GL^+_2 (R)-ORBIT CLOSURES VIA TOPOLOGICAL SPLITTINGS

PASCAL HUBERT, ERWAN LANNEAU, MARTIN MÖLLER

Contents

Introduction 1 1. Ratner’s theorem and the special case of SL_2(R)^n 4 2. Translation surfaces and GL^+_2 (R)-action 5 3. Ingredients of the proof: Topological splittings, Ratner’s theorem and change of direction 10 4. Genus two: McMullen’s complete classification 13 5. Genus three: The locus L = (H(2, 2)^{odd})^{hyp} and a similar case 17 6. General case: limits of the strategy 20 7. Open questions 22 References 23

Introduction

For an arbitrary dynamical system, it is very hard in general to give informations on the behavior of a particular orbit. Nevertheless the situation for unipotent flows in homogeneous spaces is very well-understood. Ratner proved the striking result that the closure of any orbit of any group generated by unipotent elements acting on a homogenous space is also a nice homogeneous space.

While for example the unit cotangent bundle to the moduli space of Abelian varieties A_g is a homogeneous space, the unit cotangent bundle to the moduli space of curves M_g is not. But there is an action of GL^+_2 (R) on the cotangent bundle which is natural from the point of view e.g. of translation surfaces and billiards. The cotangent bundle of M_g contains the bundle of holomorphic oneforms over M_g (i.e. the Hodge bundle). This bundle is preserved by the action of GL^+_2 (R) and most phenomena of the GL^+_2 (R)-dynamics are already present for

Date: November 28, 2008.

2000 Mathematics Subject Classification. Primary: 32G15. Secondary: 30F30, 57R30, 37D40. Key words and phrases. Abelian differential, Veech group, Pseudo-Anosov diffeomorphism, Teichmüller disc, orbit closures. 1

2 PASCAL HUBERT, ERWAN LANNEAU, MARTIN MÖLLER

the action on the Hodge bundle. Points of this bundle will in the sequel be called translation surfaces. See Section 2 for an introduction to this terminology.

There is a strong hope to believe that the Hodge bundle behaves, with respect to the GL^+_2 (R)-action, as if it was a homogeneous space. More precisely, the main conjecture is that the closure of any GL^+_2 (R)-orbit is an algebraic suborbifold. In this case, as remarked by Kontsevich, the orbit closure admits a structure of an affine manifold, and this extra structure may then be used to classify these orbits closures.

This conjecture has been recently proven for genus g = 2 by McMullen ([Mc3]). One of his main techniques, splittings of translation surfaces, extends to higher genera only in special strata and only with considerable more combinatorial effort ( [HLM06, HLM07]). The purpose of this survey is to explain the splitting results, how they combine with Ratner’s theorem to McMullen’s proof, how they generalize to higher genera and what the limits of this strategy are. For this purpose, we recall some aspects of flat surfaces. There are other surveys on this subject with different focus, for example [Es06], [Fo06], [HS06], [Ma86], [MaTa02], [Mö07], [Vi07], [Yo06], [Zo06].

Translation surfaces whose GL^+_2 (R)-orbit is closed are called Veech surfaces. There is a remarkable link between properties of GL^+_2 (R)-orbits and dynamical properties of the translation surface ([Ve89]). We now explain this to provide the context and terminology for the two main results stated at the end of this introduction. The precise definitions of the objects will be given with more details in the next sections of this survey. We only present here what is really needed to state the results and put things in perspective.

The stabilizer of the GL^+_2 (R)-orbit of a translation surface is a Fuchsian group called the Veech group. A translation surface is a Veech surface if and only if the Veech group is a lattice in SL_2(R) ([Ve89, Ve92, SW08]). A translation surface has optimal dynamical properties, or satisfies the Veech dichotomy, if and only if the flow is either uniquely ergodic or completely periodic depending only on the direction. Veech surfaces satisfy Veech dichotomy, but the converse is true only in genus two ([MaCh07],[SW06]).

It is quite difficult to construct Veech surfaces but even for candidates with relatively large stabilizer of the GL^+_2 (R)-orbit it is easy to falsify the property of being a Veech surface. It suffices to search for a direction for which neither of the two cases of the Veech dichotomy hold. In this case, we will say that a surface is not a Veech surface for the most obvious reason (see Section 2).

We will see below that large Veech groups have some impact on the GL^+_2 (R)- orbit closure in genus 2. For this purpose we classify elements in Veech groups. It is an easy observation that for a typical surface, the Veech group is trivial and

GL^+_2 (R)-ORBIT CLOSURES VIA TOPOLOGICAL SPLITTINGS 3

translation surfaces with one parabolic element are abundant (see e.g. [Mö07]). Hyperbolic elements, however, correspond to pseudo-Anosov diffeomorphisms and to construct translation surfaces with a pseudo-Anosov diffeomorphism in the Veech group is not completely obvious (see [Ve82] for a very general construction). The existence of a pseudo-Anosov diffeomorphism forces many constraints on the translation surface: for instance, up to normalization, the (flat) parameters defining it belong to a number field. There are nowadays several methods to produce pseudo-Anosov diffeomorphisms. We mention explicitely the Thurston- Veech construction [Th88], since the pseudo-Anosovs that arise in this way are the product of two parabolic elements (or two multi-twists). Consequently, the Veech groups of translation surfaces arising from the Thurston-Veech construction are ’pretty large’ (there are non elementary Fuchsian groups).

To compare genus two and three we finally need a way to tell which translation surfaces do not arise via covering constructions from lower genus or more generally exhibit lower genus behaviour. This is done by the trace field the Veech group; this is the number field generated by the traces of all elements of the Veech group. Thurston [Th88] proved that for translation surfaces the degree of the trace field over Q is at most g. Moreover, to determine the trace field of the Veech group, it suffices to know the trace of any single pseudo-Anosov diffeomorphism ([KS00], see also [Mc1, Mc2]).

With this terminology at hand, our aim is to illustrate the common strategy behind the proof of the following two theorems on GL^+_2 (R)-orbit closures.

Theorem 0.1 (McMullen, [Mc3]). Let (X, ω) be a translation surface of genus two, obtained by the Thurston–Veech construction. Then its GL^+_2 (R)-orbit closure projects to a Teichmüller curve in M_2 or to the locus of Riemann surfaces, whose Jacobian has real multiplication. In particular, the GL^+_2 (R)-orbit of such a surface is never dense in the Hodge bundle.

This sharply contrasts to the behavior of pseudo-Anosovs and orbit closures in genus three.

Theorem 0.2 ([HLM06]). Let (X, ω) be a translation surface of genus three obtained by the Thurston–Veech construction with cubic trace field. Suppose that X is hyperelliptic and ω has two double zeros, fixed by the hyperelliptic involution. If (X, ω) is not a Veech surface for the most obvious reason, then the GL^+_2 (R)-orbit closure is the hyperelliptic locus in the corresponding stratum.

In particular, there are infinitely many translation surfaces in genus three with a nontrivial Veech group, whose GL^+_2 (R)-orbit is dense in the hyperelliptic locus in its stratum.

The formulation of these results chosen to make the similarities and differences for the two genera apparent. We emphasize though, that McMullen’s classification

4 PASCAL HUBERT, ERWAN LANNEAU, MARTIN MÖLLER

goes far beyond this statement. We explain in Section 4 the full statement and the main ingredient, a topological miracle for translation surfaces in genus two. Remark 0.2.1. The reader may wonder why we impose the topological restrictions in the second sentence of Theorem 0.2. First, these restrictions are very natural when analysing the problem ’low genera first’. In fact, as stated at the beginning, we can address the same orbit closure question for half-translation surfaces i.e. for pairs (X, q) of a Riemann surface and a quadratic differential, i.e. for points in the cotangent bundle to M_g. We will explain in Section 2 that there is a GL^+_2 (R)- equivariant isomorphism between the generic stratum of the cotangent bundle to M_2 and the surfaces considered in Theorem 0.2. Second, the behavior may be very different in other loci as explained in Section 6.

