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SPACELIKE CONVEX SURFACES WITH PRESCRIBED CURVATURE
IN (2+1)-MINKOWSKI SPACE

FRANCESCO BONSANTE AND ANDREA SEPPI

ABSTRACT. We prove existence and uniqueness of solutions to the Minkowski problem
in any domain of dependence D in (2 + 1)-dimensional Minkowski space, provided D is
contained in the future cone over a point. Namely, it is possible to find a smooth convex
Cauchy surface with prescribed curvature function on the image of the Gauss map. This
is related to solutions of the Monge-Ampere equation det D?u(z) = (1/4(2))(1 — |2|?)~2
on the unit disc, with the boundary condition u|gp = ¢, for 1) a smooth positive function
and ¢ a bounded lower semicontinuous function.

We then prove that a domain of dependence D contains a convex Cauchy surface
with principal curvatures bounded from below by a positive constant if and only if the
corresponding function ¢ is in the Zygmund class. Moreover in this case the surface of
constant curvature K contained in D has bounded principal curvatures, for every K < 0.
In this way we get a full classification of isometric immersions of the hyperbolic plane in
Minkowski space with bounded shape operator in terms of Zygmund functions of dD.

Finally, we prove that every domain of dependence as in the hypothesis of the Minkowski
problem is foliated by the surfaces of constant curvature K, as K varies in (—o0,0).

1. INTRODUCTION

A classical theorem of Riemannian geometry states that if o : S — R? is an isometric
immersion of the round sphere into Euclidean space, then it is the standard inclusion up to an
isometry of R3. On the other hand, Hano and Nomizu ([19]) first proved that the analogous
statement does not hold in Minkowski space R?!. Namely there are isometric embeddings
of the hyperbolic plane in R?! which are not equivalent to the standard inclusion of the
hyperboloid model of H? into R?1!.

A possible way to understand the rigidity in the Euclidean case makes use of the so-
called support function: basically if o : S?> — R? is an isometric immersion, the image of
o must be a locally convex surface by the Gauss equation. In particular it turns out that
the Gauss map G : S? — S? is bijective, and the support function is defined as @ : S? — R,
u(x) = (x,G"1(x)). A simple computation shows that det(HeSSSZQ + al) = 1, where Hess®”
is the covariant Hessian on the sphere. By a wise use of the comparison principle it turns
out that the difference of any two solutions must be the restriction on S? of a linear form
on R3. This allows to conclude that every solution is of the form u(z) = 1 + (x, &) for some
¢ € R3. Therefore the surface o(S?) is the round sphere of radius 1 centered at &.

The support function u can be analogously defined for a spacelike convex immersion
o :H? - R%!. If ¢ is an isometric immersion, then @ satisfies the equation det(HessH2ﬂ -
ul) = 1. However the maximum principle cannot be directly used in this context by the
non-compactness of H2. This is a general indication that some boundary condition must be
taken into account to determine the solution and the immersion o.

The classical Minkowski problem in Euclidean space can be also formulated for Minkowski
space. Given a smooth spacelike strictly convex surface S in R%!, the curvature function is
defined as ¢ : G(S) = R, ¥(z) = —Ks(G~!(x)), where G : S — H? is the Gauss map and
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2 FRANCESCO BONSANTE AND ANDREA SEPPI

K is the scalar intrinsic curvature on S. Minkowski problem consists in finding a convex
surface in Minkowski space whose curvature function is a prescribed positive function .
Using the support function technology, the problem turns out to be equivalent to solving
the equation

det(HessH2ﬂ —al) = i . (1)

Also in this case for the well-posedness of the problem some boundary conditions must be
imposed.

Using the Klein model of H?, Equation (1) can be reduced to a standard Monge-Ampere
equation over the unit disc D. In particular solutions of (1) explicitly correspond to solutions
u : D — R of the equation

det D?u(z) = @(1 —12P)2. (2)

It should be remarked that the correspondence can degenerate in some sense. Indeed
given a convex surface S, the support function u is defined only on a convex subset of D.
On the other hand, any convex function over D corresponds to some convex surface S in
Minkowski space, but in general S might contain lightlike rays. We say that a convex surface
is a spacelike entire graph if S = {(p, f(p)) |p € R?}, where f : R? — R is a C! function on
the horizontal plane such that ||[Df(p)|| < 1 for all p € R?.

In [20], Li studied the Minkowski problem in Minkowski space in any dimension showing
the existence and uniqueness of the solution of (2) imposing u|sp = ¢, for a given smooth
©. The result was improved in dimension 2+ 1 by Guan, Jian and Schoen in [17], where the
existence of the solution is proved assuming that the boundary data is only Lipschitz. The
solutions obtained in both cases correspond to spacelike entire graphs.

A remarkable result in [20] is that under the assumption that the boundary data is
smooth, the corresponding convex surface S has principal curvatures bounded from below
by a positive constant. As a partial converse statement, if S has principal curvatures bounded
from below by a positive constant, then the corresponding function u : D — R extends to a
continuous function of the boundary of .

In a different direction Barbot, Béguin and Zeghib ([2]) solved the Minkowski problem
for surfaces invariant by an affine deformation of a cocompact Fuchsian group. Let G be
a cocompact Fuchsian group, and T'" an affine deformation of G (' is a group of affine
transformations whose elements are obtained by adding a translation part to elements of
G). If S is a I'-invariant surface, its curvature function ¢ is G-invariant. Barbot, Béguin and
Zeghib proved that, given a positive G-invariant function v, there exists a unique solution
of Minkowski problem which is I'-invariant.

If u : D — Ris the support function corresponding to some I'-invariant surface .S, combin-
ing the result by Li and the cocompactness of I, it turns out that u extends to the boundary
of D. It is not difficult to see that the extension on the boundary only depends on I' and
in particular it is independent of the curvature function. However the result in [2] is not a
consequence of the results in [20, 17], as it is not likely that u|sp is Lipschitz continuous.
This gives an indication that in dimension 2 + 1 results in [20, 17] are not sharp.

One of the goals of the paper is to determine the exact regularity class of the extension
on JD of functions u : D — R corresponding to surfaces with principal curvatures bounded
from below.

Theorem 1.1. Let ¢ : 9D — R be a continuous function. Then there exists a spacelike entire
graph in R>' whose principal curvatures are bounded from below by a positive constant and
whose support function u extends ¢ if and only if v is in the Zygmund class.
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Recall that a function ¢ : S' — R is in the Zygmund class if there is a constant C such
that, for every 6, h € R,

(e @) + p(e" M) — 2p(e”)| < CIh].

Functions in the Zygmund class are a-Holder for every a € (0, 1), but in general they are
not Lipschitz.

Theorem 1.1 implies that spacelike entire graphs of constant curvature —1 and with a
uniform bound on the principal curvatures correspond to functions u whose extension to 0D
is Zygmund. We prove that also the converse holds. This gives a complete classification of
such surfaces in terms of Zygmund functions.

Theorem 1.2. Let ¢ : D — R be a function in the Zygmund class. For every K < 0
there is a unique spacelike entire graph S in R*1 of constant curvature K and with bounded
principal curvatures whose corresponding function u extends .

The proof of Theorem 1.2 relies on a general statement we prove about solvability of
Minkowski problem. We precisely prove the following Theorem.

Theorem 1.3. Let ¢ : 0D — R be a lower semicontinuous and bounded function and
P : D — [a,b] for some 0 < a <b < +o0o. Then there exists a unique spacelike graph S in
R whose support function u extends @ and whose curvature function is 1.

In general we say that a convex function u extends ¢ if ¢(z¢) = liminf,_, . u(z) for every
zg € dD. By convexity, if ¢ is continuous this condition is equivalent to requiring that u is
continuous up to the boundary and its boundary value coincides with ¢.

Let us explain the geometric meaning of the boundary value of the support function of
S. As 0D, regarded as the set of lightlike directions, parameterizes lightlike linear planes,
the restriction of the support function on 0D gives the height function of lightlike support
planes of S, where u(n) = 400 means that there is no lightlike support plane orthogonal
to 1. It can be checked that, when S is the graph of a convex function f : R?> — R, the
condition u|gp = ¢ is also equivalent to requiring that

dim (= £(r2) = ¢(2)

for every z € 9. The asymptotic condition is stated in the latter fashion for instance in
[29] and [9], where the existence problem for constant mean curvature surfaces is treated.

In this paper we will consider future convex surfaces with bounded support function on
D. Geometrically this means that S is contained in the future cone of some point p € R%1.

It is also useful to consider convex objects more general than spacelike surfaces. A future-
convez domain is defined as an open domain in R?! which is the intersection of a family of
future half-spaces with spacelike boundary planes. Given a future convex set, Dy we consider
a bigger domain D obtained as the intersection of the future of the lightlike support planes
of Dy. From the Lorentzian point of view D is the Cauchy development of the boundary
of Dy. A domain D obtained in this way is called a domain of dependence. An immediate
consequence of Theorem 1.3 is that for any domain of dependence and any K < 0 there
exists a unique convex surface S in R%! of constant curvature K whose Cauchy development
coincides with D. More precisely we prove the following Theorem.

Theorem 1.4. If D is a domain of dependence contained in the future cone of a point, then
D is foliated by surfaces of constant curvature K € (—o00,0).

A problem that remains open is to characterize spacelike entire graphs with bounded
curvature which are complete for the induced metric. If a surface has bounded principal
curvatures, the Gauss map turns to be bi-Lipschitz, hence the surface is automatically
complete. On the opposite side we construct an example of non complete entire graphs
which constant curvature; in our example the boundary extension ¢ of the support function
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is bounded but not continuous. This result underlines a remarkable difference with respect
to CMC surfaces. Indeed it was proved in [7, 29] that an entire CMC spacelike graph is
automatically complete.

The surfaces we construct are invariant under a one-parameter parabolic group of isome-
tries of R?! fixing the origin, and are isometric to a half-plane in H2. This strategy goes
back to Hano and Nomizu, who first exhibited non-standard immersions of the hyperbolic
plane in R?! as surfaces of revolutions, namely surfaces invariant under a one-parameter
hyperbolic group fixing the origin.

Ingredients in the proofs. We will use a description of domains of dependence due to
Mess. The key fact is that it is possible to associate to a domain of dependence D a dual
measured geodesic lamination of H2. It turns out that if D is a domain of dependence, its
support function w is the convex envelope of its boundary value on 0. Heuristically, the
graph of u is a piece-wise linear convex pleated surface. The bending lines provide a geodesic
lamination over H2, whereas a transverse measure encodes the amount of bending,.

This correspondence will be crucial in the present work. Solving the Minkowski problem
with a given boundary value ¢ is equivalent to finding a convex entire graph S in R?!
whose curvature function is prescribed and whose Cauchy development is the domain of
dependence D determined by ¢. If p is the dual measured geodesic lamination of D, we
construct a sequence of measured geodesic laminations p, and Fuchsian groups G,, such
that p,, is Gp-invariant and p,, converges to p on compact subsets of H? in an appropriate
sense. By a result of [2] for every n it is possible to solve the Minkowski problem. The proof
of Theorem 1.3 is obtained by taking I',-invariant curvature functions v,, converging to the
prescribed curvature function, and showing that solutions S,, of Minkowski problem for the
domain D,, dual to p, with curvature function 1, converge to a solution of the original
Minkowski problem for D.

The convergence of solutions is obtained first by showing the convergence of the support
functions and then by proving that the surface dual to the limit support function is an entire
graph.

For the first step a simple application of the maximum principle implies some a priori
bounds of the support functions of S,, in terms of the support function of D,,. This allows
to conclude that the support functions of S,, converge to a convex function v : D — R
extending . Applying standard theory of Monge-Ampere equation we have that u is a
generalized solution of our problem. On the other hand, in dimension 2, Alexander-Heinz
theorem implies that w is strictly convex and by standard regularity theorem we conclude
that u is a classical solution.

The second step is more geometric. The key idea is to use - as barriers - the already
mentioned constant curvature surfaces which are invariant under a 1-parameter parabolic
group fixing a point 1y € OD. A similar approach (also in higher dimension) using surfaces
invariant for a hyperbolic group is taken in [17]. Since the parabolic-invariant surfaces are
entire graphs and their support function is constant on 9D\ {7}, they are very appropriate
to show (by applying the comparison principe) that the boundary of the domain dual to a
solution of (2) cannot contain lightlike rays. The argument works well under the hypothesis
that the boundary value of the support function is bounded, leading to the proof of Theorem
1.3.

The proof of Theorem 1.1 is based on a relation we point out between convex geometry
in Minkowski space and the theory of infinitesimal earthquakes introduced and studied in
[16, 14, 24, 27]. In particular given ¢ : 9D — R we prove that the convex envelope of
@ is explicitly related to the infinitesimal earthquake extending the field ga%. From this
correspondence we see that the dual lamination associated by Mess to the domain defined
by ¢ is equal to the earthquake lamination. Using a result of Gardiner, Hu and Lakic ([14])
we deduce that ¢ is Zygmund if and only if the Thurston norm of the dual lamination is finite.
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Given a convex entire graph with principal curvatures bounded from below by a positive
constant, we point out by a direct geometric construction in Minkowski space an explicit
estimate on the Thurston norm of the dual lamination. By the above correspondence, this
proves one direction of the statement of Theorem 1.1.

Conversely, we show that a spacelike entire graph of constant curvature with bounded
dual lamination has bounded principal curvatures. This proves Theorem 1.2 and shows the
other implication of Theorem 1.1. The proof is obtained by contradiction. The key fact
is the following: if D is a domain of dependence with bounded dual lamination and a,
is any sequence of isometries of Minkowski space such that «, (D) contains a fixed point
p with horizontal support plane at p, then «, (D) converges to a domain of dependence
with bounded dual lamination. Now let S be an entire graph of constant curvature whose
domain of dependence has bounded dual lamination. If the principal curvatures of S were
not bounded, we could construct a sequence of isometries a,, bringing back to a fixed point
a sequence p, € S where the principal curvature are degenerating. The statement above
implies that the domain of dependence of «a,,(S) is converging to a domain with bounded
dual lamination. Applying standard regularity theory of Monge-Ampere equations to the
support function of a,,(S) one obtains an a priori bound on the second derivatives of the
support function of a,(S), thus leading to a contradiction.

Discussions and possible developments. Recently several connections between Teich-
miiller theory and the geometry of spacelike surfaces in the Anti-de Sitter space have been
exploited [21, 1, 5]. The key idea is that graphs of orientation-preserving homeomorphisms
of dD are naturally curves in the asymptotic boundary of the Anti-de Sitter space spanned
by spacelike surfaces. A natural construction allows to associate, to any convex surface X
spanning the graph of a homeomorphism f : 0D — 0D, a homeomorphism F' : D — D
extending f. It turns out that F' is quasi-conformal if and only if the principal curvatures
of ¥ are bounded, showing that in this case f is quasi-symmetric.

