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ABSTRACT. We prove two related results. The first is an “Earthquake Theorem” for closed hyperbolic surfaces
with cone singularities where the total angle is less than 7: any two such metrics in are connected by a unique
left earthquake. The second result is that the space of “globally hyperbolic” AdS manifolds with “particles” —
cone singularities (of given angle) along time-like lines — is parametrized by the product of two copies of the
Teichmiiller space with some marked points (corresponding to the cone singularities). The two statements are
proved together.

1. INTRODUCTION AND RESULTS

The Earthquake Theorem. Let X be a closed surface with a hyperbolic metric h, and let A be a measured
lamination on ¥. Then A can be uniquely realized as a measured geodesic lamination for k. Thurston [18, 19]
defined the image of h by the right earthquake along A, called Ef(h) here, in a way which can be described
simply when the support of \ is a disjoint union of closed curves: it is obtained by cutting 3 along each geodesics
in the support of A\, doing a fractional Dehn twist by the length corresponding to the weight assigned to the
curve by A, and gluing back. This defines a map:

E7‘ZM£2X72—>72.

Thurston then proved that for any given h the map E"(h) : MLy — Ty is bijective. In other terms, given
h,h' € Ty, there is a unique A € MLy, such that E}(h) = h'. A different proof was given by Kerckhoff [10].

The Mess proof of the Earthquake Theorem. Yet another proof of the Earthquake Theorem was later
discovered by Mess [14] as a by-product of the geometric properties of globally hyperbolic maximal compact
(GHMC) Anti-de Sitter (AdS) manifolds. Mess discovered that such manifolds share several remarkable prop-
erties with quasifuchsian hyperbolic manifolds. In particular those manifolds (containing a space-like surface
diffeomorphic to X) are uniquely determined by two hyperbolic metrics on X, called their “left” and “right”
representations, which are analogs in the AdS context of the conformal metrics at infinity for quasifuchsian
manifolds. This result of Mess can be interpreted as an analog of the Bers double uniformization theorem for
quasifuchsian 3-manifolds.

GHMC AdS manifolds also have a convex core, with a boundary which has a hyperbolic induced metric and
which is “pleated” along a measured geodesic laminations. Earthquakes are natural analogs in AdS geometry
of grafting in quasifuchsian geometry, and some geometric properties of GHMC AdS manifold then yield the
Earthquake Theorem as a consequence of the Mess parametrization of the space of those manifolds by 75, x 7.

Surfaces with cone singularities. From this point on we consider a closed surface ¥ with n distinct marked
points z1,--- ,x,. We are interested in the hyperbolic metrics on ¥ with cone singularities at the x;. Given
such a metric, we call 0; the angle at z;, 1 < i < n. It follows from a result of Troyanov [20] and McOwen
[12] (see also [9, 13]) that, given the 6;, those metrics are in one-to-one correspondence with the conformal
structures on X, so that, considered up to the isotopies fixing the z;, those metrics are parametrized by 7y .,
the Teichmiiller space of ¥ with n marked points. Setting 6 := (61, - ,6,), we will often denote by Tx ,, ¢ the
space of hyperbolic metrics on ¥ with cone singularities at the z; of angles given by the 6; (considered up to
isotopies fixing the marked points).

It is interesting to note at this point that the theory of geodesic laminations works on hyperbolic surfaces
with cone singularities quite like it does on closed hyperbolic surfaces, as long as the cone angles 6; are less than
.

Lemma 1.1. Suppose that 0; < w,1 < i < n. Then each measured lamination in the complement of the x; in
3 can be realized uniquely as a geodesic lamination.
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This statement (as much of the material used here) was discovered by Thurston. The proof (which is
elementary) can be found in section 3. In addition, still under the hypothesis that the angles are less than m,
the geodesic laminations cannot come too close to the singular points, and it follows that earthquakes along
measured geodesic laminations do not change the angles at the cone points.

We will call MLy ,, the space of measured laminations on the complement of the z; in X. It is well known
(see [8]) that MLy ,, is homeomorphic to a ball of dimension 6g — 6 + 2n, where g is the genus of 3.

Earthquakes on singular surfaces. The first result of this paper is an extension of the Earthquake Theorem
to hyperbolic surfaces with cone singularities.

Theorem 1.2. For all h,h' € Ts,, ¢, there is a unique A € MLs, ,, such that E5(h) = h'.

AdS manifolds with particles. The second theme considered here — which is strongly related to the first
— concerns 3-dimensional AdS manifolds with cone singularities along time-like lines. Such cone singularities
are called “particles” here, since they are sometimes used in the 2 + 1-gravity community to model massive,
spin-less point particles. A precise definition is given in section 3. We are in particular interested in “globally
hyperbolic compact maximal” AdS manifolds with “particles”, extending those considered by Mess [14]. An
AdS manifold with “particles” (cone singularities along time-like lines) M is GHMC if:

e it contains a closed, oriented, locally convex space-like surface S which is “orthogonal to the singular
line” (in a manner which is described in section 3),

e cvery inextensible time-like curve in M intersects S exactly once,

e if M’ is another AdS manifold with particles satisfying the first two properties in which M can be
isometrically embedded, then M’ = M.

Definition 1.3. We call GHs; ,, the space of GHMC AdS metrics on ¥ x R, with cone singularities at the lines
{z;} xR for 1 < i < n, considered up to isotopies fixing the singular lines. Given 6 := (6y,---,6,,) € (0,7)",
we also call GHsx; ., ¢ the subspace of those metrics for which the angle at the line {z;} x R is 6;.

Note that we will sometimes abuse notation and write about a GHMC AdS metric or a GHMC AdS manifold
indifferently.

The right and left metrics associated to a GHMC manifold. Let 0 := (64,---,6,) € (0,7)", and let
M € GHs 5 9. By definition M contains an oriented, space-like, convex surface S which is “orthogonal” to the
singular lines. Let I be the induced metric on S, let J be the complex structure associated to I, and let B be
the shape operator of S. It is then possible to define two metrics p; and p, on S as:

(1) w = I((E+JB)(E+ JB)) , iy i= [(E — JB)-,(E - JB)") .

This corresponds to the metrics If defined in [11], the notation presented here is better suited for our needs.
It is proved in [11] that those two metrics are hyperbolic, with cone singularities at the intersections of S with
the “particles”, where their angle is equal to the angle of M at the corresponding “particle”. Moreover it is also
proved in [11] that y; and u, (considered up to isotopy) do not depend on the choice of S. So this construction
defines two maps
His P - gHZ,n,Q - TE,n,G .

When no “particle” is present, p; and p, are the hyperbolic metrics corresponding to the right and left repre-
sentations considered by Mess [14].

The second main result here is that, as for non-singular GHMC AdS manifolds, the maps p; and p, provide
a parametrization of GHsx ,, 6.

Theorem 1.4. The map (py, ftr) : GHs 0 — Ts.no X Tune s one-to-one.

This statement can be construed as an extensions of Mess’ AdS version of the Bers double uniformization
theorem to AdS manifolds with “particles”. Note that on the hyperbolic side an extension of the Bers double
uniformization theorem to quasifuchsian manifolds with “particles” — cone singularities of angle less than w
along lines going from one boundary at infinity to the other — might well hold but it has not been proved yet
(a first step is made in [15]).

The structure of GHMC AdS manifolds with particles. The proof of Theorem 1.2 uses Theorem 1.4
along with some properties which were discovered by Mess for non-singular GHMC AdS manifolds, which extend
directly to GHMC AdS manifolds with particles. In particular, those manifolds contain a smallest convex subset
— where “smallest” is understood with respect to the inclusion — called its convex core. We call CC(M) the
convex core of a GHMC AdS manifold M.
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Lemma 1.5. The boundary of CC(M) has two connected components, called 04 CC(M) and 0_CC(M). Each
is a space-like surface (outside its intersection with the singular set of M), which is “orthogonal” to M (as
defined in section 3). Its induced metric is hyperbolic, and it is “pleated” along a measured geodesic lamination.

The structure of M can be readily understood from its convex core, exactly as for non-singular GHMC AdS
manifolds.

Lemma 1.6. (1) Letx € 0_CC(M), and let H be a space-like plane containing x which is a support plane
of CC(M) at x. Let n be the future-oriented unit vector at x which is orthogonal to H. Then the
geodesic mazximal segment starting from x in the direction of n has length /2.

(2) M is the union of the future of _CC(M) and of the past of 0. CC (M), and their intersection is equal
to CC(M).

Moreover, the metric on the future of the past boundary of the convex core can expressed, in a fairly simple
way, in terms of the induced metric and the measured bending lamination, on the past boundary of the convex
core.

Outline of the proofs. The basic idea of the proof of Theorem 1.2 is to use a “deformation” argument, in
which we fix § € (0,7)". We fix a hyperbolic h € Ty, ,, 9 and consider the map

Er(h) : M‘CE,’H, - TE,n,G

Our goal is to show that this map is homeomorphism. This follows from some basic points:

(1) ET(h) is a local homeomorphism,
(2) it is proper,
(3) its target space 7x p ¢ is simply connected, while MLy ,, is connected.

A key point of the proof, however, is to use the settings of both Theorem 1.2 and Theorem 1.4. The first
point is to prove the equivalence between those two statements; the fact that E”(h) is a local homeomorphism
can be proved in the setting of Theorem 1.4, while the fact that E7(h) is proper can be shown fairly easily on
the side of Theorem 1.2, where it appears as the following compactness statement.

Lemma 1.7. Let 0 = (61, ,0,) be fized. Let p € Ts 9. The map E" (1) : MLyx, ;. — Tsy .9 is proper.

The equivalence between Theorem 1.2 and Theorem 1.4 uses crucially the existence of a “convex core” in
the GHMC AdS manifolds with particles considered here, as proved in section 5. It is then possible to prove,
in section 6, that the two main theorems are equivalent, using the relations between the representation of
the fundamental group of a GHMC AdS manifold with particles, on one hand, and the induced metrics and
measured lamination on the boundary of the convex core, on the other.

Acknowledgements. We would like to thank Thierry Barbot for several useful remarks and comments.

2. BACKGROUND MATERIAL

This section contains a number of important facts which are presumably well-known (or close to facts which
are well-known), mostly concerning hyperbolic surfaces or AdS manifolds.

Geodesic laminations on cone surfaces. It was mentioned in the introduction that the theory of geodesic
laminations work well on hyperbolic surfaces with cone singularities, provided that the singular angles are less
than 7. A key reason for this is that embedded geodesics cannot come too close to the singularities.

