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Abstract

We introduce a particular class of unbounded closed convex sets of R**!, called F-convex sets (F stands
for future). To define them, we use the Minkowski bilinear form of signature (+,...,+,—) instead of the
usual scalar product, and we ask the Gauss map to be a surjection onto the hyperbolic space H?. Important
examples are embeddings of the universal cover of so-called globally hyperbolic maximal flat Lorentzian
manifolds.

Basic tools are first derived, similarly to the classical study of convex bodies. For example, F-convex
sets are determined by their support function, which is defined on H?. Then the area measures of order i,
0 <1i < d are defined. As in the convex bodies case, they are the coefficients of the polynomial in € which is
the volume of an € approximation of the convex set. Here the area measures are defined with respect to the
Lorentzian structure.

Then we focus on the area measure of order one. Finding necessary and sufficient conditions for a measure
(here on H?) to be the first area measure of a F-convex set is the Christoffel Problem. We derive many
results about this problem. If we restrict to “Fuchsian” F-convex set (those who are invariant under linear
isometries acting cocompactly on ]HId)7 then the problem is totally solved, analogously to the case of convex
bodies. In this case the measure can be given on a compact hyperbolic manifold.

Particular attention is given on the smooth and polyhedral cases. In those cases, the Christoffel problem
is equivalent to prescribing the mean radius of curvature and the edge lengths respectively.

MSC: 52A38, 52A38, 58J05
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1 Introduction

Area measures and the Christoffel problem for convex bodies Let K be a convex body in R%*! and
w be a Borel set of the sphere S?, seen as the set of unit vectors of R4+, Let B.(K,w) be the set of points
p which are at distance as most € from their metric projection p onto K and such that p — p is collinear to a
vector belonging to w. It was proved in [FJ38] that the volume of B.(K,w) is a polynomial with respect to e:

1 <& (d+1
V(B.(K,w)) = T ZO gd“—l( ‘: )Si(K, w). (1)
Each S;(K,-) is a finite positive measure on the Borel sets of the sphere, called the area measure of order i.
So(K,-) is only the Lebesgue measure of the sphere S?, and Sy(K,w) is the d-dimensional Hausdorff measure
of the pre-image of w for the Gauss map. The problem of prescribing the dth area measure is the (generalized)
Minkowski problem, and the one of prescribing the first area measure is the (generalized) Christoffel problem
(each problem having a smooth and polyhedral specialized version).

There are another ways of introducing the area measures. If K. := K + ¢B, with B the unit closed ball, we
have

d
Sulheo) = 3o (1) ik ) ()
=0

We can also use the mixed-volume Vg(-,...,-), which is the unique symmetric (d + 1)-linear form on the
space of convex bodies of R4 with V(K ..., K) = V(K), if V is the volume. Let hx be the support function
of K:

hi(z) = sup(z, k)

keK
where (-, ) is the usual scalar product and z € R+ Tt is continuous and hence, fixing convex bodies K7, ..., K,
V(K,Ky,...,Kg), seen as a function of hg, is an additive functional on a subset of the space of continuous



functions on the sphere S?. It can be extended to the whole space, and by the Riesz representation theorem,
there exists a unique measure S(K7, ..., Kg4;-) on the Borel sets of the sphere with
1
T d+ 1 Js
The area measure of order ¢ can then be defined as
Si(K,)=S(K,...,K,B,...,B,"),
H‘/_/

so the first area measure of K is the unique positive measure on the sphere such that for any convex body K’,
V(K" K,B,...,B) = L/ hic (2)dSy (K, ). (I1)

d+1 sd

A last way of defining the first area measure is due to C. Berg [Ber69]. In the case of a strictly convex bodies
with C? boundary K, the first area measure is ¢ dS? with dS? the usual volume form on the sphere and o
the mean radius of curvature of K (the sum of the principal radii of curvature of 9K divided by d). One can
compute g as

V(K,Kl,...,Kd) hK(I)dS(Kl,...,Kd,I).

1
ngAhK +hi (IV)

where SA is the Laplacian on S?. The fact is that, for any convex body K, S;(K,-) is equal in the sense of
distributions to the formula above, defined in the sense of distributions. All those definitions of area measures
use approximation results of a convex body by a sequence of polyhedral or smooth convex bodies.

The Christoffel problem was completely solved independently by W. Firey (for sufficiently smooth case in
[Fir67], then generally by approximation in [Fir68]) and C. Berg [Ber69]. See [Fir81] for an history of the
problem to the date, and Section 4.3 in [Sch93a.

Content of the paper There is an active research about problems & la Minkowski and Christoffel for space-
like hypersurfaces of the Minkowski space (at least too many to be cited exhaustively; some references will be
given further). However they mainly concern smooth hypersurfaces, and often in the d = 2 case. One of the
aim of the present paper is to introduce a class of convex set which are intended to be the analog of convex
bodies when the Euclidean structure is considered. In particular, they are the objects arising naturally for this
kind of problems.

In the first section of the paper we define F-convex sets. They are intersection of the future sides of space-like
hyperplane, such that any future time-like vector is a support vector of the convex set. This section is almost
self-contained, as we have to prove all the basics results similar to the convex bodies theory, for which the
main source was [Sch93a]. Actually we will use some results contained in [Bon05]. For example, the support
functions F-convex sets are defined on H?. Or single points, which are convex bodies, are not F-convex bodies.
Their analogues are future cones of single points. However the matter is complicated because conditions on the
boundary enter the picture (F-convex sets may have light like support planes).

The motivation behind the definition of F-convex set is to be able to get the analog of (I) for the Lorentzian
structure (note that the volume is independent of the signature of the metric). The idea is to first prove it for
particular F-convex sets, called Fuchsian convex sets which are F-convex sets invariant under a group of linear
isometries I'y of the Minkowski space acting cocompactly on H? C R¥*! (called Fuchsian groups in this paper).
In many aspects they behaves very analogously to convex bodies (this was noted in [Fil]). For them, we find
formulas analogous to (I) and (IIT). As the definition of area measure is local, we use a result of “Fuchsian
extension” (Subsection 3.3) of any part of a F-convex set to treat the general case. Then we check that the area
measure of order one can be written in a form analogous to (IV). In the regular case, the area measure of order
one is absolutely continuous with respect to the volume form of H? with density the mean radius of curvature
(p, obtained as

1

d
then we use Berg’s characterization (IV) for the general case. We do not try to adapt the other aspects of
[Ber69], see [GZ99], [GYY11] for developments around it.

We then focus on the first area measure. To find conditions on a given measure g on H? such that there exists
a F-convex set with u as first area measure is the Christoffel problem. We focused on it because, in a rough
way, it is the simpler one as equation (1) is linear. By the way, it appeared to link various aspects of geometry.
Section 4 contains computations related to the Christoffel problem. In the smooth case, related results were
proved in [Sov81, Sov83, 0S83, LALSAL06]. Our computations go back to [Hel59, Hel62], and generalizes the

Ah—h=. (1)



preceding ones. See Remark 4.2 for more details. In the polyhedral case, we adapt a classical construction
[Sch77, McM96], which appears to be related to more recent works on Lorentzian geometry [Mes07, Bon05,
BB09], see Remark 4.14. Section 5 will be mentioned later.

The Fuchsian case Fuchsian convex sets are very particular F-convex sets, because they are in the same
time invariant under the action of a (cocompact) group and contained in the future cone of a point, which is a
relevant property as it will appear. Seemly, they are the only F-convex sets for which a definitive result can be
given, very analogous to the one of convex bodies. By invariance, the support function of Fuchsian convex bodies
can be defined on the compact hyperbolic manifold H?/Ty instead of H?. The following statement stands to
give an idea about the kind of results we obtained, we cannot define precisely all the terms in the introduction.

Theorem 1.1. Let Ty be a Fuchsian group so that He/Ty be a compact hyperbolic manifold with universal
covering map Pr, : HY — H?/Ty. Let ii be a positive Radon measure on H?/Ty. Define a positive Radon
measure p = Piji on H? as the pull-back distribution of ji (see Subsection 4.3) and define the distribution

hy = / Gz, y)du(y)
Hd
where G(x,y) is the kernel function defined by
cosh dya (z,y) dyga (,y) dt
Glz,y) = ————— T 2
Vd—1 +oo sinh®™ " (¢) cosh*(¢)

(va—1 is the area of ST=1 C R?) and the precise action of h,, is explained in (62). Then
1. hy is a solution to equation

1
7A — =
7 h—h=upu

in the sense of distributions on H?.
2. There exists a unique I'g-convexr set K with first area measure ii if and only if

(a)

/ G(z,y)du(y)‘ < too, VzeH,
Ha
(b) the convexity condition
/ A(n,v,y)du(y) = 0,
Hd
is satisfied for all n,v € F, where A(n,v,y) is
A(n,v,y) =T(n,y) + T(v,y) =T +v,y)

and T(n,y) = |Inll -G (4=v)-
3. If p = @dH? for some 0 < p € CH*(H?/Ty), k >0 and 0 < a < 1, then h, € C**2*(H) if « > 0 and
h, € CYP(HY) for all B <1 if a=k=0.

If the @ above is C? another characterization of convexity is given in Proposition 4.18. In this case @ is the
mean radius of curvature of the Fuchsian convex set with support function h,,.

Those conditions are very cumbersome, so necessary conditions could be wished. In the compact Euclidean
case, necessary conditions were first given in [Pogh3, Pog73] (a proof is in [GMO03]), but it does not seem to have
an analogue in our case, see Remark 4.20, and the next paragraph.

The Christoffel-Minkowski problem Here we consider only smooth objects. The classical Christoffel-
Minkowski problem consists of characterizing functions on the sphere which are elementary symmetric functions
of the radii of curvature of convex bodies. Aside from the cases corresponding to the Minkowski and Christoffel
problems, the Christoffel-Minkowski problem is not yet solved. Active research is still going on [STWO04,
GMO03, GLMO06, GMZ06] and the references inside (see [GLL12] for the “dual” problem of prescribing curvature
measures). Another aim of the present paper is to bring attention to the fact that similar analysis can be done
on the hyperbolic space or on compact hyperbolic manifolds, that still have a geometric interpretation. Convex
bodies are then replaced by F-convex sets. Some results in this direction were obtained in [OS83], in which
the problems were solved intrinsically on compact hyperbolic manifolds. Geometrically, these results can be
translated in terms of Fuchsian convex sets.



Quasi-Fuchsian convex sets and flat spacetimes Let us call a quasi-Fuchsian group a group I" of isometries
of the Minkowski space such that there is a group isomorphism with its linear part, which is asked to be a
Fuchsian group. The terminology follows from a heuristic analogy with the hyperbolic geometry. A quasi-
Fuchsian convex set is a F-convex set setwise invariant under the action of a quasi-Fuchsian group. Fuchsian
convex sets are very particular cases. A Minkowski theorem was proved for quasi-Fuchsian convex sets in
[BBZ11], in the case d = 2. We think that the tools introduced in the present paper could give a (geometric)
proof in any dimension. In the Fuchsian case, it is proved in any dimension [OS83].

Section 5 is devoted to results around the Christoffel problem for those particular convex sets. Actually
they are the most important examples of F-convex sets. The interest comes from general relativity. Let M be
a flat spacetime, i.e. a Lorentzian connected time-orientable manifold equipped with a time-orientation, with
zero curvature. M is globally hyperbolic (in short GH) if it has a Cauchy surface, i.e. an embedded space-like
hypersurface S of M such that every inextensible causal curve in M intersects the surface in exactly in one
point. M is a mazimal GH space-time (in short MGH) if it is maximal for the inclusion, and a MGH space-
time is spatially compact (in short MGHC) if Cauchy surfaces are compact. The most basic example is the
quotient of the interior of the future cone of the origin of the Minkowski space by a Fuchsian group. Actually,
quasi-Fuchsian convex sets are embedding into Minkowski space of universal cover of the MGHC flat spacetimes
which are future complete. We refer to [Mes07, ABB*07, Bar05, Bon05] for more details. Section 5 contains in
particular a kind of slicing of those space time by constant mean radius of curvature hypersurface (the “dual”
problem of slicing by constant mean curvature hypersurfaces is classical, see [ABBZ12]), with the particularity
that the slicing goes “outside” of the future complete space-time and then slices a past complete spacetime. In a
simplified case, we obtain a kind of measurement between the future complete and the past complete spacetime.

Remark about the terminology We name the objects we introduce as the classical similar ones for convex
bodies. To be more precise we should have add the word “Lorentzian” before each definition.

Acknowledgement The authors want to thank Francesco Bonsante, Thierry Daudé, Gerasim Kokarev, Yves
Martinez-Maure and Jean-Marc Schlenker. The first author enjoyed usefull conversations with Yves Martinez-
Maure about hedgehogs. Francesco Bonsante pointed out to the first author the relation between the first area
measure and mesured geodesic laminations.

The first author was partially supported by the ANR GR-Analysis-Geometry. The second author was
partially supported by INAAM-COFUND fellowship.

2 Background on convex sets

2.1 Notations

Subsets of R, For a set A C R we will denote by A, ;1,&4 respectively the closure, the interior and
the boundary of A. A hyperplane H of R4t is a support plane of a closed convex set K if it is a hyperplane
that have a non empty intersection with K and K is totally contained in one side of H. In this paper, a vector
orthogonal to a support plane and inward pointing is a support vector of K. A support plane at infinity of K is
a hyperplane H such that K is contained in one side of H, and any parallel displacement of H in the direction
of K meets the interior of K (% and K may have empty intersection). A support plane is a support plane at
infinity.
We denote by V the volume form of R4*! (the Lebesgue measure).

Minkowski space. The Minkowski space-time of dimension (d + 1), d > 1, is R%*! endowed with the sym-
metric bilinear form

(T, y)- =z191 + -+ + TnYn — Tdt1Yd+1-
The interior of the future cone of a point p is denoted by I*(p). We will denote I*(0) by F, it is the set of
future time-like vectors:

F={z e R™|(z,2)_ <0,24:1 > 0}.

OF* and F are respectively 0F and F without the origin (respectively the set of future light-like vectors and
the set of future vectors). Let us also denote

o



and for ¢t > 0,
B, = {z e R™ Y (z,2) < —t2 2441 > 0}
with B := Bj.
For a differentiable real function f on an open set of R%*! grad, f will be the Lorentzian gradient of f at x:
D, f(X) = (X, grad, f)-,

namely the Lorentzian gradient is the vector with entries (5’—3{17 R (%J;, — afi - ).

For two point z,y on a causal (i.e. non space-like) line, the Lorentzian distance is d, (z,y) = \/—(z — y,z — y)_,
and ||z||- := dp(z,0). We have the reversed triangle inequality:
[z]l- +llyll- < llz +yll- (2)
An isometries f of the Minkowski space has the form fx = I(v) + v, with v € R¥! and [ € O(d, 1), the
group of linear maps such that [JI = J, with
J = diag(1,...,1,-1).
We refer to [O’N83] for more details. For a C? function f : R¥*! — R, the wave operator is
0? 0? 0?
of=94 9L 9T
O0x? dz;  Ozi,

Hyperbolic Geometry. In all the paper, the hyperbolic space is identified with the pseudo-sphere

H? = {z € R™ (2, 2) = —1,2441 > 0},
i.e. H* = 9B. We denote by ¢, V, V2 A = div V respectively the Riemannian metric, the gradient, the Hessian
and the Laplacian of H?. Using hyperbolic coordinates on F (any orthonormal frame X, ..., X4 on H? extended

to an orthonormal frame of F with the decomposition r2gge — dr ® dr of the metric on F), the Hessian of a
function f on F and the hyperbolic Hessian of its restriction to H¢ are related by

Hess f = V2f — %ng' (3)

A function H on F is positively homogeneous of degree one, or in short 1-homogeneous, if
H(An) = AH(n) YA > 0.
It is determined by its restriction h to H? via H(n) = h(n/||n||=)/|nll-. A function H obtained in this way will
be called the 1-extension of h.

Lemma 2.1. Let h be a C* function on H? and H be its 1-extension to F. Then

grad, H = V,h — h(n)n. (4)
Moreover, if h is C2, then VX,Y € Tan,
Hess, H(X,Y) = V?h(X,Y) — hg(X,Y), (5)
and, for n € HY,
O0,H = Ah — dh.

See Figure 8 for a geometric interpretation of (4).

Proof. Using hyperbolic coordinates on F, grad, H has d 4 1 entries, and, at n € H<, the d first ones are the
coordinates of V,h. We identify V,h € Tan C R with a vector of R4, The last component of grad, H is
—OH/0r(n), and, using the homogeneity of H, it is equal to —h(n) when n € HY. Note that at such a point,
T, F is the direct sum of 7, H¢ and 7, and (4) follows.

