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Abstract

In this thesis, we study quasi-Fuchsian manifolds and globally hyperbolic anti-de Sitter
3-manifolds.

Let S be a closed hyperbolic surface, and let M be convex co-compact sub-domain of
a quasi-Fuchsian manifold ) homeomorphic to S x [0,1]. The hyperbolic metric on M
induces several invariants on its boundary (that is S x {0,1}). These invariants migh be
a metric h that has curvature strictly bigger than —1, which is relaized as induced metric
on S x {0} or § x {1}. It can be a metric h*, that has curvature strictly smaller than
1, and has no contractible geodesic with weight bigger or equal to 27, which realized as
third fundamental form on S x {0} or S x {1}. In other cases, the invariants can be a
hyperbolic metric, a conformal structure, or a measured lamination. The nature of the
data depends on the the convex domain M (whether it has a pleated boundary, a smooth
boundary, or ideal boundary). Let L be measured lamination on .S, that has no closed leaf
of weight bigger or equal to m. Our main result in the first part, is showing that for any
other realizable invariant on the boundary of M, there exists a quasi-Fuchsian manifold
@ and a convex co-compact sub-domain M homeomorphic to S x [0, 1] such that S x {0}
is a pleated surface that has a bending lamination L, and it induces the other invariant
that we ask on S x {1}. If the bending lamination L is small enough, in a sense that we
will define, and the invariant on S x {1} is a hyperbolic metric, we show the uniqueness
of such convex co-compact sub-domain. Later in the first part, we study convex subsets
of H? that have ideal boundary equal to a quasi-circle, we will highlight their interaction
with the universal Teichmiiller space.

In the second part, we focus on globally hyperbolic anti-de Sitter 3-manifolds. We will
define globally hyperbolic convex subsets that, in particular, serve as lifts of globally hy-
perbolic anti-de Sitter 3-manifolds. Let A" and h~ be two complete, conformal metrics
on the disc . Assume that the derivatives of h™ and h™ in any order are uniformly
bounded with respect to the hyperbolic metric and that the curvatures are in the interval
(—%, —1 —¢) for some € > 0. Let f be a quasi-symmetric map. Our main result in the
second part, is showing the existence of a globally hyperbolic convex subset 2 (see Defini-
tion 3.4.1) of the three-dimensional anti-de Sitter space, such that 2 has h™ (respectively
h~) as the induced metric on the future boundary of Q (respectively the past boundary
of ) and has a gluing map ®q (see Definition 3.4.7) equal to f.
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Introduction

0.1 Convex subsets

We investigate the notion of hyperbolic convex co-compact 3-dimensional manifolds, and
globally hyperbolic anti-de Sitter manifolds, which are the Lorentzian analogue of quasi-
Fuchsian manifolds.

We define the deformation space of a hyperbolic manifold (Riemannian or Lorentzian) to
be the space of isotopy classes of all the hyperbolic metrics on it. In particular we will
focus on the interaction between the deformation space of these objects and the deforma-
tion space of their boundaries. This interplay between the deformation space of a convex
3-dimensional object and the deformation space of its boundary has been the subject of
significant research interest.

The field can be traced back to Cauchy’s proof (see [('au]) regarding the rigidity of convex
polyhedra. He proved that if two polyhedra have isometric faces glued together in the
same combinatorial pattern, then they are the same polyhedron up to isometry.

A deep theorem came later through the work of Alexandrov | ]. He realized that
any Euclidean metric on the sphere with cone singularities, in which each cone angle is
less than 27, is isometric to the path metric on the boundary of a unique polyhedron.
Alexandrov took that a step forward by solving the ”Weyl problem”, which was first
brought by H.Weyl in 1915.

Theorem 0.1.1. Any smooth metric of positive curvature on the sphere is induced on the
boundary of a unique smooth strictly convex subset of R?

Later, Alexandrov and Pogorolov extended this result to the hyperbolic space.

Theorem 0.1.2. Any smooth metric in the sphere of curvature K > —1 is induced on
the boundary of a unique convex subset of H® with a smooth boundary.

This ”philosophy” of studying the geometric characteristics of geometric objects by
studying their boundary can be applied in various contexts.

0.2 Hyperbolic convex cocompact 3-dimensional man-
ifolds

Recall that any complete orientable 3-dimensional hyperbolic manifold is of the form
3 /T, where I' is a discrete torsion free subgroup of PSL(2,C) (recall that the group
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of isometries of H? that preserve orientation is isomorphic to PSL(2,C)). We say that
3 /T is complete convex co-compact if there is a convex subset  C H?, such that § is
invariant under the action of I'; and Q/T" is compact. We can have a non complete convex
co-compact hyperbolic manifolds, in that case they are the quotient of a convex subset
C C H? by T, a discrete torsion free subgroup of PSL(2, C), and such that there is convex
subset 2 C C, which is invariant under the action of I', and ©/I" is compact.

In this thesis we will focus on quasi-Fuchsian manifolds, which are also 3-dimensional
convex co-compact manifolds.

Let S be a closed surface of genus g > 2. We denote by M the three-dimensional manifold
S x (0,1), and we denote by M the three-dimensional manifold with boundary S x [0, 1].
We also denote by T (.S) the Teichmiiller space of S, which is the space of isotopy classes
of hyperbolic structures on .S, or equivalently, due to uniformization, the space of isotopy
classes of conformal structures on S.

We denote the isometry group of the hyperbolic space H? as Isom(H?), and the subgroup
of isometries that preserve orientation as I'som™(H?). Let I' be a subgroup of I'som™(H?).
We say that I' is Kleinian if it acts properly discontinuously on the hyperbolic space.
We say that a complete hyperbolic manifold (possibly with boundary) is geodesically
convex if each arc is homotopic, relatively to its endpoints, to a geodesic arc.

Thurston has shown (see [ , Proposition 8.3.2]) that if N is a convex hyperbolic
manifold, then there exists a convex subset Q of H? and a Kleinian group I' such that N
is isometric to /I (we assume that € is invariant under the action of I'), or equivalently,
() is a covering space of N. Moreover, if the quotient of the convex hull of the limit set of
[ by T is compact, we say that N is a hyperbolic convex cocompact manifold (see Section
2.1.1 for a definition of the limit set and convex hull).

We will focus on convex cocompact hyperbolic manifolds of the form Q/I"; where I is a
Kleinian group with a limit set that is a Jordan curve (or equivalently a quasi-circle, see
[ , Proposition 8.7.2]). Here, € is a convex subset of H? that is invariant under T,
and I' is isomorphic to m1(S), the fundamental group of S. Then, according to | ,
Proposition 8.7.2], the manifold /I" is diffeomorphic to either S x [0, 1], Sx]0,1], S x
0, 1], or Sx]0, 1[, depending on how many boundaries component §2 has (see Figure 3.2).
Equivalently, if g is a convex co-compact hyperbolic metric on one of these manifolds,
then the resulting manifold is identified with /", where I' is a Kleinian group with a
limit set equal to a quasi-circle, and €2 is a convex subset of H? invariant under the action
of I'.

If Q is the entire H?, we refer to H?/T" as quasi-Fuchsian (see Section 2.1 for more
details). Note that in all cases, a hyperbolic convex cocompact metric on one of the four
manifolds mentioned above is embedded in a unique quasi-Fuchsian manifold, which arises
from the fact that Q/T is embedded in H?3/T.

If the manifold is complete and the boundary is open on one side or both sides, such as
S x [0,1[, Sx]0,1[, S x [0, 1], the complete, convex cocompact hyperbolic manifold can
still be embedded in S x [0, 1] by adding the ideal boundary of © minus the limit set
of T' (see Section 2.1 for details). But when we extend in this way, the metric cannot
be extended to this ideal boundary (because the hyperbolic metric cannot be extended
to the ideal boundary of H?), but it induces a conformal structure (See Section 2.1 for
details). In this case, we refer to the boundary as the boundary at infinity. It can be
S x {0}, S x {1} or S x {0,1} (see Section 2.1 for more details). In all cases, the hyper-



S % [0,1] S % [0,1] S % 10,1]

Figure 1: The shadowed region 2. The number of boundary components of the quotient
depends on the number of boundary components of 2. We always have two boundary
components when we include the ideal boundary.

bolic convex cocompact metric on S x ]0, 1] induces data on the boundary. It can be a
conformal structure when we take the ideal boundary as explained above, or it can be an
induced metric which may not be smooth, as we will see, when ever the induced data on
the boundary is a metric, this metric has a Gaussian curvature bigger or equal to —1. If a
boundary component of the hyperbolic convex cocompact manifold S x [0, 1] is not ideal
and is smoothly embedded in a quasi-Fuchsian manifold, then the induced metric has a
Gaussian curvature strictly greater than —1. In this case, we refer to the induced metric
as the first fundamental form. Additionally, we can define another metric on this bound-
ary that measures how much the embedded surface is curved inside the quasi-Fuchsian
manifold. This is referred to as the third fundamental form (see Section 1.4 for details
on the third fundamental form). If both boundary components of the hyperbolic convex
cocompact manifold S x [0, 1] are smoothly embedded in a quasi-Fuchsian manifold, we
say that the hyperbolic convex cocompact manifold S x [0, 1] is strictly convex. In other
words, the hyperbolic convex cocompact manifold M is considered strictly convex when
there are no geodesic arcs that are fully contained within its boundary.

Let I" be a Kleinian group, Ar be its limit set, and C'H(Ar) be the convex hull of the
limit set (inside H?3). If the limit set of a Kleinian group is a quasi-circle, which is not a
geometric circle, then the quotient CH(Ar)/I" is a compact manifold homeomorphic to
S x [0,1], endowed with a convex cocompact hyperbolic metric. Denoting H?/T" as @ (a
quasi-Fuchsian manifold), we refer to CH(Ar)/T" as C(Q), calling it the convex core of Q.
C(Q) is the smallest complete non-empty geodesically convex (in particular, it contains all
the simple closed geodesics) submanifold of @), as detailed in | , Proposition 8.1.2].
We see C'(Q) as a submanifold of Q). The boundary of C(Q) consists of two components
that are pleated surfaces (see Section 1.3 for the definition). The hyperbolic metric of @
induces a path metric on the boundary of C(Q) (even if the boundary is not smoothly
embedded. See [ , Section 8.5] and | , Chapter II.1]), which is isometric to
a hyperbolic metric, and the pleating induces a measured lamination referred to as the
bending lamination (see Section 1.2 for the definition of measured lamination and Section
2.1.2 for an explanation of how pleating induces a measured lamination).

As we can see, a hyperbolic convex cocompact metric on S x |0, 1[ can induce several types
of data on the boundary (that is, S x {0,1}). In particular, this data can include a metric
with curvature strictly greater than —1, which is referred to as the first fundamental form
or simply the induced metric. It can also include a metric with curvature strictly smaller



than 1, known as the third fundamental form and usually denoted as IIl. Furthermore, in
the case where the boundary is ideal (meaning it lifts to the ideal boundary of H?), this
data is a conformal structure. Alternatively, when the boundary is not smoothly embed-
ded but is a pleated surface (for example the boundary of the convex core), the data can
be a hyperbolic metric, or a measured lamination known as the bending lamination.
The study of convex cocompact hyperbolic metrics on M, and more precisely the cor-
respondences between the metric g on M and the boundary data on M, has been the
subject of significant research interest.

Let’s consider a quasi-Fuchsian manifold @), recall that this manifold has two ideal bound-
ary components, and then it induces a conformal structure on S x {0, 1}. It was shown by
Bers | | (see Theorem 2.1.1) that there is a homeomorphism (actually a biholomor-
phism if we consider the complex structure induced by the Character variety, see | )
between the space of conformal structures on dM and the space of quasi-Fuchsian struc-
tures on M.

A key result about quasi-Fuchsian manifolds is that for any quasi-Fuchsian manifold @),

the set @\ C(Q) is foliated by k-surfaces (see | ]). Thatis, Q\C(Q)= U S,

ke(—1,0)
and the induced metric on each of S} and S, has a constant Gaussian curvature equal
to k (see Section 2.1.3).

Labourie, in | ], showed that for any metric A on S x {0,1} with Gaussian
curvature strictly greater than —1, one can find a unique hyperbolic convex cocompact
metric on M that induces h on the boundary. As previously explained, (M, g) is embedded
in the interior of a quasi-Fuchsian manifold. Later, Schlenker, in | ], established
the uniqueness of the hyperbolic convex cocompact metric ¢ on M that induces h on
the boundary of M. He also showed a similar statement regarding the uniqueness and
existence of the third fundamental form. Specifically, any metric h* on S x {0,1} with
Gaussian curvature strictly smaller than 1, and in which every contractible closed geodesic
has length strictly greater than 27, can be induced as the third fundamental form on the
boundary of M by a unique hyperbolic convex cocompact metric g on M, where (M, g)
is once again embedded in the interior of a quasi-Fuchsian manifold. If we assume that h
or h* has constant Gaussian curvature, then S x {0,1} corresponds to some k surfaces,
while we observe (M, g) embedded within a quasi-Fuchsian manifold.

Moreover, in | , Theorem 2.6] the author shows that for each k£ € (—1,0), the
map that sends a quasi-Fuchsian structure on M to the induced metric on S, | | S,j is
a homeomorphism (in fact, a diffeomorphism. See | | for details). For any quasi-
Fuchsian manifold ), when k£ goes to —1, the induced metrics on S,:f converge to the
induced metrics on 9*C(Q) (the boundary of the convex core) in the length spectrum,
and the third fundamental forms induced on S,f converge in the length spectrum to the
bending lamination of 9*C(Q) (see Theorem 2.7). Thurston has conjectured that the
map that maps a quasi-Fuchsian structure on M to the induced metric on the boundary
of its convex core is a homeomorphism. Even though it is known that any two hyperbolic
metrics on S can be realized as the induced metrics on the convex core of some quasi-
Fuchsian manifold @ (up to isotopy), the conjecture remains unproven, as injectivity is
not established except for some special cases. Thurston made a similar conjecture for
bending laminations, namely that the map that associates to a quasi-Fuchsian structure
on M the bending lamination on the boundary of its convex core is a homeomorphism.
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In [ ], the authors characterize the measured laminations on M that can be realized
(up to isotopy) as the bending lamination of the convex core. Later Dular and Schlenker
have etablished the uniqueness of such manifold (see | -
In the paper | |, the authors introduced a new parametrization of quasi-Fuchsian
structures on M. This parametrization is obtained by considering the induced third
fundamental form on S;" and the induced metric on S, , or by taking the third fundamental
form on S, and the conformal structure on S x {0} (see Theorem 2.8). The main result
of the paper | | is the extension of the surjectivity statements to the boundary of
the convex core.
A convex hyperbolic metric on M is a metric g in which (M, g) is isometrically embedded
in a quasi-Fuchsian manifold (which must be unique), such that the image is geodesically
convex. For more details, we refer to | , Section 8.3].

Our main theorem in Chapter 2 is the following statement.

Theorem A. Let S be a closed surface of genus g. Let h be Riemannian metric on S, and
denote its curvature by ky, (which is not necessarily constant). We assume that —1 < ky,.
Let p be a measured lamination on S such that every closed leaf has weight strictly smaller

ﬁan 7. Then, there exists a convex hyperbolic metric g on M = S x]0,1[, the interior of
M =S5 x [0,1], such that:

e g induces a metric on S x {0} which is isotopic to h.

e g induces on S x {1} a pleated surface structure in which its bending lamination is
L.

Furthermore, when we see M as an embedded manifold in a quasi-Fuchsian manifold Q,
then the boundary S x {0} is smoothly embedded.

We prove a similar statement for third fundamental forms.

Theorem A*. Let h* be Riemannian metrics on S, and denote their curvatures by kps
(which is not necessarily constant). We assume that kp- < 1. Moreover, we assume that
every contractible closed geodesic with respect to h* has length strictly bigger than 27. Let
1 be a measured lamination on S such that every closed leaf has weight strictly smaller

than w. Then, there exists a convex hyperbolic metric g on M = S X (0,1), the interior
of M =8 x [0,1], such that:

e g induces a third fundamental form on S x {0} which is isotopic to h*.

e g induces on S x {1} a pleated surface structure in which its bending lamination is
1.

Furthermore When we see M as an embedded manifold in a quasi-Fuchsian manifold Q,
then the boundary S x {0} is smoothly embedded.

However, it is currently unknown whether the convex hyperbolic metric g on M is
unique under the conditions stated in Theorem A.

Question. Is the metric g given in Theorem A or in Theorem A* unique (up to isotopy)
under the hypothesis of the theorem ?

11
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Figure 2: The manifold M is embedded in a quasi-Fuchsian manifold Q. One of its
boundaries is smoothly embedded in (), while the other one is a boundary component of

C(Q).

The proof leads us to show that the map that associates to a quasi-Fuchsian manifold
the induced metric on 9~ C(Q) and the bending lamination on 07 C(Q) (call it M_;), and
the map that associates to a quasi-Fuchsian manifold the induced conformal structure on
S x {0} and the bending lamination on 07C(Q) (call it M., 1) are proper (see Section
2.1.4 for more details).

So, another theorem that we show in | | is the following:

Theorem B. The maps M_y and M, 1 are proper.

In other words, Theorem B states the following. Consider a sequence (Q;,)nen of quasi-
Fuchsian manifolds. If the sequence (hy,)nen of the hyperbolic metrics on 0-C(Q,) (up
to isotopy) converges to a hyperbolic metric h, and if (B;}),en, the sequence of bending
laminations on 07C(@,,), converges to B,,, where B, is a measured lamination in which
each closed leaf of it has weight strictly less than 7, then (Q,)nen converges, up to a
subsequence, to a quasi-Fuchsian manifold.

The proof of Theorem B employs techniques similar to those used in | , Section 3], and
the proof of this theorem took the most important part of | |. The proof consists of
showing that the two induced metrics on 9*C(Q) (up to isotopy) are in a compact subset of
Teichmiiller space. Then, we use Theorem 2.1.3 to deduce that the conformal structures
at the boundary at infinity are in a compact subset of Teichmiiller space. Finally, we
conclude by the theorem of Bers (Theorem 2.1.1). After having proven Theorem B, we
use the parametrization introduced in | | (see Theorem 2.8) to approximate the metric
and the measured lamination that we want to realize by k-surfaces. We use Theorem B to
show that the sequence of quasi-Fuchsian manifolds that we constructed has a subsequence
that converges, and finally, we conclude by Theorem 2.7.

As limiting case we find Theorem C, which is given in [ ] (in unpublished notes).
However, the proof that we give is completely independent from the one given in | ).

Theorem C. Let i1 be a measured lamination in which every closed leaf has weight strictly

12



smaller than w, and let h € T(S). Then:

e there exists a quasi-Fuchsian manifold QQ such that the bending lamination of 9 C(Q)
is L, and the induced metric on 0~C(Q) is isotopic to h.

e There exists a quasi-Fuchsian manifold QQ such that the bending lamination of 07 C(Q)
is L, and the induced conformal structure on S x {0} is isotopic to h.

We believe that our arguments can also be applied to quasi-Fuchsian manifolds with
particles. Quasi-Fuchsian manifold with particles were introduced by Thurston (see
[ ]), they have exactly the same geometric structure as a quasi-Fuchsian manifold,
except along a finite number of infinite lines where they have cone singularities. These
manifolds have been the subject of recent research | il il |, especially that
they are related to the study of hyperbolic surfaces with conic singularities. In the con-
vex core of a quasi-Fuchsian manifold with particles, the bending locus consistently stays
away from singularities, depending on the conical angles. As a result, there’s a strong
indication that all the arguments in our proof of Theorem B can be extended. (for more
details about these manifolds, see | ] and | |). This gives us hope that Theorem
C also holds for quasi-Fuchsian manifolds with particles. Nevertheless, it is currently
unknown whether the methods used in Section 2.3 are applicable to this case.

A natural question that arises from Theorem C is the uniqueness of the quasi-Fuchsian
manifold that realizes p and h. We reformulate these questions in the following way.

Question. Let pu be a measured lamination in which every closed curve has weight strictly
smaller than 7w, and let h € T(S). Is there a unique quasi-Fuchsian manifold Q) that
induces L as the bending lamination on 0TC(Q) and induces h as the hyperbolic metric

on 0-C(Q) ?.

In Section 2.5, we gave a partial answer to the last question 2.5 near the Fuchsian
locus.

Theorem D. For any p € ML(S) and h € T(S), there exists an §y, > 0 such that
for any 0 < t < dy,, there exists a unique quasi-Fuchsian manifold @Q), such that the
hyperbolic metric on OCH~(Q) is h and the bending lamination on OCH™(Q) is tp.

Even if we don’t give an answer on the following question, we believe that a partial
answer similar to Theorem D, can be treated by similar arguments as the ones in Section
2.5.

Question. Let L be a measured lamination in which every closed curve has weight strictly
smaller than 7, and let h € T(S). Is there a unique quasi-Fuchsian manifold Q that
induces j as the bending lamination on 0T C(Q) and induces h as the conformal structure

on S x{0}?

0.3 Globally hyperbolic spacetimes

The three-dimensional anti-de Sitter space ADS*' is the Lorentzian analogue of hy-
perbolic space, that is, it is endowed with a Lorentzian metric having a constant sec-
tional curvature equal to —1. The isometry elements of ADS*!' that preserve orienta-
tion and time orientation form a group which is isomorphic to PSL(2,R) x PSL(2,R).
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However if we take two Fuchsian representations p; and p,, then the representation
p = (pi,pr) + m(S) — PSL(2,R) x PSL(2,R) won’t act properly discontinuously on
ADS*! (see | ]), but there is a maximal convex subset (see | ) Q, C ADS*! in
which the action of p on €2, is proper. In that case we call the quotient ,/p by a globally
hyperbolic maximal compact manifold, if we take {2 C €, which is a convex subset and
which is invariant by p we call the quotient €2/p globally hyperbolic compact manifold
(note that Q/p C Q,/p, it follows that any globally hyperbolic manifold is embedded
inside a globally hyperbolic maximal manifold).

Since the work of Mess | |, globally hyperbolic maximal compact (GHMC) manifolds,
have received significant interest. These GHMC manifolds can be seen as the Lorentzian
analogues of quasi-Fuchsian manifolds. As in the case of quasi-Fuchsian manifolds, they
share many links to Teichmiiler theory.

A globally hyperbolic compact (GHC) manifold is diffeomorphic to S x I, where I can be
0,1],]0, 1],[0, 1[ or |0, 1[. The holomomy representations of GHMC manifolds, which are
of the form (p;, p.) : m(S) = PSL(2,R) x PSL(2,R) (where p; and p, are fuchsian repre-
sentations), provide a bijection between the space of GHMC manifolds and 7 (.S) x T(.S).
As in the case of quasi-Fuchsian manifolds, a GHMC manifold M has a convex core C' (M)
whose boundary can be either one totally geodesic surface or can be the disjoint union of
two pleated surfaces.

It follows that we can reformulate many questions about quasi-Fuchsian manifolds to the
Lorentzian setting. For example we can ask if given two hyperbolic metrics ht and h~,
we can find a unique GHMC M such that the induced metrics on the boundary of C'(M)
are ht and h~. As in the case of quasi-Fuchsian manifolds the answer is positive for
the existence (see | ]), but the uniqueness is still open. Similarly to the hyperbolic
case, we can ask whether for any two measured laminations L+ and L~ that fill S, there
exists a unique GHMC manifold M such that the bending laminations of the boundary of
C(M) are L™ and L~. The existence of such a manifold has been affirmed (see | D,
but the question of uniqueness remains unresolved. In the hyperbolic case, if L™ and L~
are discrete, then there exists a unique quasi-Fuchsian manifold ) in which Lt and L~
are the bending laminations of the boundary of C'(Q). However, for GHMC manifolds,
an equivalent result is yet to be established. Another interesting question is, given two
metrics AT and A~ on S with curvatures strictly less than —1, is there a unique globally
hyperbolic manifold M such that the induced metrics on the boundary of M are h* and
h~ 7 The existence of such a manifold has been confirmed (see | ]), yet unlike the
hyperbolic case, the question of uniqueness remains unresolved.

0.4 Quasi-Fuchsian manifolds and globally hyperbolic
spacetimes from the universal point of view

A new perspective, introduced by Bonsante, Danciger, Maloni, and Schlenker in | ,
involves investigating the boundaries of covers of globally hyperbolic manifolds and quasi-
Fuchsian manifolds. Essentially, this approach delves into the study of convex subsets of
H? (or ADS*') whose ideal boundary forms a quasi-circle. This viewpoint extends the
study of quasi-Fuchsian and GHC manifolds and also extends the Weyl problem to the
case of unbounded convex subsets that intersect the ideal boundary in a quasi-circle.
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When endeavoring to extend the results of Weyl and Alexandrov to unbounded convex
subsets, one quickly encounters difficulties. However there is hope to extend these results
to the case when the ideal boundary of the convex subset C' is small enough. For example
Rivin (see | |) proved that every complete hyperbolic metric on the n punctured
sphere is isometric to a unique ideal polyhedron C' thas has n vertices (an ideal polyhe-
dron is a polyhedron that has its vertices on 0, H?).

In this thesis (and also in | ]), we will focus on the case when the ideal boundary
is a quasi-circle (a Jordan curve which is regular enough, see Section 1.11). For us, the
boundary of C' will consist of the disjoint union of two topological discs. In this scenario,
the ambient metric of H? induces a metric on the boundary of C' (thus two metrics on the
disc D), and the asymptotic behavior of the metrics near the ideal boundary induces a
homeomorphism from S! to S'. This homeomorphism is quasi-symmetric (a homeomor-
phism that preserves orientation and exhibits certain regularity, see Section 1.8), we call
this map the gluing map (see Figure 2.7). In the case where the convex subset C' is equal
to the convex hull of its ideal boundary (which we assume to be a quasi-circle), both of the
induced metrics on the boundary of C' are isometric to the hyperbolic metric on D, and

then the data on the boundary are reduced to the gluing map. In | ], the authors
extend the theorem of Alexandrov to this setting by showing that any quasi-symmetric
map is the gluing map of the convex hull of some quasi-circle (Theorem | D.

As we will also explain, this can also be seen as an extension (if we show uniqueness)
to Thurston’s conjecture on the induced metrics on the boundary of the convex core of
quasi-Fuchsian manifolds. In the same paper | ], the authors show similar results
when the induced metrics on the boundary components of C' have constant Gaussian cur-
vature K € (—1,0) (see Theorem | , Theorem Al). Later in | |, the authors
extend the results to some metrics of variable curvature metrics on D.

As we will explain, the aforementioned results extend (provided we establish unique-
ness) the results we mentioned regarding quasi-Fuchsian manifolds. However, we are still
lacking a result concerning the bending laminations of the convex hull of a quasi-circle,
which would extend Thurston’s conjecture (and implicitly Bonahon and Otal’s result). In
Section 2.7.5, we will discuss a potential approach to address that.

Quasi-circles can also be defined in ADS*' (see Section 3.2.1). Although Alexandrov
and Weyl theory does not yet have a well-developed analogue in ADS*!, the authors in
[ ] has extended all their results established in hyperbolic space to ADS*.
Once again, as we will elaborate in Section 3.4, these results extend (provided we establish
uniqueness) those mentioned earlier concerning globally hyperbolic manifolds (| ],

[ ]). Despite the case of the hyperbolic space, in | ] the authors extended the
main result of | ], which is analogous to Bonahon and Otal in ADS*', to this setting
in [ ]. In Section 3.4, we provide an extension of | | to that setting, but

first we define what do we mean by bounded derivatives

Definition 0.4.1. We denote by h_y the conformal hyperbolic metric on the disc D. Let
h = ph_1 be a complete conformal metric on the disc D.

We say that h has bounded derivatives at order p by M, > 0 on the disc D if any derivative
of p at order p is bounded at any point of the disc D by M, with respect to the hyperbolic
metric.
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We say that h has bounded derivatives if its derivatives are bounded at any order.

Now we state the main theorem of Section 3.4.

Theorem 0.4.2. Let h™ and h™ be two complete, conformal metrics on the disc D that
have curvatures in an interval of the form (—%, —1—¢), for some e > 0. Assume moreover
that any derivative of h* or h™ of order p is bounded by some positive number M,. Let
f be a normalized quasi-symmetric map. Then there exists a globally hyperbolic convex
subset Q) such that the induced metric on 918 is isometric to (D, h'), the induced metric
on 0= is isometric to (D, h™), and the gluing map is equal to f.
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Chapter 1

Preliminaries

1.1 Teichmiiller space

For more details see | , Section 7]. Through the thesis S will be considered to be
a smooth closed oriented surface of genus g > 2. The Teichmiiller space of .S, denoted by
T(S), is the set of hyperbolic metrics on S modulo isotopy. That is, two metric hy and hy
are identified if and only if there is an isometry I : (S, hy) — (S, he) which is isotopic to the
identity. Thanks to the uniformisation theorem, Teichmiiller space can also be seen as the
space of conformal structures on S modulo isotopy. That is, two conformal structures c;
and ¢y are identified if and only if there is a conformal diffeomorphism f : (S, ¢1) — (.5, ¢2)
which is isotopic to the identity.

Let S be the set of free homotopy classes of simple closed curves not homotopic to one
point on S. There is an embedding of 7(S) into R® by the map, h +— ®(h), where h is a
hyperbolic metric and ®,, is the map

a ()

where £5,(.) is the length function with respect to h, and o/ is the unique simple closed
geodesic in the free homotopy class a. This last function ® can be defined for any metric
with strictly negative curvature, and it is well defined modulo isotopy. That is, if there is
an isometry which is isotopic to the identity between (S, h) and (S, k') then ®(h) = O(1).
We denote ®(h) by 5.
Through this thesis when we mention a metric of negative curvature we mean its iso-
topy classe, that is, we identify any two metrics that are isometric to each other via an
isometry isotopic to the identity. We say that a sequence (h,),en of metrics of negative
curvature converges to a metric h (also with negative curvature) in the length spectrum,
if ¢, converge to ¢, point-wisely.
The embedding ® determines a natural topology on 7 (S) in which a sequence of Te-
ichmiiller points h,, converge to a Teichmiiller point A if and only if h, converge to h
in the length spectrum. (To be more precise, the embedding ® is proper, when we en-
dow T (S) with the quotient topology coming from seeing the hyperbolic metrics on S as
tensors, see reference above for more details).
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1.2 Measured laminations

For more details see | , Chapter 1.4], | 1, 1 , Chapter 8.6]. Provide S
with a hyperbolic metric h. We say that L is a geodesic lamination on S if it is a closed
set which is a disjoint union of simple geodesics. The connected components of L are
called its leaves, and the connected components of S\ L together with the leaves of L are
called strata. Even if the notion of geodesic lamination seems to depend on the hyperbolic
metric provided on S, in fact it only depends on the topology of S. Indeed if we put a
new hyperbolic metric A’ on S each leaf of L became a quasi-geodesic in (S, k'), therefore
it determines a unique geodesic.

A transverse measure A on L is the assignment of a Radon measure A\, on each arc s
which is transversal to L such that:

e If k' is a sub-arc of k then \.|. = A\

e If k and ' are two arcs transversal to L, and homotopic relative to L, then A\, and
A are compatible. More precisely if H : [0,1] x [0,1] — S, is a homotopy between
k and k' relative to L (that is, if H(z,0) belongs to L, then H(z,t) belongs to L
for any ¢ in [0, 1] ), we denote H; = H(.,t) and we assume that H; is a continuous
embedding for any t. We denote try, := Hy' o H; which a homeomorphisme
between x and &', then A\ =117, Ay

Throught this chapter, unless there is a confusion, we will refer to both of (L, \) and L
by A. We denote the set of measured laminations on S by ML(SS).

Note that we can assign to each transverse arc k a positive number i(k, \) := fﬁ dM\.. In
fact, i(., A) determines completely the measured lamination A, see | , Section 6].
The simplest example of a measured lamination, is in the case when the support of A
consists of finitely many closed leaves, and we associate to each leaf an atomic unit mass.
In this case we say that A is rational (or discrete).

