GEOMETRY OF THE MAPPING CLASS GROUPS IIA:
CAT(0) CUBE COMPLEXES AND BOUNDARIES

URSULA HAMENSTADT

ABSTRACT. We construct a uniformly finite CAT(0) cube complex which ad-
mits a coarsely vertex bijective Lipschitz map onto the mapping class group
MCG of a surface S of genus g with m punctures (3g—3+m > 2). We identify
the regular Roller boundary of this complex with the space of complete geo-
desic laminations on S. Furthermore, we construct an explicit compactification
of the mapping class group which is small at infinity. We define an electrifi-
cation of the curve graph of S and use it to identify the Poisson boundary of
a random walk on MCG with some mild moment condition as a stationary
measure on the space of minimal complete geodesic laminations on S.
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2 URSULA HAMENSTADT

1. INTRODUCTION

The mapping class group MCG of a surface S of finite type, that is, S is a closed
surface of genus g > 0 from which m > 0 points, so-called punctures, have been
deleted, is the group of isotopy classes of diffeomorphisms of S. We assume that S
is non-exceptional, that is, S is not a sphere with at most 4 punctures or a torus
with at most 1 puncture.

Searching for geometric similarities between the mapping class group and non-
positively curved groups has a long history, perhaps culminating in equivariant
embedding results of the mapping class group into a finite product of quasi-trees
[BBF19].

However, the mapping class group is not non-positively curved in spite of the
fact that it admits an isometric action on a simply connected Kéhler manifold of
negative sectional curvature, namely, the Teichmiiller space equipped with the Weil-
Petersen metric. One manifestation of the failure of being nonpositively curved is
the fact that for any action of MCG on a complete CAT(0)-space by semisimple
isometries, Dehn twists act as elliptic elements [Br10].

The goal of this article is to add to the positive results concerning the relation
of the mapping class group and non-positively curved spaces. To this end define
a cube compler to be a metric space obtained by gluing standard cubes [0, 1]™
(n > 0) with isometries along proper faces. The cube complex is uniformly finite if
the number of one-cubes incident on each vertex is uniformly bounded. A uniformly
finite cube complex has finite dimension and is proper (closed balls of finite radius
are compact).

The Roller boundary 0X of a uniformly finite CAT(0)-cube complex X defines
a compactification of X. It depends on the cubical structure, and it is intimately
related to the fact that the one-skeleton of a CAT(0) cube complex is a median
space. We refer to [FLM18] and Section 7 for an account on this construction.

The Roller boundary of a CAT(0) cube complex contains a closed (possibly
empty) subset, called the regular Roller boundary. This set is invariant under the
natural action of the automorphism group of the complex (Section 5.3 of [FLM18]).

We use these notions in our first main result. For its formulation, recall from
[HO09] that a complete geodesic lamination on S is a geodesic lamination which can
be approximated in the Hausdorff topology by simple closed geodesics and which
decomposes S into ideal triangles and once punctured monogons. The space CL of
all complete geodesic laminations on S, equipped with the Hausdorff topology, is a
compact totally disconnected MCG-space. Furthermore, the action of MCG on CL
is amenable [H09].

Theorem 1. There exists a uniformly finite CAT(0) cube complex C with the
following properties.

(1) There exists a proper coarsely surjective Lipschitz map F : C — MCG.
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(2) There is a natural homeomorphism of the regular Roller boundary of C' onto
the space of complete geodesic laminations, equipped with the Hausdorff
topology.

The map F in the statement of the theorem is however not bilipschitz.

Among others, the interest in the second part of the theorem lies in the fact
that three distinct point of the Roller boundary of a uniformly finite CAT(0) cube
complex X have a unique median in X and hence there is a natural map from
the space of pairwise distinct triples in X into X. This map is proper, but it is
not injective. By Theorem 1, the regular Roller boundary of the uniformly finite
CAT(0) cube complex C'is a compact MCG-space. On the other hand, the action of
a group with Kazhdan’s property (T) by isometries on a median space has bounded
orbits [CDH10]. This supportes the idea that the mapping class group does not
have property (T).

A uniformly finite CAT(0) cube complex X can be compactified by adding its
geometric boundary 0,X, which is the space of equivalence classes of geodesic rays
starting at a fixed point. This boundary does not depend on the choice of the
basepoint.

As the cube complex C is not bilipschitz equivalent to MCG and MCG does not
act on C' as a group of simplicial isometries, the geometric boundary of C' is not a
boundary for MCG in the sense of the following

Definition. A boundary of a finitely generated group I is a compact I'-space Y
with the following properties. There exists a topology on I' UY which restricts to
the discrete topology on I'; to the given topology on Y and is such that Y UT is
compact. The left action of I' on itself extends to the I'-action on Y. The boundary
is called small if the right action of I' extends to the trivial action of I" on Y.

The space CL of complete geodesic laminations is a compact MCG-space, but
it is not a boundary in the sense of the above definition as it does not define a
compactification of MCG.

The second goal of this article is to construct an explicit small boundary X for
MCG. As a set, this boundary X is given as follows.

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 slightly modified. The curve complex is a hyperbolic geometric graph of
infinite diameter [MM99]. Its Gromov boundary 0CG(Sp) 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 dCG(Sy) is the coarse
Hausdorff topology. With respect to this topology, a sequence A; of minimal filling
laminations converges to the lamination X 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 dCG(Sp) is separable and metrizable. Define
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the boundary of the curve complex of an essential annulus A C S with core curve
¢ to consist two points ¢, c™.

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

X(UE,S;) = 9CG(Sy) * -+ % DCG(Sk).

It can be viewed as the set of formal sums ) . a;\; where a; > 0, >, a; = 1 and
where A; € 9CG(S;) for all . This join is a separable metrizable topological space.
Note that if S;,, ..., S;, is a subset of the set of surfaces Sy, ..., Sk, then X' (U;_;.5;;)
is naturally a closed subset of X' (U¥_,S;). Define

X = UX(U?lei)

where the union is over all collections of pairwise disjoint essential subsurfaces of .S.
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. The union is not a disjoint
union. Thus X is just the set of formal sums Zz a;\; where a; > O,Zi a; =1
and where A1,..., A\, are pairwise disjoint minimal geodesic laminations on S and
where each simple closed curve component A; is equipped with an additional label
+,—.

Define the oriented curve complexr of an essential subsurface Sy of S to be the
complex whose vertices are isotopy classes of oriented simple closed curves and
where k+1 such vertices span a k-simplex if they are pairwise distinct as unoriented
simple closed curves and if they can be realized disjointly. With this terminoloy,
the union of the oriented curve complex of Sy with its Gromov boundary is an
embedded subspace of X (a priory only as as set). Note that the mapping class
group acts on X as a set.

Recall that 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. We show

Theorem 2. The space X admits a MCG-invariant topology O with the following
properties.

(1) For any collection Sy, ...,Sk or pairwise disjoint subsurfaces of S, the in-
clusion X(UE_,S;) — (X,0) is an embedding.

(2) (X,0) is compact, and the MCG-action is minimal and strongly prozimal.

(3) (X,0) is a small boundary for MCG.

We call the space (X,0) the geometric boundary of MCG. If follows immedi-
ately from the construction that the geometric boundary of any essential connected
subsurface Sy C S is a closed embedded subspace of the geometric boundary of
S. The description of the topology on X which gives X' the structure of a small
boundary of MCG is slightly involved and can be understood best by describing
convergent sequences in MCG. We give a detailed account in Section 8.

Another less explicit construction of a boundary for MCG is due to Durham,
Hagen and Sisto [DHS17] taking advantage of a hierarchially hyperbolic structure of
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MCG. We do not know the relation between these constructions- in fact, hierarchial
hyperbolicity for MCG does not play any role in this article. The advantage of our
construction is that the space X’ and its topology as well as the action of the group
MCG on X is completely explicit and can be used to study subgroups of MCG, as
for example in Koberda’s work [Kb12] who constructed subgroups of MCG which
are isomorphic to right angled Artin groups.

We conjecture that the geometric boundary X of MCG is in fact a Z-set for any
torsion free finite index subgroup of MCG. We refer to [B96] for a nice account on Z-
sets for torsion free groups. Note that the work of Gabai [G14] relates the covering
dimension of the boundary of the curve complex of S to the virtual cohomological
dimension of MCG, and Bestvina and Bromberg relate the asymptotic dimension
of the curve complex to the virtual cohomological dimension of MCG.

In the course of the proof of Theorem 1, we use an auxiliary tool which is defined
as follows.

Definition. The principal curve graph of a closed surface S of genus g > 2 is the
graph whose vertices are simple closed curves and where two such curves ¢, d are
connected by an edge of length one if and only if S — (¢ U d) has a complementary
component which neither is a fourgon nor a sixgon nor a once punctured bigon.

‘We show in Section 6.

Theorem 3. The principal curve graph is hyperbolic, and its Gromov boundary
equals the space of minimal complete geodesic laminations equipped with the Haus-

dorff topology.

As an application, we obtain the following strengthening of the main result of
[GM18].

Theorem 4. The Poisson boundary of a random walk on MCG generated by a
probability measure |1 whose support generates MCG, with finite entropy and finite
logarithmic moment for the action on the curve graph, can be realized by a stationary
measure on the space of minimal complete geodesic laminations on S.

The condition on the group generated by the support of the measure p can be
relaxed as in [GM18] to be non-elementary and to contain at least one pseudo-
Anosov element with minimal complete attracting geodesic lamination. We do not
address the question pursued in [GM18] here whether the attracting lamination of a
typical element for the random walk is complete, however this can readily be derived
from Theorem 4 and the results in [BGH20] which establishes precise information
on the axis of a typical mapping class in Teichmiiller space from information on the
exit measure of the random walk.

We illustrate the usefulness of the tools developed for the proof of Theorem
1 by establishing three geometric results about subgroups of MCG(S). However,
variants of these results are available in the literature.

Namely, a finite symmetric set G’ of generators of a subgroup I'V of a finitely
generated group I' can be extended to a finite symmetric set of generators of I'.
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Thus for any two word norms || on I" and | |" of T’ there is a number L > 1 such that
lg| < Llg|" for every g € IV. However, in general the word norm in I" of an element
g € TV can not be estimated from below by L’|g|" for a universal constant L' > 0.
Define the finitely generated subgroup I of T' to be undistorted in T' if there is a
constant ¢ > 1 such that |g|" < ¢|g| for all g € TY. Thus IV < T" is undistorted if
and only if the inclusion IV — I is a quasi-isometric embedding.

There are subgroups of MCG(S) with particularly nice geometric descriptions.
To begin with, let Sy C S be an essential subsurface of S different from a pair of
pants. A finite index subgroup MCGy(Sy) of the mapping class group MCG(Sy)
of Sy can be identified with the subgroup of MCG(S) of all elements which can
be represented by a homeomorphism of S fixing S — Sy pointwise. We give an
alternative proof of the following extension of a result of Masur and Minsky (the
statement about distortion is implicitly but not explicitly contained in Theorem
6.12 of [MMO00] and has been rediscovered in several other disguises ever since).
For notational clarity, we write MCG(S) for the mapping class group of a surface
S if this surface needs to be specified.

Theorem 5. If Sy C S is an essential subsurface of a non-exceptional surface S of
finite type, then MCGy(So) < MCG(S) is undistorted, and the union of MCG(Sp)
with its geometric boundary embeds into the union of MCG(S) with its geometric
boundary.

Now let S be a closed surface of genus g > 2 and let I' < MCG(S) be any finite
subgroup. By the solution of the Nielsen realization problem [Ke83], T' can be
realized as a subgroup of the automorphism group of a marked complex structure h
on S. Then the quotient (S, h)/T" is a compact Riemann surface, and the projection
S — S/T' is a branched covering ramified over a finite set ¥ of points. Let Sy =
S/T' — ¥ and let N(I') be the normalizer of I in MCG(S). Then there is an exact
sequence

where MCCG(Sp) is the subgroup of the mapping class group of Sy of all elements
which can be represented by a homeomorphism which lifts to a homeomorphism of
S [BH73]. We use this to observe (compare [RS07] for a similar statement)

Theorem 6. Let S be a closed surface of genus g > 2 and let T' < MCG(S) be a
finite subgroup. Then the normalizer of I is undistorted in MCG(S).

There are other relations between mapping class groups which can be described
by exact sequences of groups. An example of such a relation is as follows. Let Sy
be any non-exceptional surface of finite type and let S be the surface obtained from
So by deleting a single point p. Then there is an exact sequence [B74]

0 — m1(So) = MCG(S) > MCG(Sy) — 0.

The image in MCG(S) of an element o € 71(Sp) is the mapping class obtained by
dragging the puncture p of S along a simple closed curve in the homotopy class «.
The projection II : MCG(S) — MCG(Sy) is induced by the map S — Sy defined
by closing the puncture p.
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Define a coarse section for the projection II to be a map ¥ : MCG(Sy) —
MCG(S) with the property that there exists a number £ > 0 such that

d(IT¥(g), 9) <

for all g € MCG(Sp). The following result is a special case of a much more general
result of Mosher [M96] (the quasi-isometric section lemma).

Theorem 7. The projection MCG(S) — MCG(Sy) admits a coarse section which
is a quasi-isometric embedding.

Theorem 7 contrasts a result of Braddeus, Farb and Putman [BFP11] who showed
that the normal subgroup m1(Sp) of MCG(S) is exponentially distorted.

The organization of this article is as follows.

The proof of Theorem 1 builds on the results of [H09]. In that paper we con-
structed a locally finite connected directed graph 7T whose vertex set V(TT) is
the set of all isotopy classes of complete train tracks on S. The mapping class group
MCG(S) acts property and cocompactly on 7T as a group of simplicial isometries.

In Section 5, we construct the CAT(0) cube complex C whose existence is stated
in Theorem 1 from a subgraph of this complex. This construction depends on
some rather technical results, established in Section 3, which shows that directed
edge-paths in 7T connect a coarsely dense set of pairs of points in 77T .

An inspection of hyperplanes in C' leads to the introduction of the principal curve
graph in Section 6, which is independent of the rest of the article. It contains the
proof of Theorem 3 and Theorem 4. The principal curve graph is a key tool in
Section 7 to control hyperplanes in the CAT(0) cube complex C' and complete the
proof of Theorem 1.

The construction of the geometric boundary of MCG is motivated by properties
of the geometric boundary of the CAT(0) cube complex C, but it is independent of
the rest of the article. It is contained in Section 8.

The first part of Theorems 5 as well as Theorem 6 and Theorem 7 are derived
in Section 4. In Section 2 we summarize the properties of the train track complex
T7T of S which are needed for our purpose.

Acknowledgement: The work reported in this article was started in fall 2007
while the author was in residence at the Mathematical Sciences Research Institute
in Berkeley, California. The Sections 2-4 of this article are essentially identical with
Sections 2-4 of the preprint arXiv:0912.0137 whose second part is contained in part
B of this work. The results in Sections 5-7 were accomplished while the author was
in residence at the Mathematical Research Institute in Berkeley, California, during
the fall 2016 semester. Both visits of the MSRI were supported by the National
Science Foundation.
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2. THE COMPLEX OF TRAIN TRACKS

In this section we summarize some results from [H09] which will be used through-
out the paper.

Let S be an oriented surface of genus g > 0 with m > 0 punctures and where
3g—3+m > 2. A train track on S is an embedded 1-complex 7 C S whose
edges (called branches) are smooth arcs with well-defined tangent vectors at the
endpoints. At any vertex (called a switch) the incident edges are mutually tangent.
Through each switch there is a path of class C! which is embedded in 7 and contains
the switch in its interior. In particular, the half-branches which are incident on a
fixed switch are divided into two classes according to the orientation of an inward
pointing tangent at the switch. Each closed curve component of 7 has a unique
bivalent switch, and all other switches are at least trivalent. The complementary
regions of the train track have negative Euler characteristic, which means that they
are different from discs with 0,1 or 2 cusps at the boundary and different from
annuli and once-punctured discs with no cusps at the boundary. A train track is
called maximal if each of its complementary components either is a trigon, i.e. a
topological disc with three cusps at the boundary, or a once punctured monogon,
i.e. a once punctured disc with one cusp at the boundary. We always identify train
tracks which are isotopic. The book [PH92] contains a comprehensive treatment of
train tracks which we refer to throughout the paper.

A train track is called generic if all switches are at most trivalent. The train track
7 is called transversely recurrent if every branch b of 7 is intersected by an embedded
simple closed curve ¢ = ¢(b) C S of class C* which intersects 7 transversely and
is such that S — 7 — ¢ does not contain an embedded bigon, i.e. a disc with two
corners at the boundary.

A trainpath on a train track 7 is a Cl-immersion p : [m,n] — 7 C S which maps
each interval [k, k + 1] (m < k < n — 1) onto a branch of 7. The integer n — m
is called the length of p. We sometimes identify a trainpath with its image in 7.
Each complementary region of 7 is bounded by a finite number of (not necessarily
embedded) trainpaths which either are closed curves or terminate at the cusps of
the region. A subtrack of a train track 7 is a subset o of 7 which itself is a train
track. Thus every switch of ¢ is also a switch of 7, and every branch of o is a
trainpath on 7. We write o < 7 if ¢ is a subtrack of 7.

A transverse measure on a train track 7 is a nonnegative weight function y on
the branches of 7 satisfying the switch condition: for every switch s of 7, the half-
branches incident on s are divided into two classes, and the sums of the weights
over all half-branches in each of the two classes coincide. The train track is called
recurrent if it admits a transverse measure which is positive on every branch. We
call such a transverse measure p positive, and we write g > 0. If y is any transverse
measure on a train track 7 then the subset of 7 consisting of all branches with
positive p-weight is a recurrent subtrack of 7. A train track 7 is called birecurrent
if 7 is recurrent and transversely recurrent. We call 7 complete if 7 is generic,
maximal and birecurrent.
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Remark: As in [H09], we require every train track to be generic. Unfortunately
this leads to a slight inconsistency of our terminology with the terminology found
in the literature.

There is a special collection of complete train tracks on S which were introduced
by Penner and Harer [PH92]. Namely, a pants decomposition P for S is a collection
of 3¢ —3+m simple closed curves which decompose S into 2g — 2+ m pairs of pants.
Here a pair of pants is a planar orientable bordered surface of Euler characteristic
—1 which may be non-compact. Define a marking of S (or complete clean marking
in the terminology of [MMO0]) to consist of a pants decomposition P for S and a
system of spanning curves for P. For each pants curve v € P there is a unique
simple closed spanning curve which is contained in the connected component Sy of
S — (P — v) containing ~, which is not freely homotopic into the boundary or a
puncture of this component and which intersects - in the minimal number of points
(one point if Sy is a one-holed torus and two points if Sy if a four-holed sphere).
Note that any two choices of such a spanning curve differ by a Dehn twist about ~.

For each marking F' of S we can construct a collection of finitely many maximal
transversely recurrent train tracks as follows. Let P be the pants decomposition
of the marking. Choose an open neighborhood A of P in S whose closure in S is
homeomorphic to the disjoint union of 3g — 3+ m closed annuli. Then S — A is the
disjoint union of 2g — 2 4+ m pairs of pants. We require that each train track 7 from
our collection intersects a component of S — A which does not contain a puncture
of S in a train track with stops which is isotopic to one of the four standard models
shown in Figure A (see Figure 2.6.2 of [PH92]).

Figure A
Type 1 Type 0
|
- - -
Type 2 Type 3
L
- Ll

If Sy is a component of S — A which contains precisely one puncture, then we
require that 7 intersects Sy in a train track with stops which we obtain up to
diffeomorphism of Sy from the standard model of type 2 or of type 3 by replacing
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the top boundary curve by a puncture and by deleting the branch which is incident
on the stop of this boundary component. If Sy is a component of S — A which
contains two punctures, then we require that 7 intersects Sy in a train track with
stops which we obtain up to diffeomorphism of Sy from the standard model of type
1 by replacing the two lower boundary components by a puncture and by deleting
the two branches which are incident on the stops of these boundary components.

The intersection of 7 with a component of the collection A of 3g — 3 + m annuli
is one of the following four standard connectors which are shown in Figure B (see
Figure 2.6.1 of [PH92]).

Figure B

Tight connectors

Twist connectors

From the above standard pieces we can build a train track 7 on S by choosing
for each component of S — A one of the standard models as described above and
choosing for each component of A one of the four standard connectors. These train
tracks with stops are then glued at their stops to a connected train track on S. Any
two train tracks constructed in this way from the same pants decomposition P, the
same choices of standard models for the components of S — A and the same choices
of connectors for the components of A differ by Dehn twists about the pants curves
of P. The spanning curves of the marking F' determine a specific choice of such a
gluing [PH92]. We call each of the resulting train tracks in standard form for F
provided that it is complete (see p.147 of [PH92] for examples of train tracks built
in this way which are not recurrent and hence not complete).

A geodesic lamination for a complete hyperbolic structure on S of finite volume
is a compact subset of S which is foliated into simple geodesics. A geodesic lami-
nation A is minimal if each of its half-leaves is dense in A\. A geodesic lamination
is mazimal if its complementary regions are all ideal triangles or once punctured
monogons (note that a minimal geodesic lamination can also be maximal). The
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space of geodesic laminations on S equipped with the Hausdorff topology is a com-
pact metrizable space.

A geodesic lamination A is called complete if )\ is maximal and can be approx-
imated in the Hausdorff topology by simple closed geodesics. The space CL of all
complete geodesic laminations equipped with the Hausdorff topology is compact.
The mapping class group MCG(S) naturally acts on CL as a group of homeomor-
phisms. Every geodesic lamination A which is a disjoint union of finitely many min-
imal components is a sublamination of a complete geodesic lamination, i.e. there
is a complete geodesic lamination which contains A as a closed subset (Lemma 2.2
of [H09]).

A train track or a geodesic lamination o is carried by a transversely recurrent
train track 7 if there is a map ¢ : S — S of class C! which is homotopic to the
identity and maps o into 7 in such a way that the restriction of the differential of ¢
to the tangent space of o vanishes nowhere; note that this makes sense since a train
track has a tangent line everywhere. We call the restriction of ¢ to o a carrying
map for 0. Write o < 7 if the train track o is carried by the train track 7. Then
every geodesic lamination A which is carried by o is also carried by 7. A train track
7 is complete if and only if it is generic and transversely recurrent and if it carries a
complete geodesic lamination. The space of complete geodesic laminations carried
by a complete train track 7 is open and closed in CL (Lemma 2.3 of [H09]). In
particular, the space CL is totally disconnected.

For every pants decomposition P of S there is a finite set of complete geodesic
laminations on S which contain (the geodesic representatives of) the components
of P as their minimal components. We call such a geodesic lamination in standard
form for P. If X\ is a geodesic lamination in standard form for P then for each
component Sy of § — P which does not contain a puncture of .S, there are precisely
three leaves of A contained in Sy which spiral about the three different boundary
components of Sy. The leaves of A spiraling from two different sides about a com-
ponent v of P define opposite orientations near «y (as shown in Figure A of [H09]).
If Sy contains exactly one puncture of S there there are two leaves of A contained
in Sy which spiral about the two boundary components of Sy.

For every marking F' of S with pants decomposition P and every train track
7 in standard form for F' with only twist connectors there is a unique complete
geodesic lamination in standard form for P which is carried by 7. This implies that
for every marking F' of S with pants decomposition P, there is a bijection between
the complete train tracks in standard form for F' with only twist connectors and
the complete geodesic laminations in standard form for P. The set of all complete
geodesic laminations in standard form for some pants decomposition P is invariant
under the action of the mapping class group, moreover there are only finitely many
MCG(S)-orbits of such complete geodesic laminations.

Define the straightening of a train track 7 on S with respect to some complete
finite volume hyperbolic structure g on S to be the edgewise immersed graph in .S
whose vertices are the switches of 7 and whose edges are the unique geodesic arcs
which are homotopic with fixed endpoints to the branches of 7. For a number € > 0
we say that the train track 7 e-follows a geodesic lamination A if the tangent lines
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of the straightening of 7 are contained in the e-neighborhood of the projectivized
tangent bundle PTA of A (with respect to the distance function induced by the
metric g) and if moreover the straightening of every trainpath on 7 is a piecewise
geodesic whose exterior angles at the breakpoints are not bigger than e.

Lemma 2.1. Let A € CL be a complete geodesic lamination on S in standard form
for a pants decomposition P of S and let € > 0. Then there is a complete train
track T on S in standard form for a marking F of S with pants decomposition P
which carries A and e-follows .

Proof. The train track 7 can be obtained from A by collapsing a sufficiently small
tubular neighborhood of A\. We refer to Theorem 1.6.5 of [PH92] and to Lemma
3.2 of [H09] and its proof for more details of this construction. O

Note that in Lemma 2.1, the marking F' of S depends on the number € as well
as on choices made in the construction.

