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SUMMARY

We study random 3-manifolds, as introduced by Dunfield and Thurston,
from a geometric point of view. Within this framework, work of Maher
allows us to equip a typical random 3-manifold with a canonical geometric
structure, namely, a hyperbolic metric.

By Mostow rigidity, such metric is unique up to isometries and, hence,
we can attach to a random 3-manifold geometric invariants such as volume,
Laplace and length spectra, diameter.

Our goal is to develop tools to compute these invariants and, in general,
to get an effective and explicit description of the hyperbolic structure. More
precisely, in this thesis we obtain the following results:

(1) We compute the coarse growth rate of volume, diameter and spectral
gap for a typical family of random 3-manifolds.

(2) We show that the volumes of random 3-manifolds obey to a law of
large numbers.

(3) We find an explicit model manifold that captures, up to uniform
bilipschitz distortion, the geometry of a random 3-manifold.
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INTRODUCTION

GEOMETRY OF RANDOM 3-MANIFOLDS

The purpose of this work is to study random 3-manifolds, as introduced

by Dunfield and Thurston [15], from a geometric point of view!.

The notion of random 3-manifold that we use comes from the obser-
vation that certain families of closed orientable 3-manifolds are naturally
parametrized by diffeomorphisms of surfaces. We consider two examples:
Heegaard splittings and fibered 3-manifolds.

The first family consists of those 3-manifolds M with a Heegaard decom-
position of genus g > 2. This means that M is diffeomorphic a 3-manifold
M obtained by gluing together two copies of a handlebody H, of genus g
along a diffeomorphism f of their boundaries 0H, = X

My = HyUy.on,—om, Hy-

The second example is the family of 3-manifolds M that fiber over the circle
with a fiber 3 of genus ¢ > 2. In this case, M is diffeomorphic to the
mapping torus Ty of a diffeomorphism f of the fiber X

Tp:=3x[0,1]/(z,0) ~ (f(z),1).

The diffeomorphism type of the 3-manifolds M; and Ty only depends on the
isotopy class of f, which means that it is well-defined for the mapping class
[f] € Mod () := Diff*(X)/Diffy(X) in the mapping class group.

Following [15], we define a family of random Heegaard splittings, or ran-
dom 3-manifolds, as one of the form (M, )nen where (fn)nen is a random
walk on the mapping class group driven by some initial probability measure
p whose support is finite and generates Mod(3). We denote by P,, the dis-
tribution of the n-th step of the walk f,, and by P the distribution of the
sample path (fn)n€N~

Analogously, we can define families of random mapping tori (7', )nen.
The reason for comparing mapping tori and Heegaard splittings is that,
geometrically, they behave similarly in random families as we will see.

We focus now on random Heegaard splittings.

The original approach to random 3-manifolds by Dunfield and Thurston
was mostly topological and group theoretic. However, in their foundational
paper [15], they also considered the geometric side and made the following

LA list of references is provided at the end of each of the four parts of the thesis. The
references for the introduction are on page 21.
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CONJECTURE (Dunfield-Thurston, Conjecture 2.11 in [15]). A random 3-
mamnifold is hyperbolic and its volume grows linearly in the step of the walk.

We remark that the problem of finding hyperbolic structures on most
Heegaard splitting of a fixed genus g > 2 was originally raised by Thurston
(see Problem 24 in [31]). The introduction of the notion of random 3-
manifolds allows to make the statement of the problem more precise.

After Perelman’s solution of Thurston’s geometrization conjecture, the
only obstruction to the existence of a hyperbolic metric on M; can be
phrased in topological terms: A closed orientable 3-manifold is hyperbolic
if and only if it is irreducible and atoroidal. Mapping classes that are suf-
ficiently complicated in an appropriate sense (see Hempel [17]) give rise to
Heegaard splittings that satisfy these properties.

Relying on this criterion, Maher established the existence of a hyperbolic
metric on random 3-manifolds

Theorem (Maher [22]). A random 3-manifold is hyperbolic.

This is the starting point for our work. By Mostow rigidity, such a metric
is unique up to isometry, thus it makes sense to refine Dunfield and Thurston
question and study the growth of geometric invariants, such as volume,
diameter, length spectrum and eigenvalues of the Laplacian in families of
random 3-manifolds.

We will work towards this goal and develop a more constructive and effec-
tive approach to the hyperbolization of random 3-manifolds. In particular,
we give an answer to Dunfield and Thurston’s conjecture interpreting it in
a strict way.

We state informally our contribution

Theorem 1. There is an explicit, Ricci flow free, hyperbolization for ran-
dom 3-manifolds. Furthermore, the volumes of random 3-manifolds obey to
a law of large numbers.

We will formulate precise statements for the two parts of Theorem 1 only
later on (as Theorems 10 and 4).

By explicit Ricci flow free hyperbolization we mean that we construct the
hyperbolic metric by assembling simple pieces and that we only use tools
from the deformation theory of Kleinian groups. We use the model manifold
technology by Minsky [25] and Brock, Canary and Minsky [10], as well as
the effective version of Thurston’s Hyperbolic Dehn Surgery by Hodgson
and Kerckhoff [18] and Brock and Bromberg’s Drilling Theorem |8].

We remark that, even though we do not rely on Perelman’s geometriza-
tion, we do use the main result from Maher [22], namely, the fact that the
Hempel distance of the Heegaard splittings (see [17]) grows coarsely linearly
along the random walk.
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Our construction gives new and more refined information than the mere
existence of a hyperbolic metric. In fact, we also provide a model mani-
fold that captures, up to uniform bilipschitz distorsion, the geometry of the
random 3-manifold and allows the computation of its geometric invariants.

The additional structure that we get is the one of a e-model metric. We
describe it in the next pargraph.

A model metric. The existence of a hyperbolic metric does not guarantee
by itself much control on the invariants of a random 3-manifold such as
volume, Laplace and length spectra or diameter.

Following a strategy started by Minsky, Namazi, Brock and Souto [25],
[26], [27], [12], we first construct a much more controlled negatively curved
metric (M, p) which we can handle explicitly and then use it to understand
the underlying hyperbolic structure. The requirements we want to impose
are the following: There exists e < 1/2 such that (My, p) decomposes into
five pieces My = Hy U Qq UQ U Q2 U Hs satisfying

(1) Topologically, H; and Hs are homeomorphic to genus g handlebodies
while Q1, Q9 and @ are homeomorphic to ¥ x [1,2].

(2) Geometrically, p has negative curvature sec € (—1 —¢,—1 + ¢€), but
outside the region 2 = 21 U Q9 the metric is purely hyperbolic.

(3) Volume-wise, we have vol(Q) > (1 — €)vol(M).

(4) The piece @ is almost isometrically embeddable in a complete hy-
perbolic 3-manifold diffeomorphic to ¥ x R.

We call such a metric a e-model metric.

The importance of the last requirement resides in the fact that we un-
derstand explicitly hyperbolic 3-manifolds diffeomorphic to ¥ x R thanks to
the work of Minsky [25] and Brock, Canary and Minsky [10] which provides
a detailed combinatorial description of their internal geometry.

Our first result, which is joint work with Ursula Hamenstadt, is the fol-

lowing:
Theorem 2. For every 0 < e < 1/2 we have
P, [M; admits a e-model metric] "3 1.

Observe that Theorem 2 does not immediately provide an explicit relation
between the e-model metric and the underlying hyperbolic structure. How-
ever, the presence of a e-model metric gives a lot of mileage on the topology
and geometry of the 3-manifold as we will explain in a moment.

Before going on, we should mention that, using a result claimed by Tian
[32], the mere fact that a metric p is a e-model metric and that the region
Q where it is not hyperbolic has uniformly bounded diameter (as follows
from the proof of Theorem 2), implies, if € > 0 is sufficiently small, that p
is uniformly close up to third derivatives to a hyperbolic metric. However,
Tian’s result is not published and we do not rely on it.
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Volumes of random 3-manifolds. Our strategy for the computation of
the geometric invariants given the data of a e-model metric is simple to
explain. We first compute the invariant for the middle piece @ using the
model manifold technology [25], [10]. Then, we argue that the invariant of
(@ is uniformly comparable to the one of M in a random setting.

The first example we provide is a computation of the volume growth rate.
It is an immediate consequence of our construction, work of Besson, Courtois

and Gallot [4], and work of Brock [7].
Proposition 3. There exists a constant ¢ > 0 such that
P, [vol(My) € [n/ec, en]] "= 1.

The coarsely linear behaviour of the volume of a random Heegaard split-
ting follows from work by Maher [22] combined with an unpublished work
of Brock and Souto. We refer to the introduction of [22] for more details.
Here we give a different proof.

In the next result we refine the coarsely linear behaviour to a precise
asymptotic. As a consequence, we answer to Dunfield and Thurston volume
conjecture (Conjecture 2.11 in [15]) interpreting it in a strict way (see also
Conjecture 9.2 in Rivin [28]).

Here we work with a broader notion of random 3-manifolds: We con-
sider not only random Heegaard splittings but also random mapping tori.
We remark that, again, a result by Maher [21] combined with Thurston’s
Hyperbolization Theorem [30] ensures that a random mapping torus is hy-
perbolic.

Our result is the following law of large numbers for the volume of random
3-manifolds: Recall that p, the probability measure driving the random
walk, has a finite support which generates the mapping class group

Theorem 4. There exists v = v(p) > 0 such that for almost every (fn),cn
the following holds

lim 7\701 (Xf”) = .
n—o0 n

Here (X§,)nen is either the family of mapping tori (T, )nen or Heegaard
splittings (M, )nen-

We observe that the asymptotic is the same for both mapping tori and
Heegaard splittings.

We also stress the fact that the important part is the existence of an
exact asymptotic for the volume as the coarsely linear behaviour follows
from previous work. In the case of mapping tori, it is a consequence of work
of Brock [6], who proved that there exists a constant ¢(g) > 0 such that for
every pseudo-Anosov f

C(lg)dwp(f) < vol (Ty) < ¢(g)dwe(f)
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where dwp(f) is the Weil-Petersson translation length of f, and the theory
of random walks on weakly hyperbolic groups (see for example [24]) which
provides a linear asymptotic for dwp(f). As already mentioned, for the
Heegaard splitting case we refer to Maher [22] (or Proposition 3 for another
approach).

Theorem 4 will be derived from the more technical Theorem 5 concerning
quasi-fuchsian manifolds. We recall that a quasi-fuchsian manifold is a hy-
perbolic 3-manifold () homeomorphic to ¥ x R that has a compact subset,
the convez core CC(Q) C @, that contains all geodesics of @ joining two of its
points. The asymptotic geometry of ) is captured by two conformal classes
on X, i.e. two points in the Teichmiiller space 7 = T (X). Bers [3] showed
that for every ordered pair X,Y € T there exists a unique quasi-fuchsian
manifold, which we denote by Q(X,Y’), realizing those asymptotic data.

Theorem 5. There exists v = v(p) > 0 such that for every o € T and for
almost every (fn)nen the following limit exists:

i YOLCCQ0, £r0))) _

n—oo n

The relation between Theorem 4 and Theorem 5 is provided again by a
model manifold construction. For random 3-manifolds the heuristic picture
is the following: The geometry of X, largely resembles the geometry of the
convex core of Q(o, f0), more precisely, as far as the volume is concerned,
we have

[vol (X,) — vol (CC(Q(o, fr0))) | = o(n).

We now describe the basic ideas behind Theorem 3: Suppose that the
support of p equals a finite generating set S and consider f = s7...$p,
a long random word in the generators s; € S. It corresponds to a quasi-
fuchsian manifold Q(o, fo). Fix N large, and assume n = Nm for simplicity.
We can split f into smaller blocks of size N

f=0s1-..58) (SN(m—=1)+1"- - SNm)

which we also denote by h; := sjny1 - S(41)n. Each block corresponds to
a quasi-fuchsian manifold Q(o, hjo) as well. The main idea is that the geome-
try of the convex core CC(Q(o, fo)) can be roughly described by juxtaposing,
one after the other, the convex cores of the single blocks CC(Q(o, h;0)). In
particular, the volume vol(CC(Q(o, fo))) can be well approximated by the
ergodic sum

> vol(CC(Q(o, hjo)))
1<j<m
which converges in average by the Birkhoff ergodic theorem.

We will make this heuristic picture more accurate. Our three main in-
gredients are the model manifold, bridging between the geometry of the
Teichmiiller space 7 and the internal geometry of quasi-fuchsian manifolds
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[25],[10], a recurrence property for random walks [1] and the method of
natural maps from Besson, Courtois and Gallot [4].

As an application of the same techniques, along the way, we give another
proof of the following well-known result [19], [9] relating iterations of pseudo-
Anosovs, volumes of quasi-fuchsian manifolds and mapping tori

Proposition 6. Let ¢ be a pseudo-Anosov mapping class. For everyo € T
the following holds:

g YACCQLG0)
n—o00 n

Small eigenvalues of random 3-manifolds. So far, we did not need to
know much about how the e-model metric (M, p) relates to the underly-
ing hyperbolic structure (My, o). A careful inspection shows that we only
needed the fact that it almost computes its volume. The reason is that it is
easy to manipulate the volume with the tools provided by Besson, Courtois
and Gallot [4]. It is not straigthforward, instead, to use the same method
to manipulate other invariants. This is the source of some of the difficulties
we have to face next.

We now consider the spectral gap of the hyperbolic metric. This is a
geometric invariant which is more sensitive of the metric than the volume.
We recall that the spectral gap of (M, o) is the smallest positive eigenvalue
A1 (M, o) > 0 of the Beltrami-Laplace operator A, on functions.

Theorem 7. We have the following
e Spectral gap: There exists a constant ¢ = c¢(g) > 0 such that

P\ (M) < ¢/vol(M;)?] "=5 1.
o Injectivity radius: For every e > 0 we have
P, [inj(My) < e =3 1.

Theorem 7 is joint work with Ursula Hamenstadt and can be seen as a
direct analogue for Heegaard splittings of a result of Baik, Gekhtman and
Hamenstadt [1] for random mapping tori. In fact, we use Theorem 2 to
import the strategy of [1] to the Heegaard splitting setting. We remark that
the theorem holds also for the e-model metric. In that case the proof can
be copied almost word by word from [1].

This brings us to the main difficulty that we have to deal with which
is exactly the comparison between the e-model metric and the underlying
hyperbolic structure. We develop a comparison technique which is tailored
to the random 3-manifold setting. It is based on the method of natural maps
introduced by Besson, Courtois and Gallot [4].

Before illustrating our technique, we pause for a second for a couple of
comments on the qualitative and quantitative aspects of Theorem 7. The
first one is that Theorem 7 identifies the coarse decay rate for the spectral
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gap: Schoen [29] proved that there exists a universal constant a > 0 such
that for all closed hyperbolic 3-manifolds M we have

A (M) > a/vol(M)2.

In the opposite direction, it is not possible to expect any inequality of the
same form, that is independent of the genus g of a Heegaard splitting of M.
There are examples of sequences of manifolds (M,,),en with the property
that A\ (M) > ¢ for all n € N for some ¢ > 0 while vol(M,,) T oo (see for
example [13]).

The second remark is that the decay rate in Theorem 7 is the fastest
among all 3-manifolds with a Heegaard splitting of genus at most g as we
now explain. Keeping in consideration the Hegaard genus, it is possible to
give upper bounds on A;(M): Combining work of Buser [14] and Lackenby
[20], there exists a constant b(g) > 0 such that all closed hyperbolic 3-
manifolds M with Heegaard genus g also satisfy

AL(M) < b(g)/vol(M).

Moreover, the discrepancy between Schoen and the previous inequality is
inevitable: There are sequences of hyperbolic 3-manifolds (M,,),en with a
splitting of genus at most g and volume vol(M,,) 1 oo that roughly saturate
both sides of the inequalities. In particular, for every € > 0 there exists
g, C and sequences (M,,) for which the Heegaard genus is bounded by g and
A1 (M) > C/vol(M,)'*¢ (see for example [1]).

The last remark is that a result of White [36] says that, in the presence
of a uniform lower bound on the injectivity radius inj(M) > € > 0, the
range for the spectral gap behaviour is coarsely the one allowed by Schoen
inequality: There exists b(g, €) > 0 such that Ay (M) < b(g, €)/vol(M)?. The
second part of Theorem 7 shows that we cannot hope to apply White’s result
in our setting: A random 3-manifold develops many thin parts.

We now briefly describe the main tool that we develop to compare the
e-model metric (My, p) to the hyperbolic structure (My, o). Our technique
relies on a local analysis of Besson, Courtois and Gallot natural maps.

Given two negatively curved metrics p and o on M, one can produce a
one-parameter family of natural maps {F. : (M,p) — (M, 0)}ce(qp) Which
are homotopic to the identity and enjoy the following geometric properties

(i) They do not increase the volume, meaning that Jac(F;) < c.

(ii) At points where they are almost volume preserving, that is where
Jac(F,) is large enough, they are also almost isometric, that is dF,
is close to an isometry.

(iii) On uniform neighbourhoods of those points the map is also uniformly
Lipschitz.

The range (a,b) in which we can choose ¢ is determined by the curvature of
p and o. For an e-model metric and a hyperbolic metric, ¢ can be chosen
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very close to 1. In particular
vol(My, p)/vol(My, o) =14 o(e).

This implies that, in our case, the natural maps are forced to be almost
volume preserving, and hence almost isometric, on large portions on M.

Combining with the explicit description of the e-model metric (M, p) we
are able to deduce some useful information on the geometry of the hyperbolic
structure (My, o).

The idea is the following: Fix a compact 3-manifold with boundary U
endowed with some fixed metric. We call such an object a geometric block.
The prototypical example for us will be and a fundamental portion of a
hyperbolic mapping torus 7', that is U = Ty — X where X C T is a standard
fiber with controlled geometry. Fix also a small number « € (0, 1).

Suppose that we can find pairwise disjoint isometric copies Uy, - -+ , Uy of
U isometrically embedded in the e-model metric (M, p) so that they eat a
definite proportion of the volume

vol |_|Uj > avol(My, p).
J<k

Since we also have vol(My, p)/vol(My,0) = 14o0(e€), if € > 0 is small enough
compared to o, then any natural map F, : (My,p) — (My,0) with ¢ ~ 1
must be almost volume preserving and, hence, locally almost isometric at
some points in at least half of the components U;. For each of these compo-
nents, such local control can be upgraded to an almost isometric embedding
of U; by standard arguments of [4]. So we find many copies of U uniformly
embedded also in (Mg, o).

Ergodicity of a random walk [1] and the model manifold technology [25],
[10] are the two main tools for finding such collections of blocks in the
e-model metric and hence ensure the presence of such blocks also in the
hyperbolic metric. Having enough geometric blocks allows us to use the same
arguments of [1] and get the upper bound for the spectral gap A (My,0).

A particularly careful choice of blocks also gives us the following two con-
sequences: As the middle piece () has many short curves, we immediately see
that the injectivity radius inj(Mjy,) drops to 0 almost surely. This provides
a proof for the second assertion in Theorem 7.

In the opposite direction, we also see larger and larger geometric blocks
where the injectivity radius is uniformly bounded from below. Hence, we
can also choose basepoints x, € Mj, such that the sequence (Mj,,xy)
converges geometrically to a doubly degenerate structure QQo, on 3 x R with
inj(Qs) > 0, i.e. Qoo has bounded geometry.

Commensurability and arithmeticity. The fact that the injectivity ra-
dius can be made arbitrarily small and still we can choose basepoints so
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that the sequence of random 3-manifolds converges to a doubly degenerate
structure with bounded geometry has the following consequence:

Proposition 8. For P-almost every (fn)nen the following holds

(1) There are at most finitely many 3-manifolds in the family (Mg, )nen
that are arithmetic.

(2) There are at most finitely many 3-manifolds in the family (Mg, )nen
that are in the same commensurability class.

The arguments for the proof of Proposition 8 are mostly borrowed from
Biringer and Souto [5].

We observe that Dunfield and Thurston, using a simple homology com-
putation have shown in [15] that their notion of random 3-manifold is not
biased towards a certain fixed set of 3-manifolds. This means that for every
fixed 3-manifold M, only finitely many elements in the family (M, )nen can
be diffeomorphic to M. Proposition 8 can be seen as a strengthening of
their conclusions. It shows that the notion of random 3-manifolds is also
not biased towards the class of arithmetic hyperbolic 3-manifolds and to the
class of 3-manifolds which are commensurable to a fixed 3-manifold M.

Constuction of model metrics. Having discussed some consequences of
Theorem 2, we now illustrate what goes into its proof.

The construction is somehow implicit in the description of a e-model
metric (My,p). Recall that such a Riemannian manifold decomposes as
My = HyUQUQ U U Hy and that its restriction to Hy,Q and Hp is
purely hyperbolic. We think of €21, {2s as the collar structure of the three
larger pieces Ny = H1UQ;, Ny = QsUH> and Q = Q;UQUS,. Topologically,
they are two handlebodies and one I-bundle.

The idea is to find, on each of the three topological pieces N1, Ny and Q, a
Riemannian metric which is purely hyperbolic in the interior and such that
the geometry of large collars of ON; and ONy almost isometrically match
the geometry of the collar of the corresponding boundary component of
0Q. Moreover, we want to keep the size of the collars and the volumes
under control. If we can do so, then we can patch together the Riemannian
metrics and obtain a e-model metric on Mjy.

Such constructions are available in the literature (see [26], [27], [12], [11]),
however we have to deal with one major difficulty, namely the fact that there
is no a priori control on the thick-thin decomposition of M. This piece of
information is implicitly assumed in the works mentioned above.

We will describe a route to overcome this issue that follows closely [12].

The geometric building blocks Ny, Ny and Q for the e-model metric on My
are portions of the convex cores of conver cocompact complete hyperbolic
structures on Hy and ¥, x [1, 2] respectively.

Notice that the gluing construction only requires a uniform control on the
geometry near the boundaries of the blocks. The model manifold technology
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developed by Minsky [25] and Brock, Canary and Minsky [10] provides such
a control for Q. The same is not available in full generalities for N1, Ny and
this is the main challenge in pursuing the gluing strategy that we described.

We supply a uniform model for the collar geometry of ON; and ONy by
slightly generalizing works of Brock, Minsky, Namazi and Souto [26], [12].
This is our main contribution here. In particular, we find conditions so
that we can make sure that those collars are geometrically very close to a
quasi-fuchsian hyperbolic structure on ¥ x [1, 2].

To this extent, we introduce a condition of relative R-relative bounded
combinatorics and large height for geometrically finite structures on handle-
bodies. It differs from the R-bounded combinatorics condition of [26] and
[12] only because it is a local condition.

Theorem 9. For every R > 0 and € > 0 there exists h = h(R,€) > 0 such
that if My has relative R-bounded combinatorics and height at least h then
the Heegaard splitting My admits a e-model metric.

Compared to [26], [12], the main novelty is that we allow a non trivial
thick-thin decomposition and require only a local control.

Ergodicity of the random walk implies that the condition of having R-
relative bounded combinatorics is generic, so the previous discussion is ap-
plicable to random 3-manifolds.

We also remark that, in the random setting, it follows from the construc-
tion that the middle piece Q closely resembles a large portion of the convex
core of the quasi-fuchsian manifold Q(o, fo) where o € T is a base point
carefully fixed once and for all.

Hyperbolization and uniform models. Up to now, the existence of a
hyperbolic structure was guaranteed by Maher’s theorem which rests upon
the solution of the geometrization conjecture by Perelman.

We now describe a constructive proof of Maher’s result that bypasses the
use of Ricci flow with surgery.

Given the amount of information that can be extracted from the model
manifold technology, it is desirable, for random 3-manifolds, to have not
only a hyperbolic metric, but also a uniform bilipschitz model for it with
the structure of a e-model metric. This is indeed the case: We have the
following effective version of Theorem 1

Theorem 10. For every 0 < e < 1/2 and K > 1 we have
IP,,[M; has a hyperbolic metric K-bilipschitz to a e-model metric] .

Our methods follow closely [12] and [11] where uniform e-model metrics
are constructed for special classes of 3-manifolds.

The idea is the following: We can obtain a hyperbolic metric on My by a
hyperbolic cone manifold deformation from a finite volume drilled manifold
M which has the following form: Let ¥ x [1, 4] be a tubular neighbourhood
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of ¥ C My. We consider 3-manifolds
MZMf-(Pl X {1}UP2 X {2}UP3 X {3}UP4 X {4})

where P; is a pants decomposition of the surface ¥ x {j}. A finite volume
hyperbolic metric on such a manifold can be constructed explicitly by gluing
together the convex cores of two mazimally cusped handlebodies Hy, Ho and
three mazimally cusped I-bundles 21, Q, o.

M=H UQUQUSQs U Hs.

Most of our work consists of finding suitable pants decompositions for which
the Dehn surgery slopes needed to pass from M to M; satisfy the assump-
tions of the effective Hyperbolic Dehn Surgery Theorem [18]. In order to
find them we crucially need two major tools: The work of [16] on the geom-
etry of hyperbolic handlebodies and ergodic properties of the random walks
proved by Baik, Gekhtman and Hamenstadt [1].

In order to provide a uniform bilipschitz control we exploit, instead, er-
godic properties of the random walk and drilling and filling theorems by
Hodgson and Kerckhoff [18] and Brock and Bromberg [8].

In the next paragraphs we present two further geometric applications that
use the control given by Theorem 10.

Diameter growth. As a first application we compute the coarse growth
rate of the diameter of random 3-manifolds.

Proposition 11. There exists ¢ > 0 such that

n—oo

P, [diam(My) € [n/c,cn]] — 1.

The coarsely linear upper bound follows from a theorem by White [35]
relating the diameter to the presentation length of wi(My). It is not dif-
ficult to see that the latter grows at most linearly in a family of random
3-manifolds. The lower bound comes from the e-model metric structure.

Geometric limits. We have already established that it is possible to obtain
a doubly degenerate structure on ¥ x R with bounded geometry as a limit,
in the pointed geometric topology (see Chapter E.1 of [2]), of a sequence of
random 3-manifolds.

Using Theorem 10, it is possible to show that, in fact, it is possible to
deform a sequence of random 3-manifolds towards any pointed doubly de-
generate structure on 3 x R. This is the content of the next proposition

Proposition 12. For every ¢ pseudo-Anosov with associated hyperbolic
mapping torus Ty and for P-almost every (fn)nen there exists a sequence
of base points x,, € My, such that the sequence (My, ,xy) converges geomet-
rically to the infinite cyclic covering of Tj.
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The family of infinite cyclic coverings of hyperbolic mapping tori is dense
in the space of doubly degenerate structures endowed with the pointed geo-
metric topology. This follows from two facts: The first one is that the subset
of PML x PML consisting of the pairs (A~ (¢), AT(4)) of repelling and at-
tracting fixed points of pseudo-Anosov elements ¢ is dense. The second
one is Thurston’s Double Limit Theorem [30] combined with the Ending
Lamination Theorem [25], [10].

A larger class of random walks. We conclude by just adding a couple
of words on the assumptions on the probability measure u that drives the
random walk.

We recall that we only considered probability measures whose finite sup-
port generates the entire mapping class group. These assumptions can be
considerably weakened and still obtain model metrics and convergence re-
sults as in Theorems 2, 4 and 5 but we have to distinguish between mapping
tori and Heegaard splittings.

In the mapping torus case (and also in Theorem 5), it is enough that
the subgroup generated by the support of u contains two pseudo-Anosov
elements that act as independent loxodromics on the curve graph. In the
Heegaard splitting case, we further require that the two pseudo-Anosov el-
ements act as independent loxodromics also on the handlebody graph. We
refer to Maher and Tiozzo [24] and Maher and Schleimer [23] for more de-
tails on random walks on these spaces. In such higher generalities the proofs
will be word by word the same, no change is needed.

Outline. This thesis is divided into three parts.

The first part contains the article Small eigenvalues of random 3-manifolds
[16] in which the existence of an e-model metric is established as in Theo-
rem 2 and Theorem 9 and then used to control the first positive eigenvalue
of the Laplacian as stated in Theorem 7. This is joint work with Ursula
Hamenstéadt.

The second part corresponds to the article Volumes of random 3-manifolds
[33] where we prove a law of large numbers for the volumes of a family of
random 3-manifolds. The results discussed in this part are Theorem 4,
Theorem 5 and Proposition 6.

The last chapter is the article Uniform models for random 3-manifolds
[34]. There, we produce hyperbolic metrics uniformly bilipschitz to e-model
metrics on random Heegaard splittings (as in Theorems 1 and 10). As an
application, we coarsely identify, in Proposition 11, the coarse growth rate
of the diameter of random 3-manifolds. We also prove Proposition 8 about
arithmeticity and commensurability classes of random 3-manifold.

The three different parts are presented in their preprint form. As such,
they are as self-contained and as independent of each other as possible.
Their conclusions and ideas are discussed organically in the introduction.
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SMALL EIGENVALUES OF RANDOM 3-MANIFOLDS
URSULA HAMENSTADT AND GABRIELE VIAGGI

ABSTRACT. We show that for every g > 2 there exists a number ¢ =
¢(g) > 0 such that the smallest positive eigenvalue of a random closed
3-manifold M of Heegaard genus g is at most c(g)/vol(M)?.

1. INTRODUCTION

By celebrated work of Perelman, any closed oriented aspherical atoroidal
3-manifold admits a hyperbolic metric, and such a metric is unique by
Mostow rigidity'. In recent years, there was considerable progress in the
understanding of the relation between geometric and topological invariants
of such a manifold. The program to construct an explicit combinatorial
model which describes the geometry up to uniform quasi-isometry turned
out to be particularly fruitful [40, 10, 11], but it is far from completed.

The main purpose of this article is obtain an understanding of geometric
and topological invariants for random hyperbolic 3-manifolds in the sense of
Dunfield and Thurston [16]. Namely, fix a genus g > 2. A closed 3-manifold
of Heegaard genus at most g can be obtained by gluing two handlebodies
of genus g along the boundary with a diffeomorphism ¢. The resulting 3-
manifold M only depends on the isotopy class of ¢, and it is aspherical
atoroidal and hence hyperbolic if ¢ is sufficiently complicated. Thus hyper-
bolic 3-manifolds of Heegaard genus g correspond to suitable elements of the
mapping class group Mod(X) of the boundary surface ¥ of a handlebody of
genus ¢ (in fact, they correspond to double cosets in this group, see [16]).

Now let us choose a symmetric probability measure on Mod(X) whose
finite support generates Mod(X). This measure generates a random walk
on Mod(X), and hence it induces a notion of a random 3-manifold, glued
from two handlebodies with a random gluing map. A random 3-manifold is
hyperbolic [16] and hence we can study the behavior of geometric invariants
of such random hyperbolic 3-manifolds M.

Our main technical result (Theorem 6.7) constructs for a 3-manifold ob-
tained from a gluing map with some additional properties a Riemannian
metric of sectional curvature close to —1 everywhere and different from
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—1 only in geometrically controlled regions where the injectivity radius is
bounded from below by a universal constant. These constraints are fulfilled
for random gluing maps.

We use this construction to obtain information on the spectrum of the
Laplacian of a random hyperbolic 3-manifold M. List the eigenvalues as
0= XM) < AM(M) < (M) <X(M) < ..., with each eigenvalue re-
peated according to its multiplicity. By [44] and [21], there exists a universal
constant y > 0 such that
X
A(M) 2 vol(M)?
for every closed hyperbolic 3-manifold M. Manifolds which fibre over the
circle provide examples for which these estimates are essentially sharp. We
refer to the introduction of [1] for a more comprehensive discussion.

On the other hand, it follows from the work of Buser [12] and Lackenby

[26] that there exists a number b(g) > 0 such that for a hyperbolic 3-manifold
M of Heegaard genus g, there is a bound

and Ayol(an) /(M) > X

b(g)
M(M) < :
1(M) < vol(M)
Hyperbolic 3-manifolds constructed from expander graphs have arbitrarily
large volume, yet their smallest positive eigenvalue is bounded from below by
a universal constant. Hence in this estimate, the dependence of the constant
b(g) on the Heegaard genus g can not be avoided.

Under geometric constraints, one obtains better estimates. White [49]
showed that there is a number a(g) > 0 such that A\; (M) < a(g)/vol(M)? if
M is of Heegaard genus g and the injectivity radius of M is bounded from
below by universal constant. The same holds true for random hyperbolic
3-manifolds which fibre over the circle, with fibre genus g [1].

Using the model metric for random hyperbolic 3-manifolds as our main
tool we show.

Theorem 1. For every g > 2 there exists a number ¢(g) > 1 such that

c(9)
AM(M) < ol(M)? and Ayol(ar)/e(g) (M) < c(g)

for a random hyperbolic 3-manifold of Heegaard genus g.

Here the upper bound for Ayq1(ar)/c(g) (M) is a straightforward consequence
of domain monotonicity with Dirichlet boundary conditions. For the upper
bound for A1 (M), we expect that the dependence of the constant ¢(g) on g
can not be avoided.

Strategy of the proof. As mentioned above, our main technical result is
Theorem 6.7 which provides of an explicit Riemannian metric of curvature
close to —1 on a 3-manifold of Heegaard genus g with some constraints on
the gluing map. Constructions of geometrically controlled model metrics



SMALL EIGENVALUES OF RANDOM 3-MANIFOLDS 25

appear frequently in the literature, for example as a main tool in [42] and
in [41]. For doubly degenerate hyperbolic 3-manifolds whose fundamental
group is isomorphic to the fundamental group of a closed surface, there is
a completely explicit combinatorial model for the geometry [40, 10]. More
recently these results were used to describe explicitly the geometry of hy-
perbolic 3-manifolds with a lower bound on the injectivity radius and some
topological constraints [11].

We can not apply the constructions in [11] as there are no lower bounds
for the injectivity radius of a random hyperbolic 3-manifold M. Instead we
use properties of the random walk to locate regions in a random 3-manifold
which are diffeomorphic to a trivial I-bundle over a closed surface and such
that a combinatorial model would predict a uniform lower bound on the
injectivity radius in those regions. This is the constraint on the gluing map
required in Theorem 6.7. The model metric is then constructed by cutting
M open at two such regions and by using information on suitable model
metrics for the pieces.

For random hyperbolic 3-manifolds M, we find that the spectrum of the
model metric fulfills the properties stated in Theorem 1.

The last step consists in comparing the model metric on M and the hyper-
bolic metric. A result of Tian [47] implies that the model metric is C?-close
to the hyperbolic metric. As this work is neither published nor available in
electronic form, we prove a weak substitute which is sufficient for the proof
of Theorem 1. Our argument is based on the methods introduced in [4].

Organization of the article. In Section 2 we collect some properties of the
pointed geometric topology for 3-dimensional Riemannian manifolds which
are used later on.

In Section 3 we introduce a relative version of bounded combinatorics
and set up sufficient conditions for the construction of a model metric. This
construction depends on the existence of large thick collars, a property which
is introduced in Section 4.

Sections 5 and 6 are devoted to the proof of Theorem 6.7 which provides
a model metric for a hyperbolic 3-manifold of fixed Heegaard genus with
some additional properties. In Section 7 we show that random hyperbolic
3-manifolds have the properties required in Section 6, and in Section 8 we
relate the model metric to the hyperbolic metric using tools from [4]. The
information on the hyperbolic metric we obtain then leads to Theorem 1.

2. HYPERBOLIC STRUCTURES ON HANDLEBODIES

The goal of this section is to collect some results from the deformation
theory of convex cocompact hyperbolic metrics on handlebodies in the form
used later on. We also introduce some notations which are used throughout
the article.
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We begin with making precise what we understand by looking at a convex
cocompact hyperbolic handlebody from the point of view of the boundary
of the convex core. We give a quantitative description of the notion of a
large collar with bounded geometry (a large-thick collar). As a preparation
for Section 4, we describe some basic general compactness properties of the
geometric topology.

Fix, once and for all, a genus g > 2. Let H be a handlebody of genus
g, with boundary surface > := 0H. We fix on H an orientation, and we
coherently orient ¥ as the boundary of H.