Exactly as for Teichmiiller space, there is a proper embedding of ML(S) into RS by the
map A € ML(S) — ®(N), such that ®()\) is the map

@(}\) S — R>0
ai(al,\)

where o is the unique closed geodesic in the free homotopy class a (the map ® does not
depend on the chosen metric). If o/ is not transversal to A then either it belongs to its
leaves, or it is disjoint from A, in this case we put ®(\)(«) = 0. This embedding gives
a natural topology on the space of measured laminations in which (\,),en converge to
A if and only if i(-, \,))nen converge to i(-, ) point-wisely. We call this topology the
weak*-topology, for more details about this we refer to | , Section 6.

We say that a sequence of metrics (hy,)nen of negative curvature converge to a measured
lamination A in the length spectrum if for any a € S, 5, (o) converge to i(a, ).

1.3 Pleated surfaces

Let M be a hyperbolic 3-manifold. A pleated surface of M is a couple (5, f), where S
is a complete hyperbolic surface, and f : S — M is a map that satisfies the following
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property: Every point in S is contained in the interior of a geodesic arc of S which is
mapped by f to a geodesic arc of M.

The pleating locus of a pleated surface (S, f) is the set of points of S that are contained
in exactly one geodesic arc which is mapped to a geodesic arc of M. If S is connected,
then the pleated locus of S is a geodesic lamination, see | , Section 1.5].

1.4 Third fundamental form

Let M be a hyperbolic 3-manifold, let S be an immersed surface. The Riemannian metric
of M when restricted to the tangent bundle of S gives a Riemannian metric on S which
is called the induced metric or the first fundamental form, and is denoted I. Let N be
a unit normal vector field on S, and let V be the Levi-Civita connection of M, then the
shape operator B : T'S — T'S is defined to be Bz = —V_,N.

The third fundamental form Il of S is defined by:

Ve e S, Yu,v e T,S, I (u,v) = I(Bu, Bv)

The extrinsic curvature K. of the surface .S is defined as the determinant of its shape
operator B. This quantity is related to the Gaussian intrinsic curvature (or sectional
curvature) K of S by the equation Ky = K — 1.
Using | , Proposition 3.12], we get that the Gaussian curvature K* of S endowed
with the metric IIT is given by:
. K
CK+1

1.5 Duality between hyperbolic and de Sitter geom-
etry

In order to geometrically interpret the third fundamental form I, we need to intro-
duce the de Sitter space dS? and clarify the connection between H? and dS®. Let R*! be
the vector space R* endowed with the Lorentzian scalar product (.,.),, of signature (3,1).

The hyperbolic space can be viewed as H? := {z = (z1, T2, 3, 14) € RY| (z, T)3, = —1, x4 > O}
with the metric induced from (., .)5,. De Sitter space is defined to be the Lorentzian ana-
logue of the sphere in the euclidean space, that is dS® := {y € R*| (y, Y1 = 1}.

Let P C H? be a totally geodesic plane, let np be the normal vector on P. Note that
(np, np>371 = 1. If we see np as a point in R®!, it corresponds to a point in dS?. It follows
that each geodesic plane of H? corresponds to a point in d.S3.

Let S be a strictly convex surface of H?, and let n : S — dS® be the Gauss map, that is,
for any z € S, n(z) is the normal vector on 7,5 pointing to the concave side. n(S) = S* is
a convex space-like surface of dS®, by space-like we mean that the restriction of (.,.) 31 Ol

S* induces a Riemannian metric call it I*, and by convex we mean that the determinant
of its shape operator is strictly positive. Moreover (S*, I*) is isometric to (S, IIT), we call
S* the dual surface of S (for more details see for example | , Section 1]).

If S is the lift of a strictly convex surface S embedded in a quasi-Fuchsian manifold Q
(see Section 2 for a definition of quasi-Fuchsian manifolds) then S* determines a Cauchy

19



surface S* inside a maximal global hyperbolic spatially compact de Sitter spacetime Q*

(see [ , Section 5]). We call S* the dual surface of S.
Let S be a convex surface in H? which is not necessarily smoothly embedded, then we
can define the dual tree of S (for definitions and details we refer to | , Section 5]).

For any couple (x, P,) where x € S and P, is a support plane on S at x we assomate np,
the normal vector on P, pointing to the concave side. We denote the tree obtained in this
way as S*, It corresponds to the dual tree of S (S* is the image of (z, P,) by n. when
runs over S and P, runs over the support planes to S at x).

1.6 Quasi-conformal maps

Let X and Y be Riemann surfaces (not necessarily compact). Let

f X — Y be a diffeomorphism. We define the Beltrami differential p = pu(f) by
the equation % = u% We say that f is K quasi-conformal if the dilatation number
K(f) = iﬂ”}“ is less than or equal to K. Note that we don’t need f to be a C*
diffeomorphism to define the notion of quasi-conformal maps. In fact, all we need is for f
to be a homeomorphism between X and Y that has derivatives in the sense of distribution
that are L2. For more details see | ]. The following proposition is well known, see for

exampe | ]

Proposition 1.6.1. Any quasi-conformal homeomorphism f : H? — H? has a continuous
extension to a homeomorphism Of : O H? — 0, H?

1.7 Quasi-isometries

Let (X,dx) and (Y, dy) be two metric spaces. Let A > 1 and B > 0. We say that a map
f:(X,dx) — (Y,dy) is a (A, B) quasi-isometric embedding if for any z; and x5 in X the
following inequalities hold:

1
S dx(1,22) = B < dy(f(21), f(22)) < Adx(21,22) + B
Let C' > 0. We say that f is an (A, B, C) quasi-isometry if it is a (A, B) quasi-isometric
embedding and it is C-dense, that is:

VzeY, 3z e X,dy(f(z),2) <C

Any quasi-isometric embedding f between two J-hyperbolic spaces (X, dx) and (Y, dy)
extends uniquely to a homeomorphism Of : 0, X — 0,Y of the visual boundary. The
homeomorphism df is called a quasi-symmetric map and has many interesting properties.
We will discuss the notion of quasi-symmetric maps next.

It is worth to mention the following well known proposition, for a proof see for example

[Tel07]

Proposition 1.7.1. Any quasi-conformal map f : H?> — H? is a quasi-isometric embed-
ding.

Note that Proposition 1.7.1 implies Proposition 1.6.1.

20



1.8 Quasi-symmetric maps

For more details see | ]. We denote RP' := RU{oo}. Let ¢ : RP' — RP' be a strictly
increasing homeomorphism that satisfies ¢(00) = co. We say that ¢ is quasi-symmetric
if there exists k£ > 0 such that,

1 glat )~ a)
o Y s e

In this case we say that k is quasi-symmetric, and we call k the quasi-symmetric constant
of ¢.

If ¢ does not fix oo, then we say that ¢ is k quasi-symmetric if there exists an element
g € PSL(2,R) (therefore many elements) such that g o ¢(c0) = 0o and g o ¢ is K quasi-
symmetric.

The quasi-symmetric maps can be seen as the extension of quasi-conformal maps as shows
the following proposition.

Vr R, Vt € RY,

Proposition 1.8.1.

o Forany k > 1 there exists k' > 0 such that any K quasi-conformal map f : H? — H?
has a continuous extension to the boundary Of : RP' — RP' which is k' quasi-
symmetric.

o For any M > 0O there exists M’ > 1 such that any k' quasi-symmetric map ¢ :
RP' — RP! has a continuous extension f : H? — H? which is M’ quasi-conformal.

Proof. For the first point see for example | , Corollary 4.9.4].
For the second point see for example The Douady-Earle extension theorem, | , The-
orem 5.1.2] ]

Also, quasi-symmetric maps can be seen as the extension of quasi-isometric embed-
dings as shows the following proposition.

Proposition 1.8.2. a map f : O, H? — 0,,H? is quasi-symmetric if and only if there
exists a quasi-isometric embedding F : H? — H? such that f = OF

Proof. Since any quasi-conformal map is a quasi-isometry than we have one implication.
For the secend implication we refer for example to [ ] or | ]. O

Fix k > 0, an interesting property of k quasi-symmetric maps is the compactness as
show the following proposition, see for example | , Corollary 4.9.7].

Proposition 1.8.3. Let (¢,)nen be a sequence of k quasi-symmetric maps such that, for
any n, ¢n(i) =1, for any i € {0,1,00} (We say that such a map is normalized). Then up
to extract a subsequence, (¢, )nen converge to a k quasi-symmetric map ¢, in the topology

CO(RPY).
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1.9 Cross-ratio

Let (a,b,c,d) € (0,,H?)*) be four points in that cyclic order (that is a < b < ¢ < d). We
define their cross-ratio by the formula (note that the order of (a,b, ¢, d) is important):

(c—a)(d—b)

CT‘(CL, b, C, d) = m

We recall that the cross-ratio is invariant under the action of PSL(2,R), that is if g €
PSL(2,R), then cr(a,b,c,d) = cr(g(a), g(b), g(c), g(d)).

A quadruple of points (a, b, c,d) is called symmetric if cr(a,b,c,d) = —1, or equivalently
if there is ¢ € PSL(2,R) such that (g(a), g(b), g(c),g(d)) = (0,1, —1,00). The following
characterisation of quasi-symmetric maps using cross-ratio is well known, see | | for
example.

Theorem 1.9.1. For any k > 1, there exists M > 1 such that if f : O H? — O H? is
k quasi-symmetric, then for any symmetric quadruple (a,b, c,d) the following inequalities
hold: |

M <erf(a,b,c,d) < i
Moreover, if k goes to infinity, then so does M.
Conversely for any M > 1 there exists k > 1 such that if f : O H? — O H? is an
ortentation preserving homeomorphism that satisfies

1
-M < b.c.d) < ——
<ecrf(a,b,c,d) < i

then f is k quasi-symmetric. Again, if M goes to infinity, then so does k.

1.10 The universal Teichmiiller space

The quasi-symmetric maps of 0,,H? form a group that we denote by OS(0,,H?). Re-
call that PSL(2,R) acts on QS(9,,H?) by post-composition (since all the elements of
PSL(2,R) have extensions to the ideal boundary of H?). We define the universal Te-
ichmiiller space to be:

T = QS(0.H?)/PSL(2,R)

Or equivalently, we can identify 7 with the set of normalized quasi-symmetric maps, that
is, the set of quasi-symmetric maps f such that f(p) = p for any p € {0, 1, c0}.

For any genus g > 2, the classical Teichmiiller space T (.S) is embedded in the universal
Teichmiiller space. Indeed, let us fix one Riemann structure X on .S (which serves as a
base point for 7(S)). X, the universal cover of X is conformal to H?, so we can simply
identify it with H?. This implies that we can identify X with H?/T.

Suppose Y is another Riemann structure on S, and let f : X — Y be a diffeomorphism.
We can identify X with H?/T and Y with H?/T’, where I' and I” are Fuchsian groups.
Let f: H? — H? be a lift of J. Since f is compact, its lift f is quasi-conformal. Hence,
so is f, by Proposition 1.8.1. f extends to a unique quasi-symmetric map 8. Note that
adjusting X or Y by isotopy changes df up to Mdbius translation. In conclusion, once
we fix a base point X in 7(.S), we obtain a unique (up to composition by Mo6bius maps)
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quasi-symmetric map for each Y € T(S). This correspondence is an embedding because
for each two Fuchsian representations py, ps : m1(S) — PSL(2,R), there exists a unique
quasi-symmetric map which is p;-ps equivariant. As a consequence, each point Y in 7(.5)
corresponds to a unique normalized quasi-symmetric map.

1.11 Quasi-circles in 0, H?

A quasi-circle is a special category of Jordan curves. Recall that O, H? is identified with
CP'. A Jordan curve is the image of RP! by a homeomorphism f : CP' — CP'. A simple
way to define a quasi-circle is by saying that C' is a quasi-circle if it is the image of RP* by
a quasi-conformal homeomorphism f : CP* — CP'. However, we will provide additional
equivalent definitions that we will employ throughout this thesis.

Often, in the framework of hyperbolic geometry, we consider constructions that are
PSL(2,C) invariant. Therefore, we will frequently focus on Jordan curves that pass
through 0,1, and oo in that specific cyclic order. We refer to Jordan curve that satisfies
what we mentioned above as normalized.

Let C' € 0, H?3 be a normalized Jordan curve, then 9,,H*\ C, consists of the disjoint union
of two connected components 2 and Q. According to the Riemann mapping theorem,
each of the component ), and ) is conformally isomorphic to the hyperbolic plane
H?. Furthermore, by using the Carathéodory theorem (for details see | , Section
21]), each of the conformal isomorphism mentioned above extends to a homeomorphism
between C' and 9, H2. Recall that 9, H? is identified with RP".

We assume that Qg is compatible with the orientation of C'. There is a unique con-
formally isomorphic map UZ : H? — Qf, whose extension dU} : 0H? — C satisfies
oUZ (p) = p for any p € {0,1,00}. Similarly, there is a unique conformally isomorphic
map U} : H?* — Q, whose extension U : JH?> — C satisfies U (p) = p for any
p € {0,1, 00}, however, note that the orientations of Qg and Q) are different. The gluing
map associated to C' is the map

¢c = (0U;) o 0US : 0. H? — 0, H?
A central result is the following (see | | for example)
Lemma 1.11.1. The following statements are equivalents.
o There is a k quasi-conformal map v such that C' = (RP').
e The map U} : H?> — CP! can be extended to a k-quasi-conformal map on CP".
o The map ¢¢ 1S quasi-symmetric.
Now we can give a definition of a quasi-circle.

Definition 1.11.2. A k quasi-circle is a Jordan curve C in O, H? that satisfies one of the
conditions in Lemma 1.11.1. We say that a quasi-circle is normalied if it is a normalized
as Jordan curve. We denote the space of normalized quasi-circles in 0-.JH? by QC.

The following proposition is a geometric way to detect if a Jordan curve is a quasi-
circle, this called the Ahlfors arc condition.
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Proposition 1.11.3. / | A planar Jordan curve C C C is a k quasicircle if and only
if it satisfies the k bounded turning condition: there is a constant k > 1 such that for each
pair of points x,y € C we have that diam(I'[x,y]) < K|z —y|, where I'[z,y] is the subarc
of C joining x and y with smaller diameter.

The following well known theorem shows that there is a one to one correspondence
between normalized quasi-circles and normalized quasi-symmetric maps, this is called the
conformal welding (see for example | ).

Theorem 1.11.4. Let f : RP' — RP' be a normalized quasi-symmetric map, then there
is a unique normalized quasi-circle C' in CP' such that ¢c = f.

The following continuity theorem is well known (see for example | D).

Theorem 1.11.5. Let k > 1. Let C' be the Hausdorff limit of a sequence (Cy,)nen of k
quasi-circles. Then C' is k quasi-circle. Moreover, the maps Ug converge uniformly to
UZ on the closure of the hyperbolic plane H2 U 0, H?2.

Similar to quasi-symmetric maps, the quasi-circles satisfy a compactness property (see
for example | D -

Theorem 1.11.6. Let C,, be a sequence of k quasi-circles. Up to extract a subsequence
C,, converge in the Hausdorff topology either to one point or to a k quasi-circle C.

1.12 Hyperbolic ends

Let S be a closed surface of genus g greater than or equal to 2. A hyperbolic end E of
type S x [0,00) is a hyperbolic manifold which is homeomorphic to S x (0, 00) and has
a metric completion E = S x [0, 00) which is obtained by adding to E a locally concave
pleated surface S x {0} C S x [0, ).

Two hyperbolic ends (S x [0,00),g) and (S x [0,00),¢’) are equivalent if there is an
isometry f: (S x[0,00),¢") — (S %x[0,00),¢") which is isotopic to the identity. We denote
the set of hyperbolic ends on S x [0, 00) up to equivalence by £(S5).

The hyperbolic metric on a geometric end E induces a conformal structure at its boundary
at infinity (which is Sx{oo}). We can compactify a hyperbolic end by adding its boundary
at infinity S x {oo}. We denote the pleated surface boundary of a hyperbolic end E by
OF and its boundary at infinity by O, F.

The universal cover E of a hyperbolic end F is locally described as the convex hull in H?
of a projective domain D in 0, H?. From that point of view, we see why a hyperbolic end
induces a CP' structure on 0., F. This induces a one-to-one correspondence between the
hyperbolic ends £(S) and the CP* structures on S. For more details, we refer to | ).
A hyperbolic end induces a measured lamination and a hyperbolic metric on its concave
pleated surface boundary 0F. Thurston has shown (in unpublished notes) that the map

Th:E(S)— T(S)x ML(S)
that associates to a hyperbolic end the hyperbolic metric and the bending lamination

on the locally concave pleated boundary is a homeomorphism (see | | for a proof).
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Moreover, since the hyperbolic end E induces a CP! structure on its boundary at infinity
O F, Thurston’s parametrization induces the homeomorphism

Gr: CPY(S) — T(S) x ML(S)

The map Gr is called the grafting map.

A k-surface Sy embedded in E € £(S) is a surface that its induced metric has a constant
Gaussian curvature equal to k& Labourie have proved that every hyperbolic end E is
foliated by k surfaces

Theorem 1.12.1. / , Theorem 2] Every hyperbolic end E € E(S) is foliated by a
family of k surfaces (S)re(-1,0)- As k goes to —1 the surface Sy converge to OE and as
k goes to 0 the surface Sy converge to O F.

1.13 The length function

Let’s assume that L is a discrete measured lamination, which is defined as a set of homo-
topy classes of disjoint simple closed curves, with each homotopy class being associated
with a positive scalar referred to as its weight. Recall that discrete measured laminations
are dense in the set of measured laminations (for precise definitions and references, see
Section 1.2).

Let’s denote by ¢; the representatives of the simple closed curves for the homotopy classes
that form L, and let’s denote by a; the associated weight for the homotopy class of ¢;.
Let h be a hyperbolic metric. Then we define

(h(L) = Z ailn(c;)

Here, ¢;,(c;) denotes the length of the unique simple closed geodesic in the hyperbolic
surface (S, h) that is homotopic to ¢;.

It was demonstrated in | | that ¢,(L) possesses a unique continuous extension to
ML(S). This extension defines a function

0 ML(S) x T(S) = Ry

referred to as the length function.
Fixing a measured lamination p, this defines the map

l,:T(S)—=R
h— £(u, h).
The following theorem is given in | , Theorem 1.2]

Theorem 1.13.1. Let pu, ;' € ML(S) be two laminations that fill S. Then {,, + (s has
a unique critical point on T (S), which is necessarily a minimum.

Under the hypothesis of Theorem 1.13.1, we denote the critical point of ¢, + £, by
R, ')

Later, Bonahon established the injectivity of x, as the following lemma illustrates

Lemma 1.13.2. / , Lemma 4] Let p, ', and " be measured laminations in ML(S).
Then,

r(ps i) = K(p, 1)
implies that u' = u”.
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1.14 Tangentiability

For more details see | ]. Amap f: U — V between two open subsets of R" is said
to be tangentiable if, for each z € U and v € R", the limit

0 . flea+tv) — f(x)

— tv) =1

ot t:mf (v +tv) = lm ¢

exists, and the convergence is locally unifrom on v. In other words, a tangentiable map
can be seen as a a one sided differentiable map with directional derivatives everywhere.
If f is tangentiable, we can define the tangent map of f at x as follows

T,f : R* > R"

L) o fat i)
ot t=0*

Note that when f is tangentiable, T f is both continuous and homogeneous (see| ,
Section 1]), in other words, for any A > 0, we have T}, f(Av) = AT, f(v).
A tangentiable manifold is locally modeled on R™ and has transition maps that are tan-
gentiable, the smooth manifolds are examples of tangentiable manifolds. If M is a tangen-
tiable manifold, we can refer to its tangent space as T, M. However, it’s important to note
that T, M has the structure of a cone rather than a vector space. Notably, the space of
measured laminations ML(S) possesses a natural tangentiable manifold structure | ]
and [ ]
The notion of a tangentiable map extends to tangentiable manifolds using local charts. A
homeomorphism between two tangentiable manifolds is called a bitangentiable homeomor-
phism if it and its inverse are tangentiable, and if the tangent maps are homeomorphisms
everywhere. Bonahon in | , Lemma 4] gave a criterion for this

Lemma 1.14.1. Let f : M — N be a homeomorphism between tangentiable manifolds.
If f is tangentiable, and all of its tangent maps are injective, then f is a bitangentiable
homeomorphism.

1.15 Grafting and quasi-Fuchsian manifolds

For details, refer to [IKXP], | |, and | . A projective complex structure on S
consists of a maximal atlas on S, in which the charts map open sets of S to CP', and
the transitions are restrictions of Mobius maps. We denote the set of complex projective
structures on S by P(9).

Note that if Q € QF(S) is a quasi-Fuchsian manifold, then it induces projective structures
on each of Sx{0} and Sx {1}. Indeed, Sx {0} (resp Sx{1}) is identified with Q' /T" (resp
Qr /T), here we assume that @ is identified with H? /T, where T is a quasi-Fuchsian group
and Q% are the connected component of the domain of discontinuity of I" (see Section 2.1
for notations and definitions).

A natural homeomorphism, called grafting, exists between P(S) and ML(S) x T(S). We
will elucidate this mapping in the situation where the CP' structure is induced from a
quasi-Fuchsian manifold (we will clarify this in the next lines). For a general definition,
we refer to the mentioned references ([I<P], [ |, and | 1.
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The space quasi-Fuchsian manifolds can be embedded in the space of CP' structures via
the following correspondence. Let @ € QF(S) be a quasi-Fuchsian manifold. Note that
knowing the CP' structure on S x {0} (resp S x {1} ), then we know the quasi-Fuchsian
structure on @) (because we will know the quasi-Fuchsian representation from 7;(.S) to
PSLy(C)). Then this defines an embedding of the quasi-Fuchsian manifolds QF(S) into
P(S) the space of CP! structures (the embedding depends on whether we see the space
of the of CP' structure on S x {1} or on S x {0}).

Also, we have an embedding of the space quasi-Fuchsian manifolds QF(S) into 7T (.S) x
ML(S) by considering the hyperbolic metric and the bending lamination on 01C(Q) (or
on 9~ C(Q)). These two maps coincide with the grafting map mentioned above when we
embed QF(S) into P(S) (the grafting map is defined on hyperbolic ends, see Section
1.12), we denote these maps by

Grt . ML(S) x T(S) — P(S)

where the sign +(res —) is when we consider the CP' structure on Sx {1} (resp on Sx{0}).

Bonahon has shown the following Theorem | , Theorem 3]

Theorem 1.15.1. The grafting map Gr : P(S) — ML(S) x T(S) is a bitangentiable
homeomorphism.

We refer to Section 2.1 to recall the definitions of F(S) the Fuchsian manifolds and
QF(S) the Quasi-Fuchsian manifolds. We also recall that M_; is the map defined from
QF(S) to T(S) x ML(S), which associates to a quasi-Fuchsian manifold @ the hyper-
bolic metric on 9~ C(Q) and the bending lamination on 9*C(Q) (see Section 2.1.4).

1.16 Earthquakes in H?

Let L be a measured geodesic lamination in H?. However, since we are working in H?,
every geodesic corresponds to two points in 0, H?, so we may think of the space of
unoriented geodesics of H? as S* x S'\ A/(Z/27Z), where A is the diagonal of S x S*.
Let’s denote the space of geodesics of H? by G. This gives an alternative point of view for
measured geodesic laminations. Measured geodesic laminations can be thought as Radon
measures on G whose support is simple (that is, its support forms a geodesic lamination).
The space of measured geodesic laminations is endowed with the weak-* topology. A
sequence of measured laminations (L, )ney in ML(H?) converges to a lamination L in
ML(H?) if for any compactly supported function f: G — R, we have

/g FdL, (1) — L’ FdL(1).

Let L € ML(H?) be a measured lamination, the Thurston norm of L, that we denote
by || L\, is defined to be

IL]l 7y, := supi(a, L)
acl

where U is the set of geodesic arcs that have length equal to 1.
The Thurston norm of a given measured lamination can be infinite. If the Thurston norm
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|| L7, of measured lamination L is finite, then we say that the lamination L is bounded.
Recall that we call the elements of the geodesic lamination L by leaf. A measured lami-
nation L in H? gives a stratification of H? into geodesics (the leaves of L) and flat regions,
which are the components of H? \ [ J,.; {. We call each such component or a leaf of L a
stratum.

Definition 1.16.1. A left (resp. right) earthquake along a geodesic lamination L (called
the fault locus) is a (possibly discontinuous) bijective map E : H> — H? such that

e the restriction of E to any stratum F of L (that is, a geodesic of L or a connected
component of H> \ U, 1) extends to a global isometry A(F) of H?,

e for any pair of strata Fy and Fy, the comparison map A(Fy) Y A(F,) is a hyperbolic
transformation whose axis weakly separates Fy from Fi, and which moves Fy on the
left (resp. right) as seen from Fy.

It was shown by Thurston [ , Proposition II1.6.1] that it is possible to associate
to every earthquake F a measured geodesic lamination L, whose support is equal to the
fault locus of the earthquake F, and the amount of shearing of E defines a measure on L
(for more details, see also | , Chapter III]). An example is when the fault locus of
E consists of a geodesic lamination of finite leaves, which we denote as [y, ...,[,. To each
leaf [;, we associate the translation number of the hyperbolic isometry A(F;)"'A(F;.),
where F; and Fj,, are the flat regions adjacent to I;. We call this measured lamination
that we have associated to E by the shearing lamination of E. An earthquake is deter-
mined by its shearing lamination up to post composition by an element of PSL(2, R) (see
[ , Proposition II1.6.1]).

Thurston (see | , Theorem II1.3.1]) has shown that although an earthquake is not
necessarily continuous, it always extends uniquely to an orientation preserving homeo-
morphism

E g m2: OsH? — 05 H2,

Reciprocally, Thurston has also shown that any homeomorphism f : O, H? — 0, H? that
preserves the orientation is the extension of a unique earthquake (see | , Proposition
I11.6.1]).

We say that the earth quake E is normalized if F |5 g2 (p) = p for any p € {0, 1, co}.
There is a strong relation between bounded measured laminations of H? and between
quasi-symmetric maps as the following proposition shows.

Proposition 1.16.2. | 1/ , Theorem 1] Let f be a homeomorphism of the circle
that preserves the orientation, the following statements are equivalent

e f is quasi-symmetric
e the shearing measure L of the earthquake E that extends f is bounded.

Moreover, for any M, there ezists a constant C' = C' (M) such that if f is M -quasisymmetric,
then ||L||Th S C.

Conversely, any bounded lamination can serve as the shearing measure of an earthquake
E such that E|gp: is quasisymmetric. Moreover, for any constant C, there exists a
M = M(C) such that if |L||z7n < C, then the earthquake E : H? — H? is an M-
quasi-isometry.
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Moreover the correspondence between bounded laminations and quasi-symmetric maps
stated in Theorem 1.16.2 is continuous, more precisely the following lemma holds

Lemma 1.16.3. [ , Lemma II.3.11.5] If the shearing laminations L, of a sequence
of normalized earthquakes E,, weakly-* converge to the shearing locus Lo, of an earthquake
E, then E, restricted to O5,H? converges uniformly to E, restricted to 0,.H2, while E,
converges pointwise to Es on H? except on the weighted leaf set .

1.17 Harmonic maps

Let hy and hy be two hyperbolic metrics on a surface S. Let f : (S, hy) — (S, hy) be a
smooth map. We define the energy of f as follows

B() =5 [ WP

where wy, is the area form associated with (S, hy).

We say that f is harmonic if it is a critical point of the energy map.

One can notice that the harmonicity of f depends on the conformal class of h; rather than
the metric itself. More precisely, if f : (S, hy) — (S, hg) is harmonic, then f : (S, h}) —
(S, hs) is harmonic for any metric A} (not necessarily hyperbolic) that is conformal to h;.
Therefore, it makes more sense to consider a conformal structure ¢ on S rather than the
metric hy.

Theorem 1.17.1. /. | Let ¢ be a conformal class on S, and let h € T(S) be a
hyperbolic metric. There is a unique harmonic map f : (S,c) — (S,h) isotopic to the
wdentity. Moreover, f is a diffeomorphism.

Let ¢ be a conformal class on S, and let h; be any metric in the conformal class c. For
aC'map f:(S,hy) — (S, hy), we define the Hopf differential ® = ®(f) of f as follows

ff=eh +®+d

where e = $try,, (f*h). The Hopf differential of f is a quadratic differential that measures
the traceless part of the pullback of A by f. If f is harmonic, then its Hopf differential is
holomorphic; conversely, if f is a C? map and its Hopf differential is holomorphic, then f
is harmonic.

Theorem 1.17.2. see [ | Given ® a quadratic holomorphic differential in (S, c),
there ezists a unique hyperbolic metric h in S such that the identity map Id : (S,¢) —
(S, h) is harmonic with a Hopf differential equal to ®.

1.18 Minimal Lagrangian maps between hyperbolic
surfaces

Definition 1.18.1. Let hy and hy be two hyperbolic metrics on S. A diffeomorphism
m: (S, ha) = (S, ha)

1s minimal Lagrangian if
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e [t is area-preserving and orientation preserving.
e [ts graph is a minimal surface in (S x S).
Minimal Lagrangian maps have another equivalent definition

Proposition 1.18.2. / J If m : (S,h) — (S,h*) is minimal Lagrangian, then
m*(h) = h(bs,bs), where b: TS —TS:

e is self-adjoint for h,
e has determinant 1,
o satisfies the Codazzi equation: d¥b = 0, where V is the Levi-Civita connection of h.

Conversely, if m = S — S is a diffeomorphism satisfying those properties, then it is
mainimal Lagrangian.

Theorem 1.18.3. Let hy, hy be two hyperbolic metrics on S. There exists a unique
minimal Lagrangian diffeomorphism

m: (S7 hl) - (57 h2>
1sotopic to the identity.

As a corollary

Corollary 1.18.4. Let hy, hy be two hyperbolic metrics on S. There exists a unique
bundle morphism b : T'S — T'S which is self-adjoint for hy, has determinant equal to 1
everywhere, satisfies the Codazzi equation dVb = 0, where V is the Levi-Civita connection
of h, and such that hy(bs,b.) is isotopic to hs.

It follows that for any two points in Teichmiiller space py,ps T (S) (recall that each
of p; and py is a class of hyperbolic metrics), we can find two hyperbolic metrics hy € py
and hg € py such that hy = hy(b,b) where b is self-adjoint for h, has determinant 1, and
satisfies the Codazzi equation dVb = 0.
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Chapter 2

Quasi-Fuchsian manifolds

2.1 Quasi-Fuchsian manifolds

In this section, we define the objects we will study in this chapter and give some key
theorems concerning them.

We denote by H3 the hyperbolic space, and we denote by Isom™(H?®) the group of
isometries of H? that preserve orientation. A Kleinian group is a discrete subgroup of
Isom™(H?). Recall that every complete Riemannian manifold with a metric of constant
sectional curvature equal to —1 is isometric to H3/T", where T is a Kleinian group. For
any Kleinian group I', and any p € H?, we denote by I'(P) := {v(p) | v € '} the orbit set.
The set I'(P) has accumulation points on the boundary at infinity 0, H?, and these points
are the limit points of ' (the intersection of the closure of I'(P) with d,,H?). The set of
these points does not depend on the choice of the point p, and is called the limit set of
', we denote it by Ar. The complement of Ar in 9, H? is referred to as the discontinuity
domain, which we denote by r, that is:

QF = 800]1']13 \ AF.

The group I' acts properly discontinuously in Qr [ , Proposition 8.2.3].

Assume that I' is a finitely generated torsion-free Kleinian group. We say that T' is a
quasi-Fuchsian group if its limit set Ar is a closed Jordan curve ( then a quasi-circle
[ , Proposition 8.7.2]) and each component of Qr is invariant under the action of
I'. If we add the assumption that Ar is a geometric circle, we say that I' is Fuchsian.
it follows that Mr = H?/T is a hyperbolic manifold, which we call quasi-Fuchsian, with
conformal boundary Qr/I" that consists of the disjoint union of two surfaces. In the case
when T is a Fuchsian group we say that Mp = H3/T" is a Fuchsian manifold.

Assume that I' is quasi-Fuchsian, and let Q% be the components of Qr. It was shown
by Marden in | ] that Mp = H3/T is diffeomorphic to (Q;/T) x ]0,1[ and that
Mrp = (H3 U Qr)/T is diffeomorphic to (/T") x [0, 1]. In this chapter we assume that T
is a quasi-Fuchsian group that has no parabolic element, it yields that Q}f /T is a closed
surface of genus g > 2.

