A Z-STRUCTURE FOR THE MAPPING CLASS GROUP

URSULA HAMENSTADT

ABSTRACT. We construct a boundary for the mapping class group Mod(S) of
a surface S of finite type. The action of Mod(S) on this boundary is minimal,
strongly proximal and topologically free. The boundary is the boundary of a
Z-structure for any torsion free finite index subgroup of Mod(SS).

1. INTRODUCTION

The mapping class group Mod(S) of a closed oriented surface S of genus g > 0
from which m > 0 points have been removed and so that 3g—3+m > 1 is the group
of isotopy classes of diffeomorphisms of S. The mapping class group is well known
to be finitely presented, and it admits explicit torsion free finite index subgroups.

A torsion free finite index subgroup I" of Mod(S) admits a finite classifying space.
Such a classifying space can be constructed as follows.

Since the Euler characteristic of S is negative, the Teichmiiller space T (S) of
S of all marked finite area complete hyperbolic structures on S is defined. By
elementary hyperbolic geometry, there exists a number ¢y > 0 such that any two
closed geodesics on a hyperbolic surface of length at most ¢; are disjoint. The systole
systole(X) of a hyperbolic metric X is the length of a shortest closed geodesic. For
€ < ¢ define

Te(S) ={X € T(S) | systole(X) > e}.

The following is due to Ji and Wolpert [JW10, J14] as reported in Proposition 3.1
and Theorem 3.9 of [J14].

Theorem 1 (Ji-Wolpert). For sufficiently small € < e, the set Tc(S) is a manifold
with corners which is a deformation retract of T(S). The mapping class group
Mod(S) acts on Tc(S) properly and cocompactly.

Since T(S) is homeomorphic to R®=672m  we obtain that 7;(S) is contractible,
locally contractible and finite dimensional. As torsion free finite index subgroups
I' of Mod(S) act freely on 7c(S), this implies that I'\7.(S) is a classifying space for
I.

The goal of this article to construct an explicit compactification 7 (.S) of 7¢(S)
with the property that X(S) = T(S) — 7.(9) is a boundary of Mod(S) in the
following sense.

Date: May 23, 2025.
AMS subject classification: 20F65.



2 URSULA HAMENSTADT

Definition 2 (Small boundary). A boundary of a finitely generated group T is a
compact I'-space Z with the following properties.

e There exists a topology on I' U Z which restricts to the discrete topology
on I, to the given topology on Z and is such that I' U Z is compact.
e The left action of I on itself extends to the I'-action on Z.

The boundary is called small if the right action of I" extends to the trivial action
of I'on Z.

The following definition is Lemma 1.3 of [B96].

Definition 3 (Z—structureL A Z-structure for a finitely generated torsion free
group I' consists of a pair 7(X ,Z) of finite dimensional compact metrizable spaces,
with Z nowhere dense in X, and the following additional properties.

(1) X = X — Z is contractible and locally contractible.

(2) Forevery z € Z and every neighborhood U of z in X there exists a neighbor-
hood V' C U of z such that the inclusion V — Z — U — Z is null-homotopic.

(3) X admits a covering space action of I" with compact quotient.

(4) The collection of all translates of a compact set in X form a null sequence
in X: that is, for every open cover U of X, all but finitely many translates
are U-small.

An action of a group G on a compact topological space Z is called minimal if
every G-orbit is dense. It is called topologically free if for every ¢ € G — {1} the
fixed point set of ¢ has empty interior. Furthermore, it is called strongly prozimal
if the action of G on the Borel probability measures on Z is such that the closure
of any orbit contains some Dirac measure. The following is our main result.

Theorem 4. There exists a compactification T (S) of Tc(S) with the following
properties.

(1) X(S)=T(S)\ 7c(S) is a small boundary for Mod(S).
(2) The action of Mod(S) on X(S) is minimal, strongly prozimal and topolog-
ically free.

(3) The pair (T(S),X(S)) is a Z-structure for every torsion free finite index
subgroup of Mod(S).

An alternative approach to this result, based on hierarchical hyperbolicity, is due
to Durham, Minsky and Sisto [DMS25]. Hierarchical hyperbolicity was also used
by Durham, Hagen and Sisto [DHS17] to construct a boundary for Mod(S). We
do not know the relation between these constructions and ours, and hierarchical
hyperbolicity for Mod(S) does not play any role in this article.

We call the space X'(S) the geometric boundary of Mod(S). By work of Kalantar
and Kennedy [KK17], it follows from the second part of the above theorem that the
mapping class group is C*-simple, a fact which is however known. For example, it is
not hard to see that the mapping class group acts on the compact space of complete
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geodesic laminations minimally, strongly proximally and topologically freely which
is sufficient to ensure C*-simplicity.

The significance of a Z-structure for a torsion free group I lies in the fact that
the Cech cohomology of the boundary computes the cohomological dimension cd(T")
of the group, with a dimension shift of one (Theorem 1.7 of [B96]). The virtual
cohomological dimension ved(Mod(.S)) of Mod(S), that is, the cohomological di-
mension of a torsion free finite index subgroup was computed by Harer [Har86] to
equal 4g—5 if m = 0 and 49—4+m if m > 0. Thus by [B96], the covering dimension
of the space X(S5) equals 49 — 6 if m = 0 and 49 — 5+ m if m > 0. Theorem 4
can be viewed as giving some evidence that the asymptotic dimension of Mod(S),
which is known to be finite and at most quadratic in the virtual cohomological
dimension, equals the cohomological dimension of Mod(.S). We refer to [BB19] for
a more detailed discussion on this and related questions and results.

We next describe the boundary X (.S) of Mod(S) as a set.

The curve complex CG(Sy) of a subsurface Sy of S different from a pair of pants
or an annulus is the simplicial complex whose vertices are isotopy classes of simple
closed curves and where k such curves span a k — 1-simplex if they can be realized
disjointly. If Sy is a four-holed sphere or a one holed torus, then this definition
has to be modified by connecting two vertices by an edge if they intersect in the
minimal number of points.

The curve complex is a hyperbolic geodesic graph of infinite diameter [MM99).
Its Gromov boundary OCG(Sy) is the space of minimal geodesic laminations on Sy
which fill Sy, that is, which intersect every essential simple closed curve on Sy
transversely. The topology on 9CG(Sy) is the coarse Hausdorff topology. With
respect to this topology, a sequence A; of minimal filling laminations converges to
the lamination A if and only if the limit of any subsequence which converges in
the Hausdorff topology on compact subsets of Sy contains A as a sublamination
[H06, K99]. The space OCG(Sp) is separable and metrizable. Define the boundary
of the curve complex of an essential annulus A C S with core curve ¢ to consist of
two points c¢t,c™.

If S1,..., Sk is a collection of isotopy classes of pairwise disjoint subsurfaces of
S, then we can form the join

J(UE_1S;) = 9CG(Sy) * - - ICG(Sk).

It can be viewed as the set of formal sums ). a;\; where a; > 0, >, a; = 1 and
where \; € 9CG(S;) for all 4. This join is a separable metrizable topological space.
Note that if S;,, ..., S;, is a subset of the set of surfaces Si, ..., Sk, then J(Uj_;S;;)
is naturally a non-empty closed subset of J (Ui?:lSi) corresponding to formal sums
> aih; with a; = 0 for ¢ & {i1,...,is}. Define

X(S) = UJ(Ui'c:lSi)

where the union is over all collections of pairwise disjoint essential subsurfaces of .S
and we use the obvious identification of points which arise in more than one way in
this union. Here we view an essential annulus A as an essential subsurface which is
disjoint from any subsurface which can be moved off A by an isotopy. Thus X'(S)
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is just the set of formal sums ), a;\; where a; >0, ", a; = 1, where Ay, ..., \ are
pairwise disjoint minimal geodesic laminations on S and where each simple closed
curve component \; is equipped with an additional label +, —. The mapping class
group acts naturally on X'(S) as a set.

The following theorem summarizes some more technical properties of the geomet-
ric boundary. For its formulation, let us invoke the Nielsen Thurston classification
which states that any nontrivial mapping class has a finite power ¢ with the follow-
ing property. There exists a decomposition S = Sy U---US) of S into subsurfaces
which is preserved by ¢ and such that for all ¢ < k, the restriction of ¢ to S; is
pseudo-Anosov if S; is not an annulus, and it is a Dehn twist if S; is an annulus.
The restriction of ¢ to Sj is trivial. We call a mapping class with this property a
Nielsen Thurston mapping class.

Let ¢ be a Nielsen Thurston mapping class. For each i < k such that .S; is not an
annulus, the restriction ¢; of ¢ to S; preserves precisely two geodesic laminations
f;t which are the attracting and repelling laminations of ;. Similarly, for any
component S; which is an annulus, the two labeled copies §li of the core curve of
the annulus are preserved as well. Thus ¢ fixes any point of the form ), a;(; where
¢; is one of the laminations fii if i < k and where (i is an arbitrary point of the
geometric boundary of the (possibly disconnected) surface Si. We call points of
this form the obvious fixed point set.

The Gromov boundary dCG(Sy) of the curve graph of Sy equipped with the
Gromov metric is a complete metric space. An embedding of a topological space X
into a topological space Y is an injective map f : X — Y which is a homeomorphism
onto its image, equipped with the subspace topology.

Proposition 5. Let X' (S) be the geometric boundary of Mod(S).

(1) For any collection Sy, ..., Sk of pairwise disjoint subsurfaces of S, the in-
clusion J(U7_1S;) — X(S) is an embedding. In particular, the covering
dimension of 0CG(S) is at most ved(Mod(S)) — 1.

(2) The fized point set for the action of a Nielsen Thurston mapping class ¢
on X(S) is precisely the obvious fized point set of .

That the covering dimension of dCG(S) is bounded from above by ved(Mod(S5))
is due to Gabai (Proposition 16.3 of [Gal4]).

Our construction is valid for the mapping class group of a once punctured torus
or a four punctured sphere. In this case the mapping class group is virtually free
and, in particular, it is a hyperbolic group whose Gromov boundary is a Cantor
set. It is due to Bestvina and Mess [BM91] that a hyperbolic group admits a Z-
structure whose boundary is its Gromov boundary. The boundary we find is the
Gromov boundary of the group as well.

The construction of the boundary X'(S) is motivated by the construction of the
visual boundary of a CAT(0)-space. Along the way we identify in Section 2 an
analog of the familiar Tits boundary of a symmetric space of higher rank.
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The advantage of our construction is that the space X(S) and its topology as
well as the action of the group Mod(S) on X(S) is completely explicit and can
be used to study subgroups of Mod(S), as for example in Koberda’s work [Kb12]
who constructed subgroups of Mod(S) which are isomorphic to right angled Artin
groups.

Overview of the article: A significant part of the article is devoted to define
a topology on the set X(S) and show that this topology extends to 7.(S) U X(.5)
and defines a compactification of 7¢(S). This is carried out in Section 3. In Section
2, we introduce the oriented curve complex and show that it can be viewed as a
Tits type boundary for the mapping class group.

Section 4 is devoted to the proof that the space X'(S) is indeed a small boundary
for Mod(S) and that the action of Mod(S) on X(.5) is strongly proximal. In Section
5, we show that X' (5) is metrizable. This result depends on the construction of an
explicit neighborhood basis of a given point in X(S) C T(S). This neighborhood
basis is used in Section 6 to construct another neighborhood basis in X'(S) consisting
of sets whose intersections with 7 (.S) are contractible. Finally in Section 7 the proof
of Theorem 4 is completed.

Acknowledgement: I am grateful to Alessandro Sisto for informing me about the
article [DMS25]. This work was partially supported by the Hausdorff Center Bonn.

2. THE TITS BOUNDARY OF Mod(S)

The join X1 * X5 of two topological spaces X, X5 is defined to be the quotient
X1 x X9 x[0,1]/ ~ where the equivalence relation ~ collapses X7 x X5 x {0} to X3
and collapses X7 x X x {1} to Xo. For example, the join S{ xS of two O-spheres is
the circle S', thought of as a union of four intervals glued at the endpoints, where
each interval has one endpoint in Sy and the second endpoint in S9. The join of
two spaces X1, Xo contains an embedded copy of X7, Xs.

Example 2.1. The product of two hyperbolic planes H? x H? is a complete simply
connected Riemannian manifold of non-positive curvature. Its wvisual boundary is
the join S % St of two circles that are the Gromov boundaries of the embedded
copies of H2. This corresponds to the fact that the projection of any geodesic in
H? x H? to each of the two factors is a geodesic. Note that the join of two circles
is homeomorphic to S3.

From now on we assume that 3g — 3+ m > 2 which rules out the once punctured
tori and four punctured sphere. Define the oriented curve compler OG(S) of the
oriented surface S of finite type to be the complex whose vertices are isotopy classes
of oriented simple closed curves in S and where two such vertices are connected by
an edge (of length 1) if they can be realized disjointly and are not homotopic up
to orientation. Thus any simple closed curve in S defines two distinct vertices
in OG(S), and these vertices are not connected by an edge. Furthermore, we
require that any collection of k£ > 2 oriented disjoint simple closed curves which are
distinct as unoriented curves span a simplex. The union of these simplices defined
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by a fixed collection of k curves equipped with all combinations of orientations is a
sphere of dimension k — 1. Note that a point in OG(S) can be viewed as a formal
linear combination Zle a;\; where for some k > 1, A1, ..., \; are pairwise disjoint
oriented simple closed curves, where a; > 0 for all  and ), a; = 1. In other words,
a point in the oriented curve complex can be viewed as a point in the join of a finite
collection of oriented pairwise disjoint simple closed curves.

Remark 2.2. If we choose the length of the edges of the oriented curve complex
to be 7/2, then this is consistent with the idea that the oriented curve complex can
be thought of as being contained in the Tits boundary of Mod(S), equipped with
the angular length metric which identifies each sphere with a sphere of constant
curvature one.

A simple closed curve c on S is the core curve of an embedded annulus A(c) C S.
The ”curve graph” CG(A(c)) of the annulus A(c) is a graph of isotopy classes of
arcs connecting the two boundary components and whose endpoints are allowed to
move freely in the complement of a fixed point on each of the two boundary circles.
The curve graph of A(c) is a simplicial line. If « is a given vertex of CG(A(c)), then
any other isotopy class of arcs can be represented by an arc which is the image of
«a by a multipe of a Dehn twist about c¢. The distinction between a positive and a
negative Dehn twist about ¢ only depends on the orientation of S but not on the
orientation of ¢. The choice of an orientation of ¢ can be thought of as a spiraling
direction about ¢ for oriented arcs connecting the two boundary components of

A(c).

In the sequel we denote by ¢ the point in the Gromov boundary of CG(A(c))
(which consists of two points) which corresponds to an iteration of positive Dehn
twists about ¢, and we denote by ¢~ the point in the Gromov boundary of CG(A(c))
which corresponds to iteration of negative Dehn twists about c¢. Write J(¢) =
{c*,c™}. Tt will be convenient to think about J(c) as a set of two distinct points
in the oriented curve complex of S, with the same underlying curve.

If Sy is a subsurface of S different from a pair of pants or an annulus, then we
denote its (non-oriented) curve complex by CG(Sp). The vertices of this complex
are isotopy classes of non-peripheral simple closed curves. If Sy is different from a
one-holed torus or a four punctured sphere, then a collection of k > 2 such disjoint
simple closed curves span a simplex of dimension k— 1. If Sy is a one-holed torus or
a two-holed sphere then two simple closed curves are connected by an edge if they
intersect transversely in the minimal number of points. The curve complex of Sy
is hyperbolic and hence it has a Gromov boundary dCG(Sp). As a set, the Gromov
boundary dCG(Sy) is the set of all minimal filling geodesic laminations on Sy. We
refer to [HO6] for an account on this result of Klarreich.

There is a natural metrizable topology on the union CG(Sg) of CG(Sp) with
its Gromov boundary, called the coarse Hausdorff topology. With respect to this
topology, the subspace CG(Sy), equipped with its simplicial topology, is an open
dense subset. To define this topology equip the surface with a hyperbolic metric
with geodesic boundary. This choice defines a Hausdorff topology on the space of
compact subsets of Sp. A sequence \; C CG(Sp) C CG(Sp) UICG(Sy) of vertices in
CG(Sp) converges in the coarse Hausdorfl topology to A € 9CG(Sy) if and only if
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the limit of any converging subsequence of \; in the Hausdorff topology on compact
subsets of Sp contains A as a sublamination [H06]. Define

J(So) = 9CG(So),

equipped with the topology as a subset of CG(Sp). If Sy is a pair of pants, then we
define J(Sp) = 0.