On the other hand, V2h(X,Y) = g(DxVh,Y), with X,Y € T,,Hd, where D is the Levi-Civita connection
of H. By the Gauss Formula, it is equal to the connection of R%! plus a normal term. Differentiating
Vyh = grad, H + h(n)n and using that 7 is orthogonal to Y leads to (5). This also follows from (3). The last
equation is well-known, see e.g. Lemma 25 in [Hel59]. O

For xg € H%, p,, () is the hyperbolic distance between o and = € H?. This gives local spherical coordinates
(pz,© = (02, ...,04)) centered at xo on H?. A particular xg is eqy1, the vector with entries (0,---,0,1) and we
will denote pe,.,, (z) by p(z). We have (z,—eqy1)- = zq41 = cosh p(x).

As we identify the hyperbolic space with a pseudo-sphere in Minkowski space, we will identify hyperbolic
isometries with isometries of Minkowski space. More precisely, the group of hyperbolic isometries is identified
with the group of linear isometries of the Minkowski space preserving F, see [Rat06]. In all the paper, T'g is



a given group of hyperbolic isometries (hence of linear Minkowski isometries) such that H?/T'y is a compact
manifold.

Cocycles. Let C!(I'g,R%1) be the space of 1-cochains, i.e. the space of maps 7 : ['g — R4*1. For o € T,
we will denote 7(v9) by 7,. The space of 1-cocycles Z*(To, R?*1) is the subspace of C(T'g, R4t of maps
satisfying

Tyopo = Tyo T V0T (6)

For any 7 € Z' we get a group I'; of isometries of Minkowski space, with linear part I'q and with translation

part given by 7: for € R 4 € I'; is defined by

YT = YL + Try-
The cocycle condition (6) expresses the fact that T'; is a group. In other words, T'; is a group of isometries
which is isomorphic to its linear part T'y (they are the quasi-Fuchsian groups of the introduction).

The space of 1-coboundaries B'(I'g,R4T1) is the subspace of C1(T'g, R¥*1) of maps of the form 7., = yov —v
for a given v € R4+, This has the following meaning. Let v € RT! and let f be an isometry of the Minkowski
space with linear part f and translation part v, so f(z) = fo(z)+v and f~(z) = f; ' (z —v). Suppose that, for
7,7 € Z', T'; and ', are conjugated by f: Vv € I'; and Vo' € ', with the same linear part g, v = foy'o f~1.
Developing vx = fv'f 'z, we get

YT + o = foro Sy '@ — fovofy v+ forl, +v

so for any o € To, fovofy ' = 70, hence f is trivial [Rat06, 12.2.6], f is a translation by v, and 7 and 7/ differ
by a 1-coboundary. Conversely, it is easy to check that if 7 and 7/ differ by a 1-coboundary, then vz = f~'f 'z,
with f a translation.

Note that B! ¢ Z!, that they are both linear spaces, and that the dimension of B! is d + 1. The names
come from the usual cohomology of groups, and H' (T, R4*+1) = Z1(Ty, R4*+1) /B (T, R*1) is the 1-cohomology
group. The following lemma, certainly well-known, says that those notions are relevant only for d > 1.

Lemma 2.2. Z!'(Ty,R?) = B! (T, R?).

Proof. Ty is the free group generates by a Lorentz boost of the form

_( cosht sinht (7)
707\ sinht cosht

for at # 0. As 7 is a Lorentz boost on the plane, (Id — 7o) is invertible. Let 7 be a cocycle, and define

v=:(Id — WO)_lTﬂm. Then one checks easily that for any integer n, v"z = ygx + v — vjv, that means that 7 is

a coboundary. |

As we will deal only with 1-cocycles and 1-coboundaries, we will call them cocycles and coboundaries
respectively.

T-equivariant functions. Let 7 be a cocycle. A function H : F — R is called 7-equivariant map if it is
1-homogeneous and satisfies

H(yon) = H(n) + (79 "y, 1) (8)

See Remark 2.19 for the existence of such functions. A function h : HY — R is called T-equivariant if its
l-extension is T-equivariant. Note that a O-equivariant map on H? satisfies

h(~vom) = h(n)

Vn € HY and hence has a well-defined quotient on the compact hyperbolic manifold H¢/Ty. Conversely, the
lifting of any function defined on H?/I'y gives a O-equivariant map on H?. Sometimes 0-equivariant will be
called I'g-invariant.

Examples of T-equivariant functions are given in the lemma below. Non-trivial examples will follow from
Remark 2.19.

Lemma 2.3. Let 7,7 be two cocycles.
(1) The difference of two T-equivariant maps is 0-equivariant.
ii e sum of a T-equivariant and a T'-equivariant map is (T+7")-equivariant. e product of a T-equivarian
ii) Th tand a1’ t +7 t. The product ¢
map with a real o is (at)-equivariant.
(iii) If there exists H : F — R in the same time T-equivariant and 7'-equivariant, then 7 = 7.
iv T s a coboundary (74, = v — Yov), then the map n — (n,v)_ is T-equivariant.
iv) If 714 bound o v then th n n ] wariant



(v) Ift is a coboundary and H is T-equivariant, then there exists a 0-equivariant map Ho with H = Ho+(-,v)_.

Proof. (i) and (ii) are straightforward from (8).
(iii) From (8), for any n € F, o € Ty,
H(n) + (v ' 75 m)— = H(yom) = H(n) + (15 750, m) -,
so for any n € F, {(v5 (T4, — 72,),M) — = 0 that leads to 7, = 7/ .
(iv) Tt is immediate that (g '7,, 1)~ = (v,7)— — (v,70m)—.
(v) H — (-,v)_ is O-equivariant by (i) and (iv) O

The general structure of the set of equivariant maps can be summarized as follows. A function H is called
I'-equivariant if there exists a cocycle 7 such that H is T-equivariant.

o F(TI') is the vector space of 0-equivariant functions.

o F(I') is the affine space over F(I') of T-equivariant functions.

e OF(T) = U;enn F-(T) is the vector space of T-equivariant functions. The union is disjoint.

Let H be a C' T-equivariant function. For any v € ', it is easy to check that

grad, ,H = ygrad, H (9)
and, if H is C?, for X,Y € R4+1,
HessyonH (70X, 7Y) = Hess, H(X,Y).
From (5), if X,Y € T,,H? and h is the restriction of H to h,
V2 b (dy10(X), diyo (V) = h(50m)g(diro(X), dyyo(Y)) = VaR(X,Y) = h(n)g(X,Y).

Let us state it as

Lemma 2.4. Let h be the restriction of a T-equivariant map. Then V2h — hg is 0-equivariant.

2.2 F-convex sets

Let K be a proper closed convex set of R¥! defined as the intersection of the future side of space-like hyperplanes.

Lemma 2.5. Let K b% a convex set as above.
(i) Vk e K, I (k) CK,
(ii) K has non empty interior,
(iii) K has no time-like support plane,
(iv) if k € OK is contained in a light-like support plane of K, then k belongs to a light-like half line contained
n OK.

Proof. (i) The definition says that there exists a family n;, ¢ € I of future time-like vectors and a family «; of
real numbers such that any k € K satisfies (k,n;)— < «a; for all ¢ € I. For any future time-like or light-like
vector ¢ we have (n;,¢)_ < 0, hence (k+ ¢,7;)— < o;. (ii) follows from (i).

(iii) If k£ € K is contained in a time-like support plane, then I (k) is not in the interior of K, that contradicts

(i)
(iv) The intersection of the light-like support hyperplane with the boundary of I (k) must be contained in
the boundary of K. O

A F-convex set is a convex set as above such that any future time-like vector is a support vector:
VneF,JaeRVke K,(n, k) <aand Tk, € K, (n,ka)— = a. (10)

For example the intersection of the future side of two space-like hyperplanes is not a F-convex set. The following
observation can be helpful.

Lemma 2.6. A proper closed convex set defined as the intersection of the future side of space-like hyperplanes
contained in a F-convex set is a F-conver set.

Remark 2.7. We could have considered more general objects, asking that the image of the Gauss map is only
a given subset of H? (similarly to [BB09]). But this would bring us too far from the scope of this paper. One
idea is to be analog to the convex bodies case, for which the Gauss map is surjective onto the whole sphere.

Lemma 2.8. If a F-convex set K contains a half-line in its boundary, then this half-line is light-like.



Proof. 1t follows from Lemma 2.5 that the half-line cannot be time-like. Let us suppose that the boundary
contains a space-like half-line starting from z and directed by the space like vector v. Hence for any A > 0,
r+ v € K. Let n € H? be such that (n,v)_ > 0. By definition of F-convex set, there exists a € R such that
Vk € K, (k,n)_ < a. Then for any A, (n,z + Av)_ < «, that is impossible. O

We denote by 0, K the set of points of 0K which are contained in a space-like support plane.
Lemma 2.9. Let k1, ko € O K. Then ki — ko is space-like.

Proof. Let us suppose that k1 — ko is not space-like. Up to exchange ki and ko, let us suppose that ky — ko
is future (light-like or time-like). Let 1 be a support future time-like vector of k;. Then (n, ko) < (n,k1)_,
i.e. (n,k1 — ko)_ > 0, that is impossible for two future vectors (they are not both light-like). O

Example 2.10. The B; are F-convex set. They will play a role analogue to the balls centered at the origin in
the classical case. The cone C(p) of a point p, in particular F, is a F-convex set. This example shows that a
F-convex set can have light-like support planes.

Example 2.11 (7-F-convex sets). They are the most important examples of this paper. Let 7 be a cocycle
and I'; be the corresponding group. A 7-F-conver set is a F-convex set setwise invariant under the action of
I';. They are the quasi-Fuchsian convex sets mentioned in the introduction. The 0-F-convex sets are also called
I'g-F-convex sets, and they are Fuchsian, in the sense defined in the introduction. The B, and F are Fuchsian.
The existence of 7-F-convex sets will follow from Example 2.13.

Remark 2.12 (P-convex sets). Analogously to the definition of F-convex set, a P-convex set K is a proper
closed convex set of R4t1 defined as the intersection of the past side of space-like hyperplanes and such that
any past time-like vector is a support vector:

Vne F,da e RVk € K, (—n,k)- < aand Ik, € K, (-1, ko)— = .

The study of P-convex sets reduces to the study of F-convex sets because clearly the symmetry with respect to
the origin is a bijection between F-convex and P-convex sets. Note that the symmetric of a 7-F-convex set is a
(—7)-P-convex set. In particular, the symmetric of a 7-F-convex set is a 7-P-convex set if and only if 7 = 0.

Example 2.13. [The domains €, /From [Mes07, ABB*07], [Bon05], [Bar05], [BB09], there exists a unique

maximal domain €2, on which I'; acts freely and properly discontinuously. Its closure €2 is a 7-F-convex set.
The elementary example is 2y = F. There also exists a past domain with the same property.

Remark 2.14 (Regular domains). A (future) regular (convex) domain is a convex set which is the intersection
of the future sides of light-like hyperplanes, and such that at least two light-like support planes exist. Regular
domains were introduced in [Bon05]. See also [BB09] for the d = 2 case. The intersection of the future side of
two light-like hyperplanes is a regular domain but not a F-convex set. The F-convex set B bounded by H is
a F-convex set which is not a regular domain. We will call F-reqular domains the regular domains which are
F-convex sets. Future cones of points are F-regular domains. The Q. are F-regular domains

2.3 Gauss map

Let K be a F-convex set. The inward unit normal of a space-like support plane is identified with an element
of HY. The Gauss map G of K, from 0K to H¢, associates to each point on K the inward unit normals of
all the space-like support planes at this point. (The Gauss map is not a well-defined map, so we consider it as
a set-valued map). The Gauss map is defined only on 9;K. By definition, the Gauss map of a F-convex set is
surjective.

Example 2.15. The Gauss map of B; is  — x/t. The Gauss map of C(p) is defined only at the apex p of the
cone. It maps p onto the whole H¢.

2.4 Minkowski sum
The (Minkowski) sum of two sets A, B of R%*! is
A+ B:={a+blac Abec B}.

It is immediate from (10) that the sum of two F-convex sets is a F-convex set. It is also immediate that if A > 0
and K is a F-convex set, then AK = {\k|k € K} is also a F-convex set. If A < 0, AK is a P-convex set.



Note that C(p) = {p} + F. Moreover if K is a F-convex set and k € K, then C(k) C K, so K + F = K and
then, for any p € R K +C(p) = K+ {p}. K+ {p} is the set obtained by a translation of K along the vector
p.

Example 2.16. Let K be a 7-F-convex set and p € R¥*!. Then K + {p} is a 7/-convex set, with 7/ differing
from 7 by a coboundary: 7/ = 7, +p —7op. Lemma 2.2 says that in d = 1, any 7-F-convex set is the translate
of a Fuchsian convex set.

2.5 Extended support function

Let K be a F-convex set. The extended support function Hi of K is the map from F to R defined by

Vn € F, Hi(n) = sup{(k,n)-|k € K} (11)
(the sup is a max by definition of F-convex set). By definition

K = {k e R"™|(k,n)— < Hg(n),¥n € F}.
An extended support function is sublinear, that is 1-homogeneous and subadditive:
H(n+p) < H(n) + H(p).

For a 1-homogeneous function, subadditivity and convexity are equivalent. In particular H is continuous. Note
that, for A > 0,

HK+K/=HK+HK/,H)\K:)\HK. (12)
Hence

K+K =K+K'=K =K".

Example 2.17. The extended support function of B; is —t||n||—. The sublinearity is equivalent to the reversed
triangle inequality (2). The extended support function of C(p) is the restriction to F of the linear form (-, p)_.
In particular the support function of C(0) = F is the null function.

As from the definition
KCcK & Hyg < Hg:

it follows from the example above that

K CF < Hg <0.

More precisely we have the following.

Lemma 2.18. Let K be a F-convex set. Then
KCF & Hg <. (13)

To have negative support function does not imply to be contained in F, see Example 2.37.

Proof. < If Hx < 0 then Hx < 0 hence K C F, moreover 0 ¢ K otherwise there would exist € F with
Hpg(n) = 0.

= Let K C 7 . We know that Hg < 0. Suppose there exists n € F with Hg(n) = 0. By definition, the
vector hyperplane orthogonal to  must meet a boundary point of K. But vector hyperplanes and F O K meet
only at 0, so 0 € K that is a contradiction. O

Remark 2.19. Let K be a 7-F-convex with extended support function H. By definition of the support function,
for n € F and v € I'; with linear part o,

H(~yon) = sup{(k,vom) - |k € K} = sup{(vk,von)- |7k € K}

= sup{ {70k, Y0m) - + (750, Y0m) -k € K} = H(n) + (759, 70m)
so H is T-equivariant. In particular the existence of 7-F-convex sets implies the existence of 7-equivariant
functions, and Lemma 2.3 gives properties on 7-F-convex sets. For example, from (12) we get that if K (reps.
K') is a 7-F-convex set (resp. 7'-convex set) then oK + K’ is a (a7 + 7')-convex set. Or a 7-F-convex set can’t
be a 7/-convex set if 7 # 7.
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2.6 Total support function

The extended support function H of a F-convex set is defined only on F and we will see that this suffices to
determine the F-convex set. The total support function of K is, ¥n € R4+,

Hi (n) = sup{(k,n)_|k € K}.
We have ﬁIK(O) =0 and fIK = Hg on F. We also have ﬁK = 400 outside of F. This expresses the fact that
K has no time like support plane and that K is not in the past of a non time-like hyperplane. The question is
what happens on dF. As a supremum of a family of continuous functions, Hy is lower semi-continuous, hence

a classical result gives the following lemma, see proposition IV.1.2.5 and 1.2.6 in [HUL93] or theorems 7.4 and
7.5 in [Roc97].

Lemma 2.20. For any { € OF and any n € F, we have
) = e (E+ (0 = )

Let K be a F-convex set and H be its total support function. If H (¢) is finite for a future light-like vector
£, then the light-like hyperplane
= {z e R (z,0)_ = H()}
is a support plane at infinity of K: K is contained in the future side of ¢+, and any parallel displacement of ¢+
in the future direction meets the interior of K. Of course /- and K may have empty intersection, for example
any light-like vector hyperplane is a support plane at infinity for B, but they never meet it.
The following fundamental result allows to recover the F-convex set from a sublinear function.

Lemma 2.21. Let H : F — R be a sublinear function. Then H is the extended support function of the F-convex
set

K = {z e R™|(z,n)- < H(n),¥n € F}. (14)

The set K as defined above is clearly a convex set (but not clearly F-convex) as an intersection of half-spaces.
Hence it has an extended support function H’, and a priori H' < H.