A measured geodesic lamination is a geodesic lamination equipped with a trans-
verse translation invariant measure of full support. The space ML of measured
geodesic laminations on S equipped with the weak*-topology is homeomorphic to
the product of a sphere of dimension 6g — 7 + 2m with the real line. A measured
geodesic lamination p is carried by a train track 7 if its support is carried by 7.
Then p defines a transverse measure on 7, and every transverse measure on 7 arises
in this way [PH92].

We use measured geodesic laminations to establish another relation between
train tracks in standard form for a marking of S and complete geodesic laminations
which is a variant of a result of Penner and Harer (Theorem 2.8.4 of [PH92]).

Lemma 2.2. For any marking F of S, every complete geodesic lamination on S
is carried by a unique train track in standard form for F.

Proof. A complete geodesic lamination A can be approximated in the Hausdorff
topology by a sequence {¢;} of simple closed geodesics. For a fixed marking F of
S, each such geodesic is carried by a train track in standard form for F' (this is
contained in Theorem 2.8.4 of [PH92]). Since there are only finitely many train
tracks in standard form for F, there is a fixed train track 7 in standard form for
F which carries infinitely many of the curves ¢;. By Lemma 3.2 of [H09], the set
of geodesic laminations carried by a fixed train track 7 is closed in the Hausdorff
topology and hence the geodesic lamination \ is carried by 7.

Now assume that there is a second train track 7 in standard form for F' which
carries A. By Lemma 3.2 and Lemma 3.3 of [H09], there is a complete train track
o which is carried by both 7 and n. The train track o carries a measured geodesic
lamination p whose support is both minimal and maximal (see the top of p.556 of
[HO09] for a detailed discussion of this fact). Thus p is carried by two distinct train
tracks in standard form for F' which violates Theorem 2.8.4 of [PH92]. g
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A half-branch b in a generic train track 7 incident on a switch v of 7 is called
large if every trainpath containing v in its interior passes through b. A half-branch
which is not large is called small. A branch b in a generic train track 7 is called
large if each of its two half-branches is large; in this case b is necessarily incident
on two distinct switches. A branch is called small if each of its two half-branches
is small. A branch is called mized if one of its half-branches is large and the other
half-branch is small (see p.118 of [PH92]).

There are two simple ways to modify a complete train track 7 to another complete
train track. First, we can shift T along a mixed branch b to a train track 7’ as shown
in Figure C. If 7 is complete then the same is true for 7. Moreover, a train track

Figure C

—>

or a geodesic lamination is carried by 7 if and only if it is carried by 7’ (see [PH92]
p.119). In particular, the shift 7/ of 7 is carried by 7. There is a natural bijection
(7, 7') of the set of branches of T onto the set of branches of 7/ which is induced
by the identity of the complement of a small neighborhood of b in S. The bijection
(7, 7") also induces a bijection of the set of half-branches of 7 onto the set of
half-branches of 7/ which we denote again by ¢(7, 7).

Second, if e is a large branch of 7 then we can perform a right or left split of 7
at e as shown in Figure D. Note that a right split at e is uniquely determined by

Figure D right split

left split

the orientation of S and does not depend on the orientation of e. Using the labels
in the figure, in the case of a right split we call the branches a and ¢ winners of the
split, and the branches b, d are losers of the split. If we perform a left split, then
the branches b,d are winners of the split, and the branches a,c are losers of the
split. The split 7/ of a train track 7 is carried by 7, and there is a natural choice of
a carrying map which maps the switches of 7’ to the switches of 7. The image of a
branch of 7/ is then a trainpath on 7 whose length either equals one or two. There
is a natural bijection (7, 7") of the set of branches of 7 onto the set of branches
of 7" which maps the branch e to a small branch e’ which we call the diagonal of
the split. This bijection is induced by the identity on the complement of a small
neighborhood of e in S. The map (7,7’) also induces a bijection of the set of
half-branches of 7 onto the set of half-branches of 7/ again denoted by ¢(7, 7).
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Occasionally we also have to consider the collision of a train track n at a large
branch e. This collision is obtained from 7 by a split at e and removal of the
diagonal in the split track. Such a collision is shown in Figure 2.1.2 of [PH92].

A split of a maximal transversely recurrent generic train track is maximal, trans-
versely recurrent and generic. If 7 is a complete train track and if A € CL is carried
by 7, then for every large branch e of 7 there is a unique choice of a right or left
split of T at a large branch e of 7 with the property that the split track 7/ carries A
(see p. 557 of [HO9] for a more complete discussion). We call such a split a A-split.
The train track 7’ is complete. In particular, a complete train track 7 can always
be split at any large branch e to a complete train track 7’; however there may be a
choice of a right or left split at e such that the resulting train track is not recurrent
any more (compare p.120 in [PH92]).

For a number L > 1, an L-quasi-isometric embedding of a metric space (X, d)
into a metric space (Y,d) is a map ¢ : X — Y such that

d(z,y)/L — L < d(p(x),¢(y)) < Ld(z,y) + L

for all z,y € X. The map ¢ is called an L-quasi-isometry if moreover the L-
neighborhood of X in Y is all of Y. An L-quasi-geodesic in a metric space (X, d)
is an L-quasi-isometric embedding of a closed connected subset of R or of the
intersection of such a closed connected subset of R with Z.

Denote by 7T the directed metric graph whose set V(T T) of vertices is the set
of isotopy classes of complete train tracks on S and whose edges are determined as
follows. The train track 7 € V(T T) is connected to the train track 7/ by a directed
edge of length one if and only if 7/ can be obtained from 7 by a single split. The
graph 7T is connected (Corollary 2.7 of [H09]). The mapping class group MCG(S)
of S acts properly and cocompactly on 7T as a group of simplicial isometries. In
particular, 7T is MCG(S)-equivariantly quasi-isometric to MCG(S) equipped with
any word metric (Corollary 4.4 of [H09]).

Define a splitting sequence in TT to be a sequence {«(i)}o<i<m C V(TT) with
the property that for every ¢ > 0 the train track a(i + 1) can be obtained from
«(i) by a single split. Thus splitting sequences in V(77T ) correspond precisely to
directed edge-paths in 777 . If 7 can be connected to n by a splitting sequence then
we say that 7 is splittable to n. If {a()}o<i<m is a splitting sequence then the
composition

p((0), a(m)) = p(a(m —1),a(m)) o --- o p(a(0), (1))
(read from right to left) is a bijection of the branches (or half-branches) of a(0)

onto the branches (or half-branches) of «(m) which does not depend on the choice
of the splitting sequence connecting a(0) to a(m) (Lemma 5.1 of [H09]).

3. DENSITY OF SPLITTING SEQUENCES

The goal of this section is to show the following proposition which is the main
technical tool for the proof of Theorem 1 and Theorems 5-7.
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Proposition 3.1. There is a number dy > 0 with the following property. For
any train tracks 7,0 € V(TT) there is a train track ™' which is contained in the
do-neighborhood of T and which is splittable to a train track o' contained in the
do-neighborhood of o.

To simplify the argument we reduce Proposition 3.1 to the following

Proposition 3.2. There is a number di > 0 with the following property. Let F
be any marking of S. Then for any train track o € V(TT) there is a train track
T € V(TT) in standard form for F which carries a train track o' contained in
the di-neighborhood of o. If o is in standard form for a marking G with pants
decomposition Q, then o' can be chosen to contain the pants decomposition Q as
an embedded subtrack.

We begin with explaining how Proposition 3.1 follows from Proposition 3.2. The
mapping class group acts on the set of all markings of .S, with finitely many orbits,
and it acts properly and cocompactly on 7T preserving the set of train tracks in
standard form for some marking of S. Thus every complete train track is contained
in a uniformly bounded neighborhood of a train track in standard form for some
marking F' of S. Furthermore, the diameter in 77 of a set of train tracks in
standard form for a fixed marking is bounded from above by a universal constant.
Thus there is a number dy > 0, and for every complete train track 7 on S there is
a marking F' of S such that d(7,n) < dy for any train track 5 in standard form for
F (here d is the distance on 7T).

By Lemma 6.6 of [H09], there is a number p > 0, and for two complete train
tracks o < 7 there is a train track ¢ which can be obtained from 7 by a splitting
sequence and such that d(c, () < p. As a consequence, Proposition 3.1 follows from
Proposition 3.2.

The idea of proof for Proposition 3.2 is as follows. Define a splitting and shifting
sequence to be a sequence {a(4)}o<i<m with the property that for every ¢ > 0 the
train track a(i + 1) can be obtained from «(i) by a sequence of shifts followed by
a single split. Theorem 2.4.1 of [PH92| relates splitting and shifting to carrying.

Proposition 3.3. If o € V(TT) is carried by 7 € V(TT) then T can be connected
to o by a splitting and shifting sequence.

Now let F,G be any two markings of S. We attempt to construct a splitting
and shifting sequence connecting some train track in standard form for F' to some
train track in standard form for G.

A train track in standard form for G with only twist connectors carries a com-
plete geodesic lamination A in standard form for the pants decomposition @) of the
marking G of S. By Lemma 2.2, every complete geodesic lamination A on S is car-
ried by a unique train track 7 in standard form for F'. We modify 7 with a sequence
of splits as efficiently as possible to a train track £ which carries A and contains the
pants decomposition ) as a subtrack. This train track & carries a train track n in
standard form for some marking of S with pants decomposition () whose distance
to ¢ is uniformly bounded. There is a multi-twist ¢ (that is, a concatenation of
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mutually commuting Dehn twists) about the pants curves of @ which maps 7 to a
train track ¢n in standard form for G. In general, ¢n is not carried by 7, but we
obtain enough control that we can find a perhaps different train track in standard
form for F' which can be connected with a splitting and shifting sequence to a train
track in a uniformly bounded neighborhood of ¢n which is in standard form for a
marking with pants decomposition Q.

To carry out this strategy we use the pants decomposition @ for the construction
of splitting sequences. However, () may not fill 7, that is, a carrying map Q — 7
may not be surjective. Therefore we are lead to investigate splitting sequences of
complete train tracks which are determined by modifications of subtracks. This
will occupy the major part of this section and will also be important in Section 7.

Fix a complete Riemannian metric on S of finite volume. With respect to this
metric, a complementary region C' of a train track ¢ on S is a hyperbolic surface
whose metric completion C is a bordered surface with boundary dC. This boundary
consists of a finite number of arcs of class C?, called sides of C or of C. Each side of
C either is a closed curve of class C! (that is, the boundary component containing
the side does not contain any cusp) or an arc with endpoints at two not necessarily
distinct cusps of the component. We call a side of C' which does not contain cusps
a smooth side of C. The closure of C' in S can be obtained from C by some
identifications of subarcs of sides (the inclusion C' — S extends to an immersion
of each side of C, but the image arc may have tangential self-intersections or may
meet another side tangentially). For simplicity we call the image in o of a side of
C a side of C as well. Most of the time we view a side of C' as an immersed arc of
class C! in ¢. Using this abuse of notation, a side of C' then is an immersed arc or
an immersed closed curve of class C! in ¢ with only tangential self-intersections.
However, we reserve the notation C for the metric completion of C.

If T C OC is a smooth side of a complementary region C' of o then we mark a
point on T'. We view this point as a single point on the boundary of the completion
C of C, even if the point corresponds to a point of tangential self-intersection of
the image of AC in o and hence its preimage in C' under the natural map C — S
consists of more than one point.

If C is a complementary region of ¢ whose boundary contains precisely k£ > 0
cusps, then the Euler characteristic x(C) is defined by x(C) = x0(C) — k/2 where
Xo(C) is the usual Euler characteristic of the compact topological surface with
boundary C. Note that the sum of the Euler characteristics of the complementary
regions of o is just the Euler characteristic of S (see the discussion in Chapter 1.1
of [PH92|).

A complete extension of a train track o is a complete train track 7 containing o
as a subtrack. We require that the switches of 7 are distinct from the images in o
of the marked points on smooth boundary components of complementary regions
of 0. Such a complete extension 7 intersects each complementary region C' of ¢ in
an embedded graph with smooth edges. The closure of 7NC in the completion C of
C is a graph whose univalent vertices are contained in the complement of the cusps
and marked points of the boundary dC of C. At a univalent vertex, the graph is
tangential to OC. We call two such graphs 7 N C,7' N C equivalent if there is a
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smooth isotopy of C' which fixes the cusps and the marked points in C and which
maps 7 N C onto 7/ N C. The complete extensions 7,7’ of o are called o-equivalent
if for each complementary region C of ¢ the graphs 7N C and 7/ N C are equivalent
in this sense. The purpose of marking a point on a smooth boundary component T’
of a complementary region of ¢ is to control the amount of relative twisting about
T of two complete extensions 7,7 of o.

For two complete extensions 7, 7" of o define the intersection number i, (7,7') to
be the minimal number of intersection points contained in S — o between any two
complete extensions 7,7’ of o which are o-equivalent to 7, 7" and with the following
additional properties.

a) A switch v of 5 (or 77') is also a switch of ' (or 1) if and only if v is a switch
of 0.

b) A switch of n (or 1) contained in the interior of a complementary region C'
of o is not contained in 7’ (or 1), that is, an intersection point of 7 with 7’
contained in C' is an interior point of a branch of n and of a branch of .

Since the number of switches of a complete train track on .S only depends on the
topological type of S, for any complete extension 7 of o the intersection number
is(7,7) is bounded from above by a constant only depending on S but neither
on o nor on 7. Moreover, for every number m > 0 there is a number g(m) > 0
not depending on ¢ so that for every complete extension 7 of ¢, the number of
o-equivalence classes of complete extensions 7’ of o with i, (7,7") < m is bounded
from above by g(m).

To simplify the notation we do not distinguish between o as a subgraph of 7 (and
hence containing switches of 7 which are bivalent in o) and o viewed as a subtrack
of 7, that is, the graph from which the bivalent switches not contained in simple
closed curve components have been removed. A branch e of o defines an embedded
trainpath p : [0, m] — 7, unique up to orientation, whose image is precisely e. We
call 7 tight at e if e is a branch in 7, that is, if the length m of p equals one. If e
is a large branch of o, then p begins and ends with a large half-branch and hence
p[0, m] contains a large branch of 7 (Lemma 2.7.2 of [PH92]).

A proper subbranch of a branch e of ¢ is a branch b of 7 which is a proper subset
of e. Then b is incident on at least one switch v of 7 which is not a switch of o.
There is a half-branch ¢ of 7 which is incident on v and not contained in 0. We
call ¢ a neighbor of o at v. We distinguish three different types of large proper
subbranches b of a branch e of 0. These types are shown in Figure E. Note that a
large branch of any train track on S is embedded in S.

Figure E

Type 1 Type 2 Type 3

Type 1: b is contained in the interior of e and the two neighbors of ¢ at the two
endpoints of b lie on different sides of e in a small tubular neighborhood of b in S.
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Type 2: b is contained in the interior of e and both neighbors of ¢ at the two
endpoints of b lie on the same side of e in a small tubular neighborhood of b in S.

Type 3: One endpoint of b is incident on a switch of o.

A split of 7 at a large proper subbranch b of o (that is, of a large branch of 7
which is a proper subbranch of a branch of o) is called a o-split if the split track
contains o as a subtrack. Note that such a split always exists. If b is a large proper
subbranch of o of type 2 then any split of 7 at b is a o-split.

Let ¢ be the number of branches of a complete train track on S. The number of
switches of a complete train track on S then equals 2¢/3 < ¢. For a subtrack o of
a complete train track 7 let 5(7,0) be the number of neighbors of o in 7, that is,
the number of half-branches of 7 — ¢ which are incident on a switch contained in
o. If 7y is obtained from 7 by a split at a large proper subbranch b of o of type 2
then B(m,0) = B(1,0) — 1.

Now let o be a recurrent train track on S. Then there is a measured geodesic
lamination v on S which is carried by ¢ and which defines a positive transverse
measure on o. We call such a measured geodesic lamination filling for o. For
every complete extension 7 of o there is a complete geodesic lamination A\ which
is carried by 7 and contains the support of v as a sublamination. Namely, the
positive transverse measure on o defined by v can be approximated by positive
transverse measures p; on 7 which define a measured geodesic lamination whose
support is a minimal and maximal geodesic lamination carried by 7 (see p.556 of
[HO9] for a detailed proof of this fact). Since the space CL of all complete geodesic
laminations on S is compact, as y; — v in the space of transverse measures on
T, up to passing to a subsequence the supports of p; converge in the Hausdorff
topology to a complete geodesic lamination A which contains the support of v as
a sublamination. By Lemma 2.3 of [H09], X is carried by 7. We call A a complete
T-extension of v.

The following observation will be used throughout several times in the sequel.

Lemma 3.4. Let o be a recurrent subtrack of a complete train track T and let A be
a complete T-extension of a o-filling measured geodesic lamination. Then for every
large branch e of o there is a unique train track ™" with the following properties.

(1) 7' can be obtained from T by at most > o-splits at large proper subbranches
of e. In particular, T’ contains o as a subtrack.

(2) 7' carries A and is complete.

(3) 7' is tight at e.

Moreover, given any complete extension n of o, if the branch e does not contain
any marked point on a smooth side of a complementary region C' of o then

io(7',m) <io(T,m) +q(B(7,0) = B(7', 0)).
Otherwise we have i, (7',1) < i (T,1) + ¢>.
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Proof. If T is tight at the large branch e of o then 7 = 7’ satisfies the requirements
in the lemma.

Otherwise let a be a neighbor of ¢ at a switch of 7 contained in e. There is
a unique maximal trainpath p : [-1,m] — 7 with p[—1/2,0] = a and such that
p[0,m] C e. Then p(m) is a switch of o on which e is incident. Let ¢(a,e) =m < ¢
be the length of the intersection of the trainpath p with e and let

c(t,e) = Z c(a,e)
a
where the sum is taken over all neighbors of e in 7. Since e has at most ¢ neighbors
we have ¢(7,e) < ¢2, and ¢(7,e) = 0 if and only if 7 is tight at e.

Now note (see [PH92]) that any trainpath p : [0, m] — 7 which begins and ends
with a large half-branch contains a large branch. This is clear is the length m of p
equals one, so by induction, let us assume that it holds true whenever this length
is at most m —1 > 1. If p : [0,m] — 7 is trainpath beginning and ending with
a large half-branch and if the branch p[0,1] is not large, then p[0, 1] is mixed and
p[l,m] is a trainpath beginning and ending with a large half-branch. By induction
hypothesis, this trainpath contains a large branch.

Thus let b C 7 be a large proper subbranch of e. Let A be a complete T-extension
of a o-filling measured geodesic lamination v and let 7; be the train track obtained
from 7 by a A-split at b. We distinguish two cases according to the type of b.

If b is of type 1 or of type 3, then there is a unique choice of a right or left
split of 7 at b such that the split track 7; contains o as a subtrack. Since v is a
o-filling measured geodesic lamination, 71 is also the unique train track obtained
from 7 by a split at b which carries v. Now A is a complete extension of v and
therefore 71 = 7. The natural bijection ¢(7,71) of the half-branches of 7 onto the
half-branches of 7, maps any neighbor a of ¢ in 7 to a neighbor (7, 71)(a) of ¢ in
71, and ¢(¢(1,71)(a),e) < c(a,e). If the neighbor a of o is incident at an endpoint
of b, then we have c(¢(7,71)(a),e) = c(a,e) — 1 (see Figure E). Together this shows
that ¢(m,e) < c¢(r,e) — 1.

If b is of type 2 then once again, the train track 7; contains o as a subtrack.
Moreover, we have 8(71,0) = 8(1,0) — 1 and ¢(71, €) < ¢(7,¢e). As a consequence, a
splitting sequence of length at most ¢ at large proper subbranches of e transforms
7 to a train track 7’ which contains o as a subtrack, is tight at e and carries \.
By uniqueness of sequences of A-splits up to order (Lemma 5.1 of [H09]), the train
track 7/ is uniquely determined by 7,0, A, e.

To estimate intersection numbers between 7,7’ and an arbitrary complete exten-
sion 7 of o, let again b be a large proper subbranch of e of type 1 or type 3 and let
71 be the train track obtained from 7 by a A-split at b. If e does not contain the
image of any marked point on a smooth boundary component of a complementary
region of o, then 7 and 7, are og-equivalent.

Otherwise there are one or two (not necessarily distinct) complementary regions
C1,C5 of o and smooth sides T; of C; whose images in ¢ contain e. Up to isotopy,
a split of 7 at b can be realized by moving one of the neighbors of ¢ incident on an
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endpoint of b, say the neighbor a, across b while leaving the second neighbor (or
the branches of ¢ incident on an endpoint of e in case the branch b is of type 3)
fixed. Assume that the half-branch a is contained in the complementary region Cy
of o and that a terminates at a point in the smooth boundary component T; of C.
There are at most g half-branches of 1 contained in 1 N C; which terminate at a
point in Ty. Up to isotopy of C; U Cy preserving the cusps and the marked points,
moving the half-branch a of 7 across the marked point in 73 increases the number
of intersection points between 7 and 7 by at most ¢q. Namely, up to isotopy such
a move creates at most one additional intersection point with any half-branch of n
with endpoint T;. As a consequence, we have

(1) io(T1,1) < io(T,m) + 4.

If 7 is obtained from 7 by a A-split at a large proper subbranch of e of type 2
then the split which modifies 7 to 7, can be realized by moving one of the neighbors
of ¢ incident on an endpoint of b across b to a half-branch which is incident on a
point in the interior of the neighbor of ¢ at the second endpoint of b. As before,
this implies that the inequality (1) holds true for every complete extension 7 of o
(independent of whether or not e contains the image of a marked point).

To summarize, if there is no marked point on the boundary of a complementary
region of o which is mapped into e and if n is any complete extension of o, then
the above discussion shows that only splits at large proper subbranches of e of type
2 change the intersection number between 7 and 7). A successive application of the
estimate (1) yields that

io(7',m) <o (T, n) +q(B(7,0) = B(7', 0)).
The second estimate of intersection numbers stated in the lemma follows in the
same way from the inequality (1). O

For a recurrent subtrack o of a complete train track 7, for a large branch e of o
and a complete T-extension A of a o-filling measured geodesic lamination, we call
the complete train track 7/ constructed in Lemma 3.4 the (e, A)-modification of T.

Remark 3.5. 1) Lemma 3.4 and its proof remain valid if the large branch e of a
recurrent subtrack o of 7 is replaced by any embedded trainpath p : [0,m] — 7
which begins and ends with a large half-branch. A large branch e of a non-recurrent
subtrack of 7 is an example. In this case the complete geodesic lamination A\ has
to be replaced by a measured geodesic lamination whose support is minimal and
complete and is carried by 7 and which defines a transverse measure on 7 giving
positive weight to the set of arcs which are mapped homeomorphically onto p[0, m]
by a carrying map. We call such a complete geodesic lamination p-filling, and
we call the train track obtained from 7, p, A with the procedure from the proof of
Lemma 3.4 the (p, A)-modification of 7. Note that a p-filling complete geodesic
lamination may not always exist.

2) Let ey, e3 be distinct large branches of a train track o on S, let 7 be a complete
extension of o and let A\ be a complete T-extension of a o-filling measured geodesic
lamination. Denote by 71, 7» the complete train tracks constructed from o and A
as in Lemma 3.4 which are tight at the large branch ej,es. Then up to isotopy,
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for every neighborhood Uy, Us of ey, e2 in S the intersection 7; N (S — U;) coincides
with the intersection 7 N (S — U;) (¢ = 1,2). As a consequence, the train track
71,2 obtained from 7y, 0, A by the construction in Lemma 3.4 which is tight at the
large branch e coincides with the train track 75 ; obtained from 73,0, by the
construction in Lemma 3.4 which is tight at e;.

If o is any train track on S and if 7,7 are two complete extension of o, then
we defined an intersection number i, (7,7) which depends on the choice of marked
points, one on each smooth boundary component of a complementary region of o.
A different choice of a marked point only changes the intersection number up to a
uniformly bounded amount (compare the proof of Lemma 3.4 for a more detailed
explanation and recall that the choice of the marked point is needed to control
twisting of 1 relative to 7 along the smooth boundary components of o). The last
statement of the following proposition then means that there are choices of marked
points on o, oy so that the stated inequality holds true for these choices.

For a precise formulation, for a train track 7 which is splittable to a train track
7 (that is, such that 7 can be connected to n by a splitting sequence) denote by

(2) E(r,n) CTT

the graph whose vertex set consists of all train tracks which can be obtained from
T by a splitting sequence and which are splittable to n and where such a vertex & is
connected to a vertex ¢ by a directed edge of length one if { can be obtained from
& by a single split.

