

Now letA us consider any connected component J of ¢ M- The inductive definition
of the sets C,, implies that J is a connected component of C, up to k = i(J). Lemma
5.3.8 implies that for any n > i(J) we have
Leb(J N Cy) < T ;yLeb(J).
It is easy to see that ) 4 (n) = oo implies that
lim II;_, (1 — (k) =0,

and this last condition implies that for any fixed k£ € N we have lim, . I'} = 0.
It follows that for any connected component .J of Cy; we have Leb(J N én) — 0
as n — oo. Therefore p(J NC) = 0 for any J and we deduce that u(C) = 0.
Proposition 5.3.7 is proved.
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