Theorem 1.1 can be regarded as an infinitesimal version of this property. More generally
we believe that the relation between the theory of convex surfaces in Minkowski space and
the infinitesimal Teichmiiller theory is an infinitesimal evidence of the above connection for
Anti-de Sitter space. The correct geometric setting to understand this idea goes through
the geometric transition introduced recently in [10, 12, 11]. In fact Danciger introduced the
half-pipe geometry, which is a projective blow-up of a a spacelike geodesic plane in Anti-de
Sitter space. This model turns out to be a natural parameter space for spacelike affine planes
in Minkowski space. Regarding the Minkowski space as the blow-up of a point in Anti-de
Sitter space, the correspondence between spacelike affine planes in Minkowski space and
points in half-pipe geometry is the infinitesimal version of the projective duality between
points and spacelike planes in the Anti-de Sitter space. Using this connection the graph of
support functions uw : D — R are naturally convex surfaces in half-pipe geometry.

Let ¥; be a smooth family of convex surfaces, for ¢ € [0,¢), such that ¥, is a totally
geodesic plane and the principal curvatures of ¥; are O(t). Using the correspondence above
one can prove that the boundary of ¥; is the graph of a differentiable family f; of quasi-
symmetric homeomorphisms of JD such that fy = id.

The rescaled limit of ; in the half-pipe model is the graph of the support function of a
convex surface S in Minkowski space. It turns out that the principal curvatures of S are the
inverse of the derivatives of the principal curvatures of ¥;. In particular they are bounded
from below by a positive constant is the principal curvatures of 3; are O(t). Moreover the
support function at infinity of S corresponds to the vector field f on 9.

This gives an evidence of the fact that Theorem 1.1 is a rescaled version of the corre-
spondence between quasi-symmetric homeomorphisms and convex surfaces in Anti de Sitter
space with bounded principal curvatures.
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We believe that even Theorem 1.2 is a rescaled version in this sense of the existence of a K-
surface (actually, a foliation by K-surfaces, compare Theorem 1.4) with bounded principal
curvature spanning a prescribed quasi-symmetric homeomorphism (for K € (—o0,—1)).
However we leave this problem for a further investigation.

Finally we mention some questions still open in the Minkowski case, which are left for
future developments.

e As already remarked, an interesting problem is to characterize complete spacelike
entire graphs in Minkowski space in terms of the regularity of the boundary value
of the support function. From Theorem 1.2 we know that the surface is complete
if this regularity is Zygmund. On the other hand it is not difficult to construct an
example of isometric embedding of H? in Minkowski space with unbounded principal
curvatures, for which the regularity of the support function will necessarily be weaker
than Zygmund.

e Another interesting question is to solve Minkowski problem for domains of depen-
dence which are not contained in the future of a point. This would include the case
of domains of dependence whose support function is finite only on some subset of
D which is obtained as the convex hull of a subset E of dD. It is simple to check
that there is no solution for the constant curvature problem when E contains 0, 1
or 2 points (the corresponding domains are the whole space, the future of a lightlike
plane, or the future of a spacelike line). An existence result in case where E is
an interval is given in [17] with some assumption on the smoothness of the support
function on E. In our opinion the construction of the support function in this setting
is not difficult to generalize, but the barriers we use to prove that the corresponding
surfaces are entire graph seem to be ineffective.

Organization of the paper. In Section 2 we give a short review of the different techniques
used in the paper. We first recall the main definitions of the theory of future convex sets
in Minkowski space, introducing the support function and the generalized Gauss map. We
relate those notions to Mess’ description of domains of dependence and dual laminations.
Minkowski problem is then formulated in terms of Monge-Ampére equations and we collect
the main result used in the paper. Finally we discuss the notion of infinitesimal earthquakes
and how it is related to the infinitesimal theory of Teichmiiller spaces.

In Section 3 we solve Minkowski problem for domains of dependence contained in the
future cone of a point, proving Theorem 1.3. In the following section we prove the existence
of the foliation by constant curvature surfaces of the same domains, as in Theorem 1.4. In
Section 5 we finally prove Theorems 1.1 and 1.2. Those theorems are collected in a unique
statement, see Theorem 5.1.

Finally in Appendix A we construct constant curvature surfaces invariant by a parabolic
group. The discussion leads to consider two classes of surfaces: the first class (used in the
proof of Theorem 1.3) includes surfaces which are entire graphs, whereas the second class
gives surfaces which develop a lightlike ray. Although we do not need surfaces of the latter
type in this paper, we include a short description for completeness.

Acknowledgements. The authors would like to thank Thierry Barbot, Frangois Fillas-
tre and Jean-Marc Schlenker for their interest and encouragement during several fruitful
discussions.
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2. PRELIMINARIES AND MOTIVATION

2.1. Convex surfaces in Minkowski space. We denote by R*! the (2 + 1)-dimensional
Minkowski space, namely R? endowed with the bilinear quadratic form

(z,y) =a'y' +a?y® —2%y°.
We denote by Isom(R%1) the group of orientation preserving and time preserving isometries
of R%!. Tt is know that there is an isomorphism

Isom(R*') 2 SO((2,1) x R*!

where SO(2,1) is the group of linear isometries of Minkowski product, SOg(2,1) is the
connected component of the identity, and R?! acts on itself by translations.

A vector v € T,R*! 2 R?! is called timelike (vesp. lightlike, spacelike) if (v,v) < 0 (resp.
(v,v) = 0, {(v,v) > 0). A plane P is spacelike (resp. lightlike, timelike) if its orthogonal
vectors are timelike (resp. lightlike, spacelike). An immersed differentiable surface S in R?!
is spacelike if its tangent plane T,.S is spacelike for every point x € S. In this case, the
symmetric 2-tensor induced on S by the Minkowski product is a Riemannian metric. For
instance, the hyperboloid

H? = {x ¢ R*' : (2,2) = —1,2% > 0}

is a spacelike embedded surface, and is indeed an isometric copy of hyperbolic space embed-
ded in R?!. An example of an embedded surface which is not spacelike - but that will still
be important in the following - is the de Sitter space

dS? = {x e R*!: (z,z) = +1}.

It is easy to see that dS? parametrizes oriented geodesics of H?. Indeed, for every point x
in dS?, the orthogonal complement z+ is a timelike plane in R*', which intersects H? in a
complete geodesic, and coincides as a set with (—z)*.

Given a point zg € R%1, I*(zg) denotes the future cone over zo, namely the set of points
x of R%! which are connected to zg by a timelike differentiable path (namely, a path with
timelike tangent vector at every point) along which the 2® coordinate is increasing. It is
easy to see that I (zg) is a translate of

I7(0) = {zx e R¥! : (21)? + (2?)% < ()%, 2% > 0}.

It is clear from the definition that H? parametrizes spacelike linear planes in R?!. Hence
for every spacelike surface S, there is a well-defined Gauss map

G:S— H?

which maps z € S to the normal of S at z, i.e. the future unit timelike vector orthogonal
to T,.S.

As we stated in the introduction, one of the aims of this paper is to classify isometric (or
more generally homothetic) immersions of the hyperbolic plane into R?! which are contained
in the future cone over some point. Mess proved [21] that if the first fundamental form of
a spacelike immersion is complete, then the image of the immersion is a spacelike entire
graph. So we will deal with convex surfaces in R%! which are of the form {(z!, 22, 2%) |2 =
f(x',22)}, where f : R? — R is a convex function satisfying the spacelike condition || D f||? <
1, where Df is the Euclidean gradient of f. Notice however that if S is a spacelike entire
graph in general it might not be complete.

It is convenient to extend the theory to the case of convex entire graphs which are not
smooth and possibly contain lightlike rays. Those correspond to convex functions f : R — R
such that ||Df|| < 1 almost everywhere. We will extend the notion of Gauss map to this
more general class.

A future-conver domain in R%! is a closed convex set which is obtained as the intersection
of future half-spaces bounded by spacelike planes. If f : R? — R is a convex function
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satisfying the condition ||[Df|| < 1, then the epigraph of f is a future-convex domain, and
conversely the boundary of any future-convex domain is the graph of a convex function as
above.

A support plane for a future-convex domain D is a plane P = y+x* such that PNint(D) =
() and every translate P’ = P+, for v in the future of 2, intersects int(D). A future-convex
domain can admit spacelike and lightlike support planes. We define the spacelike boundary
of D as the subset

0sD = {p € 9D : p belongs to a spacelike support plane of D} .

It can be easily seen that 9D\ 9;D is a union of lightlike geodesic rays. So 9D is a spacelike
entire graph if and only if it does not contain lightlike rays.

We can now define the Gauss map for the spacelike boundary of a future-convex set. We
allow the Gauss map to be set-valued, namely

G(p) = {x € H? : p+ 2 is a support plane of D} .

By an abuse of notation, we will treat the Gauss map as a usual map with values in H?Z.
The following proposition (see [22, 23]) has to be interpreted in this sense.

Proposition 2.1. Given a future-convexr domain D in R*', the Gauss map of 0,D has
image a convex subset of H2. If S is a strictly convex embedded spacelike surface, then its
Gauss map is a homeomorphism onto its image.

2.2. The support function. We now introduce another important tool for this work, which
is the Lorentzian analogue of the support function of Euclidean convex bodies. Roughly
speaking, the support function encodes the information about the support planes of a future-
convex domain. This is essentially done by associating to a unit future timelike (or lightlike)
vector x € H? the height of the support plane with normal unit vector z.

Definition 2.2. Given a future-convex domain D in R?!, the support function of D is the
function U : IT(0) — R U {oo} defined by

Ur) = sup (p, ).

The following is an immediate property of support functions.

Lemma 2.3. Let Dy and D5 be future-conver domains with support functions Uy and Us.
Then Uy > Us if and only if D1 C Ds.

It is clear from the definition that U is 1-homogeneous, namely U(A\x) = AU(z) for
every A > 0. Moreover, U is lower semicontinuous, since it is defined as the supremum of
continuous functions. It is straightforward to check that, given an isometry in Isom(R*1)
with linear part A and translation part ¢, the support function of D' = AD + ¢ is

Uz) =U(A " z) + (z,t) (3)

We will mostly consider the restriction of U to the Klein projective model of hyperbolic
space, which is the disc
D= {(z,1) e R>! : |z] < 1}.
This restriction will be denoted by lower case letters, u = Ulp, and uniquely determines the
1-homogeneous extension U. We will generally write u(z) instead of u(z,1). Analogously,
also the restriction of U to the hyperboloid, denoted @ = Ulyz, can be uniquely extended to
a 1-homogeneous function, and will be often used in the following.

Remark 2.4. Tt is easy to relate the restrictions u and @ of the support function to D and
H? respectively. Let us consider the radial projection 7 : H? — D defined by

n(xt, 22 2) = (' )23, 2% /23,1) .



SPACELIKE CONVEX SURFACES WITH PRESCRIBED CURVATURE IN (2+41)-MINKOWSKI SPACE 9

Its inverse is given by

7 (z,1) = ( i , L ) )
VI=[2 1=z

Since U is 1-homogeneous, we obtain

u(z) = V1 - 2P a(r™(2)).
A 1-homogeneous convex function is called sublinear.

Lemma 2.5 ([13, Lemma 2.21]). Given a future-convex domain D in R?1, the support
function U : IT(0) — R is sublinear and lower semicontinuous. Conversely, given a sublinear
function U on 17(0) (or equivalently every convex function u on D), consider the lower

semicontinuous extension U : 1T (0) — R U {+oc}, which is defined on 91" (0) as
U(z) = liminf U(y).
y—x

Then U is the support function of a future-conver domain, defined by
D= {pecR>» : (p,x) <U(x) for every x € IT(0)}.

The support function of a future-convex domain D is finite on the image of the Gauss
map of 9,D, since for every point z in G(9;D) there exists a support plane with normal
vector z. Observe that i(z) = +oo if z € H? \ G(9sD). We will call support function at
infinity the restriction of U to dD = {(z,1) : |z| = 1}. Given z € ID, u(z) < 4o if and
only if there exists a lightlike support plane P orthogonal to the lightlike vector (z,1). In
this case —u(z) is the intercept of P on the x3-axis.

Example 2.6. The support function of the hyperboloid H? is U(x) = —+/|(z,x)|. Hence

its restriction @ : H? — R is constant, @ = —1. The support function at infinity is finite,
u|sp = 0, by an easy computation. For some less elementary examples, see Remark 3.12 and
Appendix A.

In this paper, we are mostly concerned with domains of dependence for which the support
function at infinity is finite, and is actually bounded. Geometrically, this means that the
domain is contained in the future cone over some point.

The following lemma will be useful to compute the value of support functions at infinity.

Lemma 2.7 ([26, Theorem 7.4,7.5]). Let U : IT(0) — R be a sublinear and lower semincon-

tinuous function. Let ¢ : [0,1] — IT(0) be a spacelike line such that x = c¢(1) € 911 (0). Then
U(z) = limg—1 U(c(t)).

Some of the geometric invariants of 0sD can be directly recovered from the support
function. This is the content of next lemma. Recall that, given a C? embedded spacelike
surface S in R, its shape operator is a (1,1)-tensor which can be defined as

B(v) =V,N,

where V is the Levi-Civita connection of the first fundamental form of R?!, N is the future
unit normal vector field, and v is any tangent vector in 7,,S. The Gauss Theorem in this
Lorentzian setting gives the following relation between the intrinsic curvature K of the first
fundamental form and its shape operator, which holds for every point p € S:

K=—detB.
Finally, we define the hyperbolic Hessian of a function 4 : H? — R as the (1,1)-tensor
Hesstu(v) = V]SIQ grad u,

where VH” is the Levi-Civita connection of H2. We denote by D?u the Euclidean Hessian
of a function u defined on an open subset of R2. In the following, the identity operator is
denoted by I.
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Lemma 2.8 ([13, §2.10, 2.13]). Let D be a future-convex domain in R®! and let G : 9,D —
H? be its Gauss map.

e If the support function is Ct, then the intersection of OsD with any spacelike support
plane consists of exactly one point. The inverse of the Gauss map G is well defined
and is related to the support function of D by the formula

G Y(x) = grad a(z) — u(x)x, (4)

where @ : H?2 — R is the support function restricted to HZ.
o If the support function is C? and the operator Hessui — @l is positive definite, then
0,D is a convex C%-surface. The inverse of its shape operator and its curvature are

B! = Hessu — al, (5)
1

——— =de essu —ul)(x) = — |2|?)2 det D?u(z
TGy~ detd D(@) = (1~ [2*)* det D*u(z), (6)

where z = 7w(x) is the point of D obtained from x by radial projection.

We will often abuse notation and write G~!(z) in place of G=!(7~1(2)) for z € D.

2.3. The boundary value of the support function of an entire graph. Let S be the
boundary of a future-convex domain in R%!. Denote by f : R? — R the function defining S
as a graph and u : D — R the support function. We want to show that

lim (f(rz) —r) = —u(2)

T—00

for every unitary vector z € 9. This clarifies that the asymptotic conditions defined for
instance in [29, 9] coincide with those considered here and in [17, 20].