Call a splitting sequence {o;} of train tracks on S recurrent if each of the train
tracks o; is recurrent.

Proposition 3.6. Given a recurrent splitting sequence {o;}o<i<¢ of train tracks
on S, there is an algorithm which associates to a complete extension T of o9 and
a complete T-extension X of a op-filling measured geodesic lamination v a sequence
{Ti}o<i<ae CV(TT) with the following properties.

(1) 70 =7, and for each i < £ the train tracks To;, To;+1 contain o; as a subtrack
and carry A.

(2) If o441 is obtained from o; by a right (or left) split at a large branch e; then
Toit1 18 the (e;, \)-modification of To;, and To;42 is obtained from 79,41 by
a right (or left) split at e;.

(3) The train track 190 only depends on T,0,04, X but not on the choice of a
splitting sequence connecting o to oy.

(4) Every complete train track v € E(7,T2¢) contains a subtrack o’ € E(og,0y).

(5) If {mito<i<2e is another such sequence beginning with a complete extension
n=mng of o then

B, (T20,m20) < Q6 (T,m) + 4¢°.

Proof. Let ¢’ be a train track which can be obtained from a train track o by a single
split at a large branch e. Let U be any neighborhood of e in .S. Then up to modifying
o’ with an isotopy we may assume that o’N(S—U) = oN(S—U) and that there is
amap F : S — S of class C' which equals the identity on S — U and which restricts
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to a carrying map ¢’ — o. In particular, there is a natural bijection 1 between the
complementary regions of o and the complementary regions of ¢’ which preserves
the topological type of the regions and which maps a complementary region C' of
o to the complementary region ¢ (C) of ¢’ containing C' — U (here we assume that
U is sufficiently small that C' — U # @ for every complementary region C of o).

If T is a smooth side of C then there is a smooth side T" of ¥(C) whose image
in ¢’ is mapped by the carrying map F' onto the image of T in 0. Let p : [0,n] = o
be a trainpath which parameterizes the image of T in ¢. Then p passes through
any branch of o at most twice, in opposite direction. In particular, the length n of
p is at most 2q where as before, ¢ is the number of branches of a complete train
track on S (which is the maximal number of branches of any train track on S). If
p[0, n] contains the branch e, then the image in ¢’ of the side T” of ¥(C) does not
pass through the diagonal branch of the split. As a consequence, the length of a
trainpath p’ on o’ parameterizing the image of T” is strictly smaller than the length
n of the trainpath on p parameterizing the image of T' (see Figure E).

The number of distinct smooth boundary components of complementary regions
of ¢ is bounded from above by 3g — 3 +m < ¢/2. If {0;}o<i<¢ is any splitting
sequence, then the discussion in the previous paragraph shows that there are at
most ¢? numbers i € {1,...,/} such that o;,; is obtained from o; by a split at a
large branch which is contained in the image of a smooth boundary component of
a complementary region of o;.

Now let 7,7 be complete extensions of a recurrent train track ¢ = og. As in the
beginning of this section, mark a point on each smooth boundary component of a
complementary region of ¢ in such a way that no marked point of ¢ is a switch of
either 7 or i (this can always be achieved with a small isotopy of 7,n preserving o
as a set). Let {o;}o<i<¢ be a recurrent splitting sequence issuing from ¢ = oy and
let A\, u be complete 7, n-extensions of a o,-filling measured geodesic lamination v.
We construct sequences {7; fo<i<ae, {ni bo<i<2e C V(T T) with the properties stated
in the proposition inductively as follows.

Let 79 = 7,m9 = 1 and assume that the train tracks 7o;,72; have already been
constructed for some 7 > 0. Assume that ;41 is obtained from o; by a right (or
left) split at the large branch e;. Define 79,11, 72,41 to be the (e;, A)-modification
(or the (e;, u)-modification, respectively) of 7o;,72;. By construction, these train
tracks carry the geodesic laminations A, u, and they are tight at e;.

Since v is oy-filling, the right (or left) split of o; at e; is the unique split so
that the split track carries v. Namely, otherwise v is carried by the train track
obtained from o; by splitting at e; and removing the diagonal of the split. But
this then means that a carrying map v — 0,41 is not surjective which violates the
assumption that v fills oy < 0;41. Define 79,42, 72:12 to be the train track obtained
from 79;41,m2;41 by a right (or left) split at the large branch e;. Then 79,42, 72i+2
contains 0,41 as a subtrack, and by the above reasoning, it is the unique train
track obtained from 79;11,72;+1 by a split at e; which carries v. On the other
hand, there is a unique choice of a split of m9;41, 7241 at e; so that the split track
carries A, 4 and hence v. But v is a sublamination of A, p and therefore the train
tracks 7942, M2i4+2 carry A, p. In particular, these train tracks are complete.
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As a consequence, the inductively defined sequences {7; }o<i<2¢, {7 }o<i<2e have
properties 1)-2) stated in the proposition. The third property follows from the fact
that a splitting sequence connecting o to oy is unique up to order (Lemma 5.1 of
[H09] is also valid for splitting sequences of train tracks which are not complete since
the assumption of completeness is nowhere used in the proof) and from the second
remark after Lemma 3.4. Namely, by this remark, the train track obtained from
a complete extension 7 of ¢ and a complete T-extension of a o-filling measured
geodesic lamination A by two consecutive applications of Lemma 3.4 at distinct
large branches ey, es of o only depends on 7,0, A, e1,es but not on the order in
which these two applications of Lemma 3.4 are carried out.

Property 4) follows in the same way by induction on the length of a splitting
sequence connecting 7 to 7o¢. If this length vanishes then there is nothing to show,
so assume that the claim holds true whenever the length of such a sequence does
not exceed n — 1 for some n > 1. Under the hypotheses used throughout this proof,
assume that the length of a splitting sequence connecting 7 to 79, equals n.

Let 7' € E(7,79¢). If 7/ = 7 then 7/ contains ¢ as a subtrack and there is nothing
to show. Otherwise there is a train track 7 € E(7,7") C E(7,T2¢) which can be
obtained from 7 by a single split at a large branch b. By uniqueness of splitting
sequences (Lemma 5.1 of [H09]), we have b C o.

If b is a large branch of o (that is, if 7 is tight at b), then it follows once again by
uniqueness of splitting sequences that 7 contains a subtrack & € F(o, o) which can
be obtained from o by a single split at b. Property 4) now follow s from property
3) and the induction hypothesis, applied to 7,72, &, 00, 7". Otherwise b is a large
proper subbranch of o. If b is of type 2 then any split of 7 at b contains ¢ as
a subtrack. If b is of type 1 or type 3 then there is a unique split of 7 at b so
that the split track contains ¢ as a subtrack, and by the previous discussion, the
split track coincides with 7. Once again, we can apply the induction hypothesis to
T,Ta, 0,04, 7' to complete the induction step and hence the proof of property 4).

We are left with the verification of property 5). For this we control the increase
of intersection numbers between the train tracks mo;,72; and 7o;42,72;4+2. This is
done by distinguishing two cases.

Case 1: No marked point of a smooth side of a complementary component of o;
is mapped into the large branch e; of o;.

By two applications of Lemma 3.4, in this case we have

G (T2i41, M2i41) < Gy (251, M2:) + q(B(M23, 05) — B(M2i41,04))
<o, (T2i,m2:i) + q(B(T2i, 05) — B(T2i41,04)) + ¢(B(N24, 05) — B(M2i41,04)).

Let 1 be the natural bijection between the complementary regions of o; and
the complementary regions of ¢;41 as introduced in the first paragraph of this
proof. Up to isotopy, for an arbitrary given neighborhood U of e; in S and for any
complementary region C of ¢;, there is a diffeomorphism F of the completion C'
of C onto the completion (C) of ¥(C) respecting cusps and marked points and
which equals the identity outside of U. Since 79,12 is obtained from 79,11 by a
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right or left split at the tight large branch b, and the corresponding right or left
split of o; at b transforms o; to 0,41, the intersection 79,19 NP (C) is equivalent to
F(12i41 N C), and 12,42 N(C) is equivalent to F(n2;4+1 N C). This shows that

Gy (T2i42, M2i42) = do, (T2ig1,M2i11)
<o, (T2i,m2i) + q(B(72i,05) — B(T2i41,04)) + a(B(n2i, 03) — B(M2i41,04))-

Case 2: There is a marked point on a smooth boundary component of a comple-
mentary region of ¢; which is mapped into the branch e;.

In this case, e; is contained in the image of one or two smooth boundary com-
ponents 77, T of complementary regions of ¢;. By two applications of Lemma 3.4,
we have

by (Toin 1, M2i41) <o, (Toi, M2it1) + @& <o, (T2i, m2i) + 2¢°.

The marked points on T3, T5 determine marked points on smooth sides T7, T4 of
complementary regions of ;41 so that we have

boiy (T2i42, M2it2) = o, (T2ig1, M2it1) < do, (T20,m2:) + 2¢°.

Now by the consideration in the beginning of this proof, Case 2 can occur at
most ¢? times. Moreover, the number of neighbors of ¢ in 7,7 is bounded from
above by the upper bound ¢ for the number of switches of 7,77 and hence this
number can not be decreased by more than ¢ in this process. Together we conclude
that there are at most ¢® 4+ 2¢ < 2¢? among the numbers 0,...,¢ — 1 such that

ios 1 (T2i42, M2it2) 7 o, (T2i572i). Since
ligs, (T2it2, M2i42) — do (T2i,m2:)| < 2¢°

for all 7, this completes the proof of the proposition. O

We call the sequence {Tj}ogjgz( constructed in Proposition 3.6 from a recur-
rent splitting sequence {o;}o<i<s, a complete extension 7 of o¢ and a complete
T-extension of a oy-filling measured geodesic lamination a sequence induced by

{oi}.

If op is an arbitrary (not necessarily recurrent) subtrack of a complete train
track 79 and if {0;}o<i<¢ is a splitting sequence issuing from og, then the defi-
nition of a sequence of complete train tracks {7;}o<;<2¢ induced by the splitting
sequence {o;}o<;<¢ always makes sense. However, if the splitting sequence {o;}
is not recurrent then such an induced sequence of complete train tracks may not
exist,.

Given any train track ¢ and a complementary component C' of ¢ which is a
topological disc, the number of equivalence classes of graphs 7 N C' where C' is a
complete extension of ¢ is bounded from above by a universal constant. By invari-
ance under the action of the mapping class group, this implies the following. There
exists a number k£ > 0 such that if o is a recurrent train track whose complementary
components are all topological discs or once punctured topological discs, and if 7,7
are complete extensions of o, then d(7,7) < k.
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Furthermore, splitting a complete train track 7 along a subtrack ¢ does not
change the intersection of 7 with the complement of a neighborhood of ¢ in S.
Moreover, it commutes with the action of the pure mapping class group of a bor-
dered subsurface of S which is contained in a complementary component of o. As
twisting about smooth boundary components of complementary regions of ¢ is con-
trolled via marked points along an induced splitting sequence, together we obtain
the following consequence.

Corollary 3.7. For every R > 0 there is a number p(R) > 0 with the following
property. Let {o;}o<i<s be a recurrent splitting sequence of train tracks on S. Let
7,1 be complete extensions of oo with d(t,n) < R and let 7', 1 be the endpoints of
a sequence induced by {o;} and issuing from 7,m. Then

d(r',n') < p(R).

For a simple geodesic multi-curve ¢ and a train track 7 which carries ¢ we denote
by 7(¢) C 7 the subgraph of 7 of all branches which are contained in the image of ¢
under a carrying map. Note that 7(c) is a recurrent subtrack of 7 and hence either
it is a disjoint union of simple closed curves which define the multi-curve ¢, or it
contains a large branch (Lemma 2.7.2 of [PH92]).

Now let more specifically @ be a pants decomposition of S. If C' is any comple-
mentary component of 7(Q), then a simple closed curve ¢ contained in C'is disjoint
from Q. Thus if ¢ is neither contractible nor freely homotopic into a puncture of S
then c is freely homotopic to a component of the pants decomposition Q). In par-
ticular, the Euler characteristic of the completion of a complementary component
of 7(Q) is at least —1. Thus this completion is of one of the following seven types,
where in our terminology, a pair of pants can be a twice punctured disc or a once
punctured annulus or a planar compact bordered surface of Euler characteristic —1
with three boundary components.

1
2

(1) A triangle, that is, a disc with three cusps at the boundary.
(2) A quadrangle, that is, a disc with four cusps at the boundary.
(3) A punctured disc with one cusp at the boundary.

(4) A punctured disc with two cusps at the boundary.

(5) An annulus with one cusp at the boundary.

(6) An annulus with two cusps at the boundary.

(7) A pair of pants with no cusps at the boundary.

If C' is a complementary component of 7(Q) which is an annulus then the core curve
of this annulus is freely homotopic to a component of Q. Since 7(Q) carries @, this
implies that if the boundary of C contains two cusps then these cusps are contained
in the same boundary component, that is, one of the boundary components of C' is
a smooth circle. In other words, every complementary component of type (6) is of
the more restricted following type.

(6") An annulus with one smooth boundary component and one boundary com-
ponent containing two cusps.
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For the proof of Proposition 3.2 we need some control on 7(Q) where Q is
any pants decomposition of S and where 7 is a train track in standard form for a
marking F' of S which carries (). The next lemma provides such a control. It follows
immediately from the work of Penner and Harer [PH92] and uses an argument due
to Thurston (see [FLP91]). We present the lemma in the form needed in Section 5.

Lemma 3.8. Let F' be a marking for S with pants decomposition P. Let v be
a measured geodesic lamination; then there is a train track o with the following
properties:

(1) o carries v.

(2) v fillso.

(3) Ewery train track in standard form for F which carries v contains o as a
subtrack.

Proof. We begin with showing the lemma in the case that v is supported in a simple
geodesic multi-curve.

Thus let F' be a marking of S with pants decomposition P and let ¢ be a simple
geodesic multi-curve. Let Sy be a connected component of S — P with boundary
circles v; € P (the number of these circles is contained in {1, 2, 3}). Up to homotopy,
the multi-curve ¢ intersects Sy in a (perhaps empty) collection of disjoint simple arcs
with endpoints on the boundary of Sy which are essential, that is, not homotopic
with fixed endpoints into the boundary of Sj.

For each i let n(y;) be the intersection number between ¢ and ~;. Note that if ~;
is a component of ¢ then n(y;) = 0. Since any two essential simple arcs in Sy with
endpoints on the same boundary component of Sy are isotopic in Sy relative to the
boundary, there is up to isotopy a unique configuration of mutually disjoint simple
arcs in Sy with endpoints on the boundary of Sy which realizes the intersection
numbers n(y;) (see [FLP91] for details). For this configuration there is a unique
isotopy class of a train track (with stops) in Sy which carries the configuration with
a surjective carrying map and which can be obtained from a standard model as
shown in Figure A by removing some (perhaps all) of the branches (Figure 2.6.2 of
[PH92] shows in detail how to remove some of the branches of a standard model).
These train tracks with stops can be glued to connectors obtained from the standard
models shown in Figure B by removing some of the branches (see Figure 2.6.1 of
[PH92)) in such a way that the resulting train track ¢ has the following properties.

(1) o carries c.
(2) cfills o.
(3) There is a train track in standard form for F which contains o as a subtrack.

Note that the direction of the winding of a component of ¢ relative to a curve
from the marking F’ which intersects the pants curve 7; determines the connector
about ; in o. It is immediate from the construction that a complete train track
in standard form for F' carrying c is an extension of o (compare the discussion in

[PHY2)).
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Now if v is an arbitrary measured geodesic lamination then the support of v can
be approximated in the Hausdorff topology by a sequence {¢;} of simple geodesic
multi-curves [CEGS87]. There are only finitely many train tracks which are subtracks
of a train track in standard form for F. Thus if {0;} is a sequence of train tracks
as above for the multi-curves ¢; then there is some train track o so that o = o; for
infinitely many ¢. Since the set of all geodesic laminations carried by the fixed train
track o is closed in the Hausdorff topology, o carries v and satisfies the requirements
in the lemma. (]

‘We use this to show

Lemma 3.9. There is a number k > 0 with the following properties. Let F' be a
marking for S and let Q by any pants decomposition of S. Then there is a set D of
complete train tracks in standard form for some marking with pants decomposition
Q (the marking may depend on the train track from D) with the following properties.

(1) Ewvery geodesic lamination in standard form for Q is carried by some train
track in the set D.

(2) The diameter of D in TT is at most k.

(3) For everyn € D there is a train track in standard form for F which carries

.

Proof. By the discussion in the beginning of this section, it suffices to show the
existence of a number y > 0 with the following properties. Let F' be a marking of
S and let @ by any pants decomposition of S. Then for every geodesic lamination
A in standard form for @ there is a train track 7(A) with the following properties.

(1) 7(\) carries A.

(2) 7(A) is in standard form for a marking with pants decomposition Q.

(3) 7()) is carried by a train track 79(\) in standard form for F'.

(4) If X is any other geodesic lamination in standard form for @) then we have

iQ(T(A), 7(X)) < x.

Note that (4) above makes sense since by the definition of a train track in standard
form for a marking with pants decomposition ) and by the fact that a geodesic
lamination in standard form for @ contains ) as a sublamination, the pants de-
composition @ is a subtrack of 7(\).

Thus let F' be a marking for S with pants decomposition P, let @) be a second
pants decomposition and let A, A’ be two geodesic laminations in standard form
for Q. By Lemma 2.2, there are unique train tracks 7,7’ in standard form for F
which carry A, \'; in particular, 7,7’ carry Q. Let as before 7(Q),7'(Q) be the
subtrack of 7,7’ of all branches of positive @Q-weight. By Lemma 3.8, the train
tracks 7(Q),7'(Q) are isotopic. This means that 7,7’ are complete extensions of
7(Q). We equip the smooth boundary components of complementary regions of
7(Q) with marked points and use these marked points to define the intersection
number between the complete extensions 7,7’ of 7(Q). Then i,(g)(7,7’) is bounded
from above by a universal constant.
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Assume first that 7(Q) = @, that is, that @ is a subtrack of 7. By invariance
under the action of the mapping class group and cocompactness, Lemma 2.1 to-
gether with Lemma 3.3 of [H09] shows that there is a number 8 > 0, and there is
a train track 7 in standard form for some marking of S with pants decomposition
@ which carries A\, which is carried by 7 and such that d(7,n) < 8. Thus if we put
7(A) = 1, then the distance in 7T between the train track 7 in standard form for
F and the train track 7(\) is uniformly bounded. As the same holds true for 7(\")
where )\’ is another complete geodesic lamination on S in standard form for @, the
intersection number ig(7(X), 7()\')) is uniformly bounded as this number measures
the twisting of 7(\") about the components of @ relative to 7(\). Therefore we may
assume that 7(Q) contains a large branch.

Let {o;}o<i<s be a splitting sequence issuing from o9 = 7(Q) so that for each
i < s the pants decomposition @ is carried by o; and fills o;. Then for each i the
pants decomposition @ defines an integral transverse counting measure on o; by
assigning to a branch b the number of connected components of the preimage of b
under a carrying map ) — ;. For i < s the total Q-weight of 0;41, i.e. the sum
of the weights of this counting measure over all branches of ;41, is bounded from
above by the total @Q-weight of o; minus two. Namely, if ;41 is obtained from o;
by a split at the large branch e and if ¢’ is the diagonal branch of the split in 0,1,
then the Q-weight of e equals the sum of the Q-weights of ¢’ and the Q-weights of
the two losing branches of the split. As by assumption that Q fills o; these weights
are all positive and integral, the weight of €’ does not exceed the weight of e minus
two. The weights of the branches of ¢; which are distinct from e coincide with
the weights of their images in ;1 under the natural bijection ¢(o;,0;41) of the
branches of o; onto the branches of o;; (which maps e to €’). Therefore the length
of the splitting sequence {o;} is bounded from above by the total Q-weight of 7(Q).

Assume that the sequence {o; }o<i<s is of maximal length. This means that for
every large branch e of o, the pants decomposition @ is carried by a collision of
os at e (that is, a split followed by the removal of the diagonal).

By Proposition 3.6, there are complete extensions 71,7 of o5 with 71(Q) =

71(Q) = o5 so that 7 carries A, 7 carries X" and that moreover

(3) ir (@) (71, ) < ir@) (T, ')+ 4¢°.

Let e be any large branch of 71(Q) = o5. The pants decomposition @ is carried
by the train track £ obtained from o by the collision at e. Let 7 (or 74) be the
(11(Q), A)-modification (or the (71(Q), \')-modification) of 7, (or 71) at e. Two
applications of Lemma 3.4 show that

(4) iry(@) (T2, ) <iry () (T1,71) + 24°.

The train tracks 7o, 74 are tight at e. Let 73,74 be the train tracks obtained from
T2, T4 by a split at e with the property that the split tracks carry A, A’. The number
of branches of 75(Q) = 74(Q) = £ is strictly smaller than the number of branches of
71(Q). The diagonal branch d = (72, 73)(e) of the split of 7 at e is a small branch
of 73 which is contained in a complementary region C' of £ = 73(Q) and which is
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attached at both endpoints to a side of C. Let d' = ¢(74, 74)(e) be the diagonal of
the split of 75 at e.

Let U be a neighborhood of e in S which is sufficiently small that o, intersects
U in the union of e with the four half-branches of o5 which are incident on the
endpoints of e. Up to isotopy, the intersections of o4, & with S — U coincide. Thus if
there is a complementary region C' of £ containing a smooth boundary component
T which newly arises in the process, then this boundary component intersects U.
Mark a point on T which is mapped into U. Note that any marked point on a
smooth boundary component of a complementary region of o, induces a marked
point on a smooth boundary component of a complementary region of €.

Let ¢, (' be complete extensions of o5 which are os-equivalent to 75, 74 and which
have the minimal number of intersection points in S — o, that is, which realize the
intersection number i, (72,75). By the definition of equivalence, after perhaps
replacing ¢, ¢’ by equivalent train tracks and after perhaps a modification with an
isotopy, we may assume that ¢, (" are tight at e.

Using once more the definition of equivalence, the train tracks ¢, ¢’ can be mod-
ified with a single split at e to train tracks (o, ¢} which are complete extensions of &
and which are equivalent to the complete extensions 73,75 of . If 73, 74 is obtained
from 79,75 by a right (or left) split at e then (g, ¢ is obtained from (, (" by a right
(or left) split at e.

Let dy, djy be the diagonal of the split in (g, ¢j. The train track & intersects U in
two disjoint embedded arcs which are joined by the two branches dy, dj, of (g, ().
We may assume that the branches dy, dj, either are disjoint (if the train tracks 73, 74
are both obtained from 75,74 by the same type of split, left or right) or that they
intersect transversely in a single point. By the definition of intersection numbers,
this shows that

(5) iry(Q) (73, 73) = i¢ (0, §0) < iry(q) (T2, 73) + 1.
Inequalities (5) and (4) now yield that

iT3(Q) (T3’T?/>) < iTz(Q)(T%Té) +1< iTl(Q)(TlvT{) + 2q3 +1
and hence from the estimate (3) we obtain (since ¢ > 2)

iry(Q) (T35 T5) < ir@) (T, ')+ 6¢°.

Repeat this procedure with the train track £ = 73(Q). After at most & < ¢ such
steps where k is the number of branches of 7(Q), we arrive at train tracks 7,7’
which contain @ as a disjoint union of simple closed curves and carry A, \.

To summarize, we obtain in at most ¢ steps two splitting sequences connecting
7,7" to train tracks n,n’ so that n(Q) = n'(Q) = Q and that n,n" carry A\, \'. Each
of these steps increases intersection numbers by at most 6¢°. In particular, the
intersection number ig(n,n’) is uniformly bounded and hence the distance in 77T
between 7,7’ is uniformly bounded as well.

Now A, )\ is carried by n, 7" and is in standard form for ). Hence by the reasoning
in the third paragraph of this proof, there are train tracks 3, 3 in standard form
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for some marking with pants decomposition ) which carry A, \’, which are carried
by n,n" and such that d(n,8) < k,d(n',8’) < k. As a consequence, the distance
between 3,3’ is uniformly bounded. Since A, X’ were arbitrarily chosen geodesic
laminations in standard form for @ the lemma follows. O

In the situation of Lemma 3.9, it may happen that the pants decomposition @
fills a train track 7 in standard form for F, that is, the subtrack 7(Q) of @ coincides
with 7. In this case each of the train tracks in standard form for @ is carried by
7. As in this case the proof of Lemma 3.9 does not use any further information on
the marking F', we also obtain the following statement, where the constant x > 0
is the constant from Lemma 3.9.