Remark 2.1. There is a decreasing function p : (0,7) — Rsq as follows. Let S be a surface with a complete
hyperbolic metric with cone singularities, with positive singular curvature, and let x be one of the singular
points, with cone angle § € (0, 7). Then any complete embedded geodesic in S is at distance at least p(6) from
x.

The proof is left to the reader, the basic idea is that, in a neighborhood of x, the metric on S is isometric to
the metric on a hyperbolic cone of angle 6 near the vertex. However, in such cones, the geodesics which are too
close to the vertex cannot be embedded.

Lemma 2.2. Let S be a closed hyperbolic surface with cone singularities, with angles in (0,7) at the singular
points. Let Sy be the complement of the singular points. Then any lamination in Sy can be realized as a geodesic
lamination for the hyperbolic metric on Sy.
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Proof. Let x1,--- ,x, be the singular points on S, and let g be the hyperbolic metric on the complement of the
z;. It follows for instance from [20, 12] that there exists a one-parameter family of hyperbolic metrics (g;):e[0,1)
with cone singularities (or cusps) at the x; such that go = ¢ and that ¢; is a complete hyperbolic metric with
cusps at the z;. Moreover it is possible to demand that the angle at the cone singularities remain in (0,7 — €)
for all ¢ € (0,1), where € is some strictly positive constant.

Let A be a lamination on Sy. It is well-known (see [8]) that it can be realized uniquely as a lamination which
is geodesic for ¢g;. Let E be the set of all ¢ € [0,1] such that, for all s € [t,1], A can be realized uniquely as
a geodesic lamination \s in gs. Then E is open (because geodesic laminations can be deformed to “follow” a
deformation of the underlying hyperbolic metric) and closed by the previous remark. So 0 € F, which proves
the statement. O

Particles in AdS manifolds. The Anti-de Sitter space H} — called the AdS space here — is a Lorentz space
of constant curvature —1. We only consider it here in dimension 3. It is not simply connected. It can be
obtained as the quadric:
H} = {x R} | (x,z) = —1}

in the 4-dimensional flat space of index 2, R3, with the induced metric.

There is a useful projective model of the AdS space, obtained by considering the interior of a quadric of
signature (1,1) in the sphere S3, with its “Hilbert metric”. We do not elaborate much here on the geometry of
the AdS space and refer the reader to e.g. [16, 14].

Remark 2.3. Let us just remark that there is a natural identification of the isometry group of H; with
PSL(2,R) x PSL(2,R). Moreover there is an isometric embedding of the hyperbolic plane H? in H} such
that

1) the image is a spacelike totally geodesic plane.

2) the embedding is PSL(2,R) equivariant, where PSL(2,R) acts on H} by the diagonal action.

We call such embedding the standard embedding.

An AdS manifold is a manifold locally modeled on the AdS space. We are interested here in AdS cone-
manifolds of a special kind, which have “conical” singularities along time-like lines; such singularities will be
called “particles”. They have a simple local description.

Recall that a geodesic ¢ in H7 is called time-like if the restriction to ¢ of the ambient metric is negative
definite. Time-like geodesics in H are closed curves of length 27, see e.g. [16]. A totally geodesic plane P in
H3} is called time-like when the restriction to P of the ambient metric is Lorentzian. Totally geodesic time-like
planes in H} are topologically cylinders, isometric to the 2-dimensional AdS space HZ. If ¢ is a time-like geodesic
contained in P, it bounds to half-planes. Any two such half-planes H and H’, bounded by time-like geodesics,
are isometric. More precisely, given an isometric ¢ from the boundary of H to the boundary of H’, it has a
unique extension ® which is an isometry from H to H'.

Consider a time-like geodesic ¢ in the AdS space, and let D be a domain in Hj bounded by two totally
geodesic time-like half-planes H and H’, both bounded by ¢, with an angle 6 between them (the angle is well-
defined since c is supposed to be time-like). Because of the property recalled above concerning the extensions
to half-planes of isometries on their boundaries, there is a unique way to glue isometrically H to H' so that the
identification is the identity on ¢, and we call H iﬁ the resulting space. The complement of ¢ in Hf,e is locally
modeled on the AdS space — there is no singularity at the gluing — while ¢ corresponds to a cone singularity
with angle 6, which is the local model we use for “particles”.

We then define an AdS manifold with particles to be a manifold such that the complement of a disjoint union
of open curves is endowed with a Lorentz metric, and such that each point has a neighborhood isometric either
to an open subset of the AdS space or to a neighborhood of a point of ¢ in Hie, for some value of 6 in (0, ).

Note that by construction the angle 6 is constant along a “particle”.

GHMC AdS manifolds with particles. In the local model described above for the neighborhood of the
“particles” there is a natural notion of “horizontal” totally geodesic planes: those are the images, under the
gluing construction, of the restriction to D of the totally geodesic planes orthogonal to ¢ in H3. Note that, under
the gluing construction, thoses planes are sent to totally geodesic surfaces, i.e., the intersection of those planes
with the two half-planes bounding D are glued together and no singularity occurs (except the cone point). By
construction there is a unique horizontal plane containing each point of c.

We define a space-like surface in Hf’ﬂ to be a surface which:

e intersects the singular set ¢ at exactly one point z,
e is space-like outside x and locally convex,
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e is such that the tangent plane at a sequence of points converging to x converges to the tangent plane
to the (unique) horizontal plane at .

In other terms, what we call “space-like surfaces” are really surfaces which, in addition to being “space-like”
outside the singular set, are “orthogonal” to the singular set in a natural way.

Returning to an AdS manifold with particles M, recall that any point in M has a neighborhood which is
isometric to an open set in some Hie, for some 6 € (0, 7). It is therefore quite natural to define a space-like
surface in M as a subset which corresponds, in each of the neighborhoods, to a space-like surface in H 1379

There is also a natural notion of time-like curves in AdS manifolds with particles; they are curves which are
time-like (in the usual sense) outside the singular set, and which might follow segments of the singular set, but
in such a way that any time function is monotonous along them.

Globally hyperbolic AdS manifolds. We are now almost ready to define a GHMC AdS manifold with
particles. Given an AdS manifold with particles M, a Cauchy surface in M is a closed, space-like surface such
that any inextensible time-like curve in M intersects .S exactly once.

Proposition 2.4. If Y is a Cauchy surface of a AdS manifold with particles M, then topologically M = ¥ x R.

This proposition can be proved by adapting the general result for globally hyperbolic spacetimes without
singularities to the case with particles: one constructs a timelike vector-field on M that is tangent to the singular
locus. The flow of such a field restricted to S realizes a diffeomorphism between a regular neighbourhood of
S x{0}inS xR and M.

Definition 2.5. Let M be an AdS manifold with particles. It is convex globally hyperbolic (called GH
here) if it contains a Cauchy surface which is locally convex. It is convex globally hyperbolic maximal
(or GHM) if moreover any GH AdS manifold with particles M’ containing a subset isometric to M is itself
isometric to M.

Proposition 2.6. Let M be an AdS GH spacetime with particles. There exists a GHM AdS spacetime with
particles M', called the mazimal extension of M , in which M isometrically embeds. Moreover, two maximal
extensions are tsometric.

Sketch of the proof. The proof of this proposition follows the same steps of the analogous result for GH space-
times without singularities [5]. Actually the way to adapt the original proof of [5] to the case without singularity
was suggested to the authors by Thierry Barbot.

The existence of the maximal extension is an application of Zorn’s Lemma. We order the set of extensions
of M by isometric inclusions. Such an order turns out to be inductive so a maximal element exists.

The uniqueness of the maximal extension is more delicate. One proves that given two extensions M7, M,
there is another extension containing both of them. The idea is to consider the pairs (N7, N3) such that

(1) N; is a GH spacetime contained in M; and containing M.
(2) the isometry of M — M extends to an isometry N; — My sending Ny to Na.

Clearly there is a natural order on such pairs. Again an application of Zorn’s Lemma ensures that there is a
maximal element among those pairs, say (N, Ng) The idea is to consider the space M obtained by gluing M;
and M identifying N to Ns. If we prove that M is topologlcally a manifold, then it is clear that the Lorentzian
structures of M; and M5 induce a Lorentzian structure on M in such a way that the projection My U My — M
is an isometric embeddlng on each component. Moreover simple arguments show that a Cauchy surface of M
is a Cauchy surface for M, thus M is GH extension of M containing both M; and Ms.

Let us prove that M is a manifold. Since the projection 7 is open, every point has a neighbourhood
homeomorphic to R3. The only point to check is that M is a Hausdorff space. By contradiction, assume there
exist points z,y € M whose neighbourhoods cannot be taken disjoint. The only possibility is that x lies on the
frontier of N7 in M; and y lies on the frontier of Ny. Since N; is GH it is a general fact that its boundary in
M; is achronal (see [17]).

Thus, up to reversing time-orientation we may suppose that small timelike curves starting from = must be
contained in N;. Denote by I (z) = {exp, tv|t € (0,¢€), v future-pointing unit timelike vector at =} the set of
geodesics of length less than e starting from z. For e small, I (z) C Ny, thus I} (z) isometrically embeds in
Ms.

Since every neighbourood of x meets every neighbourhood of y in M, and since lim;_.g exp, tv = x, we have
that the image of exp, tv in My goes to y as t — 0. Thus the identification between N7 with N sends I F(z) to
IF(y). In particular such identification continuously extends at x, sending z to y. Now, since M; and My are
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AdS, we can choose small neighbourhoods U,V of x and y respectively, such that the isometry between I (x)
and I (y) extends to an isometry between It () UU and I (y) U V.

This induces an isometry between Ny UU and No U V. Up to taking smaller U and V', the spaces Ny UU
and Np UV are GH, but this contradicts the maximality of (N1, Na). O

In this paper we will deal with convex globally hyperbolic AdS structures with particles on a fixed topological
support ¥ x R and fixed singular set equal to {p1,...,p,} xR (where p;’s are fixed points on X) with cone angles
01, ...,0, respectively. Thanks to Proposition 2.6 we can restrict to mazimal convex GH AdS spacetimes. The
corresponding “Teichmiiller space” — that is the space of GHM AdS structures on ¥ X R up to diffeomorphisms
isotopic to the identity — will be GHx 0.

Remark 2.7. The condition that the Cauchy surface is locally convex is perhaps not necessary; it is conceivable
that all maximal globally hyperbolic AdS manifolds — containing a Cauchy surface which is perhaps not locally
convex — actually contain another Cauchy surface which is locallly convex. We do not elaborate on this point
here and simply assume that this condition is satisfied, since it is necessary in the sequel.