A marked hyperbolic structure on the handlebody H is a quotient N =
H3/T of hyperbolic 3-space by a discrete free subgroup I' < PSLs (C) =
Isom™ (H?), together with a homeomorphism (the marking) ¢ : int (H) —
N. We say that the marked structures ¢ : int () — N and ¢ : int (H) —
N’ are equivalent if there exists an isometry f : N — N’ such that fo ¢ is
isotopic to .

2.1. Parametrization of marked convex cocompact structures. We
denote by 7 = T(X) the Teichmiller space of marked hyperbolic metrics
on ¥, and by M = M(X) = Mod(X)\7 (X) the moduli space of hyperbolic
metrics on .

By classical results due to Bers, Kra, Maskit, Sullivan and others, so-
called convexr cocompact hyperbolic structures on the handlebody H are
parametrized by a parameter that lies in the Teichmiiller space 7 of the
boundary surface.

Namely, let N = H?/T be a hyperbolic structure on H. Associated to
I' we have the limit set A C OH? which consists of the points at infinity
of a I'—orbit closure, and the domain of discontinuity Qr = OH? — A, the
complement of the limit set. The group I', isomorphic to a free group F, of
rank g, acts freely and properly discontinuously both on the convex hull of
the limit set CH(A) C H? and on the domain of discontinuity Qr C OH3. In
the remainder of this section we will always assume that Qr # (.

The quotient

is the convexr core of N. It is a convex topological submanifold of N, pos-
sibly with boundary. The manifold N is called conver cocompact if CC(N)
is compact. The complement N — CC(N) is naturally homeomorphic to
OCC(N) x (0,00).

The quotient 9.N := Qp/T" is the (unmarked) conformal boundary of N
(we can think of it as a point in moduli space). As N is convex cocompact,
0.N is homeomorphic to the closed surface > = 0H. The conformal bound-
ary is equipped with a natural conformal structure and hence a hyperbolic
metric (which we refer to as the Poincaré metric) coming from the fact that
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I" acts via Mobius transformations on OH?. The quotient
N=H*uUQp/T = NUJ.N

gives a natural compactification of V.

Using a marking ¢ : int (H) — N, the isotopy class of the inclusion of
the boundary ¥ := JH — H determines an isotopy class of an embedding
> — N. We use this isotopy class to give a marking to the conformal
boundary 0.N and to the boundary of the convex core ACC(N).

In this terminology, Bers parametrization can be stated as follows: Equiv-
alence classes of marked convex cocompact structures are parametrized by
the marked conformal boundary. Given a marked conformal boundary
X € T, we denote by H(X) the corresponding marked convex cocompact
hyperbolic handlebody.

2.2. The boundary of the convex core. As before, let N = H/T" be a
convex cocompact hyperbolic structure on H. Then the boundary OCC(N) C
N of the convex core is an embedded pleated surface.

DEFINITION (Pleated Surface, Thurston [46]). Let M be a hyperbolic 3-ma-
nifold and let us fix a homotopy class of maps j : ¥ — M. A pleated surface
in the homotopy class of j consists of the following data:

e A hyperbolic metric o on X.

e A path-isometry f : (3,0) — M homotopic to j such that every
point x € ¥ is contained in a geodesic segment which is mapped to
a geodesic in M.

Associated to every pleated map f : (X,0) — M there is a geodesic
lamination A C X, called the pleating locus with the following property.
Every leaf of A is mapped to a geodesic by f, and the restriction of f to
every component of X — A, is a locally isometric immersion. We say that f
realizes A C ¥ in M within the homotopy class j. For more on laminations
and pleated surfaces we refer the reader to Chapter 1.5 of [15].

There is a natural nearest point retraction (see Chapter I1.1.3 of [15]) from
the conformal boundary to the boundary of the convex core r : 9.N —
OCC(N). With respect to the induced markings on the conformal boundary
and on the boundary of the convex core, r lies in the homotopy class of the
identity.

The following result of Bridgeman and Canary provides control of the
boundary of the convex core when we have a good understanding of the
geometry of the conformal boundary:

THEOREM 2.1 (Bridgeman-Canary, [8]). There are maps J,G : (0,00) —
(1,00) such that the following holds: Let T' < PSLy (C) be a finitely gener-
ated, non-elementary, torsion free Kleinian group. Suppose that the length,
measured with respect to the Poincaré metric, of every curve in the confor-
mal boundary Qr /T which is compressible in the 3-manifold (H? U Qp) /T
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is bounded from below by p > 0. Then the nearest point retraction from the
conformal boundary to the boundary of the convex core is J(p)— Lipschitz
and admits a G(p)—Lipschitz homotopy inverse.

2.3. Limits of hyperbolic manifolds. Let us choose for every (marked)
convex cocompact structure on the handlebody H a basepoint 2z € OCC(N)
on the boundary of the convex core. We then can talk about a marked
pointed convex cocompact handlebody.

DEFINITION (Geometric Convergence). A sequence {(M,, my,)}, ey of poin-
ted hyperbolic 3-manifolds is said to converge in the pointed geometric topol-
ogy to a pointed hyperbolic 3-manifold (My,, mso) if the following condi-
tions are satisfied. For every R > 0,£ > 0 there are numbers n(R,§) > 0,
and for every n > n(R,§) there exists a map (the approximating map)
k:U, C My, — M, such that

e k is defined on the ball By (muo, R) of radius R centered at the
basepoint mq, of My, and sends this basepoint to the base point of
M,.

e the restriction of k& to the ball By (meo, &) is &-close to an isome-
try in the C%-topology: The metric tensor ps, of My, and the pull-
back k*p, by k of the metric tensor p, of M, are &-close in the
C%-mnorm on 2—tensors on the ball By (Mmoo, %) which we denote

by [[E*pn = poollez b (..., )

To be more precise, let V*° be the Levi-Civita connection for po,. Define

Hk*pn - POOHCQ,B (Mmoo, B) = Hk*pn - pooHCO,B (mes, &)
HIVEE u)llco b (o, 2) T IIVVT (R )l co 5

R\ -
Moo, 5 mx’?)

We then say that the restriction of k to B(meo, R/2) is {-almost isometric.

Note that this definition of geometric convergences is slightly more re-
strictive than what is found in the literature (see e.g. Chapter E of [2]). We
shall make use of the following compactness result for geometric convergence
(Theorem E.1.10 of [2]).

THEOREM 2.2. Suppose that {(My, m,)}, oy i5 a sequence of pointed hyper-
bolic 3-manifolds such that there is a uniform positive lower bound n > 0 on
the injectivity radius at the base points m,. Then there exists a subsequence
that converges in the geometric topology to a pointed hyperbolic 3-manifold
(Moo, moo).

We observe next that in combination with Margulis” Lemma (see e.g. [2]),
Theorem 2.1 implies that if the conformal boundary of a convex cocompact
hyperbolic structure N on a handlebody H is e-thick in the Poincaré metric
(i.e. its injectivity radius is at least €), then there is a uniform lower bound,
only depending on € > 0 and g = g(X), on the injectivity radius of N at
points that are close to the boundary of the convex core CC(N). This enables
us to take geometric limits.
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For the formulation of this fact, for sufficiently small ¢ > 0 we denote by
Te C T the subset of Teichmiiller space of all marked hyperbolic metrics on X
with injectivity radius at least €, and we let M, = Mod(X)\7¢ be the e-thick
part of moduli space. Furthermore, let inj,(N) be the injectivity radius of
a hyperbolic manifold N at the point =, and let inj(N) = inf,{inj,(N) | x €
N} the global injectivity radius of N.

LEMMA 2.3. For every € > 0 and g > 2 there exists n = n(e,g) > 0 such
that the following holds: Let N be a convex cocompact hyperbolic structure

on H. If O.N € M. then inf,cpce(n) {inj,(V)} > 7.
In the proof and in the sequel we use the following notations:

Notation. If X is a hyperbolic surface and v : S' — X is
a smooth closed curve, then we denote by L(+y) the length of
v, and by Lx(7) the length of the geodesic representative of
~v on X. For a curve 7 in a hyperbolic 3-manifold M we use
the notation /() and /() for the analogous quantities.

Proof. By Theorem 2.1, we have that every simple closed curve on the
boundary of the convex core v C dCC(N) has length (with respect to the
induced hyperbolic metric)

Lacenvy(7) = GEE)LBCN(’Y) > GQ(EG)

as inj(d.N) > e.

Hyperbolic trigonometry shows that there exists a uniform upper bound
for the diameter of OCC(N) in the intrinsic metric, say diam 0CC(N) < D
where D = D(e, g) only depends on € > 0 and g > 2. Since the inclusion
OCC(N) C N is 1—Lipschitz by definition of the intrinsic path-metric, we
have the same control on the diameter when we compute distances in N.

Let €3 > 0 be a Margulis constant for hyperbolic manifolds in dimension
2 and 3. By Margulis’ Lemma, for some small number p < e3 the p—thin
part N, = N —{z € N |inj,N > p} of N is a disjoint union of Mar-
gulis tubes, i.e. metric tubular neighbourhoods of simple closed geodesics of
length smaller than p.

Having bounded diameter and carrying all the information about the
fundamental group of H, the surface CC(N) cannot penetrate deeply into
a Margulis tube. Namely, let v C N be the core geodesic of the p-Margulis
tube containing x € OCC(N). Standard hyperbolic geometry yields that the
distance between the boundary of the p—Margulis tube and the boundary
of the es—Margulis tube of v grows to co as p approaches 0. In particular, if
p is sufficiently small then by the diameter bound for OCC(N), this surface
is entirely contained in the es-Margulis tube. This contradicts the fact that
the inclusion OCC(N) < N is m—surjective. Hence the injectivity radius
of N at points in JCC(N) is bounded from below by a universal positive
constant. (|
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By Lemma 2.3 and compactness of pleated surfaces (see section 1.5.2 of
[15], in particular Theorem 1.5.2.2), given a sequence of triples

{(Nnvjn Xpn CM— 8CC(NTL)7xTL)}nEN

consisting of convex-cocompact hyperbolic structures, corresponding (plea-
ted surface parametrizations of the) boundaries of the convex cores and
basepoints such that the conformal boundary is e-thick, we can always ex-
tract a subsequence (say the whole sequence) that converges in the geometric
topology to a triple (Noo, joo @ Xoo = Noo, o), consisting of a hyperbolic 3-
manifold, a pleated surface and a common basepoint, in the following sense:

e The sequence of pointed 3-manifolds (IV,,, z,,) converges to (Nog, o).

e The sequence of pointed hyperbolic surfaces (OCC(N,,), z,,) converges
to the pointed hyperbolic surface (X, Too). Observe that, by The-
orem 2.1, OCC(N,) has a uniform lower bound on the injectivity
radius and a uniform upper bound on the diameter. In particular,
the surfaces X,, are contained in a compact subset of moduli space,
and the surface X € M is an accumulation point of the sequence
(X,). In particular, it shares the same uniform bounds on the injec-
tivity radius and the diameter.

e The pleated surface embeddings dCC(N,,) < N,,, which we denote
by jn, converge to a pleated surface jo : Xoo — Noo. The diagram
where all the maps respect the basepoints, and the vertical arrows
are the approximating maps provided by the geometric convergence,

BCC(N,) — s N,

N,
g T
Xoo — Ny

Joo

commutes up to local (pointed) homotopies, i.e. those homotopies
that respect the base points and take place in small neighbourhoods
of the images of the pleated surfaces.

e Lastly, we also recall that CC(N,,) and X, come together with a
marking (as in the definition of pleated surface), i.e. they are isomet-
rically identified with (E,aaCC(Nn)) and (3,0). These markings
consist of collections of curves whose lengths are uniformly bounded
for the induced hyperbolic metrics. We can assume that the composi-
tion of the identification (X, Tacc( Nn)) ~ JCC(N,,) with the inclusion
in N, is isotopic to the marking of N,, and that the marked (and
hence parametrized) pleated surfaces converge.
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3. RELATIVE BOUNDED COMBINATORICS

Bounded combinatorics is a combinatorial condition which translates into
explicit geometric control of the hyperbolic metric on the convex cocompact
handlebody near the boundary of its convex core.

Relative versions of bounded combinatorics were introduced in [41], [42]
and [11]. We are interested in bounded combinatorics relative to a decorated
handlebody H, where the decoration is either a marking p on OH or a point
X € T, which we can think of as a “fixed convex cocompact structure” on
H. We recall that, if X € T, then the geometric realization H(X) is the
convex cocompact handlebody whose marked conformal boundary equals
X.

Following ideas of Minsky [40] and of Brock-Canary-Minsky [10], our goal
is to construct for a random 3-manifold M a model metric which is close
to the hyperbolic metric and such that on a submanifold My of M whose
volume is bigger than a definite proportion of the volume of M, this metric
can explicitly be described.

Our construction is a variation of earlier constructions of [41], [42] and
[11]. Namely, we glue the model metric from hyperbolic metrics on pieces
with large overlap on which the metrics have large injectivity radius and are
very close. The condition we need to successfully glue these metrics on the
overlap to a metric which is close to a hyperbolic metric can be described
as “bounded combinatorics and large height”.

Our setup, however, is different from the setup in these earlier work as we
can not assume any global control of the injectivity radius, i.e. unbounded
geometry appears. The purpose of this section is to provide the control
needed in the sequel.

We begin with collecting the essential facts about coarse geometry and
Gromov hyperbolic spaces, in particular about the geometry of the curve
graph and the disk graph.

3.1. Coarse Geometry. A map f : (X,dx) — (Y,dy) between metric
spaces is an (L, C')—quasi-isometric embedding if for every z,2' € X

%dx(x,x') _C < dy(f(x), f(z')) < Ldx(z,2") + C.

A parametrized (L, C)—quasi-geodesic segment, ray or line is an (L,C)-
quasi-isometric embedding of an interval, a half line or the entire real line
R. Later on we will have to deal also with unparametrized (L,C)—quasi-
geodesic segments, rays and lines which are maps f: I C R — (X, dx)
such that there exists a homeomorphism ¢ from an interval I’ C R onto
the interval I with the property that the composition fo¢: I' — (X,dx)
is a (L, C')—quasi-isometric embedding (the intervals I, I’ can be finite or
infinite).
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3.2. Curve and Disk Graphs. Masur and Minsky proved in [32] that the
curve graph C := C(X) of the closed surface ¥ of genus g > 2 is a Gro-
mov hyperbolic space of infinite diameter, and Klarreich [24] identified the
Gromov boundary 0scC = 05C (X) with the space EL£ = EL (X) of minimal
filling unmeasured laminations (see also [19] for a different approach).

DEFINITION (Gromov Product and Convergence). Given a, 3,7 € C, the
quantity

(018), = 5 ldla,) +d(5,7) — d(a, 8]

is the Gromov product of «, 5 based at y. A sequence {a,, }, ey C C converges
at infinity to a point in JxC if and only if for some base point v (and hence
for any) we have liminf,, o0 (an|04m)7 — oo. If {an}, ey converges at
infinity and {8y}, cy satisfies liminf, ;oo (@n|Bm) = o0, then {B,},cn

converges to the same point in 9,C.

For material on Gromov products and Gromov boundaries we refer the
reader to Section 3 of Chapter IIL.H of [9].

The geometry of the curve graph is coarsely tied to the geometry of Te-
ichmiiller space. There is a (coarsely well-defined) Mod (X)-equivariant map

T:T—=C,

called the systole map, that associates to every marked hyperbolic structure
X € T a shortest geodesic on it T(X). It follows from Masur-Minsky [32]
that there exist constants L > 1,C > 0 only depending on ¥ such that for
every Teichmiiller geodesic [ : I — T (here I can be an interval, a half-line
or the whole real line) the composition Y ol : I — C is an unparametrized
(L, C)-quasi-geodesic. Moreover, if we restrict our attention to the e-thick
part 7¢ of Teichmiiller space, then the situation improves: In [20] it is shown
that for every e > 0 there exist L > 1,C. > 0 such that if [ is parametrized
by arc length on an interval of length [(I) > L. and if {(I) C 7T¢ then Y ol
is a parametrized (L., C,)-quasi-geodesic.

The disk graph D associated to the identification > = 9H is the subgraph
of C spanned by disk-bounding curves. Masur and Minsky showed in [34]
that the disk graph D is a quasi-conver subset of the curve graph C. Being
quasi-convex, by hyperbolicity of C, there is a coarsely defined nearest point
projection np : C — D.

3.3. Subsurface projection and Bounded Combinatorics. An essen-
tial tool for describing the geometry of the curve graph is the notion of
subsurface projection introduced by Masur-Minsky in [33]: For every proper
essential subsurface W C ¥ (with some care for annuli and pairs of pants)
and every point @ € C U (0xC = EL), there is a subsurface projection
mw () C C(W) which consists of the (possibly empty) subset of C(W) of all
the possible essential surgeries of &N W (see [33] for the details).
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We can also define subsurface projections for markings (taking the projec-
tion of the marking as a subset of C). All the markings 1 on 3 we consider
are complete, i.e. they are given, as a subset of C, by a pants decomposition,
called the base of the marking, and for every curve « in the base a transver-
sal to, that is, a simple closed curve which intersects a essentially in the
least possible number of points (either one or two points) and does not inter-
sect the other curves in the base. The total geometric intersection number
between all curves in a marking is required to be uniformly bounded.

For every X € T we denote by px a short marking on the hyperbolic
surface X. A short marking p on X is a marking which is shortest among
all markings. If we denote for X € T by Lx(u) the sum of the geodesic
lengths of all curves in the marking p, then for every € > 0 there exists
B¢ > 0 such that if X € 7, then Lx(ux) < Be.

Bounded combinatorics means no large subsurface projections:

DEFINITION (Bounded Combinatorics, [39]). Let R > 0 be a positive num-
ber. Let «, be either complete markings or unmeasured minimal filling
laminations on ¥. The pair «, 8 has R-bounded combinatorics if for every
proper essential subsurface W C ¥ we have

dw (a, B) := diame(w) (mw (o) U (8)) < R.

For some € > 0, two points X,Y € 7. have R-bounded combinatorics if this
holds true for short markings px, py for X, Y.

Just like e-thickness, R-bounded combinatorics implies nice compactness
properties: The following can be found as Proposition 6.2 in [41]

LEMMA 3.1. Let {an},cy C C be a sequence of markings that have R-
bounded combinatorics with respect to a marking 8. Then either there exists
a constant subsequence, or there exists a subsequnce that converges to an
unmeasured minimal filling lamination in the Gromov boundary A € 0xC.
Moreover, \ has (R + 1)-bounded combinatorics with respect to 3.

3.4. Bounded combinatorics and Heegaard splittings. When consid-
ering OH = X one has to take into account the compressibility of the bound-
ary. Denote as before by D the disk set of H, viewed as a quasi-convex subset
of the curve graph C.

Motivated by a construction of Namazi [41], we shall use the following

relative version of bounded combinatorics for convex cocompact handlebod-
ies.
DEFINITION (Relative Bounded Combinatorics). We say that an ordered
pair (p,v) of markings of OH has relative R-bounded combinatorics with
respect to the handlebody H if the pair u, v has R-bounded combinatorics
and the following holds:

(1) dC(D7M)+dC(M7V)SdC(D7V)+R'
The height of the pair (p,v) is de (u,v).
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For a fixed thickness threshold € > 0, we say that an ordered pair (Y, X) €
T x T has relative R-bounded combinatorics with respect to H if Y, X € 7¢

and the pair (uy, px) satisfies the above conditions. The height in this case
is d7 (Y, X).

In the definition “u (or Y') lies between D and v (or X)”.

The next lemma, which is analogous to Lemma 3.1, provides some com-
pactness in our setting:
LEMMA 3.2. Fiz g > 2 and R > 0. Let H be a handlebody of genus g.

Let {(an, Bn) }nen be a sequence of ordered pairs of markings on ¥ := OH.
Suppose that:

o The pair (am, Br) has relative R-bounded combinatorics.
e The sequence of heights diverges, i.e. H, = d¢(an, Br) — 0.

Then we have

(5|O‘"),Bn — 00
uniformly in § € D. If we renormalize the configuration by translating B,
to a fized base-point 3 € C with T, € Mod (X), then the sequence {7, D}, oy

converges, up to possibly passing to a subsequence, to a point X € OsC.
Moreover A has (R + 1)—bounded combinatorics with respect to 3.

The meaning of the term “uniformly” in the statement is the following;:
For every M > 0 there exists ng > 0 such that for every n > ng and § € D
we have (0]an)g, > M. Informally, Lemma 3.2 says that the disk set D
disappears if we look at it from the point of view of j3,,.

Proof. The proof is an easy application of Lemma 3.1 and basic properties
of hyperbolic spaces. By definition, the Gromov product is computed by the
following formula

(3lon)s, =  [de(Bn, ) + de(Bn an) — de(5, )]

The Gromov product measures the fellow-traveling of the segments [, d]
and [5717 an]-

Fix M > 0. Consider a disk 6 € D. We claim that (0|aw,)s > M for
large n. To show the claim it suffices to analyze the geodesic segment [5,,, J].
Namely, the quasi-convexity of D and the Condition (1) imply together that
[Bn, o] uniformly fellow-travels |3, d].

By quasi-convexity of D, the segment [3,,d] passes uniformly close to

the nearest-point projection of 3, to D, which we denote by 3, = 7p(3,).
Hence we have:

de(Bn,6) = de(Bn, By,) + de (B, 6)-
Here the symbol ~ means “equal up to a uniform additive constant”. The

same holds for a,: If we denote by @,, := mp(ay,) the projection to the disk
set, then we have d¢(ay, 0) =~ de(an, ap) + de(ay, ).
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The conclusion (6|ay)s = d(ay, B,) = H, would follow directly from
the formula of the Gromov product if we knew that «.,, 3, have coarsely
the same projection to D, i.e. @, ~ Bn, and the segment [ﬁn,ﬁn] passes
uniformly close to oy, i.e. de(Ba,B,) ~ dc(Bn,an) + de(an, B,). These
properties are a consequence of Condition (1) and can be derived from the
fact that equality holds in the following chain of inequalities:

dC(ﬁnaBn) = dC(Bn’D) ~ dC(Bn,Oén) + dC(Oén,D)
= dC(ﬁnaan) + dC(anaan) > dC(/BTMaTL) > dC(anBn)

Now we normalize the situation by translating 3, to a fixed point 8 € C
and prove the convergence statement. Let us denote by &, also the translate
of o, and by D,, the translated disk sets. Since having bounded combina-
torics is invariant under Mod (X)), every &, has R-bounded combinatorics
with respect to .

By Lemma 3.1 the sequence {dy}, oy, Dot having any constant subse-
quence as d¢(B,4y,) = H, — oo, admits a subsequence, say the whole
sequence, converging to a minimal filling lamination in the Gromov bound-
ary A\ € 0xC which furthermore has (R + 1)-bounded combinatorics with
respect to 8. We show that D,, — A as well.

Consider a sequence of disks {0, € Dp}, . We identify the Gromov
boundary 0,,C with the space of equivalence classes of diverging sequences
{Zn},en- The claim follows by showing that {0}, oy and {&n},cy are
equivalent, i.e. (6,|ds)s —00 (n,m — oo).

Fix M > 0. By the first part of the proof, there exists N > 0 such that
for every n,m > N we have (n|én); > M. The claim follows from basic
properties of Gromov products:

(Omldn) 5 Z min { (Bl 5 (Gnlcin) s } > M

for every n,m > N. Here Z means “greater or equal up to a uniform additive
constant”. U

3.5. Gluings with relative bounded combinatorics. The next defini-
tion describes the class of gluings for which we can relate the glued metric
to the hyperbolic metric on the glued manifold.

DEFINITION (Gluings with Relative Bounded Combinatorics). Given a glu-
ing map f € Mod (X), a quadruple of markings (i, v, vy, piy) has relative
(f, R)-bounded combinatorics with respect to H if:

e (u,v) has relative R-bounded combinatorics with respect to D.
o (vf,ps) has relative R-bounded combinatorics with respect to fD.

The height of the pair is min {d¢(u,v),de(ps, vs)}

As in the definition of pairs with relative bounded combinatorics, for a
fixed a thickness threshold e > 0, there is also a version for quadruples of
points (Y, X, X, Y) € in Teichmiiller space 7.
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REMARK 3.3. We make the following observations:

(i) The point Y lies between the disk set D and X. On the other side Y
lies between fD and X.

(ii) The pair (7, Y) has relative R-bounded combinatorics with respect to
the handlebody defined by the disk set fD, i.e. by declaring that the
curves in fD C C are exactly the compressible ones.

(iii) If (Y, X, X, ?) is a quadruple with (f, R)-relative bounded combina-
torics, then also every quadruple (YO, XO,YO,?O), where the segments
Yo, Xo], WO,YO] C 7. are, respectively, subsegments of [V, X]| and
[Y, X], satisfies the (f, R)-bounded combinatorics condition.

4. LARGE-THICK COLLARS

The goal of this section is to prove the following Proposition. Recall
that for X € T we denote by H(X) a convex cocompact handlebody with
conformal boundary X.

PROPOSITION 4.1. Let g > 2 be fized. For all R, L,e > 0 there exists H =
H(R,L,¢) > 0 such that the following holds: If the pair (Y,X) € T2 has
R-relative bounded combinatorics with respect to ‘H and height at least H,
then the boundary of the convex core of H(X) has a collar of width at least
L and injectivity radius at least n > 0 where n only depends on g and R.

The strategy is easy to state: We argue by contradiction. Suppose we
have a sequence of counterexamples H(X,,) with relative R-bounded combi-
natorics and diverging heights, but no large-thick collar. Using the results
from Section 2, we can take a geometric limit Ny, by looking at H(X},) from
the boundary of the convex core. The main result of this section, Propo-
sition 4.2, states that N, is a singly degenerate structure on ¥ x R with
bounded geometry. Once we know this we are done because we can pull-
back a large thick collar of arbitrary size via the approximating maps, thus
obtaining a contradiction.

We begin with collecting some structural facts used in the proof.

4.1. Ends of hyperbolic 3-manifolds. Let M be a hyperbolic 3-mani-
fold. For a fixed € > 0 let us denote by M| ) the e-thick part of M, the set
of points in M where the injectivity radius is greater or equal to €, and by
Mg, the e-thin part of M, the closure of the complement of M ). There
exists a universal constant eg > 0, called a Margulis constant, such that for
every € < €3, every connected component of the e-thin part of the thick-thin
decomposition M = Mg U M« is of one of the following two types:
Margulis tubes, i.e. metric tubular neighbourhood of a closed geodesic y
(the core of the tube) of length I5/(7y) < 2¢, rank two cusps (which will not
be relevant for us) or rank one cusps, isometric to a quotient of a horoball
O C H? by an infinite cyclic group of parabolic isometries. A simple closed
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curve generating the fundamental group of the cusp is called the core of the
cusp (see Chapter D of [2] for more information).

From now on let us assume that M is homeomorphic to ¥ x R. As X
is closed, 7 (M) ~ m(X) does not contain subgroups isomorphic to Z?2
and hence M does not have rank two cusps. Every element v € (%)
is hyperbolic on ¥, but might act as a parabolic motion on the universal
covering H? of M. In this case we call v an accidental parabolic. Such an
element generates the fundamental group of a rank one cusp in M.

Fix a Margulis constant € < e3 and consider the non-cuspidal part of M
defined as My =M — M (C(;l Zf where M (C(;l 3’, the cuspidal part, is the union of
the interiors of the (rank one) cusps in Mg . Scott proved in [45] that there
exists a compact submanifold SC C M, called a Scott core, homeomorphic

to ¥ x [0, 1], with the following properties.

e The inclusion of SC into M is a homotopy equivalence.

e The intersection of SC with the closure of the cuspidal part M (C(;l i]p
consists of a disjoint union of annuli on dSC whose cores represent
the cores of the corresponding rank one cusps.

e The topological ends of My (which are relative ends for M) are in
bijective correspondence with the connected components of My —
SC. The closure of every connected component £ C My — SC is
homeomorphic to Y x [0,00) where Y is the (connected) subsurface

of OSC obtained as the intersection E N SC.

This description of the (relative) compact core uses results of McCullogh
[36] and Kulkarni-Shalen [25].

By work of Thurston [46], Bonahon [7], Canary [13] and others, to each
relative end E' ~ Y x [0, 00) we can associate an end invariant which either is
a finite type hyperbolic structure (conformal boundary) or a minimal filling
lamination (the ending lamination) on Y. In the first case we say that the
end is geometrically finite, while in the second case it is simply degenerate.
Following Thurston [46], Bonahon [7] and Canary [13], this dichotomy can
be characterized as follows:

e The end F is geometrically finite if there is a compact set K C M
such that £ — K does not contain any closed geodesic.

e The end F is simply degenerate if there exists a sequence of simple
closed curves {7, C Y} with geodesic representatives {v;; C E}, oy
(equivalently, a sequence of pleated surfaces {f, : (Y,0n,) = E}, oy
in the homotopy class of the inclusion Y C FE), that exit the end,
i.e. 1, (or fr(Y)) is eventually contained in E — K for any compact
set K C M. The curves 7, (or the curves Y(Y,0,), see Section 3)
converge in C(Y') to the ending lamination A\g € 0,C(Y).
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4.2. Marked hyperbolic structures on I-bundles. A marked hyper-
bolic structure on ¥ x R, is a hyperbolic 3-manifold @ = H?/I" homeomor-
phic to X xR together with a homotopy equivalence ¢ : ¥ — @Q, the marking.
We always assume that there are no accidental parabolics, i.e. every element
of I' < Isom™ (H?) is hyperbolic. Equivalently, there are no cusps in Q.

Every marked hyperbolic structure @ on ¥ xR without accidental parabol-
ics has exactly two relative ends homeomorphic to ¥ x [0, 00). To them we
can associate a pair of end invariants (u™, ), each of which is either a
marked hyperbolic structure or a minimal filling lamination on X.

e If both x* and = are marked hyperbolic surfaces we call the man-
ifold quasi-fuchsian. Its convex core CC(Q) is compact and homeo-
morphic to ¥ x [0,1] (except in the fuchsian case u* = p~ where
CC(Q) is a totally geodesic embedded surface). The boundary com-
ponents are pleated surfaces.

o If yy and p— are distinct minimal filling laminations, then we call the
manifold @) doubly degenerate. In this case the convex core coincides
with the whole manifold CC(Q) = Q.

e If one end invariant is a marked hyperbolic structure and the other
is a filling lamination, then the manifold is singly degenerate. The
convex core is homeomorphic to CC(Q) = X x [0, 00).

By Bers Simultaneous Uniformization [3], marked quasi-fuchsian struc-
tures @ on X x R are parametrized by T x T via the map that associates
to @ the conformal boundary 9.Q = (u*,u~) € T x T. Given a pair
(Y,X) € T x T of conformal structures at infinity, we denote by Q(Y, X)
the unique quasi-fuchsian manifold that realizes those boundary data.

The solution of the Ending Lamination Conjecture by Minsky [40] and
Brock-Canary-Minsky [10] implies that, as a marked hyperbolic structure,
Q is uniquely determined by its end invariants (u*, u~). We recall that the
manifold @ has bounded geometry if there is a positive lower bound on the
injectivity radius.

The mapping class group Mod () acts on marked hyperbolic structures
@ on ¥ X R by precomposition of marking. On the quasi-fuchsian subspace,
the action coincides with the diagonal action on 7 X T.

4.3. Convergence to singly degenerate. We now prove what we stated
at the beginning of the section.

PROPOSITION 4.2. Let {(Yn, Xn) € ’7?) }nEN be a sequence where every pair
has relative R-bounded combinatorics, and the heights H,, diverge. Then up
to passing to a subsequence, the sequence {(Ny := H(Xn), Tn)},cn of pointed
convex cocompact handlebodies converges geometrically to a singly degenerate
hyperbolic structure N, on ¥ x R with inj(Nsy) > 1. Here n only depends
on g and R.
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For convenience, we divide the proof of Proposition 4.2 into several small
steps: Lemma 4.3, Lemma 4.4, Lemma 4.5 and its Corollaries.

To begin with, note that by Theorem 2.2 and Lemma 2.3, from the se-
quence of triples {( s Jn : OCC(Np) < Np, )}, oy We can extract a subse-
quence that converges to (Noo, joo : Xoo = Noo, Zoo) in the sense described
in Section 2. We then have a diagram provided by geometric convergence

OCC(N,, —) N,

i J’“”

e} [e.e]

where the vertical arrows are the approximating maps, where j,, : 9CC(N,,) =
(%, Tace( Nn)) — N, is a pleated surface parametrization of dCC(N,,) in the
isotopy class of the marking of N,,, and X = (X,00) = Noo is the “limit”
pleated surface in N.

LEMMA 4.3. The map joo s incompressible.

Proof. For large n, the maps k,, 'j,¢, are defined and they are homotopic
t0 joo Within a neighbourhood of j (X ) of uniformly bounded diameter.
Thus je is compressible if and only if k,!j,¢, is compressible. As the
diameters of the pleated surfaces j,0CC(N,) are uniformly bounded, there
exists ng such that the map k,1j,¢, is an embedding for every n > ng.
Suppose that j., is compressible. By the Loop Theorem, there exists a
simple closed curve 7y C Xo such that k; ) jngdne () bounds an embedded
disk D? in N.

For large enough n > ng the map k, is defined on the disk D?. Since
the maps kyjoo and j, ¢y, are (locally) homotopic we observe that the simple
closed curve ¢, () C CC(N,,) whose image under the inclusion j, is freely
homotopic to k,jeo (), is compressible. As N,, is a handlebody, this means
that ¢,(v) € D, where, as before, D C C is the set of diskbounding curves.
The length Lace(n,)(#n (7)) of ¢n(7y) is bounded from above by < 2Lx_(7)
for n large enough.

To obtain a contradiction, it suffices to show that the CC(N,,)—lengths of
any sequence of simple closed diskbounding curves (,, C D blow up along the
sequence. To this end let as before px, be a short marking for the conformal
boundary X,, of N,, with base the pants decomposition P,. Denote by
i(§,¢) the geometric intersection number between two simple closed curves
&, ¢ in the boundary surface ¥. Let B = B(X, €) be an upper bound for the
length of a short marking for a surface X € 7.. Then there is a number
C = C(%,€) > 0 such that

2(dC(Cn7P7L)_2)/2 — 00.
n—o00

Lx,(Cn) 2 C-i(Gn, Po) =

@ Q
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Namely, the first inequality follows from the fact that Lx, (P,) < B and
standard hyperbolic geometry as explicitly described in Lemma 4.2 in [17].
The second inequality is a consequence of d¢(€,¢) < 2logyi(&, () + 2 for all

£, CeC. O

Let us consider now the 7 (joo (X oo ), £o) —covering of N, which we denote
by p: Noo — Ns. By covering theory, the map joo : Xoo — Noo lifts to
Noo, and any lift j : Xoo — N is a homotopy equivalence. We fix once
and for all such a lift and denote by X o = j.(Xs) the image of X, under
this lift.

By work of Thurston [46] and Bonahon [7], we know that, in this setting,

N & is homeomorphic to ¥ x R.

The next step of the proof consists in showing that N, has a “visible”
geometrically finite end homeomorphic to ¥ x [0, 00).

LEMMA 4.4. No has a geometrically finite end homeomorphic to ¥ x [0, 00).