Corollary 3.10. There is a number k > 0 with the following properties. Let Q)
be a pants decomposition of S and let T be a complete train track which carries all
complete geodesic laminations X in standard form for Q). Then there is a set D of
complete train tracks in standard form for some marking with pants decomposition
Q (where the marking may depend on the train track from D) with the following
properties.

(1) Ewery geodesic lamination in standard form for Q is carried by some train
track in the set D.

(2) The diameter of D in TT is at most k.

(3) Everyn € D is carried by T.

Now we are ready for the proof of Proposition 3.2. For later use, we formulate
it as a consequence of Lemma 3.9 and Corollary 3.10.

Lemma 3.11. There exists a number do > 0 with the following properties. Let
G be a marking with pants decomposition Q. For a complete geodesic lamination
A in standard form for Q let T(X\) be the train track constructed in Lemma 3.9 or
in Corollary 3.10. Then there exists X\ such that T(X) carries a train track & in
the da-neighborhood of a train track in standard form for G. Furthermore, £ is in
standard form for a marking with pants decomposition Q.

Proof. Let A be a complete geodesic lamination in standard form for ¢ and let
T(A) € V(TT) be as in Lemma 3.9 or in Corollary 3.10. Then 7()) is in standard
form for a marking G’ with pants decomposition ). Any two markings with pants
decomposition @ differ from each other by a multi-twist about the pants curves of
Q. Thus if we write k = 3g — 3+ m for simplicity of notation and if we let 61,..., 60
be the positive Dehn twists about the components 1, ..., v, of @ then there is an
integral vector (ni,...,n;) € ZF such that

G=0m...0G.

Every pants curve «; of @ is the core curve of a twist connector for 7(X). Split-
ting a standard twist connector at the large branch, with the small branch of the
connector as a winner, results in deforming a train track by a (positive or nega-
tive) Dehn twist about the core curve of the connector. The sign of the twist is
determined by the type of the twist connector which in turn is determined by the
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spiraling direction of the geodesic lamination A in standard form for @ about the
pants curve 7;.

Assume after reordering that for some p < k and for every i < p, either n; =0
or the sign of n; coincides with the sign determined by the spiraling direction of
A about ~;, and that for ¢ > p we have n; # 0 and the sign of n; differs from this
direction. Let o be a train track in standard form for the marking G’ which is
obtained from 7(\) by reversing the directions in the twist connectors about the
CUrves Yp+1,.-., vk By Lemma 2.6.1 of [PH92], ¢ is complete, and o is splittable
to the train track 67 ---6;*o in standard form for G. The train track o carries a
complete geodesic lamination A in standard form for Q. By equivariance under the
action of the mapping class group and cocompactness, there is a universal constant
x > 0 such that

d(o,7(N)) < x.

By Lemma 3.9 or Corollary 3.10 there is a train track 7(A") which is in standard
form for a marking with pants decomposition ), which carries A and such that

d(t(\), 7(\)) < k.
Since MCG(S) acts isometrically on 77T, we have
d@yt -0 o, 071 -0 T(N)) < K+ .

But 67" ---60,%0 is in standard form for G and therefore the train track n =
07 - -0, 7()\') is at distance at most £+ x from a train track in standard form for
G. It contains the pants decomposition @ as an embedded subtrack. This is what
we wanted to show. g

Proposition 3.2 is an immediate consequence of Lemma 3.11. Namely, given any
two markings F, G, by Lemma 3.9 the train track 7(A) found in Lemma 3.11 is
carried by some train track n in standard form for F' and hence 7 carries a train
track o in the ds-neighborhood of a train track in standard form for G. This is
precisely what is claimed in Proposition 3.2. The same reasoning using Corollary
3.10 then yields the following

Corollary 3.12. There exists a number ds > 0 with the following property. Let Q
be a pants decomposition of S and let T be a complete train track which carries Q
and such that Q fills 7. Then for any marking G of S with pants decomposition @,
the train track T is splittable to a train track in the dz-neighborhood of a train track
in standard form for G.

Remark 3.13. The results in this section are also valid if the surface S is a once
punctured torus or a four punctured sphere.

4. QQUASI-ISOMETRIC EMBEDDINGS

In this section we use the results from Section 3 to give a unified proof of Theo-
rems 5-7 from the introduction.

We begin with an investigation of the mapping class group of an essential subsur-
face Sy of S. This means that Sy is a bordered subsurface of S with the property
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that the inclusion Sy — S induces an injection m1(Sp) — m1(S) of fundamental
groups and that moreover every boundary component of Sy is an essential simple
closed curve in S. Let PMCG(Sy) be the pure mapping class group of Sp, i.e. the
subgroup of the mapping class group MCG(Sy) of Sy of all mapping classes which
fix each of the boundary components and each of the punctures. Then PMCG(Sy)
is a subgroup of MCG(Sy) of finite index. It can be identified with the subgroup
of the mapping class group of S of all elements which can be realized by a homeo-
morphism preserving S — Sy pointwise and fixing each of the punctures of S.

As in the introduction, call a finitely generated subgroup I' of MCG(S) undis-
torted if the inclusion I' - MCG(S) is a quasi-isometric embedding. For example,
every subgroup of MCG(S) of finite index is undistorted. The following result is
implicitly but not explicitly contained in Theorem 6.12 of [MMO00].

Proposition 4.1. For an essential subsurface So C S the subgroup PMCG(Sy) of
MCG(S) is undistorted.

Proof. If Sy = S1 U Sy for two disjoint essential subsurfaces Si, Sy of S whose
fundamental groups as subgroups of 71(S) have trivial intersection then

PMCG(So) = PMCG(S1) x PMCG(Ss).

Now a subgroup of a finitely generated group which is a direct product of two
undistorted subgroups is undistorted and hence it suffices to show the proposition
for connected essential subsurfaces of S. The case that Sy is an essential annulus
is treated in detail in [FLMO01, H09], so we assume that the Euler characteristic of
Sop is negative. If Sy is a thrice punctured sphere then PMCG(Sy) equals the free
abelian group of Dehn twists about the boundary components of Sy. Thus we also
may assume that Sy is different from a thrice punctured sphere.

Our goal is to show that any two elements of PMCG(Sy) can be connected by
a uniform quasi-geodesic in MCG(S) which is entirely contained in PMCG(Sy).
For this let Sy be the surface which we obtain from Sy by replacing each boundary
component by a puncture. There is an exact sequence

0 — ZP — PMCG(Sy) 2 PMCG(Sy) — 0

where ZP? is identified with the free abelian group of Dehn twists about the boundary
components of Sy.

Choose a pants decomposition P for S which contains the boundary of Sy as a
subset. Let 7 be a complete train track in standard form for a marking F' with
pants decomposition P and only twist connectors. Let 7; be the subtrack of 7 which
we obtain from 7 by removing all branches contained in the interior of Sy. We can
choose 7 in such a way that any two points in the same connected component of 7
can be connected by a trainpath in 71 (however, in general 7; is neitiher connected
not recurrent).

Let c1, ..., cp be the boundary circles of Sy. Every complete train track o on Sy is
a subtrack of a complete train track n on S which contains 7y as a subtrack. Namely,
up to isotopy, each boundary component ¢; of Sy is contained in a complementary
once punctured monogon region C; of o. It cuts C; into an annulus A; C Sy and
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a once punctured disc. Add a small branch b; to ¢ U 7y which is contained in the
closure A; of the annulus A4; and connects the boundary of C; to the boundary circle
¢; of Sy. Since o is complete and hence non-orientable, if for each i < p we connect
the branch b; to the circle ¢; in such a way that the resulting train track n intersects
an annulus neighborhood of ¢; in a twist connector as shown in Figure B, then n
is recurrent [PH92]. The train track 7 is also very easily seen to be transversely
recurrent and hence it is complete.

The train track n is not uniquely determined by 7 and . The choices made are
the positions of the additional switches on the boundaries of the complementary
regions C;, the inward pointing tangents of the added branches b; at these switches
and the homotopy class with fixed endpoints of the branch b; C A;. By invariance
under the action of the group PMCG (S’O) and cocompactness, for any two such
choices 7,7’ there is a multi-twist ¢ about the multi-curve ¢ = U;¢; such that
the distance in 77T between 7, on’ is uniformly bounded. The set £ of all such
extensions of all complete train tracks on Sy is invariant under the action of the
group PMCG(Sy), with finitely many orbits and finite point stabilizers.

Let F be a marking for S;. As by Corollary 3 of [H09] splitting sequences
are uniform quasi-geodesics, we deduce from Proposition 3.2 and the following
remark that any complete train track n on Sy can be obtained from a train track
o in standard form for F' by a uniform quasi-geodesic in the train track complex
TT(So) of Sy which is a concatenation of a splitting sequence with an edge-path
of uniformly bounded length.

For every train track o on Sy in standard form for F' choose an extension V(o) €
V(TT) as above. By Proposition 3.6, there is a universal number p > 0 (depending
on the topological type of S) and for every splitting sequence {o; }o<i<m of complete
train tracks on S’o issuing from a train track og = ¢ in standard form for F' and for
every complete U(o)-extension of a o,,-filling measured geodesic lamination there
is an induced sequence {7} }o<;j<om C T 7T connecting 7o = ¥(0) to a train track
Tom Which contains o, as well as 7 as a subtrack. There is a universal number
s > 0 such that for every ¢ < m the train track track 75,12 can be obtained from
To; by a splitting sequence whose length is contained [1, s].

By Corollary 3 of [H09], splitting sequences are uniform quasi-geodesics in both
T°T and the train track complex 77 (Sy) of Sp. As a consequence, there is a number
¢ > 0 with the following property. For every train track & € V(77T (S0)) there is a
train track ¥(£) € £ which contains both £ and 7 as a subtrack and is such that
the distance in 77 (Sy) between € and a train track o in standard form for F is not
bigger than cd(¥ (o), ¥(£)) + c.

The resulting map ¥ : V(TT(So)) — & is used to define a map p : PMCG(Sy) —
PMCG(Sy) as follows. Let o be a fixed train track in standard form for F. For
g € PMCG(Sy) define p(g) € PMCG(Sy) in such a way that the distance between
U(go) and p(g)(¥(o)) is uniformly bounded. Since PMCG(Sy) acts on € with
finitely many orbits and finite point stabilizers and since T’T(S’O) is equivariantly
quasi-isometric to PMCQ(ﬁO), the map p is a coarse section of the projection II.
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By this we mean that there is a universal constant k > 0 such that d(Ilp(g),g9) < s
for all g.

The image of V(7T (So)) under the map ¥ consists of train tracks which contain
each boundary component ¢; of Sy as the core curve of a twist connector. Splitting
such a train track 7 at the large branch in this twist connector, with the small
branch as the winner, results in replacing 7 by 6.(7) where 6, is a Dehn twist about
¢ whose direction (positive or negative) depends on the twist connector. Thus
if I' denotes the semi-group of Dehn twists about the boundary components of
Sy determined by the train track 7, then for every g € p(PMCG(S,)) and every
¢ € T there is a uniform quasi-geodesic in MCG(S) connecting the identity to vp(g)
and which is entirely contained in PMCG(Sp). However, the choice of the twist
connector in the train track 7 was arbitrary and consequently the unit element
in MCG(S) can be connected to any mapping class g € PMCG(Sy) by a uniform
quasi-geodesic in MCG(S) which is entirely contained in PMCG(Sy). By invariance
of the word metrics under left translation, this just means that PMCG(Sy) <
MCG(S) is undistorted. O

Now let Sy be any non-exceptional surface of genus g > 0 with m > 0 punctures
and let S be the surface Sy punctured at one additional point p. There is an exact
sequence [B74]

0 — m(So) = MCG(S) B MCG(So) — 0.
The projection II is induced by the map S — Sy which consists in closing the
puncture p. An element « of the fundamental group m1(Sp) of Sy is mapped to
the element of MCG(S) obtained by dragging the point p along a loop in Sy in the
homotopy class «. Braddeus, Farb and Putman [BFP11] showed that m1(Sp) is an
exponentially distorted subgroup of MCG(S). We next observe that in contrast, the
projection IT : MCG(S) — MCG(Sp) has a coarse section which is a quasi-isometric
embedding. Here by a coarse section we mean a map ¥ : MCG(Sy) — MCG(S)
such that
d(Il¥(g),9) < K

for all g € MCG(S) where k > 0 is a universal constant. The following proposition
is a special case of a general result of Mosher [M96].

Proposition 4.2. Let Sy be a non-exceptional surface of genus g > 0 with m > 0
punctures and let S be the surface of genus g with m + 1 punctures. Then there
is a coarse section for the projection II : MCG(S) — MCG(Sy) which is a quasi-
isometric embedding.

Proof. Let TT(S) and TT(So) be the train track complex of S and of Sy. We first
define a map W : V(TT(Sy)) = V(TT(S)) as follows.

For a complete train track 7 on Sy choose any complementary trigon C' of 7.
Mark a point p in the interior of C' and add two switches vy, vy and two branches
b1,ba C C' — {p} to 7 in the following way. The switch v; is an interior point of a
branch of 7 contained in a side of C, vo # p is a point in the interior of C', b; connects
v1 to vo and by is a small branch contained in the interior of C' whose endpoints are
both incident on vo and which is the boundary of a subdisc of C' containing p in its
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interior. Since 7 is complete, Proposition 1.3.7 of [PH92] shows that the resulting
train track no on S = Sy — {p} is recurrent. It is also easily seen to be transversely
recurrent. The train track 7y decomposes S into trigons, once punctured monogons
and one fourgon. The fourgon can be subdivided into two trigons by adding a single
small branch. The resulting train track 1 on .S is complete, and it contains 7 as a
subtrack. This construction defines a map ¥ : V(TT(So)) = V(TT(S)).

The map ¥ depends on some choices among a finite set of possibilities: The
choice of the complementary trigon C', the choice of the position of the switch v; on
a side of C, the orientation of the inward pointing tangent of the branch b; at the
switch v; and the choice of the small branch subdividing the fourgon. Any train
track constructed in this way contains 7 as a subtrack. Moreover, for g € MCG(Sy)
there is some h € MCG(S) such that h(¥(7)) is one of the possibilities for ¥(g7).
Since there are only finitely many orbits of complete train tracks on Sy under the
action of the mapping class group, by coarse equivariance of the construction we
conclude that there is a universal number k¢ > 0 such that for any other choice ¥’
of such a map we have d(¥(7), V(7)) < kg for all 7 € V(TT(S0)).

We use the map ¥ to define a map ® : MCG(Sy) — MCG(S) as follows. The
mapping class groups of Sy, S act properly and cocompactly on 77 (Sp), TT(S).
Choose 7 € V(TT(Sp)) and a fundamental domain D for the action of MCG(S) on
TT(S) containing (7). For g € MCG(Sy) choose ®(g) € MCG(S) in such a way
that ¥(gr) € ®(g)D. If ¢’ is any other such map then d(®(g), ®’'(g)) < k1 where
k1 > 0 is a universal constant (and d is any distance on MCG(S) defined by a word
norm of a finite symmetric generating set).

By construction, the map ® : MCG(Sy) — MCG(S) is a coarse section for the
projection MCG(S) — MCG(Sp). Thus we are left with showing that ® is a quasi-
isometric embedding, and this holds true if this is the case for the map W. To this
end, note that 7 is a subtrack of ¥(7). By Proposition 3.6, a splitting sequence
{Ti}o<i<e C TT(Sp) issuing from 79 = 7 induces a splitting sequence in 77 (.5)
issuing from W(7). The length of this sequence is not smaller than the length ¢ of
the splitting sequence of 7, and it is not bigger than ¢f for a universal constant
q > 0. On the other hand, a point on the induced sequence which contains 7; as a
subtrack is a possible choice for ¥(7;) and hence it is at uniformly bounded distance
to \I/(Tl)

By Corollary 3 of [H09], splitting sequences in 77 (S) and 77T (Sy) are uniform
quasi-geodesics. As a consequence, there is a number ¢ > 1 such that

d(70,7¢)/c — ¢ < d(¥(10), V(7)) < cd(70,7e) + €

whenever 79 € V(T T (Sy)) is splittable to 7o € V(T T(Sp)). By Proposition 3.1,
splitting sequences connect a coarsely dense set of pairs of points in the train track
complex 7T (Sp). This implies that the map ¥ : V(T T (Sy)) — V(TT(S)) defines
a quasi-isometric embedding and hence the same holds true for ® : MCG(Sy) —
MCG(S). O

Finally, for a closed surface of genus g > 2 we investigate the normalizer of a
finite subgroup I' of MCG(S) (see [RS07] for an earlier proof of this result, stated
a bit differently).
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Proposition 4.3. For a closed surface S of genus g > 2, the normalizer of a finite
subgroup of MCG(S) is undistorted.

Proof. Let T(S) be the Teichmiiller space of S. By the Nielsen realization problem,
a finite subgroup I" of MCG(S) fixes a point x € T(S) [Ke83]. This means that T’
can be realized as a finite group of biholomorphisms of (S, z). The quotient (S, z)/T
is a Riemann surface, and the projection 7 : (S, z) — (S, x)/T"is a branched covering
ramified over a finite number of points p1,...,pe € (S,2)/T". The marked complex
structure x on S projects to a marked complex structure on (S, z)/T.

Let (S1, 1), (So, o) be the punctured Riemann surfaces which are obtained from
(S,z), (S,x)/T by removing the branch points of the covering (S,z) — (S, z)/T.
The projection 7 restricts to an unbranched covering S; — Sy. The Teichmiiller
spaces T (So) of So, T(S1) of Sy are contractible. For every point y € T(Sp) which
is sufficiently close to z( there is a covering ¥(y) € T(S1) of the Riemann surface
(So,y) which is of the same topological type as the covering (S1,21) — (So,Zo).
The marking of ¥(y) is determined in such a way that the map ¥ is continuous
near xg. This construction defines a developing map ¥ : 7(Sy) — T (S1). Since
T (Sp) is simply connected, the developing map is in fact single-valued. Moreover,
it is clearly injective and hence an embedding. (In fact, its is not hard to see
that this construction defines an isometric embedding of 7(Sy) into 7(S1) for the
Teichmiiller metrics). There is a natural projection I : T(S1) — T (S) defined by
filling in the punctures.

Let MCG((Sp) be the subgroup of the mapping class group MCG(Sy) of Sy of
all mapping classes realizable by a homeomorphism of Sy which lifts to a homeo-
morphism of S. Let N(I') be the normalizer of I" in MCG(S). Then there is an
exact sequence [BHT73]

(Theorem 3 in [BH73] states this only in the case that the group I is cyclic. How-
ever, as pointed out explicitly in [BH73], the result for all finite groups is immediate
from the argument given there and the Nielsen realization problem).

Since the group T is finite, the groups N(T') and MCG((Sy) are quasi-isometric.
Thus to show the proposition it is enough to show that there is quasi-isometric
embedding of MCGy(Sp) into MCG(S) whose image is contained in a uniformly
boundedd neighborhood of N(I"). Following Proposition 4.2, it suffices in fact to
show that there is a quasi-isometric embedding of MCG(Sy) into MCG(S7) whose
image is contained in a uniformly bounded neighborhood of the image of N(T')
under a a coarse section for the projection MCG(S1) — MCG(S).

For this note that the preimage of a complete train track 7 on Sy under the
covering S; — Sy is a [-invariant graph £ in .S which decomposes S into polygons
and once punctured polygons. The preimage of each trigon component of 7 is a
union of n trigon components of £ where n = |I'| is the number of sheets of the
covering. Each once punctured monogon in 7 encloses one of the points p; and lifts
to a punctured my;-gon in S; — £ where 2 < m; < n is the ramification index of p;.
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The branch points of the covering define a set of marked points contained in
complementary regions of £&. Each complementary region of & contains at most one
such point. Thus £ defines a (non-complete) train track on the punctured surface
S1, again denoted by £. Now a positive transverse measure on 7 lifts to a positive
transverse measure on £ and therefore £ is recurrent. The same argument also
shows that £ is transversely recurrent. Then £ is a subtrack of a complete train
track on S; obtained by subdividing some of the complementary regions as in the
proof of Proposition 4.2. As before, the resulting complete train track n depends
on choices among a uniformly bounded number of possibilities (compare the proof
of Proposition 4.2).

Now if the complete train track 71 on Sy is obtained from the complete train
track 7 by a single split at a large branch e then the preimage £; of 7 can be
obtained from the preimage £ of 7 by a splitting sequence of length n. Namely,
the preimage of any large branch of 7 is the union of n large branches of £. Such
a splitting sequence then induces a splitting sequence of length at most gn of the
complete train track 7 on S constructed in the previous paragraph where ¢ > 0 is
a universal constant.

By Proposition 3.1, splitting sequences in the train track complex 77 (Sg) of Sp
connnect a coarsely dense set of pairs of points. By Corollary 3 of [H09], each such
splitting sequence defines a uniform quasi-geodesic in the subgroup MCGy(Sy) of
the mapping class group of Sy. This quasi-geodesic lifts to a uniform quasi-geodesic
in MCG(S}) contained in a uniformly bounded neighborhood of the image of N(T")
under the coarse section for the projection MCG(S1) — MCG(S) constructed in
Proposition 4.2. As a consequence, the normalizer N(T') of T is undistorted. O

Remark: 1) Since splitting sequences define quasi-geodesics in the curve graph
of a surface of finite type [HO6], the above argument immediately implies the fol-
lowing. Let S be a closed surface and let I" be a finite subgroup of MCG(S). Then
there is a quasi-isometric embedding of the curve graph of S/T into the curve graph
of S. This was shown in [RS07].

2) In [ALS09], Aramayona, Leininger and Souto constructed for infinitely many
g; > 0 injective homomorphisms of the mapping class group of a closed surface of
genus g; into the mapping class group of a closed surface of strictly bigger genus
using unbranched coverings. The reasoning in the proof of Proposition 4.3 can be
used to show that these homomorphisms are quasi-isometric embeddings.

5. A CAT(0) CUBE COMPLEX RELATED TO THE MAPPING CLASS GROUP

This section is devoted to the proof of Theorem 1 from the introduction. Our
goal is to construct a CAT(0) cube complex from a subgraph of the train track
complex T7T.

A subgraph G, of a metric graph G is called coarsely dense if there exists a
number x > 0 such that any point in G is of distance at most « from a point in Gy.
We show
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Theorem 5.1. There exists a MCG-invariant family G; of complete connected
subgraphs of TT with the following properties.

(1) The subgraphs G; are mutually isometric, and they are isometric to the
one-skeleton of a CAT(0) cube complex.

(2) The image of each of the subgraphs under the inclusion G; — T T is coarsely
dense in TT.

Theorem 1 follows from Theorem 5.1 and the fact that the train track complex
TT is connected, and the mapping class group MCG of S acts on 7T properly and
cocompactly [HO09].

We begin the discussion with looking at subcomplexes of the cube complex ob-
tained by subdividing R™ into cubes with integral vertices. Namely, let eq,...,e,
be the standard basis of R™. We call the set {te; | i < n} the set of standard basis
vectors. If we talk about a standard basis vector in the sequel, then we mean a
point in this set.

Define a cubical graph in R™ to be an embedded connected directed graph G
whose vertices are points with integer coordinates (that is, points contained in Z")
and whose edges are oriented line segments of length one connecting a vertex vy to
a vertex vy with vo — v = e; for some i < n. The full grid G is the maximal cubical
graph in R™ with vertex set Z". Tt is the one-skeleton of a CAT(0) cube complex
which is isometric to R"™.

Call an embedded cube C C R" of dimension 0 < k < n standard if it is isometric
to [0,1]% and if its vertices are contained in Z"; then its one-skeleton consists of
arcs of length one parallel to the axes. A cubical graph G in R”™ is naturally the
one-skeleton of a cube complex C(G), called the span of G, as follows. A standard
cube C of dimension k > 2 is contained in C(G) if the one-skeleton of C' is entirely
contained in G.

The next lemma establishes a criterion for a special class of cubical graphs G
which is necessary and sufficient for their span C(G) to be nonpositively curved.
To define this class we say that a cubical graph G C R" is locally determined by
its 0-skeleton if whenever x is a vertex of G and a is a standard basis vector of R™
such that x + a € G, then the edge connecting = to x 4+ a is contained in G. The
cubical graph G satisfies the 3-cube condition if the following holds true. Let x be
a vertex of G, let a;,,ai,,a;, be linearly independent standard basis vectors and
assume that z, o +a;;, v +a;;, +a;, € G for k # j € {1,2,3}; then x—i—Zj a;; € G.
We have

Lemma 5.2. Let G C R"™ be the cubical graph which is locally determined by its 0-
skeleton. Then the span C(G) of G is nonpositively curved if and only if G satisfies
the 3-cube condition.