Proof. We define H as the closure of the convex function which is H on F and +oco outside of F: H(z) is
defined as Liminf,_,, H(y). H is then lower semi-continuous and sublinear [HUL93, p. 205]. We know (see
e.g. Theorem 2.2.8 in [Hor07] or V.3.1.1. in [HUL93]) that the set

F={zeR"™(z,n)_ < H(n)Vne R}
is a closed convex set with total support function H. As H takes infinite values on R™ \ F, we have
F = {z e R"™"|(z,n)- < H(n)¥n € F}
Finally as H and H coincide on F [HUL93, IV, Proposition 1.2.6], and by definition of H, we get F' = K. It
follows that K is a closed convex set with H as extended support function. The definition of K says exactly

that it is the intersection of the future of space-like hyperplanes, and as its extended support function is defined
for any n € F, it is a F-convex set. O

Remark 2.22. For any 1 € H%, consider a sequence (vyo(n)), of I'g such that vo(n)n/(vo(n)n)at1 converges to
a light like vector £. Then, for any 7-equivariant function H we have
o ( Yo(n)n ) _ HOoln) __ H@m) < v()n >
(o(mmari) ~ Gomman ~ Gomnarr * \ Gommae’ ™/

This limit does not depend on the choice of the 7-invariant function. Note that if 7 = 0 the limit is 0. Take care
that, even in the case where the limit above is finite, we cannot deduce that the extended support function of a
7-F-convex set has finite value at £. When 7(n) = 7, all the orbits are on the geodesic fixed by the isometry
Y0, and Lemma 2.20 says that the limit of the expression above is H(f), and Proposition 3.14 in [Bon05] says
that the value is finite.

2.7 Restricted support function

As an extended support function is homogeneous of degree one, it is determined by its restriction to H?, which
we call the (restricted) support function.

Example 2.23. The support function of B; is the constant function —t.
The expression of support function A, of C(p) depends on p, and is given by the standard formulas relating
the distance in the hyperbolic space and the Minkowski bilinear form, see [Thu02].
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e If p is the origin, h, = 0.
o If p is time like, then h,(n) = %||p||- cosh pz(n) where the sign depends on if p is past or future, and p is
the central projection of p (or —p) on H<.

e If p is space like, then h,(n) = (p, p) Y2 sinh d* (n, p*) where d* is the signed distance from 7 to the totally
geodesic hyperplane defined by the orthogonal p* of the vector p.
o If p is light-like then hy(n) = +e? (1 Hp) where d* is the distance between 1 and the horosphere

(v € W (z, %p)_ = —1}
the sign depending if p is past or future.

Let us consider spherical coordinates (p, ©) on H? centered at e4, 1. Along radial direction, the subadditivity
of the extended support function can be read on the restricted support function.

Lemma 2.24. Let h be the support function of a F-convex set. If © is fixed, then for any real «,
h(p+ «,0) + h(p — a,0) > 2cosh(a)h(p, ©). (15)

Proof. As O is fixed, let us denote h(p) := h(p, ©). The proof is based on the following elementary formula: for

p,p' € R we have
sinh p sinh p’ p—p\ (sinh %p/
= 2cosh ;- 16
(cosh p) + (cosh o o8 2 cosh £££° (16)

This is easily checked by direct computation but it is more fun to use the hyperbolic exponential (see e.g.
supplement C in [Yag79] or [CBC*11])

eP? = cosh p + hsinh p
where h ¢ R is such that h? = 1. As in the complex case we get

’ P —p P =p _we=p p—p/ P +p
PP 4 e’ = ehreh™ (eh T e b )22C08h<2 eh =t

Then
sinh p sinh p’ sinh p sinh p’\\ (16) p—p p+p
h h(p)=H H >H =" 2cosh h
(P)+h(r) ( (cosh p) > * ( (cosh o))~ cosh p + cosh p/ o8 2 2
(17)
which is (15) up to change of variable. O

Fixing a © we get a radial direction along a half-geodesic of H?. It corresponds to a half time-like plane in
R*1 whose intersection with OF gives a light like half line. We denote by feo the light-like vector on this line
which has last coordinate equal to one.

Lemma 2.25. For a F-convex set K we have
hk (pv 9) [y
—————~ = Hg(lo).
p—+oo cosh(p) x(lo)
In particular, K has a support plane at infinity directed by Lo if and only if

hK(p,@)

. 18
p—+oo cosh(p) < Heo (18)

Proof. We have
(p,©) ) ( (p,©) )
hi(p,©) = (p,0)gr1Hg | —=——) =cosh(p)Hk | ———— | .
0:0) = (Ot (7 ) = oot (7L
We can write (see Figure 1)

(p,©)
(p7 ®)d+1
Putting ¢ :== 1 — tanh(p) the result follows because by Lemma 2.20

Hy(le) = lim H (tea 1 + (1 = t)le).

= (1 — tanh(p))eq+1 + tanh(p)fo.

Lemma 2.26. Let K be a F-conver set with support function h and total support function H.
e If for any ©, h(©,n) = o(cosh(p(n))),n — oo (in particular if h is bounded) then H equals 0 on OF.
o If H equals 0 on OF, h is either negative and K C T orhis equal to 0 and K = F.
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sinh(p) /

cosh(p)

(r,©)
cosh(p)

€di1 Lo ,,’

Figure 1: To Lemma 2.25.

Proof. If h satisfies the hypothesis, it is immediate from the preceding lemma that H equal 0 on F. As H is
convex and equal to 0 on OF, it is non-positive on F. Suppose that there exists x € F with H (z) =0, and
let y € F\ {z}. By homogeneity, H(Az) = 0 for all A > 0. Up to choose an appropriate \, we can suppose
that the line joining Az and y meets JF in two points. Let £ be the one such that there exists ¢ €]0, 1] with
A& = t{+ (1 —t)y. By convexity and because H(\z) = H(¢) = 0, we get 0 < H(y), hence H(y) = 0 and H = 0.
The conclusion follows from (13). O

Remark 2.27 (A function not bounded on the boundary). It is tempting to say that if, for any O,

; hk(p,©)
pgr_{_loo cosh(p)
limits. But this is not necessarily true neither for smooth functions, as the following d = 2 example shows.

Generalizations to higher dimensions will be on the same line.

Let B = B? denote the unitary open ball of R? and let B be its closure. We consider polar coordinates
(r,0) € [0,1] x [0,27) on B. We want to construct a function h : B — R with the following properties:

e h >0 is continuous (in fact smooth) on the open ball B

o for all 6 € [0,27) there exists lim,_,; h(r,0) < co

e h|sp is not bounded, i.e.

is finite, then K is contained in the future cone of a point, taking the supremum for © of the

sup lim A(r,0) = +oo.
pef0,2r) T—1

Let ¥ and ¢ be smooth cut-off functions such that
e 1€ C([0,1]) and 9(0) = 0, ¥(1) =1
e e C2([0,1]) and p(1/2) =1, @(0) = (1) =0.

Moreover for every integer n > 2 define J, [1 — % ] C [0,1) and I, := [2n1+1, Qn] (0,27]. Then we define

the function h : B — R as
nY (1 —n(l—7r))p@2n[2n+1)0—1]), inJ, x I, C[0,1] x [0,27) =B,
h(r,0) :=
0 elsewhere.
Now, h is smooth on B and

lim h(r, 0) = ne (2n[(2n+1)0—1]) if0el,, n>2
A Y= elsewhere
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is well defined and for all 6, lim,_,1 h(r,0) < co. But
n+1
sup lim A(r,0) > suplimh | r,——— | =supnp(1/2) = supn = +oo.
ae[o,rz)w) r—1 (r.6) nZI; r—1 < 4n(2n + 1)) nzg) #(1/2) nzg

Note that we don’t know what can happen if h comes from the support function of a F-convex set.

Remark 2.28 (Euclidean support function of F-convex sets). Let 1 be a support vector of a F-convex
set K, orthogonal to a support plane H. For a vector v € H, (v,n)_ = 0, i.e. in matrix notation, ty.Jm=0sowv
is orthogonal to Jn for the standard Euclidean metric: Jn is an Euclidean outward support vector to K. Hence
the Euclidean support function of a F-convex set is defined on the intersection of the Euclidean unit sphere and
the interior of the past cone of the origin. Let us denote by S the map from H¢ to this part of S%:
Stn) = o = 21
1 Tnll [l
with (-, ) the usual scalar product and || - || the associated norm. Let z € K with h(n) = (z,n)_. So

h(n) = {x, Jn) = (=, Sn) |l

and for suitable radial coordinates on H? 7 = (0,...,0,sinh(p),cosh(p)), so if h¥ is the Euclidean support
function of K (the supremum is reached at the same point x for the two bilinear forms):

h(n) = \/cosh(2p)h” (S(n)).

2.8 Polyhedral sets

Let p;,i € I, be a discrete set of points of R4*1. Let us suppose that for all n € H?, sup,(n, p;)_ is finite, and
moreover that the supremum is attained. That is obviously not always the case, as —iegy1 and %ed_l,_l show for
i € N. The function
H(n) = max; (1, pi) -
from F to R is clearly sublinear. From Lemma 2.21 there exists a F-convex set K with support function H.
We call a F-convex set obtained in this way a F-convez polyhedron. In particular
K = {z e R™(z,n)- < maxi(n,p;)-}-

Without loss of generality, we suppose that the set p;,¢ € I is minimal, in the sense that if a p; is removed
from the list, a different F-convex polyhedron is then obtained. In particular, for any 4 there exists n with
H(n) = (n,pi)—, so p; € ;K. Note that by Lemma 2.9, p; — p; is space-like Vi, j. This last property is not a
sufficient condition on the p; to define a F-convex polyhedron, as the example p; = iv for any space-like vector
v and ¢ € N shows.

A F-convex polyhedron can be described more geometrically as a “future convex hull”. If H is a space-like
hyperplane, we denote by H™T its future side.

Lemma 2.29. Let K be a F-convex polyhedron as above. K is the smallest F-convex set containing the p;.
Moreover,
K =n{H"|p; € H1Vi}.

Proof. Let K’ be a F-convex set containing the p;. For any n € F

Hier(n) = supge g (w,m)— = (1,pi) -
for all ¢ hence
Hpg () = max;(n,ps)— = H(n)
hence K C K'. Let A =N{H¥|p; € HTVi}. K is an intersection of the future side of space-like hyperplanes
(namely its support planes), which all contains the p;, hence A C K. By Lemma 2.6, A is a F-convex set, hence
K C A by the preceding property. O

Let K be a F-convex polyhedron as above. It gives a decomposition of H? by sets
0; = {n € HY|H(n) = (n,p:)-}.
Lemma 2.30. The O; are convex sets and O; N O; is totally geodesic if not empty.

Proof. Let us denote by C(0O;) the cone over O; in F. We have to prove that C(O;) is convex in R4t Let
m,n2 € C(O;). Then, for t € [0,1], as extended support functions are convex,

H((1=t)m +tn2) < (1= t)H(m) + tH(n2) = (L = t)m + tnz, pi) - < H((1 = t)m + tn2)
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hence H((1 —t)m +tn2) = (1 — t)m + tne, pi)— that means that (1 —t)n; +tne € C(O;).
For any n € O; N O; we get (n,p; — p;)— = 0 that is the equation of a time-like vector hyperplane. O

A part F of O; C H? is a k-face, k = 0,...,d, if k is the smallest integer such that F' can be written as
an intersection of (d +1 — k) O;. A O-face is a verter, a (d — 1)-face is a facet and a d face is a cell O; of the
decomposition {O;}. Let n € H? and H(n) be the support plane of K with normal 7. If 1 belongs to the interior
of a k-face F', it is easy to see that H N K does not depend on i € F' but only on F. The set H N K is called a
(d — k)-face of K. As an intersection of convex sets, the faces of K are convex. By construction a (d — k)-face
contains at least (d — k+ 1) of the p;. As the normal vectors of the hyperplane containing it span a k + 1 vector
space, the (d — k)-face is contained in a plane of dimension (d — k), and is not contained in a plane of lower
dimension.

A O-face is a vertex, a 1-face is an edge and a d-face is a facet of K. The vertices are exactly the p;. A
F-convex polyhedron must have vertices, but maybe no other k-faces as the example of the future cone of a
point shows.

From Proposition 9.9 and Remark 9.10 in [Bon05], the decomposition given by the O; is locally finite (each
n € H? has a neighborhood intersecting a finite number of O;). Nevertheless the cells O; can have an infinite
number of sides (see Figure 3.6 in [Mar07] where the lift of a simple closed geodesic on a punctured torus is
drawn). In this case, the decomposition of 9K into faces is not locally finite, for example a vertex can be the
endpoint of an infinite number of edges.

We call a F-convex polyhedron K a space-like F-convex polyhedron if the O; are compact convex hyperbolic
polyhedra (each with finite number of faces). Each vertex of the decomposition corresponds to a space-like facet
of K, which is a compact convex polyhedron. Moreover 9, K is locally finite for the decomposition in facets. It
must have an infinite number of faces.

Remark 2.31. If there are at least two O; containing a point of the boundary at infinity of the hyperbolic
space, or a O; with two such points, then the F-convex polyhedron is a regular domain.

Example 2.32. Let x € F. Then the convex hull of I'gx is a space-like Fuchsian convex polyhedron, because
fundamental domains for I'y gives a tessellation of H? by compact convex polyhedra [NP91]. A dual construction
consists of considering the orbit of a space-like hyperplane [Fil].

Figure 2: The elementary example in d = 2.

Let us now consider the case of a F-regular domain K. From [Bon05], the image by the Gauss map G of
points of 9, K gives a decomposition of H? by convex sets which are convex hulls of points on ., H?. Of course,
if p € 95K, the support function H of K is equal to (-,p)_ on G(p). Hence K is polyhedral in our sense if K
has a discrete set of vertices (points p of dsK such that G(p) has non empty interior). Following [Bon05], we
call them F-regular domains with simplicial singularity.

Example 2.33 (The elementary example). Figure 2 and Figure 3 are two elementary examples of F-
regular domains with simplicial singularity. The letters on the F-convex sets are edge-lengths. The letters on
the cellulation of H? are measures that will be introduced later. Actually we will call the example in Figure 2
(the union the the future cones of points on a space-like segment) “the” elementary example, which is the
simplest one, right after the future cone over a point.

15



ai

D«

™=«

aq

as

as

Figure 3: Another simple example.

2.9 Duality

The notion of duality has interest in its own, but here it will only be used as a tool in the proof of Proposition 2.48.
See [Ber12] for a previous introduction. Let A be a set which does not contain the origin. The dual of A is
A* = {z e R |(z,a)_ < —1,Va € A}.
It is immediate that A* is a closed convex set which does not contain the origin, that A C A** =: (A*)* and
that A C B implies B* C A*, see [Sch93a, 1.6.1]. Note that as a F-convex set contains the future cone of its
points, it meets any future time-like ray from the origin.

Lemma 2.34. Let K be a F-convex set which does not contain the origin. Then K* is contained in F

Proof. Let x ¢ F. Then there exists a k € K such that (z,k)_ > 0, so z ¢ K*. As by definition 0 ¢ K*, we
have K* C . O

In the compact case, duality is defined for convex bodies with the origin in their interior, that is equivalent
to say that the Euclidean support functions are positive, and we get the fundamental property that the dual of
the dual is the identity.

The lemma above says that in our case, even if 0 ¢ K, we can take K & ?*, and then K* ¢ F  and
(K*)* C ?*, so (K*)* # K. Actually the genuine analog to the compact case is that the support function is
negative. By (13) this is equivalent to say that K is contained in 7.

Lemma 2.35. Let K be a F-convex set contained in F . Then K* is a F-convex set and (K*)*=K.

Proof. K* is a closed convex set, so it is determined by its total support function. For n € F let us consider
Hg-(n) = sup{(n,z)_Vao € K*}. There exists A > 0 such that An € K, so as Hg+(n) = Hg-(\n) and by
definition (An, z) _ < —1Vx € K*, Hg- has finite values on F. As for two future vectors u, v we have (u,v)_ < 0
and K C .T*, if v € K* then z + F C K*, so Hery < Hi+, hence Hp« is infinite outside of F. So

K* = {z e R"™"|(z,n)_ < H-(n),¥n € F}
and by Lemma 2.20 we have

K* = {z € R™|(x,n)- < H-(n),¥n € F}
that says exactly that K* is a F-convex set.