Proof. For large n consider the nearest point retraction to the convex core
rn t Np = CC(Np) C Ny. It is a (base point preserving) 1-Lipschitz projec-
tion map, i.e. 2 = r,, with the property that r,j, = j,. It also fits into
a one-parameter family of projections that gives a deformation of r, to the
identity Idy,, . Namely, for ¢ > 0 define 7%, to be the nearest point retraction

to the t-neighbourhood of the convex core which is a convex subset CC¢(Ny,).
Notice that 7% oy Idp;,, uniformly on compact subsets.
The map h,, : N, x [0,00) — N,, defined by

ho(z,t) = 7t (2)

n

is 1-Lipschitz with respect to the product metric. Hence, by geometric
convergence, there is an induced 1-Lipschitz family of projections hoo : Noo X
[0,00) — Nso. Let us denote by ro : Noo — Noo the map induced by the
7’8, 1.e. Too() = hoo(+,0). It has the properties 72, = 7o0 and roojoo = Joo-
The last property implies, in particular, that heo lifts to a map heg : Nog X
[0,00) = Noo With heo(+,0) = Too, the lift of 7o satisfying T ju, = Jeo-

Since hoo(:,t) — Idn,, (t — o0) we also get hoo(-,t) — Idy_ (t —
00). From the existence of such a map we can immediately conclude that
the image T (Noo) is a convex subset of N, containing the convex core
cc (WOO) To this end let 2,y € Too(Noo) be a pair of points. Let a be a
geodesic joining them. Then 7 () is homotopic, relative to the endpoints,
to o and has length I (Too(ar)) < I(cr). Since « is the unique length minimizer
in its homotopy class with fixed endpoints we conclude that 7. () = a. To
summarize, 7o (Noo) is convex.

Now the boundary X o of 7oo(Noo) is a closed embedded (by convexity)
incompressible pleated surface, and such a surface is contained in the convex
core of N4. To be more precise, the preimage X, of X, in H? is a pleated

surface which bounds a convex 71 (Ns)- half-space V. Furthermore, the
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group 1 (Ns) acts properly and cocompactly on X, equipped with the
intrinsic path metric. If A is a pleating lamination for X, then every leaf

of A connects two points in the limit set of (N&) by invariance under the
action of m (_Noo). But X is corﬁained in the convex hull of A, whence
Xoo COCC(N). This shows that X o, bounds a geometrically finite end in

Noeo. g

Up to now we have not fully used the condition of relative bounded com-
binatorics. We do it now by observing the following

LEMMA 4.5. There exists a minimal filling lamination A € 0ooC(Xoo) such
that for any sequence of diskbounding curves {0, € C(OCC(Np))},cn, the
sequence of simple closed curves {¢, 0n}nen C C(Xoo) converges (up to
passing to subsequences) to A.

Proof. Let pux_ be a short marking on X. Since ¢,, is almost an isometry,
the marking ¢njix,, is short also for dCC(N,,), i.e. we can choose pgee(n,) =
Gnitx., - By assumption, we also find markings v, on dCC(N,,) that satisfy
the relative bounded combinatorics conditions.

By Lemma 3.2, we have (¢, 6,16, vn)ux. = (Onlvn)g,uy.. — 00. More-
over, iy, and ¢, ', have R-bounded combinatorics and their distances in
C(X~), being equal to the distances between poce(n,) and vy, diverge. In
particular ¢ 'v, converges (up to passing to subsequences) to a minimal

filling lamination A\ € 95,C(Xs) and so does ¢, '8, (see the proof of Lemma
3.2). O

As an easy consequence, we obtain
COROLLARY 4.6. The lamination j..(\) C X is not realized in N .

Proof. Suppose we can realize j(\). Then by composition with the cover-
ing projection, the lamination A C X can be realized in No,. Let Y\ C Ny
be a pleated surface realizing A.

Lemma 4.5, combined with the “long-branches-small-switch-angles” train-
track argument due to Bonahon [7] (see the proof of Proposition 3.2 in [42]
for a nice exposition), tells us that for sufficiently large n and a diskbounding
simple closed curve §,, on X,, C N,,, we could also realize ¢, 15, as a closed
geodesic, in a bounded neighbourhood of Yy in N.

By geometric convergence, this implies that for large n, we can represent
the curve j,0, in N, as a curve with very small geodesic curvature. Such a
curve is not nullhomotopic in N, But this is absurd as d,, is, by definition,
compressible in V,,. O

The next corollary is certainly well known. As we were not able to locate
it in the literature in the form we need, we include a proof in the Appendix.
The main issue here is the possible presence of accidential parabolics.
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COROLLARY 4.7. N, has a simply degenerate end homeomorphic to ¥ x
[0,00) with ending lamination .

To conclude, we found that N is a hyperbolic structure on ¥ x R for
which one of the end invariants is a minimal filling lamination, and the
second is a marked conformal structure on ¥. Since there is no room for
other ends, we see that N, is singly degenerate. Our final step consists
in showing that the covering p : No, — N is trivial. This step concludes
the proof of Proposition 4.2 with the exception of the bounded geometry
condition.

LEMMA 4.8. The covering p : Noo — Noo is trivial.

Proof. By Canary’s Covering Theorem [14], p : Ny — N is finite-to-
one, N, is homeomorphic to 2 x R where €2 is a closed surface, and the
covering is induced by the inclusion 71(X) < 71(2). However, by Lemma
4.3, we also have an incompressible embedding of ¥ into Ny, ~ € x R. We
conclude by evoking the standard fact of 3-manifold topology that the closed
incompressible surfaces in €2 x R are all isotopic to the standard embedding
Q < Q x {0} (see Proposition 9.3.18 of [30]). O

We are left with the observation that the injectivity radius of N is
bounded from below by a universal positive constant. As there are no ac-
cidential parabolics and the ending lamination A has R—bounded combi-
natorics with respect to X, (R might be bigger than the initial R, but it
is still uniformly bounded), this is an immediate consequence of Minsky’s
theorem on Bounded Geometry for Kleinian Surface Groups [39].

5. CuT AND GLUE CONSTRUCTION

Recall that our goal is to produce a model metric on a Heegaard splitting
Hy Uy Hy and that we want to achieve it by gluing together some simple
building blocks which are pieces of hyperbolic manifolds we understand bet-
ter. In our case the building blocks are two convex cocompact handlebodies
interpolated by a quasi-fuchsian manifold.

This section describes how the gluing works. We use a standard proce-
dure, summarized in Lemma 5.1. Suppose we are given the following data:

(1) A pair (N,0ON), (M,0M) of Riemannian 3-manifolds with boundary,
with metrics py, par-

(2) A pair of collars U,V of ON,0M with a smooth diffeomorphism
k:U — V between them.

(3) A smooth bump function 6 : U — [0, 1] which takes value 1 on ON
and 0 on the other boundary oU \ ON.

Then we can form the Riemannian 3-manifold N Ug.;y_y M where the met-
rics py and pjs are replaced on U by the convex combination (1 — 0)pn +
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0k*ppr. A crucial feature that can be implemented is a control on the sec-
tional curvatures: If the diffeomorphism is almost isometric and the bump
function has uniformly bounded derivatives, then the sectional curvatures
of the gluing will be comparable to those of the pieces.

Let us now describe the case of a convex cocompact handlebody N and
quasi-fuchsian manifold (). The first item of the list is provided by small
smooth neighbourhoods of their convex cores CC(NN) and CC(Q).

The second item requires us to control a pair of collars of ICC(N) and
0CC(Q), and this is provided by Proposition 4.1. We also have to produce
a nice diffeomorphism between them, but this will be the object of the next
section (Proposition 6.1). We anticipate here that, in general, it will not be
possible to use exactly the collars of OCC(N) and 9CC(Q), but one has to
allow a more flexible notion of product region which we define below.

As for the last item, Lemma 5.2 will produce for us uniformly controlled
bump functions on product regions with bounded geometry.

Now we describe the details. Let us start with a definition:

DEFINITION (Product Region). Let (M,0M,j: %X — 9yM) be a compact
oriented 3-manifold with boundary OM and a distinguished parametrized
(or simply, marked) boundary component j : ¥ — doyM C M. A product
region U C M relative to 0gM C OM is a codimension 0 submanifold
homeomorphic to ¥ x [—1, 1] which is isotopic to a collar of 9y M.

Using the product structure of U we can define a top boundary 0+U, the
one that faces dgM, and a bottom boundary 0_U. We denote by M_ and
M, the parts of M that lie below 0;U and above O_U respectively. In
particular, U is a collar of a boundary component of both M_, M.

We will be interested in essentially three parameters of a product region:
The injectivity radius inj U := inf {inj, M |x € U}, the diameter diam U
and the width width U := inf {d(z,y) |z € 04U,y € 0_U }. When the in-
jectivity radius, the width and the diameter are uniformly bounded we say
that the product region has bounded geometry.

Finally, we also observe that the marking j : ¥ — 0JypM can be isotoped
into U producing a marking of U.

One can cut and glue 3-manifolds along product regions. Namely, suppose
we have a pair (M,0M,j:% — 9yM) and (N,0N,i: X — 9yN) of com-
pact 3-manifolds with boundary together with distinguished parametrized
boundary components. Let U C M and V C N be product regions rela-
tive to OgM, g N respectively. Let k : U — V be an orientation preserving
diffeomorphism between them. Then we can form the 3-manifold

Xi=M_Upy_y Ny.

Up to homeomorphism, the result only depends on the homotopy class of
k, which we are going to define. Denote by jy,jyv : ¥ — U,V the induced
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markings on the product regions. The composition f := j‘jl ok o jy is well-
defined up to isotopy, that is, it does not depend on the choice of induced
markings. It is called the homotopy class of k with respect to the markings
4,4. The manifold X is homeomorphic to

M Ug.0om—aon N

where ¢ :=io0 foj L

Now we turn to the Riemannian part of the construction. The following
observation, which we state as a lemma, is the main conclusion of the cut
and glue construction. The proof is straightforward, and we omit it.
LEMMA 5.1. Let (M,0M,j:% — OgM), (N,ON,i:% — 9yN) be marked
hyperbolic structures on M and N with distinguished boundary components
OoM, 00N . Denote by ppr, pn the Riemannian metrics of M, N. Suppose we
have product regions U C M,V C N relative to OgM, 09N and an orienta-
tion preserving diffeomorphism k : U — V. Suppose also that 6 : U — [0, 1]
is a smooth function with 0|p_vy s, v = 0,1. Then we can form the 3-manifold

X=M_Upy-v Ny

and endow it with the Riemannian metric

PM on M_\U
p:=3 (1=0)pm+0k*py onU
PN on Ny \'V.

If k is &-almost isometric for some & < 1, then we have the following sec-
tional curvature bound on U C X

|1+ secx| < c3||0]|c2 - |lomr — k¥ ol ez

where cg > 0 is some universal constant. If k lies in the homotopy class of
the identity, then compositions of the inclusions M_ C X, Ny C X with the
(induced) markings ju, iy : X — M, N are homotopic.

Once we fix the size of a product region we can produce a uniform bump
function 6 : U — [0, 1] on it.
LEMMA 5.2. For all n,D > 0 there exists B > 0 such that the following
holds: Let U ~ % x [0,1] be a product region with inj U > n, diam U < 2D,
width U > D. Then there exists a smooth function 6 : U — [0, 1] with the
following properties:

o Near the boundaries it is constant: 0lo_y =0 and f|s, v = 1.
e Uniformly bounded C*>—norm: 10|02 < B.

Proof. For every D,n > 0, the space of pointed hyperbolic 3-manifolds
U ~3% x [-1,1] is a product,
injU > n,diam U < 2D,width U > D

is relatively compact in the geometric topology. For any é > 0, the accumu-
lation points not in the space are still contained in S(n—9,2D+9, D—0). O

S(n,2D, D) = {(M,* eU)
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6. ALMOST-ISOMETRIC EMBEDDINGS AND GLUING

If we want to apply the cut-and-glue construction, we have to understand
when we can find almost isometric product regions in a convex cocompact
handlebody and in a quasi-fuchsian manifold. The following technical propo-
sition provides the control we need.

PROPOSITION 6.1. Fixz bounded combinatorics parameters R,e > 0 and an
almost-isometry parameter & > 0. There exists Ly = Lo(R,€) > 0 such that
for every L > Ly there exists a height H = H(L, R, €,£) > 0 such that the
following holds: Let (Y, X) € Te x Te be a pair with relative R-bounded com-
binatorics and height at least H. Let Z € T¢ be any other point such that the
Teichmiiller geodesic [Y, Z] contains [Y, X] as a subsegment. Consider the
convez cocompact handlebody N = H(X) and the quasi-fuchsian manifold
Q = Q(Y,Z). Then there exist product regions U C N and V C Q and an
orientation preserving diffeomorphism k : U — V' such that

(1) Bounded geometry: inj U > n = n(R,e) > 0, diam U < 2L and
width U > L.

(2) Almost isometry: ||pn — k*pgl|p2 < §.

(8) Homotopy class: k lies in the homotopy class of the identity with
respect to the markings.

Moreover, U contains the geodesic representative of o € C, a curve which
has moderate length for both N and some hyperbolic surface T € [Y, X], i.e.
lN(a)vLT(a) <B= B(g7 6)'

We call the point Z € T¢ the free boundary of Q(Y, Z).

Conditions (1)-(3) guarantee that we can uniformly glue H(X) to Q(Y, Z)
using the cut and glue construction. The application to Heegaard splitting
is given in Theorem 6.7 at the end of the section.

A few words on the proof: We have seen that the boundary of the convex
core of a convex cocompact handlebody with relative bounded combinatorics
and large height has a large-thick collar. This means that, to some extent,
we can treat it as if it was a hyperbolic structure on ¥ x R.

Then the strategy is to reduce the problem to the following statement,
which solves the analogue question of finding almost isometric embeddings
of product regions in hyperbolic manifolds homeomorphic to ¥ x R

PROPOSITION 6.2. For every €,&,6,L > 0 there exists H = H(e,&,,L) > 0
such that the following holds: Let Q1, Q2 be marked hyperbolic structures on
> X R without accidental parabolics with associated Teichmaller geodesics l; :
I; CR = T withi=1,2. Suppose that ly,ly d-fellow-travel on a subsegment
J of length at least 20H and entirely contained in the e-thick part T.. Then
there exist product regions U; C Q; with diam(U;) < 2L, width(U;) > L and
a E—almost isometric embedding k : Uy — Uy in the homotopy class of the
identity with respect to the markings. Moreover, U; contains the geodesic
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representative of a € C, a curve which has moderate length for both Q; and
T € J the midpoint of the segment, i.e. lg,(a), Ly(a) < B = B(e, g).

6.1. Lipschitz model. Proposition 6.2 is a direct consequence of the Lip-
schitz Model by Minsky [40]. We use the following statement:

THEOREM 6.3 (Minsky [40]). Fiz ¢ > 0. Let Q be a marked hyperbolic
structure on X X R without accidental parabolics. Let |l : I — T be the
corresponding Teichmiiller geodesics. There exists Hy = Hy(g,€) > 0 and
B = B(g,€) > 0 such that the following holds: Suppose that I contains a
subsegment [a — Hy, b+ Hy) such that b—a > 20Hy and l[a — Hy, b+ Hy) C
Te. Denote by J the subsegment [a,b]. Then for every X € J and any curve
a € C with Lx(«) < B there exists a pleated surface ix : X = Q realizing
o and such that dr(X, X) < Hy. In particular lg(a) < Be?Ho.

We remark the following crucial consequence of the Margulis Lemma:

LEMMA 6.4. There exists n = n(g,€) > 0 such that inj, (Q) > n for every
z €ix(X) and every X € J.

Proof. The surface ix (X' ) is w1 —surjective and has uniformly bounded di-
ameter (1—Lipschitz image of X € Tu( p)). Such a surface cannot enter
any very thin part of @ (see Lemma 2.3). O

We prove Proposition 6.2.

Proof of Proposition 6.2. We argue by contradiction. Suppose we have a se-
quence of structures Q7, Q5 that satisfy the assumptions, but do not satisfy
the conclusions. Denote by .J,, the d-fellow-traveling e-thick segment for their
Teichmiiller geodesics I} : I* — T with ¢« = 1,2. Let ¢, € J,, the midpoint.
Up to the action of the mapping class group we can assume that ¢, lies in
a fixed compact set of 7. Let us parametrize J,, by jy, : [—an,an] = Jp so
that j,(0) = ¢,. After the renormalization, we can extract a subsequence
that converges uniformly on compact sets to a bi-infinite Teichmiiller geo-
desic joo : R — J entirely contained in 7¢ with distinct uniquely ergodic
minimal filling endpoints A\~ , AT € PML.

By the Double Limit Theorem and the Ending Lamination Theorem,
the geodesic joo defines a unique doubly degenerate structure on ¥ x R
whose ending laminations are A, \~. We show that we can choose base-
points 27 € Q? so that the sequence of pointed manifolds ( 7 x?) converges
geometrically to Qo and derive a contradiction.

Let us focus on ()}7. Parametrize {7 so that when we restrict it to
[—ap + 6, a, — d] it d-fellow-travels j, : [—a, + 6,a, — 3] — J,. Observe
that the geodesic [} converges uniformly on compact sets to some bi-infinite
geodesic J7© which is entirely contained in 7. and has uniquely ergodic min-
imal filling endpoints A\{", \]. Since [} and j, are é-fellow-travelers, we have
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Ali = AL. Therefore J® = J>, as cobounded geodesics in Teichmiiller
space are uniquely determined by their endpoints.

The points X7 := [7(0) converge to Xoo = joo(0), hence, for n large
enough, by Theorem 6.3, we can find pleated surfaces ixn : X{l — Q7
that realize any short curve v € T(X) for Xo. We choose a basepoint
zf on ixp (X7). Lemma 6.4 tells us that we can take a geometric limit
of the sequence triples (QF,z7,ixp : X? — Q7). The limit is a triple
(QF°, %, ix,, Xfo — Q7°) where ix_ is a pleated surface realizing v, the
short curve on T (X ) as above, in Q5°.

The proof can now proceed with the standard arguments of Section 4 with
less complications. We only give a sketch. The map ix_ is incompressible
and determines a covering of (J{° homeomorphic to X x R. We claim that it
is doubly degenerate. It suffices to check that A™ and A\~ are not realized.
Choose a diverging sequence of times ¢,, € [0, a,,] such that (7 (t,,) is very close
to Joo. Theorem 6.3 implies that a short curve o, for I7(¢,) has moderate
length for Q7. As t, T oo we have o, — AT. Suppose that AT is realized.
The “long-branches-small-switch-angles” train track argument implies that
we can also realize o;) in a fixed compact set and hence lge(a;}) must
necessarily diverge. By geometric convergence, the same must happen in Q7,
but «;f has always moderate length in Q7, a contradiction. The argument
for A™ is the same. By the Ending Lamination Theorem, the ix_  —covering
is isometric to Qo. The Covering Theorem [14] implies that the covering
is trivial. The uniform bound on the injectivity radius is guaranteed by the
fact that A", A\~ have uniformly bounded combinatorics [39)].

In conclusion, for any fixed size L and almost isometric parameter &, we
can pull-back a product region of that size from Qs to Q7 in a {—almost
isometric fashion. Moreover, we can also assume that the product region lies
uniformly close to the basepoint and that, if the size L is sufficiently large,
it also contains the geodesic representative of a short curve v on {}(0), the
midpoint of J,,. This contradicts the initial assumptions. O

We are now ready to prove Proposition 6.1

6.2. Proof of Proposition 6.1. We argue again by contradiction.

Suppose we have a sequence of examples {(Yy, Xp, Z,)}, oy With relative
R-bounded combinatorics and diverging heights, but N, := H(X,) and
Qn = Q(Yn, Z,) do not satisfy the conclusion of the proposition. As a first
step, we reduce the problem to the realm of hyperbolic structures on ¥ x R.
If we fix basepoints x,, € ICC(N,,), we know that we can take, up to passing
to subsequences, a geometric limit of the sequence

{(Nn, 2y fin + (B,00) = OCC(Np)) }en -

The limit is a triple (Noo, oo, Joo : (2, 000) = Noo) where Ny, is a singly
degenerate hyperbolic structure on ¥ x R with injectivity radius bounded
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FIGURE 1. Almost-isometric embeddings of product regions.

from below by n = n(R,¢e) > 0 and j is a pleated surface marking. The
approximating maps k, : Noo — IV, and the change of marking ¢, : ¥ — X
provided by the pleated surface convergence fit into the following diagram
that commutes up to local homotopies

(2, 00) 22— N,

g

(2, 000) o Noo.
The ending lamination A is the support of a unique projective measured
lamination that can be characterized as the limit in TUP ML of the sequence
of remarked surfaces Y, := ¢,1Y,,, i.e. A =lim, . Y, € PML (see [24]).
We fully renormalize the picture by introducing X, := ¢, 1X,, Z =
¢, 1 Z, and the quasi-fuchsian manifolds Q’, := Q(Y,,, Z!). Observe that
the points X/ € [Y,, Z!] lie in a fixed compact set. In fact, by the main
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theorem of [8], X/ lies uniformly close to ¢, 1(%, o) which is converging to
(X, 000), the hyperbolic structure of the limit pleated surface. Hence, up to
subsequences, the segments [Y,, X/ ] converge uniformly on compact sets to
the Teichmiiller geodesic ray (A, Xo]-

The next lemma is used to determine a product region of Ny, which can
be embedded in all N,, and @, with n large via Proposition 6.2 (see Figure
1). Let [ : (—o00,0] — T the Teichmiiller ray corresponding to No, with
l(—o0) = A. As N has bounded geometry, it is entirely contained in a
¢’-thick part (by [39], [43]) for some € only depending on R, e. Moreover, by
Theorem A of [37], it passes uniformly close to (3, 0) and hence to X.

LEMMA 6.5. There exists d,b > 0 such that for every H > 0, if n is suf-
ficiently large, then there is a point W), € [Y,, X!] such that [W],X]],
parametrized in this order, §-fellow-travels the restriction of | : (—o00,0] — T
to Ji = [—b — 200H, —b)].

Proof. The geodesics (A, Xoo] and [ have the same endpoint at infinity, the
uniquely ergodic projective measured lamination A\. By Masur [31], these
geodesics stay at a uniformly bounded distance §/2. As [Y,/, X/] converges
uniformly on compact sets to (A, Xoo], if n is large enough, we find W/ €
[Y,, X ] which is d-close to [ and with d (W), X)) as large as we want. [

By Lemma 6.5, for any fixed H, we can apply Proposition 6.2 to the §-
fellow-traveling €’-thick geodesics [Z],, Y] and [ along I(Jg) if n is sufficiently
large. We choose H to be larger than H(¢', &, 6, L). For n large enough, we
get a product region U, C N4 of L-bounded geometry and a £ —almost iso-
metric embedding h,, : U,, — @Q/,. Moreover the product region U,, contains
a geodesic a; of uniformly bounded length that represents a short curve a,,
for the midpoint T), of [W], X,,]. The curve «,, has also moderate length for
the midpoint T' of I[(Jg) as Lr(ay) < L, (o )e?. As there is only a finite
number of curves of moderate length on 7', we can assume that o, = « is

fixed.

Consider a sufficiently large collar U of OCC(Ns) containing the 2L-
neighbourhood of the geodesic representative of a € Y(T'). If n is sufficiently
large, the approximating map Ny, — N, is defined and £—almost isometric
on U. The product region U, containing o* and having size comparable
with L, is contained in U. This is a contradiction.

The proof of Proposition 6.1 is now complete.

6.3. Position of the product regions. As we have already pointed out,
Proposition 6.1 guarantees that we can uniformly glue H(X) to Q(Y,2)
using the cut and glue construction. However, for the model metric on
Hy Uy Hy, we need a more quantitative control: If we want to glue a pair of
convex cocompact handlebodies to a single quasi-fuchsian manifold on top
and on bottom, we have to make sure that the gluing regions appear in the
right order along the quasi-fuchsian manifold. We control the order using
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the distance from the boundaries of the convex core: In the notations of
Proposition 6.1 we have

LEMMA 6.6. There ezists some function A : (0,00) — (0,00) such that
dn (U,0CC(N)) < A(dr(X,Y)),
dg (K(U), vCC(Q)) < A(dr(X,Y)).

Here OyCC(Q = Q(Y,Z)) denotes the boundary component of the convex
core that faces the conformal boundary Y .

Proof. Let a be a the curve which is of moderate length for some 7' € [Y, X]
and whose geodesic representative has length lg(a) € [n, B] and lies in U as
in Proposition 6.1. We have

dn (U,0CC(N)) < dy (a*,0CC(N)),
dq (k(U),0vyCC(Q)) < dq (k(a™),0vCC(Q)) -

Since k is {—almost isometric, the curve k(a*) has uniformly bounded ge-
odesic curvature, hence its lift to H® is a uniform quasi-geodesic and lies
uniformly close to its geodesic representative by the Morse Lemma. The
length of the geodesic representative for k(a*) is uniformly comparable with
the one of o, in particular it is uniformly bounded away from 0 and co. By
basic hyperbolic geometry

cosh (dg (o, 0CC(N))) < Loce(n (@) /In(av),
cosh (dg (k(@)", 0y CC(Q))) < Layce(q)(@)/lg(a).

Thus, it is enough to show that the numerators are uniformly bounded:
Loce(ny(@) = Lx(a) < Ly(a)e2?TX0T) < Be2dr(XY),
Loyceo)(@) = Ly (a) < Lyp(a)e?T(T) < pedr(X.Y),

The inequalities are applications of Theorem 2.1 and Wolpert’s inequality
Lr(a) < Lg(a)edT(1:5), O

6.4. The gluing. The following theorem is the main technical result of this
article. Recall that we denote by M/ the closed 3-manifold obtained by
gluing two handlebodies with boundary 3 with a map f € Mod(X).

THEOREM 6.7. Let R,e,§ > 0 be fized. There exists Hgluing(R,€,§) > 0
such that for every H > Hglying the following holds: Let f € Mod (X) be
a gluing map. Suppose that (Y, X, X, 7) € 7;4 1s a quadruple with relative
(f, R)—bounded combinatorics and height in [H,2H]. Then there ezists a
metric g on My = Hy Uy Ho with the following properties.

(1) The sectional curvature of the metric is contained in the interval
sece (=1 =& —1+€).

(2) The curvature of g is constant outside the union Q of two disjoint
regions of uniformly bounded diameter and uniform lower bound on
the injectivity radius diffeomorphic to ¥ x [0, 1].
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(3) My —Q = Hy U HyUQ where Q is isometric to the complement
in Q(Y,Y) of a collar neighborhood of OCC(Q(Y,Y) of uniformly
bounded radius (depending on H), and where Hy,Hy are isomet-
ric to the complement in H(Xo),H(Xo) of a collar neighborhood
of OCC(H(Xy)), OCC(H(Xo)) of uniformly bounded diameter (where
Xo, Xo are points on [Y, X], [Y,ﬂ)

Proof. Let Lg be as in Proposition 6.1. Let By := By(Lo,n) be the C?*—bound
produced by Lemma 5.2. Let c3 be as in Lemma 5.1. Consider the height
Hy := Hyo(2Lo, R, ¢,&/c3By) provided by Proposition 6.1.

We choose Xo € [V, X] (resp. Xo € [X,Y]) so that dr (Y, Xo) = Ho
(resp. d7(Xo,Y) = Hp). This is possible if the height is sufficiently large.
By Remark 3.3 the (f, R)—relative bounded combinatorics condition is still
satisfied by (Y, Xo, X¢,Y ). We use Proposition 6.1 twice in order to produce
product regions:

e When applied to the pair (Y, Xy) using Y as a free boundary: A
&/ Bp—almost-isometric embedding in the homotopy class of the iden-
tity of a product region (with 2Ly—bounded geometry and injectivity
radius bounded by 7)) ky : U C H(Xo) — Q(Y,Y) .

e When applied to the pair (?, YO) using Y as a free boundary: A
¢/ Bo—almost-isometric embedding in the homotopy class of f of a
product region with (2Ly—bounded geometry and injectivity radius
bounded by 1) ky : V C H(Xo) = Q(Y,Y).

e Observe that the manifolds Q := Q(Y,Y) and Q(Y,Y) are isometric
via an orientation reversing isometry.

By Lemma 6.6 we have
dg (ky(U),0vyCC(Q)) < A(2Hy) and dg (k:V(V), GVCC(Q)) < A(2Hy).

In particular, if dg (9yCC(Q), +CC(Q)) is much bigger than A(2H) then
ky(U), ky (V) are disjoint and appear in the correct order along Q). Propo-
sition 4.1 (or Proposition 6.2) implies that there exists Hgluing > Ho such
that this condition is satisfied (we can choose Hglying to be the height that
implies the presence of a large-thick collar of dyCC(Q) of width at least
20A(2Hy)).

Lemma 5.2 gives us uniform bump functions 6y, 6y : U,V — [0,1] on U,V
whose C?—norm is bounded by By. Finally, we apply Lemma 5.1 twice and
glue H(Xo),Q,H(Xy) along ky : U — Q and ky : V — Q using uniform
bump functions 0y, 0. The sectional curvatures of the resulting manifold
satisfy |sec + 1| < e3Bg - §/c3By = £. The requirements (2) and (3) follow
from the cut and glue construction and Lemma 6.6. O
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7. RANDOM HEEGAARD SPLITTINGS

The goal of this section is to establish some geometric control on random
3-manifolds. We begin with defining the type of control we need.

DEFINITION. For ¢ € (0,1/2),b > 1 and g > 2, a (b,d)-product region of
genus g in a Riemannian 3-manifold M is a closed subset V' of M with the
following properties.

(1) V is diffeomorphic to ¥ x [0, 1] where ¥ is a closed surface of genus
g, and V' separates M, i.e. M — int(V) consists of two connected
components with boundary ¥ x {0}, ¥ x {1}, respectively.

(2) The injectivity radius of M at points in V' is contained in the interval
[0,1/6], and the diameters of the surfaces ¥ x {0} and ¥ x {1} are
at most 1/0.

(3) The restriction of the metric of M to V is of constant curvature —1.

(4) The distance between the boundary components ¥ x {0} and ¥ x {1}
equals at least b.

Note that as b > 1, the volume of an (b, d)-product region is bounded
from below by a universal constant which can be chosen to be the volume
of a ball of radius § in hyperbolic 3-space, and up to a universal additive
constant, its diameter is bounded from above by the distance between the
boundary surfaces.

EXAMPLE. Let M be a doubly degenerate hyperbolic 3-manifold which is
homeomorphic to ¥ x R for a closed surface ¥ of genus g > 2 and whose
injectivity radius is at least . Then the injectivity radius is also bounded
from above by a universal constant (see [40] for details), and for any b > 1,
any sufficiently large metric ball in M contains a (b, d)-product region of
genus g¢.

By definition, a (b, d)-product region V' C M separates M. In particular,
if V! C M is another such region which is disjoint from V', then it is contained
in one of the two components of M — V. Thus if V C M is a disjoint union
of k > 1 (b, 0)-product regions in M, then the dual graph whose vertices are
the components of M — V and where two such components are connected
by an edge if their closures intersect the same component of V is a tree. We
say that the components of V are linearly aligned if this tree is just a line
segment.

We shall show that for there exists a number C; > 0, and for given
numbers b > 1,6 > 0 there exist a number Cy = C3(b,d) > 0 such that
for any € > 0, a random 3-manifold admits a negatively curved metric as
described in Theorem 6.7 with the following additional properties.

(a) The gluing control parameter ¢ is smaller than e.
(b) vol(Hy U Hy U Q) < en where n is the step of the walk.
(c) vol(Q) > Cin where n is the step of the walk.
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(d) The set @ contains a subset " which is a disjoint union of linearly
aligned (h, §)-product regions of genus g and cardinality at least Can.

We call such a gluing a gluing with (e, b, §)-controlled geometry. The point
here is that C; > 0 is a universal constant, and the constant Ca(b,d) only
depends on b, and, in particular, is independent of e.

We begin with describing the basic setup of random 3-manifolds.
DEFINITION (Random Walk). Let us fix a symmetric probability measure
w on Mod (X) whose support is a finite generating set S. Let {Sj}jeN be
a sequence of independent, u—distributed random variables with values in
Mod (X). The n—th step of the random walk is the random variable w,, :=
S1 -+ Sy (with wp := Idy). The random walk is the discrete process (wy,),,c-

Let P be a property of mapping classes or 3-manifolds. We say that P
holds for a random mapping class (resp. for a random 3-manifold) if

P, [f € Mod (X)| f (resp. My) has P] =% 1

where P, is the distribution of the n—th step of the random walk w,, and
coincides with the n-th convolution of y with itself.

The following is the main result of this section. The constants C7 >
0,C5(b,d) > 0 appearing implicitly in its statement depend on the probabil-
ity measure p and will be determined in the course of the proof.
PRrROPOSITION 7.1. Let g > 2 and € > 0,b > 0,0 > 0 be fized. Let
be a symmetric probability measure on Mod (X) whose support is a finite
symmetric generating set. We have
P, [f € Mod (X) | My has gluing with (€, b, d)-controlled geometry | — 1.

n—oo

We first recall some facts about random walks on Mod (X).

7.1. Random walks on the mapping class group. Much of the mate-
rial we present here is also contained in higher generality and with more
details in Section 6 of [1].

In the sequel we always consider a symmetric probability measure p on
Mod (X) whose support S is a finite generating set. Associated to the
random walk generated by u is a space of sample paths (2,E,0) where
Q = Mod (2)" is endowed with the product topology, & is the o-algebra
of Borel sets and P is the push-forward of the product measure p®Y under
the measurable map

T:Q—Q, defined by (T'(s;); = s1---5j = wj).
We have
THEOREM 7.2 (Maher [28]).

n—,o

P, [f € Mod(X) | f is pseudo-Anosov | — 1.
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We will use a geometric statement for the action of random mapping
classes on Teichmiiller space. The following result is due to Tiozzo.

THEOREM 7.3 (Tiozzo, Theorem 1 of [48]). Fiz some X in the Teichmiiller
space T of 3. Then there exists Lt > 0 such that for almost all sample paths
(wy) there exists a Teichmdiller geodesic ray ~y : [0,00) — T with v(0) = X
and such that

e X 5 (Lrn)

n—00 n

— 0.

In particular, the drift for the action of the random walk on Teichmdiiller
space with the Teichmiiller metric is positive.

There also is a statement concerning the action of the random walk on
the curve graph (C,d¢) of ¥ which is due to Maher and Tiozzo [29].
THEOREM 7.4 (Maher-Tiozzo, Theorem 1.2 and Theorem 1.3 of [29]). Let
a € C be a basepoint. Then there exists a constant Lg > 0 such that for
almost every sample path (w,) we have

lim de(a, wpar)
n—oo n

= L¢ > 0.
Moreover, there is a uniform quasigeodesic ray ~ which tracks the sample

path sublinearly, i.e.

lim dC (wnaa 7)
n—00 n

= 0 almost surely .

As an application of Theorem 7.3 and Theorem 7.4, we obtain the fol-
lowing result which was first shown by Kaimanovich and Masur [22]. For
its formulation, recall that a point in 0,,C is an unmeasured filling geodesic
lamination on 3.

THEOREM 7.5 (Kaimanovich-Masur [22], Maher-Tiozzo [29]). For P-almost

every sample path w = (wy,) € Mod (E)N, the following holds true.

neN

(1) For every base-point o € C, the sequence {wna}, oy C C converges to
a point bnd(w) € 0xC in the Gromov boundary which is independent
of a.

(2) The point bnd(w) supports a unique transverse invariant measure up
to scale, and the Teichmiiller ray Tx pnd(w) 1ssuing from a fized base-
point X € T which determined by bnd(w), equipped with this trans-
verse invariant measure, has the sublinear tracking property from
Theorem 7.3-

Furthermore, the map bnd : Mod (E)N — O05C is measurable with respect to
the o-algebra of Borel subsets of 05C.

By Theorem 7.5, we may view the map bnd as both a map with values
in the boundary d,.C of the curve graph as well as a map with values in the
space PML of projective measured laminations. We will not distinguish
between the two viewpoints in the sequel to keep the notations simple.
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Theorem 7.5 leads to the next definition.

DEFINITION (Harmonic Measure). The measure v := (bnd), P on 0x,C (or
on PMUL) is called the harmonic measure associated to the random walk
(or to the distribution ).

The next statement is Proposition 6.10 of [1]. It can be viewed as a
statement about the harmonic measure on PML.