If Si,...,Sk are disjoint connected subsurfaces of S (we allow that they share
boundary components, and annuli about such boundary components may be in-
cluded in the list), then we define

(1) J(UiS;) = DCG(Sy) * - - - % HCG(Si)

to be the join of the spaces J(S;) = dCG(S;). For example, if S; C S is a subsurface
which is the complement of a non-separating simple closed curve ¢, then

J(S1UA(e)) = 0CG(Sy) * {ct, e}

A point in J(S; U---USk) can be viewed as a formal linear combination
€= ai&
where & € 9CG(S;), a; > 0 for all 7 and, furthermore, >, a; = 1. The union

supp(§) = Ua; >0
is a geodesic lamination with minimal components §;, and £ can be viewed as a
weighted (and partially labeled if there are simple closed curve components of &

with positive weight) geodesic lamination. For all v < k there is an inclusion
J(S1U---US,) C J(S1U---USk) which is a topological embedding.

A collection Sy, ..., Sk of disjoint connected subsurfaces of S is called maximal if
S —U;S; = 0. By convention, this means that for any boundary component ¢ of one
of the surfaces S;, the annulus A(c) is contained in the collection. Any collection
of disjoint connected subsurfaces of S is contained in a maximal collection of such
subsurfaces, however this maximal collection is in general not unique. Note that
for any collection Si, ..., S of disjoint connected subsurfaces, there is a canonical
maximal collection containing Sy, ..., Si which is comprised of the surfaces S;, the
annuli A(c) where ¢ runs through all boundary components of U;.S; which are not
already contained in the list, and all connected components of S — U;.S;.

Define
(2) X(S)=UJ(S1U---USg)/ ~

where the union is over all collections of disjoint subsurfaces Si,...,S; of S. The
equivalence relation ~ identifies two points ), ;& and Zj b;¢; if they coincide
as weighted labeled geodesic laminations. Thus a point in X(S) is nothing else
but a formal sum Zle a;&; where a; > 0, a; = 1, where &,...,&, are pairwise
disjoint minimal geodesic laminations on S and where every simple closed curve
component of this collection is in addition equipped with a label +. Note that the
oriented curve complex OG(S) of S can naturally be identified with the union of
the subsets J(A(c1) U -+ U A(cg)) of X(S), and its Gromov boundary (which is
just the Gromov boundary dCG(S) of the non-oriented curve complex of S) also
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is contained in X(.S). The mapping class group Mod(S) naturally acts on the set
X(S).

Example 2.3. The definition (2) also makes sense if S is a once punctured torus.
In this case there are no non-peripheral non-annular subsurfaces of S, and the set
X(S) is just the union of the Gromov boundary of the curve graph CG(S) with a
countable set, consisting of all oriented simple closed curves on S. This set has the
following interpretation.

The curve graph of S is the well-known Farey graph. It vertices can be repre-
sented by the rational points in the boundary dH? = R U {oc} of the hyperbolic
plane. If one represents the edges of the Farey graph by geodesics in H?, then one
obtains a tesselation of the hyperbolic plane by ideal triangles which is invariant
under the mapping class group PSL(2,Z) of S. The boundary 0T of the dual tree
T of this tesselation is a Cantor set which admits a surjective continuous map onto
the boundary OH? of the hyperbolic plane. Each irrational point in OH? has pre-
cisely one preimage, and the rational points which correspond to the vertices of the
curve graph have two preimages.

The vertices of CG(S) correspond to the fixed points of the parabolic subgroups
of PSL(2,Z). With this interpretation, the set X' (S) can be identified with the
Cantor set 9T obtained by replacing each rational point in R U {co} by a compact
interval and removing the interior of the interval. This Cantor set in turn has a
natural identification with the Gromov boundary 9T of the virtually free group
PSL(2,Z). In particular, there is a natural invariant topology on X(S) so that
with this topology, X'(5) is a compact PSL(2, Z)-space which contains the Gromov
boundary dCG(S) of the curve graph of S as a dense embedded subset. Furthermore,
following [BM91], with this topology the set X'(S) is the boundary of a Z-structure
for any torsion free finite index subgroup of PSL(2,7Z).

Example 2.4. Let Sp,...,S; be a disjoint union of subsurfaces of S which are
different from pairs of pants. Then the join X'(S1) *---* X (Sk) is a subset of X'(S5).

The oriented curve complex of S is connected, and any non-filling geodesic lam-
ination, that is, a geodesic lamination which is disjoint from some simple closed
curve, is disjoint from some vertex of OG(S). Thus if we equip X(5) \ 9CG(S)
with the topology of a simplicial complex whose edges are the joins of two disjoint
(perhaps labeled) geodesic laminations, then this complex is connected. As a con-
sequence, the set X(S) can be equipped with a topology which coincides with the
topology of a (non-locally finite) simplicial complex on X' (S) \ dCG(S) and is such
that each point in dCG(.S) is isolated. We write X1 (S) for X (S) equipped with this
topology and call X7 (S) the Tits boundary of Mod(S) (having the Tits boundary
of a CAT(0) space as guidance). From this description, we obtain

Lemma 2.5. The mapping class group Mod(S) of S acts on Xr(S) as a group of
simplicial automorphisms.

Proof. The mapping class group acts on the oriented curve complex of S as a group
of simplicial automorphisms, and this action extends to an action on the space of
formal sums of weighted disjoint minimal geodesic laminations preserving weight



BOUNDARY 9

and disjointness. Furthermore, it acts on 9CG(S) as a group of transformations.
Since the topology on X7 (5) is the topology of a disconnected simplicial complex,
constructed from the curve complexes of subsurfaces, the lemma follows. O

Remark 2.6. The Tits boundary of a CAT(0) space X can be viewed as the
geometric boundary (that is, the CAT(0) boundary) of X, equipped with a topology
which in general is finer than the geometric topology. We shall see in Section 4 that
the same holds true for the Tits boundary and the geometric boundary of Mod(SS).

3. A TOPOLOGY FOR X(S)

The goal of this section is to equip the set X'(.S) with a topology which is coarser
than the Tits topology so that for this topology, X (S) becomes a compact Mod(.S)-
space.

To achieve this goal we use markings of (not necessarily proper) essential sub-
surfaces Sy of the surface S. Such a marking consists of a pants decomposition
P for Sy together with a collection of spanning curves. Each such spanning curve
intersects one of the pants curves from P in the minimal number of points (one
or two) and is disjoint from all other pants curves. Two spanning curves may not
be disjoint, but we require that the number of their intersection points is bounded
from above by a universal constant. Since there are only finitely many topological
types of pants decompositions, this can clearly be achieved. There is a natural
way to equip the set of all markings on Sy with the structure of a locally finite
connected graph on which the mapping class group Mod(Sy) of Sy acts properly
and cocompactly. We refer to [MMO00] for more information on this construction.

Choose a marking p on S as a basepoint for the proper cocompact action of
Mod(S). For every subsurface Sy of S which is distinct from a pair of pants or an
annulus, this marking can be used to construct a marking 1(Sg) of Sp as follows.

There is a coarsely well defined subsurface projection
prg, : CG(S) — CG(So)

which associates to a simple closed curve c its intersection ¢ N Sy with Sy in the
following sense. If ¢ C Sp then put prg (c) = ¢, and if ¢ is disjoint from Sy then put
prg,(c) = 0. In all other cases, cN Sy consists of a collection of pairwise disjoint arcs
with endpoints on the boundary of Sp. We then put prg (c) = u for a simple closed
curve u in Sy which is obtained from one of these intersection arcs by choosing a
component of the boundary of a tubular neighborhood of the union of the arc with
the boundary components of Sy containing its endpoints.

Given a marking p for S, the union of the intersections of the marking curves with
Sp consists of a union of arcs and simple closed curves on Sy with pairwise uniformly
bounded intersection numbers which decompose Sy into simply connected regions.
Hence via deleting some of these arcs and modifying some arcs with a surgery to
simple closed curves as described in the previous paragraph, the projection prg, (1)
of u coarsely defines a marking p(Sp) of Sy, called the subsurface projection of u
[MMO0O]. Here a coarse definition means that the construction depends on choices,
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but any two choices give rise to markings which are uniformly close in the marking
graph of Sy, independent of the subsurface Sy.

If Sp is an annulus, then a similar construction applies. In this case a marking
consist of the choice of a marked point on each boundary component of Sy and
an embedded arc in Sy connecting the two distinct boundary component which is
disjoint from the marked points. With a bit of care, a subsurface projection is
defined for annuli as well. We refer to [MMO00] for more information.

Now let S = UF_,S; be a collection of pairwise disjoint subsurfaces of S. Fix as
before a marking u for S. By the discussion in the previous paragraph, each of the
surfaces S; is equipped with a coarsely well defined marking 1(S;). Let a; be one of
the marking curves (or arcs if .S; is an annulus) of u(S;). As the intersection number
between any two curves (or arcs) of prg, () is uniformly bounded, the distance in
the curve graph of S; between z; and any other curve from p(S;) or any other
marking of S; constructed in the same fashion from p is uniformly bounded. Thus
this construction determines a based product space

(CG(UsSs), ) = (CG(S1) x --- x CG(Sk), )

where the basepoint © = (x1,...,2) is the product of the coarsely well defined
basepoints x; € CG(S;).

Recall from (3.3) the definition of the sets J(U;S;).

Definition 3.1. Define a topology on the union
y(UiSi) = Cg(UZ‘Si) U 869(51) koo ok GCQ(Sk) = CQ(UZSZ) U j(UzSZ)

by the following requirements.

e The product space CG(U;S;) is equipped with the product topology.
e The subspace J(U;S;) is equipped with the topology as a join of the Gromov
boundaries of the curve graphs of S;.
e A sequence of points (yi,...,y.); C CG(U;S;) converges to Y . a;& €
OCG(S1) * -+ x OCG(Sk) if the following two conditions are fulfilled.
(1) For each i with a; > 0, the components y/ € CG(S;) converge as
Jj — o0 to & in the coarse Hausdorff topology to &; (and hence they
converge in CG(S;) UICG(S;) to &, see [HO6]). In particular, we have
deg(s:) (Y], i) = 00 (j — 00).
(2) Assume without loss of generality that a; > 0. Then for all i > 2 we
have )
J
deg(s)(Yi>vi) , ai
deg(s,)(y1,x1) @

Lemma 3.2. The notion of convergence in Definition 3.1 defines a topology on
Y(U;S;) which restricts to the given topology on OCG(S1) * -+ x ICG(S) and on
CG(US;). The subspace OCG(Sy) * - -+ % OCG(Sy) is closed in Y (U;S;).

Proof. Define a subset A of Y(U;S;) to be closed if Ay = ANCG(U;S;) is closed,
Ay = ANICG(Sy) * -+ x OCG(Sk) is closed and if furthermore the following holds
true. If y; C A; is a sequence which converges in the sense described above to a
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point y € CG(Sy) *---*ICG(Sk), then y € As. Note that by definition, the empty
set is closed, and the same holds true for the total space.

We have to show that complements of closed sets defined in this way fulfill the
axioms of a topology, that is, they are stable under arbitrary unions and finite
intersections. Equivalently, the family of closed sets is stable under arbitrary in-
tersections and finite unions. As this holds true for the closed subsets of CG(U;S;)
and for the closed subsets of CG(S1) * -+ x ICG(S), all we need to observe is
that taking arbitrary intersections and finite unions is consistent with the notion
of convergence of points in CG(U;S;) to points in the join ICG(Sy) * - - - * ICG(Sk)
in the sense of Definition 3.1.

Consistency with arbitrary intersections is straightforward. To show consistency
with taking finite unions let Bi,..., By, C Y(U;S;) be closed in the above sense.
Let y; C Ur(BrNCG(U;S;)) be any sequence which converges to a point in J(U;S;)
according to the definition of convergence. By passing to a subsequence, we may
assume that y; € B, for a fixed m < ¢ and all j. As B, is closed and the
subsequence also fulfills the requirements for convergence, its limit is contained in
B,, C UpBjy. Hence indeed, the notion of a closed set is consistent with taking
finite unions. O

So far we have constructed a topology on the spaces Y(U;S;) where Si,...,Sk
is a collection of disjoint subsurfaces of S. We now use these spaces to define con-
vergent sequences in X'(S) and use this notion of convergent sequence to construct
a topology on X (.S) which gives X'(S) the structure of a compact Hausdorff space.

Let Min(£) be the set of all minimal geodesic laminations on S where as before, a
simple closed curve carries in addition a label +. Let & =3 af & be a sequence
in X(S). We shall impose 3 requirements for the sequence to converge to a point
Zle bi¢; € X(S) (here as before, we require that af, > 0,b; > 0,>.b; = 1 =
>, al, for all j and that furthermore, supp(>_, b;¢;) is a disjoint union of minimal
components.

Recall that the space of geodesic laminations on S is compact with respect to
the Hausdorff topology.

Requirement 1: Convergence in the coarse Hausdorff topology

Let &7 be any subsequence of the sequence & such that the geodesic laminations
supp (&) converge in the Hausdorff topology to a geodesic lamination 3. Then 3
contains supp(¢) as a sublamination.

Example 3.3. Let S1,...,S5; C S be disjoint subsurfaces. Example 2.4 shows
that X(S) contains the join X(S7) * --- x X(Sg) as a subset. An element £ €
X (S1) * -+ x X(Sk) can be represented in the form

§= Zaifi

where & € X(S;), in particular, supp(§;) C S;, and ), a; = 1. Since the subset of
geodesic laminations on S which are supported in S; is closed with respect to the
Hausdorff topology, this implies that for any topology on X'(S) which fulfills the
first requirement above, the subspace X' (S1) * - - - * X(Sy) of X(S) is closed.
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We next introduce for each collection Si, ..., Sy of pairwise disjoint subsurfaces
of S a coarsely well defined projection
(3) Pry(u;s;) Min(L) — Y(U;S;)
as follows.

Let v € Min(£). Then for ¢ < k there are three possibilities.

e The lamination v is disjoint from S; up to homotopy.

e v CS;.

e vN§S; consists of a collection of simple arcs with endpoints on the boundary
of S; which coarsely define a point in CG(S;).

In the third case, the intersection arcs are pairwise disjoint and hence we can choose
one of these arcs and replace it by a simple closed curve via surgery as discussed
above. Any two choices of such curves are of distance at most two in the curve
graph of S;.

For the definition of pry,g,), we distinguish three cases.

(1) If v € OCG(S;) for some i, that is, if v C S; and if v fills S;, then define
Pry,s,)(¥) = v € 0CG(S1) * - - - OCG(Sk).

(2) If v C S; for some ¢ but if v is disjoint from an essential simple closed
curve ¢ C S; then define pry g,y (v) = (z1,...,¢,...,x)) where z; is the
basepoint in CG(S;).

(3) If v ¢ S; for any 4, then the subsurface projections of v into S; are either
coarsely well defined simple closed curves or empty. Let Pry(u, Si)(l/) =
(v1,...,v) where for each i, the component v; either is a subsurface projec-
tion of v into S; if v intersects \S;, or v; = x; for the basepoint z; € CG(S;).

Using the projections pry,, g,), we are now ready to define the convergence of a
sequence & C X of minimal geodesic laminations to a limit point ¢ = >, b;¢;.

Requirement 2: Assume that & is a minimal geodesic lamination for all j. Let
&J¢ C & be any subsequence which converges in the Hausdorff topology to a lam-
ination . By the first requirement, we have 5 D supp({). Let fB1,...,0s be the
minimal components of 3, ordered in such a way that §; = (; for i < k. We may
have s > k. For each i < s let S; be the subsurface of S filled by 3;, that is,
Bi C S; and S; — B; is a union of simply connected components and boundary
parallel annuli. We require that

pry(UiSi)gje — (in y(Uzsl)

Example 3.4. To illustrate the above construction, let S be a once punctured
torus. In Example 2.3, we identified X (S) with the Gromov boundary of the hy-
perbolic group PSL(2,7Z) as a set.

Every geodesic lamination on S contains precisely one minimal component. As
the Gromov topology on the boundary of the curve graph of S is the coarse Haus-
dorff topology, an inspection of the construction of the Gromov boundary of the
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tree dual to the Farey tesselation in Example 2.3, which has a natural identifica-
tion of with X(.9) as a set, fulfills the requirements (1) and (2). Thus by invariance
under the action of PSL(2,7Z), we find that X(5), equipped with a topology which
satisfies these requirements, is indeed equivariantly homeomorphic to the Gromov
boundary of PSL(2,7Z).

While requirements (1) and (2) are sufficient to describe convergent sequences
consisting of minimal geodesic laminations, the definition of convergence of a general
sequence & = Y. aleél ¢ X(S) to a limit point 3%, b;¢; is more involved. To
obtain a better understanding of what it captures, for a collection U¥_, S; of disjoint
subsurfaces of S define

Z(UiS;) ={aCi + (1 —a)2 | a € [0,1], (1 € T(Uj<sSi;), G2 € Y(Uugiy,....in}Su)}

to be the union of the joins of the spaces X'(Uj<sS;;) and Y(Uygy, ,....i,1Su) where
{i1,...,15} runs through all (possibly empty) subsets of the set {1,...,k}. Note
that Z(U;S;) contains Y(U;S;) as a subset. However, the union is not meant to
be a disjoint union as we identify points if they correspond to the same weighted
geodesic laminations.