The left and right representations of a GHMC AdS manifold. We have already mentioned in the
introduction that SOy(2,2) is the product of two copies of PSL(2,R). It follows that the representation
on T — SOp(2,2) can be identified with a pair of representations (¢;, ¢,) of I in PSL(2,R).

Lemma 2.8. ¢; and ¢, are the holonomy representations of the hyeprbolic metrics defined in ( 1) py and .
The proof can be found in [11].

3. EARTHQUAKES ON SURFACES WITH PARTICLES

Let S denote a hyperbolic structure on ¥ with cone singularities at x1,...,x,, with cone angles 6 =
(01,...,0,) € (0,m).

If X is a weighted multicurve on S then the right earthquake along A is the fractional negative Dehn twist
along each curve with shear factor equal to the corresponding weight. The corresponding point in 7y ,, o will
be denoted by Ef(S).

The following proposition ensures that the definition of E}(S) can be extended by continuity to every mea-
sured geodesic lamination.

Proposition 3.1. Let (\;) be a sequence of weighted multicurves converging to a measured geodesic lamination
A. Then the sequence EY (S) of hyperbolic surfaces with cone singularities is convergent in Ts. n g.

Given a measured geodesic lamination A, the surface EY(S) is the limit of E} (5), where \; is any sequence
of weighted multicurve converging to .

Corollary 3.2. The map
ET(S) : Mﬂz}ﬁn - TE,n,O

15 continuous.

The remaining part of this Section will be devoted to proving Proposition 3.1.

Denote by ¥ the universal covering of ¥\ {xl, ..., Zn} and by dev : Y — H2 a developing map of S. Given
a weighted multicurve A, let X be its lifting on 3. leen an oriented arc ¢ in 3 transverse to A, consider the
leaves of \, say l1, ..., I, cutting ¢. An orientation is induced on each [;, by requiring that, at the intersection
point with ¢, a positive tangent vector of ¢ and a positive tangent vector of I; form a positive basis.

For each 4, denote by u(l;,a;) the element of PSL(2,R), representing a negative translation along dev(l;)
with translation length equal to the weight a; of [;. A simple argument shows that the element

u(ly,a1) o+ ou(lg,ar)
actually depends only on the endpoints x,y of ¢. This element will be denoted by i (z,y).
In such a way a map o
Br: X x ¥ — PSL(2,R)
is defined. Such a map is a 71 (X \ {21, ..., 2, })-invariant PSL(2, R)-valued cocycle, that is
1. ﬂ/\(xvy)oﬁ)\(yaz):ﬂk(xvz)
2. Ba(y@,vy) = h()Ba(z, y)h(7) !
where h: 7w (2 \ {z1,...,2,}) = PSL(2,R) is the holonomy representation of S.
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Moreover, given a point g € ¥ \ A the map

devy : Y - H2
x  — Bz, xg)dev(x)
is a kind of developing map for E%(S): although it is not in general continuous, the pull-back by this map of
the hyperbolic metric (defined in the complement of the support of lift of ) extends to a hyperbolic metric for
which S is the metric covering of E%(S). Furthermore

ha: m(E\{z1,...,2n}) — PSL(2,R)
g = Ba(yzo, o) 0 h(7)
is the corresponding holonomy representation.
To prove Proposition 3.1 it is sufficient to show that for a sequence \,, of weighted multicurves converging
to a measured geodesic lamination A, the sequence devy, converges to a developing map. This fact is an easy
consequence of the following lemma.

Lemma 3.3. If \; is a sequence of weighted multicurves converging to a measured geodesic lamination \ then
B, converges to a w1 (X \ {z1,...,2,})-invariant PSL(2,R)-valued cocycle.

Proof. Since 35, are cocycles it is sufficient to prove that 8y, (x,y) converges if a geodesic segment ¢ joins z to
.

The proof is based on the following lemma.
Lemma 3.4. Let A be a measured geodesic lamination. Let ¢ be a geodesic arc in S joining two leaves ly,ly of
A. Then either there exists an isometric immersion of a hyperbolic triangle with an ideal vertex in S, sending
the compact edge on ¢ and the ideal edges on Iy and ly respectively or there exists a geodesic arc ¢ that satisfies
the following properties:

1. It is homotopic to ¢ through a family of arcs joining Iy to ls in S\ {z1,...,z,}.

2. It is orthogonal to both l1 and ls.

The proof of this lemma will be postponed until the end of this proof. An easy consequence of Lemma 3.4
is that two leaves [ and I’ of X cutting c are sent by dev to disjoint geodesics.

Take a partition of ¢ in segments cy,...,cy with endpoints z;, z;41 such that the length of each ¢; is less
than e. For every k > 0 and ¢ =1,..., N denote by ug; = Ox, (i, Tit1), mx,; the mass of ¢; with respect to A
and I ; a leaf of \; meeting c;. If € is sufficiently small there exists a constant C' such that

[k, — w(li,is mi )| < Cemy;

(the norm we consider is the operator norm of PSL(2,R) and the inequality is a consequence of the fact that
dev sends leaves of A cutting ¢ to disjoint geodesics, see Chapter 3 of 7).
If ¢; intersects X then choose a leaf l; of X and li,; can be chosen converging to [; as k — 4o00. It follows that
up to changing C
ks — u(li,mp)|| < Cemy; .
Since B, (z,y) = ug,1 © -+ o ug,n and the uy,; run in a compact set of PSL(2,R), there exists a constant C’
such that

N
18 (2,9) = Bx, (29| < C"D ks — unll-

i=1

Now if ¢; intersects A then
[k, — unil] < Ce(mp +mn) + |u(li, mii) — u(ly,mng)| < Ce(mp, +mp;) + C"|mi; — mp;
for some constant C”. Otherwise
ks — wnsl] < C" (i, +may)

for some C”” > 0. If A denotes the union of the ¢; that do not meet A then

N
185 (2, 9) = B, (2, 9)]] < K (e(Ak(€) + An(€)) + Y [miei — miil + Ae(A) + An(4))

i=1

for some K > 0. Since Ay — A as k — +oo and since the mass of A with respect to A is 0 by definition, it
follows that S, (z,y) is a Cauchy sequence. a
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T

Proof of Lemma 3.4. Consider the family S of arcs in S\ {x1,...,2,} homotopic to ¢ through arcs joining Iy
to I and avoiding the singularities.

Consider a sequence ¢ € S minimizing the length. Up to passing to a subsequence, ¢ converges either to a
point P or to an arc ¢y in S.

First consider the case that c; converges to p. Notice that either ¢ U ¢; U l; U ls bounds a hyperbolic
quadrilateral, or they bound two hyperbolic triangles. In the latter situation the length of ¢; would be bounded
by the length of ¢ multiplied by some constant depending only by the angles that ¢ forms with {; and l;. Thus
we can suppose that for all k£ there exists an isometric immersion of a hyperbolic quadrilateral @ in S such
that two opposite edges are sent respectively to ¢ and ¢, and the other two edges, say ug, v, are sent to [; and
lo. Let ag and by be the lengths of u; and v,. Denote by p and ¢ the endpoints of ¢ and by v, w the vectors
tangent to 1 and Iy respectively at p and q. We have that exp, ayv and exp,, byw are connected by geodesics
shorter and shorter. So, if both a; and by remained finite, we whould find an intersection point between [y and
lo.

In the Poincaré model we can choose @y, in such a way that the vertex sent to p is 0 and the edges sent to ¢
are contained in a fixed geodesic, ¢. Notice that there are two geodesics, say [1, I5 of H2 containing all u; and vy
respectively. Thus they cannot intersect (otherwise ay and by should be bounded) and cannot be ultraparallel
(otherwise the length of ¢; cannot go to 0). Thus they are parallel, and there is a triangle T with an ideal
vertex bounded by Zl, I and ¢é. Moreover, T" is the union of Q. Since the immersions of Q’s into F' coincide
on their intersections, it is possible to define an isometric immersion of 7" in S as stated in the Lemma.

Consider now the case ¢; goes to an arc co,. If ¢y avoids the singularities then it is clear that it belongs to
S. Moreover, by standard variational arguments, it is geodesic and orthogonal to both I; and Is.

Suppose by contradiction that c,, intersects some singularity. Then it is not difficult to see that it is piecewise
geodesic with vertices at singular points. Since it is homotopic to ¢ there exists an embedded hyperbolic polygon
P whose boundary is contained in cU ¢’ Ul Uls. Moreover, at least one vertex of this polygon can be supposed
to lie on a singular point. Since the cone angles are less than 7, P is convex. It follows that the length of ¢’ can
be shortened. O

4. CONVEX SUBSETS IN ADS MANIFOLDS WITH PARTICLES

Globally hyperbolic convex subsets. Let M be an AdS manifold with particles. We are interested in
convex subsets in M, and in particular in the “convex core” which will be defined below. This convex core
always contains a closed space-like surface, and this is also the case of many (perhaps all) convex subsets. For
technical reasons, we are lead to include this property in the definition of convex subsets, so that we consider
here “globally hyperbolic” convex subsets.

Definition 4.1. Let ) be a non-empty, connected subset of M. It is GH convez if:

e () contains a closed, space-like surface .5,
e ( has a space-like, locally convex boundary.

It follows from the considerations made below that this definition is equivalent to a “global” definition: any
geodesic segment in M, with endpoints in €2, is actually contained in ). However the definition given here is
more convenient here. We will often write “convex” instead of “GH convex”, hoping that it does not confuse
the reader.
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Convex GHM AdS manifolds contain a compact GH convex subset. The reason why we consider only
convex GHM manifolds is that they always contain a compact, GH convex subset. This will be used below to
show that such a convex GHM manifold actually contains a smallest such convex subset, its “convex core”.

Lemma 4.2. Suppose that M contains a closed, space-like, locally convex surface Syo. Then M contains another
such surface, arbitrarily close to Sy, which in addition is smooth.

For the proof of this lemma, we will use the notion of the distance from Sy. It is defined at p as the mazimum
of the Lorentzian length of causal segments connecting p to Sp.

Lemma 4.3. Let S be a convex spacelike surface in M, and let d be the distance from S. Then

(1) d is continuous;

(2) for every point p there is a geodesic segment joining p to S that avoids the singularities and realizes the
distance;

(3) if d(p) < 7/2 and p is in the convex region bounded by S, then this segment is unique;

(4) the function d is CY' on the set of points in the convex region bounded by S satisfying d(p) < 7/2;

(5) if S is in the class C*, then CY1 can be replaced by C* in the previous point.

Proof. The continuity of d is an easy consequence of the compactness of S.