To prove that (K*)* = K one has to prove that (K*)* C K. Let z ¢ K. There exists a support plane of
K, orthogonal to some n € F, which separates z from K [Sch93a, 1.3.4]. Hence there exists « with (z,1)_ > .
From (13), a < 0. On the other hand, for any k € K, (k,7)_ < «, which can be written (k, “L)_ < —1, hence
L € K*. But (2, -L)_ > —1,s0 z ¢ (K*)*. O

Let K be a F-convex contained in 7 . The radial function of K is the function from F~ to RT U {+00}
defined by
Ry (n) :=inf{s > 0|sn € K}.
Ry has always finite values on F. If K does not meet the light like ray directed by ¢, then Ry (¢) = 4+o00. In
particular Vn, Rk (n)n € 0K, Rk is homogeneous of degree —1 and

K ={neF|Rx(n) <1}.
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Lemma 2.36. Let K be a F-convex set contained in F . Then on f*, the total support function Hi- of K*
satisfies
~ -1
H * = .
K Rr

As K C ?, Hpy and Hg have finite non-positive values on F.
Proof. We define X = {x € F |Hg-(z) < —1}. We have to prove that K = X, that implies that Hp- = =+

~ RK
Actually, suppose that it is not true, for example that there exists « with Hg« (x) > Ri(lz). Then by homogeneity

K
one can find A > 0 such that Hg+(Az) > -1 > ﬁlm), that is a contradiction.

Let z € K N F. There exists v € K* such that Hg-(z) = (v,x)_. But by definition of K*, (v,z)_ < —1
hence x € X. If K NOF is empty, we have K C X. If not, for x € K N OF the result is obtained from the
preceding case using Lemma 2.20.

Let z € X. By definition of the support function, for any v € K* we have (z,v)_ < Hg-(x). On the other
hand, as = € X, Hg-(z) < —1 hence z € (K*)* = K.

O

Example 2.37. Let p € F . Then C(p)* is the intersection of F with the half-space {(z,p)_ < —1}.
The dual of B; is By;. More striking is the dual of B + C(eqy1). It is not hard to see that on HY,

RB+C(ed+1) = 2’17d+1, SO H(B+C(ed+1))* = <777 ’I7>_/(—2<€d+1, 77>_), see Figure 4. Note that on 8]—"*, R(B+C(ed+1))* =1.
So K C F* does not imply K* C F™*.

Example 2.38. The dual of a 0-F-convex set is a 0-F-convex set.

B+ C(eq+1)

€d+1
(B +C(eq+1))

(0,0

Figure 4: B + C(e4+1) and its dual.

2.10 First order regularity

Lemma 2.39. Letn € F, K be a F-convex set and H be the space-like support plane of K with normaln. The
intersection of K and H is reduced to one point p if and only if H is differentiable at n. In this case p is equal
to the gradient grad, H (for (-,-)_) of H at 7.

This result a classical fact for convex bodies in the Euclidean space [Sch93a], and the adaptation of the proof
is straightforward. See [Fil], where this property is checked for Fuchsian convex sets, but the group invariance
does not enter the proof.

A F-convex set is said to be C* if 93K is a C* submanifold of R4t!.

Lemma 2.40. Let K be a F-convex set with support function hx and extended support function Hp .
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(i) K is C* if and only if it has a unique support plane at each boundary point.

(ii) If there exist n,n’ € F with Hx(n+n') = Hx(n) + Hx (1) then there exists k € K with two support
planes. In particular K is not C1.

(iii) hx is C! if and only if O, K is strictly convex (i.e. the intersection of K with any space-like support plane
is reduced to a point).

(iv) If K is strictly convex, then hx is C' and ;K = 0K.

(v) If hx is C' and 0,K = OK, then K is strictly conver.

(vi) If K is C! then the Gauss map is a well defined continuous map and if OsK is strictly conver, then the
Gauss map is a bijection.

We will see in Subsection 2.12 that if K is C! and 9,K is strictly convex, the Gauss map is actually a
homeomorphism.

Proof. (i) is a general property of closed convex sets, see [Sch93a] p. 104. Suppose that the hypothesis of
(i) holds. Let k,z,2’ be points of K with respectively (k,n + n')- = Hg(n +7n'), (z,n)—- = Hg(n),
(#',n")— = Hg(n'). By assumption we get (k,n)_ = (z,n)_ + (¢’ — k,n)_, and (' — k,n’)_ > 0 so
(k,m)— > {x,n)— = Hg(n), so Hx(n) = (k,n)_, that means that the support plane directed by 7 contains
k, which is also in the support plane directed by n +n’. By (i) K is not C'.

From Lemma 2.39 the intersection of K with any of its space-like support plane is reduced to a point if and
only if Hy is differentiable, that occurs if and only if Hy is C!, as Hg is convex (see e.g. [HUL93, p. 189]).
This is (iii), that implies (v). (iv) follows because if K is strictly convex it has only space-like support planes
due to (iv) of Lemma 2.5.

From (i), the Gauss map is well defined if K is C'. In this case, a normal vector to dsK can be written as
the Lorentzian cross product of d tangent vectors, and as K is C! this depends continuously on the point, hence
the Gauss map is continuous. If K is strictly convex, the Gauss map is clearly injective, and it is surjective by
assumption. O

Example 2.41. If H is the extended support function of C(p), it is immediate that grad, H = p,Vn € F. It is
important to not confuse 95C(p) (the single point p) and AC(p) (the boundary of the cone), as H is C! but C(p)
is not strictly convex.

2.11 Orthogonal projection

Let K be a F-convex set. We recall some facts which are contained in [Bon05], especially Proposition 4.3. For
any point k € K, there exists a unique point (k) on 0K which is contained in the closure of the past cone of k
and which maximizes the Lorentzian distance. The hyperplane orthogonal to (k —r(k)) is a support plane of K
at r(k). In particular r(K) = d;K. The map k — r(k) is the Lorentzian analogue of the Euclidean orthogonal
projection onto a convex set, see Figure 5. The cosmological time of K is T'(k) = dp(k,r(k)) for any k € K.
This is the analogue of the distance between a point and a convex set in the Euclidean space.

The normal field of K is the map N : K \ 0K — H? defined by N(k) = ﬁ(k —r(k)). The normal field

is well-defined and continuous, because equal to minus the Lorentzian gradient of T, and T is a C'' submersion
on the interior of K. N is surjective by definition of F-convex set. Note that || grad T'||— = 1.

Figure 5: For the Euclidean metric, orthogonal projection onto a convex set is well-defined. For the Lorentzian
metric, orthogonal projection onto the complementary of a space-like convex set is well-defined.
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Let w be a Borel set of H? and I be a non-empty interval of positive numbers (maybe reduced to a point).
We introduce the following sets, see Figure 6:
Ky =T"YI),
Kr(w) = K;Nn N Yw),
K(w) = Gl (w).
We have some immediate properties:
e For t > 0, the restriction of the normal field to K; = T~1(t) is equal to the Gauss map Gk, of K;. In
particular, K;(w) = G;& (w) and K; is a O space-like hypersurface.
Actually K, is Cb1: it is ! with a Lipschitzian Gauss map [Bar05, 4.12].
e K has no light-like support plane (because it is a hypersurface).
e K, is the boundary of the F-convex set K + tB.
e The restriction of the normal field to K; is a proper map [Bon05, 4.15] (as K; is C', the Gauss map is
well-defined). Hence, if w C H¢ is compact, K;(w) is compact.
e The map r : K — 0;K is continuous [Bon05, 4.3].
e If w C H? is compact then K (w) is compact, by the two previous items and because r(K;(w)) = K (w).
This allows to prove that d;K determines K in the following sense.

Lemma 2.42. Let K be a F-convex set. Then

K= |J ck).

keds K

Proof. Because of (i) of Lemma 2.5, (J;.cs. x C(k) C K. Because r(K) = 0;K, for any p € K there exists
k € 9K such that p € C(k). O

Ki(w)

Ko1)(w)

Figure 6: Notations, see Subsection 2.11.

Example 2.43. If h is the support function of K and H is its 1-extension, then the support function of K; is
h —t and its extended support function is H —¢|| - ||.

Remark 2.44. Let K be a 7-convex set. It is easy to see [Bon05, 4.10] that, if v € T';, with linear part ~,
thenroy=~or, Noy=r90N, hence T oy =T. It follows that

YK (0,e)(w) = K0,e) (yow).

Lemma 2.45. Let 7 be a cocycle and let h, be the support function of 0, (see Example 2.13).
(i) A F-convexr set K which is (setwise) invariant for the action of 'y is contained in ..
(ii) All 7-F-convex sets have the same light-like support planes at infinity than €0, .

(iii) A 7-F-convex set contained in 0, has only space-like support planes.

(iv) Let K be a T-F-convez set. If K NIQ, # 0, then K N 9:Q, # 0.

(v) Let h be the support function of a T-F-convex set K. If h < h,, then K C Q.

Proof. Let K as in (i) with extended support function H, and let H, be the extended support function
of Q.. As H — H, is O-equivariant, its restriction to H? reaches a minimum @ and a maximum b. Hence
H.+al| ||- <H<H:+b| |-, so clearly H and H, have the same limit on any path £ + t(n — ¢). From
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Lemma 2.20, both sets have the same light-like support planes at infinity. (This proves (ii) if K is a 7-convex
set.) In particular K in contained in the intersection of the future side of those planes, but this intersection is
precisely Q. [Bon05, Corollary 3.7], so K C €.

(iii) We know from Lemma 2.5 that K has no time-like support plane. Let us suppose that K has a light
like support plane L, and let z € K N L. Then by (ii) L is a support plane at infinity of Q,, but € Q, so L is
a support plane of Q. In particular, x € 92, that is impossible as K is supposed to be in 2, which is open.

(iv) Suppose that K N 9,2, = 0. By cocompactness, H, — H (the extended support functions of Q, and
K) is bounded from below by a positive constant c. So S, /5, the level set of the cosmological time of Q2 for the
value ¢/2, contains K. But S/, has no light-like hyperplane, so by (ii), S¢/2 N 92, = (), hence K N9, = ().

(v) If h < hr, then K N 9,0, =0 and the result follows from (iv). O

Remark 2.46. Let us denote by H, the extended support function of the convex domain 2,. Lemma 2.21 and
Lemma 2.45 imply that, if H is a 7-equivariant convex function, then H < H..

Example 2.47. Let h be the support function of a 0-F-convex set K. Lemma 2.45 says that K C F. Suppose
that K # F. From Lemma 2.26, K C fk, and by Lemma 2.45, K C F.

2.12 The normal representation

Let O be an open set of H and let A : @ — R be a C! map with 1-extension H. We call normal representation
of h the map x from O — R¥*! defined by x(n) = grad, H, that is, for any space-like vector v,

(x(n),v)- = DyH(v) (19)
and by Euler’s Homogeneous Function Theorem
(x(m),m- = H(n). (20)

The equation above defines a space-like hyperplane with normal 7 containing the point x(n). Lemma 2.39
says that if H is the support function of a F-convex set K, then y(H?%) = 9,K. If a F-convex set K is C' and
05K is strictly convex, we know from Lemma 2.40 that the Gauss map is a continuous bijection. But from (iii)
its support function has normal representation, which is clearly the inverse of the Gauss map, which is then a
homeomorphism.

Now let h: O — R be C2. Then x is C'. Differentiating (20) in the direction of a space-like vector v, and
using (19), we get that (n, D,x(v))— = 0, so if 7 is a regular point, the space-like hyperplane (-,n)_ = H(n)
is tangent to x(O) at x(n). The differential S~ of x is called the reverse shape operator, because y is the
inverse of the Gauss map, and the differential of the Gauss map is the shape operator. S~! is considered as an
endomorphism of Tan, by identifying this space with the support plane of x(7) with normal n. This allows to
define the reverse second fundamental form of H: VX,Y € Tan,

I H(X,Y):=(SHX),Y)_ = Hess, H(X,Y) © V2h(X,Y) — hg(X,Y). (21)

AsT H(X,Y) = Hess,Hi (X,Y), I~ ! is symmetric and the eigenvalues 71, ...,7q of S~! are real. They are the
principal radii of curvature of h. If they are not zero, the Gauss map is a C* diffeomorphism, and then the 7;
are the inverse of the principal curvatures of the space-like hypersurface x(O). It would be interesting to relate
those radii of curvature with the Euclidean ones (see Remark 2.28).

2.13 Second order regularity

A F-convex set K is called C% if 9,K is C? and its Gauss map is a C* diffeomorphism. This implies that 9,K
is strictly convex, but K is not necessarily strictly convex, as can be seen on figures 4.

Proposition 2.48. Let K be a F-convex set with support function hy .
(i) If hx is C2, then the radii of curvature are real non-negative numbers.
(ii) If a C? function h on H? satisfies
(V2h — hg) > 0. (22)
then it is the support function of a F-convex set.
(iii) If K is Ci then hx is C2, the radii of curvature are positive (hence equal to the inverses of the principal
curvatures).
(iv) If hx is C? and the principal radii of curvature are positive, then K is C’i.
(v) If hg is C* and (V2h — hg) > 0, then K is C3.
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(vi) If a C? function h on H? satisfies
(V2h — hg) > 0. (23)
then it is the support function of a C’i F-convex set.
(vii) If hi is C?, then for any e >0, K + B is C2.

Remark 2.49. Let h be a C? function on H? such that (V2h — hg) < 0, with l-extension H. Then by the
proposition above, —H is the extended support function of a F-convex set K, and grad(—H) = —gradH is the
normal representation of 9;K. Hence gradH is the normal representation of d;(—K), and —K is a P-convex
set.

Example 2.50. The future cone of a point is at the same time a F-convex polyhedron and a F-convex set with
C? support function. This is the only case where it can happen.

Example 2.51 (F-convex sets not contained in the future cone of a point). Let us define, for x € H¢,
p = p(x) the hyperbolic distance to e4y1, and

F(x) = cosh(p)*,a >1,F, (r) = —cosh(p)*, -1 < a <1
whose degree one extensions on F are respectively
T _ T
(—(z,z)_ )= D2T (—(z,z))e-1/2
As cosh p is the restriction to H? of the map = +— 441, using (3) and the fact that for f : R — R one has
V2(fop)=(fop)V3p+ (f" o p)dp® dp, we compute easily that
9 cosh p

— —dp®d 24
p Smhp(g p®@dp) (24)

and finally
V2 cosh® p = [acosh® plg + [a(a — 1) cosh® 2 p sinh® p]dp @ dp. (25)
It follows that (V2 — g)(F}) and (V2 — g)(F, ) are semi-positive definite, hence F} and F, are support
functions of F-convex sets. Note that F; is the support function of B, and F,” and F;" are support functions
of the future cones of €41 and —eg11 respectively. From Lemma 2.25, for « > 1, F;f has no light-like support
plane at infinity. See Figure 7.

Figure 7: To Example 2.51.
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2.14 Proof of Proposition 2.48

We already know that the eigenvalues of S~ are real. As H is convex, its Hessian is positive semidefinite, so
(i) holds.

Let h be a function as in (ii). Then its one homogeneous extension to R?*! has a positive semidefinite
Hessian, and (ii) follows by Lemma 2.21.

Let us prove (iii). If the Gauss map G is a C* diffeomorphism, its inverse is the normal representation Y,
which is then C!. As y is the gradient of Hy, Hg is C?. Moreover the shape operator (the differential of the
Gauss map) is the inverse of the reverse shape operator, and both are positive definite, because they are both
positive semidefinite and invertible.

Let us suppose that (iv) is true. From (21) the condition (V2h — hg) > 0 implies that the principal radii of
curvature are positive and (v) is true. (vi) follows from (v) and (ii). Let hx be C2?. Then (VZh — hg) > 0,
and for any ¢ > 0, the support function of K +eB is hx — ¢ and (V2(h —¢) — (h —€)g) > 0, and (vii) follows
from (vi)

Let us prove (iv). As hg is C?, Hy is C2, the normal representation is C!, and this is a regular map as
the principal radii of curvature (the eigenvalues of its differential) are positive, so the regular part of 9K is C!.
Moreover as the Gauss map is the inverse of the normal representation, it is a C'* diffeomorphism. It remains
to prove the non-trivial result that d,K is actually C?.

First suppose that K is contained in the future cone of a point. Up to a translation, we can consider that
this is the future cone of the origin. From Lemma 2.36 and the properties of Hyx, K* is C2. At the point
Ry« (n)n of the boundary of K*, the Gauss map is x(1)/(v/—{n,n)-), so a C* diffeomorphism, and then K* is
Ci. By (iii), hx- is C? and its principal radii of curvatures are positive. Repeating the argument, we get that
K = (K*)*is C?.

Now suppose that K is not contained in any future cone of a point. We will need the following:

Fact: For any k € 05K, there exists a neighborhood V' of k in 0;K and a F-convex set Ky such that: V is a
part of the boundary of Ky, Ky is contained in the future cone of a point, has C? support function and positive
principal radii of curvature.