First consider the case where D = I (p) = graph(f,) where p = (wo,ao) and f,(z) =
|z —wo|+ap. In this case the support function is u,(2) = (2, wo) —ap. A simple computation
shows

fo(rz) —r =/|wo|? — 2r{z,wo) +r2 — r + ao
B —2r{z,wo) + |wol?
\/\w0|2 —2r{z,wo) +r2+r

+ag — —(z,wo) + ap = —up(z).

Now consider the general case. Imposing that the point (rz, f(rz)) lies in the future of
the support plane {g € R*!|{q, (2,1)) = u(2)} we get f(rz) —r > —u(z). So it is sufficient
to prove that limsup(f(rz) —r) < —u(z).

Fix € > 0 and consider the lightlike plane P = {q € R*!|{(q,(z,1)) = u(z) — €}. This
plane must intersect the future of S. Let p = (wg, ag) be a point in this intersection. The
cone I*(p) is contained in the future of S, hence f, > f, where f, is the graph function for
I'*(p) as above.

In particular, using the computation above for I*(p),

limsup(f(rz) —r) < lm (fp(rz) —r) = —(z,wo) +aop .

r— 400 r—+00
Imposing that p lies on the plane P,
—(z,wg) +ag = —((z,1),p) = —u(z) + €.

Therefore, for any € > 0,
limsup(f(rz) —r) < —u(z) +e€

r—-+4oo

and this concludes our claim, since € is arbitrary.
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2.4. Cauchy surfaces and domains of dependence. Given a future-convex domain D
in R>!, a Cauchy surface for D is a spacelike embedded surface S C D such that every
differentiable inextensible causal path in D (namely, such that its tangent vector is either
timelike or lightlike at every point) intersects S in exactly one point. Given an embedded
surface S in R%1, the maximal future-convex domain D(S) such that S is a Cauchy surface
for D(S) is the domain of dependence of S. It turns out that D(S) is obtained as intersection
of future half-spaces bounded by lightlike planes which do not disconnect S.
It is easy to prove the following lemma.

Lemma 2.9. Let h : D — R be the support function of a future-convex domain D, with
hlop < oo. Let S C D be a convexr embedded surface and let u : D — R be the support
function of S. Then S is a Cauchy surface for D if and only if hlop = u|op.

Domains of dependence can be characterized in terms of the support function, see [4,
Proposition 2.21].

Lemma 2.10. Let D be a domain of dependence in R>1, whose lightlike support planes are
determined by the function ¢ : 0D — R U {oco}. Then the support function h : D — R of D
is the convex envelope h = co (), namely:

h(z) = sup{f(z) : f is an affine function on D, flop < ¢} .

A useful example of support functions of Cauchy surfaces can be obtained by looking at
the leaves of the cosmological time of the domain of dependence. Observe that a timelike
distance can be defined for two points 71 and x5 € I (z) in R*»!, by means of the definition

amm—@/¢wwwwm

where the supremum is taken over all causal paths = from x; to xo. This is not a distance
though, because it satisfies a reverse triangle inequality; however, d(x1,x2) is achieved along
the geodesic from x; to z3. Given an embedded spacelike surface S, consider the equidistant
surface

Sq={r e R*' 12 € I%(9),d(z, S) = d},

where of course d(z,S) = sup, g d(z,2’). If the support function of S restricted to H? is
@, then Sy has support function (see for instance [13])

tg(x) = u(z) — d.

This can be applied also for 0;D, instead of an embedded surface. In this way, we obtain
the level sets of the cosmological time, namely the function T : D — R defined by

Tm=@/wwmwww

where the supremum is taken over all causal paths v in D with future endpoint z. If
h : H? — R is the support function of D, the level sets Ly = {T = d} of the cosmological
time have support function on the disc hq(z) = h(z) —d. It can be easily seen that all leaves
of the cosmological time of D are Cauchy surfaces for D (although only C1!). Indeed, the
support functions hy : D — R can be computed:

ha(z) = h(z) —d+/1 — |z|2.

Therefore they all agree with A on 9D.
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2.5. Dual lamination. In this paper, we will adopt the following definition of measured
geodesic lamination. The equivalence with the most common definition is discussed for
instance in [24]. Let G be the set of (unoriented) geodesics of H?. The space G is identified
to ((S* x S1)\ diag)/ ~ where the equivalence relation is defined by (a,b) ~ (b,a). Note
that G has the topology of an open Mébius strip. Given a subset B C H?, we denote by Gp
the set of geodesics of H? which intersect B.

Definition 2.11. A geodesic lamination on H? is a closed subset of G such that its elements
are pairwise disjoint geodesics of H?. A measured geodesic lamination is a locally finite
Borel measure on G such that its support is a geodesic lamination.

A measured geodesic lamination is called discrete if its support is a discrete set of
geodesics. A measured geodesic lamination p is bounded if

sup u(Gr) < +o0,
I

where the supremum is taken over all geodesic segments I of lenght at most 1 transverse
to the support of the lamination. The Thurston norm of a bounded measured geodesic
lamination is

l[pl|Tn = Sl}pu(gl%

Elements of a geodesic lamination are called leaves. Strata of the geodesic lamination are
either leaves or connected components of the complement of the geodesic lamination in H?.

In his groundbreaking work, Mess associated a domain of dependence D to every measured
geodesic lamination p, in such a way that the support function h : D — R of D is linear on
every stratum of u. Although we do not enter into details here, the measure of i determines
the bending of h. (Recall h is the convex envelope of some lower semicontinuous function
¢ : 0D — R.) The domain D is determined up to translation in R*!, and pu is called dual
lamination of D.

Given yo € R*! and 2o € H? , we will denote by D(u, 2o, yo) the domain of dependence
having 11 as dual laminations and P = yg + xé- as a support plane tangent to the boundary
at Yo-

We sketch here the explicit construction of D(u,zo,y0). In the following, given the
oriented geodesic interval [xg, ] in H?, o : G[zg, 2] — R?! is the function which assigns to
a geodesic [ (intersecting [x¢, x]) the corresponding point in dS?, namely, the spacelike unit
vector in R?! orthogonal to [ for the Minkowski product, pointing outward with respect to
the direction from zg to x. Then

y(@) = yo + / odu (7)
g[xﬂvm]

is a point of the regular boundary of D(u, g, yo) such that y(z) + 2+ is a support plane for
D(p, 20, y0), for every & € H? such that the expression in Equation (7) is integrable. The
image of the Gauss map of the regular boundary of D(u,x,yo) is composed precisely of
those o € H? which satisfy this integrability condition.

In the following proposition, we give an explicit expression for the support function of
the domain of dependence D(u,xo,yo) we constructed. By an abuse of notation, given
two points xg,z € I7(0), we will denote by [z, z] the geodesic interval of H? obtained by
projecting to the hyperboloid H? C R%*! the line segment from zg to x.

Proposition 2.12. Suppose D is a domain of dependence in R*' with dual lamination u
and such that the plane P = yo + (x0)* is a support plane for D, for yo € 0,D and xo € H2.
Then the support function H : T+(0) — R of D is:

H(z) = {2, 50) + / (. o)y (®)

g[x())“j]
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Indeed, the expression in Equation (8) holds for z € H? by Equation (7). Since the
expression is 1-homogeneous, it is clear that it holds for every x € I*(0). Using Lemma 2.7,
the formula holds also for the lower semicontinuous extension to I (0).

It is easily seen from Equation (8) that the support function h : D — R (which is the
restriction of H to D) is affine on each stratum of p. In [21, 3] it was proved that every
domain of dependence can be obtained by the above construction. Hence a dual lamination
is uniquely associated to every domain of dependence.

The work of Mess ([21]) mostly dealt with domains of dependence which are invariant
under a discrete group of isometries I' < Isom(R?1!), whose linear part is a cocompact
Fuchsian group. We resume here some results.

Proposition 2.13. Let D be a domain of dependence in R*' with dual lamination . The
measured geodesic lamination p is invariant under a cocompact Fuchsian group G if and
only if D is invariant under a discrete group T' < Isom(R%*1) such that the projection of T'
to SO(2,1) is an isomorphism onto G. In this case, assuming P = yo + (20)* is a support
plane for D, for yo € 0sD and xo € H?, the translation part of an element g € G is:

ty = / odu .
Glzo,9(z0)]

2.6. Monge-Ampeére equations. Given a smooth strictly convex spacelike surface S in
R%! let U : It(0) — R be the support function of S and let u be its restriction to D =
IT(0) N {2® = 1}. Given a point z € D, let z = 7~ !(z) € H?. The curvature of S is given
by (see Lemma 2.8)

1

- K(GY(x)
where G : S — H? is the Gauss map, which is a diffeomorphism. For K-surfaces, namely

surfaces with constant curvature equal to K € (—o00,0), the support function satisfies the
Monge-Ampere equation

= (1 —|z*)?* det D*u(z),

det D%u(z) 1—z*)72. (9)

1
= &t
K|
More generally, the Minkowski problem consists of finding a convex surface with pre-
scribed curvature function on the image of the Gauss map. Given a smooth function
1 : D — R, the support function of a surface with curvature K (G~1(z)) = —1(z) solves the
Monge-Ampere equation

det D?u(z) = ﬁa )2 (MA)

We review here some key facts of Monge-Ampere theory. Given a convex function w :
Q — R for Q a convex domain in R?, we define the normal mapping of v as the set-valued
function N,, whose value at a point w € ) is:

Ny(w) = {Df : f affine; graph(f) is a support plane for graph(u), (w,u(w)) € graph(f)} .

In general N, (w) is a convex set; if w is differentiable at @, then N, (w) = {Du(w)}. We
define the Monge-Ampeére measure on the collection of Borel subsets w of R:

MA, (w) = L(Ny(w))
where £ denote the Lebesgue measure on R2.

Lemma 2.14 ([30, Lemma 2.3]). If u is a C? function, then

MA,(w) = L(Du(w)) = /(det D*u)dL .

w
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In general, [ (0*u)dL is the regular part of the Lebesgue decomposition of MA,(w), where
we set

() = det D2u if u is twice-differentiable at w .
0 otherwise

Definition 2.15. Given a nonnegative measure v on {2, we say a convex function u : 2 — R
is a generalized solution to the Monge-Ampere equation

det D*u = v (10)

if MA,(w) = v(w) for all Borel subsets w. In particular, given an integrable function
f:Q =R, uis a generalized solution to the equation det D?u = f if and only if, for all w,

MA,(w) = /w fdc.

We collect here, without proofs, some facts which will be used in the following. Unless
explicitly stated, the results hold in R”, although we are only interested in n = 2. Recall
that, by Aleksandrov Theorem, a convex function u on € is twice-differentiable almost
everywhere.

Lemma 2.16 ([30, Lemma 2.2]). Given a sequence of convex functions u, which converges
uniformly on compact sets to u, the Monge-Ampeére measure MA,,  converges weakly to
MA,.

Theorem 2.17 (Comparison principle, [30, 18]). Given a bounded convex domain Q and
two convex functions u,v defined on Q, if MA, (w) < MA,(w) for every Borel subset w, then

m%n(u —v) = Halézn(u —v).

Corollary 2.18. Given two generalized solutions ui,us € C°(Q) to the Monge-Ampére
equation det D?(u;) = v on a bounded convexr domain €2, if uy = us on OS2, then u; = uy on

Q.
Theorem 2.19 ([8, Lemma 3], [25]). Given a bounded convex domain ), let u be a C*

solution to det D?>u = f defined on Q which is constant on ). There is an estimate on the
second derivatives of u at x € Q which depends only on

max & [ul, || Dl | Dlog(£)|[2. 3 05 (log(1))?

and on the distance of x to 0N2.

The following property will be used repeatedly in the paper, and is a peculiar property
of dimension n = 2.

Theorem 2.20 (Aleksandrov-Heinz). A generalized solution to det D?>u = f on a domain
Q C R? with f > 0 must be strictly convex.

We will use this theorem to prove an a priori estimate of the C2-norm of support functions
of surfaces of constant curvature in Minkowski space in terms of the C°-norm. Although
this result is well-known we sketch a proof for the convenience of the reader.

Lemma 2.21. Let u, : D — R be a sequence of smooth solutions of the Monge-Ampere

equation
1
det D*(u,) = — (1 — |2]*) 72
K|
uniformly bounded on D. Then ||uy||c2(q) is uniformly bounded on any compact domain
contained in D.
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Proof. Assume that the conclusion is false and that there is a subsequence (which we still
denote by u, by a slight abuse of notation) for which the C2-norm goes to infinity. Hence it
suffices to show that there exists a further subsequence u,,, for which ||uy, ||c2(q) is bounded.
Take Q' such that Q cC Q' cC D. Using the uniform bound on ||uy,||co(p) and the convexity,
one can derive that the Cl-norms ||u,|| c1(@) are uniformly bounded by a constant C'. By
Ascoli-Arzela theorem, we can extract a subsequence which converges uniformly on compact
subsets of Q. Let us be the limit function. By Lemma 2.16, us, is a generalized solution
to
det D*(us) = |?(1 —|z/*)72

and u is strictly convex, by Theorem 2.20.

For any z € 2 and n > 0 we can fix an affine function f, . such that v, . = u, + fn -
takes its minimum at z and v, ,(z) = 0. We claim that there are ¢y > 0 and r9 > 0 such
that

e mingg: vy, > 2¢p for any n > 0 and z € .
® MaXp(s ) Un,z < € for any n >0 and z € Q.

1
|

First let us show how the claim implies the statement. Indeed for any z and n consider
the domain U,, ., = {#z € Q| v, (%) < €}. We have that U,, ., CC Q' by the first point
of the claim. In particular, v, . is constant equal to €y along the boundary of U, .. On
the other hand the second point of the claim implies that the distance of z from 90U, , is
at least rg. So by Theorem 2.19 there is a constant C’ depending on C and 7y such that
[|D?un(2)|] = ||D?vp . (2)|] < C' for all z € Q' and n > 0.

To prove the claim we argue by contradiction. Suppose there exist sequences zy, z/, € §2
such that, defining 2¢, = mingq’ vy, -, ,

o [z — 2]l = 0:

o v, . (21) > €.
Up to passing to a subsequence we may suppose that z, — 2.0, so that z/, — 2. as well.
As the C'-norm of u,, is bounded, the C'-norm of f,, . is uniformly bounded for any z €
and n > 0, so we may suppose that f, . converges to an affine function f.,. Therefore
Up,z, CONVErges to Vs = Uss + foo. Since, as already observed, uo is strictly convex, v is
strictly convex as well.

As limw, ., (2],) = Voo(2e0) = limuy, ;, (2,) = 0 we conclude that €, — 0, so that
mingq Voo = 0. This gives a contradiction with the strict convexity of vs, and thus con-
cludes the proof. O

A refinement of the above arguments leads to the proof of the regularity of strictly convex
solutions of Monge-Ampere equation.

Theorem 2.22 ([30, Theorem 3.1]). Let u be a strictly convexr generalized solution to
det D2u = f on a bounded conver domain Q0 with smooth boundary. If f > 0 and f is
smooth, then u is smooth.