For point (2), it is well known that the space of causal curves joining p to S is compact and the length
function is upper-semicontinuous (for a proof see Sections 6 and 7 of [17]). Thus a causal path realizing the
distance exists. A priori this path is piecewise geodesic with vertices on the singular locus. Suppose that a
vertex, say 7, on a cone singularity of angle 6;, occurs. Then take points on the curve, r_, r, respectively in the
past and the future of r. If r_, 7, are chosen in some neighbourhood of r isometric to a convex neighbourhood
of H ?,917 then the segment joining r_ and 4 has length bigger than the sum of the lengths joining r_ to r and
r to r4. Thus the curve can be lengthened.

For point (3) we consider the unit normal bundle of the surface S, i.e. the set of unit vectors n € T,.S, for
x € S, such that the plane orthogonal to n at = is a support plane of S and n is towards the convex side of S.
This unit normal bundle, NS, is a submanifold of the tangent bundle of M. The normal exponential map of S
is the map exp : N'S x R — M sending a unit vector n € N'S and a t € R+ to the endpoint of the time-like
geodesic segment of length t starting from the basepoint of n with initial velocity equal to n. We denote this
endpoint by exp,(n).

Let t € (0,7/2), and let S; := exp,(N'S). Clearly any point on the convex side of S which can be connected
to S by a maximizing (time-like) geodesic segment g of length ¢ has to be in Sy, since the plane orthogonal to
g at its intersection with S is a support plane of S (my maximality of g).

We claim that exp, is a homeomorphism from N'S to S;. The fact that exp, is a local homeomorphism
follows from the properties of Jacobi fields along time-like geodesics in AdS?3. It is not difficult to check that
such Jacobi fields are of the form

J(s) = cos(s)vg + sin(s)vy ,
where vy and v, are parallel vector fields along the time-like geodesic. Given n € N1, a first-order displacement
of n on N1S induces a Jacobi field J(s) along the geodesic segment with initial velocity equal to n which is of
the form above, with (vg,v1) > 0 — because S is convex — but either vy or v; non-zero. If vy # 0, then

(J(5),v0) = cos(s)||vol|? + sin(s) {vg, v1) > 0

for all s € (0,7/2), while if v; # 0 then (J(s),v1) > 0 for all in s € (0,7/2). Therefore J(s) does not vanish for
s € (0,7/2), which means that exp, is a local homeomorphism from NS to S, for t € (0,7/2).

Suppose that exp, is not a global homeomorphism for some ¢t € (0,7/2). Let o be the infimum of all ¢ €
(0,7/2) for which exp, is not a global homeomorphism, then there are points ny, ny € NS such that exp, (n1) =
expy, (n2). It follows from the definition of to that the geodesic segments expyg (1) and expyq ;,;(n2) are parallel
at their common endpoint. This is clearly impossible unless ny = na. So exp, is a global homeomorphism from
NS to S; for all t € (0,7/2), and this proves point (3).

For point (4), because of point (3) one can adapt to the AdS context a nice argument developed for the
corresponding hyperbolic situation by Bowditch (see [7] and [14, 3] for the Lorentzian case). We include an
outline here for completeness. Given a point p in the convex region bounded by S, let ¢ be the timelike segment
that realizes the distance from p to S (with endpoints p and r € S). Let U be a convex neighbourhood of ¢
that isometrically embeds in the Anti de Sitter space. With a little abuse we will confuse U with its image in
H3. Moreover, up to changing the time-orientation, we may suppose p to be the future endpoint of c.

In H} let us consider the function dj : I7(r) — R defined at x as the Lorentzian length of the timelike
geodesic joining r to x. Clearly di(x) < d(z) for any € U. Let P be the plane passing through x and
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orthogonal to ¢, and let dy be the distance from P. By the definition of d it is easy to see that P is a support
plane for SN U at r. Thus one sees that d(z) < dz2(x) in a neighborhood of p (every timelike curve from z to S
is extendible to a timelike arc joining = to P).

Moreover, an explicit computation shows that d; and do are smooth and that

di(p) = d(p) = da(p)
Vdi(p) = Vda(p) = v

where v is the unit timelike vector tangent to ¢ at p. This shows that d is differentiable at p and that Vd(p) =
. [l

Proof of Lemma 4.2. For each /2 > e > 0, let Sc be the set of points at distance e from Sy on its concave side.
Then S, is not only convex, but it is uniformly convex: given a point p € S, let ¢ be a point on S such
that the distance between p, ¢ is € (in general such a point is not unique). The germ of plane P through ¢ and
orthogonal to the geodesic segment between p and ¢, turns out to be a support plane for S. Moreover the set
P, of points at distance € from P is tangent to S¢ at p and in fact S, is contained in the convex region bounded
by P. in a neighbourhood of p. The uniform convexity of S, follows then since the set of points at distance €
from a geodesic plane in H3 is uniformly strictly convex (actually even umbilic). However S, is not smooth.

Now choose €' € (0, €) small enough, and let S/ _, be the surface at constant distance €’ from S¢ on the convex
side. Note that S/, is not the surface at constant distance e — ¢’ from .

Notice that not only S ., converges to S as € — 0, but also the unit normal bundle of S{ ., converges to the
unit normal bundle of S, in TM. Thus the unifom convexity of S, easily implies that Sé}e, is convex (and also
uniformly convex) for € close to 0.

The last step is to smoothe S/ , to obtain a surface S as needed. Standard arguments (based on convolution
and partitions of unity) can be used here to obtain a smooth embedding which is C'-close to Sé’e/; since the
question is of a local nature, the corresponding (classical) results in the Euclidean 3-space can actually be used
here through the projective model of AdS. (]

Lemma 4.4. Let M be a convex GHM AdS manifold with particles. Then M contains a compact, GH convex
subset.

Proof. By definition of a convex GHM manifold, M contains a closed, space-like, locally convex surface Sy
which is orthogonal to the particles. By the previous remark M also contains a closed, space-like, locally convex
surface S, which in addition is smooth.

Let I and B be the induced metric and shape operator of S, respectively. Consider the manifold S x [0, 7/2)
with the metric:

gs := —dt* + I((cos(t)E + sin(t) B)-, (cos(t)E + sin(t)B)-) ,

where ¢ is the coordinate in [0,7/2) and E is the identity morphism on 7'S. A simple computation shows that
the metric gg is locally modeled on H3 — except at the points which project to singular points of S, where
there are of course cone singularities. Also by construction (and because M is maximal), (S x [0,7/2), gs)
embeds isometrically into M, with the surface S x {t} sent to the set of points at distance ¢ from S on the
convex side. Finally note that (S x [0,7/2),gs) has locally convex boundary, and that its shape operator at
t = /2 is simply B~! (unless B is positive semi-definite but not positive definite, in which case the boundary
has “pleating lines”). So the closure of the image of S x [0,7/2) in M is a GH convex subset which is compact,
as required. O

The distance to a convex subset is bounded. Another key property of GHM AdS manifolds is that the
distance from a GH convex subset to the boundary is always less than /2.

Lemma 4.5. Let M be a conver GHM AdS manifold, and let K be a GH convex, compact subset of M. For
each © € M \ K, the mazimal time-like geodesic segment(s) joining x to K has (have) length less than 7/2.

The proof is based on a simple proposition concerning the closest point projection on a convex subset in an
AdS manifold. We call expy the normal exponential map, which is defined on the unit normal bundle of 0K,
and expy, the restriction to the set of vectors of norm equal to 7.

Proposition 4.6. Let M be a GHM AdS manifold, and let K be a GH convex subset of M. Let x € M\ K be
a regular point of M at distance less than 7w/2 from K.

(1) There exists a (time-like) geodesic segment v which has mazimal length going from x to OK, which
connects x to a point y € OK. Let r be its length.
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(2) OK is CY! smooth at y, with principal curvatures bounded from below, and its shape operator B is such
that cos(r)E — sin(r)B is non-negative.

(3) Let P be the support plane of K aty, let II' : TyM — T, M be the parallel transport along vy, and let II
be its restriction from P to its image. Then the map 117! o dexpl, : P — P is equal to:

I~ o dexpl = cos(r)E — sin(r)B .

Proof. We suppose without loss of generality that z is in the future of K. Since M is GH and K contains a
Cauchy surface, any past-oriented time-like curve starting from x intersects K. In particular this holds for all
time-like geodesics, so a simple compactness argument based on the light cone of x shows that there exists a
time-like geodesic segment of maximal length connecting x to K. This segment is not necessarily unique.

For point (2) note first that, since v has maximal length, the plane P orthogonal to v at y is a support
plane of K. Fix a small neighborhood U of y, and let H be the set of points in U which can be joined to x
by a time-like geodesic segment of length r. Since r € (0,7/2), H is a space-like umbilic surface of principal
curvatures equal to cotan(r). The definition of y shows that H is tangent to P at y. But y maximizes the
distance from x to 0K, it follows that, in U, 0K is in the future of H (because any geodesic segment going
from x to H has to intersect 9K before H). So 0K is “pinched” at y between P and H, which implies that it
is C1! with principal curvatures bounded between 0 — the principal curvatures of P — and cotan(r) — the
principal curvatures of H. This proves point (2).

For point (3) consider a geodesic segment 7 : [0,7] — H3, and let u be a unit vector field along ([0, r])
which is parallel and orthogonal to «([0,7]). For all v,w € R there is a unique Jacobi field Y along ([0, 7])
with Y(0) = vu and Y'(0) = wu. It is equal to Y (s) = (vcos(s) + wsin(s))u at y(r),0 < s < r. We can
apply this computation with uw equal to a principal vector at z, v = 1, and w equal to the principal curvature
corresponding to x. This yields point (3). O

Proof of Lemma 4.5. We suppose again, still without loss of generality, that x is in the future of K.

The first point is that there exists a space-like curve ¢ : [0, L] — M which begins on K and ends at x.
This follows again from the global hyperbolicity of M since every past-directed time-like and light-like curve
starting from x intersects K, it is also true for some space-like curves starting from zx.

Consider the distance to K, it is a function, which we still call r, defined in M \ K. We suppose (by
contradiction) that = ¢(L) is at distance at least 7/2 from K, and let ¢y be the minimum of all ¢ € [0, L] for
which ¢(t) is at distance at least 7/2 from K.