Construct next a projection prz g, @ X(S) — 2(U;S;) as follows. Let § =
doimiaig; € X(S) with a; > 0 and }~;a; = 1 and write as before supp(§) =
Uj;€;.  After perhaps a reordering of the components ;, assume that for some
u < min{k, m} the components &;,...,&, fill the subsurfaces Si,...,S,, that is,
they define points in 9CG(S;), and that for no j > u, the component ¢; fills any
of the surfaces S;. As the components of supp(&) are disjoint, this implies that if
s,t > w, if i € {u+1,...,k} and if the subsurface projections prg, (&), prg, (&) of
&, & into S; are not empty, then they are of uniformly bounded distance in CG(.S;)
(where we adopt the convention to associate to any non-filling geodesic lamination
in S; a disjoint essential simple closed curve).

Define

u u
Przwsy) = 9 @ik + (1= a)(Pry,s, s, Yisutt &)-
J=1 Jj=1

Here the term on the right hand side is understood in the following sense. Let us
consider a subsurface Sy for some ¢ > u. If there exists some s > u such that &
intersects Sy, then the component in Sy of the projection pry(Ui2u+ISi)(Uqu+1§j)
is a point in CG(Sy). Although this projection depends on choices, it is coarsely
well defined, that is, well defined up to a uniformly bounded error. The above
remark shows that this projection coarsely does not depend on choices, nor on the
component & of ¢ intersecting S,. If the lamination supp(¢) = U;£ is disjoint from
the subsurface Sy, then the projection component is defined to be the basepoint of
CG(Sy) constructed from the base marking.

Requirement 3: Let &= be any subsequence of the sequence &/ so that the lam-
inations supp(&7¢) converge as s — oo in the Hausdorff topology to a lamination
B with minimal components S,...,8, for some n > k. By the first require-
ment, we have 8 = U;5; D supp(¢). Assume by reordering that 5; = (; for
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i < k. For each i let S; be the subsurface filled by §;; then PTZ(uisi)(ij) — ¢
in Z(UzSz) D Z(Uingi) D j(Ulsl)

Remark 3.5. It follows from the above description that for this notion of conver-
gence, the following holds true. Let &7 be a sequence in X’ consisting of minimal
geodesic laminations which converges to a point ¢ = >, byCy-

(a) The lamination Uy,(, is a sublamination of the limit in the coarse Hausdorff
topology of any convergent subsequence of the sequence supp(&7) = Uiff .

(b) For each j let 1/ be a minimal geodesic lamination disjoint from &7 (we allow
7 = ¢7) and let s; € [0,1]. Then any limit of a convergent subsequence of
the sequence v/ = s;67 + (1 — s;)n7 is of the form s¢ + (1 — s)n where 7 is
a limit of a subsequence of the sequence 1/ and where s € [0, 1].

Definition 3.6. A subset A C X(S) is called closed for the geometric topology of
X (S) if the following holds true. Let & C A be any sequence which converges to a
point £ € X(S) in the sense described by the requirements (1),(2),(3); then £ € A.

An embedding of a topological space X into a topological space Y is an injective
map f : X — Y which is a homeomorphism onto its image, equipped with the
subspace topology. Recall that for any collection Si,..., Sy of pairwise disjoint
subsurfaces of S, the space J(U¥_,S;) is equipped with a natural topology as a join
of the Gromov boundaries of the curve graphs of the subsurfaces S;. The following
statement is the first main step towards the proof of Theorem 4.

Proposition 3.7. (1) Closed subsets of X(S) in the sense of Definition 3.6
define a topology O on X(S5).
(2) For any collection St,...,Sy of pairwise disjoint subsurfaces, the natural
inclusion J(UF_,S;) — (X,0) is an embedding.
(3) The group Mod(S) acts on X(S) as a group of transformations.

Proof. Let O C X(S) be the family of all subsets of X(S) whose complement is
closed in the above sense. Sets in O are called open. For the first statement in the
proposition, we have to show that O defines a topology on X'(.S).

As the empty set and the entire space X'(S) are open, to show that O is indeed a
topology on X'(.S) it suffices to show that arbitrary unions of open sets are open, and
that finite intersections of open sets are open as well. Or, equivalently, arbitrary
intersections of closed sets are closed, and finite unions of closed sets are closed.
This can be established using exactly the same reasoning as in the proof of Lemma
3.2.

Namely, that the collection of closed sets is stable under arbitrary intersections
is immediate from the definition. So let By, ..., By be closed sets and let B = U, B;.
Choose a sequence & C B which converges in the sense of requirements (1)-(3) to
some point (. By passing to a subsequence, we may assume that & € By for some
¢ < k. But then ¢ € By C B as By is closed which completes the proof that O is
indeed a topology on O.

We show next the second property claimed in the proposition. Thus let S, ..., Sk
be a collection of pairwise disjoint subsurfaces of S. Our goal is to show that the
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inclusion J(UX_;S;) — (X(9),0) is an embedding. Since the inclusion is injective,
and J(UF_,S;) is a separable Hausdorff space, for this it suffices to show that the
inclusion is continuous and its image is locally closed. This is equivalent to the
following

Claim: A sequence & = 3, al f C J(UE_,S;) converges in (X,0) to a point
¢ € J(Uk_,S;) if and only if & converges in J(U¥_;S;) to ¢.

To prove the claim we begin with considering a sequence & = 3, af i -
J(UF_,S;) which converges in the space X(UF_,S;) to ¢ = 3, b;¢;. We aim at
showing that &/ converges to ¢ in (X(S),0).

By reordering, assume that 1 < m < k is such that b; > 0 if and only if
i < m. Let 8 be a limit in the coarse Hausdorff topology of a subsequence of the
sequence of laminations (supp(§7) = U, &/, By the definition of convergence

in j(UleSi), up to reordering, we may assume that for some m < n < k, we
have 8 = U;<,8; where §; is a (not necessarily minimal and not necessarily filling)
geodesic lamination on the surface S;, and 8; = (; for 1 < ¢ < m. The fact that
n may be strictly smaller than k arises from the possibility that the formal sum
describing ¢ may not have a positive coefficient corresponding to a surface S, for
£>m.

Since ¢ € J(UF_,S;) for all j, we know that the projection prZ(UKmSi)fj of
& to Z(Uij<mS;) is contained in J(U7,S;). Now by definition of the topology
on J(UF_,S;), the subset J(U™,S;) is an embedded subspace of J(UF_;S;), and
the surfaces S; for @ > m are precisely those surfaces with the property that the
coefficients a? of the components & of &7 in S; tend to zero as j — co. Furthermore,
for ¢ < m the coefficients af converge to b;. Thus an application of the first and
third requirement in the definition of convergent sequences for O shows that indeed,
& — (e Xx(S).

To complete the proof of the claim, we have to show that a sequence in J (U¥_, S;)
which converges in (X(S),0) to a limit point ¢ = >, b;¢; € J(UF_,S;) also con-
verges in X(UF_,S;) to the same limit point. However, this can be established
with essentially the same argument and will be omitted. The second part of the
proposition follows.

That Mod(S) acts on X(S) as a group of transformations is immediate from the
definition and the fact that Mod(.S) naturally acts on curves graphs and subsurfaces.
O

Example 3.8. i) Let ¢ € Mod(S) be a pseudo-Anosov element. Then ¢ acts as
a loxodromic isometry on the curve graph of S, with attracting and repelling fixed
points v4,v_ € OCG(S). Let u € X(S) be any minimal geodesic lamination which
is distinct from the repelling fixed point v_ of ¢. Then ¢/ — vy (j — o) in the
coarse Hausdorff topology and therefore ¢/ — vy in X(S).

ii) Now let us assume that Sy C S is a proper connected subsurface different from
an annulus and a pair of pants and that ¢ € Mod(S) restricts to a pseudo-Anosov
mapping class on Sy and to the trivial mapping class on S — Sy. Let v € 9CG(Sy)
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be the attracting geodesic lamination for the action of ¢ on Sy. Let furthermore
w# v_ € X(S) be any minimal geodesic lamination on S which is different from
the repelling fixed point v_ for the action of ¢ on CG(Sy). Then there are two
possibilities. In the first case, p is supported in S — Sy. Then we have ¢’ (u) = p
for all j. However, if u intersects Sy, then either 4 = v or p intersects vy and we
have ¢/ (1) — vy (j — 00) in X(9).

Namely, if p intersects Sy then the subsurface projection of p into any subsurface
disjoint from Sy is a collection of arcs intersecting 95y. In particular, the subsurface
projection into any subsurface V of S — Sy is a point of CG(V). Since ¢ can be
represented by a diffeomorphism which fixes S — Sy pointwise, it acts trivially on
CG (V) which yields the above statement.

Since each of the spaces J(UF_,S;) is a finite join of separable metrizable spaces
(namely, the Gromov boundary of a curve graph of a subsurface of S) and hence
separable metrizable, the second part of Proposition 3.6 shows that (X (S5),0) is a
countable union of (in general not disjoint) separable metrizable spaces and hence
is separable.

Corollary 3.9. (X(S),0) is a separable Lindelof space.

Proof. We have to show that any open cover of X(S) has a countable subcover. To
this end let U be such an open cover. List the countably many spaces J(U;S;) as

X1, X, .. .. Since for each i, the space X is separable and metrizable, the restriction
of U to X;, which is an open covering of X, has a countable subcover, say by sets
Ul,U?2,.... Now the union V = U, ;U] consists of countably many sets, and for

each 4, the sets from V cover X;. Since X(S) = U;X; (as a set), this shows that V
is a countable subcover of the cover U. In other words, X'(5) is a Lindeldf space as
claimed. [l

Proposition 3.10. (X(S5),0) is a compact Hausdorff space.

Proof. Let us show that the topology O is Hausdorff. To this end let £ = )", a;§; #
¢ =2_;b;¢ € X(S). We have to show that £, ( have disjoint neighborhoods.

If this is not the case, then any neighborhoods Ug of £ and U¢ of ¢ intersect
nontrivially. Since X(.5) is separable, and since points in X(S) are closed by con-
struction, we conclude that there is a sequence &/ C X which converges both to
&, C. But for the notion of convergence used to define the topology O, the limit of
a converging sequence is unique. Thus O is Hausdorff as stated.

As by Corollary 3.9, the space X(S) is a separable Lindelof space, moreover
it is Hausdorff, to show that X(S) is compact it suffices to show that X(S) is
sequentially compact.

Thus let & = 3. al¢/ € X(S) be any sequence. We have to construct a con-
vergent subsequence. Since the space of geodesic laminations equipped with the
Hausdorff topology is compact, by passing to a subsequence we may assume that
the geodesic laminations supp(¢7) = Uiff converge in the Hausdorff topology to a
geodesic lamination é with minimal components (1, ..., (k.
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For each ¢ < k let S; C S be the subsurface of S filled by ¢;. Assume by passing
to another subsequence that for each component (; of {, either this component also
is a component of supp(¢7) for all j, or it is not a component of supp(¢7) for all j.

By relabeling, assume that for some u < k the laminations (1, ..., (, are those
components of ¢ which are also components of supp(&7) for all j. By reordering,

we then can write
u
, P a o
=2 a6+ alg.
i=1 >
By convention, the label 4 is only relevant if ; is a simple closed curve component.

By passing to another subsequence, we may assume that for ¢ < u, the labels
+ of the components (; are constant along the sequence, and that the weights
a? (0,1] of the components (; converge to weights b; > 0. In particular, the
sums 1 — 3. al converge to 1 — 3, b; = k. If K = 0, then by the definition
of convergentisequences in X(95), the se;quence &7 converges to ., big‘L and we are
done.

Now assume that x # 0 and hence .., al > k/2 > 0 for all sufficiently
large j. By passing to a subsequence, we may assume that this holds true for all
j. For all i > u and for all j, the subsurface of S filled by & is disjoint from
the subsurfaces Si,...,5, filled by the laminations (y,...,{,. In other words,
if we denote by Xy41,...,%, the components of S — U;<,S;, with annuli about
boundary components of the surfaces S; (i < w) included if they are not one of
the surfaces S; themselves, then for i > u + 1, each of the laminations gf G s
supported in U;>y+1%;. Thus by the definition of the topology on X'(S) and writing
&= (Dicu @l6) + (Xisurr al€]), viewed as points in the join of two subspaces
of X(S), and similarly for ¢, we conclude that it suffices to construct a convergent
subsequence of a sequence &7 under the additional assumption that for all j, no
component & of supp(¢7) coincides with a component of the limit ¢ = Ui<kGi in
the coarse Hausdorff topology.

From now on we assume that the latter assumption holds true. Let as before
S; be the subsurface of S filled by ;. Up to passing to a subsequence, we may
assume that there is a number v < k such that for each ¢ < u and each j, the
geodesic lamination supp(&7) has some component &) which is supported in S; and
fills S;. This means that 517 defines a point in the Gromov boundary of CG(S;)
which is different from the point ¢;. Since supp(¢7) converges as j — oo in the
Hausdorff topology to a geodesic lamination with minimal components (1, ..., (x,
we conclude that for ¢ < u, the laminations & converge as j — oo in the coarse
Hausdorff topology to (;. By passing to another subsequence, we may assume that
for each i < u, the coefficients a! of the components contained in S; converge as
J — 00 to a coefficient b;. As above, if ). b; = 1, then by the definition of a
convergent sequence in X (S), we know that & — >, b;(; and hence once again, we
are done.

According to what we established so far, it now suffices to assume that for no j
there exists a component of supp(&?) which fills any of the subsurfaces S;. Then for
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each i, we can consider the subsurface projection prg, (supp(¢7)) of supp(&?) into
the surface S;. Furthermore, by passing to another subsequence, we may assume
that for all j and all i« < k, this subsurface projection it is non-empty since the
geodesic lamination (; which fills S; is contained in the limit with respect to the
Hausdorff topology of the sequence of laminations supp(£7). Put differently, we
may assume that for each ¢ and all j, the subsurface projection prg, (supp(¢’)) of
the lamination supp(¢7) into the subsurface S; is a coarsely well defined point in
CG(S;). Furthermore, using once more that ¢; fills S; and that ¢; is contained in
the Hausdorff limit of the sequence supp(¢7), if we denote by z; the fixed basepoint
in CG(S;), then we know that deg(s,)(prg, (supp(&?)), z;) — oo (j — o0).

By passing to another subsequence and reordering indices, we may assume that

a] = deg(s,)(prs, (supp(£7)), 21) > a] = deg(s,) (prs, (supp(&’)), z;)

for all i > 2 and all j. Passing to another subsequence, we may assume furthermore
that o] /a] — a; € [0,1] for all i > 2. Put a; = 1; then we have >, a, > 1 and
hence defining b; = a;/ ), an > 0, we conclude that > b, = 1. It now follows
from the definition of the topology on X (.S) that & — > . b;(;. This completes the
proof that X'(S) is sequentially compact.

We are left with showing that the mapping class group Mod(.S) acts on X(S) as
a group of transformations. To this end observe first that by construction, Mod(S)
acts on X' (.5) as a group of bijections (equivalently, transformations for the discrete
topology). Thus it suffices to show that this action is continuous for the topology

o

By the definition of O, for this it suffices to show the following. Let &/ be a
sequence converging for the topology O to a point £. Then for every ¢ € Mod(S),
the sequence p(£7) converges to ¢(€).

That the first defining requirement for convergence is passed on to the image
sequence follows from continuity of the action of ¢ on the space of geodesic lami-
nations, equipped with the Hausdorff topology.

For the second requirement, if S1,..., Sk is a partition of S into disjoint subsur-
faces, then the same holds true for ¢(S1),...,»(Sk), and for any geodesic lamina-
tion v, we have pry,,,(s,)) (¢(¥)) = ©(Pry(u,s,)(¥)) up to replacing the basepoints
y; of CG(p(S;)) by w(xz;). As for all 4, we have dcg(@(si)(prip(si)(ﬁj),gp(xi)) =
deg(s;) (&, @) — 00 (j — o0) and the determination of the weights of the limit
points are computed using ratios of distances to the basepoint defined by sub-
surface projections, with the distances tending to infinity along the sequence, we
conclude that the second requirement in the definition of convergence is fulfilled
for (&%) if it is fulfilled for £*. The same reasoning also applies to the third re-
quirement. Thus indeed, Mod(S) acts on X'(S) as a group of transformations. This
completes the proof of the proposition. O

Definition 3.11. The space (X(.5), O) is called the geometric boundary of Mod(S).
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Let us note another naturality property of the geometric boundary of Mod(S).
Namely, if Sy C S is any essential subsuface, then we can construct a geometric
boundary X'(Sp) for Mod(Sp). As a set, this is a subset of the geometric boundary
of S which includes the Gromov boundary of the curve graph for peripheral annuli.
The above construction immediately yields

Corollary 3.12. If Sy C S is any subsurface of S, then the geometric boundary of
Mod(Sp) is a closed subspace of the geometric boundary of Mod(S).