PROPOSITION 7.6. Let W C T be a Mod(X)-invariant open subset that
contains an axis of a pseudo-Anosov mapping class. Then for all H > 0
there exists a ¢ = ¢(W, H) > 0 such that for almost every sample path w, we
have

1
hmlnfth € [O,T] | TX,bnd(w)[t —H,t—I—H] C W}| > C.

The Mod(X)-invariants sets W we are going to use in the sequel are the
sets Ts for some suitably chosen numbers § > 0.

7.2. Random handlebodies. From now on we fix a handlebody H and a
marking of the boundary surface X. The disk set D of H defines a subset 9D
of J5C by taking its closure in C U0 C and intersecting with the boundary,
i.e. 00D := DNOxC. Maher, exploiting work of Kerckhoff [23] (Kerckhoff’s
proof contained a small gap that has been settled by Gadre in [18]), showed
that 0,,D has measure zero with respect to the harmonic measure v.

THEOREM 7.7 (Maher, [27]). The harmonic measure of the boundary of
the disk set vanishes, i.e. v(0xD) = 0. Moreover, the Hempel distance
increases linearly along the random walk, i.e. there exists a constant K > 1
such that

1 n—oo
P, |(wn) € Q| de (D,w,D) € [Kn, Kn” i o

Maher’s theorem has a few immediate consequences. First of all, for a
random mapping class f, the 3-manifold M is hyperbolic (see Dunfield and
Thurston [16]). Furthermore, let us choose once and for all a basepoint
X € 7. contained in the e-thick part of Teichmiiller space for a suitably
chosen number € > 0. We select X so that it admits a short marking whose
base is a pants decomposition made of diskbounding curves for H. By
Theorem 7.4, the distance in the curve graph between Y(X) and Y (w,X)
makes linear progress in n, and by Theorem 7.7, it makes linear progress
away from the diskbounding curves. Here as before, T : 7 — C denotes the
systole map.

This property, however, is not sufficient to conclude that for a random
element f € Mod(X), the manifold My satisfies the assumptions in Propo-
sition 7.1. As additional properties, we have to control the transition of
the Teichmiiller geodesic segment 7x ,,, x connecting X to w, X through the
thick part of Teichmiiller space while controlling the rate of divergence of
its trace from the disk set. We next establish this control.
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Thus let f € Mod (X) be a random mapping class. By Theorem 7.2 we
know that f is p-A (pseudo-Anosov).

Quantitatively, a possible measure for the fellow-travelling of the disk set
is given by the size of the nearest point projection of the disk set D to the
uniformly quasi-convex subset

Gy="T(rxsx)

of the curve graph. We denote this nearest point projection by m¢,. As Gy is
a uniform unparametrized quasi-geodesic in the curve graph, hyperbolicity
of C yields that the projection 7, (D) is a quasi-convex subset of Gy. Let
[7G,(D)| be its diameter. Our next goal is to prove that as the step length
tends to infinity, this diameter is arbitrarily small compared to the diameter
’G f’ of G f-

PROPOSITION 7.8. Let g > 2 and € > 0 be fixed. Let p be a symmetric
probability measure on Mod (X) whose support is a finite generating set. We
have

P, [f € Mod () | f is p-A,

TG, (D)‘ [IGf| < 6} TR,

Proof. Let € > 0 be arbitrary. Let K > 0 be the constant from Theorem
7.7, let Le be the constant from Theorem 7.4 and assume without loss of
generality that Lee < 1/2K.

Let « = T(X) € C. We may assume that « is diskbounding in the
handlebody H.

For ng > 0 let Q,, C Q be the set of all sample paths w = (wy,) such that
for all n > ng the following properties are fulfilled.

(1) Le(1 —€/2)n < de(ov,wper) < Le(1 +€/2)n.

(2) Let v be a uniform quasigeodesic ray in C connecting v(0) = « to
v(00) = bnd(w); then de(y,wn(a)) < Leen/2.

(3) de(D,w,D) > n/2K.

Note that we have ,,, D Q,,, for all n; > ng. By Theorem 7.4 and Theorem
7.7, for every p > 0 there exists a number ng = ng(p) > 0 so that P, (Qy,) >
1—p.

The disk set D C C is quasi-convex. Thus by hyperbolicity of C, there
exists a number A > 0 with the following property. Let ¢ : [0,00) — C be a
uniform quasi-geodesic ray beginning at ((0) = a € D; if t > 0 is such that
de(¢(t),D) > A and if 8 € C is such that ((¢) equals a shortest distance
projection of 8 into ¢ , then a shortest geodesic connecting 8 to D passes
through a uniformly bounded neighborhood of ((¢). In particular, up to
increasing A, we have ((t) ¢ ng, (D).

Assume from now on that ng/4K > A. Let (w,) € Qp, and let n > ny.
Denote by 7 the quasi-geodesic ray in C as in property (2) above. Then on
the one hand, we have

Le(1—€/2)n < de(a,wp(@)) < Le(1 +€/2)n,
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on the other hand also d¢(7,wn(a)) < Leen/2. In particular, by property
(3) above, the nearest point projection g, of wy(c) into v is of distance at
least n/2K — Leen/2 > n/4K > A from D. This implies that a geodesic
in C which connects wy(a) to a shortest distance projection into D passes
through a uniformly bounded neighborhood of ¢,. Using again uniform
quasi-convexity of D and the fact that o € D we conclude that the diam-
eter of the shortest distance projection of D into the geodesic 7x ,,,x does
not exceed the distance between « and g, which is at most L¢(1 + €)ng,
independent of n > ng and w € ;.

Let now n; > 0 be sufficiently large that Lc(1 + €)ng < eL¢(1 — €)ny.
Then for w € Q,, and for n > ny, the distance between wy, () and « is at
least Lc(1 — €/2)n, while the diameter of the projection of D into 7x ., x
does not exceed L¢(1 4 €)ng. By the choice of np, this means that the
properties required in the proposition are fulfilled for this ni, i.e. we have
TG, (D)] < €|Gy,| as claimed.

As p > 0 was arbitrary, the proposition follows. Il

7.3. Good gluing regions. The goal of this subsection is to show Propo-
sition 7.1. The argument is very similar to the argument in the proof of
Proposition 7.8. We begin with a volume control for convex cocompact hy-
perbolic structures on handlebodies. To this end choose as before once and
for all a marking n for the boundary ¥ of the handlebody H so that the
base pants decomposition consists of diskbounding curves. The following
proposition is well known in various settings. As we did not find a directly
quotable statement in the literature, we sketch a proof.

PROPOSITION 7.9. Let € > 0 be a fixed number and let v be any marking
on % of Hempel distance at least three to n. Suppose that H is equipped
with a convex cocompact hyperbolic structure H(X) with conformal boundary
X € T¢ such that v is short for X. Then the volume of the conver core of
H(X) is bounded from above by a fized multiple of the distance between n, v
i the marking graph.

Proof. The volume of any simplex with totally geodesic sides in a hyperbolic
3-manifold M is bounded from above by a universal constant. Furthermore,
any abstract simplex, i.e. an embedded subset of M which is the image of an
embedding A — M where A is the standard 3-simplex, can be straightened
in a unique way to a simplex with the same vertex set and with totally
geodesic sides [2], and this construction is compatible with the side relation.

On the other hand, as by Theorem 2.1 the diameter of the boundary of the
convex core of the handlebody H(X) is uniformly bounded, the volume of
a uniformly bounded neighborhood of this boundary is uniformly bounded
as well. Thus for the purpose of the proposition, it suffices to show that the
complement in CC(H(X)) of a neighborhood of the boundary of uniformly
bounded radius admits a triangulation by simplices with totally geodesic



58 URSULA HAMENSTADT AND GABRIELE VIAGGI

sides whose number does not exceed a fixed multiple of the distance between
n and v in the marking graph.

The strategy now is to construct for each marking of ¥ a triangulation of X
and control these triangulations as we move through the marking graph. We
begin with noting that a marking decomposes the surface into a uniformly
bounded number of polygonal disks. This means that the intersection points
between the curves from the marking determine a collection of marked points
on the boundaries of these disks. Subdivide each disk into triangles in such
a way that the marked points are precisely the vertices of these triangles.
Note that this procedure is by no means unique, but there are only finitely
many combinatorial possibilities.

If we apply this procedure to the marking 7, then we can extend this
(topological) triangulation of the boundary of CC(H(X)) to a topological
triangulation with uniformly few simplices. This is true because the base of
7 consists of diskbounding curves, and the disks with boundary in the base
of n decompose H into balls.

Now let us assume that 7’ is obtained from 7 by a Dehn twist about
the pants curves (i.e the base) of 7. Let T be a triangulation of ¥ defined
by 1 and let T” be its image under the Dehn twist. Then there exists a
triangulation 7 of ¥ x [0, 1] which restricts to T,7” on the boundary. As
up to the action of the mapping class group there are only finitely many
combinatorial possibilities for this situation, we can find such a triangulation
of ¥ x [0, 1] with a uniformly bounded number of simplices.

The same argument holds true for the move which replaces a pants curve
by a marking curve and clears intersections. In a number of such steps
whose number does not exceed a fixed multiple of the distance between 7
and v in the marking graph, we obtain a triangulation of CC(H(X)). By the
diameter bound for the boundary of CC(H (X)) and the assumption that v
is short for X and hence by Theorem 2.1), v is short for the boundary of the
convex core, straightening this triangulation then yields a triangulation of a
subset of CC(H (X)) whose complement is contained in a uniformly bounded
neighborhood of the boundary and hence has uniformly bounded volume.
This yields the proposition. O

Using Proposition 7.9 we are now ready to complete the proof of Propo-
sition 7.1.

Proof of Proposition 7.1. Let X be a point in the thick part of Teichmiiller
space for which a fixed marking 1 on ¥ with pants curves consisting of
diskbounding curves is short. The strategy is to isolated a region on the Te-
ichmiiller geodesic connecting X to its image under a random pseudo-Anosov
mapping class which fulfills the assumptions in Theorem 6.7. Furthermore,
this region should be contained in the initial subsegment of the geodesic of
length at most € times the total length. We also isolate a region with similar
properties near the end of the segment.
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Using Proposition 7.9 we then argue that the sum of the volumes of the
convex cocompact handlebodies corresponding to this initial and terminal
segment of the geodesic is small compared to the volume of the center piece
and that the center piece contains linearly aligned product regions as pre-
dicted in the proposition.

Let as before A > 0 be sufficiently large that the following holds true. Let
v :[0,00) — C be a uniform quasi-geodesic beginning at the diskbounding
curve 7(0) = « (this should mean that we choose once and for all a quasi-
geodesic constant so that any two distinct points in CU0xC can be connected
by a quasi-geodesic for this constant). We require that whenever g € C is
such that a shortest distance projection (t) of  into 7 has distance at
least A from D, then a shortest geodesic connecting 5 to D passes through
a uniformly bounded neighborhood of ~(t).

Let p be a finitely supported probability measure on Mod (%) which in-
duces the probability measure P on €. Let € > 0, H > 0,6 > 0 be arbitrarily
fixed. We require that § > 0 is small enough that the conditions in Propo-
sition 7.6 are fulfilled for W = Tys.

Let f € Mod(X) and consider as before the Teichmiiller geodesic 7x rx
connecting X to fX. We say that My admits a (H, d, €)-good gluing region if
the following holds true. Let {(7x sx) be the length of the geodesic segment
Tx,fx; then there exists an initial subsegment 7x rx[0,p] of length p <
el(Tx,fx) such that the distance between Y(7x sx[p — 2H, p]) and D is at
least A and that 7x rx[p — 2H, p| C T5. We claim that

P,[f € Mod(X) | f is p.A. and f has a (H,J,¢€) good gluing region | — 1.

Note that a (H,d, €)-good gluing region is related but a priori different from
a gluing with controlled geometry.

To show the claim let ¢ > 0. By Theorem 7.4 and Proposition 7.8, we
can find a number ny = ng(o) > 0 with the following property.

Let Qp, C 2 be the set of all sample paths (wy) so that
de(o, wna) € [(1 —€)Le, (1 + €)Le)]

for all n > ng and that furthermore |7g, (D)/|Gy,| < €/2 for all n > ng;
then P(Q,,) > 1—o0.

Note that by convexity and hyperbolicity, if (wy,) € Qy, then the diameter
of the projection 7, (D) is at most ngq for some fixed number ¢, indepen-
dent of n (see the proof of Proposition 7.8). Thus by Proposition 7.6, for a
fixed number A > 0 there is a number T > 0 with the following property.
Let ' C Qy, be the set of all w = (wy,) € Oy, such that the geodesic seg-
ment Tiyq(,)[0, 7] contains a subsegment of length at least 2H + 24 entirely
contained in 7Ts; then Py, (£2,,) > 1 — 20 for all n > n;.

By Theorem 7.3, the orbit of X under the random path w tracks the
geodesic ray Ti,,q(,) sublinearly. This implies the following. For n > 0 let
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s(n) > 0 be such that 7x pnq(.)(s(n)) is the shortest distance projection of
wn(X) into Tx bnd(w); then s(n) — co as n — oo.

Minsky [38] showed that for a given number 6 > 0, there exists a number
A > 0 so that the following holds true. Consider for the moment two
Teichmiiller geodesics v, ( : [0,00) — T with the same starting point v(0) =
¢(0). Suppose that for some 7' > A and some H > 0 the segment [0, T
contains a subsegment (3 of length H +2A entirely contained in 725. Suppose
furthermore that for some large m the shortest distance projection of {(m)
into ~y is contained in v — [0, T; then ¢ contains a subsegment of length at
least H which is contained in a uniformly bounded neighborhood of .

Together with the above discussion, this implies that there exists a number
ny > ng such that the set Q,, C Q,, of all (w,) € Q,, with the property
that 79,,,(,) contains a subsegment of length 2H entirely contained in 75
satisfies P, (2,,,) > 1 — 20 for all n > n;.

Now following the reasoning in the proof of Proposition 7.8, we conclude
that there exists a number no > 0 so that for n > no the proportion of
the length of the smallest initial subsegment of the geodesic 7x ,, x which
contains the above segment of length 2H with respect to the total length of
TXw,x 18 at most €. In particular, for n > ny we have P,,(Q,,) > 1 — 20
and, furthermore, if (wy,) € Oy, and if n > ng then wy, is p.A. and admits a
(H, 9, €)-good gluing region.

On the other hand, for a fixed (sufficiently small) number 6 > 0 and
a given number H > 0, Theorem 7.6 shows that there exists a number
¢ = ¢(H,0) such that for almost every sample path w, we have

1
lim inf T‘{t S [0, T] ‘ TX ,bnd(w) [t — 2h, t 4+ Qh] C TQ(S}‘ > C.

This implies that for this number ¢ and for ¢ > 0 as before, there exists a
number ng > no such that for n > ng we have

Pr{(wn) € Qg | Tx 1w, x contains é(1 — €)/2H pairwise disjoint segments
of length at least 2H and contained in Ta5} > 1 — 3p.

However, if n > n3 and if we consider the quasifuchsian manifold defined
by the (H, 6, €)-good gluing region and the Teichmiiller segment 7x ,, x then
Minsky’s model theorem shows that this quasifuchsian manifold satisfies
property (4) in the definition of a gluing with (e, b, d)-controlled geometry
where the constant H > 0 as above depends on the choice of the a priori
prescribed number b > 1.

Now the direction of the walk can be reversed and hence we can transfer
statements about initial segments of the walk to statements about terminal
segments. As o > 0 was arbitrary, together this then yields the proposition.

O
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8. GEOMETRIC CONTROL OF RANDOM HYPERBOLIC 3-MANIFOLDS

In Section 7 we established that a random hyperbolic 3-manifold of Hee-
gaard genus g admits a Riemannian metric of sectional curvature close to
—1 with some specific geometric properties. Furthermore, for any given
numbers b > 1, > 0, a definitive proportion of the volume for this metric
is contained in a union of pairwise disjoint linearly aligned (b,d)-product
regions. Here the proportionality constant depends on the numbers b, 4.

The main goal of this section is to show that this property carries over to
the hyperbolic metric on a random 3-manifold. The following lemma shows
that this suffices for the proof of Theorem 1 from the introduction.

LEMMA 8.1. For fixed g > 2,0 > 0 and sufficiently large b > 1, there
exists a number C = C(g,b,6) > 0 with the following property. Let M be a
hyperbolic 3-manifold, and suppose that M contains n > 1 pairwise disjoint
linearly aligned (b, §)-product regions of genus g; then A\ (M) < C/n? and
(M) <1/C.

Proof. Let M be as in the lemma. Denote by V C M the union of the n
linearly aligned (b, §)-product regions of genus g whose existence is assumed
in the statement of the lemma.

For each component A = ¥ x [0,1] of V there is an L-Lipschitz function
Y4 A—10,1] for some L > 0 only depending on b so that 1 4(X x {0}) =0
and ¥4(X x {1}) = 1. Since the components of V are linearly aligned,
functions of the form ¢4 + by or of the form 1 — 4 + by for a constant
ba can be pasted together to a function on M which is constant on the
components of M —V and whose Rayleigh quotient is bounded from above
by a universal multiple of 1/n2. We refer to [1] for details.

This shows the upper bound for A;(M ), and the upper bound for A, (M)
follows from the fact that the first eigenvalue of a (b, d)-product region with
Dirichlet boundary conditions is bounded from above by a universal constant

together with domain monotonicity of eigenvalues with vanishing Dirichlet
data. g

Theorem 1 from the introduction now follows from Proposition 7.1, Lem-
ma 8.1 and the following statement which is the main result of this section.
Recall that by hyperbolization, a closed 3-manifold M which admits a Rie-
mannian metric of sectional curvature contained in [—1 — ¢, —1 4 €] for some
e < 1/2 admits a hyperbolic metric, unique up to isometry by Mostow rigid-
ity.

THEOREM 8.2. For every g > 2,a € (0,1),b > 4,5 > 0 there exist numbers
e =€(g,a,b,8) > 0,a’ =d'(g,a,b,0) € (0,1) with the following property. Let
M be a closed aspherical atoroidal 3-manifold of Heegaard genus g, and let p
be a Riemannian metric on M of curvature contained in (—1—e, —14¢€). As-
sume that (M, p) contains a linearly aligned collection V of pairwise disjoint
(b, 0)-product regions of genus g whose total volume is at least avol(M, p).
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Let py be the hyperbolic metric on M. Then (M, pg) contains a linearly
aligned collection W of pairwise disjoint (b — 1,0/2)-product regions of vol-
ume at least a’vol(M, po).

By Proposition 7.1, for a fixed choice of a number b > 4 and sufficiently
small § > 0, a random 3-manifold M of Heegaard genus g admits a Rie-
mannian metric p which fulfills the assumption in Theorem 8.2 for some
number a € (0,1). Note that b, are independent of M, and the number
a € (0,1) depends on the random walk. Thus Theorem 1 is an immediate
consequence of Theorem 8.2 and Lemma 8.1.

We are left with the proof of Theorem 8.2 which is carried out in the
remainder of this section. We use a construction of [4], [5]. The following is
a special case of the main result of [5].

THEOREM 8.3. Let (M, p) and (M, po) be closed oriented Riemannian man-
ifolds of dimension 3 and suppose that for some constant b > 1

Ric, > -2, and —b* < K,y < —1.
If there exists a map f: M — My of degree one then
vol(M, p) > vol(My, po),
with equality if and only if (M, p), (Mo, po) are isometric and hyperbolic.

Here Ric, and K, are the Ricci curvature and the sectional curvature of
p and pg.
COROLLARY 8.4. For e < 1/2 let p be a Riemannian metric on the closed
3-manifold M of curvature contained in (—1 — €, —1+ €) and let py be the
hyperbolic metric on M. Then

vol(M, p) /vol(M, po) € [(1 —€)*/2, (1 4 €)*/?].

Proof. Rescaling the metric p with the factor (1 —¢)~! yields a new metric
on M whose volume is (1 — €)~%/2vol(M, p) and whose sectional curvature
is bounded from below by —1. In particular, the Ricci curvature of this
metric is at least —2. An application of Theorem 8.3 then implies that
vol(M, p) > (1 — €)3/2vol(M, py).

Similarly, rescaling the metric p on M with the factor (1 +¢)~! yields a
metric whose sectional curvature is bounded from above by —1 and whose
volume equals (1 + €)~3/2vol(M, p). Another application of Theorem 8.3,
with the roles of (M, p) and (M, pg) exchanged, shows that vol(M,py) >
(1 + €)~3/2v0l(M, p). Together the corollary follows. O

The wvolume entropy h(p) of a negatively curved metric p on M is the
asymptotic growth rate of the volume of balls in its universal covering. The
volume entropy of a hyperbolic metric equals 2, and the volume entropy of
a metric whose sectional curvature is bounded from below by —b? for some
b > 0 is at most 2b.
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For ¢ > h(p) there exists a smooth natural map Fe. : (M,p) — (M, po)
[4]. The following statement summarizes some of the results from Section
7 of [4]. Part of the statement is only implicitly contained in [4], but an
explicit version can be found in Theorem 2.1 of [6]. We always assume that
the constant € which controls the curvature of M is smaller than 1/2 and
that the number ¢ > h(p) is bounded from above by 4 to make all constants
uniform.

PROPOSITION 8.5. Let ¢ > h(p) and let F,. : (M, p) — (M, po) be the natural
map.
(1) F. is of degree one, and its Jacobian satisfies

Jac(F)| < (5)°

pointwise.

(2) There are k > 0,7 € (0,1) and L > 1 not depending on (M, p) with
the following property. If x € (M,p) is such that |Jac(Fe)(z)| >
(1 —&)(5)? then the restriction of the map F, to the ball B(z,r) of
radius r about x in (M, p) is L-Lipschitz.

(3) Forall® > 0 andx € M there exists B > 0 such that if |Jac(F.)(z)| >
(1- B)(5)® then

c

(1-0)

for all unit tangent vectors v € T, M.

P < ldFe(v)] < (1+6)(5)°

The strategy is now as follows. Given a € (0,1) and b > 4L where L > 1
is as in Proposition 8.5, for a manifold (M, p) which fulfills the assumption
in Theorem 8.2 for sufficiently small ¢ > 0, we find a union W C V of
components of the collection V of (b,d)-product regions in (M, p) whose
total measure is large and such that the restriction to this set of the natural
map F, : (M, p) — (M, po) for a suitably chosen ¢ > h(p) has large Jacobian
outside of a subset which does not contain any ball of radius r where r > 0 is
as in the second part of Proposition 8.5. Proposition 8.5 then yields that the
map F¢ is uniformly Lipschitz on WW. We then argue that the image under F,
of a (b,d)-product region in W contains a (¥, §')-product region in (M, po)
where b’ is close to b and ¢’ is close to §. The geometric control on the image
of the map F, is then used to show that suitably chosen sub-regions of these
image product regions of controlled total volume are pairwise disjoint and
linearly aligned.

The following lemma establishes a first volume control. In its formulation,
the numbers » > 0, L > 1 are as in Proposition 8.5.

LEMMA 8.6. Let a € (0,1),b > max{10r,4},0 > 0 and £ > 0. There exists
a number €9 = €y(a,b,0,8) > 0 with the following property. Let (M,p) be
as in Theorem 8.2, with sectional curvature contained in (—1 —e€p, —1 +€p).
Then for ¢ > h(p) sufficiently close to h(p), there is a subset W C V with
the following properties.
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(1) W is a union of components of V, and its total volume is at least
avol(M, p)/2.

(2) The restriction of F. to each component of W is L-Lipschitz, and
its image is contained in the o-thick part of (M, po) for a universal
constant o > 0.

(3) If V is any component of W then vol(F.(V)) > (1 — &{)vol(V),
and there exists a subset A of V' with vol(A) > avol(V') such that
F7YF.(x)) CV forallz € A.

Proof. Let r > 0 be as in the second part of Proposition 8.5. Assume

without loss of generality that » < 1. For = € (M, p) let B(x,r) be the

open ball of radius r about . Let V be a union of (b, §)-product regions as
in the statement of Theorem 8.2. Since the components of V are linearly
aligned and b > 4, any ball B(y,r) in (M, p) intersects at most two different

components of V.

Let us consider a point € V. The injectivity radius of (M, p) at x is at
least §. Therefore by comparison, the volume of the ball B(x,r) is bounded
from below by a universal constant « > 0. On the other hand, as the
diameters of the boundary surfaces of a component V' of V are uniformly
bounded, the volume of the r-neighborhood N, (V') of any component V
of V is bounded from above by a universal constant 5 > 0. Thusif x € V
then the ratio vol(B(x,r))/vol(N,(V')) is bounded from below by a universal
constant «/f3.

Let & > 0. Define

Z={x e M| [Jac(F)(x)] = (1-&)(5)*}.

By Corollary 8.4 and the first part of Proposition 8.5, for sufficiently small
e > 0 and for ¢ > h(p) sufficiently close to h(p), the volume of the union
W of all components V' of V with the property that N,.(V) — Z does not
contain a ball of radius r centered at a point x € V' is at least 3avol(M)/4.
Namely, if V7, ..., V, are the components of V—W and if x; € V; is such that
B(zi,r) C M — Z, then by the above discussion, any of the balls B(z;,r)
intersects at most one other ball B(z;,r) for j # 1. In particular, at least
k/2 of the balls B(x;,r) are pairwise disjoint and hence

vol(U; B(xi, 7)) > ka/2.

Thus if vol(V — W) > avol(M, p)/4 then vol(U; B(z;,r)) > aavol(M, p)/80.
But the restriction of F. to U;B(x;,r) decreases the volume by a definitive
factor. For € > 0 sufficiently close to 0 and ¢ — h(p) > 0 sufficiently small,
this violates Corollary 8.4.

By the second part of Proposition 8.5, the restriction of F. to any com-
ponent V of W is L-Lipschitz where L > 1 is a universal constant. In
particular, if v is a closed loop entirely contained in V', then the length of
its image F.(7y) is at most L times the length of .
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By the definition of a (b, §)-product region, for an arbitrary point x € V'
the subgroup of w1 (M) generated by the homotopy classes of uniformly short
loops at x which are entirely contained in V' is not virtually abelian. But
this implies that for any point y € F.(V'), there are closed loops of uniformly
bounded length passing though y which generated a non-solvable subgroup
of m(M). As a consequence, the set F.(V) is contained in the o-thick part
of (M, pp) for a universal constant o > 0. Together this shows the first and
second part of the lemma.

Now if V is a component of W and if B = {x € V | |[F.}(F(x)) ¢ V}
then the volume of (M, pg) equals the volume of F.(M — B). Thus as e — 0
and ¢ — h(p) — 0, by volume comparison the proportion of the volume
of W contained in the union of those components of YW which violate the
conditions in the third part of the lemma has to tend to zero. This then
implies the third part of the lemma. O

For a number ¢ > 0 we say that a map F' between two metric spaces X,Y
is a &-coarse isometry if |d(Fzx, Fy) — d(z,y)| < for all z,y.
LEMMA 8.7. Forl/ < b,8' < § and & > 0 there exists a number ey = €o(b', )
with the following property. Let (M, p) be as in Lemma 8.6 and let V be a
component of W where W is as in Lemma 8.6; then the restriction of F,
to V is a -coarse isometry whose image contains a (b, 0")-product region of
genus g.

Proof. We argue by contradiction and we assume that a number ¢y > 0 as in
the lemma does not exist. Then there exists a sequence of closed 3-manifolds
(M;, p) which fulfill the assumptions in Theorem 8.2 for a sequence ¢; — 0
and fixed numbers g > 2,a > 0,b > 4,0 > 0 and such that for each ¢, there
is a component V; of the collection W; as in Lemma 8.6 whose image under
the natural map F; : (M;, p) — (M;, pp) does not contain a (¥',d’) product
region where b’ < b and §' < § are fixed constants. Note that in contrast
to similar statements in the literature, we do not assume the existence of a
bound on the diameters of the manifolds (M;, p). Let as before pg be the
hyperbolic metric on the manifold M;.

Let h; be the volume entropy of M;. We know that h; — 2 (i — o0).
Choose a sequence x; — 0 such that h; < 2 4 x;. For each i consider
the natural map F; : (M;,p) — (M;, po) for the parameter ¢; = 2 + x;.
By the choice of W; and the second part of Lemma 8.6, we know that the
restriction of F; to V; is L-Lipschitz where L > 1 does not depend on i.
Furthermore, for each 8 > 0, the measure of the set of all points z € V; so
that [Jac(F;)(z)| < (1—5)(%)? tends to zero as i — co. By the third part of
Proposition 8.5, as i — 0o, on subset of the component V; of W, containing
a larger and larger proportion of the volume of V;, the differential of Fj is
close to an isometry.
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For each i let x; € V;. The set F;(V;) is contained in the o-thick part
of (M;, pp) where o does not depend on i. Thus by passing to a subse-
quence, we may assume that the pointed manifolds (M;, z;, p) converge in
the geometric topology to a pointed hyperbolic manifold (M, z) and that
the pointed hyperbolic manifolds (M;, F;(z;), po) converge in the geometric
topology to a pointed hyperbolic manifold (N, y).

Let (V,x) be the geometric limit of the pointed (b,d)-product regions
(Vi,zi). Then V is a (b,d)-product region in M containing the basepoint
x. Furthermore, as the restriction of F; to V; is L-Lipschitz for a universal
constant L > 1, up to passing to another subsequence we may assume that
F;|V; converges to an L-Lipschitz map F : (V,z) — (N,y).

By the definition of geometric convergence, for large enough ¢ there exists
a (1 + &)-bilipschitz homeomorphism ¢; of a neighborhood U of V in M
onto a neighborhood U; of V; in M; where & — 0 (i — o0). We use ¢; to
identify U with U;.

As i — oo and by the choice of the sets V;, the Jacobians of the restriction
of F; to V; converge to one almost surely. We now follow the reasoning in the
proof of Lemma 7.5 of [4]. Namely, using the map ¢; ! we can think of U;
as a neighborhood of V in M. Egoroff’s theorem then implies that for each
n there exists a subset K,, C V with vol(V — K,,) < 1/n and such that on
K, the differentials dF; converge to an isometry uniformly. By Lemma 7.7
and Lemma 7.8 of [4], the map F|V is one-Lipschitz. Its differential exists
almost everywhere and is an isometry. It then follows from Appendix B
that F': V — N is an isometric embedding. In particular, F'(V') is a (h,6)-
product region in N, and for sufficiently large ¢ the map F; is a £-coarse
isometry.

Geometric convergence now implies that for large enough ¢, the image of
V; under F; is a (b, ¢')-product region in (M;, pp). This is a contradiction
to the assumption on the sets V;. O

Proof of Theorem 8.2. We showed so far that for sufficiently small ¢y > 0, if
(M, p) is as in Theorem 8.2, of sectional curvature contained in (1—ep, 14¢),
then (M, pg) contains a union of (b, ¢")-product region for some b’ close to b,
0’ close to § which cover a fixed proportion of the volume of (M, p). These
product regions are the images under a suitably chosen natural map F,
of a subcollection W C V of the family V of (b,d)-product regions whose
existence is assumed for (M, p). Furthermore, the volume of W is at least
avol(M, p) for some fixed number a > 0 (with a slight abuse of notation).
The restriction of F. to W is L-Lipschitz and a 1/4-coarse isometry, and
vol(F.(W))/vol(W) is very close to one.

Let b < b—2 and & < § be such that each component V' of W contains
a (b, d)-product region V' in its interior whose one-neighborhood is entirely

contained in V. The volume of V is at least bvol(V') for a universal constant
b> 0.
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Our goal is to show that there is a subcollection Z of W of volume at
least avol(M, p)/2 with the additional property that whenever V # W € Z
then VNW = 0.

To this end let us assume that for V # W € W we have F.(V)NF,(W) #
(). As the restriction of the map F is L-Lipschitz and a 1/4-coarse isometry,
this implies that there are balls By C V, By C W of radius 1/2L such that
F.(B;) C F.(W) and F.(By) C F.(V). Namely, for all z € V the ball of
radius 1/2 about F.(z) is contained in F.(V'), furthermore F, is L-Lipschitz.

Let 20 > 0 be a lower bound for the volume of a ball of radius 1/2L
entirely contained in an (b, 0)-product region. Such a number exists since the
injectivity radius in such a region is at least §. Then the volume of F,.(VUW)
is at most (5)3(vol(V) + vol(W) — 20). In particular, the contribution of
F.(V) to the volume of W does not exceed (§)3(vol(V) — o).

Since ¢ > 0 is independent of all choices and for ¢ sufficiently close to 2
the restriction of the map F. to W is very close to being volume preserving,
we deduce that for ¢ sufficiently close to 2 the union Z of all product regions
V with V € W and such that the sets from Z are mapped disjointly by F,
covers a fixed proportion of the volume of (M, pp). Furthermore, the image
of each of the components in Z contains a (b, ¢’)-product region for some
fixed b < b and some & close to 6. Thus we found a collection of pairwise
disjoint product regions in (M, py) as claimed in the theorem.

We are left with showing that the regions FC(V) for V e Z are linearly
aligned. However, F, is a homotopy equivalence. If V € Z then as the re-
striction of F. to V is a homeomorphism, for a fixed choice of an embedded
surface ¥ C V which decomposes M into two handlebodies, the image sur-
face F.(X) separates (M, pp) into two components. The restriction of F. to
the closure of a component of M — 3. is a generator of the relative homology
group Hs(M,M — F.(¥)). But this homology group also is generated by
the inclusion of a component of M — F,(X) and hence each component A
of M — ¥ determines uniquely a component F(A) of M — F.(X) with the
additional property that F.(A) D F(A).

Now let V =+ W e Z; as the components of Z are pairwise disjoint,
the component W is entirely contained in a component of M — V, say the
component A. Furthermore, as FC(V),FC(W) are disjoint, the component
F.(W) is contained in a component Z of M — F.(V). We claim that Z =
F(A).

Namely, let B be the component of M — W entirely contained in A. If
Z # F(A) then we have F.(V) C F(B). But the restriction of F, to B maps
B to a subset that contains F(B). In particular, we have F,(V) C F.(M—V)
which violates property (3) in Lemma 8.6.

But this just means that the components of F.(W) are linearly aligned.
This completes the proof of the theorem. O
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APPENDIX A. COMPUTATION OF END INVARIANTS

We give a proof, which is certainly well-known but hard to find in the
literature, of Corollary 4.7.

LEMMA A.1. Let M be a marked hyperbolic structure on ¥ x R. Let A €
PML be a minimal filling measured lamination that is not realized in M.
Then A is the ending lamination of a relative end of M.

Proof. Let us fix a pleated surface fy : (X, 09) — M whose hyperbolic metric
we will use to parametrize ML and PML. Recall that the length function
Ly, (e) and the intersection form i(e, ®) extends continuously to all measured
laminations ML.

Let us pick a representative A € ML. Consider a sequence of weights a,, >
such that the sequence of weighted curves {a o}, oy € ML converges to
A € ML. By continuity of the intersection form on ML and the fact that
A is filling, we have:

ani(Qn,y) — i(A,7y) >0
for every curve vy € C.

Denote by Iy : C — [0,00) the length function associated to the 3-
manifold M, i.e. Iyr(a) = lpr(fo(a)*) where fo(a)* is the geodesic represen-
tative of fo(«). Since fj is a path-isometry, we have

Loy (a) = I(fo(@)) = 1(fo(@)") = lu(a)
for every curve a € C.

Let f: (X,0) — M be a pleated surface realizing « in the homotopy
class of fy. By work of Thurston, there is a Margulis constant €; > 0 such
that only the e-thin part of (X, 0) may enter the e; —thin part of M.