1. Ratner’s theorem and the special case of SL_2(R)^n

In this section, we recall a classification result on the closure of unipotent orbits in quotients of Lie groups by lattices. The result due to M. Ratner and appeared in a series of papers [Ra90], [Ra90bis], [Ra91], [Ra91bis]. We only state the topological result. One can see [Mo05] for an introduction to the subject and [MaTo94] for an alternative proof.

We recall that a square matrix A is unipotent if A − I is a nilpotent element. More generally, we say that an element g of a Lie group G is unipotent if its adjoint action x → gxg^{−1} on the Lie algebra is unipotent.

Theorem 1.1. (Ratner’s orbit closure theorem). Let G be any finite-dimensional Lie group, Γ any lattice in G, X = G/Γ the corresponding homogeneous space of finite volume. Let U be a connected sub-(Lie)-group of G generated by unipotent elements. Then the closure of the U-orbit Ux is itself a homogeneous space of finite volume; in particular, there exists a closed subgroup U ≤ H ≤ G such that Ux = Hx. Moreover, (xΓx^{−1}) ∩ H is a lattice in H.

Generalizations were proved by different authors. Shah gives a version of Ratner’s theorem for cyclic unipotent groups (see [Sh98]).

We recall that SL_2(R)/SL_2(Z) is the space of unimodular lattices in R^2. Denote by N the unipotent subgroup of SL_2(R): N = � u_s = � 1 s 0 1 � , s ∈ R � . u_s is known as the horocycle flow. In this survey, we will only need Ratner’s theorem for a very special case. We are interested in the behavior of the diagonal action of the one parameter unipotent group N on G � SL_2(R)^k × N^n for (n, k) integers and

Γ = SL_2(Z)^k × N(Z)^n, where N(Z) = � 1 z 0 1 � , z ∈ Z. � .

GL^+_2 (R)-ORBIT CLOSURES VIA TOPOLOGICAL SPLITTINGS 5

There are not that many candidates for the group H. They are listed for k = 1, 2 and n = 0 in the following lemma. Given s ∈ R, we form the twisted diagonal

SL_2(R)_s = {(g, u_s gu^{−1}_s ) : g ∈ SL_2(R)} ⊂ SL_2(R) × SL_2(R).

Lemma 1.2. If k = 1, n = 0, the N-orbit closures in X = G/Γ have the form X = Hx, where H = N or H = G.

If k = 2, n = 0, the N-orbit closures in X = G/Γ have the form X = Hx, where H = N (diagonally embedded), SL_2(R)_s, N × N, N × SL_2(R), SL_2(R) × N or G.

The main point of the proof in [Mc3] Theorem 2.4 is that groups like upper triangular matrices for k = 1 cannot occur, since they do not intersect Γ in a lattice.

We mainly want criteria ensuring that the orbit closure is very big. The following theorem gives them for the small cases we will discuss in the following sections. Similar statements could be made for larger (k, n) but the number of conditions to be imposed grows with k + n.

Theorem 1.3. Suppose G � SL_2(R)^k × N^n and that x = (Λ_i, i = 1, . . . , k + n) ∈ G/Γ has the following properties:

i) If k = 1 and n = 1, suppose that there does not exist a horizontal vector in Λ_1. ii) If k = 2 and n = 0, suppose that neither Λ_1 nor Λ_2 contain a horizontal vector and there does not exist u_s ∈ N such that u_s(Λ_1) is commensurable to Λ_2.

iii) If k = 2 and n = 1, suppose that (Λ_1, Λ_2) satisfies the hypothesis of ii).

Then Nx = Gx.

Proof. The first claim is a classical result, in fact the converse also holds. The second claim follows from the second part of Lemma 1.2. The hypothesis of iii) implies that the projection pr_{12}(H) equals SL_2(R)^2. Since H also contains the diagonal embedding of N, a quick calculation of the Lie algebra ([HLM06] Lemma 5.2) implies that H = G. □

2. Translation surfaces and GL^+_2 (R)-action

In this section, we briefly introduce the basic notions of Teichmüller dynamics. For more on translation surfaces, see the introductory texts [Es06], [Fo06], [HS06], [Ma86], [MaTa02], [Vi07], [Yo06], [Zo06].

Translation surfaces. A surface of genus g ≥ 1 is called a translation surface, if it can be obtained by edge-to-edge gluing of polygons in the plane using translations only. Examples are given in Figure 1 below. The glueing of the vertical sides is as indicated by the numbers, the glueing of the almost horizontal sides is by the unique way this can be achieved via translations.

6 PASCAL HUBERT, ERWAN LANNEAU, MARTIN MÖLLER

There is a one to one correspondence between compact translation surfaces and compact Riemann surfaces equipped with a non-zero holomorphic 1–form. Let (X,ω) be a Riemann surface X with a holomorphic 1-form ω. Locally (i.e., in each coordinate patch) ω = f (w)dw. Given a point p_0 ∈ X, we define new coordinates by the map z(p) =

�_p

p_0 ω. In these coordinates, ω = dz locally. If we change base

points in some small patch, then our coordinates change by a translation:

c :=

�_p

p_0 ω − �_p

p_1 ω = �_{p1}

p_0 ω. Since c does not depend on p, our transition maps are of the form z → z + c. Thus the pair (X, ω) gives a structure which is called a translation structure. The translation structure induces a flat metric with conical singularities. Conversely, a translation structure on a compact orientable surface minus a finite set defines a holomorphic 1-form on X, if the area (for the flat metric) is finite. Thus in the sequel, we will write (X, ω) for a translation surface where X is the underlying Riemann surface and ω the 1–form.

At a zero of ω of multiplicity k, the total angle is 2(k + 1)π. The zeros are the singularities of the flat metric. The total number of zeros (counting multiplicity) of the Abelian differential ω is 2g−2, where g is the genus of the surface X. The n-uple of the orders of the zeros κ = (k_1, . . . , k_n) is called the signature of the translation surface.

If one allows glueings of the sides of the polygons by a translation composed with −id, we obtain the notion of half-translation surface. A half-translation surface corresponds uniquely to a Riemann surfaces plus non-zero quadratic differential. Half-translation surfaces behave quite similarly to translation surfaces and will appear only in a few places, in the sequel, mainly for comparison.

Moduli spaces. Let M_g be the moduli space of curves. The set of translation surfaces is parametrized by the bundle of holomorphic one-forms (the Hodge bundle) over M_g minus the zero section. This space is naturally stratified by the signature of the one-form.

Fixing a signature κ, we call the associated subset of translation surfaces a stratum H(κ). More precisely, the stratum H(κ) is obtained as the quotient of the set of translation surfaces with a given signature by the action of the diffeomorphisms (diffeomorphisms act by precomposition). Such a moduli space possesses a complex structure given by the period coordinates: given a basis of the relative homology (a symplectic basis of the absolute homology and cycles joining a zero to the other ones), one gets complex coordinates by integrating ω along this basis. The complex dimension of the orbifold H(κ) is 2g + n − 1, where g is the genus and n the number of zeros. The period coordinates also define a Liouville measure

GL^+_2 (R)-ORBIT CLOSURES VIA TOPOLOGICAL SPLITTINGS 7

ν, the Lebesgue measure in the period coordinates normalized so that the lattice (Z + iZ)^{2g+n−1} ⊂ C^{2g+n−1} has area 1. This measure is globally well defined because the Jacobian of every transition function is equal to 1.

Half-translation surfaces similarly are parametrized by a vector bundle over M_g minus the zero section. It is also stratified according to the signature and we denote its strata by Q(κ).