Proof. By a result of Gromov (Theorem 5.18 of [BH99]), C(G) is nonpositively
curved if and only if for every vertex x € G C C(G), the link complex of z is a
flag complex. This means that if there are k vertices in the link complex which
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are pairwise connected by an edge, then these vertices span a simplex in the link
complex of dimension k£ — 1.

By the definition of the span of a cubical graph G C R™ which is locally de-
termined by its O-skeleton, for each vertex x € (G, an edge in G incident on z is
determined by a standard basis vector a of R™ with the property that z +a € G.
The vertices in the link complex of C(G) at the vertex x are precisely the edges in
G defined in this way.

Assume that the link complex of C(G) is a flag complex. By the definition of the
span C(G) of G, edges in the link complex of x are defined by pairs (z, a;), (z,a;)
where a;,a; are linearly independent standard basis vectors and such that z,z +
a;,r + aj,x +a; +a; € G. Now let z,z + a;,, 7 + ai,,x + a;; € G for linearly
independent standard basis vectors a;;. Assume furthermore that x+a;, +a;, € G
for any pair of distinct points u # s € {1,2,3}. This implies that the one-skeletons
of the three faces of a 3-cube C' C R™ which has x as one of its vertices are contained
in G. Since the link complex of C(G) is a flag complex by assumption, the 3-cube
C' containing these three faces in its boundary is contained in C(G). But the vertex
of C opposite to z is the vertex z+a;, +a;, +a;, and hence this vertex is contained
in GG. This shows that G satisfies the 3-cube condition.

Now let us assume that the cubical graph G which is locally determined by its
0-skeleton satisfies the 3-cube condition. Let z € G and assume that for a collection
A ={a;,,...,a; } of k > 3 linearly independent standard basis vectors and any
pair ij, i, the vertices x + a;;, + a;,, © + a;; + a;, are all contained in G. Since G
is locally determined by its O-skeleton, this implies that C(G) contains the square
spanned by these vertices. Thus the link complex of x contains the one-skeleton a
(k—1)-simplex which is the span of the vertices defined by the edges in G connecting
x tox+ai;.

As G satisfies the 3-cube condition, for any three distinct of the vectors a;,,
say the vectors a;;,a;,,a;,, the point = + a;; + a;, + a;, is a vertex of G. As G
is locally determined by its O-skeleton, G contains the 1-skeleton of the cube with
these vertices and hence C(G) contains the 3-cube spanned by these vertices.

Now let a;, be an element of A — {a;; a;,,a;,}. Apply the 3-cube condition to
the vertex y = = + a;; and the vectors a;,,a;,, a;, to conclude that x + a;; + a;, +
a;, +a;, € G. By induction on 3 < m < k, we obtain in this way that for any subset
Qijeryse v s Qijmy of A of cardinality m, the vertex z + ) ai,,, is contained in G.
Since G is locally determined by its 0-skeleton, by the definition of C(G), the cube
C in R™ which is spanned by the edges connecting = to x +a;, is contained in C(G).
Since the link complex of the cube C' at the vertex x is the simplex spanned by these
edges, this yields that the link complex of = in C(G) satisfies the flag condition.
Thus C(G) is nonpositively curved which is what we wanted to show. O

For a complete train track 7 on S let
E(r)cTT

be the full subgraph of 77 whose vertex set is the set of all train tracks which
can be obtained from 7 by a splitting sequence. By Lemma 5.1 of [H09], such a
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splitting sequence is unique up to the order of commuting splits, and the splitting
distance to T of a train track n € E(7), defined to be the shortest length of an edge
path in E(7) connecting 7 to 7, is the length of a splitting sequence connecting 7
to 1. Moreover, if 7’ is obtained from 1 by a single split, then the splitting distance
of 7’ to 7 equals the splitting distance of i to 7 plus one. In particular, edges
in E(7) either strictly increase or strictly decrease the splitting distance to 7 and
consequently any closed edge path in E(7) has even length.

For a complete geodesic lamination & carried by 7 define E(,£) to be the com-
plete subgraph of E(7) consisting of all train tracks which carry £. If o € E(7),
then let E(r,0) C E(7) be the subgraph of all train tracks which are splittable to
o.

The following is an extension of Lemma 5.4 of [H09].

Lemma 5.3. Let o, € E(7) be any two vertices. Then there is a unique train
track ©_(o,n) € E(7) such that o,n € E(O_(0,n)) and that the splitting distance
between T and ©_(o,n) is mazimal with this property.

Proof. As 7 is splittable to both o,7, and o,n have finite splitting distance to 7,
there exists a train track ©_(o,n) € E(7) so that o, € E(O_(0,n)) and such that
the splitting distance between 7 and ©_(o,7n) is maximal with this property. We
have to show that ©_(o,7n) is unique.

To this end assume that there exists a second such train track &, of the same
splitting distance to 7. By Lemma 5.4 of [H09], as ©_(c,n),{ € E(7,0), there
exists a unique train track 8 € E(r,0) which is splittable to both ©_(o,7), ¢ and
which has maximal splitting distance to 7 with this property. Furthermore, there
is a partition of the branches of 8 into two disjoint subsets By, By so that ©_(o,7)
is obtained from S by a splitting sequence only involving splits at the branches in
By, and £ is obtained from S by a splitting sequence only involving splits at the
branches in By. As £ # ©_(o0,n) and as both ©_(0,7),& have the same splitting
distance to 7 and hence the same splitting distance to 3, both sets By, By contain
a large branch, and a splitting sequence connecting 8 to ©_(c,n),& is of positive
length.

But if e; € Bj is a large branch so that a (right or left) split 5’ of 8 at e; is
splittable to ©_ (o, n), then since ©_ (o, n) is splittable to both o, 7, £’ is splittable
to both o, 7. Furthermore, since the splitting sequence connecting £ to £ does not
involve a split at e1, under the natural identification of branches of 8 with branches
of &, the branch e; in ¢ is large. By uniqueness of splitting sequences, this implies
that a (right or left) split & of £ at e; is splittable to both o, 7. But the splitting
distance between 7 and ¢’ is strictly larger than the splitting distance between 7 and
& which contradicts the assumption on £. This contradiction shows the lemma. [J

We use these observations to establish the following strengthening of Lemma 5.1
and Lemma 5.4 of [H09]. For its formulation, let m > 2 be the number of branches
of a complete train track 7 on S.
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Proposition 5.4. If X is a complete geodesic lamination carried by T, then there
is an isometry © of E(1,)), equipped with the intrinsic path metric dg, onto a
cubical graph in R™ which maps any splitting arc in E(7, \) to a directed edge path
in ®(E(7,\)). The cubical graph ®(E(7,\)) is locally determined by its 0-skeleton,
and its span C(7, \) is nonpositively curved.

Proof. The first part of the proposition is just the statement of Lemma 5.1 of [H09].
We have to show that the image cubical graph ®(E(7, \)) is locally determined by
its 0-skeleton, and is nonpositively curved.

To see that this is the case, we recall from the proof of Lemma 5.1 of [H09] the
construction of the map ®. Namely, number the vertices of 7 in an arbitrary way
with numbers 1,...,m. If n is obtained from 7 by a single split at a large branch e,
then there is a natural bijection ¢(7,7) of the branches of 7 onto the branches of 7
which induces a numbering of the branches of 7. For this numbering, a branch not
incident on an endpoint of e is mapped to the corresponding branch in 7, where we
view this branch as being contained in the complement of an open neighborhood
of e in 7 which is unchanged in the splitting process. The branch e is mapped to
the diagonal of the split. Thus we can talk about numbered splitting sequences.

Choose a point ®(7) € Z™ in an arbitrary way, say ®(7) = 0. For n € E(7, )
define ®(n) as follows. Connect 7 to n by a splitting sequence, say the sequence
(Ti)o<i<k, With 79 = 7 and 7, = 1, and let ®() = ®(7x—1) + ¢; where j is the
number of the large branch of 7,_; defining the split and where e; is the j-th
standard basis vector of R”. Lemma 5.1 of [H09] shows that this is well defined,
that is, it does not depend on the choice of the splitting sequence. Connect ®(7;_1)
with ®(73,) by an edge.

We claim that ®(E(7,\)) = G is locally determined by its 0-skeleton. To this
end let x = ®(&) € ®(E(7,\)) and assume that  +e; = () € ®(E(7,\)) for
some j. Let k be the splitting distance between 7 and &; then the splitting distance
between 7 and 7 equals k + 1.

By Lemma 5.3, there exists a unique train track ©_(&,n) € E(r,A) so that
&,n € E(O_(&n)) and such that ©_(&, ) has maximal splitting distance to 7 with
this property. Furthermore, there is a partition of the branches of ©_(&,n) into
two disjoint subsets By, By so that & can be obtained from ©_(&,n) by a splitting
sequence at branches in Bp, and 7 can be obtained from ©_(&,n) by a splitting
sequence at branches in Bp. Thus ®(¢) — ®(0_(£,n)) is contained in the linear
span of the basis vectors ey for £ € By, and ®(n) — ®(0_(£,n)) is contained in the
linear span of the basis vectors e, for u € By. Since ®(n) = ®(&) + ¢;, this implies
that £ = ©_(&,n) and indeed, 7 is obtained from £ by a split at the branch j and x
is connected to x 4 e; by an edge. As a consequence, the cubical graph G is locally
determined by its O-skeleton.

The above discussion implies the following.

(1) Ifx € G and if iy # 4o are such that z+e;,, x+e;, € G, then z+e¢;, +e;, € G.
(2) If x € G and if i; # iy are such that x—e;, ,z—e;, € G then x—e;; —e;, € G.
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Write £ < n if £ is splittable to 1. This defines a partial order on E(r, A). If we
denote by p1,...,p, the basis of (R™)* dual to the basis eq,...,e,, then we have
¢ < nif and only if p;(®(£)) < p;(D(n)) for all j < n. Since the cubical graph G is
locally determined by its O-skeleton, Lemma 5.2 shows that its span is nonpositively
curved if G fulfills the 3-cube condition.

To verify that this is indeed the case let z € G and assume that for some
J =1,2,3, the vertices = + 1;,¢;; are contained in G' where ;; = £1, and that the
same holds true for = + Lij€i; + Li €, for j # s. We distinguish three cases.

Case 1: 1;; = —1 for all j € {1,2,3}.

By property (2) above, applied to each of the points z — e;;, we know that
r —e; —e;, € G for all j # s. We can now apply property (2) to the vertices
T — €, T — e, —e,,T—e;, — e, toconclude that x —e;, —e;, —e;; € G. This

verifies the 3-cube condition in this case.
Case 2: 1;; = 1 for all j € {1,2,3}.

If we use property (1) instead of property (2) above, and change signs, then the
argument in Case 1 is valid to show the 3-cube condition.

Case 3: Up to permuting labels, ¢;; =1 and ¢;, = ¢;, = —1.

By assumption, for j = 2,3 the vertices z,z + ¢;,,2 — ¢;; are contained in a
square whose fourth vertex is = +e;, —e;;. Writing y = x + ¢;,, we observe that
Yy — €y =T, Y — €, =T+ €, — €Y —€, =T+ €, —€, ¢E G. Using property
(2) for this quadruple of points as in Case 1 above yields the the 3-cube condition.

Case 4: Up to permuting labels, ¢;; = —1 and ¢(i2) = ¢(i3) = 1.
Arguing as in Case 3 above reduces the claim to Case 2.

As these cases exhaust all possibilities, we conclude that the 3-cube condition is
fulfilled for the graph G. Since G is locally determined by its O-skeleton, the span
C(Q) of G is a nonpositively curved cube complex as claimed. O

To summarize, for any complete geodesic lamination A carried by 7, the cubical
graph E(1, ) is the one-skeleton of a non-positively curved cube complex C(7, \).
Our next goal is to show that the same holds true for E(7). We begin with having
a closer look at cycles in E(7) of length four.

Lemma 5.5. Let ¢ C E(1) by an embedded closed edge-path of length four. Then
there is a train track n € E(7), and there are two large branches a # b of n such
that the vertices of the edge path ¢ are 1, two train tracks which are obtained from
n by a split at a,b, respectively, and a train track o obtained from n by a split at
both a,b. In particular, c C E(n,o) C E(T,0).



CUBE COMPLEXES 43

Proof. Let ¢ be a closed embedded edge-path in E(7) of length four. Let  be a
vertex in this edge path of minimal splitting distance to 7. Let (,& be the two
vertices on the edge path ¢ connected to n by an edge. As edges in E(7) either
strictly increase or strictly decrease the splitting distance to 7 (compare Section
5 of [HO9]) and 7 is of minimal splitting distance to 7, the train tracks (,& are
obtained from 7 by a single split. Thus there are two (a priori not distinct) large
branches a, b of 1 such that (,£ can be obtained from n by a split at a, b.

The vertex o on ¢ opposite to n is connected to both (,¢ by an edge. Thus its
splitting distance to 7 either coincides with the splitting distance of n, or it equals
this splitting distance plus two.

If the splitting distance of o to 7 equals the splitting distance of i plus two, then
both (, & are splittable to o. Together with uniqueness of splitting sequences, this
implies that the large branches a,b of n are distinct, that is, {, £ are not obtained
from 7 by a right and left split, respectively, at the same large branch. As ( is
obtained from 7 by a split at the large branch a, it contains the large branch b
(using the natural bijection between the large branches of 1 and ¢ as before), and
o is obtained from ( by a split at b. By symmetry, a is a large branch in £, and o
is obtained from £ by a split at a. Thus the statement of the lemma holds true in
this case.

To complete the proof of the lemma it now suffices to show that the splitting
distance between T and ¢ can not coincide with the splitting distance between 7 and
7. We argue by contradiction and assume that this is the case. Then o # n € E(7)
are of the same splitting distance to 7, and they are both splittable with a single
split to ¢, &. This violates uniqueness of the minimizer ©_ (¢, §) of maximal splitting
distance to 7 in Lemma 5.3. The lemma follows. O

We are now ready to construct a cube complex C(7) from the graph E(r) as
follows.

If ¢ C E(7) is an embedded cycle of length 4, then we attach to ¢ an euclidean
square of side length one whose vertices are the vertices of F(7) contained in c.
If a collection of such squares is isometric to the boundary of a standard cube of
dimension 3, then we attach a 3-cube to these squares, with an isometry of the
boundary, and we continue inductively. Let C(7) be the resulting cube complex.
Observe that for any complete geodesic lamination A carried by 7, the nonpositively
curved cube complex C(7, A) is isometrically embedded in C(7). Furthermore, the
number of edges of C(7) incident on a fixed vertex is bounded from above by twice
the number of branches of a complete train track on S and hence C(7) is uniformly
finite (which is defined to be a cube complex such that the number of edges incident
on any vertex is uniformly bounded).

A combinatorial geodesic in a CAT(0) cube complex X is an edge path in X
which is a geodesic in the one-skeleton of the complex. A splitting arc in TT to be
a simplicial edge path with consecutive vertices 7; such that for each ¢, 7,41 can be
obtained from 7; by a single split. Let as before m > 0 be the number of branches
of a complete train track 7 on S. We are now ready to show the main result of this
section.
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Proposition 5.6. Let 7 be a complete train track on S.

(1) The cube complex C(7) is CAT(0).

(2) Splitting arcs are combinatorial geodesics in C(T).

(3) There exists a natural locally injective cubical map ® : C(1) — R?™ where
R2™ is equipped with the standard grid cubulation.

Proof. We first construct a map ® : C(r) — R?™ as stated in part (3) of the
proposition.

Number the m branches of 7 in an arbitrary way with numbers 1,...,m. If
(1;) is any splitting sequence beginning with 79 = 7, then the numbering of the
branches of 7 induces a numbering of the branches of 7; for all 4, and this numbering
only depends on the numbering of the branches of 7 but not on the choice of a
splitting sequence connecting 7 to 7; (see [H09] for details). If we keep track of
these numberings then we talk about numbered splitting sequences.

Extending the construction in Section 5 of [H09], define a map @ : E(1) — R?™
as follows. Let ey,...,es, be the standard basis of R?™, and let pi,...,p2m be
the dual basis of (R?™)*. Define ®(7) = 0. Given a splitting sequence (7;) starting
from 79 = 7, we extend ® to (7;) inductively as follows.

Let us assume that we defined already ®(7;). Assume that ;11 is obtained from
7; by a single split at the large branch j. Define ®(7;41) = ®(7;) + ¢; if the split
connecting 7; to 7,41 is a right split, and define ®(7,11) = ®(7;) + €y, if this split
is a left split. Connect ®(7;) and ®(7;41) by an edge of the standard grid.

It follows from Lemma 5.1 of [H09] that with this definition, the image ®(n) of
1 € E(7) only depends on the choice of ®(7) and a choice of a numbering of the
branches of 7 but not on the choice of a splitting sequence connecting 7 to n. The
thus defined map ® : E(7) — R?*™ maps vertices of F(7) to points in Z?™, and it
maps edges to edges in the standard grid of R?™. Every vertex in the image of ®
can be obtained from 0 by a directed edge path, and splitting arcs are mapped by
® to directed edge paths in the standard grid. Here an edge path in the standard
grid of R?™ is called directed if the restriction of every standard coordinate function
pi to the path is non-decreasing. Furthermore, for n € E(7) the splitting distance
between 7 and 7 coincides with the shortest length of a path in the standard grid
of R?™ between 0 = ®(7) and ®(n), and this is just the sum >_,(p;(®(n)).

By Lemma 5.5 and the definition of the map ®, closed edge paths in E(7) of
length 4 are mapped by ® to the boundary of a square, that is, a cube of dimension
2. Equivalently, ® maps a square in C(7) to a square in R>™. As C(7) is determined
by its two-skeleton, we conclude that the map ® extends to a locally injective cubical
map of C(7) onto the span C of the cubical graph ®(E(7)). Furthermore, for every
complete geodesic lamination A carried by 7, it maps C(7, \) onto a nonpositively
curved subcomplex of C.

Since nonpositive curvature of a cube complex is equivalent to the statement that
the link complex of every vertex is a flag complex, to show that C(7) is nonpositively
curved it now suffices to show the following claim: Let n € C(7) and assume that
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for some k > 3 there are train tracks &;, ..., & connected to 17 by an edge such that
for any i # j, the vertices n,&;,&; are contained in a closed edge path in E(7) of
length 4, that is, their images under ® define the one-skeleton of a k — 1-simplex in
the link complex of ®(n). Then there exists a complete geodesic lamination A which
is carried by each of the train tracks 7,&;. Namely, if this is the case then these
edges are contained in the link complex of the nonpositively curved cube complex
C(7,A) (see Proposition 5.4), and as the link complex of a nonpositively curved
cube complex is a flag complex, this simplex is contained in the link complex of a

cube C' € C(1,\) C C(7).

To see that the claim holds indeed true, assume by reordering that &i,...,&s
are obtained from 7 by a collapse (the inverse of a split), and that {511, ..., are
obtained from 7 by a split. By Lemma 5.5, as for ¢ # j the train tracks n,&;, §; are
contained in a square, no two distinct of the train tracks {; for s +1 < j < k are
obtained from 7 by a split at the same large branch. But this means that there are
pairwise distinct large branches asy1,...,ar of 7 so that §; is obtained from 7 by
a (right or left) split at a;. The train track ¢ obtained from 7 by a (right or left
according to the split which results in ;) split at each of the branches a; has the
property that 7, &; are all splittable to . Furthermore, as each of the train tracks
&; is recurrent, the same holds true for ¢ and hence ( is complete. Thus if A is
any complete geodesic lamination carried by (, then n,& € E(7,\) for all i <k as
required. This completes the proof that C(7) is nonpositively curved. Furthermore,
splitting arcs are combinatorial geodesics in C(7) since the combinatorial distance
in C(7) between 7 and ¢ € C(7) equals precisely the splitting distance between 7
and .

To conclude that C(7) is CAT(0) it now suffices to show that C(7) is simply
connected, and this is the case if any closed edge-path ~ in C(7) with basepoint 7
is homotopic to the constant path.

We proceed by induction on the maximal splitting distance to 7 of a point on the
path ~y. If this distance equals zero then + is constant and there is nothing to show.
Thus assume by induction that contractibility holds true for all edge loops in C(7)
based at 7 which only pass through vertices of splitting distance at most £ > 0 to
7. Let v be an edge loop based at 7 which only meets vertices of splitting distance
at most k41 to 7. Assume that there are n > 0 vertices of splitting distance k£ + 1
on . We successively remove these points with a homotopy as follows.

Assume without loss of generality that n > 1. Let £ > 0 be such that the splitting
distance between v(¢) and 7 equals k + 1. As an edge in E(7) either increases or
decreases the splitting distance to 7 by one, by Lemma 5.5 and its proof, the
splitting distance of y(¢ — 1), v(£+ 1) to 7 equals k and therefore v(¢ —1),v({+ 1)
are both splittable to y(¢). If y(£ —1) = y(£+1) then y[{ — 1,¢+ 1] passes through
the same edge twice, in opposite direction, and we can homotope ~ to an edge-path
with n — 1 points of splitting distance k 4+ 1 to 7.

Otherwise by Lemma 5.5 and Lemma 5.3 and their proofs, the arc y[¢ — 1, ¢+ 1]
is contained in the boundary of a two-dimensional cube C' in C(7) whose fourth
vertex x = O_(y(¢ —1),7(£+ 1)) opposite to y(£) has splitting distance k — 1 to 7.
Then ~[¢ —1,¢+ 1] can be homotoped in C' with fixed endpoints to an edge path of
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length two passing through the vertices v(¢£—1), x,v(£+1). This homotopy reduces
the number of vertices on v with splitting distance k + 1 to 7 by one. Removing
in n steps each of vertices on «y of splitting distance k + 1 to 7 in this way yields a
closed edge path which is homotopic to v and which does not pass through a vertex
of splitting distance £ + 1 to 7. An application of the induction hypothesis then
yields the induction step and completes the proof that C(r) is CAT(0). O

The interval Z(z,y) defined by two vertices x,y in the CAT(0) cube complex
C(7) is the set of all vertices z such that d(z,y) = d(x, z) + d(z,y) where d denotes
the combinatorial distance, that is, the shortest length of a path in the one-skeleton
of C(7) connecting x to y. The median of three distinct vertices z,y,z is the
intersection Z(z,y) N Z(y,z) N Z(z,z), and this median is unique. We have

Lemma 5.7. Let o,n € E(7); then the vertex ©_(o,n) is the median of the points
o,n, T in C(T).

Proof. Let o,n € E(7). Since 7 is splittable to ©_(o,n) and since splitting arcs
are combinatorial geodesic in C(7), it suffices to show that there is a combinatorial
geodesic connecting o to n which passes through ©_ (o, 7).

This statement is a consequence of Lemma 5.4 of [H09] if there exists some
complete geodesic lamination A such that o, € E(7,A). To extend the claim to
the more general situation at hand, we proceed by induction on the sum of the
lengths of the two splitting sequences connecting ©_ (o, 1) to o, 7.

If this length is zero there is nothing to show, so assume that the claim holds
true if the sum of these lengths is at most £ — 1 for some k£ — 1 > 0. Let now o,n
be such that the sum of these lengths equals k. Let o;,7; be a splitting sequence
connecting ©_ (o, n) to o,n. We may assume that the length of these sequences is
positive. Connect o to n by a combinatorial geodesic (;.

We consider two cases. In the first case, ¢y is obtained from {y = o by a single
split. We claim that in this case ©_((y,n) is obtained from ©_(o,n) by a single
split at a large branch e with the following properties. Via the natural identification
of the branches of ©_ (o, n) with the branches of o defined by some (and hence any)
splitting sequence connecting ©_(o,n) to o, the branch e is a large branch in o,
and the splitting sequence connecting ©_(c,n) to ) contains a split at e.

To see that this holds true note that by induction assumption, the length of a
combinatorial geodesic connecting (7 to 1 is the sum of the lengths of a splitting
sequence connecting ©_({1,n) to (1,7, and hence the sum of these lengths has to
be strictly smaller than the sum of the lengths of the splitting sequences oy, ;.
Since ©_(o,n) is splittable to both (;,7n, we conclude that ©_((y,n) is obtained
from ©_(o,n) by a nontrivial splitting sequence. By Lemma 5.3 and its proof, this
splitting sequence is of length one and of the above form. But then the sum of
the combinatorial distances between o and ©_(c,7) and n and ©_(o,n) equals the
combinatorial distance between o,n and we are done.
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In the second case, (7 is obtained from ¢ by a single collapse. Using once more
Lemma 5.3 and its proof, we conclude that we have ©_((1,7) = ©_(0o,n) in this
case and the claim follows as before. This completes the proof of the lemma. O

Let ¢ be a pseudo Anosov mapping class whose horizontal and vertical measured
geodesic laminations are complete (that is, minimal and maximal). Let 7 be a train
track defining a splittable expansion of . This means that 7 can be connected to
©(7) by a splitting sequence (7;), with 79 = 7 and 7,, = ¢(7). We require further-
more that a carrying map 7,4, — 7; maps every edge of 7,4, onto 7;. As every
pseudo-Anosov mapping class admits a train track expansion, a pair consisting of
a pseudo-Anosov mapping class ¢ with minimal and maximal horizontal and verti-
cal measured geodesic lamination and a complete train track 7 which is splittable
to ¢(7) and has the above properties can be found by perhaps replacing a given
pseudo-Anosov mapping class by a positive power.