Let M = S x]0,1[, and let g be a Riemannian metric on M. We say that (M, g)
is quasi-Fuchsian if it is isometric to H?/T" for some quasi-Fuchsian group I', and we say
that (M, g) is Fuchsian if T" is a Fuchsian group. We identify two metrics g; and gy if
there is an isometry ® : (M, g;) — (M, g2) which is isotopic to the identity. We denote by
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QF(S) the classes of quasi-Fuchsian metrics on M up to identification, and we denote by
F(S) the subset of Fuchsian manifolds. Note that QF(S) has a topology induced from
the set of representations Hom(m(S),PSLy(C)). Through this chapter when we mention
a quasi-Fuchsian metric on M we mean its isotopy classe, that is, we identify any two
metrics that are isometric to each other via an isometry isotopic to the identity.

A quasi-Fuchsian metric on M induces a conformal structure on M = S x {0,1}.
Denote by ¢*(resp ¢ ) the conformal structure on S x {1} (resp S x {0}), more precisely
(S, ¢7) is identified with Qp /T and (S, c¢*) is identified with Qf /T. Then we have a well
defined map

B:QF(S) = T(S)xT(S)
(M, g) = (c*,c7)

A well known Theorem of Bers | ] is the following:

Theorem 2.1.1. The map

B:QF(S)—T(S) xT(S)
Qr— (ch )
18 a homeomorphism.
2.1.1 Convex core
For more details see | , Section 8.5], | , Section II.1]. Let @ = (M,g) €

QF(S), then Q is isometric to H*/T". Let C'H(Ar) be the convex hull of Ar. We call the
convex core of @) the set C(Q) := CH(Ar)/T" (we think of C'(Q) as a subset of M after
identification by isometry). The set C(Q) is the smallest non-empty geodesically convex
subset of @, that is, if C' is a geodesically convex subset of () then C'(Q) C C. Moreover
the inclusion map ¢ : C(Q) — M is a homotopy equivalence.

Except in the case when @ is Fuchsian, the convex core C'(()) has nonempty interior and
its boundary 0C(Q) consists of the disjoint union of two surfaces 07C(Q), and 0~C(Q)
and each of the two is homeomorphic to S. If @) is Fuchsian then C'(Q) is a totally geodesic
surface homeomorphic to S.

Note that M \ C(Q) consists of two connected components. We denote ET(Q) the con-
nected component that contains S x {1} and we denote £~ (@) the connected compo-
nent that contains S x {0}. We assume by convention that 07C(Q) C ET(Q) and
0~C(Q) € E=(Q). It was shown by Thurston (see references above) that if Q is not
Fuchsian, then 07C(Q) and 0~ C(Q) are pleated surfaces and @ induces a path metric on
each component which is hyperbolic, this gives two hyperbolic metrics ht and h~.

Then we have a well defined map,

T:QF(S) = T(S) x T(S)
Q> (h",h7)

Thurston made the following conjecture,
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Conjecture 2.1.2. (Thurston) For any two hyperbolic metrics h* on S (up to isotopy)
there exists a unique quasi-Fuchsian manifold Q (up to isotopy) that induce h* on 0+C(Q)

(up to isotopy).

The existence part of this statement is known since work of Labourie | ], Epstein
and Marden | ] and Sullivan | ]. In other words, the conjecture says that the
map 7' is bijective, for the moment we only know that it is surjective.

The conformal structures at infinity and the induced metrics on the boundary of the
convex core are related by the following theorem | , Section I1.2].

Theorem 2.1.3. (Sullivan, Epstein-Marden) There exists a universal constant K such
that ¢t (respectively ¢ ) is K quasi-conformal to h (respectively h™ ).

Combining Theorem 2.1.3 with Theorem 2.1.1, we obtain the following corollary.

Corollary 2.1.4. Let (Q,)nen C QF(S) be a sequence of quasi-Fuchsian manifolds such
that (T'(Qn))nen is contained in a compact subset of T(S) x T(S). Then (Qn)nen has a
convergent subsequence.

Proof. Recall that if h and A’ are two hyperbolic metrics on S such that there is a K-
quasi-conformal map which is homotopic to the identity between (S, %) and (S, h"), then
by | , Lemma 3.1] we have the following inequality on the length spectrum

Va € S, gh/—[(f) < lp(a) < Kl ().

Therefore, if (T(Q,))nen is contained in a compact subset of 7(.S) x T(S), Theorem 2.1.3
implies that (B(Q,))nen is also contained in a compact subset of 7(S) x T(S). This
implies that (B(Q,))nen has a convergent subsequence, and since B is a homeomorphism
by Theorem 2.1.1, we deduce that (Q,),en has a convergent subsequence. ]

As a consequence of Corollary 2.1.4, we get that each fiber of T' is compact.

2.1.2 Bending laminations of the convex core

Let Q@ = (M, g) € QF(S). Assume that @ is not Fuchsian. Although the induced metrics
on the boundary of the convex hull C'(Q)) are hyperbolic, the boundary surfaces of C'(Q)
are not smoothly embedded, in particular they are not totally geodesic. If () is Fuchsian,
C(Q) turns to be a totally geodesic surface.

Thurston has noticed that 9*C(Q) are convex pleated surfaces, and the pleating locus
gives a measured lamination (see [ | section 8.5 and | ] in section II.1). We
have seen in Section 1.3 that when S is connected the pleating locus is a geodesic lamina-
tion, so 0TC(Q) (resp 0~ C(Q)) gives a geodesic lamination L*(resp L) on S. Moreover,
the amount of bending gives a transverse measure on each of L*. The simplest case is
when LT are rational, so we associate to each leaf an atomic weight which is equal to the
exterior dihedral angle of the bending at that leaf. In the case when the lamination is
not rational, it was shown in [ | Section I1.1.11 that we can always approximate
by rational ones. One remark is that any closed leaf of L* has an atomic weight strictly
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smaller than 7.
It follows that we have a well defined map:

L: QF(S) = MGL(S) x MGL(S)
Q> (LF,L7)

This map is clearly not surjective, but we know exactly what its image is.
Let L* and L~ be two measured laminations on S, we say that they fill S if there exists
€ > 0 such that for any simple closed curve «a,

i(a, LT) +i(a,L7) > e

We define the set ML, (S) to be the subset of ML(S) that consists of measured lami-
nations in which every closed leaf has weight strictly smaller than 7, and we define £ to
be

L:={(L* L") C ML(S) x ML(S)|L* and L™ fill S}

Thurston made the following conjectures.

Conjecture 2.1.5. (Thurston) Given any pair of measured laminations L, L= € MGL.(S)

that fill S. There is a unique quasi-Fuchsian manifold Q (up to isotopy), such that LT is
the bending lamination of 0TC(Q) and L~ is the bending lamination of 0~C(Q).

Bonahon and Otal (] |) showed the existence part, but we still don’t know if @ is
unique except for some particular cases.
In other words the conjecture says that the map

L:Q(S)\ F(S) =L
Q (LT, L7).
is bijective. Bonahon and Otal showed that the image of the map L is exactly the set L,

but injectivity is still open.
We also know that the maps 7" and L are continuous | ].

p g

Q

Figure 1. The shadowed region is the convex core of this quasi-Fuchsian manifold.
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2.1.3 Foliation by k-surfaces

Let Q@ € QF(S), and let ET(Q) and E~(Q) be the upper and the lower connected
components of M \ C(Q). It was shown by Labourie in | | that E*(Q) (resp E~(Q))
is foliated by surfaces (S;")_1<x<o (resp (S} )_1<k<o) such that the induced metric on each
S,f has constant Gaussian curvature equal to k, and each Sff is homeomorphic to S. Each
of S,f is the unique surface in E*(Q) that has constant Gaussian curvature equal to k,
and in which the projection ri : S x {0,1} — S is a homotopy equivalence.

Moreover, for any —1 < k < 0, and @ € QF(S) there is a unique convex subset C(Q) C
M, such that the inclusion map ¢ : Cx(Q) — M is a homotopy equivalence and dCk (Q) =
SFus;,.

From that, we deduce that any quasi-Fuchsian manifold induces two metrics h; and h;,
on S of constant sectional curvature equal to k by taking the induced metrics on S;
and S, respectively. The quasi-Fuchsian manifold also induces two metrics g and g; of
curvature Hik by taking the induced third fundamental forms on S;f and S, respectively
(recall that the Gaussian curvature of (S, IIl;) is equal to Hik,
This defines two new maps,

see Section 1.4).

T, :OF(S) — T(S) x T(S)
Q — (—khf,—khy)

and
Ly :QF(S) — T(S) x T(S)

_ —k
+ p—
Qo (T T %)

Then there is a theorem which can be seen as a smooth version of Thurston’s conjecture.
Theorem 2.1.6.

e Given any two metrics hz and hy, on S of curvature k, where k € |—1,0[, there is
a unique (up to isotopy) quasi-Fuchsian manifold that induces h} on S, and h;, on
S, as the first fundamental form (up to isotopy).

e Given any two metrics gi and g, on S of curvature Hik, where k € |—1,0], there
is a unique (up to isotopy) quasi-Fuchsian manifold that induces g;" on S} and g,
on Sy as the third fundamental form (up to isotopy).

The existence part of the first point of Theorem 2.1.6 was proved by Labourie in
[ |, and the uniqueness part was proved by Schlenker in | |. The second point
of Theorem 2.1.6 was proved by Schlenker in | ]. In other words the maps T}, and
L, are bijective.
The maps T and L can be seen as an extension of the maps 7" and L when k > —1, this
is because of the following theorem.

Theorem 2.1.7. Let (k,)nen be a decreasing sequence of negative numbers that con-
verges to —1. Let (Qn)nen C QF(S) be a sequence of quasi-Fuchsian manifolds that

converge to Qo € QF(S). We denote Ty, (Qn) = (—knhf ,—knhy ) and Ly, (Qn) =

(= ko g _hn
Trkn Ik ~ T4k,

gk_n). Then the following assertions are true:
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1. (hy  hy ) converge to T(Qwo) in the length spectrum.
2. (9, 9,) converge to L(Qos) in the length spectrum.

Proof. The first point is classical statement see for example | , Proposition 6.6].
The second point has been shown in details in | , Section 6], for the reader’s con-
venience we sketch the proof. Let’s work on S,:; and denote it just by Sy, , S, is treated
in a similar way. As explained in Section 1.5, for each n, each E*(Q,) and Sy, deter-
mine a maximal globally hyperbolic spatially compact de Sitter spacetime manifold Q*
and a Cauchy surface S} which is dual to Si,. The foliation of E*(Q,) by k-surfaces
determines a foliation of () by surfaces S of constant Gaussian curvature equal to H—Lk
on each leaf. Recall that (Sk,, Illy, ) is isometric by the duality explained in Section 1.4
to (5%, 1y). Moreover the initial singularity of @}, is dual to the bending lamination of
0O (Quo) (see | , Section 9] for proofs and definitions).
As a corollary of | , Theorem 2.10], the intrinsic metrics of the surfaces S; converge,
with respect to the Gromov equivariant topology, to the real tree dual of the bending lam-
ination of 0 C(Qu). It follows that (Sk,, [}, ), which are isometric to (Sj , I)'), converge
to the length spectrum of of the bending lamination of 07 C(Q).

]

E*(Q)
Figure 2. The connected components of @ \ C(Q) are foliated by k-surfaces.

2.1.4 The mixed boundary data of the convex core

Let @ € QF(S), and denote by h; and g; the metrics on S coming from the first
fundamental form of S, and the third fundamental form of S, this defines the map

M, :QF(S) — T(S) x T(S)

Q— gr, —kh;)

(_1+k
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and also the map
Moy :QF(S) = T(S) x T(S)
Qr(

R4 -
1+kg’“c)

where ¢ is the conformal structure on S x {0} induced by Q). The following theorem was
shown by Chen and Schlenker | , Theorem 1.6].

Theorem 2.1.8. Let h and h* respectively be Riemannian metrics on S, and denote their
curvatures by ky and kp~ respectively (which are not necessarily constant). We assume
that —1 < kj, and kp« < 1. Moreover, we assume that every contractible closed geodesic
with respect to h* has length strictly bigger than 2w. Let L be a measured lamination on S
such that every closed leaf has weight strictly smaller than . Then, there exists a convex
hyperbolic metric g on M = S x (0, 1), the interior of M = S x [0,1], such that:

e g induces a metric (respectively third fundamental form) on S x {0} which is isotopic
to h (respectively h*).

e g induces on S x {1} a pleated surface structure in which its bending lamination is
L.

Furthermore, the surface S x {0} is smoothly embedded in M.

In particular, the authors show that the maps M and M are bijective.
In this chapter we will define two maps that are extensions of M; and M to the
boundary of the convex core. Let

M_y :QF(S) = MGL(S) x T(S)
Qw (L*,h7)

Where LT is the bending lamination on 0tC(Q) and h~ is the induced metric on 9~ C(Q).
Another map is

Mao_1 :QF(S) = MGLA(S) x T(S)
Qr (L7,c7)

Where L7 is the bending lamination on tC(Q) and ¢~ is the induced conformal structure
on S x {0}.

The main theorem of this chapter is proving that the maps M_; and M, _; are surjective.
We prefer to state the theorem in the following way:

Theorem 2.1.9. Let L € MGL.(S) and let h € T(S), then:

o There exists a quasi-Fuchsian manifold Q) such that the bending lamination of 0 C(Q)
is L, and the induced metric on 0~ C(Q) is h.

e There exists a quasi-Fuchsian manifold Q) such that the bending lamination of 07 C(Q)
is L, and the induced conformal structure on S x {0} is h.

Before proving the surjectivity of the maps M., —; and M_;, we will need to show that
they are proper. So we give the following theorem
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Theorem 2.1.10. The maps My 1 and M_; are proper.
Note that the properness of these maps is equivalent.
Lemma 2.1.11. The map My _1 is proper if and only if M_; is proper.

Proof. Let (Qn)nen C QF(S), then the sequence M_1(Q,,) = (L}, ) lies on a compact

ni’»''n

subset if and only if Mo, _1(Q,) = (L}, ¢, ) lies on a compact subset. Indeed, by Theorem
2.1.3 h,, lies on a compact subset if and only if ¢, does. m

2.2 Closing lemma

In this section, we will show that the maps M, _; and M_; are proper. To show that,
we need to give a compactness statement that we will call the closing lemma. The name
”Closing lemma” was originally given by Bonahon and Otal in their work on laminations
[ , Section 2]. Where the author proved the properness of the map that associates to
a quasi-Fuchsian manifolds the bending lamination of the boundary of the convex core.
Before giving the main statement of the this section, we need to explain the notion of
pleated annulus.

2.2.1 Pleated annulus

For more details see [ , proof of Lemma 2.1]. Let M be a 3-dimensional hyperbolic
manifold, let a be a closed geodesic and let a* be a piece-wise geodesic closed curve which
is homotopic to a by the homotopy A : S x [0,1] — M. We want to make Im(A)
hyperbolically simplicial. Let ay, ..., a, be the points on S' x {1}, in this order, that are
sent by A to the vertices of a*. Choose by, ..., b, on S x {0}, in this order. We triangulate
the annulus S* x [0, 1] by joining a; to b; and b;y1 (b,+1 = b1). We can assume that each
triangle is sent by A to a totally geodesic triangle in M. Then the hyperbolic metric on M
induces a path metric on I'm(A) which is hyperbolic, and makes Im(A) into a hyperbolic
surface with piece-wise geodesic boundary.

An important fact for us is that by the Gauss-Bonnet Theorem the area of Im(A) is equal
to the sum of the exterior angles of a*.

In particular if Q € QF(S) and o* lies on 0C(Q), then the area of the annulus Im(A)
is smaller than i(«, B), where B is the bending lamination of the component of 9C(Q)
on which a* lies on. Indeed, this is true because the sum of the exterior angels of a* is
smaller than the sum of the exterior dihedral angles of 0C(Q), see | , Lemma 3.2].
If o* is not finitely bent, then we approximate it by finitely piece-wise geodesic closed
curves see | , Chapter II].

2.2.2 Closing lemma

The following Lemma, that we call the closing lemma, is the main statement of this
section.

Lemma 2.2.1. Let (Q,)nen C QF(S) be a sequence of quasi-Fuchsian manifolds, denote
by h;, the induced metric on 0~ C(Q,), and by B, the bending lamination of 0TC(Q,).
Assume that:
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e (h )nen belongs to a compact subset of T(S).

e (B )nen converges in the length spectrum to a measured lamination Bs,, and every
closed leaf of Bo, has weight strictly smaller than .

Then up to extracting a subsequence, the sequence (Qy)nen converges to a quasi-Fuchsian
manifold Q.

Note that the statement of Lemma 2.2.1 means exactly that the map M_; (and there-
fore M 1 ) is proper. The proof of this lemma is mainly based on the arguments given
by [ ] in Section 3. Nevertheless there are some differences between the two proofs,
that’s why we prefer to give the full arguments here.

Recall that by Corollary 2.1.4 (@, )nen converges (up to extracting a subsequence) if and
only if both of A! and h,;, the induced metrics on 9TC(Q,) and 9~ C(Q,,) respectively,
belong to a compact subset of 7(S). Then the proof of Lemma 2.2.1 is based on showing
for any o € S, the sequence of lengths (£, + (a))nen is bounded (recall that S is the set of
free homotopy classes of simple closed curves not homotopic to a point on 5).

In what follows we will show that if /,+(a) — oo, then B, must have a leaf of weight
bigger than or equal to m. The fact that (h ),en belongs to a compact subset of T(5)
plays a crucial role.

The previous discussion leads us to show the following lemma.

Lemma 2.2.2. Let (Qn)neny C QF(S) be a sequence of quasi-Fuchsian manifolds, denote
by h,, (resp hl) the induced metric on 0~ C(Q,) (resp 0TC(Q,)), and denote by B, the
bending lamination of 0TC(Q,). If we assume that.

e 3 a €S such that £+ (o) — o0

e (h )nen belongs to a compact subset of T(S)

e (B )nen converge in the length spectrum to a measured lamination By,
then B has at least one closed leaf of weight bigger than or equal to .

The key technical lemma for showing Lemma 2.2.2 is the following.

Lemma 2.2.3. Under the hypothesis of Lemma 2.2.2, there is a sequence of geodesic arcs
(Kn)nen (each ky, is a geodesic arc of Q,,), such that each k, has endpoints in 0TC(Q,),
b, (Fn) — 0, and £+ (k;,) — oo, where K, is the geodesic arc in 07C(Q,) which is
homotopic to k, relative to its endpoints.

Moreover, if we denote by «, the unique simple closed geodesic representative of « in
0tC(Qy), then we can choose the endpoints of k, on oy, and k!, to be a subarc of c,.

Proof. Let a € § be such that £, +(a) — oo, we denote by a,, the unique simple closed
geodesic in 0TC(Q),,) that belongs to «, and we denote by « the unique simple closed
geodesic of @, which is freely homotopic to a,. Since {,-(a) > £, (a;,) (because a;,
minimizes the lengths on its free homotopy class), and since the sequence (£} ())nen is
bounded (by hypothesis), we deduce that the sequence (¢,,, (a),en) is also bounded by
some L > 0.

To continue the proof, we need to show the following technical sublemma.
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Sublemma 2.2.4. There is a sequence (n,)nen Such that each n, is a subarc of a, (cv,
is the geodesic in 0TC(Q,,) with homotopy class &), €y, (N,) — 00, and i(n,, BY) — 0.

Proof. We argue by contradiction, if the lemma were not true then there would exist
h,r > 0 such that if a subarc 7, of «, satisfies ¢,,, (n,) > h, then i(n,, B;f) > r. Since
Uy, () — oo this would imply that (v, B;Y) — oo but by hypothesis i(a,, Bf) —
i(a, Bso), which is absurd. O

Let 1}, be the geodesic arc in ), which is homotopic to 7, relative to its endpoints. By
[ , Lemma A.1], we know that the Hausdorff distance between n,, and 7/, converges
to 0 and that 4, (1)) — oo.
Let A,, be the annulus bounded by «a,, and «; as explained in Section 2.2.1. The area of
A, is bounded by i(a,, B;). Let A/ be the same annulus as A,,, except that we replace 7,
by 7/, that is, A/ is a pleated annulus bounded by o} and o/, := (o, \ 7,) U], (see Figure
3). Note that the sums of the angles of o/, are bounded independently on n (because the
sums of the angles of «, are bounded), this ensures that the areas of A/ are bounded
independently on n by a constant K > 0.

n»-n

E’mn ”In
) = fonfi

Let ay, b, € 1, be the endpoints of 7, let a;,, b, € 0/, such that d,; (a,,a

and d,y (b, b)) = emgi/), where d,; is the distance induced from the metric m, of @,
restricted to the arc 77/,. Denote by v, the subarc of 7/, that has a, and b/, as endpoints,
then 4, (v,) = W (that is v, is the second third segment of 7/,).

Let 6, := sinh™( émif((n 5+ 1). Denote by E, the set of segments in A, that are or-
thogonal on v,,, have one endpoint in v,, and either have length equal to d,, and exactly
one endpoint on JA! , or have length strictly smaller than §,, and their second endpoints
belong to A! (the first endpoint belongs to JA! by definition). We denote by D,, the
subset of F, that consists of segments having length equal to J,, and we denote by Z,

the set of their endpoints on v,.

Sublemma 2.2.5. If for any n € N there ezists a segment &, € E, \ D,, that has both
endpoints on al,, then Lemma 2.2.3 holds.

Proof. Assume the existence of a segment &, € E, \ D, that has both endpoints on «,.
Because &, is orthogonal to 7/, it has one endpoint on v, and the other endpoint will be
on o, \ 1), = a, \ 7. Denote these two endpoints by x,, and vy, respectively (z, € v, and
yn € ), \ 1,). Recall that the Hausdorff distance between n,, and 7/, goes to 0. Because
Zn € v, C 1),, we can find a sequence of points z, € 7, such that lim d,,, (z,,2,) = 0.

n—oo

Then lim d(z,,y,) = 0, it yields that there exists a geodesic arc &, in @, joining z,
n—oo
and y, such that lim ¢, (k,) = 0. On the other hand, we have that ], the subarc

of a,, that joins znngﬁfi yn Which is homotopic to k,, relative to its end points, satisfies
lpn, (KL) > ZW"BM — dpm, (Tn, 2n). Also note that &/, is a geodesic arc of 97C(Q,,). More-
over, note that x, and s/, can be chosen in a way that the endpoints of &, are on «a, and
Kk, is a subarc of a,.

We conclude that k,, and !, satisfy the statement of Lemma 2.2.3.
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n

Figure 3. We get the annulus A/, from the annulus A,, by replacing the piece-wise
geodesic arc 7, by the geodesic arc 7],.

*

In what follows we will use the fact that the lengths ¢, (o) are bounded to show
that we are always in the case of Sublemma 2.2.5. We argue by contradiction, so we
assume that every segment &, € FE, that has length strictly smaller than ¢, intersects

*

of. Let D, = Ugep,d, note that D, is a hyperbolic strip (maybe disconnected), so
Area(D,,) = ly (2n).sinh(d,) (where £, is the length measure induced on 7, by m,,), and
since it is a subset of A/ and the (Area(A))nen are bounded by some constant K, it

follows that,

9K
U, (10,)

Then W > Uy (Zy,). In particular we can find two segments &,,&), € E, \ D, with
endpoints &,(0),&/,(0) € v, such that v/, the subarc of v, with endpoints &,(0) and & (0),
satisfies £,/ (v},) > % (for example take &, and £, such that &,(0) is in the first third
of v, and &,(0) is in the last third of v,). Let &, be the subarc of «; with endpoints &, (1)
and & (1) and such that the arc k,, = &, Ua,, U&), is homotopic to v/, relatively end points.
This yields a contradiction, because on one hand the lengths ¢, (k,) are bounded, and
on the other hand ¢,,,(v)) — oo, this can not happen because v/, is a geodesic arc so we
must have £, (V) < Uy, (Kn)-

It follows that the hypothesis of Sublemma 2.2.5 holds, and then Lemma 2.2.2 is true. []

K > Area(A;,) > Area(D,,) = Ly (Z,) - sinh(0,) > £,y (Zy,) -

The rest of the proof of Lemma 2.2.2 follows from Claim 3.6, Claim 3.8 and Claim
3.9 from [ |. Nevertheless, we provide a proof for the reader’s convenience. The proof
that we provide is a bit simpler because we are dealing with quasi-Fuchsian manifolds
without particles.

It will happen that we will use i(k,A) = [ d\. as defined in Subsection 1.2 instead of
taking the map @ (see Section 1.2). When we use it, we will point it out.

Lemma 2.2.6. Let k,, and K., be the arcs constructed in Lemma 2.2.3, let y, and z, be
the endpoints of k, (therefore the endpoints of k). Let I, be a simple closed curve on
07 C(Q.,) which is based at y,, and which is geodesic in 0TC(Q,) (except at y,). Let f, be
the simple closed curve based at z, which is geodesic in 0TC(Q,) (except at z,) and freely
homotopic to l,,. Choose (I,)nen such that they have a bounded length (independently on
n). Then T}Lrgoz(ln,B:) =0 and JEEOZ(f”’B:{) = 0, where here we mean by i(l,, B;})
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and i(f,, B;") the weight associated to l,, and f, as transverse arcs (instead of taking the
weight associated to the simple closed geodesic that represents them,).

Proof. Assume that Q,, ~ H?3/G,,, where G,, is a quasi-Fuchsian group. Let ¢, and Z, be
lifts of y,, and z, respectively, let &,, be a lift of x,, and &/, be a lift of «/,, such that both
of &, and &/ have 7, and %, as endpoints, and let 9tC(Q,) be the lift of 97C(Q,). Up
to composition by isometries of H?, we can assume that 7, is constant independently on
n. Up to moving 4, and Z, slightly we can assume that they are away from the pleating
locus of 0TC(Q,,).
Let P(g,) be the support plane at ¢, and let P(Z,) be the support plane at Z,. The fact
that (y+c(0,)(ky,) — oo implies that either P(g,) N P(Z,) is empty or it diverges to the
boundary at infinity (that is, for any K, a compact subset of H?, the set {n € N| P(3,) N P(z,) N K # 0 }
is finite). And since ¢,,, (R,) — 0, we deduce that P(g,) and P(Z,) converge (up to ex-
tracting a subsequence) to the same plane, call it P,,. We denote by E(7,) (respectively
E(%,)) the half space determined by P(j,) (respectively P(Z,)) and contains 07C(Q,,).
Let I, be a lift of I, with endpoints §, and g, let g, € G, such that g, = ¢,7,. Let f
be a lift of f,, with endpoints Z, and Z/ such that z, = g,Z2,.
Let P(y,,) be the support plane at g/, ( g/, is away from the pleating locus, because the
pleating locus is preserved by the action of the group G,). Note that dy. (g, (U, Zn) =
oo (because the lengths of ({y+c(@,)(ln))nen are bounded independently on n). Then
P(y,)NP(Z,) is empty or converge to the boundary at infinity. Since g, is fixed and since
g is at a bounded distance from g, it follows that up to extracting a subsequence P(7,)
converge to P, (Indeed, since E(7,) N E(Z,) converge to an empty set, it follows that
if P(g.,) does not converge to the same plane as P(Z,), then P(g,) N P(Z,) will not be
empty and will not go to the boundary at infinity). Now it follows that both of P(g,) and
P(g.,) converge to Py, and since i(l,,, B;") is dominated by the dihedral angle of the inter-
section between P(y,) and P(y,,) [ , Section I1.1.10], we deduce that i(l,,, B;Y) — 0.
Finally, recall that §;, = g, and 2, = gnZ,, then dys (9, 2,) = dus (Jn, Zn) and dys .\ (Tn, 2,) =
df)“‘é’(Qn)(gn’ Zn). So for the same reasons as above P(Z])) converge up to extracting a sub-
sequence to the same limit as P(g),), therefor to the same limit as P(Z,), therefore we
deduce that i(f,, B;) — 0.

]

Lemma 2.2.7. Let k,, and kl, be the arcs constructed in Lemma 2.2.3, thenliminf i(x!, B;F) >
.

Proof. Up to approximating x|, by piece-wise geodesic segments, we can assume that the
curve k, U k! is a skew polygon. Note that the curve x,, U k], bounds a disk in C(Q,,).
Let &, and &, be lifts of , and ], respectively, such that &, U &}, is a lift of k, U x,.
Denote by 7, and Z, the end points of k,, and let D,, be the geodesic cone starting from
Yn to Ky, UK. Since &, U K] is piece-wise geodesic, it follows that D,, is a finite union of
hyperbolic triangles, therefore the induced metric on D, is hyperbolic. Since fys (%, ) goes
to 0, the support planes at z,, and ¢, intersect and converge to the same support plane.
It follows that the sum of the angles at 7, and ¢, converge to m, therefore by applying
Gauss Bonnet Theorem on D,, we get that liminfi(x], B;) > . O

Now we are ready to give a proof of Lemma 2.2.2.
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Proof. We identify Q,, = H?/G,,. Let kn,kl,l, and f, as defined in Lemma 2.2.6. Let
Rn be a lift of k, with endpoints g, and Z,, let &/, be the lift of &/, with endpoints g,
and z,. Take l~n (respectively fn) to be a connected components of the preimage of [,
(respectively of f,) such that l~n and fn are connected by &/. The curves l~n and fn are
disjoint broken geodesics that bound an infinite band B, in 07C(Q,,) (where d+C(Q,,) is
the lift of 07C(Q,)). Let (g,) C G, be the subgroup generated by g,, such that for all
n, the action of g, leaves the elements l~n invariant. Since f,, is homotopic to [, it follows
that fn is also invariant under the action of (g, ). Let ¢, be the closed simple geodesic in
the homotopy class of [,, and f,, and let ¢, be the component of the preimage of ¢, that
has same endpoints as l~n and fn

Let e, be a simple closed geodesic and let €, be a lift of e,, let a, be the arc e, N B,
assume that @, connects [, to fn, then we have the inequality

i(an, By) 2 (R, BY) = ({@n 0 (ga) 1} + 1)(i(La, BY) +i(fa, By))

Where §X denotes the cardinal of the set X.

Figure 4. Each leaf bf{N of B _that intersects a,, but does not intersect k,, must intersect
the broken geodesics f,, and [,,. This happens at most the intersection number of a,, with
the lifts of k], + 1 times.

Let’s show that up to extract a subsequence, the homotopy classes of ¢, don’t depend
on n. Indeed, otherwise we can find a simple closed curve e such that i(e, ¢,) — 0o. Since
e belongs to a fixed homotopy class we get that £ {a, N (g,) A} is bounded (because &,
belongs to d,, which has a free homotopy class independent on n). Then the inequality
liminfi(e, B;Y) > liminfi(e,c,)m holds. It follows that i(e,, B;) — oo which is absurd,
because we assumed that B, converge, therefore liminf i(e, B;") must be bounded.

In conclusion we can assume that ¢, is in a fixed homotopy class.

Then, for any simple closed geodesic e that is not equal to ¢ the inequality lim inf i(e, B;") >
i(e, c)m holds. It follows that ¢ is a leaf of B, with weight bigger than or equal to 7. and
the lemma holds. n

We end the section by giving a proof of Lemma 2.2.1.

43



Proof. Since by hypothesis of Lemma 2.2.1 the lamination B, has no closed leaf of weight
bigger than 7, we deduce that by Lemma 2.2.2 that (h),cn, the sequences of induced
metrics on 0*C(Q,,), belong to a compact subset of 7(S). The conclusion follows from
Corollary 2.1.4. ]

2.3 Approximation by first and third fundamental
forms

In this section we give a proof of Theorem 2.1.9. Let @ € QF(S) be a quasi-Fuchsian
manifold, recall that @ \ C(Q) is foliated by constant Gaussian curvature surfaces (see
Section 2.3). The proof is based on using Theorem 2.1.8 to realize abstract metrics
as first and third fundamental forms of the k-surfaces in a sequence of quasi-Fuchsian
manifolds. We choose these abstract metrics in a way that they converge to the couple
(h,L) € T(S)x ML(S) that we want to realize. Lemma 2.2.1 will ensure the convergence
of the sequence of quasi-Fuchsian manifolds. Finally, we conclude by Theorem 2.1.7 that
they converge to what we want to realize.