2.7. Universal Teichmiiller space and Zygmund fields. In this section, we want to
introduce the notion of Zygmund class, which will be the relevant boundary regularity for
the support functions of convex surfaces with bounded principal curvatures. Since support
functions are defined as 1-homogeneous functions, we first show that a vector field on S!
defines a 1-homogeneous function on the boundary of the null-cone in a natural way.

We consider the boundary at infinity 9.,H? of H2, as P(N) 2 S, where N = 917 (0)\ {0}.
In particular, we will use vector fields on S* to define 1-homogeneous functions on 91*(0).
We want to show that this is well-defined, i.e. does not depend on the choice of a section
St — N.

Lemma 2.23. There is a 1-to-1 correspondence between vector fields X on S and 1-
homogeneous functions H : N — R satisfying the following property: if v : S' — N s
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any C' spacelike section of the projection N — S' and v is the unit tangent vector field to
v, then

(X (&) = H(y(§))v(+(£)) - (11)

Proof. Consider coordinates (21,22 2%) on R*! and 2,6 on N given by

¢:(r,0) = (rcosf,rsinf,r) € N.

In these coordinates, the restriction of the Minkowski metric to N takes the (degenerate)
form

g = r2db? (12)
We take v1 to be the section 1 () = (1,60). Namely, the image of 1 is N N {z® = 1}. Any
other section s is of the form ~5(6) = (r(0),0) and is obtained as v = f o by a radial
map f(1,0) = (r(),0). Let X be a vector field on S'. We define a 1-homogeneous function
H such that (71).(X(0)) = H(1,0)v, and compute

(72)«(X(0)) = fu(H(1,0)v1) = H(1,0) fu(v1)-

Now f.(v1) is a tangent vector to 72(S*) whose norm (recall the form (12) of the metric) is
r(6). Therefore

(72)+(X(0)) = H(1,0)r(0)va = H(r(0), 0)v2

where vq is the unit tangent vector. Conversely, given any 1-homogeneous function, (11)
defines a vector field on S* which does not depend on the choice of 7. O

We now introduce a class of vector fields on S! whose regularity is specially interesting for
this article, namely the Zygmund fields. To do so, we first introduce the notion of earthquake
of H? and quasi-symmetric homeomorphisms of the circle. A Zygmund field is a vector field
which corresponds to an infinitesimal deformation of quasi-symmetric homeomorphisms, in
a suitable sense.

Definition 2.24. A surjective map F : H?> — H? is a left earthquake if it is an isometry
on the strata of a geodesic lamination of H? and, for every pair of strata S and S’, the
composition

(Els)™ o (Bs)
is a hyperbolic translation whose axis weakly separates S and S’ and such that S’ is trans-
lated on the left as seen from S.

Let us observe that F is in general not continuous. Given an earthquake E, there is a
measured geodesic lamination associated to E, called the earthquake measure. See [28]. The
earthquake measure p determines E up to post-composition with an hyperbolic isometry (in
other words, up to the choice of the image of one stratum), and up to the ambiguity on the
weighted leaves of the lamination. Hence an earthquake whose earthquake measure is p will
be denoted by E*.

The following theorem was proved by Thurston [28].

Theorem 2.25. Any earthquake E : H?> — H? extends to an orientation-preserving home-
omorphism of ST = 0,,H?. Conversely, every orientation-preserving homeomorphism of S*
is induced by a unique earthquake of H2.

We are now going to present a characterization of earthquakes whose measured geo-
desic lamination is bounded in terms of their extension to the boundary at infinity, due to
Gardiner-Hu-Lakic in [14]. Given an orientation preserving homeomorphism 7' : S — S,
we consider a lifting of T : R — R to the universal covering so that

T(ew) _ eiT(Q)
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Definition 2.26. An orientation-preserving homeomorphism 7" : S — S! is quasi-symmetric
if there is a constant C' such that

1

T(6+ h) —T(6)
C “\T@ _16—n

4 <C, (13)
(0) —=T(0 —h)

for all 6, h € R.

The space of quasi-symmetric homeomorphisms of S, up to the action of M&bius trans-
formation by post-compositions, is called Universal Teichmdiller space. 1t is endowed with a
smooth (actually, complex) structure, see for instance [15, §16]. We are now going to discuss
briefly the tangent space to Universal Teichmiiller space. We will use the notation ¢ for a
vector field on S! and ¢ for the function from S! to R which corresponds to ¢ under the
standard trivialization of T'S'. In the following definition, we regard tangent vectors to S!
as elements of C. Hence, @(z) = izp(z) for every z € ID.

Definition 2.27. A function ¢ : S' — R is in the Zygmund class if there is a constant C
such that

(") + (e O7M) — 20(e™)| < I (14)

for all 6, h € R. A vector field ¢ on S' is a Zygmund field if the associated function ¢ is in
the Zygmund class.

Functions in the Zygmund class are a-Holder for any o € (0,1), but in general they are
not Lipschitz. The vector space of Zygmund fields, quotiented by the subspace of vector
fields which are extensions on S! of Killing vector fields on H?, is precisely the tangent space
at the identity of Universal Teichmiiller space ([15]).

Example 2.28. Let p be the measured geodesic lamination whose support consists of a single
geodesic [, with weight 1. Then, once a point xo € H? \ [ is fixed, it is easy to describe the
earthquake along p:

(15)

Ei(l)) = [n] if 29 and [n] are in the same component of (H? U 0, H?) \ I
= [Al(1)(n)] otherwise

for any € N, where A'(t) € SO(2, 1) induces the hyperbolic isometry of H? which translates
on the left (as seen from x() along the geodesic I by lenght t.

Hence the 1-homogeneous function H associated to the Zygmund field E; = %| o Bl
(as in Lemma 2.23) has the following expression, for any section v : St — N:
H((6)) = 0 if xo and [y(¢)] are in the same component of (H? U 0, H?) \ I
(A'(4(€)), v(7(€)))  otherwise
(16)

where v is any unit spacelike tangent vector field to N, in the counterclockwise orientation.
Under the standard identification of S! with OD, we obtain, for n € oD

Ei(n) = (A'(n), v)v.
where v is now the unit tangent vector to OD.
We will use the following result by Gardiner-Hu-Lakic, see [14] or [24, Appendix].

Theorem 2.29. Given a bounded measured geodesic lamination p and a fized point x¢ which
does not lie on any weighted leaf of u, the integral

BH(y) = /g Ey(n)du(l) (17)
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converges for every n € 0D and defines a Zygmund field $ on S*, which corresponds to the
infinitesimal earthquake

E* i

= E™
dt

t=0

Conwersely, for every Zygmund field p on S* = 0D, there exists a bounded measured geodesic
lamination p such that ¢ is the infinitesimal earthquake along p, namely

. d
Y=

Et*
dt ’

t=0

up to an infinitesimal Mdbius transformation.

Analogously to the case of earthquakes, although the infinitesimal earthquake E* is not
continuous in H?, its boundary value is a continuous field. Theorem 2.29 can be regarded as
the infinitesimal version of the Theorem ([14], anticipated by Thurston) which states that
every quasi-symmetric homeomorphism is the extension on the boundary of an earthquake
with bounded measured geodesic lamination.

3. THE MINKOWSKI PROBLEM IN MINKOWSKI SPACE

The aim of this section is to prove that, for every domain of dependence in R?! contained
in the cone over a point, there exists a unique smooth Cauchy surface with prescribed (a la
Minkowski) negative curvature, which is an entire graph. Equivalently, the main statement
is the following.

Theorem 3.1. Given a bounded lower semicontinuous function ¢ : 0D — R and a smooth
function ¢ : D — [a,b] for some 0 < a < b < +oo, there exists a unique smooth spacelike
surface S in R%1 with support function at infinity ¢ and curvature K(G~1(x)) = —(x).
Moreover, S is an entire graph and is contained in the past of the (1/+/inf ¥)-level surface
of the cosmological time of the domain of dependence with support function h = co (p).

The proof will be split in several steps. In Subsection 3.1 we construct a solution to the
Monge-Ampere equation

1
det D%u(z) = ——(1 — |2]*)72 MA
(2) w(z)( |217) (MA)
with the prescribed boundary condition at infinity
ulop = . (BC)

In Subsection 3.2 we study the behavior of Cauchy surfaces in terms of the support functions,
and we use this condition to prove uniqueness by applying the theory of Monge-Ampere
equations. Finally, in Subsection 3.3 we prove that the surface is not tangent to the boundary
of the domain of dependence, and hence is a spacelike entire graph.

3.1. Existence of solutions. The surface S will be obtained as a limit of surfaces Sr
invariant under the action of discrete groups I' < Isom(R?!), isomorphic to the fundamental
group of a closed surface, acting freely and properly discontinuously on some future-convex
domain in R%! for which Sr is a Cauchy surface. Indeed, such a surface St can be obtained
as the lift to the universal cover of a closed Cauchy surface Sr/T" in a maximal globally
hyperbolic spacetime D(Sr)/T', and the existence of surfaces with prescribed curvature in
such spacetimes is guaranteed by results of Barbot-Béguin-Zeghib in [2].

In this subsection we prove the following existence result for the Monge- Ampeére equation
(MA).
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Theorem 3.2. Given a bounded lower semicontinuous function ¢ : D — R and a smooth
function ¢ : D — [a,b] for some 0 < a < b < +o0, there exists a smooth solution u : D — R
to the equation

1
det D*u(z) = — (1 — |2|?) 2 MA
()= 5@ ) (MA)
such that u extends to a lower semicontinuous function on D with
ulop = . (BC)

Moreover, u satisfies the inequality

h(z) = Cv/1 =22 <u(z) < h(z), (CT)
where h is the convex envelope of ¢ and C' = 1/+/inf 9.

There are several notions of convergence of measured geodesic laminations, as discussed
for instance in [24]. Recall in Definition 2.11 we defined a measured geodesic lamination as
a locally finite Borel measure on the set of (unoriented) geodesics G of H?, with support a
closed set of pairwise disjoint geodesics.

Definition 3.3. A sequence {u,}, of measured geodesics laminations converges in the
weak™ topology to a measured geodesic lamination, pu, — u, if

for every f € CJ(G).

A stronger notion of convergence is given by the Fréchet topology on the space of measured
geodesic laminations. This is defined by interpreting a measured geodesic lamination as a
linear functional on the space of a-Holder functions (for every a € (0,1)) with compact
support. The Fréchet topology hence comes from a family of a-seminorms obtained by
considering the supremum of the linear functional on a-Holder functions supported in a box
of geodesics @ = [a,b] X [¢,d], where (a,b,c,d) is a symmetric quadruple of points in 9D.
See [24] for more details.

We are going to approximate a measured geodesic lamination in the weak* topology by
measured geodesic laminations which are invariant under the action of a cocompact Fuchsian

group.

Lemma 3.4. Given a measured geodesic lamination i, there exists a sequence of measured
geodesic laminations p, such that p, is invariant under a torsion-free cocompact Fuchsian
group G, < Isom(H?) and p, — p.

Proof. Recall that Gg denotes the set of geodesics of H? which intersect the subset B C H?Z.
We construct the approximating sequence in several steps.

Step 1. We show there is a sequence of discrete measured geodesic laminations pu, which
converge to u in the weak* topology. In [24, §7] it was proved that, if u is bounded,
there exists a sequence of discrete measured geodesic laminations which converge to p in the
Fréchet topology, which implies weak* convergence. So, assume p is not bounded. We define
Un by vn(A) = p(AN Gpo,n)), i-e. the support of v, consists of the geodesics of p which
intersect B(0,n). By the results in [24, §7], for every n, there exists a sequence (Vp m)m
which converges to v, in the Fréchet sense. As a consequence of Fréchet convergence, for
every n we can find m = m(n) such that

sup /fdyn - / fdyn,m(n)
g g

1
< -
FECY(Gr(0,n)) n
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It follows that, for every f compactly supported in G, if supp(f) C Gp(0,ny), then for n > ng
n—oo

/ Fdp— / Fdvm | = / fvy — / S W | 22250
g g g g

Hence i, 1= Vp mm(n) gives the required approximation.

Step 2. We now modify the sequence p,, to obtain a sequence ], — p of finite measured
laminations with ultraparallel geodesics. This step is necessary because we would like to
construct a fundamental polygon P, for a cocompact Fuchsian group, so that the edges of
P, intersect the geodesics of p,, orthogonally. We will choose edges of P, so as to “separate”
the endpoints of the geodesics of u,. However, for this purpose one needs that the geodesics
of p,, are ultraparallel, and thus we first need to modify p,, to a new sequence p),. We can
assume the discrete laminations p,, constructed in Step 1 are finite (namely they consist of a
finite number of weighted geodesics), by taking the intersection with Gp (g n). Let dg be the

distance induced by a Riemannian metric on G. Suppose the leaves of u, are (7, ... ,lg(n)
with weights a7, ..., az(n). Then we construct a finite lamination u!, by replacing 7, . .. ,lg(n)

by leaves kT, ..., k;’(n) so that

e k' and k7 are ultraparallel for every i # j;

° dg(lf,k?) <1/n;

o The weight of k7 is al.
Let us show that (ul,), converges weak* to p. For this purpose, fix a function f with
supp(f) C GB(o,ny) for some ng. Fix € > 0. Since f is uniformly continuous, there exists n;
such that if dg(l, k) < 1/nq, then |f(I) — f(k)| < e. We have

/ Fu / Fu,| < / fdu - / Fdun| + / Fotn - / favl,,

By construction, there exists ny such that the first term in the RHS is smaller than € provided
n > ng. Now for every n, if m > max {ng,n1 },

p(n)
[ s = [ gt = 3070 = S02) a7 < G-
g g i=1
Since g, — p, there exists a constant C' such that ji,(G(B(0,ny))) < C for n > nz. In
conclusion, if n > max {ng, n1,ng,ns}, then

/fdu /fdun <

Step 8. We claim it is possible to find a polygon P, with the following properties:

e P, contains the ball B(0,n);
e The angles of P, are m/2;
e P, intersects the leaves of u!, orthogonally.

(1+C)e.

We construct the polygon P, in the following way. For every point z € 0D which is
limit of a leaf k' of u),, we pick a geodesic orthogonal to kI which separates z from B(0,n)
and from all the other limit points of u),. Let {g1,..., g} be the geodesics obtained in this
way. Replacing the g; by other geodesics further from B(0,n), we can assume the geodesics
g1,---,9gp are pairwise ultraparallel. See Figures 1 and 2.

We can now extend the family of geodesics {g1,...,gp} to a larger family {g/,... ,g;,}
satisfying:

b {glv---vgp} - {9/17""91/7'};
g1, -, g, are contained in H*\ B(0,n)
g1, -+ g, are pairwise ultraparallel;
No geodesic g; separates two geodesics g and gj, in the family (so we can assume
the indices in {gj,...,g;,} are ordered counterclockwise);
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FIGURE 1. Start from FIGURE 2. The
a finite geodesic lamina- construction  of  the
tions with leaves k. geodesics g1, ..., gp-

e The geodesics h; orthogonal to g; and g;,, (if the indices i are considered modp’)
are contained in H? \ B(0,n).