GL^+_2 (R)-action. The group GL^+_2 (R) acts on the set of translation surfaces by its natural action on planar polygons. In the charts of the translation structure, it acts by postcomposition. The subgroup SL_2(R) preserves the area of a translation surface. The following one-parameter subgroups will play an important role in the sequel: the horocycle flow introduced in the previous section, the geodesic flow generated by the action of � g_t = � e^t 0 0 e^{−t} � , t ∈ R � , and the rotational flow generated by the action of � R_θ = � cos(θ) − sin(θ) sin(θ) cos(θ) � , s ∈ R � . We denote by H^{(1)}(κ) the translation surfaces of H(κ) of area 1. The measure ν on H(κ) induces a smooth measure ν^{(1)} on H^{(1)}(κ) defined in the following way. If E is a measurable subset of H^{(1)}(κ) then we define

ν^{(1)}(E) = ν ({λ(X, ω); (X, ω) ∈ E and 0 < λ ≤ 1}) .

By construction, the measure ν^{(1)} is SL_2(R) invariant. We now have all the material to state the following an important result.

Theorem 2.1 (Masur [Ma82], Veech [Ve82, Ve86]). The ν^{(1)}-volume of the stratum H^{(1)}(κ) is finite. Moreover, the geodesic flow acts ergodically on each of the connected components of H^{(1)}(κ).

The connected components were classified by Kontsevich and Zorich ([KZ03]). They found two invariants that are complete if the genus is at least 4. One of them is hyperellipticity, the other one is a parity of a spin structure, that plays no role in the sequel. The hyperelliptic locus of a stratum is the set of translation surfaces (X, ω) that have an holomorphic involution i such that X/i � P^1 A hyperelliptic locus is closed and GL_2(R) invariant. Hyperelliptic connected components are components of strata consisting of hyperelliptic surfaces. They only exist in the strata H(2g) and H(g − 1, g − 1).

The Masur-Veech theorem implies that almost every GL^+_2 (R)-orbit is dense in the connected component containing this orbit. This results does not say anything for

8 PASCAL HUBERT, ERWAN LANNEAU, MARTIN MÖLLER

a specific orbit closure. Kontsevich conjectures that an avatar of Ratner’s theorem holds in this non homogeneous situation. The hope is that every GL^+_2 (R)-orbit closure is a linear orbifold in period coordinates. This is the main conjecture in Teichmüller dynamics. McMullen solved this question in genus 2 (see [Mc3]) as we will explain in the sequel. In this survey, we give a general method to compute orbit closures in some strata. For a list of candidates of orbit closures under the assumption that Kontsevich’s linearity conjecture holds, see [Mö08].

Veech groups and Veech surfaces, closed GL^+_2 (R) orbits. We denote the stabilizer of SO_2(R)·(X, ω) under the action of GL^+_2 (R) by SL(X, ω). It is called the Veech group of (X, ω). This is a discrete subgroup of SL_2(R).

A more intrinsic definition of the Veech group is as follows. An affine diffeomorphism is an orientation preserving homeomorphism of X that permutes the singularities of the flat metric and acts affinely on the polygons defining X. The group of affine diffeomorphisms is denoted by Aff(X, ω). For a translation surface (X, ω), the image of the derivation d : � Aff(X, ω) → SL_2(R) f → d f

is the Veech group SL(X, ω). The kernel of d is finite (if the genus g > 1) because the group of holomorphic automorphisms of a compact Riemann surface of genus g > 1 is finite by Hurwitz’ theorem. The Veech group of a generic surface is trivial. However, Veech groups can be complicated objects (see [HS06], [Mc2] for instance). Closed GL^+_2 (R)-orbits can be characterized in terms of Veech groups.

Theorem 2.2 (Smillie). The GL^+_2 (R) orbit of (X, ω) is closed if and only if SL(X, ω) is a lattice in SL_2(R).

A proof of Smillie’s result can be found in [MW02]. See also the paper of Veech [Ve92] for hyperelliptic surfaces. If SL(X, ω) is a lattice then (X, ω) is called a Veech surface because the lattice condition was introduced in [Ve89]. The classification of Veech surfaces is a difficult problem solved by McMullen in genus two ([Mc4, Mc5, Mc6], see also [Ca04] and [Mö06]).

Flat geometry. Since the gluings are performed by translations, the linear flow in any given direction are well defined on a translation surface. We will denote by F_θ the linear flow of slope (direction) θ. A saddle connection is a geodesic segment for the flat metric starting and ending at a zero, not containing any zero in its interior. A cylinder on (X, ω) is a maximal connected set of homotopic simple closed geodesics. If the genus of X is greater than one then every cylinder is bounded by saddle connections. A cylinder is simple if every boundary consists

GL^+_2 (R)-ORBIT CLOSURES VIA TOPOLOGICAL SPLITTINGS 9

of only one saddle connection. A cylinder has a width (or circumference) c and a height h. The modulus of a cylinder is μ = h/c.

A direction θ on a translation surface is called periodic, if the translation surface is the union of the closures of cylinders in this direction. θ is parabolic, if moreover the moduli of all the cylinders are commensurable. The Veech dichotomy states that for Veech surface, each direction θ is either uniquely ergodic or parabolic.

Definition 2.3. We will say that a translation surface is not Veech for the most obvious reason, if there exists a direction θ that is completely periodic but not parabolic.

A splitting of a translation surface (X, ω) is a ’partition’ of X into translation surfaces of lower genus with boundary, such that (X, ω) can be restored by glueing together the boundary components and such that all the boundaries are geodesic segments in one fixed direction θ. In the sequel, we will only consider splittings of translation surfaces into two kinds of pieces: tori and cylinders. A (splitting) cylinder is a cylinder of the translation surface such that the boundary segments of the splitting are closed loops homotopic to the core curve of the cylinder. A (splitting) torus is a splitting piece, isomorphic to a flat torus with a slit which is isomorphic to an interval, not to a loop. Such a torus may or may not be swept out by closed geodesics. In the latter case, it is of course a (metric) cylinder of the surface. This is a source of confusion, but the reader may keep in mind that our emphasis when distinguishing tori and cylinders is on the topology of the boundary segments.

The Thurston–Veech construction The derivative d of an affine diffeomorphism is a hyperbolic matrix if and only if the diffeomorphism is a pseudo-Anosov diffeomorphism. In our setting, we have good charts for the pseudo-Anosov diffeomor-

phism. Up to conjugacy, the matrix is � λ 0 0 λ^{−1} � with λ > 1, the diffeomorphism

expands the horizontal foliation by a factor λ and contracts the vertical foliation by λ^{−1}. We recall a construction due to Thurston and Veech that produces a lot of pseudo-Anosov diffeomorphisms. An affine diffeomorphism is parabolic if the absolute value of the trace of its derivative is equal to 2. There is a canonical way to construct parabolic elements in the affine group.

Lemma 2.4. If (X, ω) has a decomposition (splitting) into metric cylinders for the horizontal direction, with commensurable moduli, then the Veech group SL(X, ω) contains

D f = � 1 c 0 1 �

where c is the least common multiple of the moduli.

10 PASCAL HUBERT, ERWAN LANNEAU, MARTIN MÖLLER

Assume that we have 2 parabolic elements in transverse directions, then the group generated by these elements contains infinitely many pseudo-Anosov diffeomorphisms ([Th88], [Ve89]). In fact, the Thurston–Veech construction goes the other way around ([Th88]). Given two multicurves on a topological surface, from topological data (the intersection numbers of the curves), Thurston defines the flat metric (a quadratic differential) possessing parabolic elements in the horizontal and vertical directions.

3. Ingredients of the proof: Topological splittings, Ratner’s theorem and change of direction

A first observation is that SL_2(R) contains a lot of unipotent subgroups. Given a suitable topological splitting of a translation surfaces in some direction, we may use the unipotent subgroup in this direction and apply Ratner’s theorem. In this way, given some irrationality hypothesis the orbit closure can be shown to be pretty large. We start with the precise definition of a suitable splitting.

Definition 3.1. A configuration on a translation surface (X, ω) is a collection β_1, . . . , β_k of homologous saddle connections. A unipotent-admissible configuration is a configuration, such that the complement X \ {∪^k_{i=1}β_i} is a union of cylinders C_i and tori (with a slit) T_j.