4. A SMALL BOUNDARY FOR Mod(S)

In this section we show that the geometric boundary X(S) is indeed a small
boundary for Mod(S). For this we have to find a topology on Mod(S) U X(S)
which restricts to the given topology on X(.5) and the discrete topology on Mod(S)
and is such that for this topology, the space Mod(S) U X'(S) is compact.

The construction of this topology is done with the use of Teichmiiller geometry.
We begin with invoking the properties we need.

By the collar lemma for hyperbolic surfaces, there exists a number ¢y > 0 with
the following property. For any closed hyperbolic surface ¥, of genus g > 2, any
two closed geodesics v1, 72 on X, of length £(v1),€(v2) < €y are disjoint.

For € < ¢q define the e-thick part Tc(S) of Teichmiiller space T (S) by
T(S)={X € T(5)| systole(X) > €}
where the systole of a hyperbolic surface X is the shortest length of a non-contrac-

tible curve on X.

The following statement is well know. We refer to Proposition 1.1 of [JW10] for
an explicit statement.

Theorem 4.1. For e < €y, the following holds.

(1) The subspace Tc(S) C T(S) is non-empty, connected and stable under
Mod(S), and its quotient under the action of Mod(S) is compact.

(2) Te(S) is a real-analytic manifold with corners and hence admits a Mod(S)-
invariant triangulation such that Mod(S)\Tc(S) is a finite CW -complex.

There is a coarsely well defined map
T:T7(S)— CG(S)

which maps a hyperbolic surface to a systole, that is, a closed non-contractible
curve of minimal length. Coarsely well defined means that the map depends on
choices, but the images of a surface X for any two choices of such a map are of
distance at most two.

Call amap U : T(S) — T(S) coarsely Y-invariant if d(T(¥ (X)), (X)) < 2 for
all X. The following is Theorem 1.2 of [JW10], see also Theorem 3.9 of [J14].
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Theorem 4.2 (Ji-Wolpert). For e < eg there exists a Mod(S)-equivariant coarsely
Y -invariant deformation retraction T (S) — Te(S).

The following is a consequence of the proof of Theorem 4.2 and will be important
later on. For its formulation, choose a torsion free finite index subgroup I' of
Mod(S). With more care, the result also holds for if we replace T' by Mod(S),
however we do not need this in the sequel.

Proposition 4.3. For ¢ < ¢y there exists a number v > 0 and there exists a
I-equivariant diffeomorphism A : T(S) — A(T(S)) C T,(S) whose restriction to
Te(S) is the identity. The set A(T(S)) is the interior of a I'-invariant submanifold
with smooth boundary Q C T,(S). The action of T on Q is free and cocompact.

Proof. The proof of Theorem 4.2 relies on the (non-canonical) construction of a
smooth vector field on 7(S) \ 7c(S) which vanishes on 7.(S) and which vanishes
nowhere on 7(5) \ 7¢(S). Furthermore, this vector field is equivariant under the
action of Mod(S), and it defines a flow ® which retracts 7(S) into 7¢(S).

Let I' € Mod(S) be a torsion free subgroup of finite index. The flow ®* descends
to a flow on the smooth manifold M = T'\T(S). The quotient I'\7¢(.5) is a compact
submanifold of M with corners. The set T'\7;/2(S) is a compact neighborhood of
I'\7:(S) in M. By construction, the vector field V' which generates the flow @'
is transverse to the boundary X of I'\7;/5(S). Note that this makes sense on the
smooth part of the boundary of I'\ T /5(S), but it also makes sense at the singular
locus. We refer to [JW10] for more details on this construction.

Since ¥ is a piecewise smooth compact codimension one topological submani-
fold of M, it can be approximated by a smooth commpact hypersurface  which is
transverse to the vector field V. Then M \i = MyUM; consists of two components.
The component My contains I'\7:(S) and its closure My is compact. The compo-
nent M; is invariant under each of the diffeomorphisms ®¢ for ¢+ < 0. Furthermore,
we have R

Ml = Utg()q)t(Z).

Let 0 : (—00,0] — (—1,0] be an orientation preserving diffeomorphism which
equals the identity in a small neighborhood of 0 and define

A(@'z) =Wz (e Xt <0)

and A(y) =y for y € My. Then A is a diffeomorphism onto its image, which is a
relative compact subset of M, and A is homotopic to the identity. Since the closure
of A(M) is compact, A(M) is contained in T'\7,(S) for some v > 0.

_ Since A is homotopic to the identity, it lifts to a diffeomorphism A:T(S) —
A(T(S)) with the properties stated in the proposition. O

For a fixed torsion free subgroup I' of Mod(SS) of finite index, the subset A(7(S))
constructed in Proposition 4.3 is I'-invariant and contractible, and I' acts cocom-
pactly on its closure, which is contractible as well. Thus when we talk about a
Z-structure for I', we shall replace the subset 7.(S) on which I" acts properly and
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cocompactly by the closure @ of the set A(7(S)), which is a I-invariant smooth
manifold with boudnary. As this is a purely technical point and will be not be
important in this section, we continue to consider the action of the entire mapping
class group on 7¢(.5) for some € < €.

Thus fix a number € < €. Since Mod(SS) acts properly and cocompactly on 7(S),
to show that X'(.S) is a boundary for Mod(.S) it suffices to construct a topology Og
on T(S) = T.(S) U X(S) with the following property.

(1) Og restricts to the standard topology on 7.(S) and to the topology O on
X(9).

(2) T(5) is compact.
(3) The group Mod(S) acts on T (S) as a group of transformations.

We define a topology Og on Tc(S)UX(S) by defining what it means for a sequence
(X5) C Te(S) to converge to a point ¢ = >, b;¢; € X(S5).

There exists a constant p = p(S) > €, a so-called Bers constant, such that any
surface X € T(S) admits a pants decomposition by simple closed curves of X-
length at most p [Bu92]. If X € 7.(S), then by possibly enlarging p, we may in fact
assume that X admits a marking u(X) consisting of simple closed curves of length
at most p. We call such a marking short for X. By the collar lemma [Bu92], the
geometric intersection number between any two simple closed curves on S of X-
length at most p is bounded from above by a universal constant. In particular, the
diameter in CG(S) of the set V(X) of simple closed curves from the marking p(X)
is bounded from above by a universal constant (see [MM99] for more information).

The marking curves from the marking u(X) decompose S into disks. Thus
for every proper essential subsurface Sy of S, there exists a simple closed curve
¢ € V(X) which has an essential intersection with Sy. Moreover, the diameter of
the subsurface projections into CG(Sp) of the set of all such curves is uniformly
bounded. We denote the subsurface projection into Sy of the set of simple closed
curves on S from the set V(X) by prg, (X). We then view prg (X) as a non-empty
subset of CG(Sy) whose cardinality is uniformly bounded and whose diameter in
the curve graph of Sy is uniformly bounded as well.

Fix now a hyperbolic metric X € T.(S). For a subsurface Sy of S let u(Sp) be a
marking of Sy obtained by projecting the short marking p(X) to Sg. This projected
marking coarsely defines a basepoint in CG(Sp).

In the sequel, when we say that two geodesic laminations are disjoint then we
allow that they contain some common components. All geodesics or geodesic lami-
nations will be realized on a fixed hyperbolic surface X € T.(S5), and the Hausdorff
topology for compact subsets of X is the Hausdorff topology defined by the metric
X.

Definition 4.4. A sequence X; C 7Tc(S) converges to a point £ =, a;& € X(S)
if the following holds.
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(1) Let v; € V(X;) be a simple closed curve of Xj-length at most p. Then
any limit in the Hausdorff topology of a subsequence of the sequence v; is
disjoint from supp(>_, &) = U;&;.

(2) Let S; be the subsurface of S filled by &;. Then for each ¢, the projections
prg, (X;) converge in CG(S;) U OCG(S;) to &. Furthermore, if ¢; is the
basepoint in CG(S;) then we have

deg(s)(prs, (Xj), ¢i)/deg(s,)(prs, (X;), 1) — ai/ay for all i.

(3) Let U be any subsurface of S disjoint from the surfaces S; and let zy be
the basepoint of CG(U). Then we have

degw)(Pry(X;), zv)/degs,) (prs, (Xj), z1) — 0.

We first observe that this notion of convergence gives indeed rise to a topology
on T(S)U X(S5).

Proposition 4.5. There exists a topology Op on T(S) = T.(S) U X(S) with the
property that a set A C T(S) is closed for Oq if and only if the following holds true.

(1) ANT(S) is closed in T(S), and AN X(S) is closed in X(S).
If X; C ANT(S) converges in the above sense to a point & € X(S), then
€ A.

A

Proof. The proof is completely analogous to the proof of Lemma 3.2 and will be
omitted. (]

The following is the main remaining step towards a proof that X'(S) is a small
boundary for Mod(S).

Proposition 4.6. The topological space (T(S),Oy) has the following properties.

(1) T(S) is a compact separable Hausdorff space.
(2) The mapping class group acts on T(S) as a group of transformations.

Proof. T(S) is clearly separable since this holds true for X' () and 7:(S). We show
next that 7 (S) is a Hausdorff space.

Since X' (S) C T(S) is closed by construction and hence 7T¢(.9) is open in 7 (S) and
is moreover a Hausdorff space, all we need to show is that two points £ # n € X(5)
have disjoint neighborhoods. Now &, 7 have disjoint neighborhoods in X'(S) and
hence since 7 (S) is separable, it suffices to show that the limit of any sequence
X; C Tc(S) converging to a point in X(S) is unique. But this is clear from the
definitions.

We show next that 7(S) is compact. Since X(S) is compact and T:(S) is a
Lindeldf space, the space T (S) is Lindelof. Since T (.9) also is Hausdorff, it suffices
to show that T(S) is sequentially compact, and this follows if we can show that
any sequence X; C 7.(S) has a convergent subsequence in 7 (5).
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If the sequence has a bounded subsequence in 7¢(S), then as T.(S) is proper, we
can extract a converging subsequence. Thus we may assume that the sequence is
unbounded.

Since the space of geodesic laminations on S equipped with the Hausdorff topol-
ogy is compact, by extracting a subsequence we may assume that the sets V(X;)
converge in the Hausdorff topology to a finite union of geodesic laminations. Note
that as some of the curves in V(X;) may intersect, these laminations are not nec-
essarily disjoint. However, since the number of components of V(X;) is uniformly
bounded, the same holds true for the number of limit laminations.

Let (1,...,(s be the set of all components of these limit laminations which are
distinct from simple closed curves. The number of such components is finite. Each
of the laminations (; fills a subsurface S; of S which is different from an annulus
or a pair of pants. Thus (; is a point in the Gromov boundary of the curve graph

CG(S;) of ;.

Since a sequence cg of simple closed curves on the surface S; converges to (;
in CG(S;) U ACG(S;) if and only if their geodesic representatives ¢/ converge to
¢;j in the coarse Hausdorff topology, for each j < s the subsurface projections to
CG(S;) of the sets V(X;) converge as i — oo in CG(S;) UICG(S;) to the lamination
¢; € 0CG(S;). As the diameter of the subsurface projection of V(X;) to S; is
bounded independent of i, hyperbolicity of CG(S;) implies that this convergence
holds true for the subsurface projection to S; of any of the curves in V(X;) which
intersects S;. As a consequence, none of the limits in the Hausdorff topology of
any sequence of components of V(X;) can intersect G-

By a similar argument, if ¢; is a closed curve component, then we can consider the
subsurface projections of a component of V' (X;) to an annulus A(¢;) with core curve
¢j- Up to passing to a further subsequence, we may assume that these projections
are either bounded along the sequence, or converge to one of the two boundary
components of the curve graph of A(¢;). In the first case call (; unlabeled. In the
second case, label (; with the corresponding point in the Gromov boundary of the
curve graph of A({;) and note by the reasoning used in the previous paragraph, no
labeled simple closed curve component (; can be intersected by another component

Ce-

By reordering, let (i, ...,(x be the components of the limit laminations which
either are distinct from simple closed curves or which are labeled simple closed
curves. We claim that k£ > 1, that is, that there is at least one lamination with this
property. Namely, by Theorem 1.1 of [R07], as the Teichmdiller distance between the
basepoint X and X, tends to infinity with ¢, there exists at least one subsurface V'
so that the diameter of the subsurface projection pry, (X )Upry (X,) tends to infinity
which guarantees that there exists at least one component of the limit lamination
of this form.

By what we showed so far, é = U;?:l(k is a geodesic lamination. Furthermore,
if S; is the subsurface of S filled by (;, then deg(prg, (V(Xi)),z;) — oo where as
before, x; € CG(S;) is a fixed basepoint for CG(S;).
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By passing to a subsequence and reordering, we may assume that
deg(sy) (Prs, V(Xi)), z1) = deg(s;)(prs,(V(Xi)), ;) — b

for all 4,7 where b is twice the maximal diameter of the subsurface projection of
any of the sets V(X;). Then by passing to another subsequence, we may assume
that

deg(s;)(prs, (V(Xi)), ;) /deg(s;) (Prs, V(Xi)), z1) — b; < 1.
Define a; = bi/zj b; and let ¢ = Zle a;G;.

We claim that X; — £ € (T(S),0p). To this end note that the first property in
the definition of a convergent sequence is fulfilled by the above discussion, and the
second holds true by the observation that if there exists a subsurface U different
from the surfaces S; (j < k) such that for some subsequence, the subsurface pro-
jections of V(X;) to U are unbounded, then the subsurface projections pry;(V(X;))
converge up to passing to a subsequence in the Hausdorff topology to a lamination
which fills U, violating the choice of the laminations ;. Thus 7 (S) is sequentially
compact Hausdorff Lindelof space and hence it is compact.

We are left with showing that Mod(S) acts on T(S) as a group of transfor-
mations. However, as Mod(S) acts on 7.(S) and on X(S) as a group of trans-
formations, and as the definition of convergence which determines the topology
Oy is natural with respect to the action of Mod(S) on subsurfaces and subsurface
projections, this is indeed the case. The proposition is proven. O

Theorem 4.7. X(S) is a small boundary for Mod(S). A pseudo-Anosov mapping
class acts on X(S) with north-south dynamics. In particular, the action of Mod(S)
on X(S) is strongly proximal.

Proof. We showed so far that X(S) defines a boundary of 7.(S) and hence of
Mod(S) since Mod(S) acts properly and cocompactly on 7.(S). Furthermore, a
pseudo-Anosov element acts on X'(S) with north-south dynamics and hence the
action of Mod(S) on X(S) is strongly proximal.

We are left with showing that the right action of Mod(.S) induces the identity.
However, this action just consists of a change of basepoint. As a sequence of points
of uniformly bounded distance from a convergent sequence converges to the same
point, this yields the statement of the theorem. ([l

Example 4.8. Let { = ) . ;& € X(S) and let S; be the subsurface of S filled
by &. Assume that each &; is uniquely ergodic and recurrent. By this we mean
that a Teichmiiller geodesic for S; with vertical measured geodesic lamination &; is
recurrent, that is, it returns to a fixed compact subset of moduli space for arbitrarily
large times.

Let u; be the marking of S; determined by the fixed marking p of S. For each i
choose a mapping class g; which preserves the surfaces S; and such that g;u; — &;
and that the growth speed condition holds. Such a sequence of mapping classes
exists by the recurrence assumptions. Let U C X'(S) be an open subset containing
& which is separated from the repelling fixed points of g;. Suppose furthermore that
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U does not contain any point in J(S1,..., Sk, Sk+1) where Siyq is disjoint from
S;. We claim that N;g;U = {¢}.

To this end note that the subsurface projections of any lamination 8 € U to
V C S—U;S; remains constant. The subsurface projections of 8 € U to S; converges
to ¢ and the speed condition is fulfilled as well.

5. METRIZABILITY

The goal of this section is to show the following result.

Theorem 5.1. (7(S),Oy) is metrizable.

The strategy for the proof consists in the construction of an explicit neighborhood
basis in T (S) for every point £ € X(S). The statement of the theorem then follows
with standard tools.

We begin with a general statement about the relation between distances in the
marking graph and in the curve graph of S together with all subsurface projections.
This statement is closely related to but not an immediate consequence of the dis-
tance formula of [MMO00, Mil0] for the marking graph. For its formulation, define
the complexity x(V') of a surface V' of genus g with s marked points or boundary
components as x(V) =3g — 3+ s.