FIGURTE 3 T}.le FIGURE 4. The

geodesics in .

{ , , } \ geodesics hi,o.. hy
g}l""’gp’ USRS orthogonal to g1, ..., g,

9ps-

The reader can compare with Figures 3 and 4. It is clear that the polygon P, (Figure
5) given by the connected component of H? \ {gi,... ,g;,,7 hi,...,hy} containing B(0,n)
satisfies the given properties.

Step 4. We finally construct a sequence p!! — g with p!/ invariant under the action of a
torsion-free cocompact Fuchsian group. We consider the discrete group of isometries of H?
generated by reflections in the sides of the polygon P, constructed in Step 3. The index
2 subgroup G, of orientation-preserving isometries is a discrete cocompact group and it is
well-known that G,, contains a finite index torsion-free cocompact Fuchsian group G,,. We
define !’ as the G-orbit of u). It turns out that u is a measured geodesic lamination
since the leaves of p] intersect the sides of P, orthogonally. Note that !’ is obtained by
modifying p, only in the complement of B(0,n), since by construction B(0,n) C P,. Hence
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FIGURE 5. The polygon P,.

it is clear that, if ng is such that supp(f) C Gp(o,n,), then fg fdul, = fg fdull for n > ny,
and thus u!! — p. O

Lemma 3.5. Given a sequence p, of measured geodesic laminations converging to p in the
weak™ sense, let D,, = D(pin,xo,y0) and D = D(u,xzo,y0) be the domains of dependence
having p, and p respectively as dual laminations, and P = yo + z3 as a support plane
tangent to the boundary at yo, where xo does not belong to a weighted leaf of p. Let h,, and
h be the support functions of D, and D. Then h, converges uniformly on compact sets of
D to h.

Proof. 1t suffices to prove that the convergence is pointwise, since the functions h,, and h are
convex on D, and therefore pointwise convergence implies uniform convergence on compact
sets. In fact, it suffices to prove pointwise convergence for almost every point.

We will actually prove that the support functions h,, restricted to H? converge pointwise
to h almost everywhere, which is clearly equivalent to the claim. Let us assume zo and x
are points which do not lie on weighted leaves of the lamination p. Let G[zg, x] be the set of
geodesics which intersect the closed geodesic segment [z, z] and o : G[zg, ] — R%! be the
function which assigns to a geodesic I the corresponding point in dS?, namely, the spacelike
unit vector in R?! orthogonal to ! with respect to Minkowski product, pointing outward
with respect to the direction from zg to x. The support function of D can be written as
(compare expression (8) in Proposition 2.12):

Glzo,x]
We thus want to show that

/ (z,0)dp, == / (x,o)du.
Glzo,z] Glwo,]

Note that G[xg, z] is compact in G; define ¢; a smooth function such that ¢;(1) = 1 for every
l € Glzo,x] and supp(p;) C G(xo — %, T+ %) Here (g — %, T+ %) denotes the open geodesic
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interval which extends [z, z] of a lenght 1/i on both sides. Hence we have:

’/g<3370>><g[m0,z]dun—/g<$,0>><g[z0,x]du‘ < /g<$’0>Xg[mo,x]dMn—/g<$,0>%0idun (%)

+

[ oo, [ <x»0>%du‘ (18)

+ ’/g<33,0'>%‘d/1—/g(x,a}xg[mo)ﬂd,u‘ o (kxx)

Let 7 = G(zo — 3,2 + 1) \ G[zo, z]. Since we have assumed z and g are not on weighted
leaves of p, we have (x**) < Ku(F) < Ke if i > ip, for some fixed ig. By definition of
weak™® convergence, the term numbered (%%) converges to zero as n — oo for i = i fixed,
s0 (%*) < € for n > ng. Finally, limsup,,_, ., un(F) < u(F) by Portmanteau Theorem
(which in this case can be easily proved again by an argument of enlarging the interval and
approximating by bump functions). Hence there exists n{ such that (x) < Kpu,(F) < 2Ke
if n > ny and i > 5. Choosing n > max {ng, ng}, the proof is concluded. O

Let us now consider an arbitrary measured geodesic lamination p and take the sequence
tn — p constructed as in Lemma 3.4. Let D(uyn, o, yo) be the domain of dependence having
dual lamination p,, and P = yo + xé- as a support plane tangent at yo. Since p, is invariant
under the action of a Fuchsian cocompact group Gy, D(pn, Zo, yo) is a domain of dependence
invariant under a discrete group I',,. The linear part of '), is G,, and the translation part is
determined (up to conjugacy) by pu, (see Proposition 2.13). This means that D(u,)/T, is
a maximal globally hyperbolic flat spacetime.

Theorem 3.6 ([2]). Let Gy be a Fuchsian cocompact group and po be a Go-invariant
measured geodesic lamination. Let g : H? — (0,00) be a Go-invariant smooth function.
Let Ty be a subgroup of Isom(R*1) whose linear part is Gy and whose translation part
is determined by po. Then there exists a unique smooth Cauchy surface Sy of curvature
K(G7Y(z)) = —vo(z) in the mazimal future-convexr domain of dependence Dy invariant
under the action of the group T'y.

We will construct a Cauchy surface S for D = D(u,xg,yo) with prescribed curvature as
a limit of Cauchy surfaces Sy, in D,, = D(ptn, o, y0). Let h, be the support function of D,,.
By Lemma 3.5, h,, converges uniformly on compact sets of D to h, the support function of
D. Let u, be the support function of S,,.

Lemma 3.7. Let Sy be a smooth strictly convex Cauchy surface in a domain of dependence
Dy invariant under the action of a discrete group T'g < Isom(R*1Y), such that Do/Tq is a
mazimal globally hyperbolic flat spacetime. Let K : So — (—00,0) be the curvature function
of Sy. Then the support functions ug of Sy and hg of 0sDy satisfy

ho(z) — C/1 — 2|2 < uo(z) < ho(z) (18)
for every z € D. Moreover, one can take C =1/4/inf |K]|.

Proof. Since Sy C IT(9sDy), it is clear that ug < hg. For the converse inequality, recall
that we denote by %o the restriction to H? of the 1-homogeneous extension Uy of ug, and
analogously for hg. Let us consider € H? and show that ug(z) > ho(z) — C, for C =
1/4/inf |K|. The inequality (18) then follows, since ug(z) = Up(z,1) = /1 — |z|?Tg(z) and
ho(2) = Ho(z,1) = /1 — |2]2ho(x), for = € H? which projects to (z,1). Let us consider the
foliation of Dy by leaves of the cosmological time, namely the surfaces Ly whose support
function is hy(x) = ho(z) — T if x € H?, with T € (0,00). The surface Sy descends to a
compact surface in Dy/T'y and therefore the time function T on Sy achieves a maximum
Timax at a point p (actually, a full discrete Tg—orbit) on Sy. It follows that the level surface
Lt is entirely contained in the future of Sy and tangent to Sy at p.

max
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By the construction of the cosmological time, for any point p € Ly there exists a hyper-
boloid of curvature —1/ T? which is tangent to Ly and contained in the future of L. Hence,
the surface Sy is contained in the past of a hyperboloid of curvature —1/7T2, and tangent to
such hyperboloid at some point, which implies that inf |[K| < 1/72. Therefore T < C for
C = 1/+/inf |K|. This shows that the surface Sy is contained in the past of the level surface
L¢ and its support function on H? satisfies ho(z) — C < (). O

We are now ready to conclude the proof.

Proof of Theorem 3.2. Given the lower semicontinuous function ¢ : 9D — R, let us consider
the dual lamination p of the domain of dependence D defined by ¢. Hence D = D(u, xo, yo)
for some xg, yo and the support function h of D is the convex envelope of .

By Lemma 3.4, there exist measured geodesic laminations pu,,, invariant under the action
of torsion-free cocompact Fuchsian groups G,,, which converge weakly to pu. Recall from
the proof of Lemma 3.4 that the Fuchsian group G,, has a fundamental domain P! which
contains the ball B(0,n) for the hyperbolic metric. Let us define a G,,-invariant function
th, : H?2 — R, which approximates 1. We take a partition of unity {p,, 0,} subordinate to
the covering {B(0,n), P, \ B(0,n/2)} of P/. We define

VYn(x) = pn(2)Y () + 0n(z)(inf )

and we extend 1),, to H? by invariance under the isometries in G,,. It is clear that the
sequence 1, converges to 1 uniformly on compact sets of H?, since 1),, agrees with 1) on
B(0,n/2). Since 9, is constant on P) \ B(0,n/2), the G, -invariant extension is smooth.
Finally, inf v, = inf 4. Applying Theorem 3.6, we obtain a solution w,, to the equation

1

et D%up(2) = ——
det D*u,(z) )

(1—]2[2)2
for every n.

Let D,, = D(uy, o, Yyo) be the domain of dependence associated with i, so that yo + xé-
is a support plane of the domain D,,. We can assume xg is a point of H? which does not
belong to a weighted leaf of any w.,,. Let H, be the extended support function of D,, and let
h,, be its usual restriction to D. By Lemma 3.5, h,, converges uniformly on compact sets of
D to h. Moreover by inequality (18) of Lemma 3.7, the convex functions w,, are uniformly
bounded on every compact set of . Hence, by convexity, the u, are equicontinuous on
compact sets of D and therefore, by the Ascoli-Arzela Theorem, there exists a subsequence
converging uniformly on compact sets to a convex function u. The limit function u is a
generalized solution of the equation

det D%u(z) = ﬁ(l —|2]*)72. (MA)

By Theorem 2.20, w is strictly convex and therefore is smooth by Theorem 2.22. Moreover,
the functions w,, satisfy the inequality in (18) for every z € D:

ha(2) — CV/I — |22 < un(2) < ha(2),

hence for the limit function uv we have

h(z) = Cv/1—z]2 < u(z) < h(z), (CT)

where h is the limit of the support functions h,, of D, and is the support function of D
by Lemma 3.5. Since both u and h, extended to DD, are lower semicontinuous and convex
functions, and the value on a point z € 9D coincides with the limit along a radial geodesic
(see Lemma 2.7), we have the boundary condition u|sp = h|op = ¢. This shows that the
condition (BC) holds, and concludes the proof. O
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3.2. Uniqueness of solutions. In this subsection, we discuss the uniqueness of the solution
of Equation (MA), for which the existence was proved in Theorem 3.2. More precisely, we
prove the following:

Proposition 3.8. Given a bounded lower semicontinuous function ¢ : 0D — R and a
smooth function v : H? — [a,b] for some 0 < a < b < +00, the smooth solution u : D — R

to the equation

1
det D*u(z) = —— (1 — |2|?) 2 MA
(2) o Z)( |2]%) (MA)
satisfying

ulop = . (BC)

18 unique.

The claim in Proposition 3.8 holds if ¢ is continuous, by a direct application of Theorem
2.17. The rest of this subsection will be devoted to the proof of the claim when ¢ is only
assumed to be lower semicontinuous. The key property is that every solution of (MA) with
boundary value ¢, for ©» > a > 0, satisfies the condition (CT). Geometrically, this means
that every Cauchy surface with curvature bounded away from zero has bounded cosmological
time.

Proposition 3.9. Given a smooth function 1) : D — [a,b] for some 0 < a < b < +00, any
smooth solution u : D — R to the equation

2 1 2\—2
det D*u(z) = e (1—1z9) (MA)
with
ulop = ¢ . (BC)
satisfies
h(z) — Cv/1—z]2 <u(z) < h(z), (CT)

for some constant C > 0, where h = co .

Proof. The statement is true if ¢ is continuous, as we have already observed that in that
case the solution is unique, and in Theorem 3.2 we have proved the existence of a solution
satisfying the required condition. Let us now consider the general case. Since u is convex, it
is clear that u < h. We show the other inequality. Let r € (0, 1] and w, : D — R be defined
as

up(z) = u(rz).

Since u is continuous (actually, smooth) on D, u, converges uniformly on compact sets of D
to w as r — 1. Let 1, be such that

1
det D%u,.(2) = 1—|2)%)72.
() = gy (1= 1<)
We have
4
2 _ 4 2 __r —r21.2)2 < 1.]2)-2
det D*u,.(z) = r* det D*u(rz) ¢(TZ)(1 ro|z|*) 7 < il’lf’(/J(l |2])

and therefore 1),.(z) > inf. Since u, is continuous on D, by the continuous case and the
above inequality we obtain

hr<z)_ \/iIllT’(ﬂv 1_|2”|2 S’U/T<Z)a (19)

where h, = co (u,|sp).
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Fix a point zgp € D. We claim that h(zp) < liminf, h.(29). Indeed, given an arbitrary
affine function f : D — R such that flop < ¢, the set {z : u(z) < f(z)} is compact in D.
Suppose it is contained in a ball of radius ro. Hence if r» > rq, for every z; € 0D

ur(z1) = u(rz1) > f(rz1) = fr(21),

where of course we defined f,.(z) = f(rz). This shows that w.|sp > fr|sp, and therefore
hy > fr. As r — 1, we obtain f(z9) < liminf, h.(2), and the claim follows since f is
arbitrary.

Now taking limits in Equation (19), we conclude that h(zg) — C/1 — |20|? < u(zo) for
C = 1//inf 1. As the point zq is arbitrary, we conclude the proof. O

Proof of Proposition 3.8. Let ui,us be two solutions with u1|ap = u2|op = . By Proposi-
tion 3.9, there exists a constant C' such that

—CV1— |22 <ui(z) —u2(z) < Cy/1—|2]2.

Hence the function u; — us extends continuously to zero at the boundary OD. Therefore
U] — ue has a minimum on D. By Theorem 2.17, the minimum cannot be achieved at an
interior point. Therefore the minimum is achieved on 90D, which means that u; > us. By
exchanging the roles of u; and us, one can conclude that u; = us. O

3.3. The solution is an entire graph. In this subsection we prove that the solutions
constructed in Theorem 3.2 are the support functions of spacelike entire graphs in R%!. We
will make use of barriers which are constant curvature surfaces invariant under a parabolic
group. The proof of the following proposition is given in Appendix A.

Proposition 3.10. For every K < 0, C > 0 and every null vector vy € R*! there exists an
entire graph Sc v, (K) of constant curvature K which is a Cauchy surface in the domain of
dependence with support function at infinity

[T =
S”C’”‘)(’Z)‘{o % bl

In Appendix A the surfaces of Proposition 3.10 are described in more detail. For instance,
we remark that the surface Sc ,,(K) is not complete. The domain of dependence with
support function equal to co (pc.y,) is the future of a parabola, as pictured in Figure 6,
see also the discussion in the proof of of Theorem 3.1 below. In order to use the surface
S (K) as a barrier, we need to prove a technical lemma.

Lemma 3.11. Let @1, @9 : 0D — R be two bounded lower semicontinuous functions and let
P1,1s 1 H2 — [a, b] be two smooth functions, for some 0 < a < b. If o1 < @2 and 11 < 1,
then the smooth solutions u; : D — R (for i =1,2) to the equation

det D%u;(z) = (1—|z*)~2

1
Yi(2)
with

Ui|8]D) =¥
satisfy u; < ug on D.