In the next lemma we construct the abstract metrics that we will use for approximation.

Lemma 2.3.1. Let (ky,)nen be a sequence of decreasing real numbers that converge to —1.
Let h be a hyperbolic metric on S, and let p be a measured lamination on S. Then for
any n we can find a metric hy, on S that has constant Gaussian curvature equal to k,
such that the sequence (hy, )nen converge in the length spectrum to h. Also for any n we
can find a metric gy, on S that has constant Gaussian curvature equal to 5 f;cn such that
the sequence (gi, )nen converges in the length spectrum to .

By Theorem 2.1.8 we can find a sequence of quasi-Fuchsian manifolds (Q,)nen C
QF(S), such that the induced metric on Sy, is isotopic to hy, and the third fundamental
form on S is isotopic to gi,. Denote the induced metric on 9~C(Q,) by h, and the
bending lamination of 0*C(Q,) by B;f. We know that I, and Iy, converge, but we
don’t have any information about the convergence of B, and h; because for the moment
it is unclear whether the sequence (Q,,)nen converges or not. For this purpose, we need
to find upper bounds on the length spectrum of B and h,, .

Recall that S is the set of free homotopy classes of simple closed curves of .S not homotopic
to a point.

Lemma 2.3.2. Let « € S ,then

Proof. By | | Lemma I1.1.3.4, the projection r : S'k_n — 0-C(Q,) is a 1-lipschitz
equivariant map, where S'k_n and 9~C(Q,,) are respectively the lifts of S, and CF(Qy).
Then the first point follows.

The second point comes from the existence of an equivarient 1-lipschitz map from (S *);ﬂ
into 9*C*(Q,) | |, where (g*)zn and 9tC*(Q,) are the dual of S'k_n and 9~ C(Q,
respectively in de Sitter space. For more details see | , Lemma 6.5]. [

44



By Lemma 2.3.2, we deduce that Vo € S, the sequence ([}, (a))nen is bounded, this
implies that (h,, ),en belongs to a compact subset of 7(S). Also by the same lemma we
deduce that the sequence (i(a, B;Y))nen is bounded, this implies that (B),),en converges
in the length spectrum (up to extracting a subsequence) to a transversal measured lami-
nation B.,. The next lemma gives us control on the weight of closed leaves of B,,.

Lemma 2.3.3. Let L and A be two measured laminations such that:

e )\ is a discrete lamination in which the weight of every closed leaf is strictly smaller
than .

e VaeS, ila,L) <i(a,\).
Then any closed leaf of L has weight strictly smaller than .

Proof. Let L' be the sublamination of L that consists of closed simple geodesics, then the
following inequality holds

Va €S, i(a, L") <i(a,L) <i(a,\).

Let 71, .., v be the leaves of A, let vy1, ..., & be simple closed curves such that {v1, ..., Yk, Yet1, -, Vo' }
forms pants decomposition (it may be that A is already maximal, then we don’t need to

add leaves).

Note that for any j, i(y;, A) = 0, this implies that i(y;, L) = 0, so for any j, v, does

not transversely intersect the leaves of L. Let 5 be a leaf of L', if 8 & {v,..., 7} then

B intersects some <;, what is absurd since v; does not transversely intersect the leaves

of L', we deduce that the leaves of L’ belong to the set {71,...,7%}. Let o; be a simple

closed curve dual to v;, that is o; is a simple closed curve such that i(vy;,0;) = 1 or 2
(depending on the position of ;) and i(v,, 0;) = 0 for any r # j. Note that the weight of

7v; in A (respectively L) is equal to % (respectively ZEZj 53
not belong to the lamination then its weight is equal to 0.
Since ZEZj Z; < Z((;??j)), we deduce that any closed leaf of L is a closed leaf of A that has a
bigger weight. Then the proof of the lemma follows. m

), also note that if ; does

Now we can give a proof for Theorem 2.1.9

Proof. Let’s start proving the first point of the theorem. Let (h,L) € T x MGL,(95)).
We start by the case when L is discrete.

Let k, be a sequence of decreasing numbers converging to —1, by Lemma 2.3.1 there
exists a sequence of metrics I, on S with a Gaussian curvature equal to k,, and that
converge to h in the length spectrum. Also by Lemma 2.3.1 there exists metrics Iy, on
S with Gaussian curvature equal to ; izn, and that converge to L in the length spectrum.
By Theorem 2.1.8 we can find a sequence of quasi-Fuchsian manifolds (Q,,)neny € QF(S),
such that the induced third fundamental form on S,;’; is isotopic to I}, , and the induced
first fundamental form on S;  is isotopic to I,

We denote the induced metric on 0~ C(Q,,) by h,,, and we denote the bending lamination
on 07C(Q,) by B,.

Sublemma 2.3.4. The following assertions are true:
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o The sequence (h,, )nen belongs to a compact subset of T(S).

e There exists Bo, € GML,, such that there is a subsequence of (B, ),en that converge
to By in the length spectrum.

Proof. By Lemma 2.3.2, for any a € S, {5, (o) > {,-(a), what implies that (h;, )nen
belongs to a compact subset of S (recall that (I, )nen converge in the length spectrum).
Also, Lemma 2.3.2 implies that for any o € S, lp, (o) > i(a, B)}). Since (I, )nen
converge to L in the length spectrum, we deduce that (B;"),en belongs to compact subset
of GML. Then we can say that there exists Bs, € GML(S) such that (B;}),en converge
to Bs in the length spectrum(up to extracting a subsequence). Moreover, we have that
for any o € S, i(, L) > i(a, By,). The fact that L € GML,(S) and that L is discrete,
allows us to use Lemma 2.3.3 to deduce that Bo, € GML,(S5).

]

Sublemma 2.3.4 ensures that we are in the hypothesis of Lemma 2.2.1. Then up to
extract a subsequence the quasi-Fuchsian manifolds (),, converge to some quasi-Fuchian
manifold Q. To conclude, we will show

Sublemma 2.3.5. The induced hyperbolic metric on 0-C(Qs) is h, and the bending
lamination of 0TC(Qw) is L.

Proof. By Theorem 2.1.7 the induced metric on 0~ C(Qw) is the limit of the metrics Iy, ,
so it is equal to h.

Also by Theorem 2.1.7 the bending lamination of 07C(Q) is the limit of the metrics
I, , then it is L. [

The following sublemma follows
Sublemma 2.3.6. The first point of Theorem 2.1.9 is true when L is discrete.

To conclude, let L be any lamination in GML,(S), recall that the discrete trans-
verse geodesic measured laminations are dense in the set of measured laminations. Let
(Ln)neny € GMLL(S) be a sequence of discrete laminations that converge to L. Then by
Sublemma 2.3.6 there is a sequence of quasi-Fuchsian manifolds (@, )neny C QF(S), such
that the induced metric on 0~ C(Q,,) is h and the bending lamination of 07 C(Q,,) is L.
We assumed that L, converge to L which is in GML,(S), then we are in the hypothesis
of Lemma 2.2.1. We deduce that the sequence (Q,)nen converge up to a subsequence
to Qw € QF(S). By | , Theorem 4.6], the bending lamination of 07C(Q) is the
limit of (L, )nen, so it is equal to L. And by | , Corollary 4.4}, the induced metric on
0~ C(Qw) is h. This finishes the proof of the first point of Theorem 2.1.9.

The proof of the second point of Theorem 2.1.9 is similar to the proof of the first point.
Let (¢, L) € T(S)x GML,(S). Assume first that L is discrete. Let (k,)nen be a sequence
of decreasing numbers that converge to —1. Take I}, to be metrics on S, of constant
Gaussian curvature equal ; -]?I;n’ and assume that (g, ),en converge to L. By Theorem
2.1.8 there exists a sequence of quasi-Fuchsian manifolds (Q,)neny € QF(S) such that
the third fundamental form on S,jn C @, is isotopic to I}, and the induced conformal
metric on S x {0} is ¢. Denote the induced metric on 9-C(Q,,) by h,,. By Theorem 2.1.3

(hn)nen 1s in a compact subset of T(S).
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Sublemma 2.3.7. The following assertions are true:
o The sequence (h,, )nen belongs to a compact subset of T(S).

e There exists Bo, € GML,, such that there is a subsequence of (B, ),en that converge
to By in the length spectrum.

Proof. The first point is a direct consequence of Theorem 2.1.3. The second point was
already shown in Sublemma 2.3.4. m

We have shown the conditions of Lemma 2.2.1 are satisfied. Then up to extracting a
subsequence, (Qy)nen converge to Qo € QF ().

Sublemma 2.3.8. The conformal structure induced on S x {0} by Qu is ¢, and the
bending lamination of 07C(Qs) is L.

Proof. The first point in because of Theorem 2.1.1, in particular it is true because of the
fact that the map B : QF(S) — T(S) x T(S) is continuous. O

The following sublemma follows,

Sublemma 2.3.9. Let (¢, L) € T(S) x GML,(S) such that L is discrete. Then, there
exists a quasi-Fuchsian manifold such that the conformal structure on S x {0} induced by
Q is ¢, and the the bending lamination of 0T C(Q) is L.

To finish the proof, let L € GML,(S), take a sequence (L,)nen C GMLL(S) of
discrete laminations that converge to L. By Sublemma 2.3.9 we can find a sequence of
quasi-Fuchsian manifolds (@, )nen such that each @, induces ¢ as a conformal structure
on S x {0}, and induces L,, as the bending lamination on 07C(Q,). By Lemma 2.2.1
(Qn)nen converge, up to subsequence, to a quasi-Fuchsian manifold Q... By | |, the
bending lamination of 0TC(Qw) is L, and by Theorem 2.1.1 the conformal structure on
S x {0} induced by Qu is c.

O

2.4 The proof of Theorem A and Theorem A*

In this section, we will provide a proof of Theorem A and Theorem A*. Let us first recall
the statement of the theorems

Theorem 2.4.1. Let h and h* respectively be Riemannian metrics on S, and denote their
curvatures by ky and ky« respectively (which are not necessarily constant). We assume
that —1 < ky and kp~ < 1. Moreover, we assume that every contractible closed geodesic
with respect to h* has length strictly bigger than 2w. Let L be a measured lamination on S
such that every closed leaf has weight strictly smaller than . Then, there exists a convex
hyperbolic metric g on M = S x (0,1), the interior of M = S x [0, 1], such that:

e g induces a metric (respectively third fundamental form) on S x {0} which is isotopic
to h (respectively h*).

e g induces on S x {1} a pleated surface structure in which its bending lamination is
L.
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Furthermore, the surface S x {0} is smoothly embedded in M.

Before proceeding with the proof, we need to provide some theorems and lemmas that
we will use. We will begin with a theorem that Theorem 2.1.8 is a particular case of, and
which can also be found in the same reference.

Theorem 2.4.2. [ , Theorem 1.6] Let h be a Riemannian metric on S of curvature
kn, that satisfies —1 < ky, and let h* be a Riemannian metric on S of curvature kp« < 1
and every contractible closed geodesic with respect to h* has length strictly bigger than 27.
Then there exists a unique convex hyperbolic metric g on M such that:

e The induced metric on S x {0} is isotopic to h.
The induced third fundamental form on S x {1} is isotopic to h*.

The following corollary is a direct consequence of Theorem 2.4.2 and | , Propo-
sition 8.3.2].

Corollary 2.4.3. Let h be a Riemannian metric on S of curvature ky, that satisfies
—1 < ky, and let h* be a Riemannian metric on S of curvature kp= < 1 such that every
contractible closed geodesic with respect to h* has length strictly bigger than 2.

There exists a unique quasi-Fuchsian manifolds QQ (up to isotopy), and a unique geodesi-
cally convex domain Cj, p+(Q) with boundary such that:

e The inclusion map ¢ : Cpp-(Q) — @Q is homotopically equivalent to the identity.

e The boundary of Cpp+(Q) consists of two components 0T Cy, p«(Q) and 9~ Cp+(Q).
The induced metric on 0~ Cy p«(Q) is isotopic to h, and the induced third fundamen-
tal form on 0T Chp+(Q) is isotopic to h*.

As in the proof of Theorem 2.1.9, we will use Corollary 2.4.2 to construct a sequence
of quasi-Fuchsian manifolds, and we will show that this sequence converges to a quasi-
Fuchsian manifold that satisfies Theorem 2.4.1.

For more details about the following two lemmas we refer to | , Section 8§].

Lemma 2.4.4. Let (g,)nen be a sequence of hyperbolic metrics on M with smooth, strictly
convex boundary. Let (hy,)nen be the sequence of the first fundamental forms on the bound-
ary. If (gn)nen converges to a convex hyperbolic metric g on M and if (hy)nen converge
to a smooth metric h on OM with curvature strictly bigger than —1. Then the induced
first fundamental form on OM by g is h.

Lemma 2.4.5. Let (g,)nen be a sequence of hyperbolic metrics on M with smooth, strictly
convexr boundary. Let (h!),en be the sequence of the third fundamental forms on the
boundary. If (gn)nen converges to a convexr hyperbolic metric g on M and if (h})nen
converges to a smooth metric h* on OM with curvature strictly smaller than —1 and in
which every contractible closed geodesic has length bigger then 2w. Then the induced third
fundamental form on OM by g is h*.

Also, we will need a similar lemma to Lemma 2.3.2.

Lemma 2.4.6. Let h,h*,Q, and Cj, ;+(Q) be as given in Corollary 2.4.3. The projection
map 1 : 0~ Cpp=(Q) = 0~ C(Q) is a 1-Lipschitz map homotopic to the identity.
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Proof. Let 9~Cy+(Q) and 9~C(Q) be lifts of 9~ Cj +(Q) and 9~ C(Q) respectively.
As it was shown in | , Lemma II.1.3.4] the projection map r : 9~ Cpp+(Q) —
0~ C(Q) is a 1-Lipschitz equivariant map. Therefore, the statement follows. m

To prove Theorem A for the metric h*, we will need to show that, given the Gaussian
curvature of the third fundamental form on 0M, the first fundamental form is bilipschitz
with respect to the third fundamental form as a function of this curvature. To do this
we will use some compactness statements given by Labourie | ] and we use similar
techniques as in | ].

Let’s recall statements that we will use.

Theorem 2.4.7. | , Theorem D] Let f, : S — H? be a sequence of immersions of a
surface S such that the pullbacks f(gus) of the hyperbolic metric gys converge smoothly
to a metric h. If

® (fu)nen converge in C° to a map f.

o There exists kg > —1 such that for any n the Gaussian curvature of f*(gus) is bigger
than kg.

o The integral of the mean curvature is uniformly bounded.

Then a subsequence of (fn)nen converges smoothly to an isometric immersion f that
satisfies f*(H?) = h.

Lemma 2.4.8. / , Lemma 3.7] Let f : D — H? be a convex embedding (that is
the image is the boundary of a convex subset of H3) and R be the extrinsic diameter of
f(D). Denote by H the mean curvature and by da the area form induced by f. Then we

have AR+ 1)
+
/DHda = sinh(1)

where we denote by A(p) the area of the sphere that has radius p in the hyperbolic space.
Now we prove the following

Lemma 2.4.9. Let (M, g) be a convex hyperbolic manifold, and let h* be the third funda-
mental form induced on S x {1} (one component of the boundary of M ). Then there exist
r and r’, both greater than 0 and dependent only on h*, such that the principal curvatures
of S x {1} belong to the interval [r,r'].

In particular, the first fundamental form of S x {1} is bi-Lipschitz to the third fundamental
form, where the bi-Lipschitz constant depends only on h*.

Proof. Recall from Section 1.4 that the Gaussian curvature of the first fundamental form
of S x {1}, denoted by kj, satisfies k; = li#k*h*, where kp« is the curvature of h*. Since
S is compact and kp« < 1, we can deduce that k; is bounded away from —1 and oo by
constants that depend only on kj+, therefore it depends only on A*.

We will now argue by contradiction. Assume that the lemma is false. Then, there exists
a sequence of convex hyperbolic manifolds (M, g, )nen such that the induced third funda-
mental form on S'x {1} is isotopic to h*, and there is a sequence of points z,, € (Sx{1},¢gx,)

such that the principal curvatures at xz,, diverge. (Note that their product is equal to k;+1,
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so one goes to zero and the other goes to infinity).

Let (D, hy) be a covering space of (S x {1},¢,) and let T, be a quasi-Fuchsian repre-
sentation (that is I',(m1(S)) is a quasi-Fuchsian group) such that (M, g,) is embedded
in H3/T,. Then there is an equivariant isometric embedding f, : (D,h,) — H* that
descends to (S x {1}, gn).

Up to applying isometries of H?, we can assume that z,, lifts to a constant 7, € H?.
Since (fn)nen are isometric embeddings, they are 1-Lipschitz and hence equicontinuous.
Up to normalization, we can assume the existence of o € D such that f,(0) = z, for any
n. Then by the Ascoli-Arzela theorem, up to extracting a subsequence, (f,),en converges
in C° topology to some function f.

Since ky, , the curvature of h,, belongs to a compact interval (independent of n), then,
up to extracting a subsequence, h,, converge to a metric h.

Note that the Gaussian curvature of h, is bounded away from —1 independently on n.
Also by Lemma 2.4.8 there is a neighborhood U of the fixed point o such that the integral
of the mean curvatures of f,(U) is bounded. Then by Theorem 2.4.7 f, | converge to
f v in C* topology, and moreover, the metrics (f,, |v)*(gms) converge to (f |v)*(gms). In
particular, this contradicts the fact that the principal curvature of f,,(U) at xy diverge. [

To prove Theorem 2.4.1, we will follow a similar approach to the one used in the proof
of Theorem 2.1.9. Namely, we will construct a sequence of quasi-Fuchsian manifolds
(Qn)n € N and show that it converges (up to extracting of a subsequence). Proposition
2.4.4 and Theorem 2.1.7 ensure that the limit quasi-Fuchsian manifold satisfies the state-
ment of the Theorem 2.4.1.

Let us start the proof.

Proof. We start by proving the statement for the first fundamental form.

Let h be a Riemannian metric on S that has curvature kj strictly bigger than -1. Let
(kn)nen be a sequence of decreasing real numbers that converge to —1. Let L be a
measured lamination on S in which every closed leaf has weight strictly smaller than .
Let hy be a Riemannian metric on S with a constant Gaussian curvature kj: satisfying
T _’i’;ﬁ, and such that the sequence (h}),en converges to L in the length spectrum.
Using Corollary 2.4.3, we construct a sequence of quasi-Fuchsian manifolds (Q,,)nen, each
containing a geodesically convex subset Cj, » () as described in the corollary (Corollary

2.4.3).

k’hz -

Sublemma 2.4.10. Assume that L is a discrete measured lamination, then the sequence
(Qn)nen converges, up to extracting a subsequence, to a quasi-Fuchsian manifold Q.

Proof. Using Lemma 2.4.6, the second point of Lemma 2.3.2, Lemma 2.2.3, and the
argument in the proof of Sublemma 2.3.4, we can conclude that the sequence of hyperbolic
metrics on 9~ C(Q,,) belongs to a compact subset of 7(S), and that the sequence (B;"),en
of bending laminations on 9*C(Q,,) converges (up to extracting a subsequence) to a
measured lamination B, in which every closed leaf has weight strictly less than 7.

Since the hypothesis of Lemma 2.2.1 are satisfied, we can conclude that the Sublemma
holds. ]

The next Sublemma is a direct consequence of Theorem 2.1.7 and Proposition 2.4.4.
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Sublemma 2.4.11. If L is discrete, then the bending lamination of 07C(Qw) is equal
to L. Moreover, there exists a strictly convex surface S, that is smoothly embedded in
E~(Qo0), such that S bounds, together with 0T C(Qo0), a geodesically convex subset of
Qoo tn which the inclusion s homotopic to the identity. And the induced metric on S5 is
1sotopic to h.

Proof. The fact that bending lamination of 01C(Q«) is equal to L follows directly from
Theorem 2.1.7.

The second point follows from Proposition 2.4.4. Specifically, it follows from the fact
that each geodesically convex hyperbolic manifold (M, g) is embedded in a unique quasi-
Fuchsian manifold, as shown in | ]Proposition 8.3.2. O

We conclude that

Sublemma 2.4.12. When L is discrete, Theorem 2.4.1 holds for the first fundamental
form part.

Next, suppose that L is not necessarily discrete. Let (L,)n € N be a sequence of dis-
crete elements of MLm(S) (recall that MLm(S) is the set of measured laminations in
which closed leaf has weight strictly smaller then 7) that converges to L. By Sublemma
2.4.12, we can find a sequence of geodesically convex hyperbolic manifolds (M, g,,) such
that the induced metric on S x {0} is isotopic to h, and g, induces on S x {1} a structure
of pleated surface of bending lamination L,,. Since such a submanifold is embedded in
a unique quasi-Fuchsian manifold, we can apply the same argument given in Sublemma
2.4.10 to deduce that the metrics g, converge to a hyperbolic metric g in which the in-
duced metric on S x {0} is isotopic to h. Moreover, by the continuity of the bending
lamination | ], the metric g induces on S x {0} a structure of pleated surface of bend-
ing lamination L.

For the third fundamental form, the statement follows in a similar way. First, we
assume that L is discrete. Let (M, g, )nen be a sequence of convex hyperbolic manifolds
in which the induced third fundamental form on S x {1} is isotopic to h* and the third
fundamental form on S x {0} is isotopic to A, where h has constant Gaussian curvature
equal to 7 ff,:n and converges to L in the length spectrum.

By Lemma 2.4.9, there is a positive constant that depends only on the curvature of h*
such that h,,, the first fundamental form on S x {0} induced by g,, is bi-Lipschitz to h*
Let @, be the unique quasi-Fuchsian manifold in which (M, g,,) is embedded. By Lemma
2.4.6, we deduce that the sequence of induced metrics on 0~ C(Q,) converges, up to
extracting a subsequence. Moreover, by Lemma 2.3.2 and Lemma 2.2.3, the bending
lamination B on 07C(Q,) converges, up to extracting a subsequence, to a lamination
B, without any closed leaf of weight bigger than .

We deduce, by Lemma 2.2.1, that the metrics g,, converge, up to extracting a subsequence,
to a convex hyperbolic metric g. Then, by Lemma 2.4.5, the third fundamental form on
S x {0} is isotopic to h*, and by Lemma 2.3.1, the bending lamination on S x 1 is L.

If L is not discrete, we approximate it by a sequence of discrete laminations (L,,)nen.
We can then construct a sequence of convex hyperbolic metrics (g, )neny on M such that
the third fundamental form on S x {0} is isotopic to h* and the bending lamination on
S x {1} is L,. Applying Lemma 2.4.9, Lemma 2.4.6, and Lemma 2.2.1, we find that the
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metrics g, converge,up to extracting a subsequence, to a convex hyperbolic metric g, and
so (M, g) is the desired hyperbolic convex hyperbolic manifold. O

2.5 Uniqueness near the Fuchsian locus

It was shown by Bonahon in [ | that if we assume that two measured laminations
L* and L~ are small enough (for the meaning of small, we refer to see Bonahon’s paper
[ ], or see the statement of Theorem 2.5.1 of this section), then there exists a unique
quasi-Fuchsian manifold @ that has L™ (resp L™) as the bending lamination on 0TC(Q)
(resp on 0~ C(Q)).

In this section, we will establish the uniqueness in the first part of the statement of
Theorem 2.1.9, close to the Fuchsian locus (we will provide a definition for ”close to the
Fuchsian locus” later in this section). This uniqueness holds when A is considered as the
hyperbolic metric on the boundary of the convex core, given that we assume the lamination
L to be sufficiently small. The precise notion of small enough will be established in the
main theorem of this section’s statement.

The main theorem of this section is

Theorem 2.5.1. For any p € ML(S) and h € T(S), there exists an &, > 0 such
that for any 0 <t < 0y, there exists a unique quasi-Fuchsian manifold @), such that the
hyperbolic metric on OCH™(Q) is h and the bending lamination on OCH™(Q) is tu.

We recall that the Teichmiiller space T (S) defined in Section 1.1, and the space of
quasi-Fuchsian manifolds QF(S) defined in Section 2, possess the structure of smooth
(actually analytic) manifolds.

Bonahon has shown the following Theorem | , Theorem 3]

Theorem 2.5.2. The grafting map Gr : P(S) — ML(S) x T(S) is a bitangentiable
homeomorphism.

We refer to Section 2 to recall the definitions of F(S) the Fuchsian manifolds and
QF(S) the Quasi-Fuchsian manifolds. We also recall that M_; is the map defined from
QF(S) to T(S) x ML(S), which associates to a quasi-Fuchsian manifold @ the hyper-
bolic metric on 0~ C(Q) and the bending lamination on 01C(Q) (see Section 2.4).

To initiate the proof of the main statement of this section, we will first establish the
existence of a neighborhood of F(.S) denoted as V', in which the map M_; |y is injective.
Later we will show that (M_;)"Y(M_,(V)) = V.

We will employ a strategy similar to the one used in | |, where Bonahon shows
the uniqueness of the map L in a neighborhood of the Fuchsian locus (See Section 2.2
for the definition of the map L). That is, when the bending laminations are sufficiently
small, they uniquely determine the quasi-Fuchsian manifold.

Hereafter, let 1 € ML(S) be a measured lamination, and h € 7(S) be a point in the
Teichm’uller space of S. We denote by BT (u) the subset of quasi-Fuchsian manifolds
@ that possess a bending lamination equal to ¢t on 07C(Q) for some ¢ > 0. Similarly,
M~ (h) is the subset of quasi-Fuchsian manifolds ) that feature h as the induced metric
on 0-C(Q).

We denote the dimension of 7(S) by 6.
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The subset BT (i) is a submanifold with a boundary, as demonstrated by the following
lemma.

Lemma 2.5.3. | , Lemma 7] The set BT (p) is a submanifold of QF(S) with bound-
ary of dimension 0 + 1. Furthermore, the boundary OB (p) is F(S). (Recall that 0 is the
dimension of T(S) and that F(S) denotes the space of Fuchsian manifolds).

We will also show that M~ (h) is a C! submanifold of QF(S) (although we do not
know if it is of higher regularity than C'). We can deduce this as a corollary from the
following theorem.

Denote by gry the composition of the projection map ML(S) x T(S) — T(S) with the
grafting map Gr : P(S) — T(5) x ML(S)

Theorem 2.5.4. [ , Theorem 3] The map
grr - P(S) = T(S)
is C.
As it has been observed in | , Corollary 2.5] the map gry is a C'' submersion.
Corollary 2.5.5. The map grr: P(S) = T(S) is a C* submersion.

Proof. Denote by Gr : P(S) — T(S) x ML(S) the grafting map. Note that for each
A € ML(S), the relation gry o Gr=1(\,.) = Id holds. Then for each A € T(S5), the map
Gr=*(),.) is a smooth section (smoothness follows from the proof of | , Theorem A))
of grr, and since the map Gr is a homeomorphism (in particular surjective), the sections
fill up P(S), so we conclude (gry is surjective, and its differentials are surjective at each
point). O

Then a direct consequence of Corollary 2.5.5 is the following.
Corollary 2.5.6. The submanifold M~(h) is C* submanifold of QF(S)

Proof. Note that M~ (h) = gr'(h). The statement follows because gry is a C' submer-
sion. O

Bonahon showed a proposition which is crucial in this section. Before stating it, we
would like to draw the reader’s attention to the fact that when g = 0 € ML(S), the tan-
gent space 1), ML(S) in ML(S) corresponds to the set of measured laminations ML(.S)
itself (This was mentioned in | |, for more details we refer to | ).

As in Section 2.2, we denote by
L:QF(S) — ML(S) x ML(S)

the map that associates to a quasi-Fuchsian manifold () the bending laminations on

0+C(Q) and 0-C(Q).
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Lemma 2.5.7. [ , Proposition 6] Let p,v € ML(S) be two measured geodesic
laminations, and let t — q, t € [0,T], be a differentiable curve in QF(S), originating
from a Fuchsian metric qo, such that the derivative %L(Qt)’ﬁ»:o of the bending measured
lamination is equal to (p,v) # 0. Then p and v fill up the surface S, and qo € F(S) =
T(S) (we identify the Fuchsian manifolds with Teichmiiller space) is equal to the minimum
k(p,v) of the length function I, +1, : T(S) = R (See Section 6.1 for the definition of

K, v)).
The following lemma follows

Lemma 2.5.8. Let (¢:)icpo, be a differentiable curve in BT (u) which is originating from
a Fuchsian point

qo = ho € F(S) =T(S). Let (hy, 1) be respectively the metric and the bending lamination
on 0-C(q). Recall that q; € BT (i), means that the bending lamination on the other side
of the convex core , 07C(q), is of the form a(t)u, where a(t) > 0. Then there exists
1 € ML(S), that depends only on pu and qo, such that % (hy,ly)|i=o is of the form (h, k)
where k € R and h € Ty, T(S).

Proof. First, consider (mq, f1;) to be the metric and the bending lamination on 9*C/(q;),
respectively. As ¢; belongs to BT (1), there exists a real function (with values in R) denoted
as a(t) such that (my, ;) = (my, a(t)p). This leads to < (my, a(t)u)]—o = (riv, dup).

Using Lemma 1.13.1 and Lemma 1.13.2, we establish the existence of a unique p’ €
MUL(S) such that go = ho = k(p, it').

Now, let (hy,l;) represents the metric and the bending lamination on 9~ C(g;), re-
spectively. Applying Lemma 2.5.7, we find [ = ap’. Consequently, we deduce that the
differential of the coordinates on 0~ C(g;) for any differentiable curve in B*(u) takes the
form (h, ku'), where h € Tj,, T(S) and k is a non-negative scalar. O

Now we can deduce that the intersection between M~ (h) and BT (i) at the Fuchsian
locus is transverse.

Lemma 2.5.9. The intersection M~ (h) N OB*(u) consists of exactly one point, namely
h € F(S). Moreover the intersection TobM™(h) N T,B*(u) consists of exactly one line.

Proof. The intersection M~ (h) N dB*(u) consists of the Fuchsian manifold that have h
as the induced metric on the convex core (which is a totally geodesic surface in this case),
there is a unique such Fuchsian manifold, namely h € F(S). Let ¢ be a differentiable
curve in BT (u) and let ¢; be a differentiable curve in M~ (h).

Denote by Gr~ the map that associates the metric and the bending lamination on
0~ C(Q) to a quasi-Fuchsian manifold ). This map is bi-tangentiable into its image, as
Theorem 2.5.2 states. As we have seen in Lemma 2.5.8, %Gr*(qj)h:o is of the form
(riv, k'), and £Gr~(q; )|¢—o is of the form (0, A) (Since the metric component is constant,
the variation is null).

Therefore, the intersection T, M~ (h)NT,B" (1) is the line generated by (Gr~)~1(0, /). O

Next, we deduce the following:

Corollary 2.5.10. There ezists a neighborhood Uy, of h € F(S) such that the intersec-
tion Uy, N BT (1) NM™(Rh) forms a submanifold with boundary of dimension 1 in QF(S).
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Proof. According to Lemma 2.5.8, the two submanifolds M~ (h) and BT (u) intersect
transversely at the point h. Consequently, there exists a neighborhood Uy, of h € F C
QF(S), such that the intersection Uy, N BT (n) N M~ (h) forms a one dimensional sub-
manifold with boundary U, , N 0B () N M~ (h). O

Corollary 2.5.11. For any h € T(S) and u € ML(S), there exists €., > 0 and a C*
embedded curve

Qhy o 0, €n[ = QF(S)
t Hq}z,u(t)

such that M_1(q(t)) = (h,tu).
Recall that M_q is the map that associates to a quasi-Fuchsian manifold Q) the hyperbolic
metric on 0CH™(Q) and the bending lamination on OCH™(Q)

Proof. From Corollary 2.5.10, there exists a neighborhood Uy, ,, of the Fuchsian locus such
that Uy, N B* () N M™(h) forms a C*' submanifold with a boundary.