Denote as before by E(1;) C TT the complete subgraph of all train tracks which
can be obtained from 7; by a splitting sequence. Then ¢~ (E(7i1,)) = E(:) D
E(7Titn) for all i. Hence

E = Uj(p_jE(To)
is the one-skeleton of a complete uniformly finite CAT(0)-cube complex
C(E)

which contains each of the cube complexes C(E(7;)). Note that E is a complete
subgraph of 77T.

For i € Z and j = 0,...,n — 1 write 7;,4; = ¢'r;. Then for each i, the train
track 7; is splittable to 7;11.

Let v be the support of the repelling measured geodesic lamination of the pseudo-
Anosov mapping class ¢. Then v is a minimal complete uniquely ergodic geodesic
lamination. Let CL be the space of complete geodesic laminations on S equipped
with the Hausdorff topology. The following is taken from [H09], we include the
short argument for completeness.

Lemma 5.8. For every complete geodesic lamination u € CL — v there exists some
i such that p is carried by ;.

Proof. By Lemma 2.3 of [H09], the set U of all complete geodesic laminations
carried by 7 is open and closed in CL, and it contains the support of the attracting
measured geodesic lamination for ¢. As ¢ acts on CL with north-south dynamics,
we conclude that U;o~'U = CL — {v}. Now a lamination in the set ¢ ~*U is carried
by QD_iTO = 7; which shows the lemma. O

A map between metric spaces F' : X — Y is called coarsely surjective if there
exists a number R > 0 such that every point in Y is at distance at most R to F/(X).
We have

Proposition 5.9. The map C(E) — TT which is defined by the vertex inclusion
is coarsely surjective.
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Proof. Let F' be any marking of S with pants decomposition ). By Lemma 5.8,
there exists ¢ such that the train track 7; carries each complete geodesic lamination
v in standard form for ) and that furthermore 7; is filled by Q. The proposition
now follows from Corollary 3.12. O

6. THE PRINCIPAL CURVE GRAPH

In this section we consider the curve graph CG(S) of a non-exceptional surface
S of finite type. Its vertices are isotopy classes of essential simple closed curves
on S, that is, simple closed curves which are not contractible or homotopic into
a puncture, and where two such vertices are connected by an edge of length one
if they can be realized disjointly. We introduce an electrification of the curve
graph, called the principal curve graph, and show that it is hyperbolic, of infinite
diameter. We study the Gromov boundary of this graph and prove Theorem 4
from the introduction. In Section 7, we use the principal curve graph to identify
the regular Roller boundary of the CAT(0) cube complex C(E). This section can
be read independently of the rest of the article.

Let ¢, d be two simple closed curves on S in minimal position, that is, ¢, d intersect
in the minimal number of points. In the sequel we always assume that this is the
case. Then S — (¢ U d) is a union of complementary regions whose boundaries
consist of subarcs of ¢ and d in alternating order. In particular, a complementary
component which is simply connected is a polygon with an even number of sides,
and a complementary component which is a punctured disk is a punctured polygon
with an even number of sides.

The curves ¢, d bind S if each component of S—(cUd) is a disk or a once punctured
disk. This is equivalent to stating that there is no component of S — (¢ U d) which
contains an essential simple closed curve.

Let us assume in the sequel that ¢, d bind S. By reasons of Euler characteristic,
there is at least one complementary component which is a polygon with at least 6
sides or once punctured polygons with at least 4 sides.

Definition 6.1. The principal curve graph PC(S) of S is the graph whose vertices
are isotopy classes of essential simple closed curves on S and where two such curves
¢,d are connected by an edge of length one if and only if there is a component
of S — (cUd) which either contains an essential simple closed curve of S, or is a
polygon with at least 8 sides or a once punctured polygon with at least four sides.

By construction, the mapping class group MCG acts on PC(S) as a group of sim-
plicial automorphisms. Furthermore, PC(S) contains a MCG-invariant subgraph
CGo(S), with the same set of vertices, that is, vertices are simple closed curves, and
where two such vertices ¢, d are connected by an edge of length one if and only if
there is a component of S — (cUd) which contains an essential simple closed curve
of S. Then this curve is disjoint from both ¢,d and therefore the distance in the
curve graph CG(S) of S between ¢, d is at most two. Vice versa, if ¢, d are connected
in the curve graph by an edge, then they are disjoint, and S — (c U d) contains a
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component which is not simply connected. Thus ¢, d are connected in CGo(S) by
an edge. This shows

Lemma 6.2. CG((S) is two-quasi isometric to the curve graph CG(S) of S.

As PC(S) is obtained from CG((S) by adding some edges, the graph PC(S) can
be thought of as an electrification of CG(S). If dpc(c,d) > 2 then we say that ¢, d
completely fill S.

The following lemma is based on a construction due to Masur and Minsky (Sec-
tion 4 of [MMO04]).

Lemma 6.3. Let ¢,d be any two simple closed curves on S which bind S. Then
there exist a recurrent one-switch train track n(c,d) which carries d and intersects
c in a single point. This train track is mazimal only if ¢, d completely fill S.

Proof. Using the notations from the lemma, choose a component I of c—d contained
in the boundary of a polygonal component of S — (cUd) with at least 6 sides or a
once punctured polygonal component of S — (¢ U d) with at least four sides. Such
a component C' always exists by reasons of Euler characteristic. If the distance
between ¢,d in PC(S) equals one, then we may assume that C is a polygonal
component with at least 8 sides or a once punctured polygonal component with at
least 4 sides. Contract ¢ — I to a point. The graph G obtained from ¢ U d in this
way has a single vertex p which is the image of ¢ — I. Furthermore, it intersects c
in a single point. Impose a switch structure at the vertex p as follows.

Declare all half-edges of G which are subarcs of d and leave ¢ to a fixed side to
be incoming, and declare the half-edges of G which are subarcs of d and leave c to
the opposite side to be outgoing. The result of this construction is a bigon track &,
that is, a graph which has all properties of a train track except that it may contain
bigons. These bigons can be collapsed to yield a train track ¢ which carries d and
intersects ¢ in a single point. As o carries the simple closed curve d and is filled by
d, the train track o is recurrent.

Let us inspect the complementary regions of . If F is a component of S — (cUd)
with 2¢ sides not containing I, then each side e of F contained in c is contracted
to a point in the construction of &, and the two sides of F adjacent to e meet at
a cusp of the complementary region of & which is the collapse of E. Thus any
complementary polygon (or once punctured complementary polygon) of S — (¢ U
d) with 2¢ sides not containing I gives rise to a complementary component of &
which is a topological disk (or once punctured disk) with ¢ cusps in the boundary.
Complementary quadrangles collapse to complementary bigons.

The side I of the component C' is removed, and the component C' merges with
the second component C’ of S — (¢ U d) which contains I in its boundary to a
complementary component D of 6. To analyze this component, we distinguish
three cases.

If C' = C then D contains an essential simple closed curve. Namely, in this case
there is a simple closed curve in C'U I which intersects c in a single point contained
in I, and this simple closed curve is contained in the complementary region D of 5.
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Now let us assume that C is a polygon without puncture and 2/ > 6 sides and
that C’ # C. If C' is a polygon with 2k > 4 sides, then D is disk with /+k—2 > ¢
cusps in the boundary. Similarly, if C’ is a once punctured polygon with 2k > 2
sides, then D is a once punctured disk with £+ &k —2 > £ —1 cusps in the boundary.

By symmetry, we are left with the case that both C,C’ are once punctured
polygons. But then the component D contains two punctures and hence it contains
an essential simple closed curve on S surrounding the punctures.

As a consequence, if C is a polygon with at least 8 sides or a once punctured
polygon with at least 4 sides, then the bigon track 6 and hence the train track
o contains a complementary component which either contains an essential simple
closed curve, or is a polygon with at least 8 sides, or is a once punctured polygon
with at least 4 sides. In particular, o is not maximal. This completes the proof of
the lemma. (]

Denote by
U :CG(S) — PC(S)
the map induced by the vertex inclusion. This map is one-Lipschitz. An unparam-
eterized L-quasi-geodesic in a geodesic metric space X is a map ¢ : [a,b] — X with
the property that there exists an increasing homeomorphism p : [0, ¢] — [a, b] such
that ¥ o p: [0,c] = X is an L-quasi-geodesic.

A wvertex cycle of a recurrent train track 7 is an immersed simple closed curve
in 7 which is an extreme point for the cone of all transverse measures for 7. Such
a vertex cycle either is an embedded simple closed curve in 7 or a dumbbell. In
particular, a closed trainpath defined by a vertex cycle passes through any branch
at most twice. As a consequence, the geometric intersection number between any
two vertex cycles on 7 is uniformly bounded, and there is a coarsely well defined
map

(6) Y:TT — CG(S)

which associates to a train track one of its vertex cycles. Here coarsely well defined
means that T depends on choices, but any two choices give rise to maps which map
a given point to images of uniformly bounded distance. We refer to [H06] for more
information on this construction.

Proposition 6.4. The principal curve graph PC(S) is hyperbolic. Geodesics in
CG(S) map by ¥ to uniform unparameterized quasi-geodesics in PC(S).

Proof. The proposition follows from the work of Kapovich and Rafi [KR14] if we can
verify that the conditions in Corollary 2.4 of [KR14] are fulfilled. For this it suffices
to show the existence of a number L > 1 with the following property. Whenever
¢, d are curves whose distance in the principal curve graph is one, then there exists
an L-quasi-geodesic p : [0,m] — CG(S) connecting p(0) = ¢ to p(m) = d such that
the diameter of ¥(p[0,m]) C PC(S) is at most L.

This is obvious if ¢,d do not bind S as in this case, their distance in the curve
graph is at most two. If ¢,d bind S then we construct such a quasi-geodesic using
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the fact that splitting sequences of (not necessarily complete) train tracks on S are
mapped by the map Y to uniform unparameterized quasi-geodesics in CG(S) [HO6].

Let 0 be a one-switch train track as in Lemma 6.3. Then ¢ has a complementary
component different from a trigon or a once punctured monogon. In particular, any
two simple closed curves carried by ¢ have distance one in PC(S). Furthermore,
the distance between a vertex cycle of o and the curve c is uniformly bounded since
this holds true for their distance in the curve graph.

There is a splitting and collision sequence o; issuing from ¢ which consists of
train tracks which carry d and which connects o to the train track which consists
of the single curve d [PH92]. Associating to each train track o; one of its vertex
cycles ¢; defines a uniform unparameterized quasi-geodesic in CG(S) [H06] which
connects a vertex cycle ¢y of ¢ = 0y, that is, a simple closed curve in a uniformly
bounded neighborhood of ¢ in CG(S), to the curve d. Since each of the curves ¢;
is carried by o, this quasi-geodesic consists of curves whose distance to d in the
principal curve graph equals at most one.

Hyperbolicity of the principal curve graph now follows from Corollary 2.4 of
[KR14]. This result also shows that geodesics in CG(S) map to uniform unparam-
eterized quasi-geodesic in PC(S). This is what we wanted to show. O

Proposition 6.4 does not imply that the principal curve graph has infinite di-
ameter. We next show that this is indeed the case. To this end recall that by a
construction due to Thurston and Veech, simple closed curves ¢,d which bind S
determine a line of area one holomorphic quadratic differentials on S with hori-
zontal and vertical measured geodesic lamination supported in c,d, respectively.
These differentials define the cotangent line of a Teichmiiller geodesic. If ¢,d are
connected by an edge in the principal curve graph, then these quadratic differentials
either have a zero of order at least two, or one of the marked points (punctures) is
a regular point or a zero of the differential and not a simple pole.

A simple closed curve admits a unique transverse measure up to scale and hence
can be viewed as a projective measured geodesic lamination. Using compactness of
the space PML of projective measured geodesic laminations we observe

Lemma 6.5. Let (¢;,d;) be a sequence of pairs of simple closed curves such that
dpe(ciyd;) <1 for alli. Assume that the sequence c¢; converges asi — oo in PML
to a projective measured geodesic lamination whose support p is both minimal and
mazimal. Then after perhaps passing to a subsequence, the sequence d; converges
to a projective measured geodesic lamination with support p.

Proof. Let p € PML be a limit of the sequence ¢;. The support of p equals pu.
Using the notations from the lemma, by compactness and passing to a subsequence
of the sequence d;, we may assume that d; converges in PML to a projective
measured geodesic lamination £. We argue by contradiction and assume that the
support of £ is distinct from p. Since p is minimal and maximal, this implies
that £ together with the projective measured geodesic lamination p determines a
Teichmiiller geodesic whose cotangent line « consists of quadratic differentials with
vertical and horizontal projective measured geodesic laminations p, £, respectively.
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Now two projective measured geodesic laminations p, £ determine a Teichmiiller
geodesic in this way if and only if for every measured geodesic lamination (, the
geometric intersection number between ¢ and at least one of the two laminations
p, & is positive. Note that this property is invariant under scaling and hence makes
sense for projective measured geodesic laminations. As this is an open condition,
we conclude that for sufficiently large ¢ the pair (¢;,d;) defines the cotangent line
v; of a Teichmiiller geodesic, that is, an orbit of the Teichmiiller low on bundle of
area one quadratic differentials. Furthermore, by continuity, the cotangent lines ~;
of these Teichmiiller geodesics converge locally uniformly to + in the bundle over
Teichmiiller space whose fiber over a Riemann surface X is the sphere of area one
quadratic differentials on X.

On the other hand, as the distance in the principal curve graph between ¢;, d;
equals one, the cotangent line ~; is not contained in the principal stratum of qua-
dratic differentials with only simple zeros and simple poles at the marked points
(here we view an abelian differential as a quadratic differential with all zeros of
even order). As the complement of the principal stratum in the Teichmiiller space
of quadratic differentials is closed and invariant under the Teichmiiller flow, the
cotangent line of the limiting Teichmiiller geodesic is contained in the complement
of the principal stratum as well. But any quadratic differential whose horizon-
tal measured lamination is supported in a minimal complete geodesic lamination
is contained in the principal stratum. This is a contradiction which shows the
lemma. (]

We are now ready to complete the proof that the diameter of PC(S) is infinite.
The following proposition gives a more precise information used for the investigation
of hyperplanes in C(E). For its purpose and later use, define a full split of a train
track 7 to be a train track obtained from 7 by a single split at each large branch. A
full splitting sequence is a sequence (&;) of complete train tracks such that for each
i, the train track &1 can be obtained from &; by a full split. If A is a complete
geodesic lamination carried by n, then a full A-split of n is a full split with the
property that the split track carries A.

For the purpose of the proof of the following propopsition and later use, recall
[HO06, K99] that the Gromov boundary of the curve graph is the space of minimal
geodesic laminations which fill S, that is, which intersect each simple closed curve
on S transversely, equipped with the coarse Hausdorff topology. In this topology,
a sequence v; of minimal geodesic laminations which fill converges to a minimal
filling lamination v if any limit of v; in the Hausdorff topology contains v as a
sublamination. Note that it also makes sense for a sequence of simple closed curves
to converge to a minimal filling lamination in the coarse Hausdorff topology.

Proposition 6.6. Let n be a complete train track and let A be a minimal complete
geodesic lamination carried by n. Let (1;) be a sequence of full \-splits issuing from
no = n. If ¢; is a vertex cycle of n; then dps(co,ci) — oo. In particular, the
diameter of PC(S) is infinite.

Proof. The proof of this proposition is a variation of an argument of Luo as used
in [MM99].
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Let (n;) be any full splitting sequence consisting of A-splits for a minimal com-
plete geodesic lamination A\. The map which associates to ¢ the simple closed curve
Y (n;) = ¢; is a uniform unparameterized quasi-geodesic in the curve graph [HO6]
converging to A, viewed as a point in the Gromov boundary of CG(S). In particular,
¢; converges in the Hausdorff topology to A as i — oo [H06] (more precisely, we
would have to consider convergence in the coarse Hausdorff topology, but as A is
minimal and complete, this is equivalent to convergence in the Hausdorff topology).

By Proposition 6.4, the assignment ¢ — ¢; = Y (7);) also defines a uniform un-
parameterized quasi-geodesic in the principal curve graph. Let us assume to the
contrary that this quasi-geodesic is of finite diameter, that is, that dpc(co,¢;) is
uniformly bounded. Then by passing to a subsequence, we may assume that there
is a number k > 0 so that dpc(co,c;) = k for all i. Let ¢} € PC(S) be a vertex so
that dpc(co,cf) =k — 1 and dpe(cl,¢;) =1 for all 4.

By Lemma 6.5, we know that ¢! — X in the Hausdorff topology. Repeat this
argument with the sequence c}. After k such steps we conclude that ¢y — A in the
Hausdorff topology, which is a contradiction. (I

We use this to show

Proposition 6.7. The Gromov boundary of the principal curve graph is the space
of minimal complete geodesic laminations, equipped with the Hausdorff topology.

Proof. A point in the Gromov boundary 9CG(S) of CG(S) can be viewed as an
equivalence class of uniform quasi-geodesic rays in CG(S) where two such quasi-
geodesic rays are equivalent if their Hausdorff distance in CG(S) in finite (this is
true in the situation at hand in spite of the fact that the curve graph is not locally
finite). The same holds true for the Gromov boundary of the principal curve graph.

Since CG(S) and PC(S) have the same vertices and, by Proposition 6.4, the
same uniform quasi-geodesics up to parameterization, we conclude that the Gromov
boundary of the principal curve graph is a quotient of the subspace of the Gromov
boundary of CG(S) consisting of equivalence classes of those quasi-geodesic rays in
CG(S) whose diameter in PC(S) are infinite.

By [HO06], the image under the map T of a full splitting sequence consisting of
A-splits for a minimal complete geodesic lamination A is a uniform unparameter-
ized quasi-geodesic in the curve graph converging to A € CG(S), and by Proposi-
tion 6.6, this unparameterized quasi-geodesic has infinite diameter in PC(S). Fur-
thermore, two distinct such minimal complete geodesic laminations define non-
equivalent quasi-geodesic rays in PC(S) and hence distinct points in the Gromov
boundary of PC(S). Namely, such a pair of points determines a biinfinite uniform
quasi-geodesic in the curve graph and hence by Proposition 6.4 a biinfinite unpa-
rameterized quasi-geodesic in PC(S) whose two half-rays have infinite diameter by
Proposition 6.6. As a consequence, the subspace of CG(S) of all minimal complete
geodesic laminations embeds (as a set) into the Gromov boundary of PC(S).
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We show next that a minimal filling geodesic lamination which is not complete
defines an equivalence class of uniform quasi-geodesic rays in CG(S) which have
finite diameter in PC(S).

Thus let A be a minimal geodesic lamination which fills S but which is not
complete. Let A be a complete geodesic lamination which contains A as its minimal
component. By Lemma 3.2 of [H09], there exists a complete train track n containing
a subtrack £ so that A is carried by £ and such that there is a bijection between
the complementary components of A and the complementary components of . In
particular, at least one of the complementary components of £ is a polygon with
more than three sides or a once punctured polygon with at least two sides.

Let (1;) be a splitting sequence beginning at ny = 1 which is induced from a
full sequence of A-splits &; of £&. For each i let ¢; be a vertex cycle of &. As both
co, ¢; are carried by &, there is at least one component of S — (¢g U ¢;) which is a
polygon with at least 8 sides or a once punctured polygon with at least four sides.
This yields that the distance in PC(S) between ¢y and ¢; is at most one for all 4.
Since ¢ — ¢; is an unparameterized quasi-geodesic in the curve graph of S which
converges in CG(S) U ICG(S) to A € CG(S) [HO6], this implies that A does not
define a point in the Gromov boundary of PC(S5).

To summarize, as a set, the Gromov boundary of PC(S) can be identified with
the subspace OPC(S) of CG(S) of all minimal complete geodesic laminations. That
this inclusion is a homeomorphism onto its image can be seen with the same argu-
ments used before. Namely, as the inclusion CG(S) — PC(S) is one-Lipschitz, the
topology on OPC(S) as a subspace of 9CG(S) is finer than the topology on OPC(S)
as the Gromov boundary of PC(S). Thus it suffices to show that the inclusion map
OPC(S) — ICG(S) is continuous where OPC(S) is equipped with the topology as
the Gromov boundary of PC(S), and this is equivalent to stating that if \; — X\ in
OPC(S), then \; converges to A in the Hausdorff topology.

To establish this claim we argue by contradiction and we assume that there exists
a sequence \; C OPC(S) which converges to A € 9PC(S) but does not converge
to A in dCG(S). By compactness of the space of geodesic laminations equipped
with the Hausdorff topology, up to passing to a subsequence, we may assume that
Ai = i in the Hausdorff topology where £ A. Assume without loss of generality
that A; # X for all i. Equip \;, A\ with projective transverse measures «;, 5. Then
for each 4, the pair (o, 8) of projective measured geodesic laminations determines
a Teichmiiller geodesic ;.

By passing to another subsequence, we may assume that the Teichmiiller geo-
desics y; converge locally uniformly to a Teichmiiller geodesic v defined by a pair
(a, B) of projective measured geodesic laminations, where « is supported in p # A.
Now by [MM99], associating to a point X on the Teichmiiller geodesic v a sim-
ple closed curve in CG(S) whose length for the hyperbolic metric X is uniformly
bounded defines a uniform unparameterized quasi-geodesic in CG(S). As the Te-
ichmiiller geodesics ~;,7y all pass through a fixed compact subset of Teichmiiller
space, together with Proposition 6.4, this implies that there are uniform quasi-
geodesics in PC(S) connecting A to A; which pass through a fixed subset of PC(S)



CUBE COMPLEXES 55

of uniformly bounded diameter, violating the assumption that A\; — X in 9PC(S).
This completes the proof of the proposition. ([

Recall that any pseudo-Anosov mapping class ¢ € MCG has a unique azxis in
Teichmiiller space T (S) of S, that is, an invariant Teichiiller geodesic on which ¢
acts as a nontrivial translation.

Corollary 6.8. Let ¢ € MCG be a pseudo-Anosov mapping class. The ¢ acts as
a hyperbolic isometry on the principal curve graph if and only if the cotangent line
of its axis is contained in the principal stratum of quadratic differentials with only
simple zeros.

Proof. For a point X € T(5) define YT((X) € CG(S) to be a simple closed curve of
uniformly bounded length. If « is any Teichmiiller geodesic, then the assignment
t — To(v(t)) is a uniform unparameterized quasi-geodesic in CG(.S) [MM99].

Let v C T(S) be the axis of a pseudo-Anosov element ¢ and assume that the
cotangent line of v is defined by quadratic differentials in the principal stratum.
Then the horizontal and vertical measured geodesic laminations are minimal and
complete as there can not be any horizontal or vertical saddle connections. By
Proposition 6.4 and Proposition 6.6, the image under Y of the line 7 is an un-
parameterized quasi-geodesic in PC(S) of infinite diameter. As ¢ acts on this
quasi-geodesic as a nontrivial translation, this quasi-geodesic is a quasi-axis for ¢
acting on PC(S) and hence ¢ acts as a hyperbolic isometric on PC(S).

Vice versa, if the axis of ¢ is not contained in the principal stratum, then the
support of the horizontal and vertical measured geodesic laminations defined by
this axis is not complete. By Proposition 6.7, this implies that the image of the
axis under the map T has finite diameter in PC(S). The corollary follows. O

We use Proposition 6.7 and Corollary 6.8 to show Theorem 4 from the introduc-
tion. For its formulation, call a subgroup I' of MCG non-elementary if it contains
at least two independent pseudo-Anosov elements.

The entropy of a probability measure p on the group MCG is defined as
H(p)=— > plg)logpu(g).
geEMCG

The measure p is said to have finite logarithmic moment for the action of MCG on
the curve graph CG(S) if

> lg)llogdegs) (e, ge)| < oo.
geMCG

Theorem 6.9. Let ) be a random walk on MCG generated by a probability measure
w on MCG with the following properties.