Proof. Suppose first ¢, is continuous. Therefore also the solution u; is continuous on D,
since it satisfies the condition

hi(z) = C/1— |22 < ui(z) < hi(z),

where hp is the convex envelope of 1. Then the function us — u; is lower semicontinuous
and is positive on the boundary, therefore it achieves a minimum. By Theorem 2.17, the
minimum has to be on the boundary, hence us > u; on D.
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Now for the general case, let ¢1 be lower semicontinuous and let ¢,,, n > 3, be a sequence
of continuous functions which converge to ¢ monotonically from below, namely ¢, < ;41
and ¢, < ¢1 for every n > 3. Let u,, be the solution of the equation

1

det D%u,(z) = e

1=z
with
unIB]D) = $n .
By the previous case, we know (if n > 3) that u,, < u,y1 and u,, < uy. Hence the u,, are

uniformly bounded and convex, thus by convexity the sequence u, converges uniformly on
compact sets (up to a subsequence) to a generalized solution u, of the same equation:

2 1 2y—2

det D*uqo(2) wl(z)(l |z]) .
It is clear that us < uy. Let z € 0. Recall the value of us, on z coincides with the limit
on radial geodesics. Hence we have us(2) = lim,—1 teo(rz) > lim,—1 un(rz) = ¢ (2) for
every n. Therefore us|op = 1. By the uniqueness proved in Proposition 3.8, us = ug.
Since up (2) < ug(z) for n > 3 and for every z € D, we conclude that u; < us. O

We are finally ready to conclude the proof of Theorem 3.1.

Proof of Theorem 3.1. We have showed in Theorem 3.1 and Proposition 3.8 that there exists
a unique solution u to Equation (MA), hence having the required curvature function. More-
over, the solution satisfies Equation (CT), which ensures that the surface S with support
function u is a Cauchy surface and satisfies the estimate on the cosmological time.

It only remains to show that S is a spacelike entire graph. Suppose it is not. Therefore S
is tangent to the boundary of the domain of dependence (recall Subsection 2.1) and develops
a lightlike ray R at the tangency point. Suppose the lightlike ray is parallel to the null vector
vp of R®1. Let « be such that ¢(2) < « for every z € ID.

We consider the function
o fe) =Tl
7o) {a 2] # [oo]

From Proposition 3.10, there exists a Kg-surface Sy with support function at infinity g, for
Ky = inf K = —sup |K|, which is obtained by translating vertically in R%! a suitably chosen
surface Sc¢ .y, (Ko). Geometrically, this is equivalent to choosing the domain of dependence
whose boundary is the future of a parabola (see Figure 6). The parabola is obtained by
intersecting the plane containing the lightlike ray R with a cone I (p) over a point p on the
z-axis, sufficiently in the past, so as to contain the original surface S.

Applying Lemma 3.11, we see that S is in the future of Sy. However, Sy is an entire graph
(see Appendix A) and both S and Sy have the same lightlike support plane with normal
vector vg. This gives a contradiction and concludes the claim that S is an entire graph. [J

Remark 3.12. In the above proof of Theorem 3.1, we have actually showed that every smooth
convex bounded solution u : D — R of

1
det D*u(z) = —(1 — |2|*) 72 MA
(2) o Z)( |21%) (MA)
with 1 : D — (0,00), supy) < oo, corresponds to a spacelike entire graph in R%! with
curvature K(G~1(2)) = —1(z). On the other hand, the hypothesis that supy < oo is

essential. We give an explicit counterexample. Let us consider the function v : D — R
defined by u(z) = |z|?/2. It is easily checked that the dual surface S defined by u is the
graph of u itself, and is only defined over ID. One can see that S is tangent to the lightcone
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FIGURE 6. The future of a parabola is a domain of dependence invariant for
the parabolic group. Its support function at infinity is lower-semicontinuous
and is affine on the complement of a point of 9D.

centered at (0,0, —1/2) and that its curvature function is K(G71(2)) = —(2) =

1
A=)
hence is unbounded. See also Figure 7.

FIGURE 7. A Cauchy surface in the cone over a point, of unbounded neg-
ative curvature, which is not a spacelike entire graph. The surface (red) is
obtained by revolution around the vertical axis.

4. FOLIATIONS BY CONSTANT CURVATURE SURFACES

In this section we prove that every domain of dependence defined by a bounded support
function at infinity is foliated by K-surfaces, as K varies in (—00,0). The main statement
is the following.

Theorem 4.1. FEvery domain of dependence D, with bounded support function at infinity
v : 0D — R, is foliated by smooth spacelike entire graphs of constant curvature K € (—o00,0).

The existence of such K-surfaces follows from Theorem 3.1, by choosing the constant
function ¢ = |K|. We now show that the K-surfaces foliate the domain of dependence D.

Lemma 4.2. Let S, = graph(f,) and S, = graph(fs) be spacelike entire graphs in R**
with C' support functions u, : D = R and uee : D = R. If u,, converges to usy uniformly
on compact sets, then f, converges uniformly on compact sets to fo.
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Proof. By a slight abuse of notation, we consider here the Gauss map G, : S, — D using
the canonical identification 7 : H? — D. As by convexity we have that Du,(z) — Dus(2)
for any z € D, Formula (4) implies that

G, (z) = G (2)

for all z € D. Let us set G,,1(2) = (pn(2), fn(pn(2)), where p,(z) is the vertical projection
to R2. We have that

Pn(2) = poo(z)  and  fu(pn(2)) = foo(Poo(2))- (20)

Using that f,,’s are 1-Lipschitz, by a standard use of Ascoli-Arzela Theorem, we get that up
to a subsequence, f,, converges uniformly on compact subset of R? to some function g.

In order to prove that g = f, let us use again (20). We get that foo(peo(2)) =
lim fy, (pn(2)) = g(pec(z)). So f and g coincide on the image of ps. As we are assum-
ing that S, is a spacelike entire graph we conclude that they coincide everywhere. (I

Recall that a Ky-surface S(Kjp) in D is constructed as limit of Ko-surfaces Sy, (Kp) invari-
ant under the action of a surface group. By the work of [2], the K-surfaces S, (K) foliate
the domain of dependence D,, of S,,(Ky), as K varies in (—o0,0).

Theorem 4.3 ([2]). Let G be a Fuchsian cocompact group and let Ty be a discrete subgroup
of Isom(R>') whose linear part is Go. Then the Cauchy surfaces So(K) of constant curvature
K € (—00,0) foliate the mazimal domain of dependence Dy invariant under the action of
the group Ty, in such a way that if K1 < Ks, then So(K3) is contained in the future of
So(K1).

Proof of Theorem 4.1. The proof is split in several steps. First we prove the constant cur-
vature surfaces are pairwise disjoint, then that the portion contained between two constant
curvature surfaces is filled by other constant curvature surfaces, and finally that one can find
a constant curvature surface arbitrarily close to the boundary of the domain of dependence
and to infinity.

Step 1. Let us show that, if K7 < Kj, then the constant curvature surfaces S(K7)
and S(K3) are disjoint, and S(K3) is in the future of S(K1). Let S, (K1) and S, (K3) be
approximating sequences as in the proof of Theorem 3.2, and let w, (K1) and u, (K3) be the
corresponding support functions. From Theorem 4.3 of [2], we know that u, (K2) < u,(K7).
Hence in the limit u(K2) < uw(K;), where u(Kj;) is the support function of S(K;). Hence
S(K7) and S(K3) do not intersect transversely. Moreover S(K7) is in the closure of the past
of S(K3). Finally S(K;) and S(K2) cannot be tangent at a point, since |K;| > |K2| and
thus at least one of the eigenvalues of the shape operator of S(K) is larger than the largest
eigenvalue of S(K3).

Step 2. We show that, given two Cauchy surfaces S(K;), S(K3) in D of constant curvature
K, < K, every point between S(K;) and S(K>) lies on a Cauchy surface of constant
curvature. Let z be a point in R*! contained in the past of S(K3) and in the future of
S(K1). For n large, x is in the past of S, (K3) and in the future of S, (K7). Therefore there
exists a surface S, (K,,) through z, with K7 < K,, < K3. Up to a subsequence, let us assume
K, — K. Using the same argument we gave in the proof of Theorem 3.2, the support
functions u, (K,) converge (up to a subsequence) uniformly of compact sets t0 Uso (Koo),
which is the support function of the K -surface S(K) in D. Since x € S, (K,,) for every
n, Lemma 4.2 implies that © € S(Ko).

Step 3. We show that for every point x nearby the boundary of the domain of dependence
there is a constant curvature Cauchy surface S(Kj) such that € S(Kj). This follows from
Equation (CT), which states that the K-surface S(K) in D is contained in the past of the
(1/4/]K])-level surface of the cosmological time. Since the level surfaces Lo = {T = C} of
the cosmological time get arbitrarily close to the boundary of the domain of dependence as
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C gets close to 0, it is clear that x is in the future of S(Kj) if |Ky| is large enough. The
claim follows by Step 2.

Step 4. Finally, we show that every point far off at infinity lies on some constant curvature
Cauchy surface. By contradiction, suppose there is a point z which is in the future of every
K-surface S(K). Let S(K) be the graph of fx : R?> — R. Then the fx are uniformly
bounded (they are all smaller than the function which defines I (z)) and convex. Up to a
subsequence fx — foo uniformly on compact sets. The function f., defines a surface Sy
contained in the domain of dependence D.

Now, fx satisfies (see for instance [20])

det D* fre = |[K|(1 — [|Df|*)?.

Therefore, taking the limit as K — 0, det D?f,, = 0 in the generalized sense. The following
Lemma, states that f., is affine along a whole line of R2, and this gives a contradiction,
since So, would contain an entire line and thus could not be contained in the domain of
dependence D. O

Lemma 4.4. Let f: R? — R be a convex function which satisfies the equation det D?f = 0
in the generalized sense. Then there exist a point xg € R?, a vector v € R%, and o € R such
that f(xo + tv) = f(xo) + at for every t € R.

Proof. By [18, Theorem 1.5.2] for any bounded convex domain 2 C R?, f|q coincides with
the convex envelope of f|sq. It follows that for any € R? there is v = v(z) € R? and
a = a(z) € R such that f(z +tv) = f(z) + ot for t € (—¢,¢), for some € = e(x) > 0.

Fix a point z1, and set v; = v(x1). Up to adding an affine function we may assume
that a(z1) = 0 and that f(z) > f(z1) for any x € R2. If f is affine along the whole line
21 +Ruy, we have done. Otherwise take the maximal ¢, such that f(zy +t1v1) = f(2z1) and
put g = 1 + t1v1. Let vg = v(xg), clearly vg # v1. As f(x) > f(xo) = f(x1) for every
x € R2, necessarily a(z¢) = 0. See Figure 8.

Vo

U1
" To =11+ vy

FI1GURE 8. The setting of the proof of Lemma 4.4. Composing with an
affine map, we can assume f is constant on the drawn segments.

We claim that f(x) > f(xo) on the half-plane Py bounded by xo + Ruvg which does not
contain z7. Otherwise we should have that f = f(z() on the triangle with vertices x, z¢ +
€, To — €Uy, but then f would be constant equal to f(x1) on some segment [z1,xq + nv1],
violating he maximality of ¢;. See Figure 9.

Now suppose that f(zg + tvg) > f(xg) for some ¢ and take the maximal tg for which
flxo +tove) = f(xo). Define xo = xg + tovg. As before we have that vy is different form v
and that f = f(zo) on some segment of the form [zg — eva, 22 + evg] (see Figure 10). As this
segment contains points of Py we get a contradiction. O
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I

Ty + €V

Zo

oy — €V

FIGURE 9. We have
f(z) > f(x1) on the
right halfplane bounded
by the line zy + Ruy,
for otherwise f would
be constant on the ruled

FiGURE 10. By a simi-
lar argument, f has to
be constant on the entire
line xg + Rug.

triangle, contradicting
the maximality of ¢;.

5. CONSTANT CURVATURE SURFACES

In this section we give a characterization of K-surfaces with bounded principal curvatures.

Theorem 5.1. Let D be a domain of dependence in R%*'. The following are equivalent:

i) The measured geodesic lamination p dual to 05D is bounded, i.e. ||p||rn < +00.
ii) The support function at infinity h = H|sp : OD — R of D is in the Zygmund class.
it1) The domain of dependence D contains a convex Cauchy surface with principal cur-
vatures bounded from below by some constant d > 0.
i) The domain of dependence D is foliated by complete convex Cauchy surfaces of
constant curvature K with principal curvatures bounded from below by some constant

d=d(K) >0, where K € (—0,0).

We will give the proof in several steps. It is obvious that iv) = i4i). In Subsection 5.1 we
prove that i) < ii). The existence part of i) = iv) follows by Theorem 4.1; in Subsection
5.2 we complete the proof by showing that, if the dual lamination has finite Thurston norm,
then the principal curvatures are bounded and the surface is complete. Finally, Subsection
5.3 proves iii) = 1), by giving an explicit estimate of Thurston norm of the dual lamination
in terms of the supremum of the principal curvatures, which holds for any convex Cauchy
surface.

5.1. Zygmund fields and bounded measured geodesic laminations. In this part, we
discuss the equivalence between i) and #i). We prove here the key fact for this equivalence.
Given a function ¢ : S* — R, we denote by ¢ the vector field on S! associated to ¢ by
means of the standard trivialization.

Proposition 5.2. Given an infinitesimal earthquake ¢ = %}tzo E™, the function ¢ : S* —
R is the support function at infinity on 0D = S' of a domain of dependence D with dual
lamination u.

Proof. By composing ¢ with an infinitesimal Mobius tranformation, (compare Section 2.7)
we can suppose the point zq € H? lies in a stratum of p which is fixed by the earthquakes
Et for t ¢ R. By Proposition 2.12, the support function at infinity of the domain of
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dependence D = D(u,z,0) which has dual lamination y and zg as a support plane is

Ho)= [ (o, (21)
Glzo,m)

for every n in 01t (0). Here [x(,n) denotes the geodesic ray obtained by projecting to H?
the line segment connecting o and 1 (recall the convention introduced before Proposition
2.12).