Let v € C represent a cusp of M. Suppose that « intersects v. By
standard hyperbolic geometry, namely, by the Collar Lemma, we have

-
sinh (L"T(V))

In conclusion, putting together the previous observations, we get that the
following holds: For the sequence of geodesics representatives of «, realized
in M by the pleated surfaces f, : (X,0,) — M we have

Lso(N) >~ anLoy(an) > aplpyr(om) = anLs, (o)

Iy(a) = Ly(a) > i(a,~)sinh ™t

— N
sinh <LU"T(7)) sinh <L(’+(V)>

As a consequence L, () is bounded from below, say by 7, > 0. Let n be
much smaller than min {7, | v cusp } and Thurston constant e. We have

> ani(ay,y)sinh ™t ~ i(\,~) sinh ™!
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that f,(3) N M(C(;l;}f =0, ie fo(X)C My= M)\ M(C(;IZI)’ in the notation of
Section 4.

We are now able to prove that A is an ending laminaiton of M. Observe
that, in this setting, i.e. for sequences f, : (X, 0,) — My, we have Compact-
ness for Pleated Surfaces (see the proof of Lemma 6.13 in [35], note that,
there, it is the hypothesis that the pleated surfaces are type-preserving that
allows to conclude that f,(3) C Mp).

The proof can be completed as in Corollary 6.14 in [35]. Since A is not
realized, the pleated surfaces f, have to leave every compact set in My and,
in particular, they will miss the Scott core SC C My and exit at least one end
for n sufficiently large. By the criterion for computing the end invariants
of Section 4 we can conclude that A is an ending lamination of a simply
degenerate end of M. O

APPENDIX B. LOCAL CONTROL OF ONE-LIPSCHITZ MAPS

The goal of this appendix is to show (compare Appendix C of [4] for a
different variation)

ProprosITION B.1. Let U be a domain in a hyperbolic 3-manifold and let
F : U — N be a volume preserving one-Lipschitz map into a hyperbolic
3-manifold N. Then F is an isometric embedding.

Proof. As F' is volume preserving, all we need to show that F' is a local
isometry.

To this end let € U and let 79 > 0 be such that the closed balls B(z, ro),
B(F(x),ro) of radius 79 about x and F(x) are isometric to the closed ball of
the same radius in hyperbolic 3-space. Since F' is one-Lipschitz we know that
F(B(z,r9)) C B(F(x),rg). Furthermore, as F' is continuous and B(x,rg) is
compact, F(B(z,rp)) is a closed subset of B(F(x),ry) and hence coincides
with B(F(x),ro) as F is volume preserving.

Using once more the fact that F' is volume preserving, the differential of
F exists almost everywhere and is an isometry. Furthermore, the set of all
points z € U such that F~1(F(x)) = {z} has full measure.

Let = be such a point. We saw above that there is a closed subset A of
the distance sphere of radius ro about x which is mapped by F' onto the
distance sphere of radius oy about F(x). If y € A then using once more that
F'is a contraction, the geodesic 7, connecting x to y is mapped by F' to the
geodesic vy connecting F'(x) to F'(y). As F'is differentiable at  and dF(z)
is an isometry, we have dF'(7,(0)) = vp,(0). In particular, if exp denotes the
exponential map at x then F(exp(sexp~!(z))) = exp(sdF(exp~!(z)) for all
z € A. On the other hand, F(A) = 0B(F(y),ro) and hence A = 0B(z,r0)
and the restriction of F' to B(z,19) is an isometry.

As x was a point from a subset of U of full measure, F' is indeed a local
isometry and hence an isometry. (|
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VOLUMES OF RANDOM 3-MANIFOLDS
GABRIELE VIAGGI

ABSTRACT. We prove a law of large numbers for the volumes of families
of random hyperbolic mapping tori and Heegaard splittings providing a
sharp answer to a conjecture of Dunfield and Thurston.

1. INTRODUCTION

Every orientation preserving diffeomorphism f € Diff" () of a closed
orientable surface ¥ = X, of genus g > 2 can be used to define 3-manifolds
in two natural ways: We can construct the mapping torus

Ty =X x[0,1] /(2,0) ~ (f(x),1),
and we can form the Heegaard splitting
My = HyUg.on,—on, Hy.

The latter is obtained by gluing together two copies of the handlebody H, of
genus g along the boundary 0H, = 3. In both cases the diffeomorphism type
of the 3-manifold only depends on the isotopy class of f, which means that
it is well-defined for the mapping class [f] € Mod (%) := Diff" (X)/Diff] (%)
in the mapping class group. We use Xy to denote either T’ or Mfl.

Invariants of the 3-manifold X give rise to well-defined invariants of the
mapping class [f]. For example, if X; supports a hyperbolic metric, then we
can use the geometry to define invariants of [f]: By Mostow rigidity, if such
hyperbolic metric exists, then it is unique up to isometry.

After Perelman’s solution of Thurston’s geometrization conjecture, the
only obstruction to the existence of a hyperbolic metric on Xy can be phrased
in topological terms: A closed orientable 3-manifold is hyperbolic if and
only if it is aspherical and atoroidal. Mapping classes that are sufficiently
complicated in an appropriate sense (see Thurston [35] and Hempel [17])
give rise to manifolds that satisfy these properties.

For a closed hyperbolic 3-manifold X, a good measure of its complexity
is provided by the volume vol(Xy). According to a celebrated theorem by
Gromov and Thurston, it equals a universal multiple of the simplicial vol-
ume of Xy, a topologically defined invariant (see for example Chapter C of

Date: July 29, 2019.
AMS subject classification: 57M27, 30F60, 20P05.
IFor the bibliography of this part of the thesis see page 101.
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[2]). As X is not always hyperbolic, in general we define vol(Xy) to be its
simplicial volume, a quantity that always makes sense.

The purpose of this article is to study the growth of the volume for families
of random 3-manifolds or, equivalently, random mapping classes.

A random mapping class is the result of a random walk generated by a
probability measure on the mapping class group, and a random 3-manifold
is one of the form X; where f is a random mapping class. Such notion
of random 3-manifolds has been introduced in the foundational work by
Dunfield and Thurston [12]. They conjectured that a random 3-manifold is
hyperbolic and that its volume grows linearly with the step length of the
random walk (Conjecture 2.11 of [12]).

The existence of a hyperbolic metric has been settled by Maher for both
mapping tori [21] and Heegaard splittings [22].

Here we answer to Dunfield and Thurston volume conjecture interpret-
ing it in a strict way (see also Conjecture 9.2 in Rivin [32]). Our main
result is the following law of large numbers: Let p be a probability mea-
sure on Mod (X) whose support is a finite symmetric generating set. Let
w = (wn)nen be the associated random walk

Theorem 1. There exists v = v(u) > 0 such that for almost every w =
(Wn)pen the following holds
vol (Xy,)

lim ——> = w.
n—o0 n

Here (Xu, ) ey is either the family of mapping tori or Heegaard splittings.

We observe that the asymptotic is the same for both mapping tori and
Heegaard splittings. We also remark that the important part is the existence
of an exact asymptotic for the volume as the coarsely linear behaviour follows
from previous work. In the case of mapping tori, it is a consequence of work
of Brock [6], who proved that there exists a constant ¢(g) > 0 such that for
every pseudo-Anosov f

C(lg)dwp(f) < vol (Ty) < e(g)dwe(f)

where dwp(f) is the Weil-Petersson translation length of f, and the theory
of random walks on weakly hyperbolic groups (see for example [24]) which
provides a linear asymptotic for dwp(f).

The coarsely linear behaviour for the volume of a random Heegaard split-
ting follows from results by Maher [22] combined with an unpublished work
of Brock and Souto. We refer to the introduction of [22] for more details.

Theorem 1 will be derived from the more technical Theorem 2 concerning
quasi-fuchsian manifolds. We recall that a quasi-fuchsian manifold is a hy-
perbolic 3-manifold (Q homeomorphic to ¥ x R that has a compact subset,
the convex core CC(Q) C @, that contains all geodesics of @ joining two of its
points. The asymptotic geometry of @) is captured by two conformal classes
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on X, i.e. two points in the Teichmiiller space 7 = T (X). Bers [3] showed
that for every ordered pair X,Y € 7T there exists a unique quasi-fuchsian
manifold, which we denote by Q(X,Y"), realizing those asymptotic data.
Theorem 2. There exists v = v(pu) > 0 such that for every o € T and for
almost every w = (wn),cy the following limit exists:

lim vol (CC(Q(0,wn0))) _

n—00 n

We remark that v(p) is the same as in Theorem 1. Once again, the
coarsely linear behaviour of the quantity in Theorem 2 was known before:
The technology developed around the solution of the ending lamination con-
jecture by Minsky [28] and Brock-Canary-Minsky [8], with fundamental con-
tributions by Masur-Minsky [25], [26], gives a combinatorial description of
the internal geometry of the convex core of a quasi-fuchsian manifold. This
combinatorial picture is a key ingredient in Brock’s proof [5] of the following
coarse estimate: There exists a constant k(g) > 0 such that

1

k(g)
This link between volumes of hyperbolic 3-manifolds and the Weil-Petersson
geometry of Teichmiiller space, as in the case of random mapping tori,
leads to the coarsely linear behaviour for the volume of the convex cores
of Q(o,wn0), but does not give, by itself, a law of large numbers. The
main novelty in this paper is that we work directly with the geometry of
the quasi-fuchsian manifolds rather than their combinatorial counterparts
which allows us to get exact asymptotics rather than coarse ones.

dwp(X,Y) = k(g) < vol (CC(Q(X,Y))) < k(g)dwp(X,Y) + k(g).

The relation between Theorem 1 and Theorem 2 is provided by a model
manifold construction similar to Namazi [29], Namazi-Souto [30], Brock-
Minsky-Namazi-Souto [9]. In the case of random 3-manifolds the heuristic
picture is the following: The geometry of X, largely resembles the geometry
of the convex core of Q(o,w,0), more precisely, as far as the volume is
concerned, we have

[vol (Xy,, ) — vol (CC(Q(0,wn0))) | = o(n).

We now describe the basic ideas behind Theorem 2: Suppose that the
support of p equals a finite generating set S and consider f = s1... 5y,
a long random word in the generators s; € S. It corresponds to a quasi-
fuchsian manifold Q(o, fo). Fix N large, and assume n = Nm for simplicity.
We can split f into smaller blocks of size N

f=(s1...8n)  (SN(m—1)+1---SNm)

which we also denote by f; := sjn+1 - S(j11)n. Each block corresponds to a
quasi-fuchsian manifold Q(o, fjo) as well. The main idea is that the geome-
try of the convex core CC(Q(o, fo)) can be roughly described by juxtaposing,
one after the other, the convex cores of the single blocks CC(Q(o, f;0)). In
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particular, the volume vol(CC(Q(o, fo))) can be well approximated by the
ergodic sum

S vol (CC(Qo. fo))

1<j<m
which converges in average by the Birkhoff ergodic theorem.

In the paper, we will make this heuristic picture more accurate. Our three
main ingredients are the model manifold, bridging between the geometry of
the Teichmiiller space 7 and the internal geometry of quasi-fuchsian man-
ifolds [28],[8], a recurrence property for random walks [1] and the method
of natural maps from Besson-Courtois-Gallot [4]. They correspond respec-
tively to Proposition 3.9, Proposition 4.3 and Proposition 3.10. Proposition
3.9 and Proposition 4.3 are used to construct a geometric object, i.e. a neg-
atively curved model for T, associated to the ergodic sum written above.
Proposition 3.10 let us compare this model to the underlying hyperbolic
structure.

As an application of the same techniques, along the way, we give another

proof of the following well-known result [19], [7] relating iterations of pseudo-
Anosovs, volumes of quasi-fuchsian manifolds and mapping tori

Proposition 3. Let ¢ be a pseudo-Anosov mapping class. For everyo € T
the following holds:

i Y0L(CC(Q(0.6"0)
n— 00 n

=vol (Ty) .

Outline. The paper is organized as follows.

In Section 2 we introduce quasi-fuchsian manifolds. They are the building
blocks for the cut-and-glue construction of Section 3. We prove that, under
suitable assumptions, we can glue together a family of quasi-fuchsian mani-
folds in a geometrically controlled way. The geometric control on the glued
manifold is good enough for the application of volume comparison results.

As an application of the cut-and-glue construction we show that the vol-
ume of a random gluing is essentially the volume of a quasi-fuchsian manifold
(Proposition 3 follows from this fact). As a consequence, in Section 5, we
deduce Theorem 1 from Theorem 2 whose proof is carried out shortly after.

In Section 4 we discuss random walks on the mapping class group and
on Teichmiiller space. The goal is to describe the picture of a random
Teichmiiller ray and state the main recurrence property.

In the last section, Section 6, we formulate some questions related to the
study of growth in random families of 3-manifolds.

Acknowledgements. I want to thank Giulio Tiozzo for discussing the
problem this article is about with me. This work might have never been
completed without many discussions with Ursula Hamenstadt. This paper
is very much indebted to her. Finally, I thank Joseph Maher for spotting
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an imprecision in a previous version of the paper and for suggesting to me
the article [23].

2. QUASI-FUCHISAN MANIFOLDS

We start by introducing quasi-fuchsian manifolds and their geometry.

2.1. Marked hyperbolic 3-manifolds. Let M be a compact, connected,
oriented 3-manifold. A marked hyperbolic structure on M is a complete
Riemannian metric on int(M) of constant sectional curvature sec = —1.
We regard two Riemannian metrics as equivalent if they are isometric via a
diffeomorphism homotopic to the identity.

Every marked hyperbolic structure corresponds to a quotient H3/I' of
the hyperbolic 3-space H? by a discrete and torsion free group of isometries
I' < Isom™ (H?) = PSL; (C) together with an identification of 71 (M) with
T, called the holonomy representation p : w1 (M) — PSLs (C).

We are mostly interested in the cases where M = 3 x [—1,1] is a trivial
I-bundle over a surface and when M is closed. By Mostow Rigidity, if M
is closed and admits a hyperbolic metric, then the metric is unique up to
isometries. In this case we denote by vol (M) the volume of such a metric.

2.2. Quasi-fuchsian manifolds. A particularly flexible class of structures
is provided by the so-called quasi-fuchsian manifolds

DEFINITION (Quasi-Fuchsian). A marked hyperbolic structure @ on ¥ x
[—1,1] is quasi-fuchsian if H?/p(71 (X)) contains a compact subset which is
conver, that is, containing every geodesic joining a pair of points in it. The
smallest convex subset is called the conver core and is denoted by CC(Q).

The convex core CC(Q) is always a topological submanifold. If it has
codimension 1 then it is a totally geodesic surface and we are in the fuchsian
case, the group I' < Isom™ (HS) stabilizes a totally geodesic H? C H3. In
the generic case it has codimension 0 and is homeomorphic to ¥ x [—1,1].
The inclusion CC(Q) C @ is always a homotopy equivalence.

We denote by
vol (Q) := vol (CC(Q)) € [0, 00)

the volume of the convex core of the quasi-fuchsian manifold Q).

2.3. Deformation space. We denote by 7 the Teichmiiller space of %,
that is, the space of marked hyperbolic structures on ¥ up to isometries
homotopic to the identity. We equip 7 with the Teichmiiller metric dr.

To every quasi-fuchsian manifold ) one can associate the conformal bound-
ary 0.Q in the following way: The surface group 71(X) acts on H? by
isometries and on CP' = 9H? by Mobius transformations. It also preserves
a convex set, the lift of CC(Q) to the universal cover, on which it acts co-
compactly. By Milnor-Svarc, for any fixed basepoint o € H?3, the orbit map
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v € () = vo € H? is a quasi-isometric embedding and extends to a
topological embedding on the boundary dm(X) < CP!. The image is a
topological circle A, called the limit set, that divides the Riemann sphere
CP! into a union of two topological disks Q = CP'\ A. The action 7 (2) ~ Q
preserves the connected components, and is free, properly discontinuous and
conformal. The quotient 0.Q = /7 (¥) = X UY is a disjoint union of two
marked oriented Riemann surfaces, homeomorphic to ¥, and it is called the
conformal boundary of Q. The quotient Q := (H3 U Q)/I" compactifies Q.

THEOREM 2.1 (Double Uniformization, Bers [3]). For every ordered pair of
marked hyperbolic surfaces (X,Y) € T x T there exists a unique equiva-
lence class of quasi-fuchsian manifolds, denoted by Q(X,Y), realizing the
conformal boundary 0.Q(X,Y) =X UY.

The mapping class group Mod (X) acts on quasi-fuchsian manifolds by
precomposition with the marking. In Bers coordinates it plainly translates

into pQ(X,Y) = Q (9X, ¢Y).

2.4. Teichmiiller geometry and volumes. Later, it will be very impor-
tant for us to quantify the price we have to pay in terms of volume if we
want to replace a quasi-fuchsian manifold @) with another one Q. We would
like to express |vol (Q) — vol (Q’)| in terms of the geometry of the conformal
boundary.

Despite the fact that Weil-Petersson geometry is more natural when con-
sidering questions about volumes, we will mainly use the Teichmiiller met-
ric dy. The reason is that we are mostly concerned with upper bounds
for the volumes of the convex cores. It is a classical result of Linch [20]
that the Teichmiiller distance is bigger than the Weil-Petersson distance

dwp < +/27|x(2)|d7. The following is our main tool:

PROPOSITION 2.2 (Proposition 2.7 in Kojima-McShane [19], see also Schlenker
[33]). There exists k = k(X) > 0 such that

‘vol (Q(X,Y)) — vol (Q(X', Y’))} <k (dr(X, X') +dr(Y,Y")) + k.

This formulation is not literally Proposition 2.7 of [19] so we spend a
couple of words to explain the two diffenrences. Firstly, the estimate in
Proposition 2.7 of [19] concerns the renormalized volume and not volume
of the convex core. However, the two quantities only differ by a uniform
additive constant (see Theorem 1.1 in [33]). Secondly, their statement is
limited to the case where X = X’ = Y’, but their proof exteds word by
word to the more general setting: It suffices to apply their argument to the
one parameter families Q(X,Y;) and Q(Xy,Y”), where X; and Y; are the
Teichmiiller geodesics joining X to X’ and Y to Y.

2.5. Geometry of the convex core. We associate to the quasi-fuchsian
manifold @ = Q(X,Y") the Teichmiiller geodesic [ : [0,d] — T joining X to
Y where d = d7(X,Y). Work of Minsky [28] and Brock-Canary-Minsky [§]
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relates the geometry of the Teichmiiller geodesic [ to the internal geometry
of CC(Q). In the next section we will use this information to glue together
convex cores of quasi-fuchsian manifolds in a controlled way.

As a preparation, we start with a description of the boundary 9CC(Q)
and introduce some useful notation. We recall that, topologically, CC(Q) ~
¥ x [~1,1]. The convex core separates Q = Q U 9.Q into two connected
components, containing, respectively, X and Y. We denote by dxCC(Q) and
JyCC(Q) the components of ICC(Q) that face, respectively, X and Y. As
observed by Thurston, the surfaces dxCC(Q) and 9y CC(Q), equipped with
the induced path metric, are hyperbolic. By a result of Sullivan, they are
also uniformly bilipschitz equivalent X and Y (see Chapter I1.2 of [10]).

3. GLUING AND VOLUME

This section describes a gluing construction (Proposition 3.9) which is a
major technical tool in the article. It allows us to cut and glue together
quasi-fuchsian manifolds in a sufficiently controlled way. The control on
the models obtained with this procedure is then exploited to get volume
comparisons via the method of natural maps (Proposition 3.10 as in [4])
which is the second major tool of the section.

Along the way we recover a well-known result (Proposition 3) relating
iterations of pseudo-Anosov maps and volumes of quasi-fuchsian manifolds.

3.1. Product regions and Cut and Glue construction. The cut and
glue construction we are going to describe is a standard way to glue Rie-
mannian 3-manifolds. Here we import the discussion and some of the obser-
vations of Section 5 of [16] and adapt them to our special setting. We start
with a pair of definitions.

DEFINITION (Product Region). Let @ be a quasi-fuchsian manifold. A prod-
uct region U C @ is a codimension 0 submanifold homeomorphic to ¥ x [0, 1]
whose inclusion in () is a homotopy equivalence.

Using the orientation and product structure of () we can define a top
boundary 04+U and a bottom boundary 0_U. We denote by (J_ and @4 the
parts of @ that lie below 0,+U and above 0_U respectively.

A product region comes together with a marking, an identification j :
71 () 5 m1(U), defined as follows: The data of a marked hyperbolic struc-
ture @ gives us an identification 71 (3) ~ 71(Q) and the inclusion U C @,
being a homotopy equivalence, gives m1(Q) ~ m1(U). The marking allows
us to talk about the homotopy class of a map between product regions.

Any homotopy equivalence k : U — V induces a well-defined mapping
class [k] € Mod (X) ~ Out™(m(¥)) (Dehn-Nielsen-Baer, Theorem 8.1 in
[13]), namely, the one corresponding to the outer automorphism

() L m) L)L nm).
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We also want to quantify the geometric quality of a map between product
regions. Since we want to keep the curvature tensor under control, a good
measurement for us is provided by the C?-norm.

DEFINITION (Almost-Isometric). Let k : (U, py) — (V,pyv) be a smooth
embedding between Riemannian manifolds. Denote by Vi, Vi the Levi-
Civita connections. Consider the C?-norm

oo = K pvlles := llpv = K pvllco + [IVUk pvleo + VUV UE pvlco -
For £ > 0 we say that k is {-almost isometric if ||py — kK*py |2 < €.

The following lemma is what we refer to as the cut-and-glue construction.

LEMMA 3.1. Let Q, Q" be quasi-fuchsian manifolds. Denote by pg, pg: their
Riemannian metrics. Suppose we have product regions U C Q, U' C Q' and
a diffeomorphism k : U — U’ between them. Suppose also that 6 : U — [0, 1]
is a smooth function with 0|p_y s, v = 0,1. Then we can form the 3-manifold

Q" = Q- Upu—u Q)

and endow it with the Riemannian metric

PQ on Q_\U
p = (1 - Q)pQ + ek*pQ/ on U
pQ’ on Q,#» \ U/.

If k is &-almost isometric for some & < 1, then, on U C Q", we have the
following sectional curvature and diameter bounds

< csl0llcz - [|pq — K pey
for some universal constant c3 and
diam,(U) < (1 4 &§)diam,, (U).

In particular, if diam,,, (U) is uniformly bounded, the same is true for vol,(U).

‘1 =+ secgr o2

We associate two parameters to a product region, diameter and width
diam(U) := sup {dg(z,y) |z,y € U},
width(U) := inf {dg(z,y) |x € 0;U,y € 0_U }.
If a product region has width at least D and diameter at most 2D we say

that it has size D. The Margulis Lemma implies that the injectivity radius
of a product region of size D, defined as

.. — inf {ini
inj(U) == inf {inj,(Q)},
is bounded from below in terms of D

LEMMA 3.2. For every D > 0 there ezists eo(D, g) > 0 such that a product
region U of size D has inj(U) > €.

Proof. The inclusion of U in @ is m-surjective. Having diameter bounded
by 2D, the region U cannot intersect too deeply any very thin Margulis tube
T, otherwise 7 (U) — m1(Q) would factor through m1(U) — m1(T,). O
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In particular, a compactness argument with the geometric topology on
pointed hyperbolic manifolds gives us the following property: Once we fix
the size of a product region we can produce a uniform bump function on it.

LEMMA 3.3 (Lemma 5.2 of [16]). For every D > 0 there exists K > 0
such that the following holds: Let U ~ % x [0, 1] be a product region of size
D. Then there exists a smooth function 6 : U — [0,1] with the following
properties:

o Near the boundaries it is constant: 0lop_y =0 and 0|s, v = 1.
e Uniformly bounded C*-norm |62 < K.

3.2. Almost-isometric embeddings of product regions. For a fixed
n > 0 we denote by 7, the n-thick part of Teichmiiller space consisting of
those hyperbolic structures with no geodesic shorter than 7.

The following is a consequence of the model manifold technology devel-
oped by Minsky [28] around the solution of the Ending Lamination Conjec-
ture (completed then in Brock-Canary-Minsky [8]).

PROPOSITION 3.4 (see Proposition 6.2 [16]). For every n,&,8, D > 0 there
exists Do(n,g) and h = h(n,&,6,D) > 0 such that the following holds: Let
Q1, Q2 be quasi-fuchsian manifolds with associated Teichmaiiller geodesics l; :
I; CR = T withi=1,2. Suppose that l1,la §-fellow travel on a subsegment
J of length at least h and entirely contained in T,. Then there exist product
regions U; C CC(Q;) of size D and a &-almost isometric embedding k : Uy —
Us in the homotopy class of the identity. Moreover, if D > Dy we can
assume that U; contains the geodesic representative of o, a curve which has
moderate length for both Q; and T € J the midpoint of the segment, i.e.
lQi(“)} Ly(a) < Dy.

In the statement and in the next section we use the following notation:

Notation. If a : S' — @Q is a closed loop in a hyperbolic
3-manifold, we denote by I(c) its length and by lg(c) the
length of the unique geodesic representative in the homotopy
class. If the target instead is a hyperbolic surface a : ST —
X, we use the notations L(«) and Lx ().

For a proof we refer to [16]. The geodesic « is used to locate the product
regions inside the convex cores. We explain that in the following section.
For now we remark the following immediate consequence:

DEFINITION (n-Height). Let [ : I — 7T be a Teichmiiller geodesic. The 7-
height of [ is the length of the maximal connected subsegment of I whose
image is entirely contained in 7.

COROLLARY 3.5. Fixz n > 0. There exists a function p : (0,00) — (0,00)
with p(h) 1 00 as h T oo and the following property: Let Q@ = Q(X,Y) be
a quasi-fuchsian manifold with associated geodesic | : I — T. Suppose that
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the n-height is at least h then
do (9xCC(Q), yCC(Q)) = plh):

3.3. Position of the product region. From now on we fix once and for
all a sufficiently large size D1 > Dy for the product regions we consider.

Let o : S — @ be a non-trivial closed curve in a hyperbolic 3-manifold
@ that has a geodesic representative a® C (). By basic hyperbolic geometry

cosh (dg(a, ™)) lg(a) < ().

Suppose that @ = Q(X,Y) is a quasi-fuchsian manifold. Let U C Q be a
product region of size D containing a closed geodesic a. By the assumption
on the size of U and Lemma 3.2 we have [g(a) > 2€9(D1,g). Recall that
0xCC(Q) denotes the boundary of the convex core that faces the conformal
boundary X. By a Theorem due to Sullivan (see Chapter I1.2 and in par-
ticular Theorem I1.2.3.1 in [10]), there exists a universal constant K such
that 0xCC(Q) and X are K-bilipschitz equivalent via a homeomorphism in
the homotopy class of the identity. We have

L a
dq@(0xCC(Q), o) < arccosh <8Xli;((§))()> < arccosh <m> .

Let T' € T be a hyperbolic structure for which Lr(a) < Dg(n,g). Wolpert’s
inequality Lx(a) < Lp(a)e??mX5T) (see Lemma 12.5 in [13]) allows us to
continue the chain of inequalities to the following:

KDo(1:9) adr(xr )
do(0xCC(Q), ) < arccosh | —————¢ T(X.T) )
Let us introduce the function F' : (0,00) — (0, 00) defined by

KDy(n,9) 2t> '

F(t) = arccosh
( ) < 260 (D17 g)
With this notation we have

LEMMA 3.6. Let U C Q(X,Y) be a product region of size Dy containing a
closed geodesic « C U. Let T € T be a surface such that Ly(a) < Dgy. Then

Combining Corollary 3.5 and Lemma 3.6 we can ensure that a pair of

product regions is well separated. To this extent we introduce the function

G : (0,00) — (0, 00) defined by
G(t) = 2111& {for every s >t we have p(s) > 2F(t) +4D;}.
E
LEMMA 3.7. Let U~, U™ be product regions of size Dy in Q = Q(X~, X™T).

Suppose they contain, respectively, closed geodesics o™, a™. LetT~,TT € T
be surfaces such that Ly—(a™), Ly+(a™) < Dy. Consider

d := max {dT(X_, T_),dT(X+,T+)} .
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If the n-height h of Q is at least h > G(d) then the product regions are
disjoint and cobound a codimension 0 submanifold Q° C Q homeomorphic
to ¥ x [0,1] for which U=, U™ are collars of the boundary.

Proof. We have dg(0x-CC(Q),0x+CC(Q)) > p(h) and dg(dx=CC(Q), U*) <
F(d). If p(h) — F(d) — 2Dy > F(d) + 2Dy, the product regions U~,U™" are
separated. By definition of G, if h > G(d), the previous inequality holds. [

Finally we take care of the volume.
LEMMA 3.8. If X~, X" € T,, then there exists Vo(D1,n,d) such that

[vol (Q) — vol (Q°)] < V.

Proof. There is a uniform upper bound on the diameter of a n-thick hyper-
bolic surface. By Sullivan, the same holds for every component of 0CC(Q).
It follows that the diameter of the region enclosed by U~ and dx-CC(Q) is
uniformly bounded in terms of D1,7n. As an upper bound for its volume we
can take the volume of a ball with the same radius in H?3. O

3.4. A gluing theorem. Recall that we fixed D; > 0 sufficiently large once
and for all. The following is our first crucial technical tool.

i
o ek ek )

Q1

FIGURE 1. Gluing.

PROPOSITION 3.9. Fiz 7,0 > 0 and £ € (0,1). There exists ho(n,&,0) >
0 such that the following holds: Let {Ql = Q(X;,Xf)}:zl be a family
of quasi-fuchsian manifolds. Let {l; : I; — T},_, be the corresponding Te-
ichmiiller geodesics. Suppose that the following holds:
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e For every i < r, the geodesics l;,l;+1 6-fellow travel when restricted
to Jf C I and J; | C Iiy1. The segments JZ-+ and J;_, are respec-
tively terminal and initial, have length ’Jif‘, ‘J:r| € [ho, 2ho] and are
entirely contained in T,.

o The n-height of l; is at least G(2hg) for all i <.

Let k; : U;’ C Qi — Ul C Qir1 be the &-almost isometric embedding of
product regions in the homotopy class of the identity for i < r corresponding
to the segments J;r, Ji 1 as in Proposition 3.4. The product regions have
size Dy and are disjoint as in Lemma 3.7. Let QY be the region of Q; bounded
by 0~U; and 8+UZ-+ for which U, UiJr are collars of the boundaries as in
Lemma 3.7. Then we can form

N 0 0 0
Xi=Q1 Uy Ly QU U@ Uy e Ly, @y

using the cut and glue construction Lemma 8.1. The compact 3-manifold X
has the following properties:

e Curvature: |1 +secx| < K& where K = K(Dq) is as in Lemma 3.3.
e The inclusions QY \ (U, UU;") C X are isometric.
o Volume: There exists Voy = Vy(n, &, D1, ho) such that

vol (X)) — ZVOI (Qi)| < V.
i <r
Furthermore, let ¢ € Mod (X) be a mapping class. Suppose it has the prop-
erty that ¢ly and l,. 6-fellow travel along J; C I and J;F C I,. Then there is
a &-almost isometric embedding k, : U;F C Q, — U; C Q1 in the homotopy
class of ¢ and we can form the manifold

Xe=X/(kr: UF Cc Q2= U C@Y).
Topologically X4 is diffeomorphic to the mapping torus of ¢.

The £-almost isometric embedding k, is obtained as the composition of
the one provided by Proposition 3.4 for the fellow traveling of [, ¢l; and
the isometric remarking ¢Q1 — @ in the isotopy class of ¢ (see Figure 1).

Proposition 3.9 follows directly from several applications of Proposition
3.4 and the cut and glue construction Lemma 3.1 once we can ensure that
the product regions are well separated as in Lemma 3.7. Separation and
volume bounds follow from the discussion in the previous section.

We remark that, by a celebrated theorem of Thurston [35], if ¢ is a pseudo-
Anosov mapping class, then the mapping torus Tj admits a hyperbolic met-
ric. A pseudo-Anosov element ¢ is one that acts as a hyperbolic isometry
of Teichmiiller space: It preserves a unique Teichmiiller geodesic [ : R — T
on which it acts by translations ¢l(t) = I(t + L(¢)). The quantity L(¢) > 0
is called the translation length of ¢ (see Chapter 13 of [13]).
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3.5. Comparing the volume. The second fundamental ingredient is a
volume comparison result. If we have two Riemannian metrics go and g on
the same 3-manifold M we can compare their volume using the method of
natural maps introduced by Besson, Courtois and Gallot. We mainly refer
to their work [4] as we use some consequences of it. Givenamap f: N — M
between Riemannian manifolds satisfying certain curvature conditions, the
method produces families of natural maps F': N — M homotopic to f and
with Jacobian bounded in terms of the volume entropies of the manifolds.
We need the following result:

THEOREM 3.10 (Besson-Courtois-Gallot [4]). Let (M,g) and (Mo, go) be
closed orientable Riemannian 3-manifolds such that there exists:

o A lower bound for the Ricci curvature of the source Ricy > —2g.
e A uniform bound for the sectional curvatures of the target —k <
secg, < —1 for some k > 1.

Then for every continuous map f : M — My we have

vol (M) > |deg(f)| vol (M) .

We now describe some applications.
The first one is to the models constructed in Proposition 3.9:

COROLLARY 3.11. If ¢ is a pseudo-Anosov mapping class, Xy is as in
Proposition 3.9 and K& < 1 then

(1 — K&)™3/2vol (Xy) < vol (My) < (14 K&)*?vol (Xy).

Proof. The mapping torus of ¢ admits a purely hyperbolic Riemannian met-
ric and the metric Xy with secx, € (=1 — K¢, =1+ K¢). We apply Theo-
rem 3.10 to the identity map in both directions after suitably rescaling the
metric on Xy so that it fulfills the Ricci and sectional curvature bounds. [

The second application is a construction of a very peculiar model of a
mapping torus Ty of a pseudo-Anosov diffeomorphism ¢. Recall that ¢ acts
on its axis by translating points by L(¢).

¢
QT @ -
P P
o

>

c—L(¢p) ab c d b+ L(g) Ty

FIGURE 2. Model for a mapping torus.



86 GABRIELE VIAGGI

COROLLARY 3.12. Fiz > 0 and § € (0,1). There exists h(§,n) > 0 such
that the following holds: Let ¢ be a pseudo-Anosov with axis I : R — T.
Suppose that there are disjoint intervals I = [a,b] and J = [c¢,d] with a <
b<c<d<a+ L(¢) such that I(I),1(J) C Ty and |I|, |J| > h. Then

lvol (Ty) — vol (Q(I(a),1(d)))| < k(L(¢) + b —¢) + £k(d — a) + const
where const depends only on n,&, h, D.

Proof. Let ho(n,&,0) be as in Proposition 3.9. If h > max{ho, G(2ho)} is
large enough, then the quasi-fuchsian manifolds (see Figure 2)

{Q1 = Q(l(a),1(d)), Q2 = Q(c), I(L() + b))}

satisfy the assumption of Proposition 3.9. Moreover ¢Q1 = Q(I(a+L(¢),d+
L(¢)) and the segments [I(c), (b + L(¢))] and [I(a + L(¢)),l(d + L(¢))] over-
lap along [I(a + L(¢)),l(b+ L(¢))] = ¢[l(a),l(b)]. The upper bound for the
volume is just an application of Proposition 2.2

[vol (Ty) — vol (Q(I(a),I(d)))]
< vol (Q(I(c), I(L(¢) + b)) + 2Vo + Evol (Q(l(a), (d)))
< K(L(p) +b—c) +Ex(d — a) + 2V) + 2k.
O

Using this estimates we recover the following well-known result (see for
example [7], [19]):
Proposition 3. Let ¢ be a pseudo-Anosov mapping class. Then for every
0 € T we have
vol (Q(o0, ¢"0))

n

lim =vol (Ty) .