The function r is continuous but not C!, since there are points which are joined to K by two maximizing
(time-like) geodesic segments. Notice that the function r could be regarded as the cosmological time of the
spacetime [T (K) — that is r(z) is the sup of the Lorentzian lengths of the timelike curves contained in It (K)
with future endpoint at x. Thus, from the general result in [2], r is a semi-convex function, i.e. in local charts it
is the sum of a convex function and a smooth function. In particular r is twice differentiable almost everywhere.
It follows that it is possible to choose a generic space-like curve ¢, which intersects the points where r is not
differentiable on a set F of measure 0, so that r is continuous and, for s ¢ E, r is differentiable at s and there
is a unique maximizing segment between c¢(s) and K. At such points, we call w(s) the endpoint on 0K of the
maximizing curve between x and K. Let us stress that, since r is semi-convex, then (roc)’ € L*([0, L]), that
implies that 7 o ¢ is an absolutely continuous function (it coincides with the integral of its derivative).

So 7 : [0,tg] — OK is well-defined and continuous except on E, and it is Lipschitz on the complement of F;
its derivative 7’(s) is defined almost everywhere. We now suppose that ¢ is parametrized in such a way that 7
is parametrized at speed 1 on the complement of F.

It follows from point (3) of the previous proposition that for s ¢ E the norm of the image of 7/(s) by the
map exp%s) is equal to ||(cos(r)E — sin(r)B)7’(s)||, so that (using point (2) of the proposition) it is bounded
by cos(r). But this vector is the “horizontal” component of ¢/(s) (its projection on the kernel of dr in T, M).
Since ¢ is space-like, it follows that |(roc)’(s)| < cos(r). So the function roc is well-defined on [0, ¢y}, absolutely
continuous, and it is a solution outside E of the differential inequality: 3'(s) < cos(y(s)), with y(0) = 0 by
definition of ¢. It follows quite directly that y(tg) < /2, which contradicts the definition of ¢5. This shows that
x is at distance less than 7/2 from K, as announced. |

The existence of the convex core. It is now possible, using in particular Lemma 4.5, to show that the
intersection between two GH convex subsets of M is itself non-empty and GH convex. This is a key point in
proving the existence of a “convex core” in M.

We will use the following simple remark.
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Lemma 4.7. Let Q) be a GH convex subset of an AdS spacetime M. Each boundary component of Q) is either
convez in the past or convez in the future. (A locally convex spacelike surface S is said to be convex in the future
(resp. past) if timelike unit vector tangent to S points towards the convex (resp. concave) side bounded by S.)
Suppose Q) to be compact. Then there are 2 boundary components: the future boundary, 9, that is conver
in the past, and the past boundary, 0_€ that is convex in the future.
Both 0_Q and 0,9 are Cauchy surfaces and

(2) Q= I (0_() NI (9;())

Proof. For the first part, it is sufficient to notice that if the timelike vectors tangent to x € S points towards
the convex side bounded by S, then the same holds for points y in a neighbourhood of x in S.

For the second part, the claim is that any inextensible causal curve intersect {2 in a compact interval whose
future endpoint lies on 042 and the past endpoint lies on 0_2. Since 2 is compact in M then there is a Cauchy
surface, say S;, in the future of 2 and a Cauchy surface, say S_, in the past of 2. The curve ¢ intersects S_ in
a point x_ and S, in a point x4. It is clear that ¢N (2 is contained in the segment bounded by z_ and =4 on c.
Now suppose I to be a connected component of ¢ N ). By definition we should have that the past endpoint of
I lies on 0_2 whereas the future endpoint lies on 9, Q. If cN Q) contained two connected components, then one
could construct a causal curve in M with past endpoint, say zp, on 0+ and future endpoint on 0_€2. Gluing ¢
with a timelike geodesic with future endpoint at zp and a timelike geodesic with past endpoint at x g, produces
a causal curve meeting S twice.

Consider now the flow ¢ of some future-oriented unit timelike vector-field X on M. It follows from the claim
that the set, S, of points (z,t) € S x R such that ¢:(x) € Q is a compact regular neighbourhood of S, that is
S = S x [-1,1] in such a way the image through ¢ of S x {1} is 04 and the image of S x {—1} is 0_Q.

The identity (2) is a simple consequence of the claim. O

Proposition 4.8. Let Q,Q) be two GH convex subsets of M. Then QN Q' is non-empty and GH convex.

Proof. We claim that 9, is contained in the future of 9_Q’ Suppose a point x € 9, is contained in the past
of 0_V. Let M’ be the AdS structure on 9+ x [0,7/2) with metric given by

—dt* 4 I((cos(t)E + sin(t)B)-, (cos(t)E + sin(t) B)-)

where I is the first fundamental form on 94, B is the shape operator, and ¢t € [0,7/2). The past of 9.9 is
isometric to a regular neighbourhood of S x {0} in M’. If we glue the future of 9,.Q to M’, we get a smooth
spacetime M" that contains M. The surface 91 turns out to be a convex Cauchy surface so 942 is convex
GH.

Now in M" there is a timelike geodesic with length equal to 7/2 and future endpoint at z. Since z is in the
past of 9_, there is a timelike curve in the complement of £’ with length bigger than m/2. This contradicts
Lemma 4.5.

The fact that 2N’ is a non-empty convex subset follows directly from the claim and from (2). Moreover, the
claim implies that every inextensible causal curve meets QN in a non-empty interval. So the same arguments
as in Lemma 4.7 show that QN Q' = S x [0, 1] and the boundary components of QN are Cauchy surfaces. 0O

It follows from the previous lemma and from Lemma 4.4 that M contains a minimal GH convex subset.

Lemma 4.9. Let M be a GHMC AdS manifold. Then M contains a non-empty GH convex subset C(M) which
is minimal: any non-empty GH convex subset Q in M contains C(M).

Proof. We already know that M contains a GH convex subset (Lemma 4.4) and that the intersection of two
GH convex subsets is GH convex. We can therefore consider the intersection K of all GH convex subsets in M,
it is clear that it intersects all time-like curves in M and that it has locally convex boundary. The only point
that remains to prove is that it has space-like boundary, since a limit of space-like surfaces could a priori be
light-like. We do the proof here for the future boundary of K, denoted by 0+ K, the same argument applies
with obvious changes to the past boundary 0_K.

Let S+ be respectivey the future and the past boundary of the GH convex compact subset appearing in the
proof of Lemma 4.4. By construction, the distance between S, and S_ is w/2. Since K is contained in any GH
convex sets, all points of 91 K are at distance less than 7/2 from S_.

Let Q be the set of points at distance less than 7/2 in the future of S_. We consider the function u defined,
on (), as the sine of the distance to S_. By Lemma 4.3 u is a smooth function on Q. Moreover it satisfies the
equation:

Hess(u) < ug ,
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where ¢ is the AdS metric on M. To check this equation note that it is satisfied (and is actually an equality) if
S_ is totally geodesic. If x € Q and if v € T,Q) is the direction of the maximal geodesic segment from z to S_,
the Hessian of u behaves on Rv as the Hessian of the distance to a geodesic plane, and on the plane orthogonal
to v it is smaller since S_ is convex.

Now suppose that there exists a point x € 0. K where 01 K is light-like. Then, since 04 K is convex, there
exists a light-like past-oriented geodesic ray 7 contained in a support plane of 9; K at . Let (%) be a sequence
of space-like geodesic rays converging to ~y, parametrized at unit speed. Then

lim (uo3)'(0) = —oc

and (uovg)” < uo~g by the estimate on the Hessian of u. Therefore, for k large enough, 7 intersects S_ at
time ¢y, with limg_ o tx = 0. It follows that ~ intersects S_, this contradicts the convexity of 0, K. O

As for non-singular AdS manifolds, we call C'(M) the convez core of M.

5. PLEATED SURFACES IN ADS MANIFOLDS WITH PARTICLES

The geometry of the convex core. The boundary of the convex core of a GHM AdS manifold with particles
shares all the important properties of the boundary of a non-singular GHM AdS manifold (as studied in [14],
see also [1]), which are also the same as for quasifuchsian hyperbolic manifolds (including those with particles
as in [11, 15]).

The first property is that boundary components of the convex core are pleated surfaces according to the
following definition.

Definition 5.1. A convex pleated surface in M is a closed, convex, space-like surface, S orthogonal to the
singular locus of M, which is developable: for any point x € S, other than in the singular set of M, x is
contained in the interior either of a geodesic segment of M contained in S, or of a geodesic disk contained in S.

Lemma 5.2. Let M be a convex GHM AdS manifold with particles. Each boundary component of its convex
core C(M) is a pleated surface. If p € OC (M) lies on a singular line, then C(M) has a unique support plane at
p, say H, and H N OC (M) contains a neighbourhood of p in H.

Proof. Suppose by contradiction that some vertex occurs, that is, there exists a support plane P intersecting
OC (M) at exactly one point p. Without loss of generality we may suppose p € 9;C(M).

Let v be the unit vector orthogonal to P at p and pointing in its past and consider the plane Q. orthogonal
to the geodesic v(t) = exp,tv at y(¢). For e sufficiently small, then Q. N d4C(M) is topologically a circle
and QNI_C(M) = @. Let A’ the surface obtained by replacing in 9, C(M) the set IT(Q.) N d+C(M) with
QN C(M). Then A is a locally convex in the past surface. The convex domain Q = I~ (A) N IT(J_C(M)) is
then smaller than C(M).

To show that OC(M) is orthogonal to the singular locus of M, let € dC(M) be a point contained in a
singular curve of M. We consider the link L,(M) of M at x (the set of geodesic rays in M starting from z,
with the natural angular metric). It is a (real) projective surface with two singular points. It is also endowed
naturally with a “distance”, coming from the angles between the geodesic rays starting from z, which is locally
modeled on the de Sitter plane for space-like rays, and on the hyperbolic plane for the time-like rays (except
the two rays which follow the singular line of M containing ). L, (M) also contains a closed curve ~p, which is
the union of rays orthogonal to the singular line containing x. It is geodesic for the metric just described (and
a line for the real projective structure on L,(M)). We call h the oriented distance to vq (i.e., the length of the
maximal geodesic connecting a point to ), with a plus sign if this segment is past-oriented, and a minus sign if
it is future-oriented). It is well-defined on the “de Sitter” part of L, (M) (corresponding to the space-like rays).

In L, (M) we consider the link L,(C(M)) of C(M) at x, namely, the set of geodesic rays starting from x for
which a neighborhood of x is contained in C'(M). Since 0C (M) is space-like, L, (C(M)) is a space-like curve
contained in the “de Sitter” part of L,(M). It follows from the convexity of C(M) that OL,(C(M)) is a locally
convex curve.

Let y be point of OL,(C(M)) where h attains its minimum. Then there is a geodesic segment ~y, in L, (M)
containing y, which is a support line of 9L, (C(M)) at y, and such that the restriction of h to y is extremal at
y. Considering the geometry of L, (M) shows that there is a maximal extension of v, as an embedded curve in
L, (M) which is symmetric with respect to y (it has the same length on both sides of y).