By Lemma 2.23, the vector field ¢ on S! defines a 1-homogeneous function ® on 9I*(0).
Since H is 1-homogeneous, it suffices to check that H and ® agree on 0D = 9I'" (0)N{x5 = 1}.
Let n € 0D and let v be the unit vector tangent to 9D in the counterclockwise orientation.
By Lemma 2.23, under the standard identification of D with S!, we have

e(n) = ((n),v) = 2(n).
We now compute the infinitesimal earthquake ¢ at a point 7. If [ is a leaf of u, the infin-
itesimal earthquake along the lamination composed of the only leaf [ (as in Example 2.28)
is
Ei(n) = (A'(n),v)v = (R o (1), v)v,
where A = 4 |t=0 Al(t) € 50(2,1) is the infinitesimal generator of the 1-parameter subgroup
of hyperbolic isometries A'(t) which translate on the left (as seen from ) along the geodesic
l by lenght t. Here X denotes the Minkowski cross product. In the second equality we have
used the fact that A'(n) = n® o (1) (see for instance [6, Appendix B]).
Using Equation (17) in Theorem 2.29, we obtain

@mw»:émmamwwaémmmxmw@. (22)

We will show that (n,o(l)) = (n X o(l),v), from which the claim follows, by comparing
Equations (21) and (22). For this purpose, let p = (0,0,1) and n = p + w, so that (p,w,v)
gives an orthonormal oriented triple. Suppose o () = ap + bw + cv. Then

(n,o(l)) =alp,p) + blw,w) =b-a
whereas
nRo(l)=b(pXw)+alwXp)+clpXRv+wKwv)
and in conclusion (n X o (l),v) =b—a = (n,o(l)). O

Remark 5.3. We observe that if a different base point zj, (out of any weighted leaf of p) is
chosen, we obtain the 1-homogeneous function H' such that

H'(n):/ <n,6>dﬂz/ (n,6>du+/ (n, o)dp
Glalm) Glal,zo] glahm)

where this equality follows from the fact that y is a measured geodesic lamination, and hence
in Equation (21) the interval [zg, 2] can be replaced by any path from z( to x transverse to
the support of the lamination (see also [21]). Clearly, if a suitable normalization is chosen,
also the infinitesimal earthquake ¢’ changes in the same way. Therefore H' agrees with the
function @’ obtained from ¢'.

Finally, recall that a tangent element to Universal Teichmiiller space is defined as a vector
field on S satisfying the Zygmund condition (14) up to a first-order deformation by M&bius
transformations. Therefore a different representative ¢’ in the same equivalence class of ¢
differs by

gm=¢m+ —| A®t)n)=¢mn) +Aln) = &(n) +nHyo
t=0
where A(t) € Isom(R>'), A(0) = Tand A = &],_o Alt) € s0(2,1). By the same computation
as above, (¢'(n),v) = H'(n) where H' is the support function of the domain of dependence
D(p, 20, yo)-
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By applying Proposition 5.2 and results presented in [14] or [24] on the convergence of
the integral in Equation (17), one deduces that, if D is a domain of dependence whose dual
lamination has finite Thurston norm, then the support function at infinity of D is finite. We
will give a quantitative version of this fact in Proposition 5.6 - which will be useful because
it gives a uniform bound on the support function in terms of the Thurston norm. Here we
draw another consequence of Proposition 5.2, namely the equivalence of conditions ) and
Corollary 5.4. Given a domain of dependence D, the dual lamination p has finite Thurston
norm if and only if the support function h of D extends to a Zygmund field on OD.

Proof. If ||u||rn < +o00, from Proposition 5.2 we know that h|gp coincides with the infini-
tesimal earthquake along p, hence is a Zygmund field. Viceversa, if h|gp is a Zygmund field,
by Theorem 2.29 there exists a bounded lamination p such that hlgp is the infinitesimal
earthquake along p, and we conclude again by Proposition 5.2. [

5.2. Boundedness of curvature. To prove the implication ) = iv), we have showed in
Theorem 3.1 the existence of constant curvature Cauchy surfaces S(K), while in Theorem
4.1 we proved that the surfaces S(K) foliate the domain of dependence as K € (—o00,0). It
remains to show that the principal curvatures of the Cauchy K-surfaces S(K) we constructed
are bounded provided the dual measured geodesic lamination has finite Thurston norm. This
will also imply that S(K) is complete, since (by boundedness of the curvature and of the
principal curvatures) the Gauss map is bi-Lipschitz with respect to the induced metric on S
and the hyperbolic metric of HZ2.

Proposition 5.5. Given a K-surface S, if the lamination p dual to the domain of de-
pendence D(S) has finite Thurston norm, then the principal curvatures of S are uniformly
bounded.

We will prove the proposition by contradiction. If the statement did not hold, there
would exist a sequence of points z,, € S such that the principal curvatures diverge (since the
product of the principal curvatures is constant, necessarily one principal curvature will tend
to zero and the other to infinity). Roughly speaking, we will choose isometries A,, so that
the points x,, are sent to a compact region of R%!, and consider the surfaces S,, = A, (9).
Essentially, a contradiction will be obtained by showing that the sequence S,, contains a
subsequence converging to a constant curvature smooth surface S - using the boundedness
of the dual lamination - and that this gives bounds on the principal curvatures at x,,. Hence
it is not possible that principal curvatures diverge.

In order to apply the above argument, we need to prove a uniform bound on the support
functions, depending only on the Thurston norm of the dual lamination.

Proposition 5.6. Let Dy = D(uo, o, Yyo) be a domain of dependence whose dual lamination
po has Thurston norm ||uo||rn < M, such that P = yo + zg is a support plane tangent to
0,Dqg at yo. Let hy be the support function of Dy. Then hg < C on D for a constant C
which only depends on M, xq, yo.

Proof. The support function of Dy restricted to H2, under the hypothesis, is given by (see
Proposition 2.12):

hQ(LI}) = <957y0> +/ <l‘,0'>d,u0 .
g[xo,x}

It is harmless to assume that zo = (0,0,1) and yo = 0; indeed, composing with an isometry
of R?1, the support function h changes by an affine map on D. Hence we give an estimate
of the integral term in hg. Let v be a unit speed parametrization of the geodesic segment
[z0, x]. Note that if y(s) is on a geodesic [, for every x € H?,

[{x,o(1))| = sinh dyz(z,1) < sinh dy2(x,v(s)).
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Hence, consider the partition v(0) = xg, v(1),...,v(INV),v(dgz (z9,x)) = x, for N the integer
part of dyz(xg,x). We have

| twodu
g[w07w]

N+1

<> sinh(i)po([y(i — 1), (i)

i=1

6dH2 (zo,z) .

We can finally give a bound for the support function hg on D. If w(x) = z € D,

h (Z) _ }_L()((E) < % 32 edu-HZ(:Eo,i) < M 62
0 coshdyz(zg,7) = 2 e—1coshdyz(zg,z) = e—1"

This shows that the function hq is bounded by a constant which only depends on M and on
Zg,Yo- By Lemma 2.7, the bound also holds on 9D. g

Proof of Proposition 5.5. Let A, € SOg(2,1) be a linear isometry such that A, (G(z,)) =
(0,0,1), where G : S — H? is the Gauss map of S. Let D/, be the domain of dependence of
the surface A4,,(S). Now let ¢, € R®! be such that the t,-translate of 9, D/, has a support
plane with normal vector (0,0, 1) with tangency point the origin.

Let S, = A,(S) + t,. Let u, be the support function on D of S,, and h,, be the support
function of its domain of dependence D,, = D!, + t,.

The support functions u,, are uniformly bounded on any 2 with compact closure in D,
since we have h, — (1/y/]K])y/1—|2[2 < u, < h, and by Proposition 5.6 the support
functions h,, of D, are uniformly bounded on €. Hence ||u,||com) < C for some constant
C. Let B, be the shape operator of S,,. Equation (5) in Lemma 2.8, for z = 0, gives
B, ! = Hess(u,). Applying Lemma 2.21, the inverse of the principal curvatures of S,
which are the eigenvalues of B!, cannot go to infinity at the origin. This concludes the

n 9

proof that principal curvatures of S,, cannot become arbitrarily small. g

5.3. Cauchy surfaces with bounded principal curvatures have finite dual lamina-
tion. In this part, we will show that a Cauchy surface S with principal curvatures bounded
below, A\; > d for some d > 0, are such that the measured geodesic lamination p dual to
D(S) has finite Thurston norm. This shows the implication 4ii) = i). More precisely, we
prove:

Proposition 5.7. Let B be the shape operator of a convex spacelike surface S in R>! such
that the Gauss map is a homeomorphism. Let p be the measured geodesic lamination dual
to D(S), where D(S) is the domain of dependence of S. Then

lullzn < 24/2(1 + cosh(1)]| B |lop (23)

where ||B7Y|op = sup{||B~(v)||/||v|| : v € TS} is the operator norm.

Note that |[B7!||,, is the supremum of the inverse of the principal curvatures of S;
alternatively, it is the inverse of the infimum of the principal curvatures of S. To prove
Proposition 5.7, we consider xy, 1y € H? with dy2(21,72) < 1 and take points y;, y2 on
0sD(S) such that P; = y;+21 and Py = y»+a3 are support planes of D. Recall u(G[x1, 72])
denotes the value taken by the dual lamination p on the geodesic segment [x7,z2] which
joins 21 and x3. We will also denote ||v||— = \/{v,v) if v € R?! is spacelike.

Lemma 5.8. Let yi,y2 € 0,D(S) and P, = y; + 21 and Py, = yo + x5 be support planes
for 0sD(S) tangent to 0,D(S) at y1 and yo. If x1 and xo do not lie on any weighted leaf of
the dual lamination p of D(S), then

(Gl z2]) < lyr — yall- -
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Proof. Assume first suppu N G[z1, 23] determines a finite lamination, i.e. p restricted to

Glx1, z2] is composed of a finite number of weighted leaves g1, .. ., g, with weights a1, ..., ap.
Then we have (compare Proposition 2.12)

p
:U2—y1=/ odp=>Y_aio(g).
Glz1,x2] i=1

Since the geodesics g1, .. ., g, are pairwise disjoint, the unit normal vectors o (g1),...,0(gp)
are such that (o(g;),o(g;)) > 1. Hence
p p 2
(Yo =y, 2 — 1) = Y a7 +2Y _aia;(o(g:),o(g;)) > (Z ai) = p(Gla1, z2])*.
i=1 i<j i=1

This shows that the following inequality holds for a finite lamination u:

2
< / du) <A / odu, / odu) . (24)
Glz1,22] Glx1,z2] Glx1,x2]

In general, if u restricted to G[z1, 23] is not a finite lamination, we can approximate in the
weak* topology the lamination p by finite laminations p, (compare Lemma 3.4). As in
Lemma 3.5, one can show

/ odpu, S odu =y — 11 (25)
Glz1,x2] Glz1,x2]
and
[ dyi = p(Glar,w2]) (26)
Glz1,22] Glz1,22]
Since (24) holds for the finite laminations in the LHS of Equations (25) and (26), the proof
is complete. ([

Lemma 5.9. Let S be a convex surface in R*>' such that the principal curvatures \; of S
are bounded below, \; > d > 0. For every point p € S, the surface S is contained in the
future of the hyperboloid through p, tangent to T,S and with curvature —d?.

Proof. Let u:D — R and @ : H? — R, as usual, denote the support function of S restricted
to D and to H2. Analogously, let v : D — R and @ : H> — R be the support function of
the hyperboloid p + (1/d)H?, as in the hypothesis. Composing with an isometry, we can
assume p = (0,0,1/d) and T},S is the horizontal plane 3 = 1/d. Hence v = —1/d, while
from Equation (4) in Lemma 2.8 for the inverse of the Gauss map of S

G~ (z) = grada(z) — a(z)z,

one can deduce 4((0,0,1)) = —1/d and grad @((0,0,1)) = 0. From the hypothesis, the
eigenvalues of the shape operator of S are larger than d at every point. On the other hand the
shape operator of the hyperboloid of curvature —d? is dI. Therefore Hessti — al < Hesst — o1
and it follows (recalling the technology from Subsection 2.2 of the support function restricted
on H? and D) that v — u is a convex function on D with a minimum at 0 € D, where
(v —u)(0) = 0. Therefore v — u is positive on D, which shows that v > u and thus proves
the statement by Lemma 2.3. (]

The following Lemma is a direct consequence.

Lemma 5.10. Let S be a convex spacelike surface in R%! such that the principal curvatures
of S are bounded below, \; > d > 0, and that the Gauss map G is a homeomorphism. Then
for every p € S, D(S) C It (rq(p)), where

ra(p) =p — %G(p)-
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Proof. By Lemma 5.9, S C I (rq(p)) for every p € S. It follows that the entire domain of
dependence of S is contained in I (r4(p)). O

Proof of Proposition 5.7. Assume the principal curvatures of S are bounded below by d > 0,
and d is the infimum of the principal curvatures of S. Hence ||B7!||,, = 1/d.

Let us take 21, 2o € H?, which do not lie on any weighted leaf of the dual lamination p of
D(S), with dgz (21, 22) < 1. Suppose y1,ys € 0sD(S) are such that P, = y; +x{ and P, =
Yo+ 5 are tangent planes for 9,D(S). We will show that ||y; —ya||- < 24/2(1 + cosh(1))/d
and thus the estimate (23) will follow by Lemma 5.8.

Suppose moreover p1,pe € S are such that p; + o1 and ps + x5 are tangent planes for
S. Let us denote U; = It (rq(p;)) N17(T,,S) and V; = It (rq(p;)) NI (P;), for i = 1,2. See
Figure 11 and 12. Note that y1,y2 € I (rq(p;)), for i = 1,2, by Lemma 5.10.

ra(p1)

FI1GURE 11. The setting of the proof and the definitions of the sets U; and
Vi.

By construction, y; € V1 C Uy and ys € Vo C Us. Let us consider separately three cases:

Case 1: ys € Vi. Then both y; and yo are contained in U;. Since U; can be mapped
isometrically to the region { (1,22, x3) : 23 > 2% + 23, z3 < 1/d} (see Figure 13), it is easy
to see that a spacelike segment contained in U; can have lenght at most 2/d, which gives
the statement in this particular case.

Case 2: y1 € V. The estimate ||y1 — ya||— < 2/d is obtained in a completely analogous
way.

Case 8: y1 ¢ Vo and yo ¢ Vi. We claim that in this case P; N P, contains a point y3 in
It (ra(p1)) NI (rq(p2)). Indeed, if Py N P, did not contain such a point, then the line PN P,
would be disjoint from It (rg(p1)) NI (r4(p2)) and there would be two possibilities. Either
PonIt(rg(p1))NIT (rq(p2)) is contained in IT (P )N (rq(p1))NIT (ra(p2)), or PiNIT (rq(p1))N
It (raq(p2)) is contained in It (P2) NIT (rq(p1)) NI (rq(p2)). The former case implies that Vs
contains Py NIt (rq(p1)) NIT(ra(p2)), which is not possible since by assumption y; € Py is
not in V5. The latter case analogously contradicts yo ¢ V4.

Consider now the geodesic segments y3 — y; and yo — y3. Since y3 and y; are both
contained in V7, we have |lys — y1||— < 2/d. Analogously ||y2 — ys||— < 2/d. If the plane @
containing y1, ye, y3 is spacelike or lightlike, then

4
ly2 —yll- < |ly2 —yall- +[lys —w1l|- < R
If @ is timelike (meaning that the induced metric on @ is a Lorentzian metric), then

(Yo —y1,92 —y1) = ||2/2 —y3||2_ + ||y3 —y1\|2_ +2(y2 — 3, Y3 — 291>-
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FIGURE 12. Analogously, the definitions of Uy and V5. The case pictured
is for y; ¢ V2 and yo ¢ V1, hence there is a point y3 in Py N Py, which lies
in I* (ra(p1)) NI* (ra(p2))-

1(0)

Ul

FIGURE 13. An isometric image of Uj.