From the preceding argument, it will follow that the boundary of Ky is C2, hence each point of 9;K has a
C? neighborhood, hence K is C?. Let us prove the fact. We need the following local approximation result.

Lemma 2.52. Let K be a F-convex set with support function hy, w C H? be compact and ¢ > 0. Then there
exists a F-conver set A(K,w,e) =: A with support function ha such that

e AisC3,

e sup,c,|hi(n) —ha(n)| <e,

e A is contained in the future cone of a point.
Moreover if hi is C*t, then, on (f),

e g(Vy(hg —ha),Vy(hx —ha)) < 2e.

Proof of Lemma 2.52. The argument is an adaptation of [Fir74]. The intersection of K 4 (w) with Uycp g {k}+F
is an open covering of the compact set K. 4(w) (see Subsection 2.11). From it we get a finite covering

Uﬁ\;{ki}‘*‘]; Let E be the convex hull of U;C(k;). Tt has extended support function Hg(z) = max;—1...n (2, k;) —,
and is a F-convex set due to Lemma 2.21. As k; € K, C(k;) C K hence E C K and Hg < Hg on w. By
construction K, 4(w) C E hence Hx —¢/4 < Hg on w, and finally sup,,|Hk(x) — Hg(z)| < /3.

The statement of the lemma and the computation above are true up to translations. We imply that we
performed a translation such that kq,...,ky are contained in the past cone of the origin, so (x, k;)— > 0. The
functions

N »

Hy(x) = <Z<x,ki>éﬂv)

i=1

are extended support functions of F-convex sets by Minkowski inequality and Lemma 2.21. H, is clearly
C? (actually analytical), and H,(z) converges to Hg(x) when p — oo. Let us choose p = p. such that
Sup,eo|Hp(z) — Hg(x)| < £/3. From Lemma 2.20, the extension H, of H, to &F is a continuous function with
finite values. Let F(1) be the subset of F made of vectors with last coordinate equal to one. It is a compact
set and let M be the maximal value for f{p. By homogeneity, we have, Vn € F,

H(n) = na+1H0/Nat1) < Mnapr = M(n, —eqr1)—,
hence the F-convex set supported by H,, is contained in C(—Megy1). If h, is the restriction of H, to HY, we
define hy := h, — /3. Then:
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Figure 8: Planar case: recovering the curve from the support function (subsection 2.15).

from (ii) of Proposition 2.48 h,4 is the support function of a F-convex set A,
A is contained in the future cone of a point,

hence (vii) of Proposition 2.48 holds, and A is a C2 F-convex set,

finally sup, c, [hsc(n) — ha(m)] < <.

so A is the aimed A(K,w,¢).

Let us suppose that hx is C!. The extended support function Hy is also C'. Then the Euclidean gradient
of H,, converges uniformly to the one of Hx on w [Roc97, 25.7], that clearly implies the uniform convergence
of the Lorentzian gradients on w. Choosing a p. such that (grad,(Hx — Ha),grad,(Hx — Ha))- < ¢, for
p > max(pe, p.), developing the preceding expression using (4), one finds, Vn € w,

9(V(hx = ha), Vy(hx —ha)) <&+ [hx(n) —ha(n)] < 2e.

O

Let k € 0,K, G (k) € wy C w be two compact subsets of H?, and V = x(wp). Let us also introduce a bump
function ¢ € C>(H?), 0 < < 1, with suppy) C w and ¢ = 1 in Wo. Let e > 0, A(K,w,¢e) be the F-convex set
given by Lemma 2.52, and let h. be its support function. We proceed as in [Gho02] for example. The function

h=vhg + (1 —1)h.
is a C? function on HY. It satisfies (23) on wy and outside of w. On the remaining part of H¢ we have
(V2= g)h = $(V? = g)hx + (1 = ) (V? = g)he + (hx — he) VY
+dyp @ d(hx — he) + d(hr — he) ® dy.
We have ¢(V? — g)hg > 0 and (1 —)(V? — g)he > 0. Moreover the choice of ¢ is independent of . As
(hg — he) and d(hgx — he) evaluated at any vector are arbitrary small by Lemma 2.52, (V? — g)h > 0 for a
well chosen €. As h = h, outside of a compact set, h is the support function of a F-convex set contained in the

future cone of a point, which is the wanted Ky .
Proposition 2.48 is proved.

2.15 The d =1 case

The relations between a F-convex set and its support function can be made more explicit in the case of the
plane. Let h be C! and let us use the coordinates (rsinh p, r cosh p) on F. We have

H(rsinh p, r cosh p) = rH (sinh p, cosh p) =: rh(p).
Computing the gradient in those coordinates, we can write Js/K as a curve in terms of the support function,
that has a clear geometric meaning, see Figure 8:

(o) =) (S )~ o) (S0, (26)

Note that if h is C? then ¢/(p) = (b (p) —h(p)) (ZTEE z), so the curve is indeed space-like, and regular if b’/ —h # 0.

From Proposition 2.48, a C? function h : R — R is the support function of a F-convex curve (F-convex set
in the plane) if and only if A/ — h > 0. If A" — h > 0, then the curve has finite curvature. It will be useful
to have a more general characterization of convexity. The compact analogue of the lemma below appeared in
[Kal74].
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Lemma 2.53. A real function is the support function of a F-convex curve if and only if it is continuous and
satisfies, for any real «,
hip+ a) 4+ h(p — a) > 2 cosh(a)h(p). (27)

Proof. The condition is necessary due to Lemma 2.24. Now let h be a continuous function and let H be its
homogeneous extension. We suppose that H is not convex on F.

Fact: There exists unitary u and v such that H(u + v) > H(u) + H(v).

If the fact is true, we see from (17) that (27) is false. Now let us prove the fact. We know that there exists
u,v € F and 0 < A < 1 such that

HAu+ (1—=XMv) > AH(u) + (1 — N H(v).
By continuity, this holds in a neighborhood of A\. Up to a reparametrization of A, we can consider that this

holds for any 0 < A < 1. Then it suffices to take A = m and multiply both side of the equation above

ull - +||v| =
by e =
Remark 2.54 (Osculating hyperbola). We can give a geometric interpretation of the radius of curvature for
F-convex curves in the plane. Computations are formally the same as in the Fuclidean case, see e.g. the first
pages of [Spi79], so we skip them. Let  be the boundary of a strictly convex F-convex set in the plane, seen as
a curve parametrized by arc length (for the induced Lorentzian metric). Let p1, p2, p3 be three points on v, with
p2 between p; and p3. There exists a unique upper hyperbola passing through those points (the center of this
hyperbola is the intersection between the two time-like lines passing through the middle, and orthogonal to, the

space-like segments p1ps and pops). When p; and ps approaches po, the hyperbolas converges to a hyperbola
1

1l

with radius . Now let ¢ as in (26). We have ¢ = 7 o s, with s the arc length of ¢:

s(p) = /p R"(t) — h(t)dt

0
1

and v parametrized by arc length. A computation shows that (v",7")_ = R

2.16 Hedgehogs

Both spaces of support functions of F-convex sets and of P-convex set of R?*! form a convex cone in the space
of continuous functions on H?. They span a vector space, the vector space of differences of support functions.
In the classical theory, it is possible to give a geometric interpretation of such functions as hypersurfaces called
hedgehogs (hérissons in French), we refer to the introduction of [MMO06] for more precisions. See also Remark 4.3
and Remark 4.14.

To simplify we restrict to the case of C? support function. The following proposition together with (ii) of
Proposition 2.48 says that the vector space spanned by C? support functions is the whole space of C? functions
on H¢.

Proposition 2.55. For every h € C?(H®) there exist hy, hy € C?(H?) such that
e h=hy — ho,
e V2hy — ghy > 0 as a quadratic form,
o V2hy — ghy > 0 as a quadratic form.

We postpone the proof of this proposition to the end of this subsection. So we can call any C? function from
H? to R a hedgehog. (We take back the same terminology as in the classical case. Speaking about “F-hedgehogs”
is not relevant, as they are also “P-hedgehogs”.) Hedgehogs have a natural geometric representation via the
normal representation of h, see Subsection 2.12. Sometimes we will also call hedgehog the surface x(h). If h is
C* we will speak about C* hedgehog. Note that if h is T-equivariant, by (9) x(H?) is setwise invariant for the
action of I'.

In the classical case, when h is the support function of a convex body, the normal representation of h is
the boundary of the convex body with support function k. Things are not so simple in our case, as if h is
the support function of a F-convex set, the normal representation of i describes only 0;K. For example, the
normal representation of the null function is the origin, and not the future light cone. Anyway we will be mainly
interested in 7-hedgehogs (C? T-equivariant functions). From Lemma 2.45, if such a function is the support
function of a F-convex set and is < h;,, then the image of the normal representation is the boundary of the
F-convex set.
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In the classical compact case, the analog of Proposition 2.55 is straightforward by compactness, writing any
C? function h on S? as (h+7) —r for any sufficiently large constant r. The same argument occurs in the quasi-
Fuchsian case (see Lemma 2.56 below). This also gives another natural motivation to introduce hedgehogs:
level surfaces of the cosmological time outside of a F-convex set are hedgehogs, and, in the 7-F-convex case, the
lemma says that all the hedgehogs are obtained in this way. See Figure 9.

Lemma 2.56. Let h be a C? T-hedgehog. There exists positive constants ¢, and co such that h — ¢; bounds a
7-F-convex set and h + co2 bounds a T-P-convex set. For any positive constant ¢, h + ca + ¢ (resp. h —c1 —¢)
bounds a C% 7-F-convex (resp. T-F-convez).

Proof. From Lemma 2.4, as H?/Ty is compact, we get the constants ¢; and cp such that V2h — gh is either
positive semi-definite or negative semi-definite. The result follows from Proposition 2.48 and Remark 2.49. [J

Figure 9: Plane C? hedgehogs with support function h(t) = cos(t) + ¢ (curves are drawn thanks to (26)). If c
is sufficiently small or large, the hedgehog bounds a F-convex set or a P-convex set.

Proof of Proposition 2.55. Writing h = hy — (hy — h), we want to find a C? function h; such that

L4 V2h1 — ghl Z 0,

L] v2h1 - ghl 2 Vzh - gh
Define

B (p) i= max{0; max{ (V2h — hg) (X, X) : dist e (p, car1) = p}},

where the second maximum is taken over all the unitary vector fields X on H?. Let iz(p) be an increasing C?
function such that h(p) > h*(p) for every p € [0,00). The existence of such a function h will be proved in
Lemma 2.58.

Then Proposition 2.55 reduces to find hy such that

(V2h1 = gh)[p(X, X) = h(p) = 1" (p)
for all unitary vector fields X on H? and p such that dist ga(p,eqs1) = p.

Lemma 2.57. Suppose there exists f € C?([0,00)) such that

1"(p) = f(p) = hlp), on [0,00),
F'(p) it = £(p) = hlp), on [0, 00), (28)
1'(0) =0,

lim, 0 £ (p) — f'(p) S22 = 0.
Then Proposition 2.55 is proved.
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Proof. Choose hy : HY — R as hy(p,©) := f(p). Since h; depends only on the radial coordinate, we have by
standard computation and (24)

(V?hy = gh1)|, = f"(p)dp @ dp+ f'(p)V?p — f(p)g

= f"(p)dp@dp+ f'(p) :fjﬁgg (9 —dp®dp) — f(p)g (29)
= <f”(p) — f'(p) Z?jﬁé;;) dp®dp+ (f’(p) Z?ﬁﬁ((pp)) - f(p)) g,

on HY\ {egq41}. Since, by assumption, f € C?([0,00)) and
7o) = tim [ 7760) - 10

cosh(p)
- =0,
sinh(p)
then h; is C? on all of H.
Fix a local orthonormal frame (F; = 8%’ Es,...,Ey) on H%. Then, for every vector field X = " | X'E; on
H¢, we have

(V2hy — gh1)(X, X)

=Y X'X/(V?hy — ghy)(E', EY)

ij=1
_ 2 - i (30)
= (XH)2(V2h1 — ghi)( a ap +; 2(V2hy — ghy)(E7, EY)
+2ZX X7 (V2hy — ghl)(ag E)+2 Y X'XI(Vhy — gh)(E', EY).
Jj=2 2<i<j<n
From (29) we deduce that the last two terms in the latter equation vanish, and accordingly one get
- ; cosh
(V21 = g (X, ) = (VA 0) = £ + S0 (0055 = 1)
FQ (31)
> h(p) Y (X7)* = h(p)g(X, X),
j=1
which proves the lemma. O
Now, a solution to (28) is given by
P sinh(t) -
:= cosh h(t)dt.
)= cosh(p) [ 225 )
In fact ) 0 )
. inh(t) - sinh(p) ~
(p) = sinh / T h(t)dt + h
Jp) = sinh(p) o cosh?(t) ®) cosh(p) (p) (32)
__sinh(p) sinh(p) »
- COSh(p)f(p) + COSh(p)h(p)7
e ¢ sinh(1) (o)
sinh(t) -~ ~ sinh(p) -
f”,o:coshp/ h(t)dt + h(p) + R (p
(5) = cosh(p) [~ bR+ hip) + SO ) )

> f(p) + h(p),
since ' (p) > 0. Moreover, the latter expressions yield that f/(0) = 0 and
) cosh(p) - ~ . sinh(p) -
1 "(p)—f = h(0) — h(0) + 1 h'(p) = 0.
tny | 706) = 1) S | = 0) = (o) + 1y 22O
This concludes the proof of Proposition 2.55. It remains just to show the following

Lemma 2.58. Let h* € C°([0,00)). Then there exists an increasing function h(p) € C?([0,00)) such that
h(p) = h*(p) for every p € [0,00).
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Proof. First define
Bip) = sup b (1),

0<t<p

so that AT is continuous, increasing and hi(p) > h*(p) for every p € [0,00). Then set

p+1
/ / hi(s)ds dt.

d - p+2 p+1
D ip) = / M@m—/ Bi(s)ds > 0,
P

dr pt1
since hj is increasing. Finally, since hj is increasing,

t+1
[ meas= .
t

h is clearly C? and

Integrating again, one obtains

2.17 Elementary volume computations

For a space-like C! hypersurface S, we denote by d(S) the volume form of S for the Riemannian metric induced
on S by the ambient Lorentzian metric.

Lemma 2.59. Let A be an open set of RH! and letl: A— R be aC' function with non-vanishing gradient.
Suppose that the level hypersurfaces Ay := 171(t) are space like. Then

//A ngad - A @)dt

The Lorentzian coarea formula formula above is certainly well-known in more general versions, nevertheless
we provide a proof, just following the classical one, see e.g. [Sch93b]. The key elementary remarks are: 1) if we
take d space-like vectors with last coordinates equal to 0 and a vertical vector, the computation of the volume
of the resulting box is obviously the same for the Euclidean metric and for the Minkowski metric 2) linear
Lorentzian isometries have determinant modulus equal to 1 so they preserve the volume.

Proof. The Lorentzian gradient of [ is a non-zero time-like vector. Without loss of generality we suppose that

it is past directed. Moreover at a point o € A we have R 8l (xo) # 0. Up to a add a constant function to

I, let us suppose that I(zo) = 0. By the implicit function theorem, locally there exists a C' map g such that
Zagr1 = g(x1,...,24,t) and

Wz, ..., xq,9(x1, ..., 2q,1)) = 1.
We define a C! diffeomorphism ® from an open set O x (—¢,¢), O C R%, to A by

(x1,...,2q,t) = (z1,...,2q,9(x1,...,2q,1)).
(Up to decompose A into suitable open sets, we suppose for simplicity that the image of ® is the whole A.) Let

us denote X; = §2,i=1,...,d and X411 = %7. Then [Sch93b, 6.2.1]

V(A) = / /O |det(X1,...,Xd+1)|d9:1 dIddt

The vectors X1, ..., Xy belong to the space-like tangent space L to A;. Let f1,..., fq be an orthonormal basis
(for (-,-)_) of L, and f441 be the unit past time-like vector orthogonal to L. We have

det(X1,. .., Xay1) = det ((X;, fj>*)i’j:1,,,,,d+1

(this is easy to see using a Lorentz linear isometry sending fi,..., fa+1 to e1,...,eq, —eqy1 with {e;} the
standard Euclidean basis —this isometry has determinant 1). As (X;, fgr1)— =0fori=1,...,d,

det(X1,..., Xap1) = (Xay1, far1)— det((Xi, fi)=)ij=1,....d-
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On one hand,

0P  gradl 1 :
X (2 - :
Katr, fan) <3t ’ IIgradl||>_ lgradi||— < 0 ’gradh>

1 dg 0l 1

|gradl||_ Ot dzqyr  |gradl]|_

On the other hand,
D :=det((X;, fj)-)i,j=1,...a = —det M
with
M ="Xy,..., Xq, far1) I (f1, - fa, farr)-
Note that D = det M J. So
—D*=det MJ x 'M =det (X1,..., Xa, far1)J (X1, -+, Xa, far1) = det((Xs, X;) )i j=1....d,

0 0%
det <<3Ti’871‘>_)ij:1

by the Lorentzian metric. O

finally |D| =

and |D|dzy - - - dzq is the volume form on A; for the metric induced
d

.....