Let L be a connected component of a stratum or the hyperelliptic locus inside such a connected component. We are heading for an abstract proposition that encodes the strategy to show that the closure of GL^+_2 (R) · (X, ω) equals all of L. Usually one application of Ratner’s theorem is not enough. We specify the notions that we need in order to apply the argument sketched above in several directions.

Definition 3.2. A direction v on a translation surface (X, ω) is called resplittingadmissible direction if X decomposes in the direction v completely into cylinders and if all but one of these cylinders are simple.

A translation surface (X, ω) with a unipotent-admissible configuration {β_i} is called irrational, if it is not completely periodic.

If g ≤ 3, this configuration is called strongly incommensurable if the splitting pieces C_i and T_j satisfy the following condition. Let C^′_i and T^′_j = C/Λ^′_i denote the splitting pieces normalized to area one. There does not exist a unipotent element u_t ∈ SL_2(R), fixing β_1, such that u_t(Λ^′_i ) = Λ^′_j for some i � j.

If g > 3 we call a unipotent-admissible configuration strongly incommensurable, if the conclusion of Theorem 1.3 holds for the splitting pieces normalized to area one.

Note that the existence of a unipotent-admissible configuration is a property that persists in a small neighborhood, while the existence of a resplitting-admissible

GL^+_2 (R)-ORBIT CLOSURES VIA TOPOLOGICAL SPLITTINGS 11

direction does not. Examples of such directions are given in Figure 1 in genus g = 2 and in the locus H(2, 2)^{odd,hyp} in g = 3. The definition of strongly incommensurable for g ≤ 3 is made such that the hypothesis of Theorem 1.3 are met. Of course, the definition of strong incommensurability for g > 3 is lazy, but we have at present no use of a more concrete one , which would involve a list of excluded cases whose length growths with g.

PSfrag replacements

(a)

PSfrag replacements

(b)

PSfrag replacements

(c)

PSfrag replacements

(d) Figure 1. The vertical directions are resplitting-admissible ((a) and (c)) respectively contain unipotent-admissible configurations ((b) and (d)) for genus two respectively for genus three.

Proposition 3.3. Suppose (X, ω) ∈ L has a strongly irrational and strongly noncommensurable unipotent-admissible configuration and a resplitting-admissible direction v. Then GL^+_2 (R) · (X, ω) = L.

Proof. Let us denote by Z the closure of (X, ω) under SL_2(R) inside L^{(1)}, the real hypersurface of translation surfaces of area one. One has to show that Z = L^{(1)}.

Let U be the subgroup of SL_2(R) of unipotent elements u having the β_i has eigenvectors. Then the action of U on (X, ω) is very simple: it stabilizes globally the direction of β and it acts on each component of the splitting. Thus U acts on the parameter space of the splitting pieces, which is isomorphic to G = (SL_2(R)/SL_2(Z))^k × U^n for some (k, n). Thanks to Ratner’s theorem (Theorem 1.1), the closure of U · (X, ω) is algebraic, i. e. H · (X, ω) where H is a closed subgroup of SL_2(R)^2 × U containing U diagonally embedded.

We can be more precise. The hypothesis on the unipotent-admissible direction and Theorem 1.3 imply that H = G. In other words, the closure of the unipotent group orbit in that direction contains only surfaces with same ratios of the areas

12 PASCAL HUBERT, ERWAN LANNEAU, MARTIN MÖLLER

of the splitting pieces. Since H = G, this is the only constraint, by the following dimension count. The dimension of H is 3k + n and using the action of SL_2(R) we may move β_1 arbitrarily. Thus the closure is of dimension at least d = 3k + 2. On the other hand, the saddle connection β_1 and each of the cylinders contribute one complex period, while the tori contribute two. Taking the global area-one constraint into account, we obtain

dim_R L^{(1)} = 2(1 + n + 2k) − 1 = 4k + 2n − 1 = d + (k + n − 1).

Thus we need to find surfaces in the orbit closure where these ratios are different. Let us consider the configuration of saddle connections β̃_i obtained by applying a simple Dehn twist around the vertical non-simple cylinder of the resplittingadmissible direction. Those saddle connections are shown in Figure 2 for k = 2, n = 2. The configuration β̃_i is obviously again unipotent-admissible. Since the β̃_i

PSfrag replacements

Figure 2. A Dehn twisted unipotent-admissible configuration)

are homologous, this configuration still exists in a neighborhood of (X, ω).

We write (X, ω) = #^k_{i=1} T_i #^n_{i=1} C_i to denote that (X, ω) is obtained as the connected sum of the T_i and C_i. They are glued along the β_i, which is suppressed in the notation. By the preceding discussion, the orbit closure of (X, ω) contains

(Y_u, η_u) = #^k_{i=1} u_iT_i #^n_{i=1} u_{k+i}C_i,

where u = (u_1, . . . , u_{k+n}). For any k + n-tuple u close enough to zero, the Dehntwisted unipotent-admissible configuration β̃_i still exists. We denote this decomposition of the modified surface in the new direction by

(Y_u, η_u) = #^k_{i=1} ~T_{iu} #^n_{i=1} ~C_{iu}

GL^+_2 (R)-ORBIT CLOSURES VIA TOPOLOGICAL SPLITTINGS 13

If the u_i are chosen such that this unipotent-admissible configuration is irrational and strongly non-commensurable, too, then we may apply Theorem 1.3 again with the conclusion H = G.

Two things now need to be checked by direct calculation. First, the set of u where the configuration β̃_i is not irrational or not strongly non-commensurable is a countable union of subvarieties of real codimension at least one. Second, the u_i-twisting can indeed be used to adjust the ratios of areas. More precisely, we fix u_{k+n} = 1. Then the map

φ : (u_1, . . . , u_{k+n−1}) →(area( ~T_{1u})/area(~C_{nu}), . . . , area( ~T_{ku})/area(~C_{nu})

area( ~C_{1u})/area(~C_{nu}), . . . , area( �C_{n−1u})/area(~C_{nu}))

is an invertible function in a neighborhood of zero. This is checked in [HLM06] Lemma 5.9.

In conclusion, the orbit closure of (X, ω) contains points with all ratios of splitting pieces close to the original ratios and for almost all these ratios (with respect to the Lebesgue measure) we can apply Ratner’s theorem in the new splitting direction. Thus the orbit closure of (X, ω) contains a subset of L of positive measure. Recall that the geodesic flow is ergodic on L (see Theorem 2.1). Therefore Z has full measure in L. Since Z is closed, this completes the proof. □

4. Genus two: McMullen’s complete classification

It is an easy topological exercise to see that the configuration given in Figure 1 (b) is the only unipotent-admissible configuration in H(1, 1). Shrinking the height of the saddle connection with label 2 to zero, one obtains the corresponding picture for H(2). The surprising fact and first key step to the classification is that such a configuration always exists in g = 2.

Theorem 4.1 ([Mc3]). Any translation surface (X, ω) in H(2) or H(1, 1) admits a unipotent-admissible configuration. More precisely, the set of directions of those configurations is dense in the unit circle for any given (X, ω).

Proof. We present an “elementary” proof different from the one in [Mc3]. It only enables us to prove the existence of the unipotent-admissible configuration but not the density of the set of directions. Let (X, ω) be a genus two translation surface and let τ : X → X be the hyperelliptic involution. Let us assume that we have constructed a saddle connection β such that β � τ(β). Observe that if ω has a single zero then X splits along β ∪ τ(β) as a connected sum of two tori (see below) and if ω has two zeroes connected by β then X also splits along β ∪ τ(β) as a connected sum of two tori. Hence (X, ω) admits a unipotent-admissible configuration with

14 PASCAL HUBERT, ERWAN LANNEAU, MARTIN MÖLLER

the set of homologous saddle connections {β, τ(β)}. A second observation is that β = τ(β) if and only if β contains a Weierstrass point in its interior.

Thus we only need to proof that there always exists a saddle connection (connecting the two different singularities if they are two) that does not pass through a Weierstrass point. In order to prove this, we will use the representation of (X, ω) by a centrally symmetric polygon (see [Ve86]). Let us recall the construction here.