Let v1 and v be the future unit vectors in @) orthogonal to y3 — y; and ys — ys3. It is easy
to check that

[(y2 —y3,ys —y1)| = [ly2 — sl [lys —yrll-[(v1, v2)| = [ly2 — w3l [lys — y1[|- coshdy2 (v1,v2) .
We claim that v; is the orthogonal projection in H? of x; to the geodesic determined by
Q@ (namely, the geodesic through v; and v9). Composing with an isometry, we can assume
ys = 0, the direction spanned by ys — y; is the line z9 = 3 = 0 and Q = {x2 = 0}. Then
vy = (0,0,1) and x; = (0,sinh ¢, cosht), where ¢t = dyz(v1, z1), and thus the claim holds. Of
course the proof for x5 and vs is analogous. This concludes the proof by Lemma 5.8, since

4
lly2 — y1]]2 < — (2 + 2cosh(1)),

S P
where we have used that ys and y, are contained in P, C Us, y; and y3 are contained in
P, C Uy and so ||y — ysl|-, |lys — y1]|—- < 2/d as above, and (since the projection to a line

in H? is distance-contracting) dyz (v, v2) < dyz (21, 72) < 1. O
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5.4. Proof of Theorem 5.1. All the elements to conclude the proof of Theorem 5.1 have
been obtained. Let us summarize the necessary steps. We must show the equivalence of the
four points 4)-iv). The equivalence of i) and i) is the content of Corollary 5.4.

To show that #¢) implies iv), the existence of a foliation by surfaces of constant curvature
was proved in Theorem 4.1, while the fact that the principal curvatures are bounded was
proved in Proposition 5.5. As observed, this also implies completeness of the induced metric.

The condition of point iv) is obviously stronger than the condition of #i4). Hence to
conclude, it suffices to show that 4ii) implies either i) or 4i). In fact, Proposition 5.7 proves
that if 44i) holds, namely if the principal curvatures are bounded from below by a positive
constant, then i) holds, i.e. the Thurston norm of the dual lamination is bounded (and
actually Proposition 5.7 provides a quantitative version of this fact).

APPENDIX A. CONSTANT CURVATURE SURFACES INVARIANT UNDER A PARABOLIC GROUP
In the appendix we construct some explicit solutions to the Monge-Ampere equation
associated to surfaces with constant curvature K < 0, namely

det D%u(z) 1—|z5)72. (27)

1

-

K|
We study constant curvature surfaces invariant under a one-parameter parabolic subgroup
of isometries. In order to have such a surface, the subgroup must necessarily fix the origin.

Hence, let us denote by A, : R — Isom(R?1!) the representation associated to the linear
parabolic subgroup. Let us choose a basis {vg, v1,v2} of R%! such that v is the null vector
fixed by the parabolic group, v; is a null vector with (vg,v1) = —1, and v9 is a spacelike
unit vector orthogonal to both vy and v.

The parabolic group is acting by

At (vo) =vo;
At(’l)l) :(t2/2)’l)0 + v + t’l)Q H
A (1)2) =v9 + tvg .

Let yo(s) = ?(esvo + e~*v1) be the unit speed geodesic of H? with endpoints [v;] (for

s — —00) and [vg] (for s — +00). Let us consider the following parametrization of H?:

a(t,s) = Ai(v0(s)),

namely, the levels {s = ¢} are horocycles, while the levels {¢t = ¢} are geodesics asymptotic
to [vg]. In these coordinates, the metric of H? takes the form ds? + (e=2¢/2)dt>.

We consider support functions restricted to H?, which we denote as usual by @ : H?> — R,
corresponding to surfaces of constant curvature. Hence we want to find solutions of the
equation

1
K|’
where K is a negative constant. Since are imposing that the surface dual to @ is invariant
for the parabolic group (with no translation), recalling Equation (3) for the transformation
of support functions under isometries of R*!, we look for a solution which only depends on
s, namely a solution of the form @(t, s) = f(s).

By a direct computation, one can see that the gradient and the Hessian of w for the
hyperbolic metric in this coordinate frame has the form:

grad i =f"(s)0s
Hess(a)(0s) =f"(s)0s
Hess(1)(0;) = — f/(s)0,

det(Hessu — aI) = (28)
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therefore the constant curvature condition (28) gives

(f"(s) = F())(=£(s) = f(s)) = 1/|KK]. (29)
We now solve Equation (29). By convexity, we impose that both eigenvalues (f”(s) — f(s))
and (—f'(s) — f(s)) are positive. Let us perform the change of variables

g(s) = —f'(s) = f(s), (30)
so that Equation (29) becomes

9(s)(g(s) = g'(s)) = 1/|K], (31)

whose general positive solution is, as C' varies in R,
g(s) = V|K|=1 + Ce?s . (32)

A.1. Solutions for C = 0. We observe that the case C' = 0 gives the trivial solution,
namely the hyperboloid. Indeed f can be recovered by integrating (30), hence obtaining

F(s) = e~ <D /0 Semg(x)dx> . (33)

Observe that the term e~*D corresponds to a translation in the direction —v/2Dwy. Hence,
as the parameter D varies over R, the corresponding surface varies by a translation in the
line spanned by vg. If C'= 0, we have g = 1/1/|K|. By choosing D suitably, we obtain the

solution .
Jo,x(s) = _ﬁ’ (34)

which is the support function of a hyperboloid of curvature K centered at the origin.

A.2. Solutions for C > 0. If C' > 0, from Equation (33) we obtain the solution (for a
constant D which we will fix later)

for(s) = —%\/um—1 n ce%—we—s tog (VOVIK T+ Ce® + Ce*) e D (35)
We now describe some of the properties of the surface S¢ ., (K) whose support function is
Ue,kx (t,s) = fo k(s), for any fixed curvature K < 0.

First, we want to determine the value on JD of the support function uc x, namely the
restriction to D of the 1-homogeneous extension of 4c k. Let us denote by o(t,s), the
vertical component of o (¢, s). Then we have

fo,k(s)
o(t,s),

Using the invariance for the parabolic group in Isom(R?1!), it suffices to consider the case
t = 0. We have

uc k(t,s) =

Vg + U1

V2
Observe that the term e~ °D/ cosh(s) tends to 0 when s — oo and to 2D when s — —oo.
By an explicit computation, choosing D suitably, we can obtain

. . fok(s)
5Br_rloo uch(t’ S) o 552100 U(tv 5)2

0(0,s), = —(0(0, s), ) = cosh(s) .

:O)

while
Egl uc,kx(t,s) = lim Jox(s) =0,

hence the support function at infinity is

uc klon(z) = {_m [z] = [vo] '
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Geometrically, this means that the domain of dependence of the surface is the future of a
parabola, obtained as the intersection of the cone centered at the origin (whose support
function is identically 0) with a lightlike plane with normal vector vy (whose intercept on
the z-axis is \@) See Figure 6 in subsection 3.2. It is easy to see that the dual lamination
is the measured geodesic lamination of H? whose leaves are all geodesics asymptotic to [vg],
with a measure invariant under the parabolic group (a multiple of the Lebesgue measure, in
the upper half-space model, pictured in Figures 14 and 15).

FiGURE 14. The dual FiGURE 15. In the up-
lamination to the bound- per half space model,
ary of the domain of de- with fixed point at infin-
pendence, which is the ity, the measure is the
future of a parabola. Lebesgue measure.

The surface Sc¢ ., (K) dual to uc x can be described by an explicit parametrization,
recalling that the inverse of the Gauss map of the surface is G7!(x) = grad o k(z) —
tc,k (z)x. In these coordinates,

G (a(t,s)) = grad tic,k (L, 8) — e,k (L, s)o(t, s) (36)
- gf’(S)(esvo —e " Ay(v)) - ?f(s)(e%o +e Ay (v)) (37)
_ ? ((f'(s) = f(s))e*vo — (f'(s) + f(s))e " As(v1)) (38)
-2 (—(g(s) +2f(s))e*vo + g(s)e™ Ay(v1)) - (39)

2

We now want to show that the surface is an entire graph. For this purpose, we will use
the following criterion.

Lemma A.1. Let u: D — R be a C? support function with positive Hessian, and suppose
that the inverse of the Gauss map G~ : D — R?! s proper. Then the boundary of the
future-convexr domain D defined by u is a spacelike entire graph.

Proof. As u is C*t, we can use Equation (4) and get G~1(z) = grad @i(x) — u(x)x for every
x € H2. Tt can be readily shown that this implies that the vertical projection of G~!(x) is
Du(z), where z = m(z) € D, see Lemma 2.8 of [4]. As the Hessian of u is positive, the image
of the gradient map of u is an open subset of R?, so it follows that ;D is open in dD. Since
G~ is proper, 0,D is also closed in dD, and this concludes the proof. O

We will actually show that the height function given by

Vg + V1

V2

#(t,s) = —(G7(a(t, 9)), )
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is proper. By a direct computation,

22(t,8) = —(g(s) + 2/())e" + gls)e (t n 1)

2
— Lo (VEVIRTTH T + Ce*) + e IR+ 0 (t ; 1)
K[VC 2
> ;s—ke*ﬂK\’lm <'52 + 1> — C,
K[VC 2

for some constant Cp. Observe that z(t, s) tends to infinity for s — +oo. It is easily checked
that on a sequence o(t,,s,) which escapes from every compact, t2 + s2 — oo, and thus
Z(tn, Sn) — oo. This concludes the claim that Sc ., (K) is a spacelike entire graph, by
Lemma A.1.

Finally, we briefly discuss the isometry type of the induced metric. By an explicit com-
putation using the expression in Equation (36), we find the pull-back of the induced metric
via G71:

(G 00)" (grar) = (1(s) — F(5))%ds” + e gl di?, (40)

where it turns out that

f"(s) = £(s)

By an explicit change of variables

KK+ Ce?

(5) = —— arctanh !
7 (S) = ——— arctan —_———— 5
JIK] N

so that (r(s))? = (f"(s) — f(s))?, by computing

1
9(s)? 1+ |K|Ce*) =

K| tanh®(r/|K])
e~2% = |K|C sinh? (r\/ |K|)

one obtains that the induced metric is

dr® + (g) cosh? (r\/ |K\) dt*.

1
:ﬁ(

and

Rescaling t, one obtains

dr? + cosh? (r\/ \K|> dt?
that is, the first fundamental form of Sc¢ ,,(K) is isometric to a half-plane of constant
curvature K, namely, to the region of a hyperboloid bounded by a geodesic I.

We resume the content of this subsection in the following proposition. Let us denote by
H?(K) the rescaled hyperbolic plane, of curvature K < 0, and by H?(K)y a half-plane in
H?(K). Observe that H?(K), has a one-parameter group of isometries T'(I) which consists
of (the restriction of) hyperbolic translations along the geodesic [ which bounds H?(K).

Proposition A.2. For every K <0, C > 0 and every null vector vy € R*! there exists an
isometric embedding

iK,Cwy P HY(K) 4 — R?!
with image o Cauchy surface Sc ., (K) in the domain of dependence whose support function
at infinity is
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iR
1

RN
W
M

FIGURE 16. A developing map dev : S¢ 4, (K) — H? for the induced metric,
composed with the inverse of the Gauss map G~' : H? — S¢ ,, (K), in the
Poincaré disc model of H?.

The surface Sc ., (K) is a spacelike entire graph and i c v, 15 equivariant with respect to the
group of isometries T(1) of H2(K)y and the parabolic linear subgroup of Isom(R?*1) fizing
V0.

A.3. Solutions for C < 0. If C' < 0, the function g(s) = /|K|~! + Ce?s is only defined

fOI”

From Equation (33) we can explicitly write the solution (again D is a constant to be fixed):
1 1 |Ce®

ck(s)=—zV|K|7' 4+ Ce?® — ————e *arctan | ————=——

Jeac(s) = =5 vIK] 2| K[/|C] VIE[ T+ Ce®

Again, we study briefly the properties of the surface Sc¢ ,,(K) whose support function is
e,k (t,s) = fox(s). Observe that the solution (41) is only defined in the range s <

) +e*D. (41)

%log (ﬁ), namely, in the complement of a horoball. Let us notice that, in the same

notation as before, the limit of the support function (which only makes sense for s — —o0)

1S
. _ o for(s)
sl}gloo UC’K(t7 S) o 511171100 o‘(t, S)z o

)

provided we choose D = 0. On the other hand, as s — %log (ﬁ), the function fe gk (s)

has the finite limit —(w/4)/|K|~1. We observe that @ic k(t,s) = fo,x(s) can be extended
to a convex function defined on the whole H? by declaring

fourls) =~ ———¢
cK(s)=—F———c¢

4K|VIC]
for s > 1log (ﬁ) We will now denote by @c (¢, 8) = fox(s) the function extended in
this way. The surface S¢ 4, (K) is thus a constant curvature surface which develops a singular
point, namely it intersects the boundary of the domain of dependence, which in this case is
just I*(0). The inverse of the Gauss map sends the whole horoball {s > %log (ﬁ)} to

V2 _ 1 T
2 K|/l 4

We remark that uc, g is a generalized solution to the Monge-Ampere equation on the disc
det D?*u = v, where v in this case is a measure which coincides with (1/|K|)(1 — |2|?)72L

the point
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on the complement of the horoball (where L is the Lebesgue measure), and is 0 inside the
horoball.

By a computation analogous to the previous case, to compute the induced metric we
manipulate Equation (40): setting

1
r(s) = arctanh(/1 + | K|Ce?s),
VIEK]

and replacing

1+ |K|Ce*) = LtanhZ(r\/ |K])

82 =
q(s) K]

1
=
K]
and
e = |K|C cosh?(rv/|K])

we obtain the expression for the metric
dr® + (2) sinh? (7\/@) dt?
or, after rescaling of ¢,
dr® 4 sinh® (T\/@) dt* .
This shows that the first fundamental form of Sc ,, (K) is isometric to the universal cover

of the complement of a point in H?(K), which we will denote by H2(K) \ p. Let R(p) the

group of rotations of H?(K) fixing a point p and let R(p) be its universal cover. We conclude
by including all the information in the following proposition.

FIGURE 17. Again, the developing map in the Poincaré disc model. In the
case C' < 0, the inverse of the Gauss map G~' : H? — S, (K) shrinks a
horoball to a point.

Proposition A.3. For every K <0, C < 0 and every null vector vy € R*! there exists an
isometric embedding

ik, Cuy P HE(K) \ p — R>!
with image a Cauchy surface Sc v, (K) for I (0). The closure of the surface Sc v, (K) in-
tersects the null cone O17(0) in the point Bug, where
V2 o1

Y2 1w
2 |K|V|CT4
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The inverse of the Gauss map of the closure of Sc ., (K) maps a horoball of H? to Buvy.

—_—

Finally ix o, 15 equivariant with respect to the group of isometries R(p) of H2(K) \ p and
the parabolic linear subgroup of Isom(R?*1) fizing vg.
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