3 Area measures

3.1 Definition of the area measures
3.1.1 Main statement

The notations are the ones of Subsection 2.11. Let w < H¢ be a Borel set. The normal field N is continuous,
and if we denote by N, its restriction to Ko ), Ko, (w) = N1 (w), so K (9,c)(w) is measurable for the Lebesgue
measure, and we denote by V. (K,w) its volume. In other terms, V. (K, ) is the push forward of the restriction to
K (o, of the Lebesgue measure, which is a Radon measure, and as NV is continuous, V. (K, -) is a Radon measure
on H?. All results concerning measure theory in this section are elementary and can be found for example in
[Tao10] or in the first pages of [Mat95]. Actually we mainly use these elementary facts:

e Radon measures on H? are the (unsigned) Borel measures which are finite on any compact,

e a Radon measure y has the inner regularity property: for any Borel set w of H¢,

p(w) = sup{(K)|K C w, K compact },
e for any positive linear functional I on the space of real continuous compactly supported functions on H¢,

there exists a unique Radon measure y on H? such that I(f) = [y. fdu (Riesz representation theorem).
The aim of this subsection is to prove the following result.

Theorem 3.1. Let K be a F-convex set in R4TY. There exists Radon measures So(K,-),...,Sa(K,) on HY
such that, for any Borel set w of H* and any ¢ > 0,

d
V(K w) = d%l 3 et (dJT 1) (K, w). (34)

i
i=0
Si(K,-) is called the area measure of order i of K. We have that So(K,-) is given by the volume form of HY.

Two of those measures deserve special attention. Sy(K,-) may be called “the” area measure of K, for a
reason which will be clear below. The problem of prescribing this measure is the Minkowski problem. In this
paper we will focus on S (K, -).

Example 3.2. For any p € R+ let us consider K = C(p). Actually V.(C(p),w) is invariant under translations,
so it suffices to compute it for p = 0. From Lemma 2.59, using the cosmological time of the future cone (the
Lorentzian distance to the origin), which has Lorentzian gradient equal to 1,

cd+1
V.(C(p),w) = ——S,
(C0)w) = TS0
that expresses the fact that all space-like hyperplanes meet C(p) only at p, so the “curvatures” are supported
only at a single point.

(K,w), (35)
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After some basics results on the C!, C’i and polyhedral cases, we will prove a statement close to Theorem 3.1
in the Fuchsian case. After that we will prove that, up to a translation, any compact part of the boundary of a
F-convex set can be considered as a part of a Fuchsian convex set. The proof of Theorem 3.1 will follow from
the following elementary remark.

Lemma 3.3. The area measures defined in Theorem 3.1 are uniquely defined. They are even defined locally: if
K and K' are two F-convex sets such that the statement of Theorem 8.1 holds, and if w is a Borel set of H?
with K (w) = K'(w), then S;(K,w) = S;(K',w).

Proof. The uniqueness of the S; (K, -) follows because (34) says that V. (K, w) is a polynomial in . K(w) = K'(w)
clearly implies Ko ¢)(w) = KEQE] (w) hence VL (K,w) = V.(K’,w), which are polynomials by Theorem 3.1, hence
they have equal coefficients. O

Remark 3.4. Due to the local nature of the area measure, they can be defined for more general convex sets
than F-convex sets (the Gauss map has not to be surjective onto the hyperbolic space).

Remark 3.5. From (34) we get a definition & la Minkowski for the area measure of a F-convex set:
Ve(K,w) — V(K Ve(K

lim ( 7"‘)) 0( ,w) — lim a( ,w)
el0 IS el0 £

= Sq4(K,w).

Remark 3.6. Let K be a C' F-convex set and let dK be the volume form on d,K given by the Riemannian
metric induced on 95K by the ambient Lorentzian metric. Let us denote by Area(K,w) the measure (for dK)
of the set of points of 9,K whose support vector belongs to w, i.e. Area(K,w) is the push-forward of dK on
He:
Area(K,w) = dK (G (w)) = dK (K (w)) = (Gk).dK (w),

and Area(K,-) is a Borel measure because Gi is continuous (Lemma 2.40). It is even a Radon measure as
finite on any compact, because if w is compact then K(w) is compact (see Section 2.11). We know that the
cosmological time T of K is C' with Lorentzian gradient equal to 1, so from Lemma 2.59:

£
V(K ,w) = / Area(Ky,w)dt. (36)
0
Remark 3.7. With the notation of Remark 2.44:
Ve (K, vow) = Vo (K, w). (37)
3.1.2 The C_%_ case

Let K be a Ci F-convex set. We denote by s; the ith elementary symmetric function of the radii of curvature

of K, i.e.
AN\
si = (Z) > Tyt T

1<Gi<-<gi<d

In particular so = 1, s1 = L(ry + -+ +r4) = LTrace(S™') and sq = r1---rq = det(S™!), where S~ is the
reverse shape operator of 0K.

Lemma 3.8. Let K be a Ci F-convex set. Then the statement of Theorem 3.1 holds. Moreover
Si(K,-) = s;dHY().

Proof. K; is the boundary of K + tB, which is Ci by (vii) of Proposition 2.48. The Gauss map is a C*
diffeomorphism hence

/ dK; = / det(S;)dH? (38)
K (w) w

where S; ! is the reverse shape operator of the boundary of K + tB. Moreover from (21) S; ' = S~! +¢Id. The
result follows using (36) and

d
_ d
det(S™! +t1d) =Y ¥ (k> Sd—k-
k=0
O

Remark 3.9. (38) can be written Area(K,w) = Sq(K,w), that explains the terminology for “the” area measure
Saq.
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3.1.3 The polyhedral case

The following characterization of the area measures for the compact case seemly appeared in [Zel70], see also
[Fir70]. Let P be a polyhedral F-convex set. For a i-face e;, we denote by \;(e;) the i-dimensional volume of e;
in the FEuclidean space isometric to the support plane containing e;. We also denote by v, the n-dimensional
Hausdorff measure of H?.

Lemma 3.10. Let P be a polyhedral F-convexr set. Then the statement of Theorem 3.1 holds. Moreover, for
any Borel set w C H?,

fl) ) Z Ni(es)va—i(w N Gp(er)). (39)

7

E%(JZ‘U) - (
where the sum is on all the open i-faces e; of P and Gp is the Gauss map of P.

Proof. Let e; be an open i-face of P and let w be a Borel subset in the relative interior of Gp(e;). We have

Vd_i(w)€d+17i

d+1—1

Indeed, up to a volume preserving Lorentzian isometry, we can suppose that the hyperplane containing e; is an
horizontal hyperplane, for which the induced metric for the Euclidean or the Lorentzian structure of R! are
the same. By Fubini Theorem,

Ve(Pw) = V((ei)o.ew) = / Vat1-i(C(2)(0,6)()))dVi(x)

Vo(Pyw) = Ni(es)

d+1—i

with Vj, is the volume in R*. The relation (35) gives that Vyy1_i(C(2)(0,c)(w))) = i va—i(w), which is
independent of x.

Now, if e; and e; are distinct open faces of P, then for any w; C Gp(e;) and w; C Gp(e;), for any positive
g, the interiors of Pg(w;) and Pg.j(w;) are disjoint. On one hand, Vo(P,-) and v4—; are measures on H.
On the other hand, the cell decomposition of H? given by P has a countable number of cells, and each face is
defined as the intersection of a finite number of cells, hence the decomposition has a countable number of faces.
By the property of countable additivity of measures, we get, for any Borel set w C H:

d
1 —i
Vo(P,w) = Z FEp Z Ni(ei)va—i(wN Gp(e;))ed 1=t
=0 €;

The lemma follows by comparing the coefficients with (34). O

3.2 The Fuchsian case

We prove a “quotiented” version of Theorem 3.1. By the strong analogy between Fuchsian convex sets and
convex bodies, the argument is a straightforward adaptation of Chapter 4 of [Sch93a].
For any Borel set of H? /T, we introduce

VI(K,w) = V.(K,®)

where @ is the intersection of the lifting of w to H¢ with any fundamental domain. From (37) this is well defined.
VIo(K,-) is a Radon measure on H%/T.

Let us denote by K(T'g) the set of I'p-F-convex sets. Recall that for K, K’ € K(I'y), the Hausdorft distance
between them is [Fil]

dg(K,K') = min{\ > 0|K'+ ABC K,K + AB C K'}.
If K € K(T'y), the covolume of K, covolr,(K), is the volume of (F \ K)/T'g. Note that
VI (K, H?/Ty) = covolr, (K.) — covolr, (K). (40)

Lemma 3.11. Let (K(n)), be a sequence of T'g-convex sets converging (for dg) to a T'g-convexr set K. Then
VIo(K(n),-) weakly converges to VIo(K, ).

Proof. We have to prove that

1. VIo(K(n),H%/Ty) converges to VXo (K, H?/Ty),

2. for any open set w of HY/T then Liminf,, . VI(K(n),w) > VIo(K, w).

Note that K.(n) = K(n) 4+ B so by continuity of the Minkowski addition, K.(n) converges to K.. By
continuity of the covolume, the first point follows from (40). Let us prove the second point. Let w be an open
set of H?/T'y, @ be any of its lift and let = € K0,6)(@).
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Fact: for n sufficiently large, x € K(n) ().

Let us suppose that the Hausdorff distance between K and K (n) is §, the orthogonal projection of z onto K
is p and dp(z,p) =t < e. Let us denote by n € @ the vector (x —p)/t. As K+ §B C K(n), the point ¢ = p+dn
belongs to K(n). We can suppose that ¢ is enough small so that § < ¢ and then x = p+tn belongs to K(n). We
denote by p,, the orthogonal projection of x onto K (n). By maximization property, dr,(pn,x) > dr(z,q) =t—90.
Note that p and p,, are both in the past cone of z. Up to a translation we can suppose that z = 0. The last
equation writes ||p,||— > ¢t —d. The property K(n) + dB C K implies (pn,n)— < Hg(n) + 6 with Hg the
extended support function of K, that can be written (p,,n)_ <t+4.

We want to show that —p, /||p,||= is arbitrary close to n is n is sufficiently large (recall that p, is a past
vector), i.e. that cosh dya(—p,/||pnll—,n) is close to 1, i.e. that (p,/||pn|l-,n)— is close to 1. But

o) t40
Ipnll  —t—0
that goes to 1 when 6 goes to 0. On the other hand, ||p,||- < (pn,n)— as it can be easily checked. As @ is open,
for n sufficiently large —p,,/||pn|— € ©. Moreover

1Pnll— < (pnsm)— <t+0
that is less than ¢ if § is sufficiently small because t < ¢, so dr(pn, ) = ||pn||- < €. The fact is proved.
The fact says that Ko ) (@) C Liminf,, K(n),)(@), hence
V(K (@)) < V(Liminf, K(n)(o,)(@)) < Liminf,, V(K (n) ) (©))

that implies point 2 because the boundary of a convex set has zero Lebesgue measure. O

Lemma 3.12. Let K be a 'y conver set. Then there exists a sequence of I'g-convex polyhedra converging to K.

Proof. Let € > 0, h be the support function of K and k; € ;K. There exists n € H? such that (k;,n)_ = h(n).
By continuity there exists an open neighborhood V; of i in H? such that |(k;,n')_ — h(1')| < &, Vi’ € V;. By
cocompactness of ', there exists a finite number of neighborhood V; as above such that {T'yV;} covers H¢. The
associated set of points {Tgk;} is discrete as discrete orbits of a finite number of points.

Let us introduce h.(n) = max;(k;,n)—. It is easy to see that if n € V; and n ¢ Vj, then (n,k;)— < (n,k;)—
Moreover each 77 belongs to a finite number of V; (the tessellation of H? by fundamental domains for Ty is locally
finite), hence h. is well defined. It is also clearly Ty invariant, hence it is the support function of a T'y convex
polyhedron and by construction, on H¢, |h.(n) — h(n)| < e. O

Proposition 3.13. Let K be a Ty convex set. There exists finite Radon measures Sg°(K,-), ..., S0 (K,-) on
H/Ty such that, for any Borel set w of H? /Ty and any ¢ > 0,
d

1 d+1
To K — d+1—1 F(] 41
S I (W E R (1)
and Sg” (K,-) is given by the volume form on H?/T.

Moreover, if K(n) converges to K, then SL°(K (n),w) weakly converges to St°(K,w).

Proof. If P is a T’y Fuchsian polyhedron, then (41) is a consequence of (39), applied to any lifting of w. By
polynomial interpolation, for d+ 1 distinct reals numbers ng, ..., nq (41) can be considered as a solvable system
of d + 1 linear equations with unknowns SFO( w), . SFO( w). So there exists real numbers a;,, with

S;° (P Zam o (Pw).

Now let K be any I'g-convex set. We define
S; FO . Z almV,f, o(K

Clearly Szr °(K,w) is a finite signed Radon measure on Hd /To. From Lemma 3.12 we can consider a sequence
P(n) of I'g-convex polyhedra converging to K, and from Lemma 3.11, for any continuous function f on H?/T,

/ fdST(P(n),) - FAST(K, ).
H4 /T H?/Tq

Taking a non-negative f, we see that SZ-F °(K,-) is positive, hence a Radon measure.
The statement about weak convergence is clear. Using again polyhedral approximation and the fact that
(41) is true in the polyhedral case, we see that the functionals on the continuous functions of H?/I'y given by
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integrating with respect to each side of (41) are equal, hence the measures are equal by the uniqueness part of
the Riesz representation theorem. We also get the remark on Sg ° from Lemma 3.10. O

Remark 3.14 (A Steiner formula). Let us introduce
1
r r
W;(K) = msdiki
and W °(K) := covolp, (K), the To-quermass integrals of K. Then (41) gives the following Steiner formula for
I'g convex sets:

(K7 Hd/FO)

d+1
fd+1
Vo(K) = ;e ( Z. )Wi(K»

Note that So(K,H?/Ty)' = (d + 1)W5_ﬁ1(K) is nothing but the volume of H?/T'y, which is itself related to
the Euler characteristic of H?/Ty if d is even by the Gauss-Bonnet formula [Rat06]. In the compact Euclidean
case, up to a dimensional constant the quermass integrals are the intrinsic volumes, and their sum has an integral
representation known as Wills functional, see e.g. [Kam09].

Remark 3.15 (Mixed-area). Recall that /C(T'g) is the set of I'g-convex sets. The mized-covolume covol(-, ..., -)
is the unique symmetric (d + 1)-linear form on K(I'g)4*!, continuous on each variable, such that [Fil]

covol(K, ..., K) = covol(K).
If we identify the ['g-convex sets with their support functions, we can consider K(I'g) as a subset of C°(H%/T'y),

the set of continuous functions on H¢/Ty. For given K1,..., K4 € K(I'g), we get an additive functional
covol(+, K1,...,Kgq) : K(To) = R, K — covol(K, K1, ..., Kg).
Following the classical arguments of the compact case [Ale37], one can show that covol(-, K1,..., K4) can

be extended to a positive linear functional on C°(H?/T'y). The first step is to extend covol(-, K1, ..., K4) to the
subset of C°(H?/I'y) of functions which are difference of support functions: if Z = h; — hy where h; and hy are
support functions of I'g convex sets, then we define

covol(Z, K1, ..., Kg) = covol(hy, Ky, ..., Kg) — covol(hg, Ky, ..., Ky).

By the Stone-Weierstrass theorem, any continuous function on H?%/T'y can be uniformly approximated by a C?
function. Moreover any C2 function Z on H?/Ty is the difference of two support functions: for ¢ sufficiently
large, Z + t satisfies (22). Hence any continuous function on H?/T'y can be uniformly approximated by the
difference of two support functions. From this it can be checked that covol(-, K1, ..., K4) can be extended to
CO(H9/Ty) with the required properties.