Consider a collection of vectors v_1, . . . , v_n in the complex plane C with n = 4 or n = 5. Let us construct from these vectors a broken line in a natural way: a i − th edge of this broken line is represented by the vector v_i. Construct another broken line starting at the same point as the initial one by taking the same vectors but in the reversing order: v_n, . . . , v_1. We label the points of this polygon by P_1, . . . , P_{2n}. By construction these two broken lines have the same endpoints (namely P_1 and P_{2n}). Suppose that they define a polygon without self-intersections of the boundary (other than P_1 and P_{2n}). Then by identifying the opposite sides v_i by a translation we get a translation surface (P, dz) in the stratum H(2) (respectively H(1, 1)) if n = 4 (respectively n = 5) (see Figure 3). The Weierstrass points are the middle of the vectors v_i, the center of the polygon P and (if n = 4) the singularity (i.e. the vertices of v_i). Using the GL^+_2 (R))-action we normalize so that

�_{ni=1} v_i is horizontal.

Veech’s result [Ve86] says that any hyperelliptic translation surface admits such a representation.

Indeed, let p be a Weierstrass point. The set of directions of geodesic segments which emanate from p to a singularity is dense in the circle (see say Proposition 3.1 in [Vor96] or Lemma 1 in [HS06]). Thus let I be a geodesic emmanating from p to a zero of ω. Then necessarily I is fixed by τ and therefore I is closed. Observe that I is a loop if ω has one zero. Now let us consider the first return map of a minimal transverse foliation to I. By a straightforward computation, one checks that the surface is decomposed in terms of a centrally symmetric polygon.

Therefore we have to show that there always exists a saddle connection in any flat centrally symmetric polygon that does not pass neither through the middle of the vectors v_i nor the center of the polygon. The proof is straightforward by the following algorithm.

GL^+_2 (R)-ORBIT CLOSURES VIA TOPOLOGICAL SPLITTINGS 15

PSfrag replacements

(a) H(2)

PSfrag replacements

(b) H(1, 1)

Figure 3. Representation of any translation genus two surface in terms of flat centrally symmetric polygon. The last case of the algorithm is indicated by dotted lines in both cases.

If n = 4 i.e. (X, ω) ∈ H(2), � � � � � let β =

−−−→ P_1P_2 if (P_3)_y ≤ (P_2)_y,

let β =

−−−→ P_5P_2 if (P_3)_y ≤ (P_4)_y,

let β =

−−−→ P_2P_4 otherwise.

If n = 5 i.e. (X, ω) ∈ H(1, 1), � � � � � let β =

−−−→ P_1P_4 if (P_4)_y ≤ min{(P_2)_y, (P_3)_y},

let β =

−−−→ P_6P_3 if (P_3)_y ≤ min{(P_4)_y, (P_5)_y},

let β =

−−−→ P_2P_5 otherwise.

Then β satisfies the required condition. This ends the proof of the existence of a unipotent-admissible configuration. □

As a consequence, we state the orbit closure result in genus g = 2 in its full strength.

Corollary 4.2 ([Mc3]). The GL^+_2 (R)-orbit closure of a translation surface (X, ω) with g(X) = 2 is one of the following possibilities.

i) a stratum H(2) or H(1, 1), or

16 PASCAL HUBERT, ERWAN LANNEAU, MARTIN MÖLLER

ii) the locus of eigenforms on Riemann surfaces whose Jacobian admits real multiplication, or iii) the orbit is closed and projects to a Teichmüller curve in M_2.

If (X, ω) arises from the Thurston-Veech construction, case ii) or case iii) holds.

Proof. Pick one of the unipotent-admissible configurations β := {β_1, β_2} on (X, ω) given by Theorem 4.1 and let U be the unipotent subgroup of SL_2(R) stabilizing the β_i. If the configuration β is irrational (in the sense of Definition 3.2, then we claim that there is a surface in the U-orbit closure of (X, ω) that satisfies the hypothesis of Proposition 3.3. The proof is the same as Lemma 5.2, just with a fewer number of splitting pieces.

Consequently, we are in case i) or all the unipotent-admissible configurations give periodic directions. Suppose for one of the configurations {β_1, β_2} the two periodic tori have incommensurable moduli, i.e. the direction is not periodic. Then, writing (X, ω) = T_1#T_2, we know that the U-orbit closure contains all the surfaces

(Y_u, η_u) = uT_1 # T_2.

There is a u_0 such that (Y_{u0} , η_{u0} ) contains a resplitting-admissible direction. To illustrate this, we may apply a vertical shear to the left cylinder in Figure 1 (b) such all the almost-horizontal saddle connection on the boundary of the figure have the same slope. Then this direction is resplitting-admissible. The surface (Y_{u0} , η_{u0} ) has a new unipotent-admissible configuration, obtained by Dehn-twist around the long cylinder as in Figure 2. Since unipotent-admissible configurations are stable under deformation, this configuration also exists on (Y_u, η_u) for all u close enough to u_0. One easily calculates that this new configuration is irrational for all u outside a countable set. For a u in the complement we now apply the initial argument.

Consequently, we are in case i) or all the unipotent-admissible configurations give parabolic directions. In the latter case, the orbit closure has to be strictly smaller than the whole stratum by the following theorem. If (X, ω) ∈ H(2), then the orbit has to be closed since the intersection or the eigenform locus and H(2) has real dimension 4, the same as GL^+_2 (R).

It remains to show that if the orbit of (X, ω) ∈ H(1, 1), is not closed, its closure Z is the whole eigenlocus and we are in case ii). The argument given in [Mc3] Theorem 12.1 is again a combination of splitting techniques and a Ratner type theorem. The main step consists of showing that if the orbit of (X, ω) ist not closed, its closure Z has non-empty interior. Roughly, one can use non-closedness of the orbit to approximate (X, ω) by a sequence of surfaces

(X_n, ω_n) = (T_1, ω_1) #_{In} (T_2, ω_2),

GL^+_2 (R)-ORBIT CLOSURES VIA TOPOLOGICAL SPLITTINGS 17

where the two tori T_i = C/Λ_i are commensurable by the preceding discussion and where the glueing is along intervals I_n. By resplitting, one may moreover suppose that the I_n have an infinite number of different slopes. Thus Z contains

(T_1, ω_1) #_{γIn} (T_2, ω_2),

for all γ in the lattice Γ that stabilizes both Λ_i and for all n. It remains to show ([Mc3] Theorem 2.10) that

�_n Γ · I_n is dense in R^2. □

The last step of the proof can also be achieved differently. For the eigenform locus, the closures of the horocycle orbits are known due to [CW07] and completed by Smillie and Weiss [SW]. In the short list of possible closures only the abovementioned cases are GL^+_2 (R)-invariant.

The proof of the preceding corollary is completed by the following characterization of real multiplication. It is the second ingredient that is special to genus two.

Theorem 4.3 ([Mc3] Theorem 6.1). Suppose that (X, ω) is a translation surfaces of genus g = 2 such that for two unipotent-admissible configurations the splitting pieces are isogenous tori. Then (X, ω) is in the eigenlocus for real multiplication.

5. Genus three: The locus L = (H(2, 2)^{odd})^{hyp} and a similar case

In this section we study GL^+_2 (R)-orbits closures in the locus L = (H(2, 2)^{odd})^{hyp}. One can describe these surfaces without defining odd spin structures as those translation surfaces with two double zeros and a hyperelliptic involution that fixes the two zeros. There are two reasons to study L. First, the hyperelliptic quotient maps define a GL^+_2 (R)-equivariant isomorphism from L to Q(1, 1, 1, 1). Consequently, the orbit closures in L are the same are those in the generec stratum of half-translation surfaces in genus two. Second, L is one the smallest GLinvariant loci besides g = 2. It thus exhibts dynamics different from g = 2, without much annoyance from too many parameters.