Lemma 5.2. There exists a number ¢ = q(S) > 0 with the following property. Let
w,v be two markings of S. Assume that the distance between p,v in the marking
graph of S equals € > 0. Then there exists a (not necessarily proper) subsurface V
of S so that the diameter in the curve graph of V' of the subsurface projection of
w, v into V is at least (£/q)Y/ (x(9)+1),

Proof. As this statement is a statement about markings, it is valid for surfaces with
cusps or boundary. Thus we may argue by induction on the complexity of S.

For the beginning of the induction, consider a surface V' of complexity x (V) = 1.
Then V is either a four-holed sphere or a one-holed torus, and two curves in the
curve graph of V' are connected by an edge if they intersect in the minimal number
of points (two in the case of a four-holed sphere and one in the case of a one-holed
torus).

For simplicity, we only consider the case of a four-holed sphere V, the case of
a one-holed torus is completely analogous. Then a marking p of V' consists of an
ordered pair (b, 13) of simple closed curves which intersect in two points. We call
these curves components of the marking. Let u,v be two markings of V', written
as pairs (b,b) and (c,é). Let 7 : [0,n] — CG(V) be a geodesic connecting b to c.
Then we can construct a geodesic in the marking graph as follows (see Section 6 of
[MMOO] for details, and, in particular, see Theorem 6.12 of [MMO00]).

The curves b and 7(1) intersect 5(0) = b in precisely two points. The curve 7(0)
decomposes V into two pairs of pants P;, P;. Since there is a single non-trivial
homotopy class of an arc in P; with endpoints on 7(0) (and endpoints are allowed
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to move freely), n(1) can be obtained from b by a power of a Dehn twist about
7(0). Let ¢(0) > 0 be the number of twists needed to transform b to 5(1). Up
to perhaps an additive constant of 41, this number equals the diameter of the
subsurface projection of the pair (b,7(1)) into the annulus about n(0). If ¢(0) = 0
then (1) = b and we replace the pair (b,b) by (b, b), which accounts for an edge in
the marking graph. We also replace 1 by the geodesic n[1, n| starting at b= n(1).
Otherwise perform ¢(0) twists about 7(0) to transform b to 1(1) and consecutively
replace the pair (1(0),7n(1)) by the pair (n(1),7(0)). This defines an edge path in
the marking graph of length ¢(0) + 1. Proceed inductively.

The length of the resulting path in the marking graph equals n + ). ¢(i) where
up to an error of £1, ¢(i) is the diameter of the subsurface projection of b, ¢ into
the annulus with core curve 7(i). Furthermore, the length of this path is bounded
from above by pdy (u,v) where dy denotes the distance in the marking graph of
the surface V and p > 1 is a universal constant. We refer to Section 6 of [MMO0O]
for more details on these facts.

There are now two cases possible. In the first case, n = deg(v)(b, ¢) > dy (i, v)/?
and then as x(V) = 1 we are done. Otherwise we have dy (1, v) > (deg(v) (b, c))?
and hence with the above notation, as the length of the above path is not smaller
than dy (u,v), there has to be at least one i so that q(i) + 1 > dy(u,v)"/2. If
1 # 0,n then this implies that the diameter of the subsurface projection of b, ¢ into
the annulus A(n(i)) is at least q(i) — 2 > dy (u,v)"/? — 1. If i = 0 (or i = n) then
the same argument applies to the subsurface projection of I;, ¢ into the annulus with
core curve 77(1) and we also obtain the statement we wanted to show.

Assume now that the statement of the lemma is known for all surfaces W of
complexity x(W) < k — 1 for some k > 2, perhaps with punctures and boundary,
with control constant ¢ = ¢(k — 1) only depending on k& — 1. We aim at extending
this statement to surfaces V with {(V') = k.

By the definition of the marking graph (see also the distance formula from The-
orem 6.12 of [MMO00]), the distance dy (i, v) of two markings p, v of the surface V/
is not smaller than the smallest distance in CG(V) between two pants curves c,d
from p,v.

Let n : [0,n] = CG(V) be a geodesic in CG(V') connecting a pants curve b of u
to a pants curve ¢ of v. If its length is at least (dy (i, )/q)" X(V)*1) then we are
done. Thus assume that its length does not exceed (dy (u,v)/q)"/X(V)+1),

By the distance formula for the marking graph (Theorem 6.12 of [MMO00]), there
exists at least one number ¢ € [0,n] such that the sum of the diameters of the
subsurface projections into subsurfaces which are disjoint from 7(7) is not smaller
than (dy (p,v)/q)X(V)/ X))+ (up to perhaps replacing ¢ by a bigger constant).
Here the endpoints 1n(0) = b and n(n) = c are included. If for example i = 0,
then the sum of the diameters of the subsurface projections into all subsurfaces
of V — b between n(1) and some marking curve of p different from b is at least

(dv () VD),
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Now recall that the subsurface projection pryy(c) of a simple closed curve ¢ C V
into a subsurface W of V equals the collection of intersection components of ¢
with W. This implies that for nested subsurfaces W; C Ws C V, the subsurface
projection of ¢ into Wy equals the subsurface projection of pryy, (c) into Wy. Thus
we can apply the induction hypothesis and conclude that there exists a subsurface
W of V —n(i) so that the diameter of the subsurface projection of b, ¢ into W is at
least (dy (u, v)((XV)/ V)TN VD) g=x(V)=1 — gy, (g, )Y/ XVIHD g=x(V)=1 " Byt
this is what we wanted to show. O

By [MM99], for any surface V of finite type, there is a number p > 0 only depend-
ing on the complexity of V' such that the image under the map Y of a Teichmiiller
geodesic v : R — T(S) is an unparameterized p-quasi-geodesic in CG(V'). This
means the following. There is an increasing homeomorphism o : (a,b) C R — R
such that the map YT o~ oo : (a,b) — CG(S) is a p-quasi-geodesic. This quasi-
geodesic may be bounded, one-sided infinite or two-sided infinite, and it is one-sided
infinite if the geodesic recurs to the thick part 7.(S) for arbitrarily large times. As
a consequence, up to increasing p, any geodesic segment « : [0,n| — CG(S) can be
extended to a p-quasi-geodesic ray « : [0, 00) — CG(S).

Let & = Zle a;&; € J(U;S;) € X(S), that is, we assume that for ¢ < k the
subsurface S; of S is filled by the geodesic laminations &;. This means that S;
contains &;, and S; — &; is a union of simply connected regions and annuli about the
boundary circles of S;.

In the construction of the topology on X'(S), we fixed a basepoint marking p for
S and noted that this marking coarsely projects to a marking uy of any subsurface
Vof S. UV =5 —U;S; (where by convention, the annulus about each component
of the boundary of one of the surfaces S; is contained in V if it is not already
contained in the set {S; | j}) then the union of these projected markings u; = pus,
and py determine a marking [ of S whose pants decomposition P contains the
boundary components of the surfaces S;. Recall that the marking /i depends on
choices, but any two distinct choices are uniformly close in the marking graph of S.

For i < k let ¢; C CG(S;) be a component of P if S; is not an annulus, and
otherwise let ¢; € CG(S;) be the arc representing a projection of the base mark-
ing. For any subsurface V' of S let furthermore ¢y be a component of the pants
decomposition of V' defined by the marking py .

For X € T.(S) and an essential subsurface V' C S, we write pry, (X) to denote
a marking of V' obtained by subsurface projection into V of a short marking ux
of X. Note as before that this is coarsely well defined. For a vertex c¢ of the curve
graph of S we also denote as before by pry (¢) the subsurface projection of ¢ into

V.

For £ = Zle a;&; as above and for j >0, § € (0,1) define
W (&, j,6) € Te(S)
to be the set of all hyperbolic metrics X € 7.(S) with the following property.

(1) For all i <k, we have deg(s,)(prs, (Y(X)),ci) > j.



28 URSULA HAMENSTADT

dCQ(Si) (Prsq, (T(X))a Ci)
deg(sy) (Prs, (Y(X)), c1)
for all 7.
(3) Let V =8 —U,;S;; if we denote by dy the distance in the marking graph
of V then we have

dy (pry (X), pv) < ddeg(s,)(prg, (Y(X)), c1).
(4) For each i < k, a geodesic in CG(S;) connecting ¢; to prg, (Y(X)) can be
extended to a p-quasi-geodesic in CG(S;) whose endpoint is contained in

the ball of radius e/ about &; in CG(S;), where the metric on dCG(S;) is
the Gromov distance d., constructed from the basepoint c;.

[S [(1 — 5)@1‘/&1, (1 + (5)(11'/0,1]

Lemma 5.3. Let { =), a;& and let j > 1,06 > 0. Put a =min{a; | i} > 0.

(1) The closure of W (&, ,6) in T(S) is a neighborhood of & in T(S).

(2) Let & < 6a?/4 and let & = 3, al&l be such that & € ACG(S;), and
max{|a;—ai| | i} <&, andd., (&, &) < e ; then W (€',25,8") C W(E,4,0),
and the closure of W (¢&',24,68") is a neighborhood of ¢ € T(9).

Proof. Let £ =3, ;& € X(S) and let j > 0,8 > 0. Since 7.(S) is dense in T (9)
and by Proposition 4.6, T(S) is a compact separable Hausdorff space, to show
that the closure in 7 (S) of W (¢, j,68) is a neighborhood of ¢ in T (S) it suffices to
show the following. Let (X;) C 7:(S) be a sequence converging in 7 (S) to &; then
X e W(E,4,0) for all sufficiently large ¢.

By the second requirement in the Definition 4.4 of convergence, the projections
prg, (T (X)) converge as £ — oo to & in CG(S;) UICG(S;). Thus for sufficiently
large ¢, we know that

deg(s:)(ci, prg, (Y(X¢))) > 25 for all i.

Moreover, by hyperbolicity of CG(S;) and extendibility of geodesics, since the
projections prg (T(X,)) converge as £ — oo in CG(S;) U dCG(S;) to the point
£ € 0CG(S;), for large enough ¢ the points prg (X;) are contained in a p-quasi-
geodesic connecting ¢; to a point in the e~7-ball about &;. Thus for large enough ¢,
the first and fourth requirements in the definition of W (¢, 4, ) are fulfilled.

Moreover, it follows from Lemma 5.2 that the requirements (2) and (3) on the
relative distances in the curve graphs of S; and the marking graph of V are also
fulfilled provided that ¢ is sufficiently large. As a consequence, for large enough
¢ we have X, € W(&,4,6) which shows that the closure of W (¢, 4,d) is indeed a
neighborhood of ¢ in T(S). The first part of the lemma follows.

To show the second part, assume for simplicity that 6 < min; a; = a (this is the
only case we need later on). Let ¢’ < da? and let &' =, al¢] with max; |a; — af| <
§'/4 and d., (&, &) < e %, Then the ball of radius =% about & contains the
ball of radius e™* about &; for all ¢ and hence it follows from the definitions that
W(&',24,6") € W(E,j4,6) and that furthermore, W (&', 24,4’) is a neighborhood of
¢ as it contains a set W (&,4j,0) for some o > 0. This completes the proof of the
lemma. (]
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Corollary 5.4. For each & =), a;& € X(S), the closures of the sets W (&, 7,0)
(j > 1,8 > 0) define a neighborhood basis of & in T(S).

Proof. Observe first that the sets W (¢, j, §) are nested: If m > j, then W (&, m,d) C
W(,7,0), and if 0 < § then W(&,j,0) C W(E,4,6). Thus by Lemma 5.3, to show
that the closures W(&,7,0) in T(S) of the sets W(&,4,6) define a neighborhood

basis of ¢ in T(9), it suffices to show that N~ Ns=o W (&, 4,0) = {¢}.

To see that this is indeed the case note first that £ € W (¢, 7,9) for all 4, and
hence as these sets are compact, the point £ also is contained in the intersection of
these sets. Furthermore, the following holds true. For each ¢ let X, € W (£, £,6) for
some § > 0; then the distance to the base curve ¢; in CG(.S;) (i < k) of the subsurface
projection of Y(X,) tends to infinity with ¢. This implies that the sequence X, can
not have a convergent subsequence in 7(5).

Thus by compactness of T(S), up to passing to a subsequence, the sequence
converges to a point in X'(.S). It then follows that this point is contained in a set
of the form J(Si,...,Sk, V) where V is a subsurface of S — U;S;. In other words,
for fixed 6 > 0 we have N;W (£, 4,6) C X(U;S;), moreover this set is contained in a
neighborhood of £ in J(U;S;) whose size is controlled by 4. Letting ¢ tend to zero

yields the corollary. [

We are now ready to show

Proposition 5.5. T(S) is metrizable.

Proof. By Uryson’s theorem, a second countable Hausdorff space is metrizable. As
by Proposition 4.6 the space T (S) is Hausdorff, it suffices to show that 7(S) is
second countable. Since T.(S) is second countable, this is the case if there exist
countably many open sets U; C T () which contain a neighborhood basis for any
point x € X(S).

To see that this is the case let S be the countable collection of all families of
pairwise disjoint subsurfaces (S, ...,Sg) of S. For each ¢ < k choose a countable
dense subset {¢; ¢ | £} of minimal filling geodesic laminations on S; with respect to
the coarse Hausdorff topology. Such a set exists since the Hausdorff topology on
geodesic laminations is metrizable. Put

B(U;Si) = {Z ai&ieciy | ai € Q, Zai =1}
Then B(U;S;) is a dense subset of the joint J(U;S;).

Now let U C T(S) be open and let £ € U N X(S). Then there exists & =
(S1,...,5) € S, and there are geodesic laminations &; which fill S; and so that
5: Ziai& c j(Sl,,Sk)

By Corollary 5.4, there exists j > 1, > 0 so that W(¢,,0) C U. By the choice
of the family B(U;S;) and the second part of Lemma 5.3, there exists £ € B(U;S;)
so that W(¢',4,1/q) C W(&,4’,8) is a neighborhood of £ contained in U. Together



30 URSULA HAMENSTADT

this implies that 7(S) is indeed second countable and completes the proof of the
proposition. ([

6. NEIGHBORHOOD BASES

The goal of this section is to construct for a point in X'(S) C T(S) an explicit
neighborhood basis in 7(S) consisting of sets whose intersections with 7.(S) are
contractible. Note that the neighborhood basis we constructed in Section 5 does
not seem to consist of sets with this property. However, the neighborhoods from
that basis will be used in our construction. Here by a contractible subset of T¢(S)
we mean a subset V' which is a contractible space with respect to the subspace
topology.

To control contractibility of neighborhoods we now choose a torsion free finite
index subgroup I' of Mod(.S) and use this to construct a I-equivariant diffeomor-
phism A : T(S) — A(T(S)) as in Proposition 4.3. The group I' acts properly and
cocompactly on the closure @ = A(T(S)), and Q is contractible. Throughout we
replace the space T.(S) by the space Q D T.(S).

6.1. A neighborhood basis for minimal filling laminations. In this subsec-
tion we prove the following result.

Proposition 6.1. Every point § € dCG(S) C X(S) has a countable neighborhood
basis in T (S) consisting of sets whose intersections with QQ are contractible.

To set up the proof, note that any minimal filling geodesic lamination £ de-
composes S into a union of ideal polygons. Each of these polygons which is not
an ideal triangle can be subdivided by adding isolated leaves which connect two
non-adjacent cusps of the polygon. The various ways to subdivide these polygons
determine a finite collection &g, . . . , & of distinct geodesic laminations which contain
¢ as a sublamination. Assume that £, = &.

Let dy be the Hausdorff metric on the space of compact subsets of a fixed
hyperbolic surface X € 7.(5). Denote by Ming (L) the space of geodesic laminations
on X which are unions of disjoint minimal components and let

supp : X(S) — Miny(L)

be the map which associates to a point ), a;&; (a; > 0) the support supp(&) = U;&;.
We have

Lemma 6.2. Fori > 0 let
Ui = U;{B € Miny(£) | du(B,&;) < 1/i}

and write V; = {¢ € X(S) | supp(¢) € U;}. Then the sets V; form a neighborhood
basis of & in X(S).
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Proof. Clearly ¢ € V; for all i. We first show that for each i the set V; is a
neighborhood of £. For this we argue by contradiction and we assume that there

exists some 4 such that this is not the case. Then there exists a sequence ¢; C X'(5)
such that (; — £ and such that (; ¢ V; for all j.

By the first requirement for convergence in the definition of the topology on
X(S), we know that supp(¢;) converges in the coarse Hausdorff topology to & =
supp(&). By compactness of the space of compact subsets of S with respect to the
Hausdorff topology, by passing to a subsequence we may assume that the sequence
supp(¢;) converges in the Hausdorff topology to a geodesic lamination ¢. Then ¢
contains £y as a sublamination and hence ¢ = £, for some s < k. By definition,
this implies that (; € V; for all sufficiently large j, a contradiction. This shows that
indeed, each of the sets V; is a neighborhood of &.

To show that the sets V; form a neighborhood basis for &, note that V;1; C V;
and hence it suffices to show that N;V; = {£}. However, this is immediate from the
definitions and the fact that the preimage of supp(§) under the support map supp
which associates to ¢ € X(.5) its support consists of the single point &. (I

As an immediate consequence of Lemma 6.2, we obtain an alternative proof of
a special case of Corollary 5.4.