(1) The support of i generates a non-elementary subgroup T' of MCG as a semi-
group which contains at least one pseudo-Anosov element whose attracting
fized point is a minimal complete geodesic lamination.
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(2) p has finite entropy and finite logarithmic moment for the action of MCG
on the curve graph.

Then the Poisson boundary of the walk can be realized as a MCG-invariant measure
class on the space OPC(S) of minimal complete geodesic laminations.

Proof. Since by assumption and Corollary 6.8, the semigroup generated by the
support of p is non-elementary and contains at least one pseudo-Anosov element
© which acts as a hyperbolic isometry on PC(S), this group is non-elementary as
a group of isometries acting on PC(S) (apply Proposition 6.7 and Corollary 6.8 to
conjugates of ).

Theorem 1 of [MT18] now shows that for any vertex x € PC(S), almost every
sample path (w,z) C PC(S) converges to a point wy € IPC(S). The resulting
hitting measure v is non-atomic, and it is the unique p-stationary measure on

aPC(S).

The same construction also applies for the action of the random walk on CG(S).
As OPC(S) C 9GG(S) by Proposition 6.7, the u-stationary measure v on 9PC(S)
also can be viewed as a p-stationary measure on 9CG(S). By uniqueness, v equals
the hitting measure of the random walk on CG(S).

Now the action of MCG on CG(S) is acylindrical [Bw08] and therefore by Theo-
rem 1.5 of [MT18], the Poisson boundary of (MCG, u) equals the Gromov boundary
0CG(S) of CG(S), equipped with the hitting measure v. But this hitting measure
is just the unique stationary measure for the action of MCG on the boundary of
the principal curve graph, which completes the proof of the theorem. (I

7. THE REGULAR ROLLER BOUNDARY AND GEODESIC LAMINATIONS

In this section we resume the discussion of the large scale geometry of the CAT(0)
cube complex C(E) constructed in Section 5 and prove the second part of Theorem
1 from the introduction. When discussing general properties of CAT(0) cube com-
plexes, we follow [FLM18] which contains an excellent summary of the statements
we need.

We begin with defining the Roller boundary of a CAT(0) cube complex X. To
this end define a midcube of a cube [0,1]™ to be the preimage of 1/2 under one of
the 4 coordinate projections. A hyperplane in X is a CAT(0)-convex subset whose
intersection with each cube is either a midcube or empty. The complement of a
hyperplane in X has two connected components. The intersection of one of these
components with the vertex set of X is called a halfspace h. The intersection of
the second component with the vertex set of X is the complementary half-space h*.
Let $ be the collection of all halfspaces in X.

For a vertex z € X consider the collection U, = {h € $ | x € h}. The vertex x
is uniquely determined by the set U,. This yields an embedding X — 29 obtained
by x — U,.
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Definition 7.1. The Roller compactification X of X is the closure of X in 27.
The Roller boundary is then 0X = X — X.

Note that for any £ € 0X we can consider the set Ug of half-spaces defined by
&, an analog of the set of half-spaces containing a vertex of X. The set U fulfills
the axioms of an ultrafilter on H:

(1) For all h € H, either h € Ug or h* € U but not both.
(2) If he Ug and ' D h then b/ € Ug.

Two half-spaces h, k are called transverse if the four intersections h Nk, h N k*,
h* N k,h* N k* are all nonempty. We use this terminology to define the regular
Roller boundary (Section 5.3 of [FLM18]).

Definition 7.2. Two half-spaces h and k are strongly separated if there is no half-
space which is transverse to both h, k. Two hyperplanes are strongly separated if
this holds true for the half-spaces they bound.

Definition 7.3. A point £ € 0X is called regular if for every hi, he € Ug there is
k € Ug such that k C hiNho and that £ is strongly separated from both k¢, and hs.
The regular Roller boundary is the closure in 90X of the set 0, X of regular points.

By definition, the regular Roller boundary of X is a compact totally disconnected
topological space. The goal of this section is to show

Theorem 7.4. There is a natural homeomorphism from the space CL of complete
geodesic laminations on S, equipped with the Hausdorff topology, onto the regular
Roller boundary of C(E).

The idea of the proof of Theorem 7.4 is to relate hyperplanes in C(FE) to the
principal curve graph PC(S) of S. To this end note that a hyperplane H in C(E) is
determined by an edge in E and hence by a large branch b in a train track n € C(E)
and the choice of a right or left split of b, viewed as an edge in E.

Any hyperplane H in a CAT(0) cube complex is parallel to two combinatorial
hyperplanes which are subcomplexes of the cube complex. As the graph E is di-
rected, for a hyperplane H C C(F) determined by a train track 7 and a large branch
b in n we can distinguish the negative combinatorial hyperplane H_ consisting of
train tracks which contain the large branch b. The parallel combinatorial hyper-
plane consists of train tracks which can be obtained from a train track in H_ by a
single right (or left) split at the distinguished large branch and is called the positive
combinatorial hyperplane H of H. Note that if both the right and the left split of
1 are complete, then H_ is the negative combinatorial hyperplane of two distinct
(and in fact disjoint) positive combinatorial hyperplanes in C(E).

Denote by dpc the distance in the principal curve graph. We show

Lemma 7.5. There is a number x > 0 with the following property. Let H_ C C(E)
be a negative combinatorial hyperplane and let n,& € H_ be such that n is splittable
to &. Then for any vertex cycles ¢ of n, d of £ we have dp¢(c,d) < x.
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Proof. Let b be a large branch of a train track 5. The large branch b determines a
negative hyperplane H_ in C(E). If £ € H_ can be obtained from 7 by a splitting
sequence, then such a splitting sequence does not contain a split at . In particular,
b is a large branch in &.

Let £’ be obtained from £ by a right (or left) split at b, chosen in such a way that
¢’ is complete. Let 1’ be obtained from n by a right (or left) split at b. Then 7’ is
transversely recurrent and splittable to the complete train track £ and hence it is
complete. The train track £’ obtained from &’ by removal of the small branch of
the split is carried by the train track n” obtained from 7’ by removal of the small
branch of the split.

Now the complementary component of 1" containing the diagonal of the split
which connects 1 to 7’ is neither a trigon nor a once punctured monogon. Since £”
is carried by n”, the distance in the principal curve graph between a vertex cycle
of n” and £” is at most one. But the distance in the curve graph between a vertex
cycle of 7 and a vertex cycle of 1" is uniformly bounded, and the same holds true
for the distance in the curve graph between a vertex cycle of £ and a vertex cycle
of £”. Hence by the triangle inequality, the distance in the principal curve graph
between a vertex cycle of  and a vertex cycle of ¢ is uniformly bounded. This
shows the lemma. (]

The next example shows that hyperplanes give a finer information than a de-
composition of S into subsurfaces.

Example 7.6. Let 1 be a non-complete recurrent transversely recurrent train track
which decomposes S into trigons and one sixgon. This train track can be extended
to a complete train track £ by inserting in the interior of the sixgon the union of
a large branch e and 4 small branches, each with one endpoint on a different side
of the sixgon. Assuming that £ is a vertex of the cube complex C(E), any splitting
sequence &; starting at & = £ which is induced by a splitting sequence of 7 is
contained in the negative combinatorial hyperplane defined by the large branch e.
This also extends to train tracks obtained from 7 by a collapse at a small branch not
contained in the interior of the sixgon as long as this train track is still contained

in C(E).

We use Lemma 7.5 to show.

Corollary 7.7. Let c¢,d be any two vertex cycles of train tracks n,& contained in
the same megative combinatorial hyperplane of C(E). Then dpc(c,d) < 2x where
x > 0 is as in Lemma 7.5.

Proof. Let H_ be a negative combinatorial hyperplane in C(E) and let £, € H_.
Consider the train track ©_(&,n) € E constructed in Lemma 5.3. By construction,
O_(&,n) is splittable to &, n. Furthermore, if b is any large branch of ©_(&, n) then
there are three possibilities.

(1) A splitting sequence connecting ©_(£,n) to both £, 1 does not contain a
split at b. We call b neutral in this case.
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(2) Up to exchanging &, n, a splitting sequence connecting ©_ (&, n) to £ contains
a split at b, but this is not true for a splitting sequence connecting ©_ (£, )
to 7.

(3) A splitting sequence connecting © _ (&, 1) to & contains a right (or left) split
at b, and a splitting sequence connecting ©_(£,n) to n contains a left (or
right) split at b.

Since &, n are contained in the same negative combinatorial hyperplane H_, there
exists a neutral large branch b in ©_(&, 1) defining the hyperplane, and ©_(§,n) €
H_. Since ©_(¢&,n) is splittable to both &, n, Proposition 7.5 shows that the distance
in the principal curve graph between a vertex cycle of ©_(&,n) and a vertex cycle
of 1 is at most y, and the same holds true for the distance in the principal curve
graph between a vertex cycle of ©_(£,7n) and a vertex cycle of £&. The corollary now
follows from the triangle inequality. O

Fix a vertex 7 € E. Associate to a vertex n € E the one-Lipschitz function
hy:E—=R, hy(z)=dn,z)—dn,T)

where d is the combinatorial distance on E, that is, the distance in the graph
E which is the one-skeleton of C(E). The combinatorial horoboundary of E is the
boundary of the closure of the set of these functions in the space of all one-Lipschitz
functions on E. It does not depend on the choice of the basepoint 7.

The following is Proposition 6.20 of [FLM18].

Proposition 7.8. There exists a natural homeomorphism h : & — h¢ of the Roller
boundary OC(E) of C(E) onto the combinatorial horoboundary of C(E). If for & €
OC(E) and x € E we denote by m(x, ) the median between x,T,&, then

he(x) = d(m(z, €),x) — d(m(z, ), 7).

Recall from Section 5 that for any two points n,( € E, there exists a combina-
torial geodesic in C(E) connecting 7 to ¢ which is the composition of the inverse of
a splitting sequence connecting ©_(n, () to n and a splitting sequence connecting
©_(n,¢) to ¢. We call such a combinatorial geodesic a tail splitting sequence. We
next compute in more detail the interval Z(n, () between 1, (. To this end define
a full rearrangement of a full splitting sequence (n;) C E(n,A) to be a splitting
sequence 7); beginning at 1y = 7o = 1 so that for each j there is ¢ such that n; is
splittable to 7j;.

Let as before CL be the space of complete geodesic laminations, equipped with
the Hausdorff topology. This is a compact totally disconnected topological space
[HO09]. Proposition 7.8 is used to establish the following

Lemma 7.9. Let A\ € CL be arbitrary and let (n;) C E(n,\) be a full splitting
sequence starting at no = 1. Then (n;) determines a point ¥(\) € OC(E), and
Z(n,T(N) = E(n,\). Any full rearrangement of n; defines the same point W(\).
If {; C E(n,\) is a splitting sequence which is not a full rearrangement of n;,
then there exists a negative combinatorial hyperplane H_ containing ¢; for all large
enough j.
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Proof. If ( € E is obtained from 7 by a splitting sequence, then we have Z(n, () =
E(n,¢). This implies the following. Define the interval of a sequence n; of A-splits to
be U;Z(no, n;). If the splitting sequence 7; is a full rearrangement of a full sequence
of A-splits, then this interval equals the convex subspace E(n, \) of E.

Any one sided infinite splitting sequence in E is a combinatorial geodesic in
C(E) and hence it defines a point in the combinatorial horoboundary of C(E). If
¢;i C E(n,A) is a splitting sequence which is not a full rearrangement of the full
splitting sequence (7;), then there exists some j so that n; is not splittable to any of
the train tracks ¢;. As a consequence, there is some £ € E(n, \) which is splittable
to (; for some 7, and there is a large branch b of £ such that a splitting sequence
connecting £ to ¢; for any large enough j does not contain a split at b. But then
for all large enough j the train track (; is contained in the negative combinatorial
hyperplane of the CAT(0) cube complex E(n, A) defined by the large branch b, and
the train track obtained by splitting £ at b once is not contained in the interval
defined by the sequence (;. O

Before we complete the proof of Theorem 7.4 we introduce some more terminol-
ogy.

Definition 7.10. Let A be a minimal geodesic lamination on S. The subsurface of
S filled by X is the intersection Sy of all subsurfaces of .S which contain .

Note that if A is a simple closed curve, then the subsurface Sy of S filled by A is
an annulus with core curve A\. More generally, S, is characterized by the property

that S contains A and that any simple closed non-peripheral curve in Sy intersects
A

The following statement is main step towards the proof of Theorem 7.4.

Proposition 7.11. There exists a continuous injective map from the space CL of
complete geodesic laminations into the Roller boundary of C(E).

Proof. By Lemma 7.9, a point in CL determines a point in the combinatorial
horoboundary of C(E). Thus by Proposition 7.8, there is a map ¥ : CL — IC(E).
We have to show that W is injective and continuous, and that its image is the
regular Roller boundary of C(E).

To show that W is injective, let A # p € CL; we have to show that ¥(\) # ¥(u).
This is equivalent to stating that for some n € E, the intervals E(n, \) and E(n, i)
are distinct.

It follows easily from the above discussion that this is the case if one of A, u is the
repelling fixed point of the pseudo-Anosov mapping class used in the construction of
FE, so assume without loss of generality that A, i are both carried by the same train
track n € E. Let A',..., \* be the minimal components of A and write A= U\

By Corollary 2.4.3 of [PH92], there exists a splitting and collision sequence which
connects T to a train track £ = U;&¢ (disjoint union) where &; is contained in the
subsurface S° filled by A\’ and carries A\’. As a consequence of the results in Section
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3, T is splittable to a complete train track ¢ which carries A and such that £ is a
subtrack of { for each ¢. Furthermore, we conclude the following.

For each i, the train track & admits an infinite sequence of A’-splits, and a
sequence of vertex cycles on these train tracks converge in the coarse Hausdorff
topology to A\’. By Section 3, these splitting sequences induce splitting sequences
of ¢ contained in E(7,)). As a consequence, if there is a minimal component A’
of A which is not a minimal component of p, then E(r,\) # E(r,u). Thus by
symmetry, if E(7,\) = E(7, u) then the minimal components of A, i coincide.

To summarize, if E(7,A\) = E(r, 1) and if A # p, then A and p differ by finitely
many isolated leaves. Now consider as before a train track ¢ € E(7, A) which carries
A and has the additional property that ( contains a subtrack £ which is a disjoint
union of train tracks £, ..., &F contained in the surfaces S filled by the components
¢ and which carry the laminations A*. Since X is complete by assumption, every
branch of ¢ — ¢ is passed through by an isolated leaf of A. Since an isolated leaf
of A spirals about some minimal components of A and hence passes through any
branch of ¢ — £ only finitely many times, the sum over all branches a of { — £ of
the number of times the branch a is passed through by a leaf of A is finite, and it
strictly decreases if ¢ is split at a large branch in ¢ — £ to a train track ¢’ which
carries A.

As any train track carrying a complete geodesic lamination p can be split at any
large branch to another complete train track which carries A, this means that ¢
can be split to a train track o € E(7, A\) which contains £ as a subtrack and such
that ¢ — £ does not contain a large branch. Thus it now suffices to show that any
complete extension of U;\* which is carried by o coincides with \.

However, this follows from the fact that as ¢ — & does not contain a large branch,
any two simple arcs aq, ag carried by o — £ are disjoint up to homotopy. Namely,
let a1,as be two oriented simple arcs carried by ¢ — & which pass through the
same branch of o — £ in the same direction. Let us assume that for the given
orientation, their first intersection point on o — £ is a switch v € ¢ — €. Then the
large half-branch b of o —¢ which is incident on v is traveled through by both a1, as
as oriented arcs starting at v. Since o0 — £ does not contain a large branch, it does
not contain a large embedded trainpath starting at v [PH92], see also Section 3.
Thus the trainpaths beginning at v which are defined by a1, as and a carrying map
coincide up to their first intersection with £ [PH92]. In particular, the arcs oy, as
can be homotoped to be disjoint. Now if u # X\ and if the minimal components of
1 coincide with the minimal components of A, then there are isolated leaves of u, A
which have essential intersections. Then p can not be carried by o. This completes
the proof that the map ¥ is injective.

Since both CL£ and 9C(F) are compact separable Hausdorfl spaces, to show that
the map W is continuous it suffices to show the following. Let A; C CL be a sequence
which converges in the Hausdorff topology to a lamination A; then W(\;) — ¥(A).

To this end let (7;) C F be a full splitting sequence converging to A. Then for each
i, the set CL(7;) of all complete geodesic laminations carried by 7; is a neighborhood
of A in CL [H09]. Thus for any m > 0 there exists a number ¢(m) > 0 such that
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for i > i(m), the train track 7, carries A; and hence it is contained in the interval
E(7,);) defined by );. But this means that the points ¥();) € OC(E) converge to
¥(A) showing continuity.

Since both CL and JC(E) are compact, the map ¥ is closed. As ¥ is also
injective, it is open as a map onto its image and hence it is a homeomorphism onto
its image. This completes the proof that ¥ : CL — OC(F) is an embedding and
shows the proposition. |

Proof of Theorem 7.4. By Proposition 7.11, we are left with showing that the image
of the continuous injective map ¥ : CL — JC(F) equals the regular Roller boundary
of C(E).

We begin with showing the following

Claim: The image under ¥ of a minimal complete geodesic lamination is a regular
point in IC(E).

Since the subset of minimal complete geodesic laminations is dense in CL, by
continuity this then implies that the subspace ¥(CL) C IC(F) is contained in the
regular Roller boundary of C(E).

To see that the claim holds indeed true recall that splitting sequences contained
in F are combinatorial geodesics in C(E). Furthermore, if ¢ is the pseudo-Anosov
mapping class used in the construction of the graph FE, then the infinite cyclic
subgroup of MCG generated by ¢ acts on C(FE) as an infinite cyclic group of combi-
natorial isometries. This group preserves a p-invariant biinfinite splitting sequence.
Therefore if the forward ray of this splitting sequence defines a point in the regular
Roller boundary of C(E), then by symmetry and the definition of the regular Roller
boundary via strongly separated hyperplanes, the same holds true for the backward
ray. Thus to show the claim it suffices to show the following.

Let A be a minimal complete geodesic lamination different from the minimal
complete geodesic lamination which is the repelling fixed point of the action of ¢
on CL. Let (n;)i>0 C E be a full splitting sequence consisting of train tracks which
carry A. For each ¢ let H; be a negative combinatorial hyperplane containing 7;.
Then there is a sequence i; — oo such that for all j, the hyperplanes H;, and H;
are strongly separated.

j+1

To this end let x > 2 be as in Corollary 7.7. Let i; be a subsequence of the
positive integers such that dpc(ci;,ci;,,) > 8x for any vertex cycle ¢;; of n;; and
any vertex cycle ¢, , of n;,,,. Such a sequence exists by Proposition 6.6. We
claim that there is no negative combinatorial hyperplane () which intersects both
Hi,,Hi, .

Namely, assume to the contrary that there is a negative combinatorial hyperplane
@ which intersects H;, and H;,_ , in points (1, (2. Let ¢(¢;) be a vertex cycle of ;.
By Corollary 7.7, applied to the hyperplane @, we have dpc(c(¢1), ¢(¢2)) < 2y, and
similarly we obtain dpc(c(1),¢i,) < 2x, dpc(e(Ca),ci;,,) < 2x. This contradicts

the choice of the train tracks n;;,7;,., -
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As a consequence, the combinatorial geodesic (n;) C C(E) determines an infinite
descending chain of pairwise strongly separated half-spaces in C(E) and hence by
Proposition 5.10 of [FLM18], it determines a regular point in the Roller boundary
of C(E). On the other hand, by Lemma 6.5, the quasi-geodesic in PC(S) which
is the image of the splitting sequence under the map Y is of infinite diameter and
hence converges to a point in the Gromov boundary of PC(S). This point is just
the minimal complete geodesic lamination A. As a consequence, the image under W
of a minimal complete geodesic lamination is a regular point of the Roller boundary

of C(E).

We are left with showing that ¥(CL) coincides with the regular Roller boundary.
Since U(CL) is a closed subset of IC(E), to this end it suffices to show that a
regular point £ € 9,C(E) is contained in ¥(CL). Now by definition of the regular
Roller boundary, if £ € 9,C(E) then £ it can be approximated by a nested strongly
separated sequence of hyperplanes. On the other hand, any combinatorial geodesic
in C(E) different from a geodesic parallel to the axis of the isometry ¢ is a tail
splitting sequence and therefore all we need to show is that if £ € 9,.C(E), then
a splitting sequence defining ¢ is a full rearrangement of a full splitting sequence.
But this is an immediate consequence of Lemma 7.9. ([l

Remark 7.12. Theorem 7.4 does not state that the set of regular points in the
Roller boundary of C(E) corresponds to the minimal complete geodesic laminations,
and we expect that there are additional regular points.

8. A SMALL BOUNDARY FOR MCG

A proper Cat(0) cube complex X not only has a Roller boundary, but also has a
CAT(0) boundary 9,X, called geometric boundary in the sequel. Given a basepoint
x € X, the geometric boundary is the space of geodesic rays for the CAT(0) metric
starting at =, equipped with the topology of uniform convergence on compact sets.
It does not depend on the choice of the basepoint . The boundary d,X is compact,
and the same holds true for X = X Ud,X. Furthermore, the geometric boundary
0,X of X is a Z-set for the compactification X of X. Thus if I is any torsion free
group acting properly and cocompactly on X, then the cohomology of X can be
used to obtain information on the cohomology of I with coefficients in the group
ring of I' [B96].

For the CAT(0) cube complex C(E), we can try to analyze the geometric bound-
ary and use it to obtain information on the large scale geometry of MCG. One
difficulty in this endeavor is that there are distinct geodesic rays in C(E) whose im-
ages under the natural embedding C(E) — T T are of uniformly bounded distance
inTT.

Nevertheless, we shall use the geometric information collected so far to make a
guess for a boundary of MCG which can be thought of as a quotient of the geometric
boundary of C(E), and show that it is indeed a small boundary for MCG. This
leads to the proof of Theorem 2 from the introduction.
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Recall that the join X; * Xs of two topological spaces X7, X5 is the quotient
X1 x X x[0,1]/ ~ where the equivalence relation ~ collapses X7 x X3 x {0} to X3
and collapses X; x X x {1} to Xy. For example, the join S x S9 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 S? and the second endpoint in S9. The join of
two spaces X, Y contains an embedded copy of X,Y.

Let OG(S) be the oriented curve complex of S. This is 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 k > 2 oriented disjoint simple closed curves span
a simplex. The union of these simplices corresponding to this collection of 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, ..., A\; are pairwise disjoint oriented simple closed curves, where
a; >0 forall i and ), a;, = 1.

Remark 8.1. If we choose the length of the edges of the oriented curve complex
to be m/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 MCG, equipped with
the angular length metric which identifies each sphere with a sphere of constant
curvature one.

A simple closed curve c 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 fixed 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 Dehn multi-twist about ¢. With this viewpoint, the choice of an orientation of ¢
can be thought of as a spiraling direction about c¢. However, the distinction between
a positive and a negative Dehn twists about ¢ only depends on the orientation of
S but not on the orientation of c¢. In the sequel we denote by ¢ the point in the
Gromov boundary of CG(A(c)) (which consists of two points) defined by iteration
of positive Dehn twists about ¢, and we denote by ¢~ the point in the Gromov
boundary of CG(A(c)) defined by iteration of negative Dehn twists about c. Write
X(c) = {c*,c"}. It will be convenient in the sequel to think about X(c) as two
points in the oriented curve complex, 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). Note that CG(Sp) is a
subcomplex of the curve complex of S unless Sy is a one-holed torus or a four
punctured sphere; in this case, the edges of CG(Sy) are not edges in CG(S). The
curve complex of Sy is hyperbolic and hence it has a Gromov boundary 0CG(Sy).
As a set, the Gromov boundary dCG(Sp) is the set of all minimal filling geodesic
laminations on Sp.
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There is a natural topology on the union CG(Sy) of CG(Sy) with its Gromov
boundary, called the coarse Hausdorff topology. With respect to this topology, the
subspace CG(Sp), equipped with its natural topology, is an open dense subset. The
topology is metrizable, and a sequence \; C CG(Sy) U OCG(Sp) converges in this
topology to A € 9CG(Sp) if and only if the limit of any converging subsequence of
A; in the Hausdorff topology on compact subsets of .S contains A as a sublamination
[HO6]. Define X (Sg) = dCG(S), equipped with the topology as a subset of CG(Sp).
If Sy is a pair of pants, then we define X'(Sy) = 0.