By definition, if @ € Uy, N BT (n) N M~ (h), then M_1(Q) = (h,tp) for some t > 0.
This establishes a mapping:

Ty Unp DB () N M (R) — RT
Q—t

where M_1(Q) = (h,tu).

The differentiability of the map 7, is shown in the proof of | , Lemma 7].

Let ¢(t) be a curve in Uy, , N B* (1) N M~ (h) originating from the Fuchsian locus.

We will show that if 2, ,(q(t)) = 0, then 2¢(t) = 0. Indeed, the variation of the
hyperbolic metric on OCH ~(q(t)) is 0 (due to the constancy of the metrics). And the
variation of the bending laminations on OC'H~(q(t)) is also 0. This latter assertion is
based on our assumption that if the variation of the bending lamination on dCH™(¢(t))
is 0, then the variation on 0CH(¢(t)) is also 0. This follows from Lemma 2.5.7 and
the fact that the curve ¢ originates from the Fuchsian point h. Therefore, using the
bitangentiablity of Gr~, we can deduce that %q(t) = 0.

Then, by the inverse function theorem, we conclude that

Thy : Uy B () N M™(R) — RF

is a local diffeomorphism near U, N OB (u) N M~ (h). This implies the existence of
€n,p such that W}:L (R, tp),0 <t <ep,}t — QF(S) forms an embedded C* curve. By
construction, this curve satisfies the statement of the Corollary.

[

For h € T(S)and p € ML(S), theset {(h,tp),0 <t < e, } is denoted as [0, €y, , [ (R, p1).
Note that from Corollary 2.5.11, we can define a map

O [0, €npul (B p) = QF(S)

such that M_y o ¢y, = Id (the map M_; is the one defined in Section 2.1.4). The two
submanifolds M~ (h) and B*(u) intersect transversely at each point in the image of ¢y, ,.
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Choose €, in a way that the ray [0, €5,,) (h, ) with the aforementioned properties is max-
imal (i.e., satisfies M_; o ¢, = Id and ensures transverse intersection between M~ (h)
and BT (u) along the image of ¢y ,). For such chosen €, that maximizes the ray, we
denote Ry, := [0, €] (R, ).

Bonahon has shown that when p,, € ML(S) converge to u, then Bt (u,,) converges to
Bt (n) with respect to the C*° uniform topology on compact subsets.

Lemma 2.5.12. / , Lemma 12] Let (pin)nen be a sequence of measured laminations
in ML(S). As (jin)nen converge to p with respect to the topology of ML(S), the subman-
ifolds BY (u,) converge to BT () in the C*° uniform topology on compact subsets.

Recall that M~ (h) is defined as the reciprocal image of a submersion. This leads to
the following lemma

Lemma 2.5.13. Let (hy,)nen C T(S) be a sequence of hyperbolic metrics. When (hy,)nen
converges to h in the topology of T(S) (described in Section 1.1), then M~ (h,,) tends to
M= (h) in the C' uniform topology on compact subsets.

Proof. Recall that the map gry : P(S) — T(S) represents a surjective C'* submersion,
and that M~ (h) = gr7'(h). Thus, when h,, converges to h, the sets M~ (h,,) = gr7'(hy,)
also converge in the C! uniform topology on compact subsets to M~ (h) = gr7'(h). O

Let U C T(S) x ML(S) be the union of all the sets Ry, as (h,p) varies over
T(S) x ML(S).
Let ¢ : U — QF(S) be the map that restricts to ¢, at each Ry, to ¢y .
Our aim next is to show that U is an open set, and that the map ¢ is a homeomorphism
into its image.

Proposition 2.5.14. The setU is an open neighborhood of T (S)x {0} in T (S)x ML(S),
and ¢ is a homeomorphism from U into an open neighborhood V' of F(S) in QF(S).

Proof. The restriction ¢, of ¢ to Ry, was constructed by considering the transverse
intersection of the manifolds M~ (h) and B*(x) in a neighborhood of the Fuchsian locus
F(S). By Lemma 2.5.13 and Lemma 2.5.12, the manifold M~ (h) depends continuously
on h for the topology of C'-convergence, and B (u) depends continuously on p for the
topology of C®-convergence (therefore C''-convergence). It follows that €, (the length of
R =10, €nul (R, 1)) depends continuously on (h, i), and that ¢, , depends continuously
on (h, 1). We conclude that U, the union of Ry, ,,, is open in T (S) x ML(S) and that the
map ¢ is continuous.

Recall that M_, o ¢ = Id, it follows that ¢ is injective. It follows by the Theorem of the
invariance of domain that ¢ is a homeomorphism into its image. O

Recall that M_; is the map that associates to a quasi-Fuchsian manifold () the hyper-
bolic metric on 0CH~(Q) and the bending lamination on 0CH™(Q).
The following theorem, is a consequence of Proposition 2.5.14.

Corollary 2.5.15. There is a neighborhood O of the Fuchsian locus, such that M_q |o is
injective.
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Proof. Denote O := ¢(U). From Proposition 2.5.14 the map
o:U— O

is a homeomorphism and M_; o ¢ = Id
It follows that M_; | O = ¢!, then in particular it is injective. ]

Next, let’s show the following

Proposition 2.5.16. Let h € T(S), p € ML(S), and 0,, be a sequence of real numbers
converging to 0. Let Q),, be a sequence of quasi-Fuchsian manifolds such that M_1(Q,) =
(h,Onp). Then (Qn)nen converges to the Fuchsian manifold h.

Proof. Recall that by Lemma 2.2.1 the map M _; is proper.

We will show that each subsequence of (Q),)nen has a subsequence that converge to h.
Let (Qy(n))nen be a subsequence of (Qy)nen. By definition M_;(Qy)) converge to (h,0).
Since M_; is proper, (Qym))nen has a subsequence that converge to some quasi-Fuchsian
manifold Qy (), by continuity of M_; we get that M_;(Qy(sc)) = (h,0), this implies that
Qy(o0) = h. O

Lemma 2.5.17. There is O', a neighborhood of the Fuchsian locus in QF(S), such that
M- (M_1(0") =0O'.

Proof. We argue by contradiction. If the lemma were not true, then we would find a
sequence (Qy)nen that does not converge to some point in F(.S), while (M_1(Qy))nen
converge to some point of 7(S) x {0}. This contradicts Proposition 2.5.16 O

Then we show Theorem 2.5.1

Proof. Let V := O' NU. Note that M_; |y is injective, and that M~ (M_(V)) = V.
Then for any (h,pn) € T(S) x ML(S), it suffuces to take an € > 0, such that for any
0 <t < ¢, the couple (h,tu) belongs to V. O

2.6 More about quasi-Fuchsian manifolds

2.6.1 Measured foliation at infinity

Let D be a simply connected domain of CP! which is biholomorphic to the unit disc D.
We say that a function is univalent if it is an injective holomorphic function on an open
subset of the complex plane. Let f : D — D be the Riemann uniformization map.

We define the Schwarzian of f to be,

The Schwartzian derivative satisfies
e S(f) =~ 0if and only if f is the restriction of a Mobius transformation of CP*.

e if f and g are two univalent functions for which f o g is well defined, then
S(feg)=5(g)+9°5(f)
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We refer to | , Section 3] for details and proves. Let o and ¢’ be two CP"' structure
on the surface S. Let’s S be the universal cover of S, and let D : S — CP* (resp
D :5— (CIP’l) be developing map associated to o (resp ¢’). The holomorphic quadratic
differentials (D~!)*(D" o D7') is well defined (does not depend on the local choices of
D), then it defines a holomorphic quadratic differential on S which is invariant under
the deck transformations of the cover 7 : S — S, we denote that holomorphic quadratic
differential by S(¢’,0) . Moreover for any complex projective structue o and for any
quadratic holomorphic differential ¢ there exists a unique projective structure o’ such
that S(o’,0) = q.

Definition 2.6.1. Let M be a hyperbolic end. The Schwarzian at infinity of 0, M is
the holomorphic quadratic differential o := S(0F,0s), where oo stands for the natural
complex projective structure of 0ooM = Qr /T, and of is the Fuchsian uniformization of
the conformal structure at infinity co = m(0s0) of M.

Given a conformal structure ¢ on the surface S, and a holomorphic quadratic dif-
ferential ¢ on S with respect to the conformal structure c. We can always find a local
coordinates z — w in which ¢ has the form dw?

Definition 2.6.2. The horizontal measured foliation hor.(q) (resp. vertical measured fo-
liation hor.(q)) of ¢ on (S, c¢) is a smooth singular measured foliation, with singularities at
the zeroes of q, which is obtained locally by pulling back the horizontal measured foliations
(resp. vertical measured foliation) of dw® under the change of coordinate z — w := R\/q

defined above. The transverse measure for the horizontal measured foliation (resp. vertical
measured foliation) is given by |I,/q| (resp |Ry/q|).

We define a pair of measured foliation that fill in the same way how we define a pair
of measured laminations that fill

Definition 2.6.3. A pair of measured foliations F, G is said to fill S if for any measured
foliation H on S we have,

i(H,F)+i(H,G) >0

We define the measured foliations at infinity of a quasi-Fuchsian manifold as the hor-
izontal measured foliations associated to the Schwartzian at its boundary at infinity.

Definition 2.6.4. Let Q € QF(S). Let ot (resp 0~ ) be the Shwartzian associated to
S x {1} (resp S x {1}). We define F;; (resp Fy) as the horizontal measured foliation
associated to ot (resp o~ ). We call FQi by the measured foliations at infinity of Q.

The author in | | has shown the following theorem

Theorem 2.6.5. [ , Theorem 1.1] For every pair of measured foliations (F*, F™)
which are arational and fill S, there exists an ep+ > 0 such that for everyt € (0, ep+) there
exists a unique quasi-Fuchsian manifold Q € QF(S) sufficiently close to the Fuchsian
locus, whose measured foliations at infinity are given by tF* and tF~.

A more general question about foliations at infinity is the following,

Question 2.6.6. Let F* and F~ be two measured foliations that fill S. Is there a unique
quasi-Fuchsian manifold Q € QF(S) that has F* and F~ as the measured foliations at
infinity ¢
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2.6.2 Foliation of a quasi-Fuchsian manifold by CMC surfaces

In this section we will talk about constant mean curvatures foliation, or just CMC folia-
tion. We begin the section by the definition of a CMC foliation.

Definition 2.6.7. Let M be a three dimensional Riemmanian manifold which is homeo-
morphic to S x R. We say that M is smoothly monotically foliated by CMC surfaces with
mean curvatures H ranging in the interval (a,b) if there exists a diffeomorphism between
M and S x (a,b), such that for every H € (a,b), the restriction of the diffeomorpism on
S x {H} is an embedding of constant mean curvature H.

One can ask if a quasi-Fuchsian manifold @ € QF(S) has CMC foliation. The answer

in general is no. Indeed the authors in | ] and [ | have shown the existence
of quasi-Fuchsian manifolds that have several closed minimal surfaces (where a minimal
surface is a surface that has mean curvature equal to 0). Such a quasi-Fuchsian manifold
does not admit any CMC foliation, because if it admits a CMC foliation, then by the
principle maximum it would have a unique closed minimal surface (see the introduction
of of | | for more details).
The author in [ ] highlighted the importance of a special class of quasi-Fuchsian
manifolds called almost-Fuchsian quasi-Fuchsian manifolds. A quasi-Fuchsian manifold
Q € QF(Y) is called almost-Fuchsian if it contains a closed minimal surface that has
principal curvatures contained in the interval (—1, 1), this condition is enough to deduce
that this closed minimal surface is unique. An example of an almost-Fucshain manifold
in a Fuchsian manifold, in that case the equidistant surfaces form the closed minimal
surface defines a foliation which is CMC. However in the more general case that foliation
by equidistant surfaces does not necessarily define a CMC foliation.

Conjecture 2.6.8 (Thurston). Let Q € QF(S) be an almost-Fuchsian manifold. Then
Q has a CMC foliation.

The authors in | | showed the following theorem

Theorem 2.6.9. [ , Theorem A] Let S be a closed surface of genus bigger or equal
to 2. Then there exists a neighborhood U of the Fuchsian locus in the space QF (S) such
that every quasi-Fuchsian manifold in U is smoothly monotically foliated by CMC surfaces,
with mean curvatures ranging in (—1,1).

2.6.3 More on K-surfaces

As we have stated before, any hyperbolic end is foliated by K-surfaces, where K varies in
(—1,0). The K surfaces induces a path between the conformal structure at infinity at the
hyperbolic metric of the pleated surface. When we consider the third fundamental forms
on the K surfaces, then they induce a path between the conformal structure at infinity
and the bending lamination of the pleated boundary. The authour in | | has studied
more invariant on these K surfaces.

Let E € £(S) be a hyperbolic end, and let Sk be a K surface. As the authour in
[ | did, we introduce the following notations. Let Iy, Ik, Il be respectively the
first, the second, and the third fundametal form on Sk. We also denote by hx and hj,
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the hyperbolic metrics —kI, and —Hikﬂf K, we also denote by ¢, the conformal structure

induced by . Finally we denote by qx the holomorphic quadratic differential
2Vk +1 vVEk+1

2
—THOPf(Id3 (Sk,cx) = (Sk, i) = 2

Labourie in [ | has defined the following map, which is a parametrezation of the
space of hyperbolic ends

Hopf(ld: (Sk,ckx) — (Sk, hy)

Oy : £(S) -TT(S)

E = (ck, qx)
Theorem 2.6.10. [ , Theorem 3.1] The map Py, is a diffeomorphism for every
K e (—-1,0).
The authour in [ | has proved the following theorem.

Theorem 2.6.11. For every hyperbolic end E € £(S) we have
K—0 K—0

where hq is the hyperbolic metric in the conformal class at infinity of E.
Moreover

. 1 d
ho = —§h0 — Re qo, ﬁ<_K>ﬂK |k=0=0
where qq 1s the Schwartzian at infinity of E.
The authour in [ | deduced the following corollary
Corollary 2.6.12. [ , Corollary 2.4] The maps (P ) ke(—1,0) converge to the Schwartzian

C-uniformly over compact subsets when K goes to 0.

2.7 Convex subsets of H? that have a quasi-circle as
their ideal boundary.

In this section, we will study convex subsets of H? that are homeomorphic to the sphere
and have a quasi-circle as the ideal boundary. An example of such subsets is the convex
hull in H? of a quasi-circle C' C 0,H?. For any such convex subset €2, its boundary in the
hyperbolic space 9Q NH? consists of the disjoint union of two topological discs (except
when 0,2 is a geometric circle). For our purposes, we will assume that even 02, the
boundary of €, is smooth, or we assume that € is the convex hull in H? of a quasi-circle
C' C 05 (see Figure 2.2 ), in that last case, the boundary of € is not smooth, but it is a
pleated surface (see | | and | ]). In all the cases mentioned above, the metric
of H? induces a path metric on the boundary of €. The asymptotic behavior of the path
metrics on 9QNH? near the ideal boundary of  gives a quasi-symmetric map f, this map
is called the gluing map (see Figure 2.7). Then the data that we have on the boundary
of 2 gives two metrics hand A~ on the disc D (because the boundary of Q consists of
the disjoint union of two topological discs) and a quasi-symmetric map f, which is the
gluing map. In the next pages we will define carefully the gluing map in the case when
the induced metric on 92 N H? has constant curvature (we will give the arguments of
[ |). For the more general case (when the curvature is not necessarily constant),
we refer to | |. Before that, we need to recall (From Section 2.4) some statements
about the compactness of convex subsets.
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Figure 2.1: € is a convex subset of H? U 0,,H? this has a quasi-circle as ideal boundary.
In this thesis we will consider when € is the convex hull of its ideal boundary, or when €2
has a smooth boundary.

(D, h*)

Do = (IVg) ' 0 dV

(D, k™)

Figure 2.2: The asymptotic behavior of 2 near its ideal boundary induces a quasi-
symmetric map called the gluing map.
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2.7.1 Labourie compactness statements

Theorem 2.7.1. [ | Denote by f, : S — H? a sequence of immersions of a surface
S. Assume that the metrics f}(h) converge smoothly to a metric go (where f(h) is the
pullback of the hyperbolic metric h by f, ). We also assume that the integrals of the
mean curvatures are uniformly bounded, so, up to extracting a subsequence, f, converge
smoothly to an isometric immersion f. such that fX(h) = go.

Proposition 2.7.2. We denote by K a real number in the interval (—1,0). Assume
that f, : H3 — H? is a sequence of proper isometric embeddings. We also assume the
existence of a point z € Hi such that the points f,(z) belong a compact subset of H?, so
up to extracting a subsequence, f, converges smoothly on compact subsets to an isometric
immersion [ : HZ — H?.

A locally convex immersion f : S — H? is termed a convex embedding if it satisfies
two conditions: first, it must be an embedding; second, the image f(S) must lie within
the boundary of its convex hull CH(f(S)). Alternatively, this condition can be interpreted
as there existing a convex subset C' C H? such that f maps S onto the boundary of C.
In particular, if f is a proper embedding, then it qualifies as a convex embedding if and
only if it bounds a convex region within H?. Importantly, any proper locally convex
embedding inherently also functions as a convex embedding, and restricting a convex em-
bedding to an open subset preserves its convex nature.

Lastly, if h : S — H? represents a convex embedding with N denoting the normal vec-
tor directed towards the concave side. In this case, the map h; : S — H? defined by
hi(z) = expy,(, (tN(z)) also constitutes a convex embedding.

The proof of Proposition 2.7.2 is based on Theorem 2.7.1 and the following Lemma.

Lemma 2.7.3. We denote by V : S — H? a convex embedding and we denote by R the
extrinsic diameter of V(S) (that is the diameter of V(S) with respect to the metric of
H?). We denote by H the mean curvature and by da the area form induced by V. So we
have

1
Hd AR+ 1
/S o< GmrAE+D

where A(p) denotes the area of the sphere of radius p in the hyperbolic space.
Proof. For a proof we refer to | , Lemma 3.7] O

Now we prove Proposition 2.7.2

Proof. First, we prove that V,, uniformly converges on compact sets of D. Gauss equation
implies that the map V,, is locally convex, so by the properness umwumption, V,, is in fact
a convex embedding. Let U be a bounded open subset in D with diameter R. Notice that
V,, restricts to a convex isometric embedding of U. In particular, the extrinsic diameter
of U is bounded by R. By Lemma 3.7, then the integral of the mean curvature of V,, over
U is uniformly bounded. By Theorem 3.4, we conclude that, up to a subsequence, V,,
converges over U to an isometric immersion. ]

The most important fact for us deduced from Proposition 2.7.2 is the following.
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Proposition 2.7.4. Let Q be a convex subset of H? as described at the beginning of this
chapter. Assume that the induced metric on 0Q NH? has constant Gaussian curvature
equal to —1 < k < 0. Then there exists an N that depends on the induced metrics on
0FQ), such that the principal curvatures of 0T are contained in the interval [%, N}. In
particular, it follows that the third fundamental form on 0*Q is complete.

Proof. Since there is € > 0 such that the product of the principal curvatures is greater
than e, it suffices to show that the principal curvatures have an upper bound. Assume,
by contradiction, the existence of a sequence of points (x,),eny C 0T such that one of
the principal curvatures at z, is greater than n. Up to applying isometries of H?, we
can assume that x, = o € H?® (this will change the set 2, but it will not change the
induced metrics on the boundary of €2), call the image of Q under these isometries €2,.
We then have a sequence of isometries V,, : (D, h) — 907, sending a fixed point py € D
to x¢. Proposition 2.7.2 implies that, up to a subsequence, V,, converges smoothly to an
isometric immersion. But this contradicts the fact that one of the principal curvatures at
xo diverges to oo. O

2.7.2 The gluing maps

For simplicity we will Begin by the case when the boundary of € is assumed to be smooth.
The first crucial proposition that we need to show is the following.

Proposition 2.7.5. Let Q be a convex subset of H? U 0,,H? which is homeomorphic to
S?, and let its ideal boundary 0,82 be a Jordan curve. In this case, OQ NH? consists of
the disjoint union of two topological disks O*5).

Assume that we have the following isometries

Vg (D, h*) — 0%Q

Where the curvatures of h™ is constant and equal to k, for some —1 < k < 0.
Then VaiQ extend to a homeomorphism of DU O, H? — Q U 9+Q.

In what follows we will moreover assume that 0.2 (which is a Jordan curve) goes
thought {0,1,00}. Assume at the moment that Proposition 2.7.5 is true. In that case we
have unique isometries
Vi5,(D, h) — 0%Q such that the extension OV : 0. H? — 0,82 satisfies 9V (i) = i for
any ¢ € {0, 1,00}

Definition 2.7.6. The gluing map ®q associated with §2 is defined to be the comparison
map between V§ and Vi, that is:
(I)Q = (8‘/5)’1 o 8‘/5
In | , Theorem B] the authors show the following

Theorem 2.7.7. Assume that the induced metric on the boundary 0Q NH? is constant
and equal to —1 < k < 0. The Jordan curve 0,52 is a quasi-circle if and only if ®q is a
quasi-symmetric map.
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Remark 2.7.8. In [ , Theorem A] the authors also showed that Theorem 2.7.7
holds in the case when k = —1, that is when ) is equal to the convex hull of a Jordan
curve in O, H?

We will begin by justifying the existence of the gluing map. This will be done by
proving Proposition 2.7.5. However, We recall that we are giving a sketch of proof in the
case when the induced metric on 9Q N H? has a constant curvature, for more details we
refer to | |. For a proof in the general case where the curvature of the induced
metric on 92 N H? is not necessarily constant, we refer to | ].

2.7.3 The existence of the gluing map

Let © be a convex subset of H? as described in Proposition 2.7.5. We define a natural
1-Lipschitz retraction

ro HS — Q
The map rq send a point # € H? to the nearest point in 2. The map rq induces a map
ro : H3\ Q — 0Q which is a 1-Lipschitz retraction see | , Section II.1.3]. Moreover

the map rq extends to a map rq : H? U 9, JH? — Q. For every point = € 9, ,H3, ro(z) is
the intersection point of the smallest horosphere centered at x which meets C. It is also
worth to mention that the rqg behaves well under limits, in the sense that if a sequence
of convex subsets (€2,)nen converge in the Hausdorff topology to Q then rq, converge
uniformly to rq in H? U 0, H?.

The convex subset € induces a natural metric on d,,H? \ 0,,Q. Let’s explain how. Let B
be the space of horospheres of H?, recall that a horosphere is nothing but a sphere in H3
(in the Poincaré ball model) which is tangent to one point in O, H?, this tangent point
is called the center of the horosphere. Let m : B — 0,,H? be the natural projection map
that send each horosphere to each center.

We define oq : 0-.H? to be the section that maps the point p to the horosphere centered
at p and tangent to 02 at r(p).

Recall that each point x € H? induces a Riemannian conformal metric on 9,,H? which is
called the visual metric. The visual metric induced by two points x;, x, € H? at a point
2 € O, H? agree if and only if 21 and z, lie on the same horosphere centered at z. Then
we have an identification between the space of metrics on T,0,,JH?® that are compatible
with the conformal structure and 7—!(z).

We notice then that the section oq determine a conformal metric on 9, H? \ 0,92, we
denote this conformal metric by I, we call this metric by the horospherical metric.

In the case when € is the convex hull in H? of a Jordan curve in 0,,H?, we still can define
the conformal metric I, in this case it is called the Thurston metric on 9, H? \ 0, H?
(for more details see | 1.

Note that if 2; and €5 are two convex subsets that share the same ideal boundary (that
1S 050821 = 0x€2s), then I§1|CP1\800§22 < 1§, if and only if Q) C Q.

The following lemma summarize some important properties about the horospherical met-
ric, (for a proof see [ D).

Lemma 2.7.9. The following statements are true:

o We denote by Qs the set of points at distance less than or equal to s from . So
is a conver set 1§, = el
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o If 90 is of class C?, then rq @ O3 \ 0,0 — 0Q is a C' diffeomorphism and
(rg" ) (Is) =1 +20+ 11

o Asuume that OS) is smooth. So the curvature of I, at z € O H? \ 058 is

K(ro(2))
(1+ pa(ra(2)))(1 + pa(ra(2)))

Where K is the intrinsic curvature of 0S) and jy and po are the principal curvatures.

K7(2) =

Lets denote the the components of O, H? \ 0, by 0=, we assume that rq (9L Q) =
07Q and that rq(0_Q) = 0~ Q.
Using Lemma 2.7.9 we deduce the following propostion.

Proposition 2.7.10. Let Q) be a convex subset as described in the beginning of this chap-
ter. There exists an L > 0 that depends on the induced metric on 0FQ such that each of
the maps

rs 00 — 0FQ
is L-bilipschitz, where 0= is equipped with the hyperbolic metric coming from the uni-
formization.

We need first to show the following lemma

Lemma 2.7.11. There is a constant M that depends on the induced metric on the bound-
ary of Q, such that the conformal hyperbolic metric on 0L (resp 0~Q) is M bilipschitz
to Iy | 0L (resp 1| 0.Q)

Proof. See | , Lemma 3.13] O
Now we prove the proposition

Proof. By the second formula of Lemma 2.7.9, we have (rq")*(I3) = I + 20 + I. Tt
follows from Lemma 2.7.4 that rq : (0L, [5) — 07Q is uniformly bilipchitz. Then, it
follows from Lemma 2.7.11 that rq : 9LQ — 07Q is uniformly bilipchitz (where 01 is
endowed with its unique hyperbolic metric). ]

Proposition 2.7.12. The isometries Vi : (D, h*) — 0FQ can be extended to a homeo-
morphism of D U 0, .H? onto 0FQ U 0,.9.

Proof. By Proposition 2.7.10 the nearest retraction map ro : 9£Q — 0%Q. Let UZ :
H? — 0£Q be the uniformization maps. Hence V' or& o Us : (D, h*) — H? is L bilip-
schitz, then in particular it is quasi-conformal. Then it has a homeomorphism extension
to DU 0, H? — H? U 0, H>.

Consider a sequence (i, )nen in H? converging to x., € d,H2. Consider another sequence
(Yn)nen in H? such that ro(Ud (y,)) = VT (x,), which implies z,, = V" oroc g oUsc(yn)-
Since x, — Too, and V! o rg o Ud is a homeomorphism from 9,H? to d,H?, we
conclude that (y,)nen converges to yo, € O, H?. Therefore, the formula OV (z,) =
Ta 1 (U (Yoo)) = UZ (yoo) defines the desired extension of V to a homeomorphism from
D to 0TQ U 0,.12.

We denote the extension of V* to the boundary at infinity by 9., V*. ]
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We call the map
(I)Q = (GOOV_)_l o) 8OOV+

by the gluing map of (2.

We have justified the existence of &, when the boundary of ) is smooth and the induced
metric on it is of constant curvatures. However we refer to | | to justify the existence
of gluing maps when the curvature is not necessarily constant.

For the case when the boundary of 2 is not smooth (then a pleated surface), the path
metric on the boundary is hyperbolic (has constant curvature equal to —1), the gluing
map still exists in this case, for more details we refer to | ]. However it is worth to
mention that the steps of the proof are the same as in the smooth case, except that insted
of Proposition 2.7.10, we have the following proposition, for a proof see | |[Corollary
1.3]

Proposition 2.7.13. Assume that the boundary of €2 is a pleated surface. The nearest

point retraction map rq : 0=Q — 0Q is a quasi-isometry for some constant independent
on ).

2.7.4 Quasi-Fuchsian manifolds from universal point of view

Let @ € QF(S) be a quasi-Fuchsian manifold. Recall that the ideal boundary of @,
denoted by 0,,Q, consists of the disjoint union of two copies of .S, that is, 0,,Q = Sx{0,1}.
The hyperbolic metric on @ (as explained in 2.1) induces a conformal structure on 0,,Q,
which then induces two conformal structures on S. We denote the conformal structure
on S x {0} by ¢~ and the conformal structure on S x {1} by ¢*.

The Riemann surface (S, c¢*) (respectively (S,¢™)) is identified with H?/p™ (respectively
H?/p~), where p* (resp. p~) is a Fuchsian representation.

Recall that the quasi-Fuchsian manifold @ is identified with H?/p, where p is a quasi-
Fuchsian representation (see 2.1). The limit set of p(m;(S)) (denoted by A,) is a quasi-
circle. Thus, d,,H? \ A, consists of the disjoint union of two topological discs, which we
denote by D and D~. Recall that (S, ") is identified with Dt /p and (S, ¢”) is identified
with D~ /p.

Up to normalizing, we can assume that the uniformization maps U* : H? — D* are
normalized. That is, their extension U : 9,,H? — 0D* satisfies OU* (i) = i for any
i € {0,1,00}. Since DT /p is identified with (S, ¢*) which is identified with H?/p, we get
that the map U™ (resp. U™) is p, p* (resp. p, p~) equivariant.

This implies that the map

QU)o dU" : 0, H? — 0, H?

is pt, p~ equivariant.
Lets recall the following theorem, which is known as the conformal welding, for proof see
[ | for example.

Theorem 2.7.14. For any normalized quasi-symmetric map f, there is a unique nor-
malized quast circle C, such that

f=0U ) tooU"
Where U* are the uniformization maps of O, \ C that satisfy OU=(i) = i for any
i€{0,1,00}.
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As one can observe, Theorem 2.7.14 implies Bers’ theorem (Theorem 2.1.1). In par-
ticular, for any quasi-symmetric map f which is py, po equivariant, there exists a unique
quasi-Fuchsian manifold such that the gluing map of its limit set (after normalizing) is
the map f. Thus, by Theorem 2.7.14, any such equivariant map corresponds to a unique
quasi-Fuchsian manifold. We won’t delve into the details of why Theorem 2.7.14 implies
Bers’” theorem, but we will present a "universal” version of Thurston’s conjecture about
the prescribed metrics on the boundary of the convex core of a quasi-Fuchsian manifold.
We will then show why, if this conjecture is true, it will imply Thurston’s conjecture. The
arguments are similar to show why Theorem 2.7.14 implies Bers’ theorem.

Let C' be a quasi-circle in OH?, and let Q = CH(C') be the convex hull of C' in H?.
Then (unless if C' is a geometric circle) the boundary of © NH? consists of the disjoint
union of two topological disks 0*€2, and H? induces a path metric which is hyperbolic on
each of them. As we have seen (for more detail see | ]),the normalized isometries
VE H?2 = 0FQ extend to a homemorphism OV : 0, H? — 0,52, and this induces a
normalized quasi-symmetric map (9V )" 0o 9V *. The following statement can be seen
(we will explain why) as an universal version of Thurston conjecture

Question 2.7.15. Let f be a normalized quasi-symmetric map, is there a unique nor-
malized quasi-circle C' in O, H® such that f is the gluing map of CH(C) 2.

The existence part of Question 2.7.15 has been confirmed to be true. For a detailed
proof, we refer to | , Theorem A] . The main idea behind the proof of this
existence theorem involves an approximation by the lifts of the convex cores of quasi-
Fuchsian manifolds.

Theorem 2.7.16. / , Theorem A] Let [ be a normalized quasi-symmetric map,
then there exists a normalized quasi-circle C' such that f is the gluing map of CH(C).

Next, we will show that if the uniqueness part of Question 2.7.15 holds, then Thurston’s
conjecture also holds.

Proposition 2.7.17. Assume that Question 2.7.15 holds, then Thurston conjecture (Con-
jecture 2.1.2) also holds

Proof. Let h™ and h~ be two hyperbolic metrics on S. Let @ € QF(S) be a quasi-Fuchsian
manifold such that the induced metric on 07C(Q) (resp 9~ C(Q)) is identified with (S, h')
(resp (S,h7)). Then there is two Fuchsian representations p*, p~ : m(S) — PSL(2,R)
such that (S, h") is identified with H?/p* and (S, h™) is identified with H?/p~. Also, the
quasi-Fuchsian manifold @ is identified with H?/p for some quasi-Fuchsian representation
p-

We denote the limit set of p(m(S)) by A,. Up to normalization, there is a normalized
isometry V* : H? — 0TCH(A,) (resp V— : H?* — 9-CH(A,)) which is p*,p (resp
p~,p) equivariant. It follows that the gluing map ®cpa,) == (V7)1 o dVT is pt, p~
equivariant.