By the Riesz representation theorem there exists a unique Radon measure on H?/T, the mized-area measure,
denoted by S(Kj,...,Kg;-), such that, for any f € C°(H?/Ty),

covol(f, Ky, .., Kg) = *% F)dS(K, . Kaiu).
+ 1 Hd/FO

The mixed-area measures are generalization of the area measures in the Fuchsian case. Let us sketch the

proof of this fact. Following [FJ38], p. 29, one can prove that

K
S(K, - K,w) = limM
el0 3
It is clear that K (g .44 (w) is the disjoint union of K j(w) and of (K)o (w), in particular
‘/E-‘rt(Kaw) = ‘/t(Kaw) =+ ‘/E(Khw)
hence the equation above can be written
lim‘/e-‘rt(Ka UJ) - V;E(K, w)
el0 IS

= S(K +tB,-- K +1B,w),

with B the I'g-convex set bounded by H?, in other terms

d
S(K+tB, - K +tB,w) = e (Ve (K,w)) (t).
On the other hand, by properties of the mixed-covolume, S(K7,...,Kg;-) is linear in each variable, in

particular,

d
S(K+tB,...,K+tB;~):th_i(c.l)S(K,...,K,B,...,B;-),
——

. (3
=0 f
3
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Integrating the two equations above between 0 and £ with respect to ¢ leads to

d

1 (d+1
Kw)=——>% gttt K,...,K,B,...,B;
e = g St (s B
Comparing the coefficients with (41) leads to
S(K,...,K,B,...,B;:)=5"°(K,).
———

g

Remark 3.16. With the notations of Remark 3.14

1
Wall) = 025

= covol(K, B,...,B) = —/ hdS(B,...,B) = —/ hdH? /T,
H4 /T H< /T

SFo (K, HY/Ty) = /d/ dS(K,B,...,B) = covol(B,K,B,...,B) =
H<4 /T

(in the Ci case, writing the first area measure with the help of the Laplacian — see (1), it appears that the
formula above is nothing but the Green Formula fHd/Fo hAf = fH—Hd/FO fAR applied to f = —1). See also
Subsection 5.3.

Remark 3.17 (Mean radius of curvature and Hessian of the volume). As in the compact Euclidean
case, the Hessian of the covolume of C$° Fuchsian convex sets, at the point B, is (Si(-),-), where (-, ) is the L?
scalar product on H?/Ty, see [Fil] — it acts on the space of C* functions on H¢/T, i.e. on the space of C'>°
T'p-hedgehogs.

3.3 Fuchsian extension

Lemma 3.18. Let K be F-conver set and w C H? be a bounded Borel set. Up to a translation, there exists a
Fuchsian convex set K,, such that, for any subset W' of w,

K(Ww) = K, ().
K’w is a w-Fuchsian extension of K.

Proof. Let w be a compact set of H? containing w in its interior. As K(w) is compact (see Subsection 2.11),
up to a translation, we suppose K(w) C F. This implies that the support function hx of K is negative on w
(for z € K(w) with support vector 7 € w we have hi(n) = (n,2)_ < 0). Let hy be the infimum of hx on w.
Let B, be the closed ball of HY of radius p centered at eq ;.
Fact: 3p > 0,Vz € K(w),Vn € H?\ B, (z,n)— < ho.
The condition (z,n)_ < hy can be written
cosh da (I,n> > [hol
]|

el

As K (w) is compact and contained in F, {z/||z|_|r € K(w)} is a compact set of H?, say contained in B,. Any
ho
inf (||z]-
it ()
Let T'y be a Fuchsian group containing B, in a fundamental domain (this is always possible, see page 74 of

[Far96]). We define

p larger than r + satisfies the wanted condition. The fact is proved.

Ky = {z e R |(z,n)- < hi(v '), Y0 = 010,70 € To,m0 € w}, (42)
ie. K, is the intersection of the future side of the support planes of K,, and of their orbits for the action of
['y. Because of the choice of I'y, K(w) C K.,. Moreover it is clear that the support planes of K (w) are support
planes of K,,, hence K(w) C K, (w) (note that the inclusion may be strict). Finally K, is different from F, it
is Tp-invariant and it is a F-convex set (Lemma 2.6) hence it is a T'g-F-convex set.

Finally, we prove below that K ((j)) =K, (:J) Obviously this implies that for any subset w’ of @, we have
K(W) = K, (W).
Suppose that K(w) # K, (@). As K(w) C K, (), this means that there exists y € 0K, y ¢ K(w) and

neGg (y)n @. Let H be the support hyperplane of K orthogonal to . HN K = K({n}) is a convex compact
set (see Lemma 2.8). Let x be the orthogonal projection (in H) of y onto H N K. Let us denote by v the
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normalization of the space-like vector y — x and by H the extended support function of K (which is equal to
the extended support function of K, on w). We also denote by H'(n;v) the one-sided directional derivative of
H at 7 in the direction v. By [Sch93a, 1.7.2] (see the proof of [Fil, 3.1] for the Lorentzian version) it is equal to
the total support function of H N K evaluated at v, hence it is equal to {z,v)_

As 7 is in the interior of w, for small positive €, the projection of 1 + v onto H? is in w. We want to find
the non-negative A(¢), depending on &, such that

(x + A(e)v,n+ev)y_ = H(n+ ev). (43)
We get (recall that (v,n)_ = 0)
H(n + ev) = (@,m) -
€

Ae) =

— (x,v)_.

which is non-negative because
(z,n+ev) < H(n+ev),
(that only means that x belongs to K) and clearly continuous on positive &.

Moreover
H(n+ev) — H(n)
€

Ae) =
and leiﬁ)l/\(g) = H'(np;v) — (z,v)_ = 0.

Hence one can find ¢ such that x4 A(g)v is between x and y and different from y. But (43) says that 2+ A(e)v
is the intersection between the support hyperplane of K (w) orthogonal to 7+ v and the line between x and y:
y is not on the same side of a support plane of K(w) (and hence of K,,) than z, that is impossible. O

—(z,v)_

Lemma 3.19. Let Ky, Ky be two F-conver sets with extended support functions Hy, Hy and w a compact set of
H? and e > 0 with sup,c,|Hi(n) — Ha(n)| < e.

T~hen~there exists a Fuchsian group I'g and w-T'y extensions Kl and Kg of respectively K1 and Ky such that
dH(Kl,KQ) < €.

Proof. Using the same notations as in the proof of Lemma 3.18, we take as I'g a Fuchsian group containing
Bmax(pK1 PKy) in a fundamental domain. Let y € K1 +¢B for A > 0. Hence y = x + b with x € K7 and b € B.

Let n € H? such that 7 = yono with 79 € T’y and 79 € w. We have

(y,m)— = (z,m)— +eb,n) - < Hi(no) —e < Ha(no) = Ha(vg 'n),
because (b,n)_ < —1, hence y € K2 by definition (42), and K; +eB C Ks. In the same way Ky +eB C K7, so
by definition dH(Kl,Kg) <e. O

3.4 Proof of Theorem 3.1

Let w € HY be compact, and consider K,, as in Lemma 3.18 (clearly, V(K,w) is invariant under translation).
Let us define the following Radon measures on w: for any Borel set w’ contained in w and i € {1,...,d}

S¢(K,w') := S} °(K,,©),
with @’ the image of w’ for the projection H? — H?/I'y and S (f{w,w’) given by Proposition 3.13. From
Lemma 3.3, this definition does not depend on Kw, nor on w, but only on w'.
Let Cg(Hd) be the space of continuous functions with compact support on He. Let f € CO(HY), with
suppf C w. We define
/ fdSy (K

For any i € {1,...,d}, F;(K) is a linear functional on C?(H?) (for f, g € C?(H?), take for w the union of the com-
pact sets containing the support sets of f and g). It is moreover positive so by the Riesz representation theorem
there exists a unique Radon measure on H?, that we denote by S;(K,), such that F;(K)(f) = [ fdSi(K,").

Using the uniqueness part of the Riesz theorem applied to a compact set w, we have S¥(K,w) = S;(K,w),
hence (34) holds for compact sets. The right hand-side of (34) defines a Radon measure on H¢, which is equal
to Vo(K,-) on compact sets. By the inner regularity property of Radon measures, those two measures are equal
and (34) holds for any Borel set.
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3.5 Characterizations of the first area measure
3.5.1 Distribution characterization

Let K be a F-convex set with C? support function h. The mean radius of curvature Si(h) of K is the sum of
the principal radii of curvature divided by d:

1
—Ah—h = Si(h) (1)
where A is the Laplacian on the hyperbolic space.

Example 3.20. Let K be the future cone of a point p. The Hessian of its extended support function is the
null matrix, hence, as expected, its mean radius of curvature is zero.

We will generalize (1). For any F-convex set K with support function h, or more generally for any continuous
function h on H?, we define S1(h) by (1) considered in the sense of distributions: Vf € C°(H?),

(S1(h), f) = /Hd f (;A — 1) hdH? := /Hd h CZA = 1) fdHA, (44)

Note that S7 is linear with respect to h.
Lemma 3.21. If h is the support function of K, then S1(h) = S1(K,-) in the sense of distributions.

Proof. Let f € C2°(H?) and suppose that suppf C w with w compact. From Lemma 2.52 we know that there ex-
ists C2 support function h,, of C_%_ F-convex sets K, converging to h uniformly on w. Hence fHd hn (%A — 1) fdH?
converges to [, h (3A —1) fdH?

Let us consider w-Fuchsian extensions of K,, and K converging for the Hausdorff distance (Lemma 3.19).
From Proposition 3.13, the corresponding first area measures weakly converge. But on w they are equal to the
first area measures of K, and K respectively (Lemma 3.3), hence [y, fdS1(Kn,-) converge to [i, fdS1(K,-).

By Lemma 3.8 we know that for all n, [i4 hn (3A — 1) fdH? = [., fdS1(Kny,-). This proves the lemma.

O

3.5.2 Polyhedral case

Let P be a F-convex polyhedron, inducing a decomposition C of H%. From Lemma 3.10, the first area measure
of P is a weight on each facet ¢ of C, equal to é times A((), the length of the corresponding edge of P. There
is a necessary condition on the weights, if there exists (d — 2)-faces of C. Let n be a (d — 2)-face contained in a
facet ¢ of C. We denote by u(n, ¢) the unit tangent vector (of H?) orthogonal to i and contained in {. We also
denote by u(n, ) the corresponding space-like vector of Minkowski space. For any (d — 2)-face 7,

D AMQu(n,¢) =0 (45)
where the sum is on the facets ¢ containing . A (d— 2)—face of C'is the set of normal vectors to a 2-dimensional
face F' of P, say contained in a plane H. In H, F' is a compact convex polygon, and by construction u(n, () is
an outward unit normal of the edge of F' of length A({). The condition stated is then well-known: the sum of
the weighted sum of the vectors orthogonal to u(n, () (the edges of the polygon) must close up.

We will call polyhedral measure of order one a Radon measure ¢ on H? satisfying the properties above,
namely:
(i) the support of ¢ is the set of facets of a numerable decomposition C' of H? by compact convex polyhedra.
(ii) For any facet ¢ of C, there exists a positive number A(¢) such that ¢(w) = A({)vg—1(w), for any Borel set
w of ¢,
(iii) for any (d — 2)-face n, (45) is satisfied.
From Lemma 3.21, the first area measure of a F-convex polyhedron can also be written as in (1) in the sense
of distribution. Let us check it below on the most elementary example.

Example 3.22 (The elementary example). Let K be the elementary example of Example 2.33 (note that
this example is easily generalized in all dimensions). p; and py are two points in R3, related by a space-like
segment of length a. Let v+ be the time-like plane orthogonal to p; — pa. v+ separates F into two regions
Oy and O, such that p; — py is pointed towards Oy. The extended support function of K is the restriction of
H; = (-,p;)_ on O;. Let us denote by O, the intersection of O; with H2, and by h; the restriction of H to O;.
Let vy et vy be the exterior normals to O; and Os respectively and note that vy = —ve on 00; = 00, = 7.
Then, for f € C2°(HY),

35



ASi0.1) = dGAh=hf)=(Ah—dhf) = [ HAT-df)

Ha

—/Hddhf— 5 <Vh1’Vf>+/aol h <Vf,u1>—/02 <Vh2,Vf>+/ ha (V 1, v2)

00,

—/ dhf+/ FARy — f<Vh1,u1>+/ fAhs— [ F (Vhayvs)
H4 O, 00,

(o2} 00,
- F(Ahy —dhy) + [ f(Ahy —dhg)+ | f(Vhy— Vhy,v1) = / F(V(h1 — Vha), 1),
e 0, 80, 80 =y
because (Ah; — dh;) = 0 (see Remark 3.20).
As
(Hi — H2)(n) = (p1 —p2,m)—,  grad, (H1 — H2) = p1 — po,

and from (4),

grad, (Hy — H2) = Vy(h1 — h2) — (h1 — h2)(n)n.
Note that p; — ps = avy, soif n € 7,

(h1 = h2)(n) = (pr — p2,m)— = 0.
Finally, grad, (h1 — h2) = p1 — pa, and
(V(h1 = h2),11) = (p1 — p2, 1) - = a,

and as expected

(Si(). )= 70 [ £

There are no similar examples in the compact case, as an area measure of a convex body can not be supported
by a great sphere.

Remark 3.23 (Relation with measured geodesic laminations). It is proved in Proposition 9.1 in [Bon05]
that the first area measure of a F-regular domain with simplicial singularity is a particular case of so-called
measured geodesic stratification, which are transverse measures generalizing in any dimension measured geodesic
laminations on H? (geodesic stratifications are more general than geodesic laminations in any dimension, see
Remark 4.18 in [Bon05]). Those measures are associated to some F-regular domains, but it is not known if any
F-regular domain gives a transverse measure on H?. The reciprocal is true, see Remark 4.14.

4 The Christoffel problem

Let u be a positive Radon measure on HY. We have seen in Section 3 that s is the first area measure of a
F-convex set K if and only if the restricted support function hx of K is a continuous function which satisfies

1
~Ahg — hg =
d K K =M

in the sense of distribution on H%, and such that its 1-homogeneous extension Hg (n) = ||n||_hx (n/||n|-) is a
convex function on F. In this section we will discuss the existence of explicit solutions to the equation above, as
well as possible conditions which guarantee the convexity and the uniqueness of the solution. Those solutions
will be compared to a polyhedral construction of a convex solution in 4.4.

Due to its specificity, the d = 1 case will be treated at the end of this section, so all the reminder concerns
the d > 1 case.

4.1 Regular first area measures

Here we look for an explicit solution to (1) when p = ¢dH? for some function ¢ € C°(H?).
We define k : (0,4+00) — (—00,0) as

coshp [* dt
k(p) = / a1 20 (46)
Vd—1 J4oo sinh® " () cosh*(t)
with vg_1 the area of S~ ¢ R?, and we observe that k is solution of the ODE
A,
k ——=k(p) — dk(p) =0, 47
(p) A00) (p) (p) (47)

36



where
A(p) = / dA, = vg_ysinh® ' p
0B, ()

is the area of the (smooth) geodesic sphere

0B, = {y € H : dua(z,y) = p}
centered at any point z € H? and dA, is the (d — 1)-dimensional volume measure on 0B,. Finally, we introduce
the kernel function G : H? x H? — R U {00} given by

G(CL‘, y) = k(de (.’E, y)) (48)
For later purposes observe that there exists positive constants C; and Cs such that
- ~ Cie - ~ Cap™
k(p) X7 Cren . —k(p) "R Cop? (49)
and v o
—o0 Ud—1 _ — _
A(p) I Fe(d Dp, A(p) s Ud—lpd L (50)

Accordingly, for each fixed z € H?
[ 16t mlant) = [ ko)A < . 1)

so that if ¢ : HY — R is a measurable bounded function we can write

d = o €T,z z z
[ GlaapmaE) - [ ( L, o, G2 >> ap

-/ k) / . VAN

Theorem 4.1. Let ¢ € C°(HY). Then, a particular solution to (1) is given by the function h, € C*(H?)
defined as

ho(x) =d | Glx.y)p(y)dH" (y). (52)
Remark 4.2. We proceed for the proof as in [Sov81] (similar computations was performed also in [LdLSdLO06]).
Actually all these proofs are essentially based on the work of Helgason [Hel59], which gave the solution of the
Poisson problem Ah = ¢ on H? for compactly supported data (.
In the regular compact case, a different approach was proposed by Firey in [Fir67]. Let xx : S¢ — R4*! be the
normal representation of a compact convex set K with C? support function (x(S?) is the boundary of K and
71 is an outer normal to K at yx (1), namely yx is the Euclidean gradient of the extended support function of
K). Then, once we have defined ® the (—1)-homogeneous extension of ¢, we get that y i satisfies the system of
uncoupled Poisson equations Agax? = 0;®. Actually, the techniques introduced by Firey to solve this problem
seem hardly generalizable to the study of F-convex sets, due to the non compactness of H?. Nevertheless, one
could try to reproduce Firey’s approach to our context, and use Helgason’s analysis of the Poisson problem on
H¢ to get a proof of Theorem 4.1 for smooth compactly supported ¢.
To conclude this remark, it’s worthwhile to recall that Sovertkov proposed also a further method to prove the
existence of a solution to (1), [Sov83]. However this latter is based on a compactness argument which permits to
extract a function from the solutions of the problem on a sequence of compact balls exhausting H?. Accordingly
the obtained solution has no explicit expression.