The purpose of this section is to explain the reduction steps that allow to say that the GL^+_2 (R)-orbit closure of a translation surface in L with a suitable direction and ’some irrationality’ is the same as the GL^+_2 (R)-orbit closure of another translation surface that meets the hypothesis of Proposition 3.3. This yields a proof of Theorem 0.2 at the end of this section. Finally, we add some remarks about another stratum where similar techniques apply.

Proposition 5.1. Almost every surface in L has a unipotent-admissible configuration. There exist translation surfaces in L that do not have a unipotent-admissible configuration

18 PASCAL HUBERT, ERWAN LANNEAU, MARTIN MÖLLER

Proof. A unipotent-admissible configuration is depicted in Figure 1 (d). Since the possession of a unipotent-admissible configuration is an open condition, invariant under the action of GL^+_2 (R) and since the geodesic flow is ergodic, the first statement is clear. An example for the second claim, a square-tiled surface with 6 squares, is given in [HLM07] Figure 14. □

We start with a strengthening of Proposition 3.3, which however relies on topological properties of L = (H(2, 2)^{odd})^{hyp}

Lemma 5.2. If (X, ω) ∈ L has an irrational unipotent-admissible configuration, then

GL^+_2 (R) · (X, ω) = L.

Proof. The list of all possible completely periodic directions has been compiled in [HLM07] Figure 1. It shows that the only unipotent-admissible configuration is given by the vertical direction of Figure 1 (d) above.

Suppose first, that moreover this configuration is strongly irrational and strongly incommensurable. Let U the unipotent subgroup of SL_2(R) generated by unipotent elements u having the β_i has eigenvectors. Then

U · (X, ω) ⊃ C_1 # UT_1 #C_2 # UT_2.

Consequently, we may arrange another direction which is almost a resplittingadmissible direction, like the horizontal one in Figure 1 (d), to be resplittingadmissible. That is, there is a surface (Y, η) in the U-orbit closure of (X, ω), such that a direction given by a saddle connection in C_1 is a resplitting-admissible direction and such that the direction of the β_i is untouched. Hence (Y, η) satisfies the hypothesis of Proposition 3.3.

The idea to reduce next to the above situation, is to use not the given unipotentadmissible direction but a Dehn-twisted one. Consider again Figure 1 (d). There, the horizontal direction does not even contain a cylinder, but it is nevertheless close to a resplitting-admissible direction in the following sense. Consider the saddle connection from the lower left to the upper right corner. If the tori are not too far from horizontal, this saddle connections comes with 3 other homologous saddle connections, topologically like the Dehn twist around the middle almost cylinders. Hence this direction is again a unipotent-admissible configuration.

To make this idea work, one has to check two things ([HLM06] Lemma 4.5 and Lemma 4.6). First, using merely irrationality, one can find a surface (Y, η) in the U-orbit closure that possesses another (’Dehn-twisted’) unipotent-admissible configuration. Since the existence of such a configuration is open, there is an open

GL^+_2 (R)-ORBIT CLOSURES VIA TOPOLOGICAL SPLITTINGS 19

real interval I of surfaces (Y_u, η_u), u ∈ I with this second unipotent-admissible configuration. Second, one has to check that the property of this second unipotentadmissible configuration not being strongly irrational or not being strongly incommensurable is a condition that holds only for countably many surfaces. On the complement, we are in the situation we discussed at the beginning of the proof. □

Proof of Theorem 0.2. The proof contains two steps: first derive a condition on any kind of configuration that admits a reduction to the favorable situation of Proposition 3.3. Second, show that this condition holds for surfaces.

Consider the vertical direction in Figure 4. Note that the glueings are different

PSfrag replacements

Figure 4. A ’Dehn-twisted’ unipotent-admissible configuration

than in Figure 1 (d). Consequently, the long vertical saddle connections are not homologous, h_2 may or may not be equal to h_3. If the moduli of C_1, C_2 and T_1 are incommensurable, one might hope that there is a surface in the U-orbit closure of (X, ω), such that the ’Dehn-twisted’ direction with dotted lines exists (i.e. that for example t_2 is not too big) and that it is moreover irrational. Then one could apply Lemma 5.2.

This does not quite work. Unramified double coverings of genus two surfaces provide examples, where the irrationality holds and yet the GL^+_2 (R)-orbit closure is small ([HLM07] Section 7). But if the moduli of C_1, C_2 and T_1 are pairwise incommensurable, this strategy works. To complete the first step, one has to check this not only for the direction in Figure 4, but also for four other cases ([HLM07] Section 4.)

In the second step, we deduce pairwise incommensurability from the existence of a pseudo-Anosov φ with trace field K and [K : Q] = 3. Suppose, for simplicity, that [K : Q] is Galois and write one and two primes for the Galois conjugates. Then ψ := φ^∗ + (φ^∗)^{−1} ∈ End(H^1(X, R)) preserves the symplectic form and we have

20 PASCAL HUBERT, ERWAN LANNEAU, MARTIN MÖLLER

a decomposition into ψ-eigenspaces,

H^1(X, R) = S ⊕ S^′ ⊕ S^{′′} where S = ⟨Reω, Imω⟩,

orthogonal with respect to the cup product. Write c_i and h_i for the circumference and height C_i (i = 1, 2) and c_3/2 and h_3 for the circumference and height of T_1 respectively. Let m_i = h_i/c_i be the modulus. Then 3� i=1 m_ic_ic^′_i = 3� i=1 h_ic^′_i = � X Re(ω) ∧ Im(ω^′) = i 4π � X (ω + ω) ∧ (ω^′ − ω^′) = 0.

The same calculation with the other Galois conjugate gives s� i=1 m_ic_ic^{′′}_i = 0, hence 3� i=1 (m_i − m^{′′}_i )δ_ic_ic^{′′}_i = 0.

Moduli and circumferences of the cylinders exchanged by the hyperelliptic involution are the same.

Suppose that the moduli in the given direction are not pairwise incommensurable, i.e. there is a relation a_1m_1 + a_2m_2 = 0. Applying a matrix in SL_2(K) to (X, ω), we may suppose that m_3 is rational without changing the ratios of the m_i. We deduce from the above equations m_i = m^{′′}_i for i = 1, 2. Hence, in fact all m_i ∈ Q and we are in case i). □

Remark 5.2.1. The stratum H(4)^{odd} has two connected components (see [KZ03]). Although we have not carried out the details, it is very likely that statements similar to Lemma 5.2 and Theorem 0.2 hold for both components of this stratum, too. A unipotent-admissible configuration to start with is given by the “necklace” in Figure 5 with P = 1 and M = 2. It is easy to compile the list of completely periodic directions with three cylinders in this stratum. Following the above strategy, one has to check that under a suitable irrationality condition each of them reduces to the situation of Proposition 3.3.

6. General case: limits of the strategy

In last sections we have seen that the strategy of finding an irrational unipotentadmissible configuration is very useful to obtain informations on the orbit closure of the surface. In this section we reveal the limits of this strategy by showing that only few strata possess surfaces with a unipotent-admissible splitting. We will prove that such surfaces are precisely those obtained from tori connected in a “necklace” by a chain of cylinders. We want to determine the strata these surfaces belong to.

GL^+_2 (R)-ORBIT CLOSURES VIA TOPOLOGICAL SPLITTINGS 21

Theorem 6.1. The genus g surface (X, ω) ∈ H(k_1, . . . , k_n) has an irrational unipotentadmissible configuration if and only if X is constructed from tori and cylinders cyclically glued to a “necklace” where two neighboring tori might be glued directly or by a cylinder. The waist curves of all the cylinders and all saddle connections representing the boundaries of the tori are homologous (see Figure 5). Moreover the configuration has either:

(1) g tori and no cylinders; H(k_1, . . . , k_n) = H^{hyp}(g − 1, g − 1). (2) g − 1 tori and 0 < n ≤ g − 1 cylinders; H(k_1, . . . , k_n) = H(2l_1, . . . , 2l_n).