We argue by contradiction and we assume the existence of a quasi-Fuchsian manifold
Q' € QF(S) such that the induced metric on 0+C(Q") (resp 9-C(Q")) is identified with
(S,h™) (resp (S,h7)). This quasi-Fuchsian manifold Q' is identified with H?/p/, for some
quasi-Fuchsian representationy’.

67



We denote the limit set of p'(7(S)) by A,. By the same argument as above Pcma,) the
gluing map of CH(A,) is p*, p~ equivariant, there is a unique such quasi-symmetric map,
it follows that CIDCH(AP,) = ®cp(a,) And then it follows that A, = A,.

As the action of p on 0TCH(A,) (resp 9~ CH(A,)) is isomorphic to the action of p' on
O0TCH(A,) (resp 0~ CH(A,)), we deduce that the action of p on A, is isomorphic to the
action of p’ on A,. It follows that the action of p on 9,,H?\ A, is isomorphic to the action
of p' on O ,H? \ A, .

Then we deduce by Bers theorem that Q = Q. m

We can also state a universal version of Theorem 2.1.6.

Question 2.7.18. Let h™ and h™ be two metrics on D that have curvatures in [—1 + €, ﬂ ,
for some € > 0. And let f be a normalized quasi-symmetric map. Is there a unique covex
set Q C H? thas has a quasi-circle as ideal boundary, such that the induced metric on 9+
is isometric to h™, the metric on 0~ Q is isometric to h™ and the gluing map ®q is equal

to f.

In | , Theorem B] the authors show the existence part of Question 2.7.18
when the metrics A" and h~ have constant curvatures equal to k, for k € (—1,0). And
later in | , Theorem 1.2] the authors proved the existence part of Question 2.7.18 in

the general case.

It is also possible to look at the third fundamental form on OQNH?, and the gluing map
that corresponds to the third fundamental form. More explicitly, the third fundamental
form on 9Q N H? is a metric that has curvature strictly smaller than 1. Then we have
isometries

VaE (D, h*) — (05Q, )

This isometries extend homemorphically to a homeomorphism between D U 0, H? and
0FQ U 0,0 After normalization we can assume that dV**(i) = i for any i € {0,1,00}
and we define the gluing map with respect the third fundamental form to be ®§ :=
(OVy ) LoV,

We can also state a universal version of Theorem 2.1.6 about the third fundamental
forms.

Question 2.7.19. Let h*" and h*~ be two metrics on D that have curvatures in [—%, 1-— 6]
for some € > 0, and in which every contractible closed geodesic has length strictly smaller
than 2m. And let f be a normalized quasi-symmetric map. Is there a unique convexr sub-
sets of Q such that the induced third fundamental form on 0TQ is isometric to h**, the
induced third fundamental form on 0~Q s isometric to h*~ and the gluing map g is
equal to §2.

In | , Theorem B], the authors show the existence part of Question 2.7.19
when the metrics h** and h*~ have constant curvatures equal to k, for k € (—oo,—1).
Later in | , Theorem 1.2], the authors proved the existence part of Question 2.7.19

when the curvatures of h*~ and h** are strictly negative (but might be variable).
It is worth to mention that the complement of the convex hull of a quasi-circle in H?

is foliated by k-surfaces by a Theorem of Rosenberg and Spruck (see | , Theorem
4]), this theorem extends Labourie theorem about the foliation of the complement of the
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convex core by k surfaces to the universal setting, we will explain why after giving the
following theorem

Theorem 2.7.20. / , Theorem 4] Consider a Jordan curve C C CP', and let K be
a real number in (—1,0). There exists precisely two properly embedded K -surfaces in H?
that spine C'. Fach of these surfaces is topologically a disk, they are disjoint, and together
they form the boundary a closed convex subset Cr(C') C H?. Moreover, Ck(C) contains

a neighborhood of the convex hull CH(C'). Furthermore, these K-surfaces, when K vary
in (—1,0), form a foliation of H* \ CH(C).

As one can see, Theorem 2.7.20 implies Labourie theorem in | ]. Indeed, let H?/p
be a quasi-Fuchsia manifold, Let A, be the limit set of p (then it is a quasi-circle). By
Theorem 2.7.20 each connected component of H? \ CH(A,) is foliated by k-surfaces as
mentioned in the statement of Theorem 2.7.20. For each k there is a unique k surface,
and since A, is invariant under the action of p, then for each k, the surfaces Si¥(A,) are
invariant under the action of p, it follows that the quotient Si*(A,)/p is a k surface in H?/p.

In | | the authors have shown that equivariant quasi-symmetric maps are
dense in the set of quasi-symmetric maps as the following Proposition shows. We say
that a normalized quasi-symmetric map f is quasi-Fuchsian if there is a closed hyperbolic
surface S and two Fuchsian-representations pq, po : m(S) — PSL(2,R) such that f is
p1.-p2 equivariant.

Proposition 2.7.21. / , Proposition 9.1] Any normalized quasi-symmetric map
f is the C° limit of a sequence of normalised uniformly quasisymmetric quasi-Fuchsian
homeomorphisms f,.

As a consequence of Proposition2.7.21, we deduce that the quasi-circles that are limit
sets of some quasi-Fuchsian groups, are dense in the set of quasi-circles with respect to
the Hausdorff topology. There is a possible approach to show Theorem 2.7.20 by using
the main theorem of | ]. This can be done by approximating a quasi-circle C' by a
sequence (C,)nen of quasi-Fuchsian quasi-circles, which the complement of their convex
hull in H? has a foliation by k-surface by Labourie Theorem (see | ]), and then it
remains to show that the foliation of H3\ CH(C,) by k-surfaces converge to a foliation of
H? \ CH(C) by k-surfaces.

2.7.5 The bending lamination of the boundary of the convex
hull of a quasi-circle in H?

As stated earlier, the boundary 0C(Q) of the convex core of a quasi-Fuchsian manifold
Q € QF(S) is the disjoint union of two pleated surfaces homeomorphic to S. The bending
locus, plus the amount of bending of dC(Q), defines two measured laminations on the
surface S. Thurston made the conjecture that any two measured laminations Lt and L~
that fill the surface S and don’t have any closed leaf of weight equal to or greater than 7
can be realized as the bending lamination of the boundary of the convex core of a unique
quasi-Fuchsian manifold ). Bonahon and Otal | | have shown the existence of such
a manifold, and later, Dular and Schlenker | | have shown the uniqueness of such a
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manifold.

As we have seen, all the statements regarding prescribing data on the boundary of a con-
vex co-compact manifold of the form S x [0, 1] have a universal analogue using quasi-circles
and quasi-symmetric maps. Therefore, we aim to formulate a statement that generalizes
the Thurston conjecture about bending laminations to this setting.

Let C be a quasi-circle in 9, H?, which is not a geometric circle. Let CH(C) be the con-
vex hull of the quasi-circle C' in H?. Then, 9CH(C) N H?, the boundary of CH(C), is the
disjoint union of two topological disks denoted by d*CH(C), which are pleated surfaces
in H3. Each of 9*CH(C) has a path metric induced from the metric of H?. Consequently,
each of 9*CH(C), with its path metric, is isometric to H?. Since they are pleated surfaces
each of them defines a measured lamination in H?.

Definition 2.7.22. Let ¢ : 0,.H? — O, H? be a continuous embedding map such that
Im(¢) = C is a quasi-circle.
Let CH(C) be the convex hull of C in H3, and let 0*CH(C) be the components of
OCH(C) NH3.
We say that ¢ is quasi-symmetric if there are isometries (or, equivalently, for any isom-
etry)

VE L 9*CH(C) — H?
such that both of the maps OV* o ¢ are quasi-symmetric maps.
Then we say that ¢ : O, H? — C is a parametrized quasi-circle.

We have seen that all the data of a measured lamination in H? is in the ideal boundary
OsoH? (indeed, it can be prescribed as a measure on 9,,H? x 9,,H?\ A). Then, given any
homeomorphism that preserves the orientation f : O, ,H? — 0, H?, we can pull back a
measured lamination.

Definition 2.7.23. Let ¢ : O, ,JH? — C be a parametrized quasi-circle. We say that
LT, L™ € ML(H?) are the measured lamination of the parametrized quasi-circle ¢ if LT
(resp L~ ) is the pull back of the bending lamination of 0T CH(C) (resp 0~ CH(C)) by ¢.

In this section we will be interested on prescribing the subset of ML(H?) x ML(H?)
that can be the bending lamination of the boundary of the convex hull of some quasi-circle.

Question 2.7.24. Let L* € ML(H?) be two measured laminations.

Under what conditions are L™ the bending laminations of some parametrized quasi-circle
¢

The first thing that one should think about is what is the lift of two measured lami-
nations that fill a closed surface S. This gives raise to the following notion.

Definition 2.7.25. Let L* € ML(H?). We say that L* strongly fill if for any A > 0
there exists L > 0 such that for any geodesic arc « that has length (o) > L the following
inequality holds

i(a, L") +i(a,L7) > A

As an example of a pair of measured laminations of H? that strongly fill, consider a
closed hyperbolic surface S and take any two measured laminations that fill S. Then, the
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lift of these two measured laminations will strongly fill H?.

Recall a measured lamination in H? can be seen as a measure on 0, H? X ., H*\ A /(Z/27)
(where A is the diagonal of d,H? x 9,,H?). One can detect if two bounded measured
laminations strongly fill from the boundary at infinity by the following proposition

Proposition 2.7.26. Let Lt and L~ be two bounded measured laminations that strongly
fill. Let a,b,c,d € 0,.H? be four point in that cyclic order. For any A > 0, there is L > 0
such that if the distance between the geodesics (a,d) and (b,c) is bigger than L, then the
measure of L™ ([a,b] X [c,d]) + L™ ([a,b] X [c,d]) > A.

A pair of bounded measured laminations behave well with quasi-symmetric maps as
show the following Proposition

Proposition 2.7.27. Let f : S — S1 be a homeomorphism that preserves orientation.
Let LT and L~ be two bounded measured laminations that strongly fill in H?. Assume that
both f.(L*) and f.(L™) are bounded. Then f is quasi-symmetric.

Proof. We argue by contradiction. If f is not quasi-symmetric, then there exists a se-

quence of points (a,, by, ¢, d,,) that are in symmetric position, and cr(f~(a,), f~1(b,), f 1 (cn), f1(dy))
goes to co. In particular the distances between the two geodesics (a,,b,) and (¢,, d,) are

bounded, and the distances between (f~*(a,), f~*(b,)) and (f~(cn), f7*(dy)) go to oo.

Since L* are bounded and strongly fill, by proposition 2.7.26

L[ an), f7H00)] % [fH (en)s f7H(dn) )+ L7 ([ an), £ 00)] > [f (), f7H(dn)])
go to oo but since we assumed that f,(L1) and f.(L~) are bounded, also

L ([t bu] X [y dn]) + L7 ([an, ba] X [0, dy])
must be bounded. This is a contradition, then f must be quasi-symmetric. ]

Bridgman (see | |) has shown that the Thurston norm of the bending laminations
of 9*CH(C) must be bounded by some universal constant ¢ (that is ¢ does not depend
on the Jordan-curve C')

Theorem 2.7.28. [ | There is ¢ > 0, such that for any Jordan curve C, the Thurston
norm of the bending lamination of 0T CH(C) and 0~ CH(C) is bounded by c.

In the quasi-Fuchsian case, leaves with angles greater than 7 are not allowed, this lead
to the condition that the measured laminations are bounded by m. We give the following
claim.

Claim 2.7.29. Let L* € ML(H?) be two measured laminations that strongly fill, and
each of them has a Thurston norm bounded by w. Then there exists a parameterized
quasi-circle 7 : O, H? — C' such that the pullback of the bending lamination of 0T CH(C)
by ¢ is L™ and the pullback of the bending lamination of 9~ CH(C) by ¢ is L~.

As we will explain later, the pair of laminations described in Claim 2.7.29 are not
a full characterization of pairs of measured laminations that can be realized as bending
laminations of some parameterized quasi-circle. However, we hope that is a sufficient
condition of the pair of measured laminations of H? to be bending laminations of some
parameterized quasi-circle, this condition is enough to generalize the quasi-Fuchsian case,
since the lift of two measured laminations that fill a closed surface, strongly fill H?2.
A possible approach to prove Claim 2.7.29 is by approximating by the lifts of quasi-
Fuchsian manifolds. However we will need to the following claim
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Claim 2.7.30. Let L™ and L~ be two measured laminations in H? that are strongly filled
and bounded by . Let ¢, : O .H? — O, be a sequence of parameterized quasi-circles such
that the pullback of the bending lamination of 0T CH(C,) (respectively 0~ CH(C,)) by ¢,
is L} (respectively L ).

Assume that (L ),en (respectively (L )nen) converge in the weak-* topology to LT (re-
spectively L~ ). Then, up to extracting a subsequence, the parameterized quasi-circles ¢,
converge uniformly to a parameterized quasi-circle ¢ : O, H? — C such that the pullback
of the bending lamination of OYCH(C) (respectively 0~ CH(C)) by ¢ is L™ (respectively
L)

Note that Claim 2.7.29 is a generalization of the closing lemma in the quasi-Fuchsian
manifolds given by Bonahon and Otal in | |. The most obvious necessary condition
for a pair of laminations L™ and L~ to be the bending laminations of parameterized
quasi-circles is filling (a weaker version than strongly filled), but it is not sufficient. At
the same time, the condition of strong filling is not necessarily, as shown in the following
examples.

First lets define filling and show why it is a necessarily condition

Proposition 2.7.31. Let ¢ : O, ,H?> — C be parameterized quasi-circles, and let LT and
L™ in ML(H?) be its bending laminations (that is the pullback of the bending laminations
of 0" CH(C) and 0-CH(C) by ¢). Than the pair of laminations L™ and L~ fill H?, that
is for any vy, a complete geodesic of H?, the following holds

i(y, L) +i(v, L) > 0

Proof. We argue by contradiction. Assume the existence of v, a geodesic that is realized as
a geodesic of H? (without bending) in both of 9*CH(C) and 9~ CH(C). Therefore, those
two boundary components 0TCH(C) and 0~ CH(C) would intersect along a complete
geodesic, which we can still denote as v. But then if P~ is a support plane of 9~ CH(C)
along v, and P* is a support plane of 9"CH(C) along . This can only happen if
Pt =0TCH(T') = 0~ CH(T") = P, that is, if C' is a geometric circle. O

Next we give an example about a pair of laminations that fill but cannot be realized
as bending laminations of any parameterized quasi-circle.
Start by considering a complete convex surface ¥~ contained in H?, which is the union
of two totally geodesic half-planes that meet along their common boundary. Let C' =
CH(X") be its convex core. By construction, ¥~ is the lower boundary component of C.
A simple symmetry argument shows that the upper boundary component of C, 9+C,
is bent along a measured foliation which is invariant under a one-parameter subgroup
of translations, and each leaf of the foliation is orthogonal to the common axis of the
translations. We denote by A", A~ the measured bending laminations on the future and
past boundary components of C', so that the support of A~ contains only one line, while
the support of A" is the whole hyperbolic plane, see Figure 2.7.5. Clearly, the pair (A~, AT)
does not strongly fill, since a long segment of a bending line of A* can be disjoint from
the support of \™.

Now consider a modified lamination \J obtained from A™ by adding an atomic weight
to one leaf of the foliation. It is then clear that the pair (A7, A\J) weakly fill. However, it
cannot be realized as measured bending laminations of a parameterized quasi-circle, since
in this case A~ by itself determines the curve and therefore the upper bending lamination,
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Figure 2.3: The bending lamination of 0~ CH(C) is one leaf, and the bending lamination
of 9TCH(C) forms a foliation of H?.

which needs to be equal to A*.
However, we can show that if the bending laminations of a Jordan curve are bounded and
strongly fill then this Jordan curve is a quasi-circle

Lemma 2.7.32. Let f : 0, H? — 0., H? be a parametrized Jordan curve, that is f is
injective and its image is a Jordan curve denoted by C. Assume that the pull back of the
bending laminations of OFCH(C) by f are bounded and strongly fill, then C is a quasi-
circle

2.7.6 Some facts about the hyperbolic convex hull of a Jordan
curve in 0, H?
Let C € 0, H?® be a Jordan curve, and as usual denote its hyperbolic convex hull by

CH(C). We will show that C' is a quasi-circle if and only if one of the isometric embed-
dings (then both) v* : H* — 0*CH(C) C H? is a quasi-isometry from H? to H?.

Lemma 2.7.33. | , Lemma 4.4] Let P, be a sequence of convex sets of H?, and
let S, denote their boundaries. Assume that P, converge to a convex subset of H?, P,
in the Hausdorff topology of closed sets of H? and denote by S the boundary of P. If
T, Yn € Sy converge to x,y € S, then dgs, (x,,y,) converge to ds(z,y).

Proposition 2.7.34. Let C be a k quasi-circle.

e dM (k) > 0 a constant depending only on k such that if z,y € OTCH(C) and
st(xay) = 17 then d8+CH(C)('x7y) < M(k)

e dm(k) > 0 a constant depending only on k such that if x,y € 0T CH(C) and
do+cre)(z,y) = 1, then dys(x,y) > m(k).
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Proof. Let’s prove the first point, we argue by contradiction. Assume the existence of a
sequence C,, of k quasi-circles such that, 3z, y, € TCH(C,) such that dgs(z,,y,) = 1
and do+cu(c,) (Tn, Yn) = .

Up to applying isometries on C,,, we can assume that z,, and ¥, are both constant points
in H3, denote them by z and y respectively. By Ahlfors’s lemma, Up to extracting a
subsequence of C),, we can assume that C,, converge to a k quasi-circle C' in the Haus-
dorff topology of closed sets of H?. Then CH(C,,) converge to CH(C) in the Hausdorff
topology of closed sets of H*. Then, do+cn(c,)(2,y) (which is bigger than n) converge to
do+cu(c) (2, y), which is absurd. Thus, we take M (k) to be:

M(k) :=inf {da+0H(c)(x,y)|C’ € QCh,x,y € 0TCH(C), dys(z,y) = 1}

We also prove the second point by arguing by contradiction. Assume the existence of a
sequence (), of quasi-circles such that, 3z,,y, € 07CH(C,) such that dgs(z,,y,) < %
and da+cr(c,)(Tn, Yn) = 1.

Up to applying an isometry, we can assume that x,, = x a constant point, note that y,
converge to x. Again by Ahlfors’s lemma, Up to extracting a subsequence of C,,, we can
assume that C,, converge to a k quasi-circle C' in the Hausdorff topology of closed sets
of H*. Then dyp+cn(c,)(Tn, Yn) (Which is equal to 1) converge to do+cn(c)(, y) (which is
equal to 0), which is absurd. Thus, we take m(k) to be

m(kz) ;= inf {de (fE, y), Ce QCk, X,y € 8+CH(C), d6+CH(C) (X,y) = 1}

We deduce then the following Corollary

Corollary 2.7.35. Let C € 0,,H? be a quasi-circle. Then the maps V* : H> — 0*CH(C)
are quasi-isometries from H? to H?.

Theorem 2.7.36. | | We identify OsJH® with C. Let C be a Jordan curve. Then,
C' is a k quasi-circle if and only if there is a constant C (k) that depends only on k, such
that for all a,b,c,d € C such that ac separates bd, the following inequality holds:

|b—al-|c—al

< (C(k

|b—d|-|c—d| — (k)
Proposition 2.7.37. Let C C O, ,H? be a Jordan curve. Assume that one of the maps
: H? — 0*CH(C) is a quasi-isometry from H? to H3, then C is a quasi-circle.

Proof. We argue by contradiction. Assume that C'is not a quasi-circle. Then, there exists
a sequence of points a,, b,, ¢,,d, € C such that

|bn = an] - |en — anl

[bn = dn| - |en = dn]

>n

Without loss of generality, we can assume that a, = 1, ¢, = —1, d, = 7, and V,(p) =
p for all p € {1,i,—1}. From our assumption, b, converges to d, which implies that
the Hyperbolic Hausdorff distance between the geodesics (—1,1)ys and (b,,7)gs goes to
infinity. However, the distance between the two geodesics (—1, 1)z and (Vi)™ (by), 1)me
is equal to 0, which is absurd. O
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Chapter 3

Globally hyperbolic manifolds

3.1 Anti-de Sitter geometry

3.1.1 Hyperboloid model

In this chapter we will focus more on Anti-de Sitter space. The anti-de Sitter space is one
of the model spaces in the Lorentzian geometry, it is the Lorentzian analogue of the the
hyperbolic space, for more details about Anti-de Sitter space we refer to | ].

Let R™? be the vector space R"*? endowed with the quadratic form

Gno(0) = 2] + o+ @ — Ty — Tps
The linear transformations that preserve g, forms a group that we denote by O(n,2)
and we denote by (.,.), , the scalar product associated to gy 2.
We define 7

H™' = {z € R™? ¢, 2(z) = —1}.

The subset H™! is a submanifold of R"*? of dimension n+ 1, the restriction of g, to each
tangent space T,H™! has a signature (n, 1), then it induce on H™! a Lorentzian geometry.
That model is called the quadratic model, we refer to | , Section 2.1] fore more details
and for a proof why the Lorentzian manifold H™! has a constant sectional curvature equal
to —1.
Now we will introduce the projective model to be

ADS™! .= H™'/ {1}

We refer to | , Section 2.2] to see proofs why ADS™' has a constant sectional curvature
equal to —1.
Note that ADS™ is identified with the subset of RP"™ which is defined as

ADS™ := {[z] € RP', g, 2(z) < 0}

We define the ideal boundary 0.,ADS™! to be the projectivization of the set of lightlike
vectors in R™?, that is

OADS™! = {[z] € RP"™ g, »(z) =0}

We refer to | , Section2.2] to see why ADS™! induces a Lorentzian conformal structure
on O, ADS™!.
We can distinguish three types of geodesics
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Figure 3.1: The three dimensional anti-de Sitter space is homeomorphic to a solid torus,
and its ideal boundary is conformally equivalent to a RP* x RP'. A space like plane P
intersects the ideal boundary of ADS*! at a geometric circle.

e Timelike geodesics: they are geodesics that correspond to a projective line, which
is a closed non-trivial loop entirely contained in ADS™' that has length equal to 7.

e Spacelike geodesic: they are geodesics that correspond to a projective line contained
in ADS™ U0, ADS™! that intersects O, ADS™! transversely at two points, they have
infinite length.

e Light like geodesics: they are geodesics that correspond to a projective line contained
in ADS™ U 0,,ADS™! which are tangent to 0, ADS™"

3.1.2 Totally geodesic spaces

Let W be a k-dimensional linear subspace of R™2. Since in this thesis we will focus on
the three dimensional space ADS*!', we will assume that n = 2 and k = 3, in that case
we say that W NH?! is a plane (See Figure 3.1.2).

Let P be a plane of H?!

e We say that P is space-like if any two points in P are connected by space-like
geodesic which is in P.

o We say that P is time-like if it contains a time like geodesic.

e We say that P is light-like otherwise.

3.1.3 The PSL(2,R) model

In this thesis we will focus on ADS*!, that is the three dimensional anti-de Sitter space.
This space has a Lie group structure which is diffeomorphic to PSL(2,R) (that is the
identity component of the isometry group of H?), and also it happens that in this case the
isometry group of ADS*! that preserve the orientation and time orientation SOg(2,2) is
isomorphic to PSL(2,R) x PSL(2,R).

76



Let M(2,R), the space of 2 x 2 matrices with real coefficient, one can notice that the
space (M(2,R), —det) is isometric to R*2.

R4 — M272 (R)

T1 — X3 X4 —.CC2>

T1,T9,T3,Ty) >
( ’ ’ ’ ) To + X4 .Z‘1+LL‘3

Under this isomorphism the space H*! is identified with the lie group SL(2,R).
Note that the group SL(2,R) x SL(2,R) acts on M(2,R) by left and right multiplication

(A, B).M := AMB™!

We refer to | , Section 3.1] to see why the action of SL(2,R) x SL(2,R) preserves the
quadratic form —det, and that the isometry group that preserve orientation of SL(2,R) en-
dowed with the quadratic form —det is identified with SL(2,R)xSL(2,R)/{(Id, Id),(—Id,—Id)}.
We refer to the same reference | , Section 3.1] to see why x(X,Y) = 4tr(XY) is the
killing form of SL£(2,R) the Lie algebra of SL(2,R).
Under these identifications, it follows that ADS*' is identified with PSL(2,R) and the
isometry group of ADS*! that preserves orientation is identified with PSL(2, R) x PSL(2, R).
Note that with this Lie group model of ADS*' one can define the ideal boundary of anti-de
Sitter space as

O ADS*' = {[X] € P(M(2,R))| det(X) = 0} .

One can see that ADS?! is diffeomorphic to D x RP! and that 9., ADS*! is identified with
RP' x RP! via the following map:

0. ADS*! — RP! x RP!
[X] = (Im(X), Ker(X))

Using the Lie group model of ADS*' we obtain a description of each geodesic type. Let’s
see the case of the one-parameter groups for the Lie group structure of PSL(2,R). For
proofs and details we refer to | , Section 3.5]

e Timelike geodesics are, up to conjugacy, of the form

. <cos(t) —sm(t))

sin(t)  cos(t)

e Timelike geodesics are, up to conjugacy, of the form

o (Shte o)

e And finally lightlike geodesics are up to conjugacy of the form

1 ¢
o (o 1)
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It follows that any (unparameterized) timelike geodesic of ADS*! is of the form
L,,={X € PSL(2,R), X.p=q}

for some p, q € HZ.

Reciprocally given any p, ¢ € H?, it follows that L, , is a (unparameterized) timelike geod-
sic, for proofs see | , Proposition 3.5.2].

A space-like (resp time-like, light-like) plane of ADS*! is the projectivization of a space-
like (resp time-like, light-like) of H?!.

3.1.4 Time orientation

For more details, we refer to [ , Section 2.3].
Let ADS be the Poincaré model of anti-de Sitter geometry introduced in | ]. That
model is isometric to D™ x R equipped with the metric

One can notice that the vector field % is a timelike non vanishing vector field of AIND)SM,

= n71 . . . . . . . .
which shows that ADS = is time orientable. The choice of any time-orientation is pre-

served under the action of deck transformation of the covering ADS™ & ADS™!, this
shows that ADS™! is time orientable.

3.2 Convexity in ADS*!

In this section we will define and investigate the notion of convexity in the three di-
mensional anti-de Sitter space. Later we will define and give some key theorems about
globally hyperbolic manifolds, that are the quotient of a special category of convex subset
of ADS*! by the product of two Fuchsian representation. These convex subsets have
boundary at infinity equal to a quasi-circle (we will define this notion later). After, we
will give some key theorems and questions about a non necessarily invariant such convex
subsets (these objects includes lifts of globally hyperbolic manifolds).

As for geodesics, we define space-like, time-like and light-like curves.

Definition 3.2.1. We say that a differentiable curve in ADS>' is space-like (resp time-
like, light-like) if its tangent vector at any point is space-like (resp time-like, light-like) and
we say that the curve is causal if its tangent vector at any point is light-like or time-like.

Then we define what an achronal or acausal subset of ADS*! is.

Definition 3.2.2. A subset Q C ADS* U0, ADS*! is said to be achronal (resp. acausal
) if there is no pair of points in 2 that can be joined by a timelike (resp spacelike) geodesic.

Let’s consider the projective model of ADS*!. We say that a set Q C RP? is convex,
if it is contained and convex in some affine chart, that is we can join any two points of €2
by a projective segment. We say that a set Q C RP? is properly convex if it’s closure is
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convex.
Note that ADS*! is not a convex subset of RP?, however we still define a convex subset
of ADS*! to be a convex subset of RP?, which is equivalent to saying that Q C ADS*! is
a convex subset of ADS*! if every two points of Q can be joined by a Lorentzian geodesic
segment. We say that projective plane P is a support plane for the convex subset €2 at
the point p if P intersect 02 at the point p and if the intersection between P and the
interior of € is empty, Or in the case when 2 is contained in P. (see | , Section 4] or
[ , Section 6.4]).

Next we will define the general notion of globally hyperbolic manifold. We will focus
on ADS*! globally hyperblic manifolds, we will talk more about these objects later.

Definition 3.2.3. Let (M, g) be a Lorentzian manifold and let X be an achronal subset,
we define the domain of dependance of X to be

D(X) = {p € M, every inextensible causal curve through p meets X'}

We say that X is a Cauchy surface of M if D(X) = M. A Lorentzian manifold (M, g)
is called globally hyperbolic spacetime (or manifold) if it admits a Cauchy surface.

Definition 3.2.4. Let X be an achronal domain in ADS*' U0, ADS*!, we define Q(X) C
ADS*!, the invisible domain of X, to be the points that are connected to X by no causal
path.

A globally hyperbolic spacetime has a well known topology as the following theorem
shows, for proof see for example | I, 1 1, [ 1 [ ].

Theorem 3.2.5. Let (M, g) be a globally hyperbolic spacetime. Then
e Fvery two Cauchy surfaces of M are diffeomorphic

e There exists a submersion ¢ : M — R such that its fibers are Cauchy surfaces of
M.

e Denote by X any Cauchy surface of M, then M is diffeomorphic to ¥ x R

3.2.1 Achronal/acausal meridians and quasicircles in ADS*"

Let C be a continuous curve of J,ADS*!. The curve C' is said to be achronal (resp
acausal), if for any point p that belongs to the curve C, we can find a neighborhood U
of p in the three dimensional anti-de Sitter space, such that U N C' lies outside the subset
of U that can be reached from p via timelike paths (respectively timelike and lightlike
paths). A curve C is said to be achronal meridian (resp acausal meridian) if it is achronal
(resp acausal), and it bounds a disk in the three dimensional anti-de Sitter space.

Mess gave the following characterization of acausal meridians. Recall that 9,,ADS*! is
identified with RP' x RP".

Lemma 3.2.6. | | An acausal meridian in 0, ADS*' = RP' x RP' is the graph of
a an orientation preserving homeomorphism f : RP' — RP*
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We say that an acausal meridian is normalized if it is the graph of an orientation
preserving homeomorphism f : RP' — RP! that satisfies f(0) =0, f(1) = 1 and f(oc0) =
00, or in other words if it goes thought the points {(0,0), (1,1), (o0, 00)}.

We call an acausal meridian quasi-circle if it is the graph of a quasi-symmetric map, and
we say that it is k quasi-circle if it is the graph of a k quasi-symmetric map.

As in the case of quasi-circles in 0,,H?, quasi-circle in 0, ADS*! satisfy the following
compactness statement (which is a direct consequence of the compactness statement about
quasi-symmetric maps)

Lemma 3.2.7. Let (C))nen be a sequence of k quasi-circles in ADS*', then (Cy,)nen has
a subsequence that converge to either a k-quasi-circle Cw, or to {p} x St U S* x {q} for
some p,q € St.

3.2.2 Globally hyperbolic manifolds

Let S be a closed hyperbolic surface, and let py, ps : m1(S) — PSL(2,R) be Fuchsian rep-
resentation. Since Isomg(ADS*') is identified with PSL(2, R) x PSL(2,R), we can define
the representation p := (py, p2) : T (S) — Isomo(ADS*'). However this representation
does not act properly discontinuously on ADS*! (see | |). But Mess has shown the
existence of a maximal (maximal in the sense of inclusion) convex subset 2, C ADS>'
such that p acts properly discontinuously on €2,. The quotient €2,/p is an ADS*! globally
hyperbolic manifold (see | |). Before we state Mess theorem we will talk more about
the maximal convex subset €2,,.

We need to define the notion of proper achronal subset

Definition 3.2.8. We say that a subset X C ADSQ’I_iS proper achronal if there is a space
like plane P such that X C (ADS*! C 0,,ADS*')\ P and if X is achronal as a subset of
(ADS*! C 9,ADS>") \ P.

Proposition 3.2.9. / , Proposition 4.6.1] Let C be a proper achronal meridian in
D5 ADS*! then Q(C) is convex and if C is different from the boundary of a spacelike
plane than Q(C) is a proper convez set.

In particular, we get that a proper achronal meridian is contained in an affine chart
of RP? which complement is a space-like plane.

Definition 3.2.10. Let C be a proper achronal meridian in 0, ADS*', we define CH(C)
to be the convex hull (in RP*) of C, which can be taken in an affine chart containing C.