Proof. There exists 7y > 0 such that Iy : R — 7, the Teichmiiller axis
of ¢, lies in 7;,. Fix £ > 0 and consider h = h(ng,&). For n large
enough the intervals I = [0,h] and J = [nL(¢) — h,nL(¢)] fulfill the as-
sumption of Corollary 3.12 with respect to ¢". Hence, for all large n,
[vol (Q(14(0),lg(nL(e)))) — nvol (Ty)| < K2h + ExnL(¢) + const. Observe
that lg(nL(¢)) = ¢"14(0). Denote [4(0) by o1. Dividing by nvol (Ty) and
passing to the limit we get

1(Q(o1,9"01))
nvol (Ty)

vol (Q(o01,¢™01))
nvol (Ty)

1—¢kL(¢) < liminf b < lim sup < 1+ERL(9).
As € is arbitrary, the claim for o; follows. For a general o, it suffices to notice
that, by Proposition 2.2, the difference |vol (Q(o, ¢™0)) — vol (Q(o01, ¢"01))] is

uniformly bounded by x(d7 (o, 01)+d7(¢"0, ¢"01))+K = 2kd7(0,01)+K. O

We remark that the results mentioned above [7], [19] prove something
stronger, that is |2nvol (Ty) — vol (Q(¢™ "0, ¢"0))| = O(1).
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4. RANDOM WALKS

We start talking about random walks on the mapping class group. We
set up terminology, notations and first observations. The goal of the section
is to introduce the third and last major technical tool of the paper which is
a recurrence property (Proposition 4.3).

4.1. Random walks on the mapping class group. We will work in the
following generalities:

Standing assumption. Let S C Mod (X) be a finite sym-
metric set S = S™! generating the group G = (S). Let p be
a probability measure whose support equals S. We only con-
sider random walks driven by probability measures arising
this way with G = Mod(X).

Let us start with the most basic definition:

DEFINITION (Random Walk). A random walk on G driven by p is given by
the following data: Let {s,},y be a sequence of random variables with
values in S which are independent and have the same distribution p. The
n-th step of the random walk is the random variable w;, := s1...5,. The

random walk is the process w := (wn), cn-

Notation. We will always denote by s = (s,),cy the se-
quence of labels and by w = (wy 1= 51...5,),cy the path
traced by the sequence of labels.

The distribution of the n-th step of the random walk coincides with the
n-th fold convolution P,, of p with itself. It is given inductively by:

P, [E] := Z,u(s)[[”n,l [S_IE].
s€S

Let P be a property of mapping classes f € Mod (X). We call it typical if it
is very likely that a random mapping class has it, that is

n—oo

P, [f € Mod (X)| f has P] — 1.

The starting point of our discussion are two results by Maher [21], [22]
that ensure that the property “Xy is hyperbolic” is typical and hence it
makes sense to consider the hyperbolic volume of X;.

DEFINITION (Sample Paths). The space of sample paths is the measurable
space (€2, E) where Q := G and & is the o-algebra generated by the cylinder
sets. Given a probability measure p on G, we get a probability measure P on
Q induced by the random walk driven by . It is the push-forward P := T, Y
of the product measure pN under the following measurable transformation:

T:Q—Q defined by T(s)=w.
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DEFINITION (Shift Operator). On the space of sample paths  there is a
natural shift operator o : 0 — Q defined by

(o (si)ien); = si1-
Ifw="T(s) = (wp, = S1...50)nen € 2 is the path traced by a random
walk, then we can write (0'w); = w; 'w;4;. It is a standard computation on
cylinder sets to check that o preserves ¥ and that (Q, Y, o) is mixing and
hence ergodic.

4.2. Linear drift and sublinear tracking. Consider the action on Te-
ichmiiller space G ~ T and fix a basepoint o € 7. Every random walk
W = (Wn)pen € 2 traces an orbit {w,0}neny C T

It follows from the triangle inequality that the random variables dy (o, w;,0)
are subadditive with respect to the shift map 0. By Kingman’s subadditive
ergodic theorem and ergodicity of (2, P, o), there exists a constant L7 > 0,
called the drift of the random walk on Teichmiiller space, such that for
P-almost every sample path w € 2 we have

dT (Oa Wno) nio)o
n

Lr.

It is natural to ask whether the orbit {w,,0},en converges to some point on

the Thurston compactification of Teichmiiller space PML. This property
was first established by Kaimanovich-Masur [18].
THEOREM 4.1 (Kaimanovich-Masur [18]). We have L7 > 0. For P-almost
every sample path w = (wp)neny € Q and for every basepoint o € T, the
sequence {wno}nen converges to a point bnd(w) € PML which is indepen-
dent of o € T. The map bnd : Q@ — PML is Borel measurable. Moreover,
P-almost surely, the point bnd(w) is uniquely ergodic, minimal and filling.

Moreover, Tiozzo [36] showed that the orbit {w,o}nen can also be tracked
by a Teichmiiller ray in the following sense:

THEOREM 4.2 (Tiozzo [36]). For P-almost every sample path w = (wp)nen €
Q and for every basepoint o € T, there exists a unit speed Teichmiiller ray
7 : [0, +00) starting at 7(0) = o and ending at T(c0) = bnd(w) such that

L
hm dT (wno, T( TTL))
n—00 n

=0.

4.3. Recurrence. Now we can present our last fundamental ingredient
which is the following recurrence property:

THEOREM 4.3 (Baik-Gekhtman-Hamenstadt, Propositions 6.9 and 6.11 of
[1]). Let o € T be a basepoint and 7, the tracking ray for w. Then:

e Recurrence: For every n > 0 sufficiently small, for every 0 < a < b
and h > 0, for P-almost every w with tracking ray 7, there exists
N = N(w) > 0 such that for every n > N the segment 7, [an, bn]
has a connected subsegment of length h entirely contained in T,.
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e Fellow-Traveling: There exists § > 0 such that for every e > 0 and
for P-almost every sample path w there exists N = N(w) > 0 such
that for every n > N, the element w, is pseudo-Anosov with trans-
lation length L(wy,) € [(1 — €)Lyn, (1 4 €)Lyn]. Its axis l,, d-fellow-
travels the tracking ray 7, on [eLyn,(1 —e€)Lyn], i.e. for every
t € [eLyn, (1 — €)Lyn] we have dy (1,(t),1,) < 0.

For the convergence L(wy)/n — Lt see also Dahmani-Horbez [11].

4.4. A larger class of random walks. As stated at the beginning of the
section, in this paper we only work with probability measures p with finite
support S that generates the full mapping class group G = Mod(X). This
allows us to keep the statements uniform and to avoid distinguishing between
different families of random 3-manifolds.

However, at the price of making a distinction between mapping tori, quasi-
fuchsian manifolds and Heegaard splittings, the assumptions on p can be
considerably relaxed and still obtain the convergence results in Theorems
1 and 2. We briefly describe, without details, two larger classes of random
walks to which our results can be extended.

For mapping tori and quasi-fuchsian manifolds it is enough that S, the
finite support of i, generates a subgroup G containing two pseudo-Anosov
elements that act as independent loxodromics on the curve graph (see [24] for
the definitions). All the theorems in this section hold in these generalities.

For Heegaard splittings, we further require that the two pseudo-Anosov
elements also act as independent loxodromics on the handlebody graph (see
[23] for a definition). Crucially, the condition implies, by work of Maher-
Schleimer [23] and Maher-Tiozzo [24], that random walks on G have a pos-
itive drift on the handlebody graph. This ensures that a random Heegaard
splitting is hyperbolic and plays a role also in the construction of the model
metric from [16] used in the next section.

With these caveats, the proofs can be extended by following word-by-word
the same lines, no change is needed.

5. A LAw OF LARGE NUMBERS FOR THE VOLUME

We are ready to prove the law of large numbers for the volumes of random
3-manifolds.

Theorem 1. P-almost surely the limit following limit exists

1(X
lim Yo P wn) (Xon) =0
n—o00 n
The family of 8-manifold {Xu, },cn can denote either the mapping tori or
the Heegaard splittings defined by wy,.
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We will deduce it from the following analogue concerning quasi-fuchsian
manifolds. The idea is that, according to the geometric models, the volume
of a random 3-manifold is always captured by a quasi-fucshian manifold.

Theorem 2. For every o € T and for P-almost every w € Q the following
limit exists:

i YoL(@(o,wh0))
n—o00 n

Let us remark again that v = v(u) > 0 is the same as in Theorem 1.

5.1. Mapping tori and Heegaard splittings. Let us assume Theorem 2
and prove the result for random 3-manifolds:

Proof of Theorem 1. Fix € > 0. Let 7, : [0,00) — T be the ray connecting
o0 to bnd(w).

Mapping tori. We use the model for 7,, coming from Corollary 3.12
(see also Figure 2): By Proposition 4.3, if n is large enough, we can find on 7,
four points z,, < y, < z, < wy, < T, + L(wy,) such that the intervals [zy,, yy]
and [z, wy,] satisfy the hypotheses of Corollary 3.12: They are contained in
[eLyn,2eLyn] and [(1—2€)Lyn, (1 —€)Lyn| respectively. Their length is at
least h and their image is n-thick. The restriction of 7, to [z, w,] J-fellow
travels the Teichmiiller axis [, : R — T of w, whose translation length is
roughly (1 —e¢)Lyn < L(wy) < (14 ¢€)Lyn. Applying Corollary 3.12 we get:

LEMMA 5.1. For P-almost every w and every large enough n > n,, we have

[vol (Q(7w(n), Tw(wy))) — vol (Ty,,)] < en.
and
[vol (Qu,,) — vol (Q(7w (@), 7w (wn)))| < en.

Proof of Lemma 5.1. By Corollary 3.12 we have
[vol (To,,) = vol (Q(ln(2n), In(wn)))]

< k(L(wpn) + yn — 2n) + Ek(wy — xy) + const
< kdeLyn + £k(1 — 2¢) Lyn + const.
Up to a uniform additive constant we can also replace Q(l,,(xy,), I (wy,)) with

Q (7w (zn), Tw(wy)). If n is large enough we can improve the last quantity to
en. Instead, from Proposition 2.2

[vol (Q(0, wy0)) — vol (Q(7w(2), Tw(wn)))|
< k(d1(0, Tw(xn)) + dr (1w (wy), wno)) + K
< k(dr (0, 7w(xn)) + dr (1w (wn), 7w (Lyn)) + dr(10w(LTn), wn0)) + K.

By our choice of x,,, w, and Tiozzo’s sublinear tracking (Theorem 4.2), if n
is large enough, we can bound the last quantity by en. O
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H1 H2

Q00

F1GURE 3. Model for a random Heegaard splitting.

Lemma 5.1 and Theorem 2 imply that |vol(7,,,) — nv| = o(n) which
concludes the proof for mapping tori.

Heegaard splittings. The argument is completely analogous to the
previous one, but the model is different. We use the one constructed in [16],
in particular Proposition 7.1. For convenience of the reader we give a brief
description of it: Recall that € > 0 is fixed. A random Heegaard splitting
M, admits a negatively curved Riemannian metric p with the following
properties (see Figure 3): It is purely hyperbolic outside two regions 2 :=
Q1 U Q9 which have uniformly bounded diameter and where the sectional
curvatures lie in the interval (—1 — €, —1 + €). The complement M,,, — 2
decomposes into three connected pieces H; LIQ° L Hy. The pieces Hy, Hy are
homeomorphic to handlebodies and have small volume vol(H1UH2UQ) < en.
The middle piece Q° embeds isometrically in the convex core of Q(0,w,0),
moreover vol(Q (o0, w,0)) —vol(Q®) < en. Hence we can apply again Theorem
3.10 and Theorem 2. O

We now proceed with the proof of Theorem 2.

5.2. Strategy overview. Denote by Q4 the manifold Q(o, ¢0).

We want to show that for P-almost every w the sequence vol(Q,, )/n
converges. Suppose this is not the case. Then there exists a set Qp.q with
positive measure P [Q.q4] > 0 on which

lim sup M — lim inf
n—00 n n—00 n
We can as well assume that there is a small ¢g > 0 and a set er(;d with
positive measure (o := P [Qg‘;d] > (0 on which the difference is at least
€o > 0. Hence, in order to get a contradiction, it is enough to prove that for
every €, > 0 there exists a set {2 ¢ with measure P [Q¢] > 1 — ¢ on which
the difference between limsup and liminf is smaller than e.

First we observe that we can exploit a neighbour approrimation property
of the volumes (Lemma 5.3). It allows a convenient technical reduction: We
can make the random walk faster and still keep under control the asymp-
totic behaviour (Lemma 5.4). The faster we make the random walk the more
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properties we can prescribe, a feature that will be important in Proposition
5.5. The central step of the proof consists of finding a set on which the vari-
ables vol(Qu,y) and the ergodic sum 3 ;_, vol(Qgin (), ) are comparable
(Proposition 5.5). Finally, we use the ergodic theorem to conclude the proof.

5.3. A faster random walk. For every N € N we can replace the random
walk w with (wjn);en and the shift map o with V. The dynamical system
(Q, uN, o) is still ergodic. As we wish to apply the ergodic theorem, we
discuss the integrability condition of the volume function and the relations
between the asymptotics of the faster random walk and the original one.
Recall that S, the support of p, is symmetric and generates G = Mod(X).
LEMMA 5.2. There exists C' > 0 such that for every ¢ € G we have vol (Qg) <
Colg + C where |¢|g is the word length in the generating set S.

Proof. Let ¢ = s1...s, with s; € S. By Proposition 2.2 we have vol (Q4) <
kd (0, po)+k. By the triangle inequality dr(o, s1 ... s,0) < Zj<n dr (o, s;0)
< maxges {dr(0,50)} n. O

In particular, for any fixed n € N, the function vol (Q,,,) is integrable on
(Q,E,P) and we can apply the Birkhoff ergodic theorem. Moreover, we have
the following neighbour approximation property.

LEMMA 5.3. For P-almost every sample path w € Q, for every n, m we have
‘VOI (Quysr) — vol (an)‘ <Cm+C.

Proof. By Proposition 2.2 ‘vol (Qup) — vol (an)‘ < kd7 (Wpo, Wntmo) +
k. From the triangle inequality d7(wpn0,wp1mo) < C ‘w;lwner‘S < Cm.

The next completely elementary lemma illustrates why the neighbour
approximation property allows to speed up the random walk without loosing
control on the asymptotic behaviour.

LEMMA 5.4. Consider a sequence {an},cy C R and an integer N € N.
Suppose that the sequence satisfies |antm — an| < Cm + C for every n,m.

Assume that A :=limsup;_, ‘;’—]QV and a := liminf;_, ?7—]{; are finite. Then

.. .G . a
a < liminf = < limsup — < A.
n—oo M n—oo N
5.4. Comparison with ergodic sums. The following is our main estimate

PROPOSITION 5.5. Fiz €,{ > 0. There exists N(e,¢) > 0 and a set Q¢ n
with P Qe ¢ n] > 1= such that for every w € Q¢ ¢ n and n € N large enough
we have

vol (Qu,, ) — Z vol (Q(aij)N) < const - enlN

0<j<n
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for some uniform const > 0.

We will show that, for a suitably chosen N, both families {Q,, .} and
{Q(siVw)y Fi<n can be refined to construct models, via Proposition 3.9, for
the hyperbolic mapping torus 7, .. The central property of the models is
that they nearly compute the volume vol (T, ). This suffices to conclude.

Proof. Let § > 0 be the fellow traveling constant of Proposition 4.3 and h
a large height. Since the value of Ly > 0 is irrelevant and only complicates
some formulas below by affecting the value of some constants, we are going to
assume L7 = 1. In the course of the proof, specifically in the inequalities (1)-
(13), we will get several uniform constants which depend on previous steps
and whose explicit expressions are irrelevant for the argument. In order to
simplify the exposition we will always denote these different constants by
const > 0.

For every N denote by € n the set of paths satisfying the following
properties

(1) wy, is pseudo-Anosov and L(wy,)/n € (1 —e€, 1+ ¢€) for every n > N.

(2) Iy, the axis of wy,, d-fellow travels 7,[en, (1 — €)n] for every n > N.

(3) wnTylen, oo] d-fellow travels 7,[(1 + €)n, co] for every n > N.

(4) 7Twlen,2en] and 7,[(1 £ €)n, (1 +2¢)n] contain n-thick subsegments of
length at least h for every n > N.

(5) The conclusions of Lemma 5.1 hold for every n > N.

(6) dr(o,wpo0)/n € (1 —¢€,1+¢€) for alln > N.

@ I @ WnTon (w)
\ \en ‘
Tw en (1—¢€)n T (1 :+ em g

FIGURE 4. Properties 2 and 3.

Observe that if N1 > Nj then € N, C €, n,, if we enlarge N the set can
only get bigger. We reserve ourselves the right to determine later suitably
modified constants §, h, N. Since all the properties are satisfied asymptoti-
cally with probability one, for fixed €,{ > 0 there exists some N (e, ¢, h) such
that €y has measure at least 1 — . Fix N larger than this threshold and
speed up the random walk, that is replace w with (w;n);en and o with o¥N.

By ergodicity of (2, uN, oV), the orbits {aij}jeN will visit the set Q. n
very often, the number of hitting times being proportional to the measure
of the set > 1 — (. We record the hitting times by subdividing the interval
[n] ={0,...,n} into a disjoint union of consecutive intervals [n| = I U J; U
-+ U I U Jp where the I;’s contain the indices j for which oNw € Qe N,
whereas the J;’s are the bad indices (J; might be empty). By the ergodic
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theorem the total length of the bad intervals is controlled by
1 j 1 n—qo
=~ Aava (@MW) =~ 3 PR\ Qo] < C.
j<n i<k

Basic case. We start by proving the proposition assuming that all indices
are good. Since our considerations are all independent of the past, we will
also get a “local version” of the proposition for every good interval I;.

We are going to define two families of quasi-fuchsian manifolds that satisfy
the hypotheses of Proposition 3.9 and can be glued to form a model for T,
that nearly computes its volume. The two families consist of:

I Quasi-fuchsian manifolds related to Q,in (., for every j € [n].
IT A single quasi-fuchsian manifold related to @, , as in Lemma 5.1.

In

ar dy as dg

N

. .

Tw

\/

FIGURE 5. Basic case.

Family I. Proceed inductively. Begin with ¢ = 0 and the two Teichmiiller
rays 7, and wyT,n (). The restrictions WNT,n () l[en,00) A0 Tw[(146)N,00) aTE
o-fellow travelers. The ray 7, contains four points ag < by < cg < dg such
that [ag, bo] C [eV,2eN] and [co,dp] C [(1 4 €)N, (1 + 2¢)N], their image is
n-thick and their length is at least h (see Figure 5 A). The segment [co, do]
determines [a1,b1] by the condition that wnT,n (. la1,b1] o-fellow travels
Twlao, bo] and [a1,b1] C [eN,2eN]. As 1 € [n] is good, we can go on and find
[c1,di] C [(1+ €)N, (1 + 2¢)N] of length at least h and with 7,~(,-image
in 7,. Inductively we determine a; < b; < ¢; < d; for every i < n. Before
going on, let us simplify a little the notation by introducing

Ai = wz‘NTo.iN(w) (CLZ‘), Bz = wiNTUiN(w) (bl),
CZ' = WiNTO.iN(w)(Ci), Di = wz‘NTo.iN(w) (dz)

We associate to the index i < n the quasi-fuchsian manifold Q(A4;, D;).
Informally, we renormalized the picture by placing ourselves at the ¢/N-th
point of the orbit O; = w;yo. From there we see the segment [A;, D;] that
o-fellow travels [O;, bnd(w)]. Observe that, by Proposition 2.2, we have

(1) vl (Q(Ai, D)) = vol (@i, )|
< k(d7 (04, A;) + d7(Dj, Oi41)) + k < kdeN + const.

Sequences of consecutive good indices are geometrically controlled:
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LEMMA 5.6. The segment [A;, D;| uniformly fellow travels [O, Oy)].

Proof. Let C be the curve graph of X. Consider the shortest curve projection
T : 7 — C. By Masur-Minsky [25] we have the following: The curve graph
C is hyperbolic and the projection is uniformly coarsely Lipschitz and sends
Teichmiiller geodesics to unparametrized uniform quasi geodesics. In partic-
ular, by stability of quasi geodesics, Y[A;, D;] is uniformly Hausdorff close
to the geodesic segment [Y(A;), Y(C;)]. The same holds true for T[O, O,)]
and [Y(0), Y(O,)].

Since the composition of T with a parametrized, n-thick and sufficiently
long Teichmiiller geodesic is a uniform parametrized quasi geodesic (see [15]),
we also have the following: If the J-fellow traveling h between [Cj_1, D;_1]
and [A;, B;] is sufficiently long, then the geodesics [Y(A;-1), Y(D;-1)] and
[T(A;), Y(D;)] uniformly fellow travel along a segment, terminal for the first
and initial for the second, which is as long as we wish.

In particular this implies that, if & is large enough, then the concatenation
of the geodesic segments

[T(0), T(Co)] V[T (A1), T(C)JU- - - UT(An-1), T(Crm1)] U [T (An), T(Oy)]

is a uniform (1, K) local quasi geodesic. By the stability of uniform lo-
cal quasi geodesics in hyperbolic spaces, we conclude that every segment
[T(A;), T(D;)] lies uniformly Hausdorff close to [Y(O), T(Oy,)].

In particular, there are points P;, Q; € [0, O,] for which the projection
is uniformly close to the projections of [A;, B;] and [C;, D;]. As Teichmiiller
geodesics in the thick part are uniformly contracting (by [27] and [15]) it
follows that P;, Q; are uniformly close to the thick subsegments of [A4;, B;],
[Cs, D;]. Therefore, by [31], [P;, Q;] uniformly fellow travels [A;, D;] provided
that the height h is sufficiently large. O

Observe that, by property (2), the segment [O,O,] uniformly fellow-
travels the axis [,, of the pseudo-Anosov w,, y along the subsegment [eNn, (1—
€)Nn]. By Lemma 5.6, there is a subsegment [r,s] C [n] of size s —r >
(1 — €)n, obtained by discarding an initial and a terminal subsegment of
length proportional to en, such that for all » < i < s [A;, D;] uniformly fel-
low travels [,, (see Figure 5 B). We add to the collection the quasi-fuchsian
manifold Q(Cs,w,nB,). Using Proposition 2.2 we see that

(2) vol (Q(Cs, wnnBy)) < kd7(Cs,wnnBy) + Kk < const - enN.

In fact, on the one hand, the points B,., Cs are, respectively, uniformly close
to points 1, (¢.), 1, (ts) so their distance is roughly ts —t, and d7(Cs, w,nBy)
can be bounded by L(w,n) — (ts — tr). On the other hand, combining
property (6) and s —r > (1 — €)n, their distance, up to an error of eN,
is also given by d7(O,,0s) > (1 — €)(s — r)N. By property (1) we have
L(wnn) < (1+€)nN so L(wpn) — (ts —t,) = (1+€)nN — (1 —¢€)?>nN whence
inequality (2).
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Moreover, by Lemma 5.2 and the fact that |[n] \ [r, s]| < en, we have

(3) Z vol <Q(Uij)N> < Z CN + C < const - enN.

Jé[r,s] Jélr,s]
By construction, the family {Q(A;, D;)}r<i<s U{Q(Cs,wnnBr)} satisfies the
gluing conditions of Proposition 3.9 provided that h is very large. As a result

(4) vol (Tu, ) — > vol (Q(A;, D;)) — vol (Q(Cs, wyn By))
1€[r,s]
< nVy + const - enN

where Vp = Vo(n,&, h, D) is as in Proposition 3.9.

Family II. By property (5) and Lemma 5.1, we can find on 7, a pair
of points z,, € [enN,2enN] and w,, € [(1 — 2¢)nN, (1 — €)nN] which define
a quasi-fuchsian manifold whose volume approximate simultaneously the
volume of the mapping torus 7;, , and the volume of the quasi-fuchsian
manifold @, 5

(5) |vol (1o, ) — vol (Q(7w(xn), Tw(wy)))| < const - enN
and
(6) [vol (Qu,, ) — Vol (Q(7w(xn), Tw(wy)))| < const - enN.

Notice that inequalities (5) and (6) hold also in the presence of bad intervals
as we only used property (5). We will use them in the general case as well.

Putting together the previous estimates (1)-(5) we get

vol (Q (7w (zn), Tw(wn))) — Z vol <Q(o.ij)N> < const - enN

Jeln]
Together with (6) this settles the basic case.

General case. We now allow the presence of bad intervals. First, let
us observe that the argument of the basic case, being independent of the
past, immediately implies that if I = [i,¢] C [n] is an interval consisting
entirely of good indices then we can find along 7,in(,) a pair of points
€|lI|N <z < 2¢|I|N and (1 — 2¢)|I|N < w < (1 —¢€)|[I|N such that

(7) |vol (Q(Tam(w)(:n), Tom(w)(w))> - Zvol (Q(Uij)N) < const - €|I|N.
jel

Inequality (7) means, in words, that we can represent the ergodic sum over
a good interval by a quasi-fuchsian manifold whose geodesic lies on the
tracking ray of the interval. The idea of the general case is to proceed as in
the basic case but with different building blocks.

The presence of bad intervals brings in some issues, whose nature is related
to the way the the random walk deviates from the tracking ray, that we have
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to address. However, no new ingredients are needed, only a more careful
choice of the interval subdivision.

The problem can be summarized as follows: Consider a good interval I;
and the adjacent bad interval J;. Look at the deviation from the tracking
ray of I; introduced by J;. It might happen that the quasi-fuchsian manifold
associated to the good interval Ij; is too small compared to the deviation
and we are uncertain whether or not to include it in the gluing family. In
order to get around the issue, we wait until the first time when the fellow
traveling between the tracking rays of I; and I;4; is restored, discard all
the good small intervals in between and replace the quasi-fuchsian manifold
associated to I;. So we start by refining the interval subdivision.

Refinement of the interval subdivision. Denote by i; < t; the initial
and the terminal indices in the j-th good interval I; = [i;, t;]. We proceed
inductively. Start with I1 = [iy = 0,¢;] and J; = [t; + 1,42 — 1]. Consider
I = [ig, t2]. We determine a new i5°V by the following condition

i3 :==min {i > to + €(|I1| 4+ |/1]) and i is good} .
This requirement restores, by property (3), the fellow traveling between
Wiy NTgi1N (i) and Wig N TgiaN (i) That is wz‘lNTo.ilN(w)[(l +€)(|Il‘ + ’Jl‘)N, o0)

and wi, N TN (o) [€([11|+]J1]) N, 00) are d-fellow travelers (property (3)). The
index 5" lies in some good interval I;,. We make the following replacement

Iy — 3™ = [, )
Jo —)J;ew = [tz +1, igew - 1]

= ngd Ulgl---UJj,1 U [’ijg,igew —1].

By our choice, if j3 > 3, then the sum of the lengths [J9'9| 4 [I3| + - - - +
|Ij,—1] and 5V — ij, are controlled by €(|Ii| + |Ji|). The length of |.Jj, 1|
can be, instead, arbitrarily long. Furthermore |I3*V| < |Ij,|. Observe that,
for the new Jy we have |J3V| = i3V —to < €(|[1|+ |J1]) + |Jjs—1]. We leave
untouched all the intervals after I;,, but we shift back the remaining indices
j — 347 —js for all j > j3. We repeat the process and get inductively the
new set of indices

i = min {i > 2% + e(|I25] + |J7°%|) and i is good }

and intervals

LT = [, ]

Jroq — P = g + 1,0 — 1]

subdivision [n] = 17V U J7Y L -« - U 1PV U JPY that still has the property

DI D eS|+ D) + T2 1] < € Y [ + en + Cn.
t<k’ t<k’ t<k’

that satisfy [JPV] < e(|125] + [J25]) + |Jj,.1—1|. We end up with a new
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Hence >,/ [JPV] < (en+(n)/(1 —€) < 4en if ( < € < 1/2. In particular
the volumes corresponding to the new bad indices still add up to a small
amount. In fact, by Lemma 5.2, we have

(8) Z vol (Qo.iN(LU)N) <(CN+C) Z |J7¥Y] < const - enN.

il ] Jrew i

For the sake of simplicity, after the refinement, we return to the previous
notation i, := z';-‘ew, tj == t;-le"" and [; := I;lew, Jj = er-lew, but assume the
new properties.

Family III. The proof can now proceed parallel to the basic case, so we
only sketch the arguments. We define a family of quasi-fuchsian manifolds,
one for every pair of adjacent intervals I; LI J;, that can be glued to form a
model for T}, , that nearly computes its volume.

Proceed inductively. Start with Iy U J; = [0,¢1 = [I1] — 1] U [ty + 1,42 —
1 = || + |J1|]. Since 7, is a good ray, we can find segments [aj,b;] C
e[ 11V, 26| 1 [N] and [e1,di] € [(1+ (L] + [N, (1 + 2)(|L1] + 1)V
which are n-thick and have length at least h. Now consider I;L1J; for j > 1.
As in the basic case, we single out a pair of segments [a;,b;], [cj,d;] on
the tracking ray of o1 (w) normalized so that it starts at O;,. The first
one, [aj,b;], is determined by the condition that it is a J-fellow traveler of
[cj—1,dj—1] contained in [e(|;| + |J;])N, 2¢(| ;] + |J;])N] (see Figure 5 A).
Here we are using in an essential way the properties of the refined interval
and property (3) of good rays. The second one, [cj,d;], is a n-thick h-long
subsegment of [(1+ €)(|;]| + |J;])N, (1 + 2€)(| ;| + |J;|)N]. We simplify the
notation by introducing

Aj = wijNToijN(w) (aj)7 Bj = wijNTaijN(w)(bj)’

Cj = WiNT 58 () (), Dii= @i N7t ) (d5)

We associate to I; LI J; the manifold Q(A;, Dy).

The analogue of Lemma 5.6 holds word by word if we replace the old
segments with the new ones, that is [4;, D;] uniformly fellow travels [O, O,,].

By property (2), the latter uniformly fellow travels [, the axis of wy,n,
along 7, [enN, (1 — €)nN]. In particular we can find 0 < r < s < n such that
[Ar, D;| and [Ag, Ds| are, respectively, the first and the last segments that
fellow travel 7,[enN, (1 — €)nN] along some subsegments, which is terminal
for the first and initial for the second.

Up to discarding an initial (resp. terminal) segment of [A,, D,] (resp.
[As, D)) of length smaller than €A, D, | (resp. €|AsDs|) we can assume that
[Ay, D] (resp. [As, D)) uniformly fellow travels subsegments of 7,,[enN, (1—
e)nN] and [,, (as in Figure 5 B). The volumes of the associated quasi-fuchsian
manifolds change at most by const - en N according to Proposition 2.2.

We can also assume, by recurrence, that [A4,, D,| (resp. [As, Ds]) contains
an initial (resp. terminal) n-thick subsegment [A,, B,] (resp. [Cs, Dg]) of
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length at least h. We add the quasi-fuchsian manifold Q(Cs,w,nB;) to the
family. As in the basic case we have

9) vol (Q(Cs, wnnBr)) < const - enN.

Applying Proposition 3.9 to the family {Q(A;, D;)}jeprs UA{Q(Cs, wnnBr)}
we can perform the cut and glue construction and get a manifold diffeomor-
phic to T, , with volume

(10) vol (T, ) — Y vol (Q(A;, Dy)) — vol (Q(C, wn Br))
i€[r,s]
< nVy + const - enN.

The fellow traveling property of | |,_,.[As, D;] (vesp. | ;s [Ai, Dj]) with
7w[0,2enN] (resp. [1u((1 — €)nN), Op]) implies that .o o d7(4i, D;) <
2enN and, by Lemma 2.2,

(11) Z vol (Q(A;, D;)) < const - enN.
iZ[r,s]

We compare now the volume of Q(A4;, D;) with the ergodic sum over the
good interval I;. Since the interval I; is good, we find on ToiiN () two points
€|;IN < xj < 2€¢|I;|N and (1 — 2¢)|[;|N < w; < (1 — €)|I;|N such that
inequality (7) holds for I = I;. Before going on, let us relax the notation,
by introducing X; = wi;NT_i;~ ( )(xj) and Wj = w;;NT_i; (w)( w;). We have

(12) vol (Q(X;,W;)) Zvol( N N) < const - ¢ I;].
i€l

By Proposition 2.2, we have
[vol (Q(A;, Dj)) — vol (Q(X;, Wj))| < k(dr (4, X;) +dr(Dj,W;)) + &

As aj, xj € [0, €(|1j|+[J;])N] and dj, wj € [(1=€)[ [N, (1+2€)(|I;] +[J;]) V]
we can continue the chain of inequalities with

< const - €|I;|N + const - |J;|N.

Adding all the contributions we get

(13) > Vol (Q(A;,Dy)) = Y vol (Q(X;, W)

J<k J<k

< NZconst - €|I;| + const - |J;| < const - enN + const - (nN.
i<k

Putting together inequalities (10)-(13) and (5), (6) concludes the proof. [
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Theorem 2 is now reduced to an application of the ergodic theorem which
says that for P-almost every w the following limit exists finite

nlLII;O % ZVOI <Q(cerw)N> = UN-

I<n

If N and Q. ¢ n are as in Proposition 5.5 then

vol , vol .
lim sup M — lim inf M <e
j—o0 JN j—ro0 JN
on {2 ¢ v which has measure at least 1 — (. Applying Lemma 5.4 we get
1 1(Quw
lim sup M — lim inf w <e.
n—o00 n n—oo n

This concludes the proof of Theorem 2.

6. SOME QUESTIONS

We conclude with four questions.

QUESTION 6.1. What about other geometric invariants (e.g. diameter, sys-
tole, Laplace spectrum)? That is, given a geometric invariant G(e) of hyper-
bolic 3-manifolds, is there a function fg : N — R such that G(Xy,)/fa(n)
approaches a positive constant for almost every w? More specifically:

1 .
~ - diam(Xy,, ) converge?

e Does log(n)? - systole(T,,,) converge (see also [34])?
e Does n? - \1(X,,,) converge (see also [1], [16])?

e Does

n

The strategy pursued in this article can be applied to the study of the
asymptotic for other geometric invariants. The control one needs consists
essentially of two parts:

(i) A comparison theorem for the geometric invariant computed for the
negatively curved models and the underlying hyperbolic metric.

(ii) An understanding of the behaviour of the function that computes the
geometric invariant for quasi-fuchsian manifolds.

In the next question we consider a different notion of randomness: Ob-
serve that, up to conjugacy, there is only a finite number of mapping classes
with translation length at most L. Hence, for every fixed L, it makes sense
to sample at random and uniformly a conjugacy class wy, of a mapping class
with translation length at most L.

QUESTION 6.2. Does vol(T,,,)/L converge almost surely for L — oo ?

A companion question for quasi-fuchsian manifolds is the following;:

QUESTION 6.3. For which Teichmiiller rays T : [0,00) — T does the mean
value vol(Q(7(0),7(t)))/t converge fort — co?
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For pseudo-Anosov axes [, the limit exists and is equal to vol (Ty) /L(®)
[19], [7]. Theorem 2 implies that it exists for every point and almost every ray
with respect to exit measures of random walks. What about the Lebesgue
measure on PML which is singular with respect to the exit measures [14]?

The last question concerns the relation between hyperbolic volume and
Teichmiiller data: We know that vol(Tt)/dwp(f) € [1/k(g),k(g)] (see [5],
[6], [33]). If we consider random walks, both numerator and denominator
have a linear asymptotic vol(7,,,)/n — v > 0 and dwp(wy)/n — d > 0.

QUESTION 6.4. How does v/d distribute? Does the ratio v/d display an
extremal behaviour?

One can ask the same for the Teichmiiller translation lengths.
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UNIFORM MODELS FOR RANDOM 3-MANIFOLDS
GABRIELE VIAGGI

ABSTRACT. We construct hyperbolic metrics on random Heegaard split-
tings and provide uniform bilipschitz models for them.

1. INTRODUCTION

Every closed orientable 3-manifold M can be presented as a Heegaard
splitting'. This means that M is diffeomorphic to a 3-manifold M ¢ obtained
by gluing together two handlebodies of the same genus H, along an orien-
tation preserving diffeomorphism f of their boundaries ¥ := 0H,

My = HyUton,—om, Hy.