The fact that the cone angle of M at the line containing x is less than 7w then shows that the restriction of h
to 7y, has constant sign (positive, zero or negative), and that it has either a maximum (if its value is positive)
or a minimum (if its value is negative) at y. However the convexity of 0L, (C(M)) shows that it is “below” ~,:
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FIGURE 1. The link of C'(M) at a singular point.

any geodesic orthogonal to vy intersects v, and OL,(C(M)) once, and the value of h at the intersection with
7y is bigger than the value of h at the intersections with 0L, (C(M)).

This already shows that h(y) cannot be positive: otherwise the restriction of h to 0L, (C(M)) would have a
strict maximum at y, contradicting the definition of y. The same argument shows that if h(y) = 0 then h =0
everywhere on 0L, (C(M)), i.e., OL,(C(M)) = .

But h(y) cannot be negative, otherwise h would be negative everywhere on +,, and therefore on 9L, (C(M)).
This would mean that any plane intersecting the singular line containing = orthogonally a little “below” x would
cut a small cone off C(M), leaving a piece of C'(M) which would remain GH convex, and would thus contradict
the definition of C'(M) as a minimal GH convex set.

So the only possibility is that 0L, (C(M)) = v, so that OC(M) is orthogonal at x to the singular locus of
M. d

Let the bending locus of 9C (M), say L, be the complement of points that admit some support plane P such
that P NOC(M) is a neighbourhood of p in 0C(M). Ly denote the intersection of L with 0,C(M).

Lemma 5.3. If Ly = @ (resp. L_) then C(M) = 0C_(M) = 0C4+ (M) is a totally geodesic surface orthogonal
to the singular locus.
If L # @ then L is foliated by complete spacelike geodesics of M.

Proof. If Ly is empty then 01 C(M) is totally geodesic. In particular it is a convex subset, so it is contained in
the convex core.

The second part is more delicate. Suppose p € L. There exists a unique v € T, M such that the segment ~y
defined by (t) = exp, tv is contained in L for t € (—¢,¢). Now consider the set

A={teR|exp,tve L}.

Since L is closed in OC(M) the set A is closed. We will show that is open too. In fact it is sufficient to show
that exp, tv € L for ¢ small, because the fact that A contains a neighborhood of any of its points, say o, then
follows by substracting ¢ to ¢ for ¢ close to tg.

Suppose by contradiction that there is support plane @ that intersects 04 C(M) in a neighbourhood of
exp,, tv. Since 7(s) is contained in 94 C(M) for s € (0,t) we have that 7/(¢) is contained in Q. It follows that v
is contained in . Thus @ N9+ C(M) contains the convex hull of a ball of center v(¢) in @ and ~(—t), that is,
a neighbourhood of p. This contradicts the assumption that p € L. O
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Notice that M contains a geodesic Cauchy surface iff L = @ and this is the only case where the convex core
has empty interior. The leaves of the foliation of L pointed out in Lemma 5.3 will be called the bending lines
of the convex core.

Proposition 5.4. C(M) carries an intrinsic C%1-hyperbolic structure. L is the support of a measured geodesic
lamination A on OC (M), called the bending lamination. The hyperbolic structure on 0+C (M) and the measured
lamination A = Mo, oy determine M.

This statement is the analog with cone singularities of a well-known fact for non-singular hyperbolic metrics.
We include a proof for the reader’s convenience because the proof in the non-singular case relies heavily on the
use of the developing map and therefore does not extend to hyperbolic surfaces with cone singularities.

Proof. First notice that we can choose coordinates around a point of p € 9C(M), such that dC (M) looks like
the boundary of a convex set of R®. This show that points of 9C (M) are locally connected by Lipschitz paths.
Thus each component of C(M) is connected by Lipschitz paths. So we can consider the path distance d on
OC(M). Notice that a priori it is a pseudo-distance.

Given p € 9C(M) we construct a map ¢ : U — dC (M), where U is some open set of H?2, ¢ is bi-Lipschitz and
preserves the length of curves, the image of ¢ is a neighbourhood of p.

We take a small neighbourhood W of p in M and fix once and for all an isometric identification of W with
some convex subset of H;. Suppose without loss of generality that p € 9, C(M). 0, C(M)NW can be regarded
as the germ of a pleated surface of H3, more precisely we claim that there exists a complete convex in the past
pleated surface in H3, say A, such that AN W’ = 9, C(M)NW’ where W’ is a compact neighbourhood of p.

The existence of the map ¢ follows from the claim, thanks to the general results about pleated surfaces in
H3 proved in [3]. Let us prove the claim.

If p ¢ L then we can take W' such that W/ N 9,C(M) is totally geodesic so the claim follows.

Suppose p € L. We can choose W; C W that is pre-compact and such that the leaves of L meeting W7 are
exactly the leaves intersecting a small path transverse to the leaf through p.

Consider the family F of spacelike planes of H3 that are support planes of 9, C(M) N W at some point
p € Wi. The family F is pre-compact in H3 and there is a plane Py that does not intersect any element of JF:
indeed for a fixed py € 9;C(M), points of P € F are connected to py along spacelike geodesics so it is sufficient
to set Py to be the set of points at distance 7/2 from po.

Now for P € F denote by C(P) the convex set of H$ bounded by P and Py and containing 0, C(M)NW.
Let Q = NpexrC(P). Let us enumerate some easy properties of Q.

(1) Q2 is a convex set of H
(2) Q has two boundary components. One of them is Py. Let us set A to be the other component.
(3) ANWy =04C(M)NWs.

The last property is a consequence of the compactness of F.

The last point to check is that we can choose W7 so that A is pleated.

Suppose that for some W; some vertex occurs. By property (4) it is not difficult to see that there are two
bending lines in 9, C(M), say ly,ls such that I; "W # @ and the geodesics of H3 extending I; N W meet each
other at a point ¢g. Consider points p; € W N I; and let T be the geodesic triangle of H3 with vertices at pi, pa
and ¢q. Denote by [; the segments joining p; to q.

Clearly T N W embeds in M. Moreover the embedding o : TNW — M extends on (TNW)U I sending
Iy on Iy (and also to (T'N W) Uly, but a priori not on (TN W) Ul Uly). If this isometric embedding extends
to an embedding on the whole T" we find a contradiction: the image of [; would be contained in /; and so the
image of ¢ would be contained in 1 N 5.

Let vy the tangent vector at p; to the segment p;p, and let v; be the parallel transport of vy along h.
Consider the foliation of T' by geodesics arcs starting from I, with direction v, (this is a foliation since T is
hyperbolic). Denote by a; the length of the segment ¢;.

Let v} the parallel transport of vy along /3 in M. Since the triangle T' does not embed in M there exists
to such that if p;, is the corresponding point in /; then eXpy,, svy, is defined for s < b < ay,, that means that
eXpy,. bv;, is a singular point.

Notice that for a suitable choice of W7 the factor a; can be close to 0. On the other hand the vector vy runs
in a compact set of TM (independent of W7), and so does the family {v}|¢t > 0}. Thus for any choice of W the
pleated surface A contains some vertices. Furthermore some sequence in L converges to some singular point.
This implies that the closure of L contains points on the singular locus and this contradicts Lemma 5.2.
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Eventually we can choose W' such that A is a complete pleated surface in H$. Thus there is an isometry
(that is a bijective map preserving the distance) B : H?> — A. Then B : B~Y(0,C(M)NW) — 9, C(M)NW
is the desired isometry.

In fact in [3] the map B is described in some more explicit way. It is shown that there is a measured geodesic
lamination Aa on H? such that

(1) the bending locus of A is the image of the support of Aa;
(2) Up to post-composing with an isometry of H$ we have
B(x) = (/BR(x(h ), ﬁL(xm 1‘))[(:1:)
where zq is a point, 3% and B are the right and left cocycles associated to Aa as in Section 3 and I is
the standard embedding of H? in H{ defined in Section 2.
(3) The lamination Aa is determined by the bending: the bending of H? along A and )\ coincide on a
neighbourhood U iff A\|y = N|p.

This shows that it is possible to equip L on W N 9, C (M) with a transverse measure that is the image of
the transverse measure on the corresponding neighbourhood of H2. Notice that by property (3) the transverse
measures defined on different neighbourhoods match on the intersecton, giving rise to a transverse measure
on L on the whole of 94 C(M). Let Ay be the corresponding lamination. Let F be the hyperbolic structure
on 04 C(M) and Ay be the bending lamination. By point (3) these data determines the developing map of
0+C (M) and thus the germ of the structure around 0, C(M). From the uniqueness of the maximal extension,
they determines the whole of M. O

Remark 5.5. Note that the arguments given here are almost the same as for the corresponding hyperbolic
setting, as in the appendix of [15]. Note also that the condition that the cone angles at the singularities are
less than 7 seems to be really necessary to ensure that the boundary of the convex core is orthogonal to the
singular lines. An interesting example can be found in [4]; it has “particles” with cone angles equal to 7 and it
seems that the boundary of the convex core is not “orthogonal” to those particles, and that it is bent along a
geodesic segment joining its intersections with the two singular lines.

Reconstruction from the boundary of the convex core. Thanks to Proposition 5.4 there is a well-defined
injective map

gHZ,Tﬁ - TE,T79 X MEZ,T
associating to M the hyperbolic metric on the future boundary of the convex core, say h, and the bending
lamination, say A;. The aim of this subsection is to show that this map is bijective, giving a parametrization of
GHs r 0 in terms of the embeding data of the future boundary of the convex core (an analogous parametrization
is possible in terms of the embedding data of the past boundary of the convex core).

Lemma 5.6. Let S be a pleated surface in M convex in the past. Then there is mo point in the past of S at
distance 7 /2 from S.

Proof. Suppose by contradiction that there exists a point p at distance 7/2. Let r(p) € S the point realizing
the distance and let P be the set of points in M that can be joined to p by a timelike segment of length 7 /2.
P is an immersed geodesic plane and clearly it is a support plane for S. Moreover S N P is convex in P and
without vertices. Thus the interior of P N S is contained in S\ L whereas the boundary of P N S is contained
in L. In particular S N P contains a leaf, say [, of L.

If [ were closed, [ would be homotopic to the constant loop p in M. Since [ is not trivial in S, it is not trivial
in M and this gives a contradiction.

Suppose now that [ is open. We know there is a another leaf, I, in the closure of I (the proof of this point can
be done as for non-singular hyperbolic surfaces, see e.g. [8]). Moreover we can choose I’ that is not a boundary
leaf — that means that support planes for points in I’ intersects S just in a geodesic segment.