Note that by Proposition 3.2.9 the convex hull of C'is contained in ADS*' U, ADS*.
Since Q(C) is a convex subset of ADS*!, then for any convex subset K of ADS*' U
Do ADS*! | such that 0, ADS*' N K := C, we have that CH(C) c K c Q(C).

In the case when C' is the boundary of a space-like plane P, the convex hull of C' (which
is P U 0xP) is a totally geodesic copy of H? U 0,H? in ADS*' U 0,,ADS*'. In the

case when C' is not the boundary of a space-like plane, both of CH(C) and Q(C) are

homeomorphic to the closed ball B°. Then in that case the boundary OCH(C) N ADS*!
(resp 9Q(C) N ADS*') consists of the disjoint union of two topological discs 9*CH(C)
(resp 0FQ(C).

The Lorentzian metric of ADS*! induces a path metric on OCH(C), each of 9*CH(C)
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with this induced path metric is isometric to H?, and each of 9*CH(C) is a pleated
surface. This gives two measured laminations on H? which are the bending laminations
of 9*CH(C)), for more details and proves we refer to | | or to | , Part I1].

Let S be a closed hyperbolic surface and let py, p. : m1(S) — PSL(2,R) be two Fuchsian
representations. There exists a unique quasi-symetric map f : 9, H? — O, H? which is
p1, p2 equivariant. We denote by p the representation p := (p1, p2). Let C, be the meridian
in 0,,ADS*!, which is the graph of f. Mess has prove that Q(C,) is the maximal convex
subset on which p acts properly discontinuously.

Theorem 3.2.11. / | The set Q(C,) is the mazimal convex subset in which p acts
properly discontinuously, and the quotient of Q(C,) by p is a globally hyperbolic manifold
diffeomorphic to S x R

A maximal globally hyperbolic manifold plays the role of a complete Riemannian
manifold, in the following sense

Definition 3.2.12. Let (M, g) be an anti-de Sitter globally hyperbolic manifold, we say
that it is mazximal if any isometric embedding of (M, g) into another globally anti-de Sitter
globally hyperbolic manifold (M',g') that sends a Cauchy surface of (M, g) into a Cauchy
surface of (M',q'), is surjective.

As a consequence we get the following corollary, see Corollary | , Corollaary 5.1.5]

Corollary 3.2.13. An anti-de Sitter globally hyperbolic manifold M is mazimal if and
only if M is isometric to the invisible domain of a proper achronal meridian in ADS*.

In this thesis we will consider only anti-de Sitter Globally hyperbolic manifolds that
are diffeomerphic to S x R where S is a closed surface of genus bigger or equal to 2.
In what follows we will show that these manifolds share many properties similar to the
quasi-Fuchsian manifolds.

Define GHM(S) to be the deformation space of maximal globally hyperbolic spacetimes
diffeomorphic to S x R, that is

GHM(S) = {g Globally hyperbolic metric on S x R} /Diffy(S x R)

Note that from the discussion above, every globally hyperbolic manifold is the quotient of a
maximal covex subset 2, by a representation p of the form p := (p1, p2) : m — PSL(2,R),
where p1, po are Fuchsian representations. This gives a natural identification between
GHM(S) and T(S) x T(S), for proofs and more details we refer to [ , Section 5.5].

3.2.3 The convex core of globally hyperbolic spacetimes

Let (M, g) (or just M) be a maximal globally hyperbolic manifold which is isometric to
Q(C,)/p, where p = (p1, p2) : m1(S) = PSL(2,R), and py, p2 are Fuchsian representations.
We begin by giving the definition of the convex core of M

Definition 3.2.14. We call the convex core of M, the quotient of the convex hull of C,
by p and we denote it by C(M). That is C(M) = CH(C,)/p.
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If C, is the boundary of a space-like plane, then C'(M) is one totally geodesic surface
homeomorphic to S, in that case we say that M is Fuchsian.
As in the case of quasi-Fuchsian manifolds C'(A/) has the same homotopy type as M. If C,
is not the boundary of a space-like plane, then 9C (M) the boundary of C(M) consists of
the disjoint union of two connected components 8*C'(M), each of them is homeomorphic
to S.
Mess | ] (or also see [ , Section 7.5]) has proved that the Lorentzian metric of
a maximal globally hyperbolic manifold induces a hyperbolic path metric on 0C(M) N
ADS*!,| this gives two hyperbolic metrics h* and A~ on S. Mess gave the following
conjecture

Conjecture 3.2.15. | | Let ht h= € T(S) be two hyperbolic metrics, then there
exists a unique mazximal globally hyperbolic manifold M € MGH(S) such that h™ (resp
h~) is the induced metric on 0T C(M) (resp 0~ C(M)).

In [ | the author has shown the existence part of that conjecture

Theorem 3.2.16. [ | Let ht,h~ € T(S) be two hyperbolic metrics, then there exists
a mazimal globally hyperbolic manifold M € MGH(S) such that h* (resp h™) is the
induced metric on 0TC (M) (resp 9-C(M)).

The uniqueness part still open question.

Also as in the case of quasi-Fuchsian manifolds each component *C(M) is a pleated
surface, and its bending lamination defines a measured lamination on S. Mess made the
following conjecture

Conjecture 3.2.17. Let L™ and L~ be two measured lamiantions that fill S, then there
exists a unique maximal globally hyperbolic manifold M such that L™ (resp L~) is the
bending lamination of 0T C(M) (resp 0~ C(M)).

The existence part was confirmed by Bonsate and Schlenker in | ]

Theorem 3.2.18. | , Theorem 1.4] Let L™, L= € ML(S) be two measured lamina-
tions that fill S, then there ezists a mazimal globally hyperbolic spacetime M € MGH(S)
such that L™ (resp L™ ) is the bending lamination of 0tC (M) (resp 0~ C(M)).

However the uniqueness part is still unsolved. In | | the authors showed a partiel
statement about uniqueness.

Theorem 3.2.19. / , Theorem 1.6] Let Lt and L~ be two measured laminations that
fill S, there exists € > 0 such that for any 0 < t < €, there exists a unique maximal globally
hyperbolic spacetime M such that tLt (resp tL~) is the bending lamination of OtC(M)

(resp 0-C(M)).

Unlike the quasi-Fuchsian case, even if L* are discrete measured laminations we don’t
know yet if the maximal globally hyperbolic manifold that realise them as bending lami-
nations of the convex core is unique or not.
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3.2.4 Foliations of M € MGH(S)

Let M € MGH(S), assume that S is a smoothly embedded surface in M. We define B to
be the shape operator of S in the same way as we define the Riemannian shape operator.
We say that S has a constant mean curvature if ¢r(B) is constant at any point of .S, we
denote then this mean curvature by H (the sign of H will depend on the orientation that
we chose). Then the following theorem holds

Theorem 3.2.20. / | Every mazimal globally hyperbolic anti-de Sitter manifold
with compact Cauchy surface is uniquely foliated by closed CMC surfaces, where the mean
curvature H varies in (—00, +00).

Moreover, for any H, there is a unique Sy, a smoothly embedded surface in M, that
has a constant mean curvature equal to H.
We also have a theorem in the setting of globally hyperbolic manifolds, which is similar to
the main theorem of | , Theorem 2]. Assume again that S is a smoothly embedded
surface in a globally hyperbolic manifold M € MGH(S), we say that S is a k-surface
if its induced metric has a constant Gaussian curvature equal to k, or equivalently the
determinant of B at any point of S is constant and equal —1 — k.

Theorem 3.2.21. [ | Let M be a mazimal globally hyperbolic anti-de Sitter manifold
with compact Cauchy surface. Then each connected component of M \ C (M) is uniquely
foliated by closed constant Gaussian curvature surfaces, where the Gaussian curvature K
varies in (0, 400).

Assume that S is smoothly embedded in M € MGH(S), and let B be its shape
operator, which points in the direction of the differential of the Gauss map towards the
future. We say that S is convex if det(B) > 0 at any point on S, and we say that it is
concave if det(B) < 0. Tamburelli in | ] has shown a Lorentzian analogue of the
main theorem of | ].

Theorem 3.2.22. [ | Let S be a closed hyperbolic surface, and let gt and g~ be
two Riemannian metrics on S that have curvature strictly smaller than —1, there exists
M € MGH(S), that contains a conver surface ST and a concave surface S~ such that
the induced metric on ST is isotopic to gt and the induced metric on S~ is isotopic to

q .

However, we still don’t know if the maximal globally hyperbolic spacetime M in The-

orem 3.2.22 is unique or not (that would be an analogue of the main theorem of | 1.
In | | the authors suggested many possible parameterization of MGH(S). One can
also ask if there is an analogue of | , Theorem C] in the setting of globally hyperbolic
manifolds

Question 3.2.23. Let S be a closed hyperbolic surface. Let h € T(S) and let L € ML(S).
Is there a unique M € MGH(S) such that the induced metric on 0T C(M) is isotopic to
h and the bending lamination of 0~C(M) is equal to L ?

3.2.5 Mess diagram

Let L € ML(S), we denote by E} (resp EL) the left (resp the right) earthquake that has
shearing lamination equal to L. Recall that an earthquake has a natural action on 7(S),
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that is it defines a map

EF EF:T(S) = T(S)

For more details how this map is defined we refer to | , Section 7.2.2]. Mess has
related the geometry of the convex cores of MGH(S) and the earthquake maps.

Recall that a globally hyperbolic manifold is the quotient of an invisible domain by the
representation p = (p;, pr). Also recall that 7(S) can be identified with the Fuchsian
representations from 7 (S) to PSL(2,R), up to conjugation.

Theorem 3.2.24. [ | Let M € MGH(S) be a globally hyperbolic manifold that is
identified with (py, pr) (that is py, p. are the left and right representations that define M ).
Let ht € T(S) (resp h= € T(S)) be the induced path metric on OTC(M) (resp 0-C(M))
and let LT € ML(S) (resp L~ € ML(S)) be the bending lamination of 0TC(M) (resp
0-C(M)).
Then

PL= ElL+<h+>vpr = Ef+(h+)

p=EF (ht),p, = EF (h*)

Then if we reformulate Theorem 3.2.18 using Theorem 3.2.24 we obtain the following
theorems.

Theorem 3.2.25. Let A\, ;n € ML(S) be two measured laminations which fill S. Then
E{ o E, :T(S) = T(S) has a fized point in T (S).

3.3 Globally hyperbolic manifolds from universal point
of view

Recall that for any maximal globally hyperbolic manifold M € MGH(S), there exists a
left and right fuchsian representations py, p, : m1(S) — PSL(2,R) such that M is isometric
to Q(C,)/p, where p = (pi, p;), C, is the meridian which is the graph of the unique p;, p,
equivariant quasi-symmetric map, and €2(C,) is the invisible domain (which is convex) of
C,.

In this section we will study the invisible domains of quasi-circles, or more generally
convex subsets of ADS*! that their closures intersect the boundary at infinity of ADS*
at a quasi-circle, these objects are lifts of globally hyperbolic manifolds.

Here is a universal version of Theorem 3.2.20

Theorem 3.3.1. [ , Theorem 38.1] Let C C 0,ADS™' be a meridian which is not
the boundary of a space-like plane. Then Q(C') is foliated by constant mean curvature
surfaces Sy, such that each surface Sy has a constant mean curvature equal to H, and
its boundary at infinity is equal to C', and H vary in (—oo,+00).

The next theorem shows that each connected component of the invisible domain of
a quasi-circle minus the convex hull of the quasi-circle is foliated by K-surfaces that
intersect the ideal boundary of ADS*' at the quasi-circle. This a universal version of
Theorem 3.2.21

Theorem 3.3.2. [ ] Let C' C 0,ADS>' be an acausal meridian and let k € (—oo, —1).
Then:
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e There are exactly two properly embedded K -surfaces Ski(C) in ADS*! spanning C.
These are each homeomorphic to disks, are disjoint, and bound a closed properly
convex region CK(C) in ADS*' which contains a neighborhood of the convex hull
CH(C).

e Further, the K -surfaces spanning C, for K € (—oco, —1), form a foliation of E(C)\CH(C).

o Moreover, C is a quasicircle if and only if any spanning K-surface has bounded
principal curvatures.

Then as in the hyperbolic space there is two isometries Vki cHZ — Sfct, these isometries
extends to a homeomorphism from 0,,H? to C.

Proposition 3.3.3. / , Propossition 7.2] For any quasi-circle C of the O, ADS*,
the Lorentzian metric if ADS*' induces a complete space-like metric on each of S’?E(C)
for any K < —1. And any isometry Vki cHZ2 — S,f has a unique continous extension to
a homeomorphism Vi : H2 U 0,,JH2 — S UC.

That also holds when k = —1, in that case S*'!' are the boundary of the convex hull of C.

Note that as in the hyperbolic space we can define the gluing map as follows
Do = 0(Vig) o Vi

Then the following theorem, which is seen as a universal analogue of Theorem 3.2.22 when
the metrics have constant Gaussian curvature, holds

Theorem 3.3.4. [ , Theorem EJ Let k € (—oo, —1). For any normalized quasi-
symmetric homeomorphism f there is a normalized quasi-circle C' of 0. ADS*' such that
f is the gluing map between the past and future k surfaces that spain C' .

The next Theorem is a universal version of Theorem 3.2.19.

Theorem 3.3.5. [ , Theorem D] For any normalized quasi-symmetric homeo-
morphism f, there is a normalized quasi-circle C of 0. ADS*' such that f is the gluing
map of the boundaries of the convex hull of C.

The uniqueness of the quasi-circle still unkown in both of Theorem 3.3.4 and Theorem
3.3.5. The authors in | | gave an universal version of Theorem 3.2.18

Theorem 3.3.6. /. , Theorem B] Let L™ and L~ be two bounded measured lami-
nations in H? that strongly fill. There exists a parameterized quasi-circle u @ RP' —
05 ADS*! such that the pull back of upper (resp lower) bending laminations of the bound-
ary of the convex hull of Im(u) by w is L™ (resp L™ ).

However we still can ask the uniqueness in Theorem 3.3.6, and also the theorem does
not give a full characterization of the pair of measured laminations that can be the bending
laminations of the convex hull of such a quasi-cirlce.
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3.3.1 The left and right projections

Let S be a space-like surface in ADS*!. Recall that any time like geodesic in ADS*! (we
take the PSL(2,R) model) is of the form L,, = {A € PSL(2,R), Az = 2'}. Then the
space-like surface S defines a map

TS >H? x H?
s = (mi(s), m(s))

where L(x,(s),x.(s)) 18 the unique time-like geodesic that goes thought s. When the intrinsic
curvature of S does not vanish (especially when S is convex) the maps m; and 7, are local
diffeomorphism. Krasnov and Schlenker in [ ] have computed the pull-back of the
hyperbolic metric of H? by each of II; and II,.

Theorem 3.3.7. [ | The following equalities hold,

I (h—1)(v,w) = I (E+ JiB)v, (E + JiB)w)
I (h_y)(v,w) = I ((E — JiB)v, (E — JiB)w)

where E denotes the identity operator, and J; is the complex structure over T'S induced
by I. (Note that while both J; and B depend on the choice of an orientation on S, the
product is independent of the orientation).

Also the left and right projections extends to the boundary at infinity.

Lemma 3.3.8. / , Lemma 3.18 and Remark 3.19] Let S be a properly embedded space-
like convex surface of ADS*' such that 0-S is an acausal meridian C. In that case, each of
the maps I1; and 11, is a diffeomorphism onto the hyperbolic plane, and it has a continuous
extension T, 7, 1 C — 0, H? that satisfies m(x, f(x)) = x and 7.(z, f(x)) = f(x).

In the case when k = —1 (that is in the case of 9*C(M)), the maps II;, II, are not

well defined, because 9*C(M) are not smoothly embedded in M. Howeever we know that
OFC(M) are pleated surfaces, in particluar they are C'' outside the bending locus. The
points where 0*C(M) is C! are dense.
It follows that 0TC'H(C') is isometric to an open subset U™ (resp. U~) of the hyperbolic
plane that is bounded by a (possibly empty) set of disjoint geodesics. An isometry VCJf 1
Ut — 0"CH(CO) (resp. Vi, : U™ — 0~ CH(C)) is given by a bending map, with bending
determined by a measured geodesic lamination A™ of U™ (resp. A\~ of /™). The projection
maps II;" and IT} (resp. II; and II,)) for 9*C'H(C) (resp. for 9~ CH(C')) are well defined
only at the dense set of points along which 9TCH(C) (resp. 0-CH(C)) is C*, this is
the complement of the leaves of A™ (resp. of A7) which have positive measure. Mess
observed the following relationship between the bending measure and earthquakes., and
later Benedetti-Bonsante have extended that to the universal case

Theorem 3.3.9. [ ] The compositions I oV _y Ut — H?, T oVy_y - UT — H?,
HyoVo U™ — H?, and II,; o Vot U™ — H? are surjective earthquake maps, with
I o Vf’_l : Uy — H? (resp. 11 o VAR H?) shearing to the left along X (resp.
along A\_) and Tl o Vg _y - U™ — H? (resp. I} o Vi _y : Ut — H?) shearing to the right
along \_ (resp. along Ay ).
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3.3.2 The width of the convex hull of a meridian

The width of the convex hull of a meridian is the time distance between the two bound-
aries.

Definition 3.3.10. Let C' C OADS*' be an achronal meridian. The width w(C) of C is
the supremum of the time distance between a point of 0~ CH(C) and 0TCH(C).

It happens that there is a strong relation between the width of the convex hull of a
quasi-circle C' and the quasi-symmetric constant of C.

Proposition 3.3.11. Let C C 0,,ADS*! be an acausal meridian. Then C is a quasi-circle
if and only if w(C) < §. Furthermore, if C, is a sequence of quasi-circles whose optimal
quasi-symmetric constant diverges to infinity, then there exist isometries ¢, € Isomypgza
such that ¢,(Cy,) converges to the thombus C*, so that in particular w(Cy,) — 7.

3.4 Globally hyperbolic convex subsets

Let Q be a convex subset of ADS*! U 9,,ADS*! which is homeomorphic to the sphere
with a spacelike boundary and which intersects 0., ADS*' at a quasicircle. Note that the
lift of any globally hyperbolic manifold (not maximal) lifts to a such convex subset. In
the next definition we give the notion of globally hyperbolic convex subset.

Definition 3.4.1. Let Q be a convex subset of ADS*' U 0,,ADS*! such that

e () is homeomorphic to the ball.
e 0..5) is a quasi-circle.

o 0O N ADS*! is the disjoint union of two smooth spacelike disks 0.

The induced metric on each of 0 has curvature in the interval (—%, —1—¢), for
some € > 0.

We call a convex Q) with the preceding properties by a globally hyperbolic convex
subset.

Note that the intersection of the boundary of Q with ADS*! consists of the disjoint

union of two topological disks, each of them is space-like ans has a convex induced metric.
That is 9Q N ADS*! = 9=, where each of 9 is a space-like topological disk, and the
induced metric on it has curvature that belongs to the interval [—%, —1].
Note that in the case when C is a quasi-circle, then S} U Sy U C forms the boundary of
a globally hyperbolic convex subset ). In what follows, we generalise Theorem 3.3.4 to a
more general case, without assuming that the induced metric on the boundary of 2 has
constant curvature (See Figure 3.4).

Question 3.4.2. Let ht and h™ be two complete, conformal Riemannian metrics on the
disc D that have Gaussian curvature belonging to the interval [—%, -1 e] for some e > 0.
Let f be a quasi-symmetric map. Is there a unique (up to isometry) globally hyperbolic
conver subset ) such that the induced metric on 0Q (resp 0~Q) is isometric to (D, h')
(resp (D, h™)) and the gluing map equal to f.
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O

(D, h7)

Figure 3.2: The statement of Question 3.4.2 is a universal version of Theorem 3.2.22.

We give the following theorem

Theorem 3.4.3. Let h™ and h™ be two complete, conformal metrics on the disc D that
have curvatures in an interval of the form (—%, —1—¢), for some e > 0. Assume moreover
that any derivative of ht or h™ of order p is bounded by some positive number M,. Let
f be a normalized quasi-symmetric map. Then there exists a globally hyperbolic convex
subset Q0 such that the induced metric on 0T is isometric to (D, h'), the induced metric
on 0~ is isometric to (D,h™), and the gluing map is equal to f.

In this section we will talk more about the geometry of the boundary of 2. In the rest

of the section we will consider globally hyperbolic manifolds that the induced metrics on
their boundary are isometric to metrics on D that have bounded derivatives at any order
with respect to the hyperbolic metric as in definition 0.4.1.
We will follows the proofs and arguments of | , Section 7] that the authors gave
when the induced metrics on the boundary of 2 have constant curvatures, and generalise
them to the case when the induced metrics have bounded derivatives at any order with
respect to the hyperbolic metric.

We need the following lemma

Lemma 3.4.4. / , Lemma 7.9] Let S,, be a sequence of properly embedded space-
like disks spanning a sequence of k-quasi-circles C,. Then if C, converge to the union
{p} x RP* URP' x {q} of a line of the left ruling and a line of the right ruling, then S,
converge to the lightlike plane with boundary at infinity {p} x RP' URP' x {¢}. If C,
converges to a k-quasi-circle C, then up to a subsequence, S,, converges to a locally convex
properly embedded surface spanning the curve C'.

Then we use similar arguments to | , Proposition 7.10] and | ,
Lemma 7.11] to show the following proposition:
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Proposition 3.4.5. Let k > 1 and € > 0. Let S C ADS>' be a properly embedded convex
spacelike disk spanning a k-quasicircle C'. Assume that S is isometric to (D, h) where h is
a conformal complete metric that has curvature in (—%, —-1- e). Assume that there is a
sequence (M,),en of positive numbers such that each derivative of h of order p is bounded
by M,. Then there exists D that depends on k, €, and (M,)pen such that the principal
curvatures of S are in the interval (%, D).

Proof. We argue by contradiction. Assume the existence of a sequence of properly em-
bedded convex spacelike disks S,, spanning k-quasicircles C,,, satisfying the hypothesis of
Proposition 3.4.5. Assume there exists a sequence of points p, € S,, such that one of the
principal curvatures at p, goes to infinity. Note that the product of the principal curva-
tures is bounded (because the curvatures belong to (—2,¢)). If one principal curvature
goes to 0, then the other goes to co. So assume without loss of generality that the largest
principal curvature at p, goes to oo.

Up to normalization by isometries, we can assume that p, are equal to a fixed point p,
and T,,,5, are equal to a fixed space-like tangent plane. By Proposition 3.4.4 and since
all S, are tangent to the same space-like tangent plan, the surfaces .S,, converge in the
Hausdorff sense to a locally convex properly embedded surface spanning a k-quasi-circle
C.

Let V,, : (D, h,) — S, be isometric embeddings. Let z, be a sequence of points in the
disc D such that V,,(x,) = p. Let xy € D be a fixed point, and let g, be a sequence of
elements of PSL(2,R) such that g,(x,) = xo.

We denote h], := g} (h,). Note that the metrics h/, have uniformly bounded derivatives.
That is the bounds depend only on the order of the derivatives and not on n or the
points, because they are pullbacks of the metrics h,, by hyperbolic isometries (where h,,
has uniformly bounded derivatives on the disc at any order).

Then, up to extracting a subsequence, h/, converges smoothly (C* on compact subsets)
to a metric h._. By | , Theorem 5.6], either ¢,, : (D, h]) — S,, converge smoothly to
an isometric embedding ¢o : (D, he) — Swo, or there is a complete geodesic v in (D, hoo)
which is sent by ¢o to a spacelike geodesic I' € ADS*'. Moreover, in the latter case,
the integral of the mean curvatures of ¢, goes to co at any point in a neighborhood of
~v. According to [ , Lemma 5.4], the length of the third fundamental form for ¢, of
any geodesic segment transverse to v also goes to co. This implies that the limit surface
S must be contained in the union of the past-directed lightlike half-planes bounded by
I'. However, this contradicts the fact that the ideal boundary of S, is a quasi-circle
(Proposition 3.4.4).

Therefore, the isometries ¢, : (D, h!) — S, must converge, up to extracting a subse-
quence, to an isometric embedding 1, : (D, . ) — S. This contradiction confirms that
the principal curvatures of S,, at p cannot go to oo. [

From that we deduce that the composition of the left and right projections with the
isometries that parameterize the surfaces 9*Q From that, we will deduce that the gluing
maps are well defined. Before that, we need to show the following lemma

Lemma 3.4.6. Let Q) be a globally hyperbolic convex subset spanning a k-quasi-circle
at infinity, and let the induced metric on its spacelike boundaries have curvatures in
(—1,—1 —¢). Let V= : (D,h*) — 9*Q be isometries. Assume that each derivative
of h* at order p is bounded by M, on D. Let Hli, I1£ be the left and right projections.
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Then there exists A > 0 depending only on €, k, and (M,)yen such that Hli o V* and
I1£ o VE are A-quasi-isometries.

Proof. From Proposition 3.4.5, there exists D > 0 depending only on k, the quasi-
symmetric constant of 0,2, €, and (M,),en such that the principal curvatures of 9+ are
in the interval [5, D]. By Theorem 3.3.7, we obtain that the projection maps IT}", TI*
are A-bilipschitz for some constant A that depends on D (which in turn depends on e, k,
and (Mp)pen)-

Therefore, the maps HljE oV* : (D,h*) — H? are A-bilipschitz diffeomorphisms. The
same argument applies to IIF. ]

Note that from the proof of Lemma 3.4.6, the maps II;" o V* extend to a homeomor-
phism (I o VE) : 0D — 9, H2.
We define OV* := 7, 0 (11" o V*), where m is the extension of II; to the boundary at
infinity.
For a prof when K = —1 (that is when 2 is the convex hull of a quasi-circle) we refer to
[ , Section 7].

Definition 3.4.7. Let Q be a globally hyperbolic convex subset. Let VE : (D, h*) — 0+Q
be isometries.

We define the gluing map to be &g = (OV ") o OV T.

Note that the isometries VE and the gluing map ®q are defined up to composition by
Mobius maps. Also note that Mébius maps do not necessarily preserve the metrics h*.
However, we still have a uniquely defined normalized gluing map.

Furthermore, if 0§ passes through 0,1, 00, there exist unique metrics h* and isometries
VE (D, h*) = 0FQ such that OVE(p) = (p,p) for any p =0, 1, <.

The gluing maps are always quasi-symmetric

Proposition 3.4.8. Let 2 be a globally hyperbolic convexr subset. The gluing map is
quasi-symmetric.

Proof. Tt follows from the fact that ®q = O((I[; oV ~) 'o (Il o V1)), and each of II; oV~
and II; o VT is a bilipchitz diffeomorphism (then quasi-isometric). ]

Proposition 3.4.9. Let k > 1 and € > 0. Let €} be a globally hyperbolic convex subset.
Assume that Q0 spans a k quasi-circle and assume the existence of the isometries V* :
(D, h*) — 0*Q such that the curvatures of h* are in the interval (—1, —1—¢). Then V*

extends to a homeomorphism VT RPLUD — 9*QU O0s082.

We denote the gluing map of the convex (2 by ®q,.
We will need the following lemma later.

Lemma 3.4.10. / , Lemma 4.9] For any constant A > 1 and for any x € H?,
there exists a compact region Q of H? such that if f is a normalized A-quasi-isometry of

H?, then f(x) € Q.

Now we proceed the proof that the correspondence between globally hyperbolic convex
subsets and the gluing maps is proper and continuous.
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Proposition 3.4.11. Assume that all the metrics on the disc in the statement are com-
plete and conformal, and they have curvatures in an interval of the form (—%, —1—¢),
for some € > 0. Let ), be a sequence of globally hyperbolic convex subsets such that:

o There are isometries V.= : (D, hf) — 9%Q,,.

o The gluing maps ®q, are normalized and uniformly quasi-symmetric and they con-
verge in the C° topology to a k quasi-symmetric map f.

e The metrics h converge C* uniformly on compact subsets to some metrics h* on

D.

o Any derivative of h,, or h* of order p is bounded by M, > 0 on the disc D (M, does
not depend on n).

Then the globally hyperbolic convex subsets €1, converge to a globally hyperbolic convex
subset ) in the Hausdorff sense, and the isometries VX : (D, hE) — 0%Q, converge to
isometries VE 1 (D, h*) — 05Q, and ®q, the gluing map of Q, is equal to f.

We will split the proof of Proposition 3.4.11 into lemmas and propositions.

3.4.1 Properness of the gluing maps

In this section we prove the properness of the gluing maps.

Proposition 3.4.12. Let € > 0 and (M,),en a sequence of positive numbers. For any
k > 1 there exists k' > 1 such that for any globally hyperbolic convex subset Q0 in which
the induced metrics on 0FQ have curvatures in (—%, —1 —€) and any derivative of the
metric of order p is bounded by M,. We assume that the gluing map is normalized. If the
gluing map ®q is k-quasi-symmetric then 0582 is a k' quasi-circle.

Before proceeding with the proof, let us give the following lemma.

Lemma 3.4.13. | , Lemma 8.4] Let P be a totally geodesic spacelike plane. We
denote by PT (resp P~) the union of all future-oriented (resp past-oriented ) timelike
geodesic segments of length 5 starting orthogonally from P.

o let S C ADS*! be a spacelike past convex surface, and let P be a spacelike totally
geodesic plane. In the neighborhood of all points v € SN P , the intersection SN P+
18 locally convez in the induced metric on S.

o Let S C ADS*! be a spacelike future convex surface, and let P be a spacelike totally
geodesic plane. In the neighborhood of all points x € SN P, the intersection SN P~
18 locally convex in the induced metric on S.

Now we give a proof of Proposition 3.4.12, note that the proof is similar to the proof
of | , Proposition 8.3].
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Proof. We argue by contradiction. Suppose that €2, is a sequence of normalized globally
hyperbolic convex subsets such that &/, the optimal quasi-symmetric constant of their
ideal boundary 0,f2,, converges to co. We will prove that k,, the quasi-symmetric
constants of their gluing maps ®q,, must also go to co. Let V. : (D, hE) — 9%, be
isometries such that the normalized gluing map ®q, = (0V,)~! o (V,"). By applying
an isometry of ADS*! to Q,, we can assume that 9V (p) = (p,p) for any p = 0,1, co.
Since we assumed that the gluing map is normalized, it follows that oV~ (p) = (p, p) for
any p = 0,1,00. Given k!, — oo, Proposition 3.3.11 implies that the width w(C,,) of
Crn 1= 0582, goes to 5. After adjusting by isometries, we can assume that C,, converges
to a rhombus C, as in | , Example 6.7] (note that even after applying these
isometries, we can still assume that C,, and C, are normalized).