The problem of finding hyperbolic structures on most 3-manifolds with a
splitting of a fixed genus g > 2 was originally raised by Thurston (as Problem
24 in [30]) and made more precise by Dunfield and Thurston (see Conjecture
2.11 of [13]) via the introduction of the notion of random Heegaard splittings.

Such notion is based on the observation that the diffeomorphism type of
My only depends on the isotopy class of the gluing map f, so it is well-
defined for elements in the mapping class group [f] € Mod(X). Therefore,
Heegaard splittings of genus g > 2 are naturally parametrized by mapping
classes [f] € Mod(X).

A family (M,)nen of random Heegaard splittings of genus g > 2, or
random 3-manifolds, is one of the form M,, = My, where (f,)nen is a random
walk on the mapping class group Mod(X) driven by some initial probability
measure p with a finite support that generates Mod(X). If (f,,)nen is such a
random walk, we will denote by P,, the distribution of the n-th step f,, and
by P the distribution of the path (fy,)nen.

Exploiting work of Hempel [14] and the solution of the geometrization
conjecture by Perelman, Maher showed in [20] that a random Heegaard
splitting My of genus g > 2 admits a hyperbolic metric, thus answering
Dunfield and Thurston’s conjecture.

Theorem (Maher [20]). A random 3-manifold is hyperbolic.

Date: October 21, 2019.
AMS subject classification: 58C40, 30F60, 20P05.
IFor the bibliography of this part of the thesis see page 132.
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The main goal of this article is to provide a constructive and effective
approach to the hyperbolization of random 3-manifolds.

Our first contribution is a constructive proof of Maher’s result

Theorem 1. There is a Ricci flow free hyperbolization for random 3-manifolds.

By Ricci flow free hyperbolization we mean that we construct explic-
itly the hyperbolic metric only using tools from the deformation theory of
Kleinian groups. We use the model manifold technology by Minsky [25] and
Brock, Canary and Minsky [7], as well as the effective version of Thurston’s
Hyperbolic Dehn Surgery by Hodgson and Kerckhoff [16] and Brock and
Bromberg’s Drilling Theorem [5].

We remark that, even though we do not rely on Perelman’s solution of
the geometrization conjecture, we do use the main result from Maher [20],
namely, the fact that the Hempel distance of the Heegaard splittings (see
Hempel [14]) grows coarsely linearly along the random walk.

Our construction gives new and more refined information than the mere
existence of a hyperbolic metric. In fact, we also provide a model mani-
fold that captures, up to uniform bilipschitz distortion, the geometry of the
random 3-manifold and allows the computation of its geometric invariants.

The notion of model manifold that we use is similar to the ones considered
by Brock, Minsky, Namazi and Souto in [26], [27], [9] and is depicted in
the following definition of e-model metric: A Riemannian metric (Mg, p) is
a e-model metric for € < 1/2 if there is a decomposition into five pieces
My = HyUQ UQUQ U Hs satisfying the three requirements

(1) Topologically, H; and Hy are homeomorphic to genus g handlebod-
ies, while @, and Q9 are homeomorphic to X x [0, 1].

(2) Geometrically, p has negative curvature sec € (—1 — ¢, —1 + ¢), but
outside the region 2 = Q1 U 2 the metric is purely hyperbolic.

(3) The piece @ is almost isometrically embeddable in a complete hy-
perbolic 3-manifold diffeomorphic to ¥ x R.

The importance of the last requirement resides in the fact that we un-
derstand explicitly hyperbolic 3-manifolds diffeomorphic to ¥ x R thanks to
the work of Minsky [25] and Brock, Canary and Minsky [7] which provides
a detailed combinatorial description of their internal geometry.

The following is our more precise version of Theorem 1

Theorem 2. For every e >0 and K > 1 we have

IP,,[M; has a hyperbolic metric K-bilipschitz to a e-model metric] .

We remark that e-model metrics on random Heegaard splittings, similar
to the ones that we build here, are constructed in [15]. There, the existence
of a underlying hyperbolic metric is guaranteed by Maher’s result and it is
unclear whether the e-model metrics are uniformly bilipschitz to it.
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However, we should also mention that, using a result claimed by Tian
[31], the mere fact that a metric p is a e-model metric and that the regions
1, Q9 where it is not hyperbolic have uniformly bounded diameter (as fol-
lows from [15]), implies, if € > 0 is sufficiently small, that p is uniformly
close up to third derivatives to a hyperbolic metric. However, Tian’s result
is not published. In order to provide a uniform bilipschitz control we ex-
ploit, instead, ergodic properties of the random walk and drilling and filling
theorems by Hodgson and Kerckhoff [16] and Brock and Bromberg [5].

Our methods follow closely [9] and [8] where uniform e-model metrics are
constructed for special classes of 3-manifolds.

The idea is the following: We can obtain a hyperbolic metric on My by
a hyperbolic cone manifold deformation from a finite volume metric on a
drilled manifold M which has the following form: Let ¥ x [1, 4] be a tubular
neighbourhood of ¥ C M. We consider 3-manifolds diffeomorphic to

M:Mf—(Pl ><{1}UP2X{Q}UP3X{3}UP4X{4})

where P; is a pants decomposition of the surface ¥ x {j}. A finite volume
hyperbolic metric on such a manifold can be constructed explicitly by gluing
together the convex cores of two maximally cusped handlebodies H1, Ho and
three mazimally cusped I-bundles Q1,Q, o.

M=H UQUQUSQU Hs.

Most of our work consists of finding suitable pants decompositions for which
the Dehn surgery slopes needed to pass from M to M} satisfy the assump-
tions of the effective Hyperbolic Dehn Surgery Theorem [16]. In order to
find them we crucially need two major tools: The work of [15] on the geom-
etry of hyperbolic handlebodies and ergodic properties of the random walks
proved by Baik, Gekhtman and Hamenstadt [1].

We stress the fact that, for both Theorem 1 and Theorem 2, we assume
that the support of y is finite and generates the entire mapping class group.

We describe now some consequences of Theorem 2.

We start with a geometric application: We exploit the geometric control
given by the e-model metric to compute the coarse growth or decay rate of
the geometric invariants along the family (Mj, )nen.

The general strategy is very simple: We use the model manifold tech-
nology [25], [7] and compute the geometric invariants for the middle piece
@. Then, we argue that the invariants of () are uniformly comparable with
those of Mjy.

For example, combined with a result of Brock [4], Theorem 2 allows the
computation of the coarse growth rate of the volume, which is well-known
to be linear as explained in [20] (see also [15]). Combined with results
of Baik, Gekhtman and Hamenstadt [1] it shows that the smallest positive
eigenvalue of the Laplacian behaves like 1/n? as computed in [15]. We notice
that Theorem 2 allows a uniform approach to those result.
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Here we do not carry out those computations because they are already
well established. Instead, we have chosen to consider the diameter growth
rate, which appears to be not available in the literature

Proposition 3. There exists ¢ > 0 such that
P, [diam(DM;) € [n/c, en]] =3 1.

The ingredients of the proof are Theorem 2 and a result by White [33].
In a completely different direction we use Theorem 2 to prove the following

Proposition 4. For P-almost every (fn)nen the following holds

(1) There are at most finitely many 3-manifolds in the family (M, )nen
that are arithmetic.

(2) There are at most finitely many 3-manifolds in the family (M, )nen
that are in the same commensurability class.

The proof combines a study of geometric limits of random 3-manifolds,
Proposition 5.1, with arguments from Biringer and Souto [3].

Overview. In Section 2 we outline the construction of the e-model metric.
In Section 3 we develop the two main technical tools that we need and
use them to build many examples to which the model metric construction
applies. In Section 4 we prove Theorem 2 by showing that the examples of
Section 3 are generic from the point of view of a random walk. Lastly, in
Section 5 we prove Proposition 3 and Proposition 4.

Acknowledgements. This work builds upon the constructions of [15] and
[13]. The possibility to adapt them to construct uniform models for random
3-manifolds has also been suggested by a conversation with Peter Feller.

I wish to thank Ursula Hamenstadt for her help and support.

2. A GLUING SCHEME

Here we outline a construction for the e-model metric which follows closely
ideas of Brock and Dunfield [8] and Brock, Minsky, Namazi and Souto [9].
At the end of the discussion we formulate a criterion of applicability.

2.1. Assembling simple pieces. The construction is somehow implicit
in the description of a e-model metric. It has two steps. We start with
five building blocks H;i, Ho and @,)1,{s which are the convex cores of
geometrically finite maximally cusped complete hyperbolic structures on H,
and ¥ x [1,2] respectively. The pieces Q1 and gy will play the role of the
collars of the other structures as we are going to explain later on.

For convenience of the reader, we briefly describe the geometry of Hy, Ho
and @, Q1,s. The convex core ) of a geometrically finite maximally cusped
structure on ¥ x [1, 2] is diffeomorphic to the drilled product

Q~% x[1,2] - (P x{1}U Py x {2})
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where P;, P, are pants decompositions of X such that no curve in P; is
isotopic to a curve in P,. The drilled product is endowed with a complete
finite volume hyperbolic metric with totally geodesic boundary

9Q =01QUHQ = (S x {1} — Py x {1}) U (T x {2} — Py x {2}).

and rank one cusps at P, U P». If we fix the isotopy class of the identifica-
tion of () with the drilled product, there exists a unique maximally cusped
structure with cusp data P; U P». We denote it by Q(Py, P).

Analogously, the convex core H of a geometrically finite maximally cusped
structure on H, is diffeomorphic to the drilled handlebody

H~H,— P

where P is a pants decomposition of 0H, = ¥ (throughout this article we
keep this identification fixed) with the property that every curve in P is
not compressible and no two curves in P are isotopic within H,. Again,
H is endowed with a complete finite volume hyperbolic metric with totally
geodesic boundary

OH ~ OH, — P

and rank one cusps at P. If we keep track of the isotopy class of the identi-
fication between H and the drilled handlebody, there exists a unique maxi-
mally cusped structure with cusp data P. We denote it by H(P).

Each component of the boundaries 9Q,dH is a three punctured sphere.
It inherits a complete finite area hyperbolic metric. Such a structure is
unique up to isometries isotopic to the identity. Hence, once we decided a
pairing of the components of 9Hy, 0Hy with 011, 3289 and of 9521, 0182
with 01Q, 02Q), there is no ambiguity in implementing it to an isometric
diffeomorphism. Gluing the pieces together along such a diffeomorphism we
get a 3-manifold

M := Hl U(?Hl:alﬂl Ql U(9291281Q Q UaQQﬁalflg Q2 UQQQQZ(?HZ H2

which is non-compact and has a naturally defined complete finite volume
hyperbolic structure.

In our case the pairing is natural as our structures are of the form

Hy,=H(P),

01 = Q(P1, P»),
Q= Q(P, Ps),

Qo = Q(Ps, Py),
Hy = H(f'Py).

We think of €7 and 29 as the collar structures of the boundaries of the three
larger pieces Ny = H1 UQ1, Q = Q1 UQ U Qs and Ny = Qo U Ho.
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Topologically, M is diffeomorphic to a drilled My, namely, let ¥ x [1,4]
denote a tubular neighbourhood of the Heegaard surface ¥ C My, then

MEMf—(Pl X {1}UP2 X {2}UP3 X {3}UP4 X {4})
The pieces €21, Q, o are identified with

Q=% x [1,2] — (P, x {1} U Py x {2}),
Q=X x [2,3] — (Py x {2}|_JP3 X {3}),
Ny =¥ X [3,4] - (Pg X {3}L|P4 X {4})

The curves in P, U Py U P3 U Py represent the rank two cusps of M.

In order to pass from M to the closed 3-manifold M; we have to perform
Dehn fillings on each cusp. This is the second step of the construction. The
filling slopes are completely determined by the identification of M with the
drilled My: They are the meridians « of small tubular neigbourhoods of the
curves in a x {j} C P; x {j} inside ¥ x [1,4].

Under such circumstances, the Hodgson and Kerckhoff effective version
[16] of Thurston’s Hyperbolic Dehn Surgery Theorem gives us sufficient con-
ditions to guarantee that My has a hyperbolic metric obtained via a hyper-
bolic cone manifold deformation of the metric M.

The condition is as follows: For every cusp of Ml we fix a torus horosection
T C M on the boundary of the n,/-thin part where ny; > 0 is some fixed
Margulis constant. On each such horosection we have the slope v C T,
determined by the gluing. We represent it as a simple closed geodesic for
the intrinsic flat metric of T. Hodgson and Kerckhoff deformation theory
requires that the flat geodesic v has sufficiently large normalized length, a

quantity defined by
nl(vy) :=U(y)/\/Area(T).
We have

THEOREM 2.1 (Hodgson-Kerckhoff [16]). Let M be a complete finite volume
hyperbolic 3-manifold with n cusps. Let «y; be flat geodesic slopes on torus
horosections of the cusps. Suppose that the normalized length of each vy; is
at least nlyx = 10.6273. Then, there is a family (M¢).cjo2x] of hyperbolic
cone manifold structures on the Dehn filled manifold M whose singular loci
are the core curves of the added tori and such that the cone angles of M
equal t. The final hyperbolic cone manifold Moy is non singular. Moreover,
the length of the core geodesic o is controlled by Inr,, (o) < a/nl(v;)? for
some universal constant a > 0.

We want to guarantee that these conditions are fulfilled. This is where
most of our work lies.

Once we know that M and M; are connected by a family of hyperbolic
cone manifolds, an application of Brock and Bromberg’s Drilling Theorem
[5] ensures that M is K-bilipschitz to My away from its cusps. The constant



UNIFORM MODELS FOR RANDOM 3-MANIFOLDS 109

K only depends on the length lps,(cj) which, by Theorem 2.1, is again
controlled by the normalized length nl(v;)?.

THEOREM 2.2 (Brock-Bromberg [5]). Let nyr > 0 be a Margulis constant.
For every n > 0 and & > 0 there exists 0 < np(£) < na such that the
following holds: Let M be a geometrically finite hyperbolic 3-manifold. Let
F'=aoU---Uay, C M be a collection of simple closed geodesics of length
lu(eg) < np(€) for all j < n. Let N be the unique geometrically finite
hyperbolic structure on M — I' with the same conformal boundary as M.
Then, there exists a (1 + &)-bilipschitz diffeomorphism

N - |_| TﬂM(aj)v |_| 8P]1‘77M(04j) — | M- |_| Tnl\/l<aj)7 |_| 8TUM(aj)

j<n Jj<n isn Jjs<n

where Ty, () denotes a standard nar-Margulis neighbourhood for a.

2.2. Two criteria for Dehn filling with long slopes. Certifying that
the filling slopes have large normalized length is the main point that we have
to address. We now discuss two criteria to check this condition.

The argument branches in two cases: We consider separately the filling
slopes in Q = €; UQ U Qy and the ones in N; = H; U Q;. The two cases
are similar in spirit, but the second one is technically more involved than
the first one. However, the ideas are the same, so we will explain them with
more details in the easier setting.

The I-bundle case. Consider first the hyperbolic manifold
Q= UQRUQ
= Q(P1, P2) UQ(Ps, P3) UQ(Ps3, Py).
Topologically it is diffeomorphic to
Y x[1,4] — (P x {1} U Py x {2} U Ps x {3} U Py x {4})
The curves in P; and Py represent rank one cusps on dQ while the curves

in P, and Pj represent rank two cusps. We now try to understand what
happens when we Dehn fill only the rank two cusps.

The filling slopes are chosen such that after the Dehn surgery, the natural
inclusions 3 — Q1, @, {22 become isotopic in the filled manifold so that it is
naturally identified with

QM ~ % x [1,4] — (P, x {1} U Py x {4}).

We observe that there exists a unique marked maximally cusped structure
on QA" where the rank one cusps are precisely given by Py x {1} Py x {4}
(we assume that no curve in P; is isotopic to a curve in P; if ¢ # j). We
denote such a structure by Q(P, Py).

We are now ready to explain the main idea. Recall that our goal is to
show that the filling slopes we singled out on the rank two cusps of Q have
very large normalized length. This can be checked also in Qfll once we
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know that Q uniformly bilipschitz embeds in Q' away from standard cusp
neighbourhoods.

The strategy is as follows: Consider the maximally cusped structure
Q(P1, Py) and denote by I' the collection of geodesic representatives of P
and P;3. Suppose that the collection I' consists of extremely short simple
closed geodesics, say of length at most n < np(1/2), and that it is isotopic
to P» x {2} U P3 x {3} under the identification with the drilled product.

Under such assumptions, we have the following.

Topologically, since the diffeomorphism type of Q(P;, Py)—1I" only depends
on the isotopy class of I', the manifold Q(Py, Py) —I' is diffeomorphic to Q.

Geometrically, by Theorem 2.2, we can replace, up to 3/2-bilipschitz dis-
tortion away from standard Margulis neighbourhoods of I', the hyperbolic
metric on Q(P;, Py) — I' with the unique geometrically finite structure with
the same conformal boundary and rank two cusps instead of I'. By unique-
ness, such a geometrically finite structure structure on Q(P;, Py) — I is
precisely our initial manifold Q = Q7 U Q U Q.

In conclusion, Q = Q1 UQU, uniformly bilipschitz embeds in Q(Py, Py)—
I' and the filling slopes are mapped to meridians of large Margulis tubes.
Comparing the normalized length of a filling slope « in the two metrics we
deduce that it must be very large because in Q(Py, Py) the curve 7 is the
meridian on the boundary of a very large Margulis tube. In fact

LEMMA 2.3. Let T, (a) be a Margulis tube of radius R around a simple
closed geodesic a of length (o)) < mar. Let v be the flat geodesic representing
the meridian on OT,),,(c). Then the normalized length is

nl(y) = |27 t;r;l)l(R).

In particular nl(y) — oo as l(a) — 0 independently of the radius R.

For example, there exists n > 0 such that if I[(a) < n then nl(y) is much
bigger than nly g, the Hodgson-Kerckhoff constant.

Proof. The metric on T,),, (o) can be written in Fermi coordinates as
ds* = dr? + cosh(r)?dI* 4 sinh(r)%d*

where (r,1,6) € [0, R] x [0,1(7)] x [0, 27] are, respectively, the distance from
«, the length along a and the angle around « parameters. The flat torus on
the boundary has area Area(dT,,, (o)) = 27l(c) cosh(R)sinh(R). The flat
meridian v C 9Ty, («) is represented by the curve § — (R,0,6) of length
l() = 27 sinh(R). Hence the formula for the normalized length.

Notice that tanh(R) is roughly 1 when R is very large so that, in this
case, the normalized length is approximately nl(y) ~ I(a)~'/2. It follows
from work of Brooks and Matelski [10] that the radius of the Margulis tube
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T, () is at least R > Llog(nas/l(e)) — Ro where Ry > 0 is some universal
constant. Hence the second claim of the lemma when [(«) is very small. [

Applying Lemma 2.3 to the previous situation, we can conclude the fol-
lowing criterion

Criterion for I-bundles: Fix nly > nlgg. The normalized
length of the filling slopes corresponding to P» and Ps is at
least nly provided that the collection of geodesic representa-
tives in Q(P, Py) of the curves in P, U P consists of simple
geodesics of length at most 7, where n only depends on nlp,
and is isotopic to Py x {2} U P3 x {3}.

This concludes the I-bundle case.

The handlebody case. The second part consists of the same analysis
for Nj = H; US); and j = 1,2. The strategy is exactly the same. We only
consider Ny = H; Uy as the case of Ny = 9 U Hy is completely analogous.

Parametrize a collar neighbourhood of ¥ = 0H, in H, as ¥ x [1,2] with
0H, =¥ x {2}. Topologically we have

N; = Hg — (Pl X {1} U Py X {2})

Geometrically, the curves in P, correspond to rank one cusps while the one
in P; correspond to rank two cusps. We are interested in filling in the rank
two cusps. As before, the filling slopes are determined by the gluing.

After filling we have
N = g, — P,.
Again, there is a unique maximally cusped structure on N?H whose cusps
are given by P,. We denote it by H(FP,). We argue as before and assume
that the collection I'" of geodesic representatives of P} consists of very short
curves and is isotopic to P; x {1}. Using the Drilling Theorem we compare
the normalized length in N; and H (F»).

Again, relying on Lemma 2.3, we will use the following criterion.
Criterion for handlebodies: Fix nlg > nlgg. The nor-
malized length of the filling slopes corresponding to P is at
least nly provided that the collection of the geodesic repre-
sentatives in H(P,) of the curves in P; consists of simple
closed geodesic of length at most 7, where 1 only depends on
nlp, and is isotopic to P; x {1}.

When considering No = Qo U Hy = Q(P3, Py) U H(f 1 Py), we ask the same
requirements replacing P; with f~!P; and P, with f~!Ps.

This concludes the handlebody case.

Thus, from the previous discussion we established the following
PROPOSITION 2.4. Fiz K € (1,2). Suppose that there are four pants decom-
positions P, P>, Ps, Py such that the I-bundle and the handlebody criteria
are satisfied with parameter n sufficiently small only depending on K. Then,
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My admits a hyperbolic metric and a model metric M. Furthermore, M and
My can be connected by a family of hyperbolic cone manifolds and we have
a K-bilipschitz diffeomorphism

M — |_| T () | =~ My — |_| T ()

acePIUP,UPsUP, aceEPLUP,UPsUP,

We conclude with a small remark. The model manifold technology of
Minsky [25] and Brock, Canary and Minsky [7], provides several tools to
locate and measure the length of the geodesic representatives of P, and Ps in
Q(P1, Py). However, the same technology is not available for handlebodies.
This is the place where the difficulties arise.

3. A FAMILY OF EXAMPLES

In this section we construct many examples satisfying the I-bundle and
handlebody criteria. Later, in the next section, we will show that this family
is generic from the point of view of random walks.

We need two ingredients: The first one is a model for a collar of the
boundary of a maximally cusped handlebody H or I-bundle Q). Following
[15], we have that, in certain cases, it is possible to force a H and @ to look
exactly like a maximally cusped I-bundle €2 near the boundary 0H and 0;Q
or 0oQ). This is roughly the content of Propositions 3.1 and 3.2.

The second ingredient is a family of hyperbolic mapping tori Ti, on which
we want to model the collars 2. These mapping tori have a distinguished
fiber ¥ C Ty with a pants decomposition P consisting of extremely short
geodesics. The collars €2 will look like a large portion of the infinite cyclic
covering of T,. See Theorem 3.3 and its corollaries, in particular Corollary
3.7.

In the end we will be able to detect whether My can be described as one
of the examples we constructed simply by staring at the geometry of the
Teichmiiller segment [0, fo] where o € T is some base point that we will
carefully fix once and for all. This is the content of Proposition 3.9.

3.1. The geometry of the collars. We discuss now the first main tool,
that is, Propositions 3.1 and 3.2. For the statements we need to introduce
some terminology and facts from the deformation theory of geometrically
finite structures on handlebodies and I-bundles. We also need a suitable
definition of collars for the boundary of such structures which is not just
purely topological, but also geometrically significant.

We start by describing the deformation spaces of geometrically finite met-
rics. Even if we are mainly interested in maximal cusps, we begin with the
more flexible class of convexr cocompact structures.

A convex cocompact hyperbolic metric on a handlebody H, or an I-bundle
¥ x[1,2] is a complete hyperbolic metric on the interior, int(H,) or ¥ x (1, 2),
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that has a compact subset which is convex in a strong sense. This means
that it contains all the geodesics joining two of its points. The minimal
such subset is called the convex core. It is always a topological submanifold
homeomorphic to the ambient manifold (except in the fuchsian case which
we ignore). Its boundary is parallel to the boundary of the ambient manifold.

The Ahlfors-Bers theory associates to each convex cocompact metric a
conformal structure on each boundary component. The deformation spaces
of such metrics are parametrized by those conformal structures. Hence,
they are identified with the Teichmiiller space of the boundary. For each
Y € T(0H,) and (X,Y) € T(X x {1}) x T(Z x {2}) there are convex
cocompact structures H(Y") on H, and Q(X,Y) on ¥ x [1,2], unique up to
isometries isotopic to the identity, realizing those boundary data.

Geometrically finite mazimally cusped hyperbolic structures on H, or X x
[1,2] can be thought as lying on the boundary of the deformation spaces.
For every pair of pants P on 0H, such that no curve in P is compressible
and no two curves in P are isotopic in H, there exists a unique maximally
cusped handlebody H(P) with rank one cusps at P. Similarly, for every
pants decomposition Py U P of ¥ x {1} U3 x {2} such that no curve in P is
isotopic to a curve in Ps, there exists a unique maximally cusped structure
Q(P1, P») on ¥ x [1,2] realizing those cusp data.

With a slight abuse of notations, sometimes we will denote both the com-
plete convex cocompact or maximally cusped structure and the correspond-
ing convex core in the same way. However, it will be clear from the context
which one we are using.

The internal geometry of the convex cores of geometrically finite I-bundles
has a rich structure. It is captured by the combinatorics and geometry of
the curve graph C = C(X) by the groundbreaking work of Minsky [25] and
Brock, Canary and Minsky [7] with fundamental contributions by Masur
and Minsky [22], [23].

This is the second piece of deformation theory that we need, it goes under
the name of model manifold technology. Our use of this technology will not
be heavy as we only need a few concepts and consequences, but we mostly
hide the relation between the two. We briefly explain what we need.

The starting point is the following: To every convex cocompact structure
@ on ¥ x [1,2] we have an associated pair of curve graph invariants P; and
P,. They are pants decompositions on ¥ x {1} and ¥ x {2} that are the
shortest for the conformal structure on the boundary. They might not be
uniquely defined, in such case we just pick two. Similarly, for a maximally
cusped structure () we associate to it the cusp data P; and P». We think of
these pants decompositions as subsets of the curve graph C.

Recall now that for every proper essential subsurface W C 3 which is
not a three punctured sphere there is a subsurface projection, as defined by
Masur and Minsky in [23]. It associates to each curve o € C the subset
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7w () (possibly empty) of the curve graph C(W) of all possible essential
surgeries of a« N W. The definition is a bit different for annuli. We associate
to the curve graph invariants P; and P, the collection of coefficients

{dw (P1, P2) = diame gy (mw (P1) U i (P2)) bwes.

As established by Minsky [25], the pants decompositions P; and P to-
gether with the list {dw (P, P2)}wcs allow to determine and locate the
collection of short curves in ). A special case, which is important for
Propositions 3.1 and 3.2, is when the subsurface coefficients are all uni-
formly bounded. It corresponds to the situation where the only possible
very short curves are the geodesic representatives of P; and P». For each
other closed geodesic there is a positive uniform lower bound for the length.

The following notion was introduced by Minsky in [24] (see also [9]).

DEFINITION (Bounded Combinatorics and Height). We say that two pants
decompositions P;, P, of 3 have R-bounded combinatorics if for every proper
subsurface W C 3 we have dy (P, P2) < R. We say that they have height
at least h if we have d¢(Py, Py) > h.

As for the internal geometry of a geometrically finite handlebody the
situation is more complicated as the compressibility of the boundary brings
in several issues. We will restrict our attention to the geometry of some
collars of the the boundary of the convex core.

We still choose for every convex cocompact structure on H, a curve graph
invariant, namely, a pants decomposition P on ¥ = 0H, which is the short-
est when measured with the conformal boundary. In a similar way we asso-
ciate to every maximally cusped structure the cusp data P.

DEFINITION (Disk Set). The disk set D associated to the handlebody Hj is
the subset of the curve graph C of the boundary ¥ = 0H, defined by

D = {6 € C| 6§ compressible in Hy }.

In order to construct a model for the collar of a geometrically finite han-
dlebody we will have to keep track of how the curve graph invariant P of
the geometrically finite structure interacts with the disk set D.

The idea is the following: If P is far away from D then a large collar of
the boundary of the convex core looks like a geometrically finite I-bundle.

We are almost ready for the statements of Propositions 3.1 and 3.2, we
only need one last definition, the one of a geometrically controlled collar of
the boundary of a geometrically finite structure. For convenient technical
simplifications, it will be better for us to work with quasi collars (see below
for the definition) instead of using directly collars. The reason is that we
might wish to allow ourselves to throw away a uniform initial piece from a
collar and still call the result a collar.
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Let M = H or () denote the convex core of either a convex cocompact or
a maximally cusped structure on either H, or ¥ x [1,2]. Consider

MY=M- | Tpyla)
a€ccusp(M)

the non cuspidal part of M. As before, T,, () denotes a standard ny-
Margulis neighbourhood of the cusp a. We have that M™¢ is homeomorphic
to M. Its boundary dM™ is parallel to the boundary of the ambient mani-
fold, that is 0H, or X x {1} UX x {2}. Hence, it is naturally identified with
it, up to isotopy. In particular, each component of 9M™ is always naturally
identified with 3.

The definition of quasi collar is analogous to the one of product region
given in [15]: Consider a component ¥y of dM" and identify it with ¥p ~ X
as above.

DEFINITION (Quasi Collar). A quasi collar of size (D, W, K) of the compo-
nent g C IM™°, denoted by

COllaI‘D7m/7K(Zo),

is a subset of a topological collar of ¥y in M™°, denoted by collar(Xp).
We require the following additional geometric properties: There exists a
parametrization collar(Xg) = ¥ x [0, 3] such that Xy is identified with ¥ x {0}
and collarp v, x (Xo) corresponds to X x [1,2]. Furthermore we have

e The diameter of ¥ x {1} and ¥ x {2}, measured with the intrinsic
metric, is at most D.

e The width of collarp w k(Xo), that is the distance between ¥ x {1}
and ¥ x {2}, is at least W and at most 2W + 2D.

e The distance of ¥ x {1} from the distinguished boundary ¥ x {0} =
Yo is at least K and at most 2K + 2D.

Notice that each quasi collar collarp w, k(Xo) is marked with the isotopy
class of an inclusion of Y. Using this marking we can associate to every ho-
motopy equivalence f between quasi collars a homotopy class [f] € Mod(X).

We are ready to state Propositions 3.1 and 3.2.

PRrOPOSITION 3.1 (Propositions 4.1 and 6.1 of [15]). For every R,e,{ > 0
there exist Do = Do(R) > 0 and Ko, Wy > 0 such that for every W > Wy
there exists h = h(e, R,§,W) > 0 such that the following holds: Consider
(Y,Z) e T xT and X € T. Suppose that X,Y € T.. Let Px, Py and Py be
short pants decompositions for X, Y and Z respectively. Consider the con-
vex cores of the conver cocompact structures Q(X,Y) and H(Y),Q(Z,Y).
Suppose that

e Py, Py have R-bounded combinatorics and height at least h.
e In the handlebody case Hy:

dc(Py,'D) > dc(Py,Px) + dc(Px,D) — R.
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e In the I-bundle case ¥ x [1,2]:
dc(Py, Pz) > dc(Py, Px) +dc(Px, Pz) — R.
Then, there exist (1 + &)-bilipschitz diffeomorphisms of quasi collars
[+ collarpy w K, (02Q(X,Y)) — collarp, w, Kk, (OH(Y))
and
[ collarpy w i, (02Q(X,Y)) — collarp, w, k, (02Q(Z,Y))

for some slightly perturbed parameters D1, W1, K1. The diffeomorphisms are
in the homotopy class of the identity with respect to the natural markings.

Proposition 3.1 follows from [15].

We will use the following mild variation for maximally cusped structures.

PROPOSITION 3.2. For every R, & there exist Dy = Do(R) > 0 and Wy, Ky >
0 such that for every W > Wy there exists h = h(§, R,W) > 0 such that
the following holds: Consider pants decompositions Py, Px and Pz of 3.
Consider the convex cores of the maximally cusped structures Q(Px, Py)
and H(Py),Q(Pz, Py). Suppose that

e Px, Py have R-bounded combinatorics and height at least h.
e In the handlebody case Hy:
de(Py,D) > de(Px, Py) + de(Px,D) — R.
o In the I-bundle case ¥ x [1,2]:
de(Py, Pz) > de(Py, Px) + de(Px, Pz) — R.
Then, there exist (1 + &)-bilipschitz diffeomorphism between quasi collars
f :collarpy w K, (02Q(Px, Py)) — collarp, w, k, (OH (Py))

and

f : COHarDO,W,Ko (agQ(Px, Py)) — COllarDl,Wl,K1 (82Q(PZ, Py))

for some slightly perturbed parameters D1, W1, K1. The diffeomorphisms are
in the homotopy class of the identity with respect to the natural markings.

Sketch of proof. Using Theorem 2.2 it is possible to quickly reduce Propo-
sition 3.2 to the previous one. We only sketch the proof. We only treat the
handlebody case as the I-bundle case is completely analogous.

First, we approximate Px, Py with hyperbolic surfaces X, Y on which the
pair of pants decompositions consist of very short geodesics, say of length
contained in the interval [e, 2¢] with € much smaller than a Margulis constant.
Such surfaces are contained in 7.

By results of Canary [12] and Otal [28], the collections of geodesic repre-
sentatives I'xy UT'y and I'y of the curves Px U Py and Py in Q(X,Y) and
H(Y') have length O(e) and are isotopic to PxUPy C 01Q(X,Y)Ud2Q(X,Y)
and Py C 0H(Y). Hence, by Theorem 2.2, if € is small enough, we have
(1 + &)-bilipschitz embeddings of the non cuspidal part of the convex core
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of the maximally cusped structures in the corresponding complete convex
cocompact hyperbolic 3-manifolds

do: | QPx.Pv)— |J Tyyl@)| = |QxY)— [J Tyla)

acPxUPy a€PxUPy

and

P : H(PY)_ U TUM(O‘) - H(Y)_ U TWM(C“)

acPy aEPy

Now, if h is large enough only depending on ¢, £, R, and W, we can apply
Proposition 3.1 and find a (1 + &)-bilipschitz diffeomorphism

g: collarDO,WK(é?gQ(X, Y)) — COllarDl,Wl,Kl (6H(Y))

If K,W are sufficiently large, then both quasi collars will be contained in
the images of ¢g and ¢y. We just compose those with g, that is f :=

drH9Py - O

3.2. Models for the collars. As anticipated, we use Proposition 3.2 to
construct a very particular class of maximally cusped handlebodies with a
simple collar structure. This is our second main ingredient.

Recall that our goal is to construct examples that satisfy the criteria for
handlebodies and for I-bundles. Also, recall that these criteria require to
control the length and the isotopy class of the collection of geodesic repre-
sentatives of a pants decomposition of the boundary. The examples we are
going to describe are exactly tailored for that goal.

The idea is as follows: We first construct maximally cusped I-bundles
Q) for which the length and isotopy class conditions are satisfied almost by
definition for many pants decompositions. If a maximally cusped structure
on Hy or ¥ x [1,2] has a collar that is geometrically very close to €2, then it
also satisfies the criteria.

We now develop the strategy in more details.

The structure of the collar 2 will be modelled on the geometry of a hy-
perbolic mapping torus, or pseudo-Anosov mapping class, with a short pants
decomposition. Such object is one that is obtained from the following proce-
dure: Let P be a pants decomposition of X. Let ¢ € Mod(X) be a mapping
class such that no curve in P is isotopic to a curve in ¢ P. For example, a
large power of any pseudo-Anosov suffices. Consider the convex core @ of
the maximally cusped structure Q(P, ¢P). The boundary 9@ consists of to-
tally geodesic hyperbolic three punctured spheres that are paired according
to ¢. We glue them together isometrically as prescribed by the pairing. The
glued manifold is a finite volume hyperbolic 3-manifold diffeomorphic to

Ty — P x {0} = ( x [0,1)/(x,0) ~ (¢z,1)) — P x {0}.
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The curves in P x {0} represent rank two cusps. By Thurston’s Hyperbolic
Dehn Surgery (see Chapter E.6 of [2]) we can do Dehn surgery on the cusps
so that the resulting manifold still carries a hyperbolic metric for which the
core curves of the added solid tori are very short geodesics.