In case (2) one can check, if n = 1 or n = 2, then the surface of genus g belongs to the connected component having the parity of the spin structure equal to g mod 2; The component is not the hyperelliptic component unless g = 2.

As for g = 3 and contrary to genus two, those configurations do not exist everywhere.

Proposition 6.2. For each g ≥ 3, there exist translation surfaces in H^{hyp}(g − 1, g − 1) and that do not have a unipotent-admissible configuration into a “necklace” of tori and cylinders (as in the preceding theorem).

Proof of Theorem 6.1. We will use a result of Naveh [Na08] in order to bound the number of cylinders and tori in terms of the genus of the surface. Let us recall this result here. For the unipotent-admissible configuration, let M denote the number of minimal components (i.e. tori) and P the number of cylinders. We can summarize Theorem 1 and Theorem 2 of [Na08] for our purpose in the following way. Let B be the number of indexes i ∈ {1, . . . , n} such that k_i is odd (B is odd). Then M ≤ g and � � � � � M + P ≤ 2(g − 1) + n − M − B/2 if g − 1 − B/2 ≤ M ≤ g − 1, M + P ≤ g − 1 + n if g − 1 − B/2 ≥ M, P = 0 if g = M.

If (X, ω) has an irrational unipotent-admissible configuration into M tori and P cylinders then 2M + P + 1 is equal to the complex dimension of the stratum, that is 2g + n − 1. Indeed each torus contributes two complex dimensions, each cylinder one complex dimension and the homologous waist curves also one complex dimension. Hence

2g + n − 1 = 2M + P + 1 = (M + 1) + (M + P)

Let us examine the three cases following Naveh’s theorem.

(1) If g − 1 − B/2 ≤ M ≤ g − 1 then

2g + n − 1 ≤ M + 1 + 2(g − 1) + n − M − B/2

22 PASCAL HUBERT, ERWAN LANNEAU, MARTIN MÖLLER

which leads to B = 0 and therefore M = g − 1. Substituting in the previous equation this gives

2g + n − 1 = 2(g − 1) + P + 1 or P = n

(2) If M ≤ g − 1 − B/2 then

2g + n − 1 ≤ M + 1 + g − 1 + n.

Thus g ≤ M + 1 and M = g − 1; this corresponds to the previous case.

(3) If M = g, then one has P = 0. We get 2g + 1 = 2g + n − 1 so that n = 2. Hence we have proven that there are either g − 1 tori and n cylinders or g tori and no cylinders. The only possible configurations so that the waist curves are homologous is given by Figure 5. One then checks the type of the singularities. The proposition is proven. □

Figure 5. The tori and cylinders are cyclically glued to a “necklace” where two ’neighboring’ tori might be glued directly or by a cylinder in between them.

Proof of Proposition 6.2. Let us consider the Veech surface given by a centrally symmetric polygon 4g + 2-gon (see Figure 6). The Veech group has two cusps ([Ve89]), namely the horizontal and the vertical direction. For these two directions, one checks that the surface is not decomposed into tori and cylinders as in Theorem 6.1. □ 7. Open questions

This survey on flat surfaces is focussed on the closures of GL^+_2 (R)-orbits. Without doubt, the classification of these closures is the main open question. We list here some open problems in this direction, more specific and thus probably easier

Question 7.1 (Unipotent orbit closures). Can one classify the closures of the orbit of the unipotent subgroup? This has been achieved for branched coverings of Veech surfaces ([EMM06]) and for the locus of eigenforms ([CW07]), but it is open even for H(2). A

GL^+_2 (R)-ORBIT CLOSURES VIA TOPOLOGICAL SPLITTINGS 23

Figure 6. A surface in H^{hyp}(g − 1, g − 1) (drawn for g = 3) without unipotent-admissible configuration. Idenfication of the sides are by parallel translation.

solution to this question enables to treat GL^+_2 (R)-orbit closures by splitting techniques where the splitting pieces might now be more complicated than just tori and cylinders.

Question 7.2 (Athreya’s question: give a generic flat surface). The closure of almost all GL^+_2 (R)-orbits in a stratum is the whole stratum by ergodicity of the Teichmüller geodesic flow. Write down explicitly a surface that is generic in this sense! Can one specify such a surface (of genus g) with all saddle connections in a field K, [K : Q] ≤ g?

Question 7.3 (pseudo-Anosov diffeomorphisms and Veech groups). What can be said about the Veech groups containing the derivative of a pseudo-Anosov diffeomorphism? Right now, we do not have a single example of a cyclic Veech group generated by an hyperbolic element. In genus 2, if a Veech group contains a hyperbolic element then its boundary (as a Fuchsian group) is equal to P^1(R) (see [Mc2] ). In genus g ≥ 3, even for pseudo-Anosov obtained by Thurston-Veech construction, we do not know any interesting property of the associated Veech group.

Question 7.4 (The role of pseudo-Anosov diffeomorphisms). What is the size of the GL^+_2 (R)-orbit closure of (X, ω), if (X, ω) has a pseudo-Anosov in its Veech group? The main theorems in the introduction answer this for g = 2 and a special locus in genus 3. Does the behaviour for g = 3 generalize to all strata in g ≥ 3?

References

[Ar81] P. Arnoux – “Un invariant pour les échanges d’intervalles et les flots sur les surfaces (French)”, Thèse, Université de Reims (1981).

[Ar88] , “Un exemple de semi-conjugaison entre un échange d’intervalles et une translation sur le tore (French)”, Bull. Soc. Math. France 116 (1988), no. 4, pp. 489–500 [AY81] P. Arnoux and J.C. Yoccoz – “Construction de difféomorphismes pseudo-Anosov (French)”, C. R. Acad. Sci. Paris Sér. I Math. 292 (1981), no. 1, pp. 75–78.

24 PASCAL HUBERT, ERWAN LANNEAU, MARTIN MÖLLER

[At71] M. Atiyah – “Riemann surfaces and spin structures”, Ann. Sci. Éc. Norm. Sup. 4 (1971), pp. 47–62.

[Ca04] K. Calta – “Veech surfaces and complete periodicity in genus two”, J. Amer. Math. Soc.

17 (2004), no. 4, pp. 871–908.

[CW07] K. Calta and K. Wortman – “On unipotent flows in H(1, 1) ”, preprint, math.DS/0702238 (2007).

[CS07] K. Calta and J. Smillie – “Algebraically periodic translation surfaces”, to appear in J. Modern Dynamics, preprint, math.DS/0703567 (2007).

[EMS03] A. Eskin, H. Masur and M. Schmoll – “Billiards in rectagles with barriers ”, Duke Math. J.

118 (2003), no. 3, pp. 427–463.

[Es06] A. Eskin–“Counting problems in moduli space”,Handbook of dynamical systems, Vol. 1B, Elsevier B. V., Amsterdam (2006), pp. 581–595.

[EMM06] A. Eskin, J. Marklof, and D. Witte Morris – “Unipotent flows on the space of branched covers of Veech surfaces ” Erg. Theory Dynam. Syst. 26 (2006), no. 1, pp. 129–162.

[Fo06] G. Forni–“On the Lyapunov exponents of the Kontsevich-Zorich cocycle”, Handbook of dynamical systems, Vol. 1B, 549–580, Elsevier B. V., Amsterdam, 2006.

[FLP] A. Fathi, F. Laudenbach and V. Poénaru – “Travaux de Thurston sur les surfaces”, Astérisque 66–67 (1979).

[GJ00] E. Gutkin, C. Judge, Affine mappings of translation surfaces: Geometry and arithmetic, Duke Math. J. 103 (2000), pp. 191–213.

[HLe06] P. Hubert and S. Lelievre – “Prime arithmetic Teichmüller discs in H(2) ”, Isreal J. Math 151 (2006), pp. 281–321 [HLa06] P. Hubert and E. Lanneau – “Veech groups with no parabolic element”, Duke Math. J.

133 (2006), no. 2, pp. 335–346.

[HLM06] P. Hubert, E. Lanneau and M. Möller , “The Arnoux-Yoccoz Teichmüller disc ”, Geom.