Corollary 6.3. Each point £ € 0CG(S) C X(S) has a countable neighborhood
basis.

A measured geodesic lamination on the hyperbolic surface X is a geodesic lam-
ination together with a transverse invariant measure. The space ML of measured
geodesic laminations is equipped with the weak™ topology. The quotient of ML
under the natural action of (0,00) by scaling is the space PML of projective mea-
sured geodesic laminations. This space is homeomorphic to the sphere S69=7+2m,
To put Lemma 6.2 into proper context and for later use, we relate the subset

ACG(S) c X(S) C T(9) to the space PML.

To this end we use a more geometric view on PML. Fix again a point X € T.(S).
To each simple closed curve ¢ on S, we can associate the length £x (¢) of the geodesic
representative of ¢ for the marked hyperbolic metric defining X. This length is just
the intersection number 1(X,c) of the geodesic current ¢ with the Liouville current
Ax of the metric X (see Section 8.2 of [Marl6] for a comprehensive account on this
result of Bonahon).

The intersection form ¢ is a continuous non-negative convex bi-linear function
on the space of geodesic currents for .S, equipped with the weak*-topology, which
is moreover homogeneous in both coordinates (Section 8.2 of [Marl6]). Since the
space of measured geodesic laminations on S is a closed subspace of the space of
geodesic currents and the Liouville current \x has positive intersection with every
current, the set

ML(X)={ve ML | (v, \x) =1}
is the image of a section ¢ of the fibration ML — PML.
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The support supp(v) of a measured geodesic lamination v is a point in the
space Min(£). Each of its components is equipped with a transverse invariant
measure and hence it is a measured geodesic lamination in its own right. By
convex bilinearity of the intersection form, any £ € ML(X) can be represented in
the form & = )~ & where & € ML are measured geodesic laminations with minimal
support, the supports of the laminations &; are pairwise disjoint and ). ¢(&, Ax) =
t(&,Ax) = 1. As a consequence, we can associate to a projective measured geodesic
lamination [£] € PML whose support supp([£]) = U;supp(&;) does not contain a
simple closed curve component a point Fx(§) € X(S) by writing o([¢]) = >, &
and putting

Fx(€) = u(&, Ax)supp(&).
1
This defines a map Fx : A — X(S) where A C PML denotes the dense G-
set of projective measured geodesic laminations without closed curve component.
Note that we have to exclude simple closed curve components in the support of a
projective measured geodesic lamination as simple closed curves appearing in the
support of a point in X(S) are oriented.

The cotangent space T%7 (S) of Teichmiiller space at X can be identified with
the space of measured geodesic laminations on S. Or, equivalently, by the Hubbard
Masur theorem, every measured geodesic lamination on S is the vertical measured
geodesic lamination for a unique quadratic differential at X. With this identifica-
tion, we can associate to v € ML the point 7, (1) where 7, : [0,00) — T(S) is
the Teichmiiller geodesic starting at X whose initial (co)-velocity v/, (0) is the qua-
dratic differential with vertical measured geodesic lamination v. This construction
defines the Teichmiller exponential map expy : MLU{0} — T(S) at X which is a
homeomorphism. Via identification of PML with the sphere of measured geodesic
laminations of X-length one, we can view PMJL as the space of unit directions at
X for the Teichmiiller metric. We use these identifications freely in the sequel. Fur-
thermore, for a measured geodesic lamination p denote by [u] € PML its projective
class.

Let p > 1 be a control constant with the following properties.

e The image under the map YT of any Teichmiiller geodesic is an unparame-
terized p-quasi-geodesic in CG(S) (see [MM99]).
e Every geodesic segment in CG(S) can be extended to a p-quasi-geodesic ray.

Let P(§) € PML be the set of all projective measured geodesic laminations
which are supported in . This is a closed simplex of dimension < 3g — 3 + m
whose extreme points are the ergodic projective transverse measures supported in
¢. In particular, P(&) is compact and contractible. Since P(€) is contractible and
since PML is homeomorphic to a sphere of dimension 6g — 7 4+ 2m, we can find a
descending chain V4 D V5 D -+ of open contractible neighborhoods of P(§) such
that N;V; = P().

Lemma 6.4. Let Vi D Vo D --- be a descending chain of closed contractible
neighborhoods of P(§) in PML, with N;V; = P(§), and let A : T(S) — Q be the
diffeomorphism from Proposition 4.3. Let moreover expy : ML — T(S) be the
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Teichmiiller exponential map at X. Then for each j > 0, the closure in T(S) of
the set

Z(i,j) = Mexpx (1) | t(Ax, 1) > g, [u] € Vi}

is a neighborhood of £, and neighborhoods of this form define a neighborhood basis
of €.

Proof. We divide the proof of the lemma into two claims.

Claim 1: For all 4, §, the closure Z(i, ) of Z(i,4) in T(S) is a neighborhood of ¢.

Proof of Claim 1: Recall that T(S) is a compact Hausdorff space. Thus by the
definition of the topology on 7 (S) and the fact that Q@ O 7:(S) is dense in T(.9),
it suffices to show the following. Let Y; C @ be a sequence converging to &; then
for any fixed (i,j), we have Yy € Z(i, j) for all sufficiently large £.

Let FML C PML be the subset of all projective measured geodesic laminations
whose support is a minimal geodesic lamination which fills up S. By Lemma 3.2 of
[H09], the support map F' : FML — 9C(S) which associates to a point in FML its
support is continuous and closed. Thus the image F(FML\ V;) is a closed subset
of 9CG(S) which does not contain . As a consequence, there exists a number
T = T(i) > 0 so that the ball of radius e~7() about ¢ with respect to the Gromov
metric on 0CG(S) based at T(X) is disjoint from F(FML\ V;).

By the choice of the control constant p > 1 and hyperbolicity, there exists a
number 7(i) > T(i) with the following property. Let u € FML\ V;; then the
endpoint of a p-quasi-geodesic ray in CG(S) with starts at the basepoint T(X) and
which passes through a point on Y(y,) of distance at least 7(i) to YT(X) is not
contained in the ball of radius e~7()/2 about £. Since expy : ML U {0} — T(S)
is a homeomorphism and FML C PML is dense, it follows that for every j there
exists £,0 so that the neigbborhood W (¢,4,6) of ¢ in T(S) is contained in the
closure of the set {expy(7,(t)) | t(Ax,v) > j,[p] € Vi}.

Since the retraction A : 7(S) — A(T(S)) C Q is coarsely Y-invariant and since
the conditions (2),(3) in the definition of the sets W (&, ¢,6) do not play a role if
€ € 9CG(9), the discussion in the previous paragraph implies that there exists some

£> 0 so that W(¢,¢,0) C Z(i,5). Thus by Corollary 5.4, Z(4, j) is a neighborhood
of & in T(S). n

The proof of the lemma is completed once we established the following.

Claim 2: Let W be a neighborhood of ¢ in T(S); then there exists some i, so
that Z(i,j) C W.

Proof of Claim 2: By Claim 1, each of the sets Z(i,j) is a neighborhood of ¢ and
hence contains £. Furthermore, these neighborhoods are nested: If iy < iy and
J1 < jo then Z(i1,j1) D Z(i2,72). Thus since the sets Z(i,j) are moreover closed

and hence compact, it suffices to show that N; ;Z(¢, j) = {¢}.
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Since the Teichmiiller exponential map expy at X is a homeomorphism, we
clearly have N; ;Z(i,j) C X(S). On the other hand, the map Y : 7(S) — CG(S) is
coarsely Lipschitz, and for v € P(£), the p-quasigeodesic t — Y(7, (t)) has infinite
diameter. This implies that for any k > 0 there are numbers i(k) > 0, m(k) > 0 so
that for all n € Vj), the diameter of the image under T of the Teichmiiller geodesic
segment expy ([0, m(k)]n) is at least k. As a consequence, if X; € Z(i,1) for each
i, then by compactness of 7(S), up to passing to a subsequence the sequence X;
converges to a point ¢ € X(S) N ICG(S). That this point has to coincide with &
is an immediate consequence of the discussion in the proof of Claim 1 above. This
completes the proof of the claim. | O

The image of the diffecomorphism A : 7(S) — A(T(S)) is the interior of the
submanifold @ of 7(S) with smooth boundary Q. Define the small closure Agpan
of a subset A of @ to be the union of Q with the set of all point z € dQ so that z
has a neighborhood in 9@ which is entirely contained in the set theoretic closure
of A.

Lemma 6.5. The small closure of a contractible subset of QQ is contractible.

Proof. Tt suffices to deformation retract the small closure of a contractible subset
A of Q into A. In a second step, one composes this deformation retraction with a
deformation retraction of A to a point.

If 2 € Agman, then there is a neighborhood of z in Agman which is diffeomorphic
to the set By = {(21,...,2,) € R" | Y, 27 < 1,21 > 0}, with z corresponding to
0. There is a smooth deformation retraction of By into By \ V' where V is a small
neighborhood of 0 and such that the time one map of the deformation retraction is a
diffeomorphism onto its image and so that the support of this deformation retraction
is contained in Zl zf < % Thus for every z € Agman there is a deformation
retraction of Agpan which moves a neighborhood of z in A into A\ dQ and such
that the intersection of the resulting set with J@Q is properly contained in the

intersection of Agman with 0Q.

Each compact subset K of Agpnan \ A can be covered by finitely many open
sets in Agman which admit a deformation retraction into A. As the composition of
finitely many deformation retractions of Agman is a deformation retraction, there is
a deformation retraction a of Agpan with a(Asman) N Agman \ A C Agman \ K. The
lemma now follows from an inductive iteration of this procedure. O

Lemma 6.6. The small closures of the subsets Z(i,j) of Q are contractible.

Proof. By Lemma 6.5, it suffices to show that the sets Z(i, j) are contractible.

To this end recall that since the set V; is a contractible subset of the set of
projectivized measured geodesic laminations, identified with the unit sphere in the
cotangent space of 7(S) at X, the set

H(i, j) = UueVi{’Yu(t) |t >34} CT(9)

is contractible since it is homeomorphic to V; x [0,00). This uses the fact that the
Teichmiiller exponential map at X is a homeomorphism of T% 7 (S) onto T(S).
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But Z(i,7) is the image of H(i,7) under the diffeomorphism A : 7(S) — @ and
hence Z(i,j) is contractible. Then by Lemma 6.5, the small closure of Z(i,7) in
T(S) is contractible as well. O

Since the cardinality of the family of sets Z(i,7) is countable, we conclude

Corollary 6.7. Each point £ € 9CG(S) C T(S) has a countable neighborhood basis
consisting of sets whose intersections with Q) are contractible.

Proof. The union of Z(i, j),,.; wWith Z(i,j) N X(S) is a neighborhood of ¢ whose
intersection with @ is contractible. The countably many such sets define a neigh-
borhood basis of £ in T(.5). O

6.2. Boundaries of products. In this section we consider surfaces of finite type
S1,...,S; and the product of the Teichmiiller spaces T(S;) X --- x T(Sg). In
contrast to the setup in the previous sections, the surfaces S; may have punctures
but no boundary unless S; is an annulus, which is allowed in the construction. If
S; is an annulus, then by convention, the Teichmiiller space of \S; is the real line. If
Si is not an annulus, then we require that 7(.5;) is of dimension at least two. Let
as before X(S;) be the geometric boundary of the compactification T(S;) of T¢(S;)
and consider the join

Note that in general, this is a bigger space than J(U;S;) = 9CG(S1) *- - - ICG(Sk).

The following observation reflects the fact that the joint of the visual boundaries
to two CAT(0)-spaces X,Y is the visual boundary of the product X x Y.

Proposition 6.8. The space X(U;S;) defines a compactification of [[ Te(S;) which
is a small boundary for the direct product [[ Mod(S;).

Proof. We only sketch the proof as it is not properly needed in the sequel. The idea
is to mimic the construction from Section 4. Choose a basepoint (Xi,...,Xy) €
Te(S1) X -+ x Te(Sk) and corresponding short markings p(X;) for S;. We define
what it means for a sequence (X7,..., X7) (j > 1) to converge to 3, a;& € X (U;S;)
where a; > 0,),a; = 1 and where & € X(S5;) for all i. Note that we allow that
some of the coefficients a; vanish.

To this end we use a variation of Definition 4.4 which is given by the follow-
ing requirements, expressed with the notations from that definition. Assume by
reordering that a; > a; for ¢ > 2 and that a; > 0 if and only if ¢ < ¢ for some ¢ < k.

e For i < ¢, the points X;’ converge in 7 (S;) to &;.

e For each i < ¢ write & = Y, b¥& with > b =1, b} > bY* for u > 2. For
each ¢ < ¢ and each u let X} be the subsurface of §; filled by &. If ¢; is
the basepoint in CG(S;) then we have

dcg(gi)(przi(Xij),ci)/dcg(gl)(przl(X{),cl) — aib}/albi for all i.
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o Let V be any subsurface of \S; disjoint from the surfaces ¥} if ¢+ < £ or any
subsurface of S; for ¢ > ¢ and let xy be the basepoint of CG(V). Then we
have

deg(v)(pry (X7), 2v) /deg(sn (prsy (X7), 21) — 0.

It now follows from the proof of Proposition 4.5 that this notion of convergence
indeed defines a topology on T (U;S;) = []7<(S;) U X(U;S;) which coincides with
the given topology of X (U;S;) and the product topology on [] 7:(:S;) so that T (U;S;)
is a compact metrizable space. (I

To make the notations more uniform we now write a point & = Zle a;&; €
X (U;S;) of the join X(U;S;) in a formal way by summing over all surfaces S; and
allowing that a; = 0 for £ < ¢ < k and some ¢ > 1. Assume by reordering that
a1 = max{a; | i}. For technical reason which will be apparent later, in this section
we exclusively work in the product of the Teichmiiller spaces T (S;) without passing
to their thick parts. Let X; € T.(S;) be a choice of a basepoint. Put ¢; = T(Xj;).
For a measured geodesic lamination v; on S; let 7, : R — T (S;) be the Teichmiiller
geodesic starting at X; which is determined by v;.

Recall from Section 6.1 that for each ¢ and every measured geodesic lamination
v; on S; the function

t = deg(sy) (T, (1)), ci)
is coarsely non-decreasing. By this we mean that there exists a number ¢ > 0
such that f(y) > f(x) — p for all < y. Namely, there exists a number p > 0 so
that the map ¢ — Y(v,,(¢)) is an unparameterized p-quasi-geodesic in CG(S;), and

quasi-geodesics in a hyperbolic geodesic metric space do not coarsely backtrack.
The following was shown in [HO09].

Lemma 6.9. There exists a continuous Mod(S;)-equivariant function
5&‘ : T(Sz) - [0700)
which is at uniformly bounded distance from the function X; — d(c;, T(X;)).

To construct contractible subsets of []7(S;) whose closures define neighbor-
hoods of ), a;& in X(U;S;), viewed as the join of the boundaries of the factors
T(S;), we have to control the speed of progress in the curve graph of each of the
surfaces S;. To this end note that for every Teichmiiller geodesic vy : R — T(.S) the
function ¢ — &, ((t)) is coarsely non-decreasing and continuous. We use this to
construct a new parameterization of a Teichmiiller geodesic starting from X; which
encapsulates the progress in the curve graph based on the following elementary
observation. Here the distance between two functions f,g : R — R is defined as

sup{[f(t) —g(O)| [ t}.

Lemma 6.10. Let f : [0,00) — [0,00) be a continuous coarsely non-decreasing
function. Then F = min{g | g > f, g non-decreasing} is non-decreasing, continuous
and at distance at most ¢+ 1 from f.
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Proof. Let F = {g | g non-decreasing continuous, g > f}. We claim that if g1, g2 €
F then the same holds true for min{gs, g2 }.

Note first that the minimum min{g;, g2} of two continuous functions is well
known to be continuous, furthermore min{gs, g1} > f by assumption on g1, g.

To see that u = min{gy, go} is non-decreasing if this holds true for gi, g, let
x < y and assume without loss of generality that u(y) = ¢1(y). Then we have
u(z) < g1(z) < ¢1(y) = u(y) which shows the claim.

Define u(z) = min{g(z) | g € F}; then u > f, furthermore the argument in the
previous paragraph shows that u is non-decreasing. To see that u also is continuous,
note that since u is non-decreasing, it has at most countably many discontinuities.
Assume to the contrary that x is a discontinuity of w. Since f is continuous, and
u > f, we have

lim u(s) > /(@)

and hence by the definition of u, we may assume that u(zr) = lim, », u(s). But if
there exists a number § > 0 such that limg\ , u(s) = u(z) + 6, then by continuity
of f and the fact that f is non-decreasing, there exists a number ¢ > 0 so that
f(s) Sulx)+d/2 <u(s)—4d/2 for all s € [x,x+€]. But then there exists a function
v e Fwith v(s) = u(x)+0/2 < u(s)—6/2 for s € (oo, x]U{zr+§ < s <z+5} and
coincides with v on [z +¢€,00). Since v € F, we have v > u which is a contradiction.
We conclude that w is indeed continuous.