Take a sequence ¢, € | converging to ¢, € I’. Timelike geodesics connecting p to g, go to a geodesic ¢
connecting p to g, that is not spacelike. If this geodesic segment is timelike then g, lies on P, that is the plane
orthogonal to the segment joining p to ¢ is a support plane for g, that contains many ¢,. This contradicts
the choice of I'.

Thus c is lightlike. But this holds for every point of I’. On the other hand it is not difficult to prove that
on a spacelike geodesic there are only a finite number of points connected to p along a lightlike geodesic. This
leads to a contradiction. O

Proposition 5.7. Let M be a GHM AdS manifold with particles. The only convex pleated surfaces in M are
the future and past boundary components of the convex core.
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Proof. If S is a pleated surface convex in the past, it is contained in the future of the convex core C(M). Take
p € S that is not in C'(M) and take a point ¢ € 9 C(M) such that p € I (g). Take a smooth convex surface
S” in a neighbourhood of &, C(M) and ¢’ € S’ such that p € I'T(¢’). By Lemma 4.4, M contains a timelike
geodesic of length equal to /2 arriving at ¢g. So there is a timelike path of length bigger than 7/2 arriving at
p. This contradicts Lemma 5.6 O

Proposition 5.8. Let h be a hyperbolic metric with cone singularities (of angles 01, ,0, € (0,7)) on S, and
let X be a measured bending lamination in the complement of the cone points. There is a unique GHM AdS
metric with particles on S x (0,1) such that h and \ are the induced metric and measured bending lamination
on the future boundary of the convex core.

Proof. The hyperbolic metric h and the measured lamination A determine an isometric embedding of the
universal cover of the complement of the cone points in S into Hj which is equivariant under an action of the
fundamental group I' of the complement of the cone points in S. More precisely, the developing map can be
explicitly written in terms of the left and right cocycles 5' and 3" associated to A. In fact

(3) dev(x) = (8" (20, ), B (w0, 2))I (devo ())

where devy is the developing map of h and I is the standard embedding H? into H3.

The fact that dev is locally injective and locally convex can be proved as in [3] in the non-singular case. The
only point to check is that it induces a hyperbolic structure on the surface S with cone singularities. On the
other hand, since the singular locus is far from the lamination, the cocycles 3" and ' are trivial on 7~*(U) for
some neighbourhood U of the puncture. Thus on 7#~1(U) the map dev is conjugated with devy, so the induced
metric on S looks like A in a neighbourhood of a cone point.

Consider the normal exponential map of S towards the convex side of S. It is the map:

G:N'S x(0,7/2) — M .

Here N'S is the unit normal bundle of S, i.e., the set of unit vectors at points of S for which the oriented
orthogonal plane is a support plane of S. The map is defined by sending (n,t), where n is a unit vector at
x € S, to exp, (tn), where exp, is the exponential map at x.

The convexity of S then shows that this map is locally injective on S x (0,7/2) (as seen in the proof of
Lemma 4.3). So this map can be used to pull back the AdS metric to a locally AdS metric on S x (0,7/2), with
cone singularities at the lines  x (0,7/2), where x is a cone point of S. This shows that S has an embedding
into an AdS manifold N with image a convex pleated surface with induced metric A and measured pleating
lamination A. By definition N is contained in a GHMC AdS manifold M, also containing a pleated surface with
induced metric h and measured pleating lamination .

In addition, Lemma 5.7 shows that S can only be a connected component of the convex core of M. Since a
GHMC AdS manifold is obviously determined by the future boundary of its convex core, the lemma follows. [J

From the convex core to earthquakes. There is an important relation between convex pleated surfaces in
GHMC AdS manifolds and earthquakes on hyperbolic surfaces, which was discovered by Mess [14] (see also the
annotations in [1]). It can be stated for convex cores of GHMC AdS manifolds with particles as follows.

Lemma 5.9. Let M be a GHM AdS manifold with particles. Let hy,h_ be the induced metrics on the upper
and lower boundaries of the convex core, let Ay, A_ be the measured bending lamination of those upper and lower
boundary components, and let py, i1, be the right and left hyperbolic metrics. Then

i = B (he) = BeO) () e = BiO)(h) = (A (hs)
It follows that ;= E;(2A4) (pr) = Er(2A2) ().

he
B.(\) Ei(\)

i Hr
10 E.(\)
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Proof. As stated in [11], the holonomy of p; is the projection of the holonomy of M on the first factor of
Isom(H3) = PSL(2,R) x PSL(2,R). On the other hand, by formula (3), such a representation is simply

pi() = Br(xo, vxo)p+ ()

where p; is the holonomy for hy. Thus by formula (3), p4 and E,.(hy) share the same holonomy.

Now for hyperbolic surfaces with cone singularities of angle less than 7, the holonomy determines the hyper-
bolic structure. This can be proved by the same argument, based on pants decompositions, as for non-singular
hyperbolic surfaces. It is proved in [6] that any maximal set of pairwise non-homotopic simple closed curves in
the complement of the singular points can be realized (uniquely) as a geodesic multicurves, and that the lengths
of the curves of this “pants decomposition” uniquely determines the metric. Since the lengths of the geodesic
curves are determined by the holonomy, it follows that the metric is determined by the holonomy.

Since we are assuming cone angles less than 7, the holonomy determines the structure, and we conclude that
p+ is equal to E,.(hy). O

We can conclude from Lemma 5.9 that Theorem 1.4 and Theorem 1.2 are equivalent. In fact, the composition

Tsno X MLy p LN GHyx neo RETLIN Tsino X Tsno
is the map
(R, A) = (BX(F), BA(F))
Since EY = (E})™1, it is easy to see that the (u, yi,-) is bijective if and only if so is the map
(h, A) = (h, EX(h)),
and that in turn is equivalent to requiring that for all A the map E7(h) : MLs ,, — Tx .0 is bijective.

6. LOCAL DEFORMATIONS

This section is devoted to local (or infinitesimal) deformations of GHM AdS manifolds with particles.

Convex space-like surfaces in GHMC manifolds. In this section we consider a closed, convex space-like
surface S C M which is orthogonal to the singularities. We call S, the regular set of S — the complement in
S of the set of singular points — and I' := 7 (.S,.). There is a natural morphism

om T — S00(2,2)

obtained from the holonomy representation of M, because m1(S) = 71 (M,.).

Given S it is also possible to define two hyperbolic metrics on it, called y; and p,- in the introduction. Note
that this depends on the fact that S is convex (it is actually sufficient to suppose that the curvature of the
induced metric on S does not vanish, but this happens to be true for all convex surfaces).

Those two metrics have cone singularities at the intersections of S with the singular lines of M, see [11].
Note that this point depends on the fact that S is orthogonal to the singular lines of M.

The left and right representations. We introduce a simple notation. For each cone point x; of S, 1 < i < n,
we call v; the element of I' corresponding to the simple closed curve going once around x;.

A direct consequence of the Lemma 2.8 and of the following remark is that the images by ¢; and by ¢, of 7;
are hyperbolic rotations of angle 6;, where 6; is the angle of the singular curve of M which intersects S at x;.

Remark 6.1. Let p € SO((2,2) be an AdS isometry, and let p;, p. be its left and right components. Let
a € (0,27). pis a (pure) rotation of angle o around a time-like geodesic in AdS if and only if p; and p, are
both hyperbolic rotations of angle «.

Deformations of the holonomy representation of M.

Lemma 6.2. The first-order deformations of M, among GHM AdS manifolds with particles with the same cone
angles, are parametrized by the first-order deformations of the homomorphism ¢y from T' to SOg(2,2), such
that, for each i € {1,--- ,n}, the image of v; remains a pure rotation of angle 0;.

Proof. Consider a first-order deformation of the AdS metric on M, among GHMC AdS metrics with the same
cone angles. The corresponding first-order variation of the holonomy representation of M is then a first-order
deformation of ¢, and the images of the 7; remain a pure rotation of angle 6.

Consider now a one-parameter deformation ¢; of ¢pr, t € [0, €], such that the images of each v; remains a
pure rotations of angle 6;. Let M be the universal cover of the complement of the singular lines in M. There



ADS MANIFOLDS WITH PARTICLES AND EARTHQUAKES ON SINGULAR SURFACES 19

is natural local isometry from M to H $, the developing map of M. Let S be the universal cover of the regular
part of S. Then the developing map of M restricts to an immersion:

1/1M:S’HHE',

which is equivariant under the action ¢p;. Its image is a locally convex surface, which is ramified at the images
of the cone points.

Given the one-parameter deformation ¢y, it is possible to construct a one-parameter deformation v; of ¥y,
among embeddings of S into H ¢, such that 1; is equivariant under the action of ¢;. This can be achieved for
instance by choosing a fundamental domain D in S and constructing a deformation of ¥5; on D in such a way
that D can be “glued” to its images under the action of a set of genetators of I'. Moreover it is possible to
choose this deformation so that, for ¢ small enough, the image of S remains locally convex.

Then for o > 0 small enough and for ¢ small enough, we can consider the normal exponential map:

exp,, : 8 X (—a, ) — H} |

sending (z,t) to the image of tn, by the exponential map at ¢ (z), where n,, is the future-oriented unit normal
orthogonal to wt(g ) at ¢(x). This map exp,, is a local homeomorphism, so that it can be used to pull back
the AdS metric of the target space to an AdS metric on S x (—a, a), which has a natural isometric action of T
through ¢;.

The quotient S x (—a, a)/¢¢ (') is an AdS manifold with particles, which contains a closed, locally convex,
space-like surface (the quotient of 14(S). So its maximal extension is a GHMC AdS manifold with particles,
with holonomy representation equal to ¢;, as needed.

Note that any one-parameter deformation of M (still under the same angle conditions) can be constructed
in this manner, and that the resulting manifold depends only on the variation of the holonomy representation.
This completes the proof of the lemma. |

A key infinitesimal rigidity lemma. We now have the tools necessary to prove the main lemma of this
section: the first-order deformations of M are parametrized by the first-order deformations of its left and right
hyperbolic metrics.

Lemma 6.3. The map (i, ftr) : GHx o — Txno X Tune s a local homeomorphism.

Proof. According to Lemma 6.2, the first-order deformations of M are parametrized by the first-order deforma-
tions of its holonomy representation, among morphisms of I" in SOy (2, 2) sending each ; to a pure rotation of
angle 6;. But Remark 6.1 shows that those deformations are characterized by the deformations of the left and
right hyperbolic metrics, which can be any deformations of p; and p, among hyperbolic metrics with the same
angle at the cone singularities of S. O

Consequences for earthquakes. The previous lemma has a direct application for earthquakes on hyperbolic
surfaces with cone singularities.