Furthermore, we can restrict ourselves to Dehn fillings for which the filled
manifold still fibers over S! in a way compatible with the restriction of
the fibering of Ty, to Ty — P x {0}. In fact, observe that for each a € P
corresponding to a boundary torus T, we have a preferred meridian m, and
longitude I, coming from the fibering of Tj. If we perform Dehn surgeries
with slopes mq+kl,, the filled manifold will be diffeomorphic to the mapping
torus T, where ¢ = $% and §p € Mod(X) is a Dehn twist about the pants
decomposition P.

Consider the infinite cyclic covering Tw of Ty,. Topologically, we can

identify it with ¥ x R where the level sets ¥,, := ¥ x {n} correspond to all
the lifts of the fiber ¥ x {0} C T} and in such a way that the curves in

UJwvrPx{n}c | x{n}

nez neL

are very short geodesics. A fundamental domain for the deck group action
on Ty, is given by the submanifold [¥g, 1] bounded by ¥y and ;. The
region [X,,Y,,] bounded by ¥, and ¥,, with n < m is a stack of m —n
isometric copies of [2g, X1].

We now approximate T¢ with a maximally cusped I-bundle Q(P,y"P).
Our collars will be of the form Q = Q(P,¢™P) for some suitably chosen m.

We will use the following from [8], see also Figure 3.7 of the same article.
THEOREM 3.3 (Theorem 3.5 of [8]). Let ¢ be a mapping class with a short
pants decomposition P. For every & > 0 there existk > 0 and d > 0 such that

for every n > 0 sufficiently large the non-cuspidal part of Q, = Q(P,¢"P)
admits a decomposition

Q) =A,UB,UC,

where A, and C,, have diameter bounded by d while By, is the image of a
(1 + &)-bilipschitz embedding with a quasi collar image

f : [Ek, Enfk] C T¢ — Qgc

The embedding f is in the homotopy class of the identity with respect to the
natural markings. Moreover, we can parametrize Qr° as X x [0, 3] in such a
way that Ay, B, and C,, correspond respectively to ¥ x [0,1], X x [1,2] and
¥ x [2,3].

Observe that in the maximally cusped I-bundles Q(P, "™ P) we have, by
default, many pants decompositions whose length and isotopy class are well
controlled.
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In order to be able to exploit such control to check I-bundles and handle-
body criteria we will need three consequences of Theorem 3.3. For them, we
use the following fact proved in the Appendix A.

LEMMA 3.4. For every n < nar/2 there exists & > 0 such that the following
holds: Let Ty,,(«) be a Margulis tube with core geodesic o of length I(c) €
[n,mar/2]. Suppose that there exists a (14&)-bilipschitz embedding of the tube
in a hyperbolic 3-manifold f : Ty, (o) = M. Then f(«) is homotopically
non-trivial and it is isotopic to its geodesic representative within f(T,,, (a)).

Consider the (1 + &)-bilipschitz embedding given by Theorem 3.3
f (B Snok] € Ty — Qe

Recall that [Xy, X,—x] = X x [k, n—k] and that the curves ¢/ Px {j} C &, =
Y x {j} are short geodesics in the infinite cyclic covering and have length in
the interval [n, nas]. Denote by I'; the collection of geodesic representatives
of f(YIP x {j}) in Q,. By Lemma 3.4, if £ is small compared to 1, we get

COROLLARY 3.5. The collection I' =Ty, U---UT,_ is isotopic to
U rwpxihc U 1)
k<j<n—k k<j<n—k
via an isotopy supported on | yepir1 py..oyn—i—1p [ (T (@)).
We now locate suitable quasi collars inside Q(P,y"P). First, notice that
Ee Tl = U B3
k<j<n—k

and each [¥;_1, ¥;] is an isometric copy of the fundamental domain [¥¢, 3].
Each f[¥;_1,%;41] C @ is a quasi collar for 0,Q" for every k < j <n — k.
We now estimate the quasi collar size (D, W, K).

By Theorem 3.3, we also have that each component of

Q" — f[¥k, Xn—k]

has diameter bounded by d = d(¢, ). Denote by w = w(¢)) > 0 the width
of the fundamental domain [¥g, ¥1]. Denote, instead, by a = a(y) > 0 the
intrinsic diameter of the isometric surfaces ;. Notice that, up to replacing 1
with a power (a change that does not seriously affect any of the arguments),
we can as well assume that 2a is much smaller than w. Since f is (1 + &)-
bilipschitz, up to increasing a little and uniformly a and w, those are also
the diameter and width parameters for each f[¥;_1,3;]. We have for j > k

w(j — k) < do(f(%;),01Q™) < (w+a)(j — k) +d.
Therefore the size of the quasi collar f[X;_1,%;,1] can be chosen to be
D =a,
W = 2w,
Kj=(w+a)(j—k) +d+2w.
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Analogous estimates hold for 0,Q™°. Hence

COROLLARY 3.6. There exists w,a > 0 and only depending on 1 such that
for every k < j <n —k the surface f(¥;) is contained in

collary 2, i, (01Q)

and, similarly, the surface f(3X,—;) is contained in
collary 24,k (02Q)-

The Corollaries 3.5 and 3.6 combined with Proposition 3.2 help us in
checking that the handlebody and I-bundle criteria are satisfied. In fact, we
have the following: With the same notation as before, consider again the
(1 + £)-bilipschitz embedding as a quasi collar

fi k] € Ty — Qn = Q(P,w"P).

The bilipschitz parameter & can be chosen to be arbitrarily small provided
that n is sufficiently large.

COROLLARY 3.7. Let vy be a mapping class with a short pants decomposition
P of length n. Consider Q, = Q(P,¥"P). Let Xy be a component of OM™®
where M is a mazimally cusped handlebody or I-bundle. Suppose that we
have a (1 + &)-bilipschitz diffeomorphism

qg: collara,ngj (81Qn) — COH&I‘DWV’K(E())
or
g: collara,ngj (02Qp) — collarp w,x (X0)

for some D, W, K. If £ is small enough (only depending on 1), n is large
enough (only depending on ¢ and §) and k < j < n — k, then the collection
of geodesic representatives of

gf WP x {j}) C gf(%))
gf @I Px{n—j}) C gf(Sn;)

has length O(n), is contained in the image of g, and is isotopic within it to

9f (WP x{j}) or gf ("I P x {n—j}).

Proof. We only treat the first case, the other one is analogous. By Corollary
3.5 and Corollary 3.6, we can assume that the geodesic representatives I';
of ¥/ P in Q,, are contained in collarg 24, £; (01Qn) and isotopic within it to
fWIP x {j}) C f(£;). Their length is O(n). Since g is a (1 + &)-bilipschitz
diffeomorphism, if £ is small enough compared to 7, by Lemma 3.4, we can
assume that the geodesic representatives of g(I'j) in M are contained in
collarp w,x (OH) and isotopic within it to g(I';) which, in turn, is isotopic
t0 gf (WP x {j}) C gf(S,). O
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3.3. Criteria for I-bundles and handlebodies revised. We are now
ready to give a more manageable version of the criteria for I-bundles and
handlebodies and construct many example that satisfy those conditions.
This is the goal of Proposition 3.8.

PROPOSITION 3.8. Let ¢, ¢ be mapping classes with short pants decompo-
sitions P, P" of length in [n,np/2]. There exists j = j(1, @) such that the
following holds: Consider

(P1,P) = (7P, P) and (P3, Py) = (P', ¢/ P').
Suppose that for some n very large we have respectively

(1) de(P,D) > de(P,™"P) + de("P,D) — R,
(2) de(v™IP,¢? P") > de(vp? P,y)"P) + de (" P, ¢’ P') — R,

and

(3) de(P', fD) > de(P',¢"P') + de(¢"P', fD) — R,
(4) de(v P, ¢ P") > de($ P, ¢ "P') + de(¢"P', 1~ P) — R.

Then Py, P, P3, Py satisfies the I-bundle and handlebody criteria with pa-
rameter O(n).

Proof. We have to check two handlebody and one I-bundle criteria. The
arguments for the three different cases follow the same lines. In order to
avoid repetitions, we only prove in details that there exists j = j(¢,1)
such that the pair (1)~7 P, P) satisfies the handlebody criterion if n is large
enough. The other cases are completely analogous and require no new ideas.
In the end of the proof, we briefly discuss the adjustments needed for the
I-bundle criterion.

The handlebody criterion. In order to check the handlebody criterion
for (=P, P), by Corollary 3.7, we just need to get a (1 + £)-bilipschitz
diffeomorphism

g : collary oy, i, (02Q (™" P, P)) — collarp w,x (0H (P))

in the homotopy class of the identity. Such a diffeomorphism will be provided
by Proposition 3.2. Notice at this point that Q(¢p™" P, P) and Q(P,¢"P)
are isometric as they only differ by the marking.

In order to apply Proposition 3.2, observe that, by work of Minsky [24],
the pairs (¢"P,y™P) and (¢"™ P’ ¢"P’') satisfy for all n, m € Z the R-
bounded combinatorics condition for some R = R(v, ¢) > 0. Furthermore,
for any fixed h, if |n —m| is large, again, depending only on v, ¢ and h, they
also satisfy the large height assumption as pseudo-Anosov elements act as
loxodromic motions on the curve graph by Masur and Minsky [22]. Property
(1) from our assumptions is exactly the last one needed to guarantee that
Proposition 3.2 can be applied.

Before applying Proposition 3.2 we have to be a bit careful with the
various constants and their dependence. We pause for a moment and discuss
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this delicate point. The mapping classes ¢ and ¢ determine 7 and R and
also the parameters a and w of Corollary 3.7 and Dy of Proposition 3.2.
Furthermore, the mapping classes together with the choice of £ determine k
and d in Proposition 3.3. In turn, k determines the allowable range k < j <
n—k.

So, we want to choose £ much smaller than the one, only depending on
the mapping classes, required by Corollary 3.7 to hold. Once this is fixed
we have a collection of potential candidates for the quasi collars

collarg 2, 1, (02Q (™" P, P))
with £ < 7 < n — k for any n very large.

Once we fixed &, we have also fixed Ky, Wy > 0 of Proposition 3.2. So, for
every W > Wy we have a (1 + £)-bilipschitz diffeomorphism of quasi collars

f: COH&TDO,VV,KO (82Q(¢_np, P)) — COHarDl,Wl,Kl (8H(P))

In order to get the desired embeddings, we just have to choose k < j < n—k
and W so that one of our candidate quasi-collars is contained in the domain
of definition of f

collarg 2y, k5, (02Q (Y™ " P, P)) C collar py w, i, (02Q (™" P, P)).

It suffices to do the following: We first choose j so that K; —a > Ko + Dy.
This determines a minimal j = j(¢,¢) as required by the statement of
Proposition 3.8. Then, we choose W so that Ko+ W — Dy > 2K +4a+2w.
This finally determines a final threshold for h and n.

The I-bundle criterion. The proof is word by word the same as in
the handlebody case, one only has to replace the collar of OH(P) with
HQ(™IP, ¢’ P") and 9Q(p ™/ P, ¢/ P'). Again, if n is very large, Proposi-
tion 3.2 furnishes (1 + &)-bilipschitz diffeomorphisms

collarg 2w, i, (01Q(¢¥ 7 P, 4" 7 P)) — collarp, wy,k, (01Q(¢ 7 P, ¢’ P'))

and

collarg ou, i1, (02Q (¢ " P, ¢/ P)) — collarp, w, i, (82Q(¢ 7 P, ¢/ P")).

Notice that the constant j = j(¢,1) is the same as before. Corollary 3.7
together with a careful bookkeping of the markings concludes the proof. [

3.4. From the curve graph to Teichmiiller space. We now translate
the curve graph conditions (1) - (4) in terms of Teichmiiller geometry in
such a way that it will not be hard to check them for a random segment
[0, fol.

It is convenient to recall now a few facts due to Masur and Minsky [22],
[23] about the relation between Teichmiiller space 7 endowed with the Te-
ichmiiller metric d7 and the curve graph C.

The connection is established via the shortest curves projection T : T —
C, a coarsely defined map that associates to every marked hyperbolic surface
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X € T a shortest geodesic pants decomposition on it T(X). We choose
o € T with the following property

Standing assumption: The base point o € T is chosen so
that its projection to the curve graph lies on the disk set of
the handlebody Y (o) € D.

From a geometric point of view, Masur and Minsky proved that the curve
graph C is a Gromov hyperbolic space (see [22]) and the disk set D C C is a
uniformly quasi-convex subspace (see [21]).

It also follows from [22] that Y is uniformly Lipschitz and sends Te-
ichmiiller geodesics to uniform unparametrized quasi-geodesics. This means
that there is a constant B only depending on 3 such that de(Y(Y), Y(Z)) >
de(Y(Y), Y (X)) + de(Y(X),Y(Z)) — B for every Z < X < Y aligned on
a Teichmiiller geodesic. In particular, by hyperbolicity of C, the image
Y[Z,Y] C C is a uniformly quasi-convex subset.

We have the following:

PROPOSITION 3.9. Let v, ¢ be pseudo-Anosov mapping classes with short
pants decompositions P, P'. Letly,ly : R — T be their Teichmiiller geodesics.
For every § > 0 there exists h > 0 such that the following holds: Suppose
that on the segment [o, fo] there are four points o < S; < So < S3 < Sy < fo
with the following properties

(i) [S1,S52] and [S3, S4] have length at least h and 0-fellow travel 1y, and ly
respectively.
(ii) We have d¢(Y[S1,S4], D) > h and de(Y[S1, S4], fD) > h.

Then, up to perhaps replacing P, P' with ¢"P,¢" P', (1) - (4) hold.

The proof uses the arguments from Proposition 7.1 of [15].

Proof. We have to show that (i) and (ii) imply (1) - (4).

We start with Properties (1) and (3). Let us only consider (1) as (3) is
completely analogous. Recall that we fixed o so that T(0) € D and hence
T(fo) = fY(o) € fD.

As Yo, fo] is a uniformly quasi-convex subset of the Gromov hyperbolic
space C, there is a coarsely well defined nearest point projection m : C —
Yo, fo]. Since D, fD are also uniformly quasi-convex and Y[S, S4] is very
far from both while the endpoints satisfy T(o) € D and fY (o) € fD, we
conclude that 7(D) and 7(fD) lie on opposite sides of Y[S1,S4] and are far
from it.

Consider S1 < a < b < S4 and the projections « := Y(a) and g := Y (b).
By hyperbolicity of C and uniform quasi-convexity of Y[o, fo|, any geodesic
joining 0y € D to f can be broken into two subsegments [dg, Bo]U[Bo, 5] where
Bo is uniformly close to m(dy), the nearest point projection of dyg, which has
the form Y(¢) for some o < t < S;. By the uniform unparametrized quasi-
geodesic image property of T, the segment [y, 5] passes uniformly close to
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«. Therefore, we have
dC(Bvéo) > dC(ﬂ) Oé) + dC(a750) - RO

for some uniform Ry. Taking the minimum over all o € D we get
de(Y(b), D) = de(Y(a), Y(b)) + de(Y(a), D) — Ro.

The last ingredient that we need is the fact that the sequence of curves
{Y" P} ez lie uniformly close, only depending on %, to the uniform quasi-
axis of 1 given by the composition Yl,;. This follows from work of Minsky
[24]. Notice that Yl lies uniformly close to Y[Si,S2| by fellow travel-
ing assumption. In particular, there are ¢)" ™ P, 4" P and " ~"P that lie
uniformly close, only depending on ¢, to Y(S1), Y(Sy) and Y(S2) where
S1 < Sy < Sa. The difference (r+n) — (r —n) = 2n is bounded from below
by some linear function of h of the form kh — k with x > 0 only depending

on .
Therefore, as S1 < Sy, we have
de("P,D) > de(y"P,¢" "P) +de(y" "P,D) — R
for some uniform R, only depending on 2.
For simplicity, we replace P with ¢" P and still denote it by P.

We now move on to Properties (2) and (4). Again, we consider only (2)
as (4) uses the same arguments. Property (2) just follows from the uniform
unparametrized quasi-geodesic property of T[S, S4].

In more details we proceed as follows: As before, up to replacing P and P’
with ¢" P and ¢" P’, we can assume that ¢ =" P, " P (resp. " P, d)”/P’)
are uniformly close, only depending on ¢ (resp. ¢), to Y(S1), T(S2) (resp.
T(S3), T(S4)).

Recall that P; and Py are of the form P; = ¢/ P and P, = ¢/ P’ for some
uniform j = j(¢4, ). So, up to a uniform error, we can replace them with P
and P’. For them we have

de(T(Sy), T(Sp)) = de(Y(Sy), T(S2)) + de(T(S2), T(Ss)) — R.

4. THE PROOF OF THEOREM 1

In this section we prove

Theorem 2. For every € >0 and K > 1 we have

IP,,[M; has a hyperbolic metric K-bilipschitz to a e-model metric] .

The proof of Theorem 2 does not use 3-dimensional hyperbolic geometry
anymore. Rather, via Proposition 3.9, we will only have to work with the
dynamics of a random walk on Teichmiiller space and the curve graph.

Thank to the work done in the previous sections, namely Proposition
2.4, Proposition 3.8 and Proposition 3.9, we only need to check that the
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Teichmiiller segment [o, fo] contains four points 0 < S < S < S3 < Sy <
fo satisfying the conditions (i) and (ii) of Proposition 3.9.

In order to find them we will exploit a useful ergodic property of random
walks on Teichmiiller space due to Baik, Gekhtman and Hamenstadt [1].

4.1. Random walks. We start by recalling some background material on
random walks on the mapping class group. We crucially consider only ran-
dom walks driven by probability measures p whose support S is a finite
symmetric generating set for the full mapping class group.

DEFINITION (Random Walk). Let (sp)nen be a sequence of independent
random variables with values in S and distribution p. The n-th step of
the random walk is the random variable f, := s;1...s,. We denote by
P, its distribution. The random walk driven by p is the process (f, =
51...50)neN € Mod(X)N. Tt has a distribution which we denote by P.

The mapping class group acts on Teichmiiller space Mod(X) ~ T. If we
fix a base point o € T we can associate to every random walk (fy,)nen an
orbit {fn0}neny C T. This sequence of jumps in Teichmiiller space has two
important properties, positive linear drift and sublinear geodesic tracking,
which we now explain.

It is a standard consequence of the subadditive ergodic theorem that there
exists a constant L > 0, called the drift of the random walk on Teichmiiller
space, such that for P-almost every sample path (f,)nen we have

dT (07 fno) nio)o
n

L.

In general, however, the drift might vanish L = 0. It has been established
by Kaimanovich and Masur [17] that, in our case, L > 0 and that the
orbit {fno}nen converges P-almost surely to some point on the Thurston
compactification of Teichmiiller space PML. Tiozzo [32] then showed that
this convergence happens by sublinearly tracking a Teichmiiller ray:

THEOREM 4.1 (Tiozzo [32]). For P-almost every sample path (fn)neny and
for every base point o € T, there exists a unit speed Teichmiller ray T :
[0, 4+00) starting at 7(0) = o and converging to PML such that

Lo dr (a0, 7(Ln)

n—00 n

=0.

More precisely, the sublinear tracking property can be implemented to the
following (see, for example, the proof of Proposition 6.11 of [1]): There exists
0 > 0 such that for every e > 0 and P-almost every (fy,)neny with tracking
ray 7 we have that the segment |o, f,0] d-fellow travels 7[0, (1 — €)Ln]| for
every n sufficiently large.

4.2. Random Teichmiiller rays. We can now state the result from Baik,
Gekhtman and Hamenstadt [1] that we need
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THEOREM 4.2 (Proposition 6.9 of [1]). Let W C T be a Mod(X)-invariant
open subset containing the axis of a pseudo-Anosov element. For everyh > 0
and every 0 < a < b and for P-almost every (fy,)nen with tracking ray T there
exists ng > 0 such that for every n > ng we have that T[an, bn] W contains
a segment of length at least h.

The statement of Theorem 4.2 slightly differs from the one of Proposition
6.9 of [1]. In fact, there it is only considered the case where W is a large
metric neighbourghood of the mapping class group orbit of the base point.
However, their arguments apply also to the more general setting.

A relevant example of an invariant open set, which is also the smallest
possible, is the following: Let ¢ be a pseudo-Anosov mapping class. It
determines a closed geodesic in moduli space 74 C M := T /Mod(X) and an
axis in Teichmiiller space [, C T.

Fix 6 > 0 very small and consider a tiny d-metric neighbourhood Vj s of
74- Its preimage in Teichmiiller space Wy s C T consists of the union of tiny
neighbourhoods of the Teichmiiller axes gly of the pseudo-Anosov elements
gog~ " as ¢ varies in the mapping class group.

The set Wy, s has the following useful property

LEMMA 4.3. For every ¢ and h there exists 6 = 6(¢,h) > 0 such that if
l:[a,b] = T is a Teichmiiller geodesic segment of length b — a > h whose
image 1is entirely contained in Wy 5 then it 1-fellow travels one of the lines
glqs - W¢75.

Proof. This can be proved by contradiction. Suppose this is not the case and
consider a sequence 6, | 0 and Teichmiiller segments [,, : [0, h,] = Wy 5, of
length h,, > h. Up to the action of the mapping class group, we can assume
that [,(0) lies in a fixed compact set. Up to subsequences, we can then
arrange that [,,[0, h] converges uniformly to a Teichmiiller geodesic of length
h entirely contained in [,y Wg,s, which is nothing but the union of the
axes gly. Hence, [, is a subsegment of one of the axes gls and, therefore, at
a certain point [, must have 1-fellow traveled this axis, a contradiction. [J

4.3. The proof of Theorem 2. Consider the Teichmiiller segment [o, fo].
Fix § > 0 large enough. We need to find two pseudo Anosov mapping classes
1 and 1)’ with short pants decompositions and four surfaces o < S7 < S <
S3 <S4 < fo such that

(i) [S1,S2], [Ss, S4] have length at least h, depending only on 6,1, ', and
o-fellow travel Ly, Ly
(i) dc(Y[S1,S54], D) > h and de(Y[S1, Sal, fD) > h
We first prove the second property: Recall that we chose o € T so that
0 :=7(0) € D (and hence f6 = Y(fo) € fD).
Claim: For every h > 0 and € > 0, for P-almost every (f,)nen with
associated tracking ray 7, there exists ng and such that for every n > ng
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both de¢(Y7[eLn, (1 —€)Ln], D) and de(Y7[eLn, (1 —€)Ln], f,D) are greater
than h.

Proof of the claim. Denote by ¢ = limd¢(9, f,d)/n > 0 the drift of the
random walk on the curve graph. It is positive by a result of Maher [19].
The claim is a consequence of

THEOREM 4.4 (Maher [20]). For every € > 0 we have
P, [de(D, D) € [(¢ = e)n, (¢ + e)n]] =5 1.

Choose €5 > €¢; > 0 much smaller than €. By Theorem 4.4 we have
de(D, fnd) > (£ — €1)n for n large.

By Theorem 4.1, the random orbit f,,0 has a positive drift d7 (o, f,0)/n —
L > 0 and is sublinearly tracked by a geodesic ray 7 : [0,00) — T with
7(0) = 0. This means that d7(f,0,7(Ln)) = o(n). We assume d7(fr0,7(Ln)) <
ern and £ — e < de(9, fnd) < £+ € for every n large.

Consider m € [e1n, (1 — e2)n].
We have the following estimate on the distance from D: Let B > 0 be
the Lipschitz constant of Y : T — C

de(T7(Lm), D) > de(fud. D)  de(fnd, T(Lm)
> (L —€1)m — Beym
> (0 — €1 — Bey)ern.

Notice that if €1 is small enough, the right hand side increases linearly in n
with uniform constants.

As for the other disk set f,D, we also get

de(YT(Lm), fu,D) > dc (6, fnD) — de(0, fimd) — de(fmd, YT(Lm))
> (f — 61)% — (f + 61)m — Berm
>[(l—€1)— (L+e1)(l —e2) — Ber(1 — e)]n.

As before, if €; is very small compared to €2, the right hand side increases
linearly in m with uniform constants. In conclusion, if ¢; is small enough
and n is large enough, the claim holds as [eLn, (1 —€)Ln] C [e1n, (1 — e2)n].

This settles the proof of property (ii) for the segment 7[eLn, (1 — €)Ln].
Observe that any subsegment [ST, S}'| will enjoy the same property.

We now take care of (i).

Claim: Let ¢ pseudo-Anosov element with a short pants decomposition.
Let Iy : R — T be its axis. For every € > 0, for every h > 0, for P-almost
every (fn)nen with tracking ray 7 : [0,00) — T there exists ng such that for
every n > ng the Teichmiiller segments 7[en, 2en| and 7[(1 — 2€)n, (1 — €)n]
1-fellow travel along subsegments 7[t7,t5] and 7[t%,t}] of length at least h
some translates ¢ = gnly and ¢’ = g/,l, of the axis l4.
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Proof of the claim. Let 6 = 6(¢,h) and W = Wy, 5 be as in Lemma 4.3.
We just need to apply Theorem 4.2 to W with parameters 0 < a < b given
by 0 < Le < 2¢eL and 0 < (1 — 2¢)L < (1 — €)L respectively.

Conclusion of the proof: For every fixed € > 0 the Teichmiiller segment
[0, fno] uniformly fellow travels 7[eLn, (1 — €¢)Ln] we define o < ST < S§ <
Sy < Sy < fno to be the four surfaces that fellow travel 7(t}) < 7(t§) <
7(t3) < 7(t}) as given by the second claim.

By construction they satisfy the properties (i) and (ii) of Proposition 3.9
and hence can be used in the model metric construction of Proposition 2.4.

This concludes the proof of Theorem 2.

5. THREE APPLICATIONS
We describe three applications of Theorem 2.

5.1. The model metric. For convenience of the reader we recall again the
description of the model metric M,, = H' UQ} U Q,, U Q5 U H3 that comes
from the proof of Theorem 2.

For the applications of this section we focus only on the maximally cusped
structure @, = Q(P5, P§") and recall that it bilipschitz embeds, away from
its cusps, into My, with bilipschitz constant arbitrarily close to 1 as n goes
to oo.

A careful inspection shows that Pj' and P3' can be chosen to be very
short pants decompositions on some hyperbolic surfaces S5 and S3 that are
located in Teichmiiller space uniformly close to the segments 7[eLn,2eLn]
and 7[(1 —2¢)Ln, (1 — €)Ln] where 7 : [0,00) — T is the tracking ray of the
random walk and € is an arbitrarily small constant.

Theorem 2.2 allows us to replace, up to uniformly bilipschitz distortion
Q(Py, P3) with Q(S%,S%) away from the cusps. It will be convenient to
work also with Q(S%,S%) instead of @,,. They are both geometrically very
close to My, .

5.2. Geometric limits of random 3-manifolds. As a first application,
we exploit the model metric structure to establish the existence of certain
geometric limits (see Chapter E.1 of [2] for the definition of the pointed
geometric topology) for families of random 3-manifolds.

PROPOSITION 5.1. For every pseudo-Anosov mapping class ¢ € Mod(X) and
P-almost every (fn)nen there exists a sequence of base points x, € My, such
that the sequence of pointed manifolds (My, ,x,) converges to the infinite
cyclic covering of Ty in the pointed geometric topology.

Proof. As in the proof of the second claim of Theorem 2, Proposition 4.2
and Lemma 4.3 imply that the segment 7[3eLn, (1 — 3¢)Ln|, and hence
(S5, 5%, 1-fellow travels a translate g,ls of the Teichmiiller axis 4 along
an arbitrarily long subsegment. Therefore, up to remarking [S%,S%], an
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operation that does not change the isometry type of Q(S%,S%), we can
assume that [S3, S5 1-fellow travels [, along the subsegment ly[—ay,, ay]
with a, 1 co. In particular, the sequence of Teichmiiller segments [S%, S¥]
is converging uniformly on compact subsets to l4. By Thurston’s Double
Limit Theorem [29] and the solution of the Ending Lamination Conjecture
[25], [7], this implies that, if we take suitable base points, the sequence of
convex cocompact manifolds Q(S%, S§) converges in the geometric topology
to Tw. As Q(S3,S5%) becomes geometrically arbitrarily close to My, , the
claim follows. O

5.3. Commensurability and arithmeticity. Dunfield and Thurston, us-
ing a simple homology computation, have shown in [13] that their notion of
random 3-manifold is not biased towards a certain fixed set of 3-manifolds.
This means that for every fixed 3-manifold M, only finitely many elements
in the family (M, )nen can be diffeomorphic to M.

Using geometric tools it is possible to strengthen this conclusions and
show that Dunfield and Thurston’s notion of random 3-manifolds is also
transverse, in a sense made precise in the proposition below, to the class of
arithmetic hyperbolic 3-manifolds and to the class of 3-manifolds which are
commensurable to a fixed 3-manifold M.

Proposition 4. For P-almost every (fn)nen the following holds

(1) There are at most finitely many 3-manifolds in the family (M, )nen
that are arithmetic.

(2) There are at most finitely many 3-manifolds in the family (Mg, )nen
that are in the same commensurability class.

Proof. The argument is mostly borrowed from Biringer-Souto [3].

The proof of both points starts from the following observation: Each
My, finitely covers a maximal orbifold My, — O,. By Proposition 5.1 we
can choose base points x,, € My, so that the sequence (My,,x,) converges
geometrically to (Quwo, Too) Where Qo is a doubly degenerate structure on
¥ x R with inj(Qs) > 0.

Suppose that infinitely many M}, are arithmetic, say all of them. In this
case, the orbifolds O,, are congruence and have A\;(O,) > 3/4 (see [11] or
Theorem 7.1 in [3]). By Proposition 4.3 of [3], the orbifolds O,, cannot be
all different, hence we can assume that they are fixed all the time O, = O.
We get a contradiction by observing that O is covered by closed 3-manifolds
My, with arbitrarily small injectivity radius.

Suppose that infinitely many My, are commensurable. By the first part
we can also assume that they are non-arithmetic. Commensurability and
non-arithmeticity imply together that O,, = O is fixed all the time: It is the
orbifold corresponding to the commensurator Comm(7y(My,)), which is a
discrete subgroup of PSLyC by Margulis (see Theorem 10.3.5 in [18]) and
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is an invariant of the commensurability class. We conclude with the same
argument as before. O

5.4. Diameter growth. As a more geometric application, we compute the
coarse growth rate for the diameter of random 3-manifolds.

Proposition 3. There exists ¢ > 0 such that
P, [diam (M) € [n/c,cn]] =3 1.

The proof of Proposition 3 has two different arguments, one for the coarse
upper bound and one for the coarse lower bound. The upper bound comes
from a result by White [33] that relates the diameter to the presentation
length of the fundamental group, a topological and algebraic invariant. Of a
different nature is the coarse lower bound where we heavily use the e-model
metric structure of Theorem 2 and the relation with the model manifold.

We start with the upper bound. We need the following definition

DEFINITION (Presentation Length). Let G be a finitely presented group.
The length of a finite presentation G = (F'|R) is given by

reR

where |r|p denotes the word length of the relator » € R with respect to the
generating set F'. The presentation length of GG is defined to be

I(G) :=min{l(F,R)| G = (F |R) finite presentation } .
We also recall that a relator r € R is triangular if |r|p < 3.

THEOREM 5.2 (White [33]). There exists ¢ > 0 such that for every closed
hyperbolic 3-manifold M we have

diam(M) < c¢-l(mM).

Let S C Mod(X) be the finite support of the probability measure .
LEMMA 5.3. There exists C(S) > 0 such that for every f € Mod(X) we have
(m (My)) < Clfls-

In particular diam(My) < K|f|s where K =c-C.
Proof. The 3-manifold My admits a triangulation 7" with a number of sim-
plices uniformly proportional, depending on S, to the word length |f|s. We
have 7 (Mj) = m1(T2) where Ty denotes the 2-skeleton of T'. By van Kam-
pen, the fundamental group of a 2-dimensional connected simplicial complex
X admits a presentation 71(X) = (F'|R) where every relation is triangular
and the number of relations |R)| is roughly the number of 2-simplices. O
As a corollary, we get
diam(My,) < K|fn = s1...5]s < Kn

thus proving the upper bound in Proposition 3.
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The coarse lower bound follows from the structure of the model metric
and the following estimate that comes from the model manifold technology
of Minsky [25].

PROPOSITION 5.4 (Theorem 7.16 of [6]). For every L > 0 there exists A > 0
such that the following holds: Let QQ be a marked hyperbolic structure on
Y x R. Suppose that o, € C have length bounded by lg(w),lg(B) < L.
Then

dQ(TﬂM (O‘)’ TTIM (B)) > Adc(a, ,3) — A.

In particular, if Q = Q(P», P3) is a maximal cusp then the distance be-
tween the boundary components of its non-cuspidal part Q"¢ is at least
Adc(Ps, P3) — A. In the case of random 3-manifolds we have

de(Py', Py') ~ de(T(S53), T(S3))
> d(0, fno) = de(T(0), T(53)) — de(T(53), fnT(0))

~ In —o(n).

APPENDIX A. ISOTOPIES OF MARGULIS TUBES

We prove the following

LEMMA. For every n < ma/2 there exists & > 0 such that the following
holds: Let Ty,,(«) be a Margulis tube with core geodesic o of length I(c) €
n,mar/2]. Suppose that there exists a (1+&)-bilipschitz embedding of the tube
in a hyperbolic 3-manifold f : Ty, (o) — M. Then f(«) is homotopically
non-trivial and it is isotopic to its geodesic representative within f(T,, (a)).

Proof. The universal cover of T,,,(c) is a a-neighbourhood N,(l) of a ge-
odesic I C H®. Denote by F : Ny(I) — H? the lift of f to the universal
coverings.

By basic hyperbolic geometry, we have that for every subsegment [p, q] C [
of length I([p, q]) < n, the image F'[p, q] is contained in the e-neighbourhood
of the geodesic [F(p), F((¢)] with e = O(&). This implies, if ¢ is sufficiently
small, that F restricted to [ is a uniform quasi-geodesic. As a consequence f
is m1-injective and f(«) is homotopic to its geodesic representative § within
N.(B) with e = O(§). We want to show that f(«) is actually isotopic to .

The proof can now be concluded using topological tools.

Up to a very small isotopy we can assume that f(«) is disjoint from /3 and
still contained in N,(3). For safety, we assume that an entire metric tubular
neighbourhood of f(«) of the form f(Ns(«)) for some tiny ¢ is disjoint from
B and contained in N(/3).

Since the radius of the tube f(T,,,(a)) is large, we can assume that a
metric tubular neighbourhood of  of the form N,(5) with r > € is contained
in f(T,,,(«)). Denote by Tg = ON,(f) its boundary and observe that T C

f(Ty, (@) — f(Ns(a)). The complementary region f(T,, (a)) — f(Ns(e))
is diffeomorphic to Ty, x [0, 1] where Ty, is a 2-dimensional torus.
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Notice that Tj is incompressible in T, x [0,1]. In fact, the only possible
compressible curve on Ty is the boundary 0Dg of the compressing disk Dg
of the tubular neighbourhood of N,.(3). Every other simple closed curve is
homotopic in f(Ty,,(«)) to a multiple of 5 ~ f(a) and hence it is not trivial.
However, the curve 0Dg cannot be compressible in T, x [0, 1] otherwise it
would bound a disk D% with interior disjoint from Dg and together they

would give a 2-sphere S? ~ Dg U D,/B intersecting once 5. Such a sphere is

homologically non trivial in f(T,,, («)), but a solid torus does not contain
such an object.

By standard 3-dimensional topology, incompressibility implies that T is
parallel to T, x {1} = f(0Ty,,(c)). Therefore, 3 is the core curve 3 ~ 0 x S*
for another product structure f(Ty,, (a)) ~ D? x St or, in other words, there
exists an orientaion preserving self diffeomorphism of f(T,,,(«)) that sends
f(a) to B. Such a diffeomorphism is isotopic to a power of the Dehn twist
along the meridian disk of the solid torus, hence it does not change the
isotopy class of the core curve.

This concludes the proof. O
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