We are left with showing that for all  we have u(x) — f(x) < ¢+ 1 where
q > 0 is as in the definition of a coarsely increasing function. Namely, fix a point
x and let T = sup{t | f(t) < f(x)+1}. If T = oo then the constant function
s = g(s) = f(x) + p+ 1 is non-decreasing and > f and hence g € F and g > u, in
particular u(z) < f(x) + ¢+ 1.

Otherwise T' € (z,00). Since f(s) < f(x)+q+1 for all s € [, T], we can connect
the constant function s — f(z)+ ¢+ 1 on [—o0, z] to the restriction of the function
s = u(s) + con [T, 00) for some ¢ € [0,p] by a continuous non-decreasing function
defined on [z, T] such that the resulting function ¢ is continuous and contained in
F. But then min{g,u} € F and hence u(z) < g(x) = f(x) +¢+ 1 as claimed. This
completes the proof of the lemma. O

Let v; : [0,00) — T(S;) be a Teichmiiller geodesic starting at X;. As the
projection Y(~;) of 74; to CG(S;) is a uniform unparameterized quasi-geodesic, the
function ¢ — o, (7;(t)) is coarsely non-decreasing. If the unparameterized quasi-
geodesic T (v;[0,00)) is of infinite diameter, then it is unbounded.

Let f,, be the function constructed in Lemma 6.10 from the function d,|v;.
Since the function d., on 7(S;) is continuous, and Teichmiiller geodesics depend
continuously on their initial direction, this function depends continuously on the
initial velocity of ;.

The function f,, is non-decreasing, but it may be constant on arbitrarily large
intervals. However, we can modify the function f,, to a function ff/ in such a way
that f,’y has the following properties.
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(1) The function f! is continuous and strictly increasing on [0, T'(;)] where

T(vi) = inf{t | 8¢, (T(7(0)), T(7(£))) = sup{de, (Y (7(0)), Y((t))) | £} = p.
(2) fI, is constant for ¢ > T'(v;).
(3) sup{f5.(t) — f, (D)t} < 1.

In particular, if f,, is unbounded then T'(;) = oo and f7 is a homeomorphism. Let
7(vi) = f2,(T(v:))- Note that 7(v;) = oo if the support of the geodesic lamination
on S; which determines ~; fills .S;.

Since f. is continuous and strictly increasing on [0, T'(v;)], with image [0, 7(7;)],
it can be inverted on this interval. We then can define a function g,, by

1) = {<f4i>-1<t> for ¢ < 7(3)

(4) T(v;) +t—7(v;) for t > 7(;).

For a point ), a;&; € X (U;S;) with the property that &; fills S; if a; > 0 we can
now use this construction to define a neighborhood basis in 7 (U;S;) that consists

of sets whose intersection with [] Q; is contractible following the route laid out in
Section 6.1. To this end we define a subset W (¢, 5,8) C [[ 7(S;) as in Section 5.

For 1 <i < klet Vi D V4§ D --- be an open descending chain of contractible
neighborhoods of the set P(&;) of projective measured geodesic laminations sup-
ported in & in the sphere PML(S;) of projective measured geodesic laminations
on S;.

Choose once and for all a marking pu; for S; which is short for a hyperbolic metric
X; € T.(S;). Let Z;(j,£) be the open contractible subsets of T (S;) whose closures
Zi(4,¢) in T(S;) are a neighborhood basis of & in 7(S;) that were constructed in
Subsection 6.1 from the sets ij and the points X;. Choose an essential simple closed
curve ¢; € S; which is a pants curve for this marking. Each point (vq,...,vx) €
le XX V]k determines a k-tuple (v,,,...,7, ) of geodesics 7,, in the Teichmiiller
space T(S;). We refer to Section 6.1 for more details. In the formulation of the
following proposition, we view X' (U;S;) as the boundary of the product [] 7(S;).

Proposition 6.11. Assume that 25:1 a;&; is such that 1 < ¢ <k and that a; >0
for alli < (. For each j,§ there is a neighborhood V (6, 3) of & in T (U;S;) with the
following property.

(1) V(3,7) NI T(S:) is contractible.
(2) The sets V(9,4) define a neighborhood basis of Y, a;& in [T (S:;)NX(U;S;).

Proof. For j </ let Vy be as above. For each v; € V]l choose a parameterization of
7Y, as given in formula (4) and note that this depends coarsely continuously on v;.
Denote by 4,, this parameterization. Let also 7(v;) = 7(v,;) > 0 be the parameter
defined above. Note that by the assumption on the laminations &;, for all < and any
v; € P(&;) we have 7(v;) = oc.
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For (v1,...,v) € Vi x -+ x V} and § > 0 define

Frr,ove) = {(Gun (t1), Awa (t2)s -3 A (t0), 2041, - 2) € [ T(S0) |
|t¢/ai — tl/a1| < (5, dT(Sl)(ZzaXZ) < 5t1}

Claim: ®(i,d) = U, cy:F(v1,..., 1) is contractible.

Proof of the claim. Note first that if (z1,...,2¢, 2041,...,2k) € P(i,d) then the
same holds true for (z1,...,2¢, 2y 4, ..,2;,) for any z; which is contained in the Te-
ichmiiller geodesic connecting X; to z; and all ¢ > ¢+ 1. Thus retracting component
wise the last k—¢ components z; to the basepoint X; (i > ¢+1) along the unique Te-
ichmiiller geodesic connecting X; to z; and keeping the remaining components fixed
defines a retraction of ®(i,d) to ®(i,8) N{(z1,...,2k) | 2 = X; for £+ 1 < i < k}.
In particular, in the remainder of the construction, it suffices to assume that ¢ = k.

Next consider the set F'(vq,...,vg). It is defined using a parameterization of
Teichmiiller geodesics and a contractible domain {|t;/a; — t1/a1| < 0} in the do-
main space of the parameterization. Since the Teichmiiller exponential map is a
homeomorphism, the set is contractible.

For j < k choose some v; € P(&;). We claim that the set ®(,0) admits a
deformation retraction onto

B(i,0) = B(i,0) N T(S;) x -+ X T(Sk-1) X 71, [0,00).

To show that this indeed holds true let Ry : [0,1] x V' = V}! be a deformation
retraction of V;' onto {v} = Ri(1,V}). Such a deformation retraction exists since
the sets V¥ are contractible neighborhoods of P(&) and P(&;) is homeomorphic to
a finite dimensional simplex and hence is contractible.

Let (pt1,...,pg) € Vi x -+ x V¥ and let (¢1,...,tx) be such that

('Aylh (t1)7 s ’,A)/Nk(tk)) € F(Mh <o aﬂk)'

By construction, for each s € [0, 1] the point (., (t1), .-+, Yoy (Fk=1), YR(s, ) (t))
also is contained in ®(j,d). Thus the assignment s — (Y, (t1),. .., Yr(s,up) (tx))
defines a path in ®(j, ), and the union of these paths define a deformation retraction
of ®(j,0) onto its intersection with 7(S1) x -+ X T(Sk=1) X 71, [0, 00).

This construction can successively be repeated. Namely, in a second step, we
construct in this way a retraction of ®(¢,5) NT(S1) X --+ X T(Sk—1) X 7,.[0,00)
onto

D(i,7)NT(S1) x -+« X T(Sk—2) X Y,_, [0,00) X A, [0, 00).
In k steps we obtain a retraction of ®(7,4) onto the set
F(vi,...,vk) = ®(i,0) N7y, [0,00) X -+ X 7, [0,00)

Since F(vy,...,vy) is contractible, this completes the proof of the claim. |

For j > 0 define similarly a set ¥(i,0,5) C ®(4,d) by requiring that it only
contains points (91(t), ..., 9% (t)) with ¢ > j, that is, whose projection to Y(7(5;))
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in CG(S;) to the basepoint ¢; is roughly of distance at least j. The same argument
as before shows that this set is contractible as well.

So far we constructed from a tuple of contractible neighborhoods Vij (j =
1,...,k) and numbers j > 0,5 > 0 a contractible subset W (4,9, 7) of [] T (S:).

We claim that if X, C [[7:(U;S;) is a sequence converging to &; then X, €
E(i,0,7) for large enough £. This in turn follows if we can show that any point in

T (U;S;) sufficiently close to £ is contained on a geodesic (v, , ..., Yy, ) With v; € Vij .
However, this can be seen in exactly the same way as in the proof of Lemma 6.6.

Finally we have to show that the closures ¥ (3, ¢, j) of the sets W (4, d, j) N Tc(S:)
form a neighborhood basis of ¢ in T (U;S;). Since by Proposition 6.8 the space
T(U;S;) is a compact metrizable space, to this end it suffices to show that the
intersection N;; s¥(j,4,0) N[[ Te(S;) = {&}. As € clearly is contained in this inter-
section, it suffices to show that it is unique with this property.

Following the reasoning in the proof of Lemma 6.4, note that
N (i, 6,5) N ] 7e(8:) = 0.

Namely, since the map T is coarsely Lipschitz, for all j this set only contains
points which project to tuples of points of Teichmiiller distance at least aj to the
basepoint (X1,...,X) where a > 0 is a universal constant. But this immediately
implies that the closures of the intersections of the sets ¥(i,d,5) do not contain

points in [] 7c(S;).

In the same way we see that ¢ is the unique boundary point by letting ¢ tend to
infinity and letting 6 — 0. O

6.3. A neighborhood basis of an arbitrary point £ € X(S). In this subsection
we consider an arbitrary point £ = >, a;& € X(S) with a; > 0,>,a;, = 1. We
assume that for some k& < m and all ¢ < k the components & are minimal and fill a
subsurface S; C S of negative Euler characteristic, and for ¢ > k+ 1 the component
& is an oriented simple closed curve. Our goal is to use the results from Section
6.2 to construct for the point ¢ € X(S) a neighborhood basis in 7 (S) consisting of
sets whose intersections with A(7(S)) = @ are contractible where @ is constructed
as in Section 6.1.

The union of the boundary curves of the surfaces S; and the simple closed curves
& for k < j < mis a multi-curve a in S which decomposes S into £ > k subsurfaces.
Up to reordering, we may assume that the first k of these subsurfaces are just
the surfaces S;. We denote the remaining subsurfaces by Siy1,...,S5¢. For each
component ¢ of the multi-curve a we add to the list of surfaces in the collection .S;
an annulus with core curve ¢. Then each of the laminations &; (¢ < m) fills precisely
one of the surfaces S;. We retain the notation that for ¢ < ¢ the surface S; is not
an annulus.

Let S; (i < ¢) be one of the above non-annular surfaces with boundary and let
Mod(S;) be the pure mapping class group of isotopy classes of diffeomorphisms of
S; fixing the boundary pointwise. The center of Mod(S;) equals the free abelian
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subgroup generated by the Dehn twists about the boundary components of S;. If
s > 0 is the number of boundary components of S; then the quotient Mod(S;) of
Mod(S;) by its center fits into an exact sequence

(5) 1 —=Z° — Mod(S;) = Mod(S]) — 1.

We can identify Mod(S}) with the pure mapping class group of the surface S ob-
tained by replacing each boundary component of S; by a marked point (puncture).

The subgroup Stab(U;<¢S;) of the mapping class group Mod(S) of S which fixes
the multicurve o componentwise is a quotient of the direct product [[Mod(S;)
by the free abelian group generated by the Dehn twists about the boundary com-
ponents of the surfaces S;, embedded diagonally into the mapping class groups
Mod(S;). The mapping class group [[ Mod(S}) of the product [ 7(S}) is the quo-
tient of Stab(U;S;) by the free abelian group Z? of Dehn twists about the boundary
components of the surfaces S;. Here p is the number of components of the multi-
curve « which decomposes S into the surfaces S;, that is, we have S\ a = U;S;.

Our strategy is to reduce the construction of neighborhoods of » _; a;&; to the re-
sults of Section 6.2. To this end consider the augmented Teichmiiller space T*"8(S)
of S [Wo03, Ya04]. This is a stratified space whose open stratum of maximal dimen-
sion equals the Teichmiiller space T (S). For each multi-curve 8 on S there exists a
stratum S(8) which equals the Teichmiiller space of the surface (S '\ 8)* obtained
from S\ 8 by replacing each boundary component by a puncture. This Teichmiiller
space is a direct product of Teichmiiller spaces, one for each component of S\ 3,
and where the Teichmiiller space associated to each of these components is just the
Teichmiiller space of the surface obtained by replacing each boundary circle by a
cusp. The strata in the boundary of S(8) correspond to multi-curves containing /3
as a subset.

Start with a countable family V = {V; | i} of contractible subsets of [[ T(S}) as
in Section 6.2 whose retractions to [[ 7.(SF) determine a neighborhood basis of &
in the compactification of [] 7¢(S}) with boundary X (U;S;) the join of the spaces
X (S;). Here the annular surfaces are contained in the list of factors of the product.
Choose a boundary curve ¢ of one of the surfaces S; (i < £), that is, a curve ¢ in S
which is contracted to a puncture in [[7(S;). Assume that this curve is the core
curve of the annulus Sg41. The curve ¢ determines a stratum S’ in 72"8(.S) whose
closure contains S, and the compactification X(S’) of this stratum is a compact
subspace of X(S) containing X (U;S;) and hence ¢ (in a formal sense as the simple
closed curve components ¢; different from ¢ are only formally contained in X (S’)).
We use the sets from the family V to construct a countable collection of contractible
sets in 8’ whose retractions to the thick part of 8’ determine a neighborhood basis
of £ in X(S’). In finitely many such steps we successively replace the punctures of
the surfaces S} by simple closed curves and recover the surface S, together with a
neighborhood basis of ¢ in T (S) consisting sets whose intersections with 7(S) are
contractible.

Let as before € > 0 be a sufficiently small number. The set N(c) of points
Y € &' so that the length of ¢ is at most € is a tubular neighborhood of S in the
augmentation of the Teichmiiller space S’, which is a closed subset of 72"8(S). Its
boundary ON (c) is invariant under the action of the infinite cyclic group of Dehn
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twists about ¢. The quotient of 9N (¢) under this action is a circle bundle over the
stratum S.

Recall that the choice of a base marking for S determines for each surface X €
ON (c) and for the simple closed curve ¢ a twist parameter 7(X, ¢) € Z, uniquely up
to an additive error of +1. If T, denotes the left Dehn twist about ¢, then for all k
and up to an additive error in [~2,2], we have 7(T*X,¢) = 7(X, ¢c) + k.

Using for example a shortest distance projection II : 9N (¢) — S for the metric
completion of the Weil-Petersson metric, which is a CAT(0)-metric on T2"8(S)
with the property that each stratum is convex, we observe that the hypersurface
ON(c) — S can be viewed as a fiber bundle over the contractible space S, with
fiber R. The fiber is invariant under the action of the infinite cyclic group of Dehn
twists about c.

The function which associates to Y € dN(c) the twist parameter 7(Y,c) can
be modified to a continuous function of uniformly bounded distance and so that
the modified function, denoted again by 7(Y, ¢), satisfies 7(T.(Y),¢) = 7(z,¢) + 1.
Then the restriction of the function Y — 7(Y, ¢) to a fiber of the bundle 9N (¢) — S
is proper and hence using local sections of ON(c¢) — S so that the value of 7(-,¢)
on the image is uniformly bounded in norm and gluing of the local sections with a
partition of unity, we obtain the following.

Lemma 6.12. There exists a continuous map o : S — ON(c) with the following
properties.

(1) U(o(x)) =z for all x.
(2) There exists a constant b > 0 so that T(o(x),c) € [=b,b] for allx € S.

By invariance of the fibers of II : ON(c) — S is invariant under the action of
the group Z of Dehn twists about ¢, using the section ¢ and another partition
of unity we can construct a continuous fiber preserving flow ¢ on ON(c) so that
Ul(z) = T.(x) for all . Using this flow and the section o to define a basepoint,
this yields an identification of ON, (S) with the product space R x S in such a way
that the group generated by T, acts as a group of integral translations on the factor
R.

A section o as in Lemma 6.12 is an embedding of S into ON (¢), This embedding
and the transverse flow W7 determine a homeomorphism S x R — ON(c) which
maps (z,t) to U(z). This map is equivariant with respect to the action of Z on R
by translation and the action of the infinite cyclic group of Dehn twists about ¢ on
ON(c). As § x R is naturally identified with the product of the Teichmiiller space
S and the Teichmiiller space of the annulus with core curve ¢, the same holds true
for ON(c). Using this identification, we obtain from the construction in Section 6.2
a countable collection V = {V; | i} of £ of contractible subsets of ON(c).