Lemma 6.4. Let hg € Tx 0. The map E7(hg) : A — E5(h) is a local homeomorphism.

Proof. Fix Xg. Let I : MLs », X Ts.n9 — GHs ne be the parameterization given by Lemma 5.9. Since [ is
continuous, thanks to Lemmas 6.3 and 5.9, we can take a neighbourhood U of (hg, Ag) such that the map

(hyA) = (E5 o (h), B} j5(h)
is injective on U. The set V of laminations A such that (ho,A) € U is a neighbourhood of (hg, Ao) and both
E7(hg) and E'(hg) are injective on V. O
7. COMPACTNESS

This section is devoted to the proof of Lemma 1.7, which states that, for a fixed element p € 75 ,, 9, the map
E"(p) : MLyx , — Ts 9 is proper. In the whole section we fix § = (61,--- ,6,) € [0, 7).

A compactness lemma for earthquakes.

Lemma 7.1. Given A\ € MLy, ,, and p € Ts, 9 let ' = EY(p). Then, for every closed geodesic v of X,

Cu(y) + 4w (7) =2 A7)
where £,,(vy) denotes the length of v with respect to fi.



20 FRANCESCO BONSANTE AND JEAN-MARC SCHLENKER

dn—1

q1

Po Pn = g(pPo)

q0 A

1
T = g(ro)

Proof. By a standard approximation argument, it is sufficient to prove the statement under the hypothesis that
A is a weighted multicurve. Moreover we can assume A(7y) > 0.

Let f)u and ¥  the metric universal covering of the regular part of ¥ with respect 1 and p' respectively (here
¥ is regarded as a punctured surface). The lamination A lifts to a lamination X of f)# and the right earthquake
along A, say E", is the lifting of E”. Thus for every covering transformation ¢ of iu there exists a unique
covering transformation, say H(g), such that

Erog=H(g)oE".

Let g be a covering transformation of f)# representing a loop of ¥ freely homotopic to . There exists a g-
invariant complete geodesic A = A(g) in ¥, such that the projection of A(g) on ¥ is the geodesic representative
of v with respect to p.

Analogously the projection of A(H(g)) C f]ul, is the geodesic representative of v with respect to u’. The
inverse image A’ through E" of A(H(g)) is a g-invariant union of disjoint geodesic segments whose endpoints
lie on some leaves of . More precisely if {l;};cz is the set of geodesics cutting A enumerated so that [; and [; 11
intersect A in consecutive points p; and p;41 of AN A, then A’ is the union of geodesic segments joining a point
q; €1; to apoint 7,41 € l;41.

Let A be oriented in such a way that g is a positive translation. The sequence p; can be supposed to be
increasing. Moreover each [; can be oriented in such a way that the intersection of A with it is positive. Let x;
(resp. y;) denote the signed distance of ¢; (resp. r;) from p; on [;. Since after the right earthquake A’ becomes
a continuous line, x; — y; is equal to the weight of the leaf ;.

If g(po) = pn for some n > 0 clearly we have z;}, = z; and y; 4, = y;. Moreover £,,(7) is equal to the sum of
the lengths of the geodesic segments [po,p1],. .., [Pn—1,Pn), Whereas £,/ () is equal to the sum of the geodesic
segments [qo, 7ol - - -, [gn—1,7n]. From the triangle inequality,

2 < Yir1 + L([pi, piva]) + [gi, mi1])
that is,

T — Yiy1 < U([pi, pit1]) + (i, Tit1]) -
Summing the last inequality for i =0,...,n— 1,

n—1

> iy <07 + 4w (7) -
1=0

Since the left hand of this inequality is the mass of v with respect to A, the proof is complete. O
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Proof of Lemma 1.7. Let (Ag)reny be a divergent sequence in MCLs,, and pp = EY, (n) for some fixed
€ Ty no. We have to prove that (ux)ken is a divergent sequence in Ty ,, ¢.

Since (Ag)gen is divergent, there exists a closed geodesic v such that A,(y) — +o00. Then by Lemma 7.1,
0y, (7) = 400, 0 (uk)ken does not admit a convergent subsequence.

8. PROOF OF THE MAIN RESULTS

Proof of Theorem 1.2. As mentioned in section 2 we fix § = (01,--- ,6,) € (0,7)" and h € Ts,, 9. We then
consider the map ET(h) : MLs , — Tx 9. It is a local homeomorphism by Lemma 6.4, and is proper by
Lemma 1.7. Therefore it is a covering. However 7, ,, ¢ is simply connected and MLy, ,, is connected. Therefore
this map is a homeomorphism.

Proof of Theorem 1.4. Again we consider a fixed choice of § = (0y,---,6,) € (0,m)". Let u, pbr € Tx pn 0.
By Theorem 1.2 there exists a unique A € MLy, ,, such that u, = EY(1u).

Let Ay := A/2, and let hy := EY (). By Lemma 5.8 there exists a (unique) GHMC AdS metric g on
3 x (0,1) for which the induced metric and the measured bending lamination on the upper boundary of the
convex core are hy and Ay, respectively. It then follows from Lemma 5.9 that the left and right hyperbolic
metrics of g are u; and .., respectively.

Conversely, let ¢’ be a GHMC AdS metric on ¥ x (0, 1) for which the left and right hyperbolic metrics are
p and g, respectively. Let b/, and X/, be the induced metric and measured bending lamination on the upper
component of the boundary of the convex core of (X x (0,1),¢'). Then Lemma 5.9 shows that p, = EY, (h'),

while p; = Eh (h}), so that p,. = Ejy, (). It follows that ¢’ is the metric g constructed above, and this
finishes the proof of Theorem 1.4.

9. SOME CONCLUDING REMARKS

Reconstructing a GHMC AdS manifold from its convex core. The arguments developed above show
that, given the convex core of a GHMC AdS manifold M, it is possible to understand the global geometry of
M is a simple way. This is an immediate extension of statements already well-known in the non-singular case,
see [3].

Lemma 9.1. Let M be a GHM AdS manifold with particles, which is topologically 3 x (0, 1), with cone angles
01, - ,0, € (0,7). Let Q4 be the set of points at distance at most w/2 in the past of the future boundary of the
convex core, and let Q_ be the set of points at distance at most /2 in the future of the past boundary of the
convex core. Then

M:Q+Uﬂf 5 Q+mﬂf :C(M) .

Moreover,

Vol(M) + Vol(C(M)) = g (277)((2) + ;(277 - 91)> + @ ;

where X is the measured bending lamination of the boundary of the convex core and L(X) is its length.

Note that the quantity 2mx(X)+ >, (27 —6;) is 27 times a natural “Euler characteristic” of a closed surface
with cone singularities. It is equal for instance to the area of any hyperbolic metric with prescribed singular
angles on such a surface.

Proof. Let 0_C(M) and 04+ C(M) be the past and future boundary components of C (M), respectively. Since
0_C(M) is a locally convex surface (with the convex part of its complement in the future direction) we can
consider the normal exponential map of 9_C(M), as in the proof of the previous lemma. Again it is locally
injective on time ¢ € (0,7/2), and can be used to pull back the AdS metric to a locally convex AdS metric (with
particles) on a “slice” of width 7/2 in the future of 9_C(M).

This construction, and the definition of M as a mazimal globally hyperbolic space, shows that M contains
the image of this map, which corresponds to the space €1} appearing in the lemma.

On the other hand, there is no point in M which is at distance larger than 7/2 in the future of 0_C(M).
Indeed, suppose that some point x € M is at distance 7/2 in the future of d_C(M). Let v be a maximizing
geodesic in M from z to a point y € d_C(M). y is contained in a maximal totally geodesic stratum o of
0_C (M), and, for all points 3 € o, the geodesic orthogonal to ¢ at 3’ arrives at x after time exactly 7/2.

But the universal cover & of o is non-compact, and we can consider a sequence (y,) of points in it, going to
infinity. Let v, be the projection to M of the geodesic segment or length /2 orthogonal to & at y,,, so that the
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other endpoint of 7, is . Then the sequence (v,) converges, in all compact sets containing x, to a light-like
geodesic which does not intersect the universal cover of 9_C(M), contradicting the global hyperbolicity of M.
This proves that the future of 9_C(M) is equal to the image by G of 9_C(M) x (0,7/2), or in other terms
Q4. The same argument applies for the past of 9, C (M), and this proves the first part of the lemma.
For the second point, let A and A_ be the measured bending lamination of the future and past boundary
components of C'(M). The statement will clearly follow if we prove that
L(A2)

Vol(Q4) = %A(G,C(M)) + =5

where A(O_C(M)) is the area of the induced metric on 9_C(M) and L(A_) is the length of the measured
lamination A_. We will prove that this relation holds when the support of A_ is a disjoint union of closed
curves; the general result for Q4 then follows by approximating d_; by a sequence of pleated surfaces with
such a measured bending lamination.

So suppose that the support of A_ is the union of closed curves 7, - ,7,, each with a weight A;,1 <7 < p.
Then Q can be decomposed as the union of two regions:

e the set Qp of points x € Q4 which “project” to a point of d_C(M) which is not in the support of A_,
o the sets (2; of points x € Q4 which project to ;.

The volume of the first domain can be computed by integrating over the distance to d_C'(M). It is equal to:

w/2
Vol($) = / / cos(r)*drda = = / da =" A(0_C(M)) .
- C(M)\U;~v; Jr=0 4 O_C(M)\U;vi 4

The same kind of computation shows that:
/2 AV
Vol(€;) = L('yi)/\i/ cos(r) sin(r)dr = ——— |
0

and it follows that
L(X_
Vol(Qy) = %A(G,C(M)) + %
as needed. O

A note on the definition of GHMC manifolds used here. The reader might wonder why we consider
here convex globally hyperbolic manifolds, i.e., AdS manifolds which contain a space-like surface which is convex
(see Definition 2.5). It is quite possible that a weaker condition — the existence of a compact Cauchy surface,
which is not necessarily convex — is sufficient, and that any AdS manifold containing such a Cauchy surface
contains one which is convex. We do not further consider this question here since it is quite distinct from our
main centers of interest.

Other possible proofs. It appears quite possible that arguments close to those used by Kerckhoff [10] can
be applied to the setting of hyperbolic surfaces with cone singularities, however the extension is not completely
clear. We suppose that the condition that the cone angles are less than 7 should appear also in such arguments.

Other arguments used on non-singular surfaces, however, make a stronger use of the geometry of the universal
cover of the surface. Those are presumably less well adapted to the singular surfaces considered here.
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