If Sy,...,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

X(U;S:) = 8CG(S1) * - - - + DCG(Si)

to be the join of the spaces X' (5;) = dCG(S;). For example, if S; C S is a subsurface
which is the complement of a non-separating simple closed curve ¢, then X (S; U
A(e)) = 9CG(S1) * {cT,c™}. A point in X(S; U---U Sk) can be viewed as a
formal linear combination { = ), a;& where & € 9CG(S;), a; > 0 for all 7 and,
furthermore, >, a;, = 1. The union é = Ug,;>0§i 1s a geodesic lamination with
minimal components &;, and £ can be viewed as a weighted (and partially labeled
if there are simple closed curve components) geodesic lamination. For all u < k
there is an inclusion X(S; U---US,) C X(S; U---U Sk) which is a topological
embedding.

A collection Sq, ..., S of disjoint connected subsurfaces of S is called mazximal
if S —U;S; = (0. By convention, this means that if ¢ is a boundary component
of one of the surfaces S;, then 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
there is a canonical maximal collection 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 that list and all connected components of S — U;S;.

Define
X=UX(S1U---USk)/ ~

where the union is over all collections of disjoint subsurfaces S1,...,Sg of S. The
equivalence relation ~ identifies two points »_; a;§; and ), b;(; if they coincide
as weighted labeled geodesic laminations. Thus a point in X 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 naturally is a subset of X', and the same holds
true for its Gromov boundary (which is just the Gromov boundary 9CG(S) of the
non-oriented curve graph).

The oriented curve graph 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 — dCG(S) with
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the topology of a simplicial complex whose edges are the joins of two disjoint la-
beled geodesic laminations, then this complex is connected. As a consequence, the
set X can be equipped with a topology which coincides with the topology of a
(non-locally finite) simplicial complex on X — dCG(S) and is such that each point
in 9CG(S) is isolated. We write X7 for X’ equipped with this topology (having the
Tits boundary of a CAT(0) space as guidance). From this description, we obtain

Lemma 8.2. The mapping class group MCG of S acts on X1 as a group of auto-
morphisms.

Proof. The mapping class group acts on the oriented curve graph 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
and disjointness. Furthermore, it acts on 9CG(S) as a group of transformations.
Since the topology on X7p is the topology of a disconnected simplicial complex,
constructed from the curve graphs of subsurfaces, the lemma follows. O

The Tits boundary of a CAT(0) space X can be viewed as the geometric bound-
ary (that is, the CAT(0) boundary) of X, equipped with a topology which in general
is finer than the geometric topology. Our goal is to equip the set X with a topology
which is coarser than the Tits topology so that for this topology, X becomes a
compact space which indeed defines a small compactification of MCG.

To achieve this goal we use markings of subsurfaces of the surface S (see Section
2). There is a natural way to equip the set of all markings on S with the structure
of a locally finite connected graph on which MCG acts properly and cocompactly.

Choose a marking o on S as a basepoint for MCG. For every subsurface Sy of
S which is distinct from a pair of pants, this marking determines a coarsely well
defined marking 1(Sp) of Sp. Namely, the intersection of each marking curve ¢
with Sy either is a simple closed curve contained in Sy, a collection of pairwise
disjoint arcs with endpoints on the boundary of Sy or empty. The union of these
intersections over all curves from the marking decompose Sy into simply connected
regions and hence coarsely defines a marking u(Sg) of Sy, called the subsurface
projection of n [MMOO]. Here coarse definition means that the construction depends
on choices, but any two choices give rise to markings which are uniformly close in
the marking graph of Sy, independent of the subsurface Sp.

Now let S = U¥_|S; be a collection of pairwise disjoint subsurfaces of S. By
the above, each of the surfaces S; is equipped with a coarsely well defined marking
1(S;). Let x; be one of the marking curves of p(S;). We then obtain a based
product space

(CG(U;S:),x) = (CG(S1) x -+ x CG(Sk), )
where the basepoint z = (x1,...,xx) is the product of the coarsely well defined
basepoints in CG(.S;).

For any subsurface Sy of S, denote by prg, : CG(S) — CG(So) the (coarsely well
defined) subsurface projection. Define a topology on the union

V(UiS:) = CG(U;S;) UACG(Sy) * - -+ ICG(Sk) = CG(U;S;) U X (U;Sy),
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by the following requirement. The product space CG(U;S;) is equipped with the
product topology, and the topology on the subspace X (U;S;) is the topology de-
scribed above as a join of the Gromov boundaries of the curve graphs of ;. Fur-
thermore, a sequence of points (yi,...,y1) € CG(U;S;) converges to Y . a;&; €
OCG(Sy) * -+ % OCG(Sk) if the following two conditions are fulfilled.

(1) For each 4 with a; > 0, the components yf converge as j — oo to &; in the
coarse Hausdorff topology (and hence they converge in CG(S;) to &;). In
particular, we have dcg(si)(yg, x;) — 00.

(2) Assume without loss of generality that a; > 0. Then for all ¢ > 2 we have

deg(sy(yi, %) |, ai (j — o).
degs))(yi,r1) @

Lemma 8.3. This notion of convergence defines a topology on Y(U;S;) which re-
stricts to the given topology on CG(US;) and on OCG(S1) * -+ x OCG(Sk). The
subspace OCG(S1) * -+ x OCG(Sk) is closed in Y(U;S;).

Proof. Define a subset A of Y(US;) to be closed if A1 = 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
point y € CG(S1) *---* ICG(Sk), then y € Ay. 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 dCG(S7) * - -+ x ICG(Sk), all we need to observe is
that taking arbitrary intersections and finite unions is compatible with the notion
of convergence of points in CG(U;S;) to points in the join dCG(Sy) * - - - * ICG(Sk)
in the sense specified above.

Consistency with arbitrary intersections is straightforward. To show consistency
with finite unions let By,..., By C Y(U;S;) be closed in the above sense. Let
y; C Ug(Br NCG(U;S;)) be any sequence which converges to a point in X'(U;S;)
according to the definition of convergence. By passing to a subsequence, we may
assume that y; € By, 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 Uy By.
Hence indeed, the notion of a closed set is consistent with taking finite unions. [

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
convergent sequences in X and use this notion of convergent sequence to construct
a topology on X which gives X the structure of a compact Hausdorff space.

Thus let & = > af ff be a sequence in X'. We shall impose 3 requirements for
the sequence to converge to a point Zle b;¢; € X (here as before, we require that
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al > 0,b; > 0,5,b; =1 =3 .al for all j and that furthermore, (1, ..., are
disjoint minimal geodesic laminations).

By definition of the space X, for each j the union
& =uel
is a geodesic lamination on S, and the same holds true for é = U;(;- 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 £ be any subsequence of the sequence & such that the geodesic laminations
55" converge in the Hausdorff topology to a geodesic lamination 5. Then 8 contains
f as a sublamination.

Let MinZL be the set of all minimal geodesic laminations on S where as before, a
simple closed curve carries in addition a label +. We next define for each collection

S1,...,Sk of pairwise disjoint subsurfaces of S a coarsely well defined projection
(7) PIy(u;sy) @ MinL — Y(U;S;)
as follows.

Let v € MinL. The either its subsurface projection into a given subsurface .S;
of S is empty, or it equals v if v is supported in S;, or it consists of a collection
of simple arcs with endpoints on the boundary which coarsely define a point in

CG(S;).
(1) If v € 9CG(S;) for some i, then pry,g,)(v) = v € ICG(S1) * - - - x OCG(Sk).

(2) If v C S; for some i but if v is disjoint from an essential simple closed
curve ¢ C S; then define Pry(uis,i)(V) = (Z1,...,¢,...,x) where x; 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 Pryu, Si)(u) =
(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;).

We are now ready to define 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 €9 be any subsequence which converges in the Hausdorff topology to a lami-
nation S. By the first requirement, we have g D Qc Let B1,...,Bs be the minimal
components of 3, ordered in such a way that §; = (; for ¢ < k. For each i let
S; be the subsurface of S filled by f;, that is, the intersection of all surfaces of S
containing J; then Pry(uisi)fje — ¢ in Y(U;S5)).

Example 8.4. i) Let ¢ € MCG be a pseudo-Anosov element, with attracting
geodesic lamination v € dCG(S). Let u € X be any minimal geodesic lamination
which is different from the repelling fixed point ¢ for the action of ¢ on ACG(S).
Then @/ — v (j — 00) in the coarse Hausdorff topology and therefore ¢/ — v
in X.
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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 ¢ € MCG restricts to a pseudo-Anosov
mapping class on Sy and to the trivial mapping class on S—Sy. Let v € 9CG(Sy) be
the attracting geodesic lamination for the action of ¢ on Sy. Let furthermore p € X
be any minimal geodesic lamination on S which is different from the repelling fixed
point ¢ for the action of ¢ on CG(Sy). Then there are two possibilities. In the first
case, u is disjoint from v, that is, u is supported in S —Sg. Then we have ¢/ (u) = p
for all j. However, if u intersects Sy, then u intersects v and we have o’ (u) — v
(j = o0) in X.

The definition of convergence of a general sequence &7 = ¥ a{ §g C X to a limit
point E?Zl b;¢; is a bit more involved. To obtain a better understanding of what
it captures, for a collection U¥_, S; of disjoint subsurfaces of S we define

Z(UiS;) = {aCi + (1 —a)a | a € [0,1],¢1 € X(Uj<sSi;), G2 € V(Uuggiy,....i3Su) }
to be the union of the joins of the spaces X'(U;S;;) and Y(Uyg(,.....i,3Su) 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 przg, @ & — Z(U;S5;) as follows. Let { =
St a& € X with a; > 0 and ) ,a; = 1 and write as before é = Ui&;. As-
sume that after perhaps a reordering that for some v < min{k, m} the components
&1, .., &y fill the subsurfaces S, ..., .S, that is, they define points in dCG(S;), and
that for no ¢ > u, the component §; fills any of the surfaces S;. As the components
off are disjoint, this implies that if s,t > u, if j € {u+1,...,k} and if the subsur-
face projections of &,,&; into S; are not empty, then they are points 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
Prausy = 9 aiki+ (1= i) (PTY(Uys sy ) Yizu &i)-
i=1 i=1
Here the term on the right hand side is understood in the following sense. Let us
consider a subsurface S; for some j > wu. If there exists some s > u such that &
intersects .S, then the component in S; of the projection pry(u@,u+1si)(ui2u+1§i)
is a point in CG(S;) which is coarsely determined by this projection. The above
remark shows that this projection coarsely does not depend on choices, nor on the
component & of ¢ intersecting S;. If the lamination £ = Ui is disjoint from the
subsurface S, then the projection component is defined to be the basepoint of
CG(S;) constructed from the base marking.

Requirement 3: Let &5 be any subsequence of the sequence &/ so that the lam-
inations éjs converge as s — oo in the Hausdorff topology to a lamination S with
minimal components 31, ..., 3, for some n > k. By the first requirement, we have
B =U;8; D é Assume by reordering that 3; = (; for ¢ < k. For each ¢ let S; be the
subsurface filled by f;; then prz (), g,)(§7%) = ¢in Z(UiSi) D Z(Ui<kSi) D X (U;Sy).
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Remark 8.5. 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 ¢ = >, b,(y.

(1) The lamination Uy,(, is a sublamination of the limit in the coarse Hausdorff
topology of any convergent subsequence of the sequence éj = U],

(2) For each j let 7 be a minimal geodesic lamination disjoint from &7 (we allow
n? = &) 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 7/ and where s € [0, 1].

Definition 8.6. A subset A C X is called closed for the geometric topology of X
if the following holds true. Let & C A be any sequence which converges to a point
¢ € X 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,...,S; of pairwise disjoint
subsurfaces of S, the space X' (UF_,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 key step towards the proof of Theorem 2.

Proposition 8.7. (1) Closed subsets of X in the sense of Definition 8.6 define
a topology O on X.
(2) With respect to this topology, X is a compact separable Hausdorff space.
(3) For any collection St,...,Sy of pairwise disjoint subsurfaces, the natural
inclusion X (UF_,S;) — (X,0) is an embedding.
(4) The group MCG acts on X as a group of transformations.

Proof. Let O C X be the family of all subsets of X whose complement is closed in
the above sense. As the empty set and the entire space are open, to show that O
is indeed a topology on & 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. However, this can be established using exactly the same reasoning as in the
proof of Lemma 8.3.

We show next the third 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
inclusion X'(U¥_;S;) — (X,0) is an embedding. Since X(U¥_,S;) is a separable
Hausdorff space, for this it suffices to verify the following

Claim: Let & = ), af f C X(UE_|S;) be any sequence. Then & converges in

X(UF_|S;) to apoint ¢ =, b;¢; € X (U S;) if and only if & — ( in X.
Consider first a sequence & = Y, a{ ZJ C X(UE_,S;) which converges in the
space X(Ulesi) to ¢ = >, b0;(;. By reordering, assume that 1 < m < k is such
that b; > 0 if and only if # < m. Let 8 be a limit in the coarse Hausdorff topology
of a subsequence of the sequence of laminations & = U ; >0&7- By the definition of
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convergence in X' (U¥_,S;), up to reordering, we may assume that for some m < n <
k, we have = U;<,,3; where §; is a (not necessarily minimal and not necessarily
filling) geodesic lamination on the surface S;, and 5; = (; for 1 < i < 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 Sy
for £ > m.

Since &7 € X(UL,S;) for all j, we know that the projection prz,, _ g,& of
& to Z(Uij<mS;) is contained in X(U™,S;). Now by definition of the topology
on X(UF_,S;), the subset X' (U™ ,S;) is an embedded subspace of X (UF_,S;), and
the surfaces S; for ¢ > m are precisely those surfaces with the property that the
coeflicients ag of the components «Ef of ¢ in S; tend to zero as j — oo. Furthermore,
for i < m the coefficients a{ converge to b;. Thus an application of the first and

third requirement in the definition of convergent sequences for O shows that indeed,
& 5 CeX.

To summarize, we showed that a sequence &/ C X (U¥_,S;) which converges in
X(UF_|S;) to a limit point ¢ = >, b;¢; also converges in (X, O) to the same limit
point. To complete the proof of the claim, we have to show that a sequence in
X(UF_,S;) which converges in (X, O) to a limit point ¢ = >, b;¢; € X (UF_|S;) also
converges in X'(UX_, ;) to the same limit point. However, this can be established
with essentially the same argument and will be omitted. The third part of the
proposition follows.

Establishing the second property in the proposition is the most involved part
of the proof. Note first that each of the countably many embedded subspaces
X (UE_|S;) of X is a join of finitely many separable spaces and hence separable, and
their union is all of X. Thus it follows from the third property in the proposition
that the space (X, Q) is separable as well.

We show next that the topology O is Hausdorff. Thus let £ = >, a;& # ¢ =
Zj b;¢; € X. We have to show that £, ( have disjoint neighborhoods. If this is not
the case, then any neighborhoods U, of £ and U of ¢ intersect nontrivially. Since
X is separable, and since points in X are closed by construction, we conclude that
there is a sequence & C X which converges both to &,¢. 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.

For the completion of the proof of the third property in the proposition, we are
left with showing that the topological space (X, Q) is compact. As X is a separable
Hausdorff space, this is equivalent to being sequentially compact.

Thus let &7 = > ag 5{ C X be any sequence. We have to construct a convergent
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 éj = Ulff converge in the Hausdorff topology to a geodesic lamination
é with minimal components (1, ..., (k.
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Let S; C S be the subsurface of S filled by ;. Assume by passing to another sub-
sequence that for each component ¢; of ¢, either this component also is a component
of &7 for all j, or it is not a component of &7 for all j.

For some u < klet (3, ..., (, be those components of f which are also components
of & for all j. By reordering, we then can write

Za]Ci +Za€§€

>u

By convention, the label & 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 5] are constant along the sequence, and that the weights a] € (0, 1]
of the components §J converge to weights b; > 0. In particular, the sums 1— El <u @
converge to 1—Y", ., b; = k. If K = 0, then by the definition of convergent sequences
in X, the sequence &7 converges to Y, b,{f and we are done.

Now assume that x # 0 and hence )., af > 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 > w and for all j, the subsurface of S filled by &/ is disjoint from
the subsurfaces 51, ..., S, filled by the laminations (3, ..., (,. In other words, if we
denote by ¥y 41, ..., X, the components of §—U;<,S;, then for ¢ > u+1, each of the
laminations 55 , Ci is supported in U;>412;. Thus by the definition of the topology
on X and writing &/ = (30, alel) + Cisut1 al¢), viewed as points in the join
of two subspaces of X and similarly for {, we conclude that it suffices to construct
a convergent subsequence of a sequence & under the additional assumption that
for all j, no component &/ of éj coincides with a component of the limit é = U<k G
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 u < k such that for each ¢ < u and each j, the
geodesic lamination éj has a component ff which is supported in S; and fills S;.
Since éj converges as j — oo in the Hausdorff topology to a geodesic lamination
with minimal components (3, ..., (x, we conclude that for ¢ < u, the laminations fg
converge as j — oo in the coarse Hausdorff topology to (;. By passing to another
subsequence, we may assume that for each ¢ < u, the coefficients az converge as
Jj — 00 to a coefficient b;. As above, if ). b; = 1, then by the definition of a
convergent sequence in X, we know that &7 i >, bi¢; 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 éj which fills any of the subsurfaces S;. Then for
each 7, we can consider the subsurface projection prg, (éﬂ ) of fj into the surface S;.
Furthermore, by passing to another subsequence, we may assume that for all j and
all + < 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 éj . Put differently, we may assume that for each i and all
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J, the subsurface projection prg, (£7) of the lamination &/ 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 &7, if we denote

by z; the fixed basepoint in CG(S;), then we know that degs,)(prg, (§7), z;) — o0
(j — 0).

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

a] = deg(s,)(prs, (67), 1) > al = degs,)(prg, (€7), 2;)

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

We are left with showing that the mapping class group MCG acts on X as a
group of transformations. To this end observe first that by construction, MCG acts
on & as a group of bijections. 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 ¢ € MCG,
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 Si,..., Sk is a partition of S into disjoint subsur-
faces, then the same holds true for ¢(51),...,¢(Sk), and for any geodesic lamina-
tion v, we have pry,,,(s,)) (#(¥)) = @(Pry(u,s,)(¥)) up to replacing the basepoints
yi of CG(¢(Si)) by @(x:). As for all i, we have deg(p(s,)(Pre(s;) (&), p(xi)) =
deg(s;) (&, @) — oo (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 require-
ment. Thus indeed, MCG acts on X as a group of transformations. This completes
the proof of the proposition. O

Let us note another naturality property of the geometric boundary of MCG.
Namely, if Sp C S is any essential subsuface, then we can construct a geometric
boundary Xy for MCG(Sy). As a set, this is a subset of the geometric boundary of
S. The above construction immediately yields

Corollary 8.8. If Sy C S is any subsurface of S, then the geometric boundary of
MCG(Sy) is a closed subspace of the geometric boundary of MCG(S).
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In the remainder of this article, we show that the geometric boundary & is indeed
a small boundary for MCG. To this end recall that the mapping class group acts
properly and cocompactly on 77 . Thus to show that X" is a boundary for MCG it
suffices to construct a topology Oy on TT = TT U X with the following property.

(1) Oy restricts to the simplicial topology on TT and to the topology O on X.
(2) TT is compact. L
(3) The group MCG acts on TT as a group of transformations.

As before, we define a topology Op on TT U X by defining what it means for a
sequence (7;) C 7T to converge to a point ¢ =Y, b;(; € X. Namely, let VC(7) be
the set of all vertex cycles of 7, viewed as simple closed curves. Since 7 is complete,
for every vertex cycle v € VC(7) there exists a second vertex cycle w € VC(r)
which intersects v transversely. The number of intersection points between two
vertex cycles of a train track 7 is bounded from above independent of 7 and hence
the distance of their subsurface projections into any subsurface Sy of .S is uniformly
bounded as well provided these projections are non-empty. Note also that for any
subsurface Sy of S, there exists a vertex cycle v € VC(7) which intersects Sy. Thus
we can talk about the (coarsely well defined) subsurface projections of VC(7) into
So. We denote this projection by prg, (7).

As before, for a subsurface Sy of S let u(Sp) be a marking of Sy obtained by
projecting a fixed marking of S. This choice coarsely defines a basepoint in CG(Sy).

Definition 8.9. A sequence 7; C 7T converges to a point { =, a;& € X if and
only if the following holds true.

(1) Let v; € VC(7;) be an arbitrary vertex cycle. Then any limit of v; in the
Hausdorff topology is disjoint from f = U;&;-

(2) Let S; be the subsurface of S filled by &; and let U be any subsurface of
S disjoint from the surfaces S;. Then for each 4, the projections prg, (7;)
converge in CG(S;) to &. Furthermore, if z; is the basepoint in CG(S;) and
zy is the basepoint of CG(U) then we have

deg(s,) (Prs, (75): %) /deg(s,) (Prs, (75), 21) — ai/ay for all 4,
and deg) (pry (7)), 2v)/deg(s,) (prs, (75), 1) = 0.
We first observe that this notion of converge gives indeed rise to a topology on
TTUX.

Lemma 8.10. There exists a topology O on TT =TT UX with the property that
a set A CTT is closed for Oq if and only if the following holds true.

(1) ANTT is closed in TT, and AN X is closed in X.
(2) If , C ANTT converges in the above sense to a point & € X, then & € A.

Proof. The proof of completely analogous to the proof of Lemma 8.3 and will be
omitted. (I

The following is the main remaining step towards a proof of Theorem 2.
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Proposition 8.11. The topological space (TT,Op) has the following properties.
(1) TT is a compact separable Hausdﬂﬁ” space.
(2) The mapping class group acts on TT as a group of transformations.

Pmo@ is clearly separable since this holds true for X and 77. We show next
that 7T is a Hausdorff space.

Since 7T is open in 77T and a Hausdorff space, all we need to show is that two
points £ # n € X have disjoint neighborhoods. Now &, 7 have disjoint neighbor-
hoods in X and hence it suffices to show that the limit of any sequence 7; C TT
converging to a point in X is unique. But this is clear from the definitions.

We show next that 777 is compact. Since X is compact, for this it suffices to
show that any sequence 7; C 7T has a convergent subsequence.

If the sequence has a bounded subsequence in 77, then as 77 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 VC(;)
converge in the Hausdorff topology to a finite union of geodesic laminations. Note
that the number of such laminations is bounded from above by the maximal number
of vertex cycles of a train track 7 and hence this number is uniformly bounded.

Let (1,...,(s be those of the components of the 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. Furthermore, the subsurface projections to CG(S;) of the sets
VC(7;) converge as j — oo in CG(S;) to the lamination ¢; € OCG(S;). Since this
holds true for any sequence of subsurface projections of some choice of vertex cycle
of 7; provided that these projections are not empty, this implies that none of the
limits in the Hausdorff topology of any sequence of vertex cycles of 7; can intersect

Gi-

By a similar argument, if ¢; is a closed curve component, then we can consider
the subsurface projections of a vertex cycle of 7; to an annulus A(¢;) with core curve
(;- 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

G-

By reordering, let (1, ...,(x be the components of the limit laminations which
either are distinct from simple closed curves or which are labeled simple closed
curves. By the above discussion, we know that CA = UF_,¢ is a geodesic lami-
nation. Furthermore, we know that if S; is the subsurface of S filled by S; then
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deg(prg, (VC(74)), x;) — 0o where as before, z; € CG(S;) is a fixed basepoint for
CG(Si)-

By passing to a subsequence and reordering, we may assume that
deg(s,) (prs, (VG(75)), 71) = degs,)(prs, (VG(T5)), x:) + b

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

deg(s,) (Prs, (VG(7))), i) /deg(s,)(prs, (VG(7;)), x1) — bi < 1.
Define a; = bi/zj b; and let £ = Zle a;C;.

We claim that 7; — & € (TT,Op). 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; (i < k) such that for some subsequence, the subsurface projec-
tions of VC(7;) to U are unbounded, then the subsurface projections pry; (VC(7;))
converge up to passing to a subsequence in the Hausdorff topology to a lamination
which fills U, violating the choice of the laminations (;.

To summarize, we showed so far that 7T is a compact Hausdorff space. We are
left with showing that MCG acts on 77T as a group of transformations. However,
as MCG acts on 7T and on X as a group of transformations, and as the definition
of convergence which determines the topology O is natural with respect to the
action of MCG on subsurfaces and subsurface projections, this is indeed the case.
The proposition is proven. O

Theorem 8.12. X is a small boundary for MCG. A pseudo-Anosov mapping class
acts on X with north-south dynamics. In particular, the action of MCG on X is
strongly prozimal.

Proof. We showed so far that X defines a boundary of 77 and hence of MCG.
Furthermore, a pseudo-Anosov element acts on X with north-south dynamics and
hence the action of MCG on X is strongly proximal.

We are left with showing that the right action of MCG 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. [
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