Let’s work in the projective model of ADS*! with the coordinates so that in the affine
chart x4, = 1, 0, ADS*' is the hyperboloid x? + x2 = 22 + 1, with ADS*' seen as the
region 3 + 23 < a3 + 1. We may then arrange that the vertices of C, are the points
(£v/2,0,—1) and (0,£v/2,1). Since 0%, is in the future of CH(C,) but contained in
the invisible domain F(C,,), and since both E(C,) and CH(C,) converge to CH(C,), we
have that 97Q,, converge to S, where ST is the union of the two future faces of CH(C,).
Similarly, 0~€2,, converge to S, where S is the union of the two past faces of CH(Cy).
Let P be the spacelike totally geodesic plane equal to the intersection with ADS?! of the

plane z = 0 in R®. Let a = <—\/5 V2 0), b= <—\/5 —ﬁ,0>, c = (ﬂ —ﬁ,0>, and

2072 207 2 207 2
d= (\/75, \/75, O>. Thus, a, b, ¢, d are the intersection points of 0P with C, occurring in the
cyclic order a, b, ¢, d.
For all n € N, let a,, by, ¢,,, d,, be the intersection points of C,, with P, such that a,, — «a,
by, — b, ¢, — ¢, d,, — d. Define a, b, ¢F, dF by the equalities OV *(a,) = aF, OV E(b,) =
bE, OVE(c,) = ¢k, OV E(d,) = dE. Note that a,, b, , ¢, ,d;, are the images of a;, b, ¢;F, dt
under ®q .
We will show that the cross-ratio of a,bF, ¢, df tends to 0, while the cross-ratio of
a, b, ,c,.d  tends to infinity.
Let P* be the future of P as in Lemma 3.4.13. Let @ be the timelike plane defined by the
equation x5 = 0. Then the path Q@ N St N P from Q Nab to Q N cd along the piecewise
lightlike geodesic @ N S has length zero in the ADS*! metric. This implies that the
lengths of the paths Q@ NS;7 N Pt converge to zero.
Note that S;* N P* has a locally convex boundary with respect to the induced metric of
S¥. Then the set U := (V,F)"}(S;r N PT) is a region of (D, ;) that has a locally convex
boundary, so it is globally convex. Since a,, b,, ¢,, d,, are the intersection points of C,, and
P* by Proposition 3.4.9, the set U,l contains the points 0Vt (a,) = a, OV, " (b,) = b,
OVt (c,) = ¢, 0V F(d,) = d}t in its ideal boundary. Also, since U;" is convex, it contains
the geodesics (with respect to the metric b)) atb and ¢ d;, which means that SN P+
contains the geodesics v(a ;b)) = Vi (afbt) and vy(ctd)) = ViF(cidf).
Also note that the path PNS;FNP, crosses the two geodesics v(a; b} ) and v(c;7d;). Recall
that the length of PN .S;F N P, converges to 0, so the distance between the two geodesics
v(afbt) and (¢ df) goes to zero. It follows that the cross-ratio of (a;, b, ct, df) goes
to 0.
We apply a similar argument on the surfaces S, . We denote by 7' the timelike plane
defined by the equation x; = 0. The path T'N S_ N P~ has length zero. By similar

arguments as above (applying Lemma 3.4.13 on P~ N S and considering the path 7'N
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SN P~), the cross-ratio (d,,a, b, ,c,) converges to 0. This implies that the cross-ratio

n? n nlrn
of (a,,b,,c,,d.) converges to co. We deduce that the quasi-symmetric constants of the

gluing maps ®q  diverge.
[

3.4.2 Continuity of the gluing maps

The proof that we give for the next proposition is similar to the prof of | ,
Proposition 8.2]

Proposition 3.4.14. Let €2, be a sequence of globally hyperbolic convex subsets. Assume
the existence of isometries VX . (D, hE) — 0*Q, such that the metrics hr converge C™ on
compact subsets to h*, and all the metrics have curvatures in (—%, —1—¢) for some e > 0.
Assume there exists a sequence of positive numbers (M,)pen such that any derivative of
hy,, or h of order p is bounded by M,. Also assume that all the gluing maps ®q, are
normalized and uniformly quasi-symmetric (they are all k-quasi-symmetric for the same
k), and that ®q, converge to a quasi-symmetric map f in the C° topology. Assume further
that Q,, converge (which is always possible, up to extracting a subsequence, after applying
isometries on S, ) in the Hausdor(f topology to a hyperbolic convex subset ).

Then VE . (D, hE) — 0%Q,, converge to isometries VE : (D, h*) — 0FQ, and the gluing
map Pq of 2 is equal to f.

Proof. Up to normalizing by isometries of ADS*', we can assume that 0V (p) = (p,p)
for any p = 0,1,00. Note that after this normalization €2, converge in the Hausdorff
topology to some convex subset () that has a quasi-circle as ideal boundary. Since we
assumed that the gluing maps ®q, are normalized, we will also have that OV, (p) = (p, p)
for any p =0, 1, co.

We will show that each of the isometries V.= : (D, hE) — 9%Q,, converges to an isometry
VE (D, h*) = 0*Q. To do that, we will show that there exists zq € D such that V. (z)
is in a compact subset of ADS*!, and their convergence will follow from [ , Theorem
5.4].

We denote by II7, (resp II,) the left (resp the right) projection from 0%€,. Let zg € D
be a fixed point. From Lemma 3.4.6, there is A that depends only of €, k and the sequence
(M,)pen such that each of I,y o VF and I, o V¥ is an A quasi-isometry from H? to H?.
Also, since OV.E(p) = (p,p), for any p = 0,1, 00, the A quasi-isometries Hil o V* and
IT£, oV are normalized. Then by Lemma 3.4.10 there are compact subsets K; and K, of
H? such that the images Hil oV£(xg) and HiT oV%(xg) belong to K; and K, respectively.
Hence V= (z0) lie on a subset of light like geodesics L, where x vary in Kj, a compact
subset of H?, and y vary in K,, also a compact subset of H2. This implies that each of
the sequences V.*(xg) lies on a compact subset of ADS*! (recall that €2, converge in the
Hausdorff sense). Then the isometries V.= : (D, hE) — 9%Q, converge to the isometry
VE (D, h*) — 0+Q. Note that the gluing map ®q, satisfies

(an = a((]'_'[’l;,l © Vni)il © (H;'LF,’I‘ © Vn+>)

and note that all maps (T ,0V,,")"'o(IL;} .oV,") are normalized uniformly quasi-isometries.
Since (IT,; 0 V)~ o (I}, o V,¥) converges to (II; o V7)~! o (I} o V), then also ®q,
converge to (I o V7)o (IIF o V1)) = (V") L0 VT = Pg. Since we have also
assumed that &g converges to f, we deduce ¢ = f. m
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3.5 The induced metrics on the boundary of globally
hyperbolic convex subsets

In this section, we will give the proof of Theorem 0.4.2 provided in the introduction. First,
we will approximate any complete, conformal metric h by invariant metrics h,,. Note that
the main difficulty is that h, must have bounded derivatives at any order, where the
bounds depend only on the order and not on n. Once this approximation is done, we
can use an approximation of €2, the globally hyperbolic convex subset that satisfies our
theorem, by €2,,, which are lifts of globally hyperbolic manifolds.

3.5.1 Approximation

We begin by approximating the metrics

Proposition 3.5.1. Let S,, be a sequence of closed surfaces having the genus g,, converging
to co. Let p, : m(S,) = PSL(2,R) be a sequence of Fuchsian representations that have
ingectivity radius going to oo. Let h be a complete conformal Riemannian metric on the
disc D that has a curvature in (—%, —1-— e), for some € > 0. also assume that there
is a sequence of positive real numbers (M,)pen such that each derivative of h of order p
is bounded by M,. Then there exists a sequence h,, of complete, conformal Riemannian
metrics that have curvature in (—6—1,, —1-— e’), for some € > 0, each h, is p,-invariant,
and h,, converge C* uniformly on compact subsets of D to h. Moreover, there is a sequence
of positive real numbers (M};)p € N such that each derivative of h, of order p is bounded
by M.

To do that, we will use curvatures. We will approximate K}, the curvature of h,
by smooth functions K,, invariant under p,. Then, we will show that each K, is the
curvature of a metric h,, which is invariant under p,,. Finally, we will show that the metric
h,, converges to h smoothly on compact subsets of D. Note that for us it is important to
have bounded derivatives with bounds that do not depend on n.

Lemma 3.5.2. Let K : D — (—%, -1 - e) be a smooth function such that any derivative
of it at order p is bounded by some M, > 0 uniformly on D. Let p, : m1(S,) — PSL(2,R)
be a sequence of Fuchsian representations that have injectivity radius growing to co. Then
there exists a sequence of smooth functions K, : D — (—5, -1 - e’), such that each K, is
pn-equivariant, K, converges C* on compact subsets to K, and each derivative of order
p of K, is uniformly bounded on the disc D by some Mz/w where M; does not depend on
n.

Proof. Let D,, be a fundamental domain of p,. Let 0 < r, be such that B(o,2r,) C D,,
where B(o,r) is the hyperbolic ball centered at o, the center of D. Since the injectivity
radius of p, go to oo, we can assume that r, go to oo.

Let ¢ : R — [0, 1] be a smooth function such that ¢ | =1 and ¢(z) = 0,Vz € R\ [0, 2]
(see Urysohn smooth lemma). We define the function &/, to be

K on B(o,ry,)
K| =< A, on B(o,2r,) \ B(o,ry,)
—% on D, \ B(o,2r,)
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where A, = ¢(22°2) )¢ + (1 — p(2222)) (1),

Note that that K] has values in the interval [—%, -1- e}. Also note that the derivatives
of K/ depend only on K and ¢, dyz2(z, 0) and T—ln which can be assumed arbitrary big. Then
we deduce that any derivative of K| of order « is bounded (with respect to the hyperbolic
metric) by a constant M/ that does not depend on n (it depends on the function ¢ and
on the bound of the derivative of h of order «) .

We define the map K, on the disc D by extending K/ by reflections (that is K, is the
unique p, invariant map that extends K/ to the disc). Note that K, is smooth since
K] is constant on a neighborhood of the boundary of the fundamental domain D,,. It is
also clear that K, converge uniformly on compact subsets to K (because r, is growing to
00). O

We will use the next two theorems

Theorem 3.5.3. [ ] Let k: D — R_ be a C™ function, then there exists a unique
complete metric h on D which is conformal to dz* and has curvature equal to k.

and

Theorem 3.5.4. [ ] Let k : S — R_ be a C* function, and let [g] be a conformal
class on S. Then there exists a unique complete metric h on S conformal to g that has
curvature equal to k.

Lemma 3.5.5. Let h,, be a sequence of complete metrics on D, and let h be also a com-
plete metric on D, assume that all the metrics are conformal to dz?, moreover assume
that ky, the curvature of h belongs to [—%, -1 6} for some € > 0.

For each n we denote by k, the curvature of h,. If k, converge uniformly C* on compact
subsets to k, then h, converge, up to extracting, uniformly C* on compact subsets to h.
Moreover, if there is a sequence (My)pen such that any derivative of K, of order p is
bounded by M, then there is a sequence of positive real numbers M), such that any deriva-
tive of hy, of order p is bounded by M.

Proof. Let f be a smooth function on a closed hyperbolic disc B.
In this proof we will use euclidean norms, and we will use the fact that the hyperbolic
metric and the euclidean metric are bi-Lipchitz on compact subsets. We denote

£y = (3 [ 017 dps

a<k B

and we denote

1 llgrai = D 107+ D [0°1],
1BI<k |81=k

sup  R™*sup{|u(z) —u(y)|;z,y € B(z, R) N B} (here, by B(z, R),
0<R<1,z€B
we mean the euclidean ball).
Recall that at a point p of the disc D, the hyperbolic metric h_; is equal to h_; := (1_1;2”2)2.
In particular, the hyperbolic metric and the euclidean metric are bi-Lipschitz to each
other on compact subsets of ID with a bi-Lipschitz constant that depends on that compact

subset.

where [0° f]

a
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We will show that if K, the curvature of a complete conformal metric A on I, belongs
to an interval of the form (—1,—1 —¢€) and every derivative of K or order p is bounded
by M, > 0, than all the partial derivatives of the metric at any order are bounded by
constants that depend only on M, and e.

Fix r > 0. Denote by B(xz,r) the hyperbolic ball of center x and radius r. The metric
h = e*h_;, where u is a smooth function and h_; is the hyperbolic metric. Note that
(see [ |) the function u is bounded on the disc because the curvature of h is negative
and bounded.

Up to apply a hyperbolic isometry that sends the ball B(z,r) to the hyperbolic ball
B(o, 1), we can always remain in the hyperbolic disc B = B(o,r) which is centered at o
and have hyperbolic radius 7. Let g be a hyperbolic isometry, then we get g*(h) = e* h_,
where u* = u o g, in particular u* still bounded on D.

Since the hyperbolic metric and the euclidean metric are bi-Lipchitz with a bi-Lipchitz
constant that depends only on 7, we find that all the derivatives of K restcited to B are
bounded with respect to the euclidean metric at any order. We will show that this implies
that the derivatives of u* are bounded by constants that depend only on the bounds of
the derivatives of K. Again, since the euclidean metric and the hyperbolic metric are bi-
Lipchitz with a constant that depends only on 7 (that we can control), then the derivatives
of u* will be bounded by the hyperbolic metrics and the bounds depend only on r and
the hyperbolic bounds of the derivatives of K. When we apply an isometry to go back to
the ball B(x,r), we find that all the derivatives of u are bounded on B(z,r) with respect
to the hyperbolic metric, and the bounds depend only on € and the bounds of K.

Now we restrict our self to the hyperbolic ball B(0,r). Recall the equation e?*" K* + 1 =
—Au*, where h* = €**"h; and Au* is the hyperbolic Laplacian and K* is the curvature
of h*. By | , Theorem 10.3.1], for any k£ € N and p > 1 there exists a constant Cj,
such that the following inequality holds

[0 2 < Crplll Ay, + [le"l,)

Note that since p is uniformly bounded with bounds that depend only €, and since k*
and all its derivatives are uniformly bounded at any order, it follows that by applying
induction on the equality e**" K* 4+ 1 = —Au* we get the existence of constants M r.p Such
that |lu*|, , is bounded for any k,p by Mj .

By Morrey inequality there exist constant Cj, , such that

||u*||ck7%"/*% < C//c,p ||u*||k,p

where v = L%J + 1.
Then there exists M/, that depend only on M, and € such that [|u" | or.a(p(, ) 15 ounded
by M/, this implies in particular that all the derivatives of u* are bounded at any order
by constants that depends only on e and (M,)pen.
In particular the lemma will follows because the metric h,, will converge uniformly C'* on
compact subsets up to extracting a subsequence (because their derivatives are uniformly
bounded at any order with respect the hyperbolic metric, this follows from the arguments
above). Since the curvatures of h, converge to the curvature of h, we obtain that h,
converge (up to extracting) to h.

O
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Proposition 3.5.6. Let S,, be a sequence of closed surfaces having genus g, converging
to co. Let p, : m(S,) — PSL(2,R) be a sequence of Fuchsian representations that have
injectivity radius converging to oo. Let h be a complete, conformal Riemannian metric on
the disc D that has curvature in (—%, —1 —¢€) for some € > 0, and any derivative of h of
order p is bounded by some M,. Then there exists a sequence h, of complete, conformal
Riemannian metrics that have curvature in (—5, —1 —¢), for some € > 0, each h,, is
pn-tnvariant, and h, converges C'™° on compact subsets of D to h, and any derivative of
h,, of order p is bounded by some MI;, where lev does not depend on n.

Proof. By Lemma 3.5.2 we construct K, : D — (=%, —1—¢), a sequence of p, invariant
functions that converge C'* on compact subsets to K}, where K} is the curvature of h
(recall that K, have uniformly bounded derevatives). By Theorem 3.5.4, for any n there
is a unique complete conformal metric h,, on the disc which has curvature equal to h,,
and which is p,, invariant. Since K, the curvatures of the metrics h,, converge smoothly
to K}, Lemma 3.5.5 implies that the metrics h,, converge, up to extracting a subsequence,
to h. The derivatives of h,, at any order all uniformly bounded (independently on n) by
the last remark in the proof of Proposition 3.5.5. [

3.6 The proof of the main theorem

In this subsection we will prove the main theorem. Before proceeding with the proof we
need to recall the following statements.
The next theorem, is the group action invariant version of our main theorem.

Theorem 3.6.1. [ | Given two metrics g* and g~ with curvature k < —1 on a
closed, oriented surface S of genus g > 2, there exists an ADS*! manifold N with smooth,
space-like, strictly convexr boundary such that the induced metrics on the two connected
components of ON are isotopic to g* and g~ .

The next proposition shows that equivariant quasi-symmetric maps are dense in the
set of quasi-symmetric maps.

Proposition 3.6.2. [ , Proposition 9.1] Let f be a normalized quasi-symmetric
map. There is a sequence of equivariant normalized uniformly quasi-symmetric maps,
o, pn s m(Sy) — PSL(2,R), that converge to f. Here, S, is a sequence of closed surfaces
with genus g, going to 0o, and pt,p., are a sequence of Fuchsian representations whose
ingectivity radius go to oo.

Now we proceed the proof of our main theorem

Theorem 3.6.3. Let h* be two complete conformal Riemannian metrics on the disk D
that have curvature in (—%, —1 —€) for some € > 0, and each derivative of h* of order
p is bounded by M, > 0 (with respect to the hyperbolic metric). Let f be a normalized
quasi-symmetric map. There exists a normalized globally hyperbolic convexr subset ), and
normalized isometries VE 1 (D, h*) — 0*Q such that f = Pq.

Proof. By Proposition 3.6.2 there are quasi-Fuchsian representations p, p. : m1(S,) —
PSL(2,R), and f, a sequence of p, p.~ equivariant quasi-symmetric maps that converge
in the C° topology to f. Also by Proposition 3.5.1 there is a p; (resp p,, ) metrics i, (resp
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h;’) that converge C* on compact subsets of D to h™ (resp h~). Also by Proposition
3.5.1, the metrics A have bounded uniformly derivatives (that is the bounds depend only
on the order of the derevative and do not depend on n or the point on the D).

By Theorem 3.6.1, there is exists a globally hyperbolic manifold M, diffeomorphic to
Sn % [0,1] such that the induced metric on S, x {1} is homotopic to h,}/p*n and the
induced metric on S, x {0} is homotopic A /p; .

The globally hyperbolic manifold M, lifts to a globally hyperbolic convex subset €2, up
to normalizing, we have isometries V.= : (D, hE) — 9%, such that OV E(p) = (p, p) for
p = 0,1,00. Since there is a unique p, p~ equivariant quasi-symmetric map, we have
By Proposition 3.6.2, the maps f,, are uniformly quasi-symmetric. Then there is & > 1
such that 0,.€), is a k' quasi-circle for any n. This implies that §2,, converge in the
Hausdorff topology to a globally hyperbolic convex subset €2 . Then by Proposition
3.4.14, the isometries V£ : (D, h) — 9%Q,, converge to an isometry V* : (D, h*) — 9%Q
and the symmetric map &g = f. O
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Chapter 4

Possible development

4.1 Smooth grafting

Let P(S) be the set of complex projective structures on the surface S. If S is a closed
surface of genus g then P(S) is a complex manifolds of dimension 12¢g — 12. Recall that
the projection 7w : P(S) — T(S) that associates to a complex projective surface the
underlying complex structure is holomorphic.

In | ], the authors defined the map

SGrs: T(S) x T(S) = P(S)

where s > 0 (see Figure 4.1).

The map is defined as follows, given hy, hy € T(S), by Corollary 1.18.4 we can assume
that (up to isotopy) he = hy(b,b) where b is an operator as defined in Proposition 1.18.2.
Consider the metric I, = coshg(%s)hl and the operator B, = —tanh(%s)b. One can check
that

V-Bs=0, K;=—1+det(By)

Where V is the Levi-Civita connection for I (which is equal to the Levi-Civita connection
for h), and K, is the curvature of I, (which is constant and equal to —

o)

1
cosh2(%))'

Figure 4.1: We consider the hyperbolic end F such that there is an embedded colsed
surface S that has first fundamental form equal to I, and shape operator By, the map
SGrg(hy, hy) is the projective structure at infinity given in that hyperbolic end.
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T

Let S be a universal cover of S, denote by I, and B, the lifts of I, and B, respectively.
There exists a convex equivariant immersion

US:S'—HHIB

such that the pull-back of the metric of H? is I, and the pull back of the shape operator
is B,. The map o, is uniquely determined up to elements of PSLy(C), once we state that
the orientation on S at o,(f) coincides with the orientation induced by the normal vector
ns(p) pointing towards the concave part.

We define the map

devs : S — CP!

as follow. Let p € S, we define dev, (p) € CP' to be the endpoint of the geodesic that
starts from devg(p) and has velocity ns(p).

We define SGr4(hy, hy) to be the CP! structure on S constructed above. This map can
be seen as an extension for the classical grafting map in the following sense

Proposition 4.1.1. / , Proposition 6.2] Let (h,)nen be a sequence of hyperbolic
metrics converging to a hyperbolic metric h on S, and let (h})nen be a sequence of hy-
perbolic metrics converging projectively to [\ in the Thurston boundary of T'. If 0, is a
sequence of positive numbers such that 0, lh* — (), e), then SG.(0,,)(hn, %) converges to
GT)\/Q(]Z).

The map SGr, induce the following map.
Let hy € T(S5), define ther map

sgrsp, » T(S) = T(S)
h+— 7(SGrg(h, hs))

One can ask if the map sgrs, is injective 7 This is equivalent to the following question

Question 4.1.2. s there a unique hyperbolic end with conformal structure at infinity c,
and containing an embedded surface of constant curvature k with induced metric propor-
tional to h? (see Figure 4.1)
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4.1.1 Grafting and smooth grafting from universal point of view

The grafting map Gr : P(S) — ML(S) x T(S) was defined by Thurston, and he showed
that it is a homeomorphism, and Bonahon has shown that it is a bitangentaible map.
Later Scannell and Wolf have proved that for any measured lamination L € ML(S),
the map grp, = gr(.,,L) = mo Gr(.,L) is a biholomorphism map from 7(5) to itself.
Then Dumas and Wolf have proved that for any hyperbolic metric h € T(S) the map
grn = gr(h,.) = o Gr(h,.) is a homeomorphism from 7(S) to ML(S). In this section
we will give the maps defined in | | and explain why they can be seen as a universal
analogue to the maps Gr, gry, gt;,. Later we we will give a universal analogue to the
smooth grafting map SGr.

Definition 4.1.3. Let ¢ : D — H? be a locally convex immersion Since the immersion is
locally convexr we can define the Gauss map

G : Im(¢) — CP!

that is the map that to a point p € Im(¢) associate the endpoint at infinity to the geodesic
ray starting from p in the direction of the normal vector pointing from p to the concave
side. The Gauss map 1s a local homeomorphism..

Let Uy : D — S be the Riemann uniformization map for the pull-back (p o G)*(cs) by
the Gauss map of the conformal metric at infinity, and let Uy : D — S be the Riemann
uniformization map for the induced metric I on S. We call O(U;* o Up) : RP' — RP* the
induced metric gluing map for .

In | ] the author formulate universal statements of the graftings map

Question 4.1.4. Let 0 : 0,,H? — O, H? be a quasi-symmetric homeomorphism. Is there
a unique locally convex pleated isometric immersion ¢ : H? — H? such that the induced
metric gluing map of p is o ?

Question 4.1.5. / , Question 5.2] Let L be a bounded measured lamination on H2.
Is there a unique immersed locally convex pleated surface ¥ C H? together with a map
w: H? — N which is a parameterization of N'S such that

e GG owu is conformal, where G is the hyperbolic Gauss map of X,
e the pull-back by u of the measured bending lamination of ¥ corresponds to ¢

Let L be a bounded measured lamination on H?. We denote by ¥ the pleated surface
obtained by pleating the hyperbolic disc (in H?) along the measured lamination L, and we
denote by G : N'Y — CP* the Gauss map. Let u : D — ¥ be the Riemann uniformization
map for the conformal structure which the pull back of the conformal structure of CP*
by G. And we denote by 7y, the canonical projection 7 : N'¥ — X,

In | ] the authors have show the following lemma

Lemma 4.1.6. There exists 6 > 0 such that, if L is bounded, then the map mou : D — X
is within distance 0 from a quasi-conformal map, with quasi-conformal constant depending
only on the bound on L.
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A direct consequence of Lemma 4.1.6 is that the map mou extends to a quasi-symmetric
map Om o u : RP' — 0,2

Definition 4.1.7. We denote by:
e GRy(L) : RP' — 900X the boundary extension of o u,

o GRy(L) the measured lamination corresponding to (wowu)*(L) on D,
o GR(L) = (GRo(L),GRyi(L)).
Then the author in | 1,

Question 4.1.8. Is the map GRy : ML(H?) — T a homeomorphism from bounded
measured laminations to quasi-symmetric homeomorphisms?

And

Question 4.1.9. Is the map GRy : ML(H?) — ML(H?) a homeomorphism from bounded
measured laminations to bounded measured laminations?

Note the analogy between Question 4.1.8 and Question 4.1.4 which should be a uni-
versal analogue of the main theorem of | ]. And the analogy between Question 4.1.9
and Question 4.1.5 which should be a universal analogue of the main theorem of | .

One can also can define and study the Smooth grafting as maps from 7 (H?) x 7 (H?),
the key theorem that we will need is the following universal analogue of Theorem 1.18.3.

Theorem 4.1.10. / | Let f : O, ,H? — O,,H? be a quasi-symmetric map. There
exists a unique quasi-conformal minimal Lagrangian map m : H? — H? that its extension
to ideal boundary is equal to f.

Let’s denote the hyperbolic metric on H? by h, and we denote by V its Levi-Civita
connection. As in the case of closed surfaces, there is a unique bundle morphism b :
TH? — TH? such that

e m*h = h(b,b)
e det(b) =1
e b is self adjoint with respect to h
e b satisfies the Coddazi equation dVb = 0
Let f be a quasi-symmetric map, and let s > 0, then we define the map
sgrs : T(H?) — T (H?)

as follows,

Let m : D — D be the unique quasi-conformal minimal Lagrangian map that extends f,
and let b be the bundle morphism defined above. Then there exists a unique immersion
1 : D — H? such that the pull back of the metric of H? by 1 is equal to cos( s)h and the
pull back of the shape operator by ¢ is equal to —tanh(3s)b.

Definition 4.1.11. We define sgrs to be the gluing map associated to the immersion
D — H3.

Question 4.1.12. Is the map sgr, : T(H?) — T (H?) a homeomorphism ?
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4.2 Land-slides flow

4.2.1 Land-slides flow

As mentioned in Section 3.2.5, the earthquake map has an interpretation related to the ge-
ometry of the boundary of the convex core of the anti-de Sitter manifolds. Using that point
of view, the authors in [ | extend the earthquake map to a map from 7(.S) x T(.5)
to T(S) and which converge (in a sense that we will explain) to the usual earthquake map.

The authors in | ] have defined for any 6 in R a map Ly : T(S) x T(S) —
T (S)xT(S) such that the left projection (resp. the right) of Ly extends the left projection
(resp. the right) earthquake map. For details in what follows, we refer to [ ,
Section 3]. Let h, h* € T(S), without loss of generality we can assume that h and h* are
two normalized hyperbolic metrics, that is the identity map (S,h) — (S, h*) is minimal
Lagrangian, it follows the existence of a unique operator b as in Corollary 1.18.4 such that
h*(,) = h(b,b).
Let 6 € R, we define

0 0
Iy = 0032(§)h, By = tan(i)b

There exists an (unique up to isometry) equivariant map
¢: S — ADS>!

that its image, denoted by F, is a space-like surface, and the pull back of ADS*' metric
by ¢ is equal to 0032(g)i~z and the pull back of the shape operator of F is equal to tan(g)l;.
We will require that 7, the normal field that induces the right orientation on S points
toward the convex side, and that n is a future directed vector field.

Since the induced metric on I'm(¢$) := E is complete, then the holonomy of ® has two
Fuchsian components py, p,. Let (S, hy) (resp (S, h,)) is be the hyperbolic surface isometric
to H2/p; (resp (S, hy)). We define Ly(h, h*) = (hy, h,).

The authours have proved the following theorem, that shows that Ly extends the earth-
quake map.

Theorem 4.2.1. Let h € T, let {h,}nen be a sequence of hyperbolic metrics, and let
A # 0 be a measured lamination. Consider a sequence {0, }nen of positive real numbers
such that lim,, ., 0,ls, = i(X,.) in the sense of convergence of the length spectra of simple
closed curves. Then

lim h}b = Eg(h), nhjglo Gnlh% = ’i(/\, )

n—oo
where (h, h2) := Lg, (h, h%).
4.2.2 Extention of the Land-slides flow to universal Teichmiiller
space
Let f : RP' — RP! be a quasi-symmetric map. By Theorem 4.1.10, the map f has
a unique minimal Lagrangian extension m : D — ID. We denote the usual hyperbolic

metric on D by h. There exists an operator b : TID — I as in Theorem 4.1.10 such that
m*h = h(b,b).
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Let fi, fo : RP' — RP! be two quasi-symmetric maps. Let W := fy o f;'. Then ¥ is a
quasi-symmetric map. Denote by m its unique minimal Lagrangian extention and let b

be the operator mentioned in Theorem 4.1.10.
We define

0 0
By := cos(é)ld + sin(i)Jb

where J is the almost complex structure in D.
Set
he := h(Bg, By), hy := h(Br19, Brys)

See | , Lemma 8.3] to see why hy and hj are hyperbolic metrics, and why the iden-
tity map (D, hy) — (D, hj) is minimal Lagrangian.

The Identity map from (D,h) — (D, hy) is quasi-conformal and determines a quasi-
symmetric map fp. In addition, the identity map (D,h) — (D, hj) is quasi-conformal
and defines a quasi-symmetric map f.

We define Lo (f, f*) = (fo, fi). We refer to | , Section 8.2] to see why this map is a
natural extension of Ly to the universal case.

4.2.3 Weil-Petersson curves

Recall that there is a one-to-one correspondence between normalized quasi-circles of CP*
and normalized quasi-symmetric maps via the correspondence of conformal welding. The
space of normalized quasi-symmetric maps forms the universal Teichmiiller space T (see
Section 1.10).

This motivated the authors (in particular, Takhtajan and Teo [ ]) to define a metric
on the universal Teichmiiller space, called the Weil-Petersson metric. The Weil-Petersson
metric turns 7 into a Hilbert manifold. The universal Teichmiiller space, endowed with
the topology compatible with the Weil-Petersson metric, has many connected components.
One of these components, denoted by 7y, is exactly the closure of the smooth maps. Any
quasi-symmetric map that belongs to 7y is called a Weil-Petersson homeomorphism. Ad-
ditionally, we call a quasi-circle a Weil-Petersson curve if its conformal welding map is a
Weil-Petersson homeomorphism.

Equivalently, a quasi-symmetric homeomorphism is Weil-Petersson if and only if it has
a quasi-conformal extension f to the disc D, and f is L? with respect to the hyperbolic
metric of the disc (see | ] for more details). The Weil-Petersson class of quasi-circles
has been a topic of interest and has been studied by many authors, see, for example,
[ | and [ ]. In particular, Bishop in | ] gave many characterizations for a
Weil-Petersson curve (or equivalently a Weil-Petersson homeomorphism). In this subsec-
tion, we will ask some questions about characterizing a Weil-Petersson curve.

As mentioned in Section 2.7.5, we believe that if ¢ : 0, H? — 0,,H? is a parameterized
Jordan curve such that the pull-back of the bending laminations of CH(Im(¢)), the convex
hull of ITm(¢) in H?, strongly fill (see Definition 2.7.25) and are bounded by ¢ < m, then
¢ is a parameterized quasi-circle. We can also ask if there is a similar condition on the
bending laminations to deduce whether a curve is Weil-Petersson.

Question 4.2.2. Let ¢ : 0,.H? — O, H? be a parameterized quasi-circle. Denote C =
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Im(9), and let CH(C) denote the convex hull of C in H3. We denote by Lt and L~ the
pull-back of the bending laminations of OCH(C) by ¢.

e Are there conditions on L™ and L~ to deduce that C' is a smooth curve?
o Are there conditions on LT and L~ to deduce that C is a Weil-Petersson curve?

Recall that we have seen in Section 1.16 that, according to the work of | | and
[ ], any homeomorphism f of S' that preserves the orientation has a unique extension
to an earthquake map FE, and this homeomorphism is quasi-symmetric if and only if the
shearing lamination of F is bounded. One can ask under what condition on the shearing
lamination of the earthquake E the map f is a Weil-Petersson homeomorphism.

Question 4.2.3. Let f : O,JH? — 0,,H? be a homeomorphism that preserves orientation.
Let E be the unique left earthquake map whose extension to the boundary O H? is equal
to f, that is, E |g_m2= f.

Under what condition on the shearing lamination of E can we deduce that f is a Weil-
Petersson homeomorphism?

In Section 2.7 we have defined the notion of gluing maps (see Section 2.7.3). For any
Jordan curve C, and for any k € (—1,0) there exists a gluing map ®¢, that corresponds
to the two k surface Si-(C) that span the Jordan curve C' at infinity. It is natural to ask
more about the relation between these gluing maps and the Jordan curve C in particular

Question 4.2.4. Let C C 9 ,H?. Let k € (—1,0), and let oy be the gluing map that
corresponds to the two k-surfaces spanning C. Is it true that ®cy is a Weill-Petersson
homeomorphism if and only if C' is a Weill-Petersson curve ¢
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