Let S. be the component of (S \ &) U ¢ which contains ¢ and write as before
S to denote the surface obtained from S, by replacing each boundary component
by a puncture. The stratum S’ is a product of Teichmiiller spaces containing the
Teichmiiller space T(S.) of S, as a factor. Thus if we denote by [p] the projective
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measured geodesic lamination on the surface S. whose support equals the simple
closed curve ¢, then by the Hubbard Masur theorem, for each Y € 9N(c) the
projective measured geodesic lamination [u] determines a Teichmiiller geodesic 7y
through Y. These Teichmiiller geodesics foliate the stratum S’, and they project to
points by a factor projection onto a factor of S’ different from 7(S.). By choosing
€ > 0 sufficiently small we may assume that these Teichmiiller geodesics intersect
ON (c¢) transversely, and two Teichmiiller geodesic passing through different points
of ON(c) do not intersect. We parameterize these geodesics 7y in such a way that
vy (0) =Y and vy (—00,0) C N(c¢). Then the geodesic lines vy (—o0, 00) foliate the
stratum S’).

Proposition 6.13. Put U; = {yy(—o00,00) | Y € V; C dN(c)}; then the sets U;
are contractible, and the closures of their intersections with the e-thick part S. of
the stratum S’ define a neighborhood basis of & in the compactification of S..

Proof. Since the geodesics with horizontal projective measured lamination [u] foli-
ate 8" and IN(c) is transverse to these geodesics, the set U; admits a deformation
retraction onto V;. Thus since the sets V; are contractible, the same holds true for
the sets U;.

Denote by S’ the surface obtained from (S \ «) U ¢ by replacing each boundary
component by a puncture and adding for each boundary component a factor (R).
Write T(S’) to denote the compactification of the Teichmiiller space of S’ by the
joint /cal X (U;S;). We have to show that the closures of the sets U; in T (S’) define
a neighborhood basis of ¢ in T(S’). To this end choose as basepoint the image
of the basepoint for []7(SF) in ON(c). We have to show that for any sequence
X, C &', all but finitely many X, are contained in U;.

Let  C ON(c) be a fundamental domain for the action of the stabilizer Stab(c)
of ¢ in the mapping class group of S = (S \ a) U ¢ which contains the basepoint
X. We may assume that the closure Q of Q in 72'8(S) is compact. Recall that
the length function for the hyperbolic metric X determines a section of the bundle
ML — PML. Let A C ML be the closure of the image of this section of the
set of vertical projective laminations for the geodesics vy, Y € €2, and denote by
v the unique measured geodesic lamination of X-length one with support c. We
claim that there exists a number p > 0 so that ¢(u, ) > p for each p € A, where as
before, ¢ is the intersection form.

To this end note that for each Y € €, the quadratic differential defining vy in
T (S.) is a one cylinder area one Strebel differential, and the extremal length of the
core curve of the cylinder is contained in an interval [a, a~!] for a number a > 0 not
depending on Y. The singular flat metric on S, defined by such a Strebel differential
is obtained by gluing an area one flat cylinder of uniformly bounded height and
circumference along the boundary to the surface S, by identifying subarcs of the
boundary isometrically in pairs. Degeneration of simple closed curves disjoint from
¢ to nodes corresponds to degeneration of boundary arcs to points, resulting in the
convergence of the Strebel differential to a Strebel differential on a component of a
stratum in the closure of " in 72"8(S) which is obtained by shrinking some curves
disjoint from ¢ to nodes. In other words, allowing to pass to boundary strata of
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&', the Strebel differentials defined by the points in Q define a precompact family
of differentials, and the intersection at the basepoint X of the defining measured
laminations is uniformly bounded from above and below.

As a consequence, there exists a number R > 0 with the following property.
For Y € Q, the diameter of the subsurface projection of Y (yy (t)), Y(7y(0)) into
a component S; of S’ is bounded from above by R. Note that this subsurface
projection only depends on the component of Y in S.. Thus the closure in X' (S’)
of the set {yy(t) | Y € ,t € R} does not contain £. Furthermore, by equivariance
of the geodesics vy under the action of Stab(c) C Mod(S’) and invariance of the
components S; under this action, the diameter of the subsurface projection of any
of the geodesics 7y into .S; is bounded from above by R.

Now the group Stab(c) acts properly on X(S’) \ X(S), and it acts properly
on ON(c). As taking the accumulation points in X(S’) of the geodesics vy is
equivariant with respect to this action, it follows from the previous paragraph that
the starting points z,, € ON(c¢) of the geodesics 7,, which contain u converge in
ON(c) ~ [[T(S;)* to & This implies that indeed, for large enough u we have
x,, € V; and hence Uj is a neighborhood of £ in T(S).

Similarly, the same discussion also shows that N;U; = {¢}. Together this shows
the proposition. O

Using this construction inductively, and using a torsion free finite index subgroup
and a diffeomorphism A : T(S) — A(T(S)) C 7c(S) completes the proof of the
existence of a neighborhood basis for an arbitrary point whose intersection with
LI(S) is contractible.

Example 6.14. In the case that S is a once puncture torus, whose Teichmiiller
space T(9) is the hyperbolic plane H?, a rational point # € 9H? corresponds to
an essential simple closed curve ¢ on S. Remove from H? a horosphere H which
is small enough that its images under the group PSL(2,Z) are pairwise disjoint.
The boundary 0H of this horosphere is invariant under the stabilizer of x. As
H C H? is convex, there is a shortest distance projection P : H? — H? \ H. Given
a parameterization o : R — 9H, a neighborhood basis of the point in X'(S) defined
by the curve ¢ equipped with an orientation, denoted by c¢*, is then given by the sets
P~Ya(u,00)) \PSL(2,Z)(H) where u € R (up to perhaps changing the orientation
of ¢). This amounts precisely to a neighborhood basis of the point defined by ¢t in
the Cantor set which is the Gromov boundary of the hyperbolic group PSL(2,Z).

7. A Z-SET FOR Mod(S)

In this section we complete the proof of Theorem 4. We begin with establishing
one more property of the geometric boundary X (S) of the surface S of finite type.
Recall that the covering dimension of a topological space X is the minimum of the
numbers n > 0 so that the following holds true. Any open cover U of X has a
refinement V so that a point in X is contained in at most n + 1 of the sets V € V.
With this terminology, the covering dimension of R™ is n, and hence the covering
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dimension of any subset of R™ equipped with the subspace topology is at most n.
In particular, the covering dimension of 7(S) equals 6g — 6 + 2m.

The following result relies on work of Gabai [Gal4], see also [BB19].
Proposition 7.1. The covering dimension of X(S) is finite

Proof. We proceed by induction on the complexity of the surface S. If S is an
annulus, then its geometric boundary consists of two points and there is nothing to
show.

Consider next a four-holed sphere or a one-holed torus S. Then the boundary
X(S) of S is a Cantor set, which has covering dimension zero (corresponding to the
fact that the mapping class group of S is virtually free).

Let X and Y be compact spaces with covering dimensions m,n. We claim that
the covering dimension of the join X *Y is at most m + n + 1. To see that this is
the case recall that X * Y is the quotient of X x Y X [0,1] under the equivalence
relation which is only nontrivial on X x Y x {0} and X x Y x {1} and projects
X xY x {0} to X x {0} and projects ¥ x Y x {1} to ¥ x {1}. Thus we have
X+xY =XUYUC where X C X xY is the closed subset which is identified with
the quotient of X XY x {0}, Y C X %Y is the closed subset which is identified with
the quotient of X x Y x {1}, and the set C is homeomorphic to X x Y x (0, 1).

By Alexandrov’s definition of dimension (see Theorem 3.4 of [Drl18]), we have
dim(A x B) < dim(A) U dim(B) and hence dim(C) < dim(X) + dim(Y) + 1. Now
the compact space X % Y is the union of the closed subset X UY with C' and
hence the theorem of Menger and Uryson (see Theorem 3.1 of [Dr18]) shows that
dim(X «Y) = dim(C) < dim(X) + dim(Y") + 1 as claimed.

Assume now that the proposition was established for all surfaces of complexity
at most k — 1. Let S be a surface of complexity k. We have X (S) = 9CG(S)U Y
(disjoint union) where Y = UX(S1) * - - - * X(S,,) and the union in the definition of
Y is over all disjoint collections of subsurfaces Si,...,5, of S. The union Y is not
disjoint. Note that the number of disjoint surfaces in this join is uniformly bounded
in terms of k.

By induction hypothesis and the discussion of dimension for joins, there exists a
number n > 0 which bounds from above the covering dimension of each of the sets
X(S1) *--- % X(S,). Following Example 3.3, X'(S1) *--- * X(S,) is a closed subset
of X(S) and hence it is compact. As a consequence, the subspace Y of X(S) is a
o-compact Hausdorff space as it is a countable union of compact spaces. If K C Y
is compact, then K is a compact space which can be written as a countable union
of the compact spaces K N X (S1) *--- % X(Sp). Then the countable union theorem
Theorem 3.2 of [Dr18] shows that dim(K) = sup{dim(K N X(S1) * --- * X(Sp)}
where the supremum is over all disjoint unions of subsurfaces of S. By the induction
hypothesis, this dimension is at most n.

To summarize, the space ) is a o-compact Hausdorff space with the property
that the dimension of each compact subset K of ) is bounded from above by a
fixed number n > 1. Then the dimension of ) is at most n (see p.316 of [Mul4]
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for a sketch of a proof). Following [Gal4], the covering dimension of dCG(S) is at
most 49 — 5+ 2s. Then by the Uryson-Menger formula (see Theorem 3.3 of [Dr18]),
the dimension of the compactum X'(S) is at most

dim(X(9)) = dim(9CG(S)) + dim(Y) + 1

and hence it is finite. O

As a consequence, we obtain

Corollary 7.2. The pair (T(S), X(S)) is a pair of spaces of finite dimension.

Proof. By Proposition 7.1, the dimension of X(S) is finite. As the compactum
T(S) = T:(S)U X(9) is a union of two subspaces of finite dimension, with X'(S) C
T(S) closed, we have

dim(7(S)) = max{dim(7:(S), dim(X(S))} < oc.
O

Let now I’ be a torsion free finite index subgroup of Mod(S). It acts freely
on T.(S), with compact quotient (or on the I'-invariant subspace @ of 7(S) as
introduced in Proposition 4.3.

Theorem 7.3. The pair (T(S),X(S)) defines a Z-structure for T.

Proof. We have to verify the axioms for a Z-structure.

We showed so far that the I'-invariant subspace Q is contractible, locally con-
tractible and of dimension 6g—6. The group I" admits a covering space action on @,
We also know that a point z € X(S) has a neighborhood basis in 7(.S) consisting
of sets whose intersections with @) are contractible. Thus we are left with showing
that the action of I is U-small for every open covering U of T (5).

To this end let ¢ be an open covering of 7 (S). By compactness, we may extract
a finite subcovering, so we may assume that U is in fact finite, that is, we have
U = Up<i<mU; for some open sets U; C T(S). Assume without loss of generality
that U; N X(S) # 0 for all ¢ > 1.

We argue now by contradiction and we assume that there exists a compact set
K C T.(5) and infinitely many elements p; € I' such that ¢;K ¢ U; for all
7 < m. Since the action of I" on @ is proper and cocompact, we may assume that
K= U;lejKo where K is a compact fundamental domain for the action of I'.

Let X € Kj. Since the action of T' on T.(S) is proper and T (S) is compact,
we conclude that up to passing to a subsequence, the sequence 1; X converges in
T(S) to a point £ € X(S). Since the right action of I' on itself extends to the
trivial action on X(S5), we then have ¢;(p;X) — ¢ for all j < £. In particular,
for sufficiently large i, we have ;(¢;X) € U, for some fixed p > 0. But then it
follows from the definition of the topology on 7 (.S) that in fact ¥ K — & and hence
giK C U, for all sufficiently large p. This is a contradiction which completes the

proof of the theorem. [
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As an application, we obtain.

Corollary 7.4. dim(0CG(9)) < 4g — 6.

Proof. Since X(S) is a Z-set for T', the cohomological dimension of X (S) equals
vd(Mod)(S) — 1 [B96]. Furthermore, this dimension also equals the covering di-
mension of X

Now as dCG(S) is embedded in X (5), it is equipped with the subspace topology.
This means that any open covering of 9CG(SS) is the restriction of an open covering
of X(S5). Such a covering then has a 4¢g — 6-finite refinement and hence the same
holds true for the refinement of the original cover of dCG(S). O

The following conjecture is taken from [BB19]. We believe that the results in
this work support this conjecture.

Conjecture. asdim(Mod(S)) = vd(Mod(S)) = 4g — 5.

REFERENCES

[BM91] M. Bestvina, and J. Mess, The boundary of negatively curved groups, J. Amer. Math.
Soc. 4 (1991), 469-481.

[B96] M. Bestvina, Local homology properties of boundaries of groups, Michigan Math. J. 1996,
123-141.

[BB19] M. Bestvina, K. Bromberg, On the asymptotic dimension of the curve complez, Geom-
etry & Topology 23 (2019), 2227-2276.

[Bu92] P. Buser, Geometry and spectra of compact Riemann surfaces, Birkhauser, Boston 1992.

[Dr18]  A.N. Dranishnikov, Dimension of compact metric spaces, Indagnationes math. 29 (2018).
429-449.

[DHS17] M. Durham, M. Hagen, and A. Sisto, Boundaries and automorphisms of hierarchically
hyperbolic spaces, Geometry & Topology 21 (2017), 3659-3758.

[DMS25] M. Durham, M. Minsky, and A. Sisto, Asymptotically CAT(0)-metrics, Z-structures
and the Farrell-Jones conjecture, arXiv:2504.17048.

[Gal4] D. Gabai, On the topology of ending lamination space, Geom. & Top. 18 (2014), 2683—
2745.

[HO6] U. Hamenstadt, Train tracks and the Gromov boundary of the complex of curves, in
“Spaces of Kleinian groups” (Y. Minsky, M. Sakuma, C. Series, eds.), London Math.
Soc. Lec. Notes 329 (2006), 187-207.

[HO9] U. Hamenstadt, Geometry of the mapping class groups I: Boundary amenability, Invent.
Math. 175 (2009), 545-609.

[Har86] J. Harer, The virtual cohomological dimension of the mapping class group of an oriented
surface, Invent. Math. 84 (1986), 157-176.

[J14] L. Ji, Well-rounded equivariant deformation retracts of Teichmiiller space,
L’Enseignement Math. 60 (2014), 109-129.

[JW10] L. Ji, S. Wolpert, A cofinite universal space for proper actions for mapping class groups,
in M. Bonk, J. Gilman, H. Masur, Y. Minsky and M. Wolf (eds.), In the tradition of
Ahlfors-Bers, V. Contemporary Math 510. Amer. Math. Soc., Providence, RI, 2010,
151-163.

[KK17] M. Kalantar, M. Kennedy, Boundaries of reduced C*-algebras of discrete groups, J.
Reine Angew. Math. 727 (2017), 247-267.

[K99] E. Klarreich, The boundary at infinity of the curve complex and the relative Teichmdiiller
space, unpublished manuscript. Ann Arbor (1999).

[Kb12] T. Koberda, Right angled Artin groups and a generalized isomorphism problem for
finitely generated subgroups of mapping class groups, Geom. Funct. Anal. 22 (2012),
1541-1590.



48 URSULA HAMENSTADT

[Mar16] B. Martelli, An introduction to geometric topology, arXiv:1610.02592.

[MM99] H. Masur, Y. Minsky, Geometry of the complex of curves I: Hyperbolicity, Invent. Math.
138 (1999), 103-149.

[MMO00] H. Masur, Y. Minsky, Geometry of the complex of curves II: Hierarchical structure,
GAFA 10 (2000), 902-974.

[Mi10] Y. Minsky, The classification of Kleinian surface groups I: Models and bounds, Ann. of
Math. 171 (2010), 1-107.

[Mul4] J. Munkres, Topology, Parson New International Edition, Pearson Educated Limited
2014.

[ROT7] K. Rafi, A combinatorial model for the Teichmiller metric, Geom. Funct. Anal. 17
(2007), 936-959.

[R14] K. Rafi, Hyperbolicity in Teichmiiller space, Geometry & Topology 18 (2014), 3025-3053.

[Wo03] S. Wolpert, Geometry of the Weil-Petersson completion of Teichmdiller space, Surv.
Diff. Geom. 8, International Press (2003), 357-393.

[Ya04] S. Yamada, Weil-Petersson completion of Teichmniller spaces and mapping class group
actions, Math. Res. Lett. 11 (2004), 327-344.

MATHEMATISCHES INSTITUT DER UNIVERSITAT BONN
ENDENICHER ALLEE 60,
D-53115 BONN, GERMANY

email: ursula@math.uni-bonn.de