Func. Anal., to appear, math.GT/0611655 (2006).

[HLM07] , “Completely periodic directions and orbit closures of many pseudo-Anosov Teichmüller discs ”, Math. Ann., to appear, math.GT/0707.0738 (2007).

[HS06] P. Hubert, T. Schmidt–“An introduction to Veech surfaces”, Handbook of dynamical systems, Vol. 1B, Elsevier B. V., Amsterdam (2006), pp. 501–526, [KS00] R. Kenyon and J. Smillie – “Billiards in rational-angled triangles”, Comment. Math. Helv.

75 (2000), pp. 65–108.

[KZ03] M. Kontsevich and A. Zorich – “Connected components of the moduli spaces of Abelian differentials with prescribed singularities”, Invent. Math. 153 (2003), no. 3, pp. 631–678.

[La04] E. Lanneau – “Hyperelliptic components of the moduli spaces of quadratic differentials with prescribed singularities”, Comm. Math. Helv. 76 (2004), pp. 471–501.

[Ma82] H. Masur – “Interval exchange transformations and measured foliations”, Ann. of Math.

(2) 115 (1982), no. 1, pp. 169–200.

[Ma86] , “Closed trajectories for quadratic differentials with an application to billiards”, Duke Math. J. 53 (1986), no. 2, pp. 307–314.

[Ma06] H. Masur–“Ergodic theory of translation surfaces”, Handbook of dynamical systems, Vol.

1B, Elsevier, Amsterdam (2006), pp. 527–547.

[MaTa02] H. Masur, S. Tabachnikov–“Rational billiards and flat structures ”, Handbook of dynamical systems, Vol. 1A, North-Holland, Amsterdam (2002), pp. 1015–1089.

[MaTo94] G. Margulis, G. Tomanov–“Invariant measures for actions of unipotent groups over local fields on homogeneous spaces” Invent. Math. 116 (1994), no. 2, pp. 347–392.

GL^+_2 (R)-ORBIT CLOSURES VIA TOPOLOGICAL SPLITTINGS 25

[MaCh07] H. Masur, Y. Cheung–“Minimal nonergodic directions on genus 2 translation surfaces”, Erg. Th. Dyn. Sys., (2007), no. 2, pp. 341–351.

[Mc1] C. McMullen – “Billiards and Teichmüller curves on Hilbert modular surfaces”, J. Amer.

Math. Soc. 16 (2003), no. 4, pp. 857–885.

[Mc2] , “Teichmüller geodesics of infinite complexity”, Acta Math. 191 (2003), no. 2, pp. 191–223.

[Mc3] , “Dynamics of SL_2(R) over moduli space in genus two”, Ann. of Math. 165 (2007), pp. 397–456.

[Mc4] , “Teichmüller curves in genus two: Discriminant and spin”, Math. Ann. 333 (2005), pp. 87–130.

[Mc5] , “Teichmüller curves in genus two: The decagon and beyond”, J. reine angew.

Math. 582 (2005), pp. 173–200.

[Mc6] , “Teichmüller curves in genus two: Torsion divisors and ratios of sines”, Invent.

Math. 165 (2006), pp. 651–672.

[MW02] Y. Minsky, B. Weiss, “Nondivergence of horocyclic flows on moduli space ” J. Reine Angew.

Math. 552 (2002), pp. 131–177.

[Mö06] M. Möller–“Periodic points on Veech surfaces and the Mordell-Weil group over a Teichmüller curve” Invent. Math. 165 (2006), no. 3, pp. 633–649.

[Mö07] M. Möller–“Affine groups of flat surfaces”, to appear in: Handbook of Teichmüller Theory, vol. 2 (Ed: A. Papadopoulos), preprint (2007).

[Mö08] M. Möller–“Linear manifolds in the moduli space of one-forms” Duke Math. J. 144 (2008), no. 3, pp. 447–488.

[Mo05] D. Witte-Morris–“Ratner’s theorems on unipotent flows”, Chicago Lectures in Mathematics, University of Chicago Press, Chicago (2005), xii+203 pp.

[Na08] Y. Naveh – “Tight upper bounds on the number of invariant components on translation surfaces”, Isreal J. Math 165 (2008), no. 1, pp. 211–231.

[Ra90] M. Ratner–“On measure rigidity of unipotent subgroups of semisimple groups”, Acta Math. 165 (1990), no. 3-4, pp. 229–309.

[Ra90bis] M. Ratner–“Strict measure rigidity for unipotent subgroups of solvable groups” Invent.

Math. 101 (1990), no. 2, pp. 449–482.

[Ra91] M. Ratner – “Raghunathan’s topological conjecture and distributions of unipotent flows”, Duke Math. J. 63 (1991), no. 1, pp. 235–280.

[Ra91bis] M. Ratner–“On Raghunathan’s measure conjecture” Ann. of Math. (2) 134 (1991), no. 3, pp. 545–607.

[Sc04] G. Schmithüsen – “An algorithm for finding the Veech group of an origami”, Exp. Math.

13 (2004), pp. 459–472.

[Sh98] N. Shah, “Invariant measures and orbit closures on homogenous spaces for actions of subgroups generated by unipotent elements”, in: S. G. Dani (ed): Lie groups and ergodic theory (Mumbai 1996), New Delhi (1998), pp. 229–271.

[SW06] J. Smillie, B. Weiss, “Veech’s dichotomy and the lattice property ” Erg. Th. Dyn. Sys.

(2006).

[SW08] J. Smillie, B. Weiss, “Characterizations of lattice surfaces ” preprint (2008). [SW] J. Smillie, B. Weiss, “Closures of the the horocycle orbits ” in preparation (2008). [Th88] W. Thurston – “On the geometry and dynamics of diffeomorphisms of surfaces”, Bull.

A.M.S. 19 (1988), pp. 417–431.

26 PASCAL HUBERT, ERWAN LANNEAU, MARTIN MÖLLER

[Ve82] W. Veech – “Gauss measures for transformations on the space of interval exchange maps”, Ann. of Math. (2) 115 (1982), no. 1, pp. 201–242.

[Ve86] , “The Teichmüller geodesic flow”, Ann. of Math. 124 (1986), pp. 441–530. [Ve89] , “Teichmüller curves in the moduli space, Eisenstein series and an application to triangular billiards”, Invent. Math. 97 (1989), pp. 533–683.

[Ve90] , “Moduli spaces of quadratic differentials”, J. Analyse Math. 55 (1990), pp. 117–170. [Ve92] , “Geometric realizations of hyperelliptic curves”, Algorithms, fractals, and dynamics (Okayama/Kyoto, 1992) Plenum, New York (1992), pp. 217–226.

[Vi07] M. Viana, “Dynamics of interval exchange maps and Teichmüller flows, preprint. [Vor96] Y. Vorobets , “Plane structures and billiards in rational polygons: the Veech alternative”, Russ. Math. Surv. 51 (1996), pp. 779–817.

[Yo06] J.C. Yoccoz–“Continued fraction algorithms for interval exchange maps: an introduction”, Frontiers in number theory, physics, and geometry. I, Springer, Berlin, (2006), pp. 401– 435.

[Zo06] A. Zorich–“Flat surfaces”, Frontiers in number theory, physics, and geometry I, Springer, Berlin, (2006), pp. 437–583.

Laboratoire d’Analyse, Topologie et Probabilités (LATP) Case cour A Faculté de Saint Jérôme Avenue Escadrille Normandie-Niemen 13397, Marseille cedex 20, France

E-mail address: hubert@cmi.univ-mrs.fr

Centre de Physique Théorique (CPT), UMR CNRS 6207 Université du Sud Toulon-Var and Fédération de Recherches des Unités de Mathématiques de Marseille Luminy, Case 907, F-13288 Marseille Cedex 9, France

E-mail address: lanneau@cpt.univ-mrs.fr

Max-Planck-Institut für Mathematik Postfach 7280 53072 Bonn, Germany

E-mail address: moeller@mpim-bonn.mpg.de