Proof. For each ¢ € C?(H?) and for each real p > 0, we introduce the mean value operator M,(¢; x), defined

for x € H? as
1

M,(Y;x) = m /aB,,(z) dA,.
More generally, one could define 90, : H? x H? — R as
My (y,2) := My, (a.4) (Y3 ).
According to Lemma 22 in [Hel59], it holds that
A1 My (2, y) = DMy (2, ), (53)

where A; and Ay are the Laplace-Beltrami operator of H¢ acting respectively on the first and second H?
component of M. Choosing on H¢ spherical coordinates (p, #) centered at x, standard computations show that
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(see e.g. [Hel62, X.7.2]), for every ¢ € C?(H), it holds

Agatt(,0) = Byt(p,6) + ‘jgﬁ;a $(p.0) + Sm; o, (a0, 6). (54)

Accordingly, since My, (y, x) depends on dga(x,y), but not on the angular coordinates 6 of y, relations (53) and
(54) give

A
Aga M, (5 2) = DMy (y, ) = Ay (y, 2) = 0, M, (Y5 ) + Mﬁ (Vs x)

() M (55)

where y = (p, ) is any chosen point on 0B, (z).
Now, from (48), (51) and (52), h,, is well-defined and we have

) —+00
he(x) = d/ k’(p)/ e(y)dA,(y)dp = d/ k(p)A(p) M, (p; x)dp.
0 dB,(x) 0
Since ¢ € C2°, for all partial derivatives 93 M, (p;x) of M,(y;x) of order |a| >0
(P, ) = k(p)A(p) 07 M, (5 )

is integrable on (0, 00) x H?. Then, by standard analysis, we can exchange the order of derivation and integration
obtaining, also thanks to (55)

" Agohp(a) — ho(a)
+oo
= [ kA B (i) - ()] o
_ [ L Alp) L .
= [ k0Aw) |05, 1) + TE0, M 1) — ad i) | dp

+oo +oo
=/ k(p)0, [A(p)Dp M, (3 )] dp — d/ k(p)A(p) My (p; x)dp
0 0
An integration by parts and (47) yield

1
gAHdhw(x) — hy(x)

+oo |
— k() AP, M, (32) /=5 - / (0) A(p)0, M, (: 2)dp
+oo
_d/ (907 )dp

. p=+o0
= k() A(D), M, (o3 2) 13 ~k(D)A(D)M(io)|
+o0 . +oo
[0 [taw] Mo —d [ KEAG)M,(pia)dp
. p=-+o0
= KP)AP)IM, (i), =5 ~k(p) A)M, ()|
/ [A()k(0) + A()(p) — AR(0) A() M, (2:)] dp
. p=+o0
= k() A(D),M, (o3 2) [} ~k(D)A(D)M(io)|

Now, observe that
0, My (93 2)] = |0 S, 0y 2P0 dAL (9)]| < o, oy [Vl (56)
|M,(p;7)| < maxgp, () lol-

Moreover, applying 'Hopital’s rule, we get that k(p) = O(k(p)) as p — oo and

lim k(p)A(p) =0 and  lim k(p)A(p) = 1.

Since ¢ € C2°, (56) implies

gi_ril)k(p)A(p)apMp(@;x): lim k(p)A(p)0,M,(p;z) = lim k;( JA(p)M,(p;x) =0,

p—r+o00 p—r+00
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so that

1
Buahy () — (@) = pla)
as aimed. Finally, since ¢ € C*, by standard elliptic regularity we get h, € C>(H?). O

Remark 4.3 (Geometric interpretation). Let ¢ as in Theorem 4.1. We don’t know if h, is the support
function of a F-convex set. But the solution (52) can be written as h,(x) = (z, x(x))— with, for x € F,
acosh(— (5= 9) ) dt

T)=— dH .
x(@) Vg—1 Jya yely) oo sinh®! (t) cosh?(t) )
This is the normal representation of a C? F-hedgehog with mean radius of curvature ¢, see Subsection 2.16.
Hedgehogs appear naturally when the Christoffel problem is considered, under different names. In the smooth
setting, they are also called generalized envelopes, see [01i92] and the references inside. See also Remark 4.14.

4.2 Distributions solutions

Let R(H?) be the set of the Radon measures p on H? and define R*(H¢) as the subset of measures satisfying
the additional condition

/ G0, y)|dpu(y) < +oo (57)
H4\ B1 (o)

for some (hence any) xy € H<.
Each 4 € RT(H) can be seen as the distribution called, with a standard abuse of notation, also p € D'(H), and
whose action is given by

()= [ 1@ante).  vf e DEY = (@) (59)

Remark 4.4. We note that, in case p = @dH? is given as a C? function on H?, thanks to (49) and (50),
condition (57) is implied by

e~ max{|p(2)|; |Vep(2)[} € L' (+00). (59)
In particular our assumption (57) is weaker than the conditions required by Sovertkov [Sov81] and Lopes de
Lima and Soares de Lira [LdLSdL06].

Theorem 4.5. Let yu € RT(H?) and consider the equation
1

in the sense of distributions on He. Then, a particular solution to (60) is given by the distribution h, € D'(H?)
defined formally as

hofa) = d [ Gla)duto). (61)
and whose action is defined by (62).
Corollary 4.6. Let ¢ € C**(H?), 0 <k, 0 < o < 1. Assume that there erists xo € H? such that
[ 6@ pleldy) < +oo
Then (1) has a solution given by
hola) =d | Glau)pl)di’(y).
Moreover, h, € C**22(H?) if a > 0 and h, € CHP(H?) for all 3 <1 ifa =k =0.

Remark 4.7. It is not hard to see (cf. (68)) that if ¢ is I'p-invariant, then also the solution h,, is I'g invariant,
see Subsection 4.3 and the proof of Theorem 4.9 for more details. On the other hand if K is a Ci T-F-convex
set, it follows from Lemma 2.4 (or more generally from Remark 3.7) that its mean radius of curvature is I'o-
invariant. In particular the support function of a 7-F-convex set can not be recovered by Corollary 4.6. This is
a first evidence of the non-uniqueness of the solutions, that will be further discussed in the subsequent sections.

Proof of Theorem 4.5. Given p € R*(H?), the distribution h € D'(H?) is a solution to (60) if and only if
1
(h SAF=f)=(uf)  VfeDE),
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Define formally
hy(x) = d/Hd G(z,y)du(y).
We claim that h,, € D’/(H¢), its action being defined by
(e £) = Gug) = [ hy(a)duta), (62)

where hy(z) = d [ G(z,y) f(y)dH(y) is the smooth solution to 3Ahy — hy = f given by Theorem 4.1. To
this end, note that

hy(@)] < d|[fllo k(dga(z),supp f)|, if dga(x, supp f) > 1,
T 4 s 1G G, ) pr gy » if dya (2, supp f) < 1
Then, choosing z( in the interior of supp f,

[ hs@auta)
Hd

<d|fll [mx  dso(z, 500 £) < 1) G o) ey + [

{l‘:d}nd (z,supp f)<1}

|k(de(x),SUpr)|dM(ﬂf)] (63)

<dlfle [mx  dso(z,5upp £) < 1) Gy + [ G0 ldpla) | < +00
{z:dya (z,supp f)<1}

thanks to (57) and to the monotonicity of k. Then (62) is well defined and it’s worthwhile to observe that (62)

is the natural action for h,, as it is shown by the case p = odH? when ¢ € C2(H?). Also, the functional h, on

D(H?) is linear by construction and continuous because of (63).

We want to prove that h,, is a solution of (60). To this end, let f, ' € D(H?) = C°(H?) and compute

/Hd <d d G(@,y) BAf - f} (y)de(y)) f!(z)dHY (z)

_ /H d (d /H Gla) f’(:z:)de(x)> [;Aff} (y)dH(y)

_ /H hpw) BAf - f} (y)dH(y) (64)
= [ [38000) = h)| szt

- [ resat),

where we have applied Fubini and Stokes’ theorems, and hy € C>(HY) is the solution given by Theorem 4.1.
Since f’ € D(HY) is arbitrary, (64) says that for a f € D(H?) one has hing_y=f Then

(G = f) = (A = 1) = [ sy @dute) = [ F@)nto) = 1.5) (65)

O
Proof of Corollary 4.6. Let yn = pdH?. Then, according to Theorem 4.5,

hp(z) = d/Hd G(x,y)du(y) = d/Hd Gz, y)p(y)dH" (y)

is a distribution solution to (60). If ¢ € C**(H?) for a > 0, then the conclusion follows directly from
Theorem 3.54 in [Aub98]. More generally, if ¢ € C°(H?), then clearly » € L? (H?) for all p < co. Applying

loc

again Theorem 3.54 in [Aub98] we get that ¢ € W2P(H?). Hence, up to choose p large enough, we get that

loc

¢ € CHP(H?) for all B < 1 thanks to Sobolev imbedding (see Theorem 2.10 in [Aub98]). O

Example 4.8 (The elementary example). We are given a measure on H? which is a weight a on a geodesic
7. It separates H? into O; and Oy. Let us denote by v the unit space-like vector orthogonal to the time-like
hyperplane defining v and pointing to Oa. Let h, be the analytic solution proposed in (61). Since h,|o, is

smooth, it makes sense to write
oo

o) = [ Gladutn) = [ ak(din (o)

—0o0
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It is clear that h,
expression

o,(x) depends only on dgz(z, ). First of all, in dimension d = 2 by (46) we have the explicit

Ko} = % {1 N coS;l(P) log <ZZZ£EZ;+1>}

By the hyperbolic Pythagorean theorem [Thu02]
cosh(dyz (z,7v(t)) = cosh(t)b(x),
where b(z) := cosh(dyz(z,)) is independent of t. Note also that b(z) has the following geometric interpretation:
sinh(dyz (z,7)) = e{x,v)_, where e = 1 if x and v are on the same side of 7, and € = —1 otherwise. So
cosh(dgz(z,7)) = /1 + (x,v)2%.

Consider the halfspace model for H?, i.e. H? = {(u,w) € R? : y > 0} endowed with the (conformally Euclidean)
metric w2 (du? + dw?). Without loss of generality, we can suppose that v(¢) = (0, e’). With this choice for the
coordinates system and for the geodesic, it is easy to obtain

sinh(dgz ((u, w), 7)) = e(z,v)- = M
Then -
fmmupiﬁmwwwuﬁm»m
=g [ e (o)
:%Uw@nyﬂmaw(W@g_nﬂﬂ)_@
= % [(z,v)_ arctan (((z,v)-)"") — 1]
= % [% arctan (%) - 1] .

On the one hand, using the conformal structure of H?, one can check that as expected
02 02
(@ = 2o, ) = (55 + g ) Bl ) = 20y (1) =0
for ¢ = 1,2. On the other hand, we have for instance that
o 9 9? 10 1
V2 2 = L hlo + =L hla — —h,e.

o.) <8w 8w> ow? “Ol—’_w@w S 2 O

a (1-27)

o 2w?(1 + 22)2’
where z = u/w, and the latter expression is negative for z large enough, which proves that h,, is not the support

function of a convex set. But we know that there exists a convex solution, see Example 2.33. So (61) does not
reach all convex solutions. This example is continued in Example 4.26.

(V2h,,

0, — gh#

4.3 Fuchsian solutions

Throughout this section we will use overlined letters to denote objects defined on the compact hyperbolic
manifold HY/Ty. For instance, given @ : H?/Ty — R we can define ¢ : H? — R as ¢ = Ilp, o ¢, where
M, : HY — H9/T is the covering projection. The precise meaning of overlined symbols will be specified time
by time.

Theorem 4.9. Let 0 < ¢ € C**(H?/Ty) for some k >0 and 0 < o < 1. Then the equation

éAE—Bzg (66)
on H/Ty has a unique solution hg defined for all € H/Tq as
hola) = d [ Gla.)elu)aE (), (67)

where T € Hfol (z) and p = @ o Pr,.
Moreover, hy € C**22(H?) if a > 0 and hgy € CHP(HY) for all 3 <1 ifa =k =0.
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Proof. Consider ¢ = ¢ o Pr, € C**(H?). We observe that ¢ is Tg-invariant, i.e. p(z) = p(yx) for all vy € Ty
and = € H?. Moreover

0<®,:=min << max @ =@ < 0
Pui=mmin < ¢ < max ¢ =

and, similarly,
0 < Pus := min |Vg| < |Ve| < max |[Vp| = ¢** < oo,
H? /T He /T

so that condition (59) is satisfied. Let

hota) = d | Glau)elp)di’(y)

be the solution to equation (1) given by Theorem 4.1 and Corollary 4.6. Then h is I'g-invariant. In fact, for
all z € H* and v € Ty it holds

ho(yz) =d /H . G(yz, y)e(y)dH (y)

= d/ G(yz, vy)e(yy)dH? (vy) (by a change of variable)
Hd

= d/ G(z,y)e(yy)dH (y) (since ~y is an isometry of HY) (68)
Ha
=d [ G(x,y)ey)dH(y) (by construction of ¢)
Ha
= hy(x).
Accordingly, 7L¢ = hyo P is a well defined function on H?/Ty, it has the form given in (67) and it is a solution
of (66) since Pr, is a (local) Riemannian isometry. O

Now, let R(H?/T) be the set of the positive finite Radon measures on H?/Ty. As for (58) we have
R(H?/T) € D'(H?/Ty), the space of distributions on H¢/Ty. Then, given i € R(H?/Ty), we can consider the
equation

1 - -
gAh —h =, in D'(H?/Ty). (69)

We want to show that, as in the regular case, a solution to this latter can be obtained by projecting to H¢/T
a solution of (60).

Let ¢ > 0 such that B.(Z) C H%/T is a normal geodesic ball for each # € H¢/T. The compactness of

H/T implies that such an ¢ exists, and that the open covering {B. (%) }zema r, admits a finite subcovering
{B.(z;)};es, |J| < co. Fix points z; in the fibers over z;, i.e. P(x;) = z; for all j € J. Then {B:(vx;) }yero,jes
is a locally finite open covering of H¢ such that B.(yx;) N Be(x;) =0 for all v € g and all j € J.
Given 1 € R(H/Tg), we can define p := Py i € RT(H?) as the pull-back measure of fi through the projection
Pr,. Since Pr, is a Riemannian submersion, p is well-defined. Namely, one can first define the action of y1 on
Borel-measurable set A C B.(yx;) for some v € I'g and j € J, as u(A) = ji(Pr,(A)). For general A C HY, one
uses the sheaf property of distributions. We note that p is I'g-invariant, i.e.

p(vA) = p({yz : x € A}) = p(A) (70)

for every measurable set A. In fact v acts as an isometry on H? and (70) is true by definition for any
A C B.(yxj).
Similarly, consider a distribution 7' € D’(H?) which is T'o-invariant, i.e. such that (T, f) = (T, f o v) for all
v € Ty and for every f € D(H?). Then T naturally induces a distribution 7' = Pr, T € D(H?/T) as follows.
Let f € D(H?/Ty). If supp f C B.(Z;) for some j € J, then we set (T, f) = (T, f o Py|p_(4s,)) for some v € Tg.
The definition is independent of the choice v because of the I'g-invariance of T'. For general f € D(H?/T'y) we
use, as above, the sheaf property of D’(H?/T).

Theorem 4.10. Let i € R(H?/Ty). Then a distribution solution to (69) is given by the distribution h; € D'(H?/Tq)
defined as

hp = Py hy,
where p = Pf i € RT(H*) and hy, is the distribution solution to equation (66) given in Theorem 4.5.

Proof. Given i € R(H?/Ty), we define the "lifting” p := Piue R+ (H). Consider the equation

éAh —h=yp in D'(H?), (71)
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and let h, be the solution to (71) defined in (61). Such a solution exists since (57) is satisfied because of the
Do-invariance of p and (51). We have that h,, is Do-invariant. In fact, if f € C2°(H?), then reasoning as in (68)
we get

hioola) =d [ Gl it =d [ Goman o =d [ Gow ) (0 5) = by (o) = (hyen) o)

and this latter, together with (62), yields

(h,uvfo’)/) = (:U"hfo’y) = (u, hf 07) = (,u'vhf) = (h,uaf)a
by the T'g-invariance of p. B
Since h,, is Tg-invariant, we can define a distribution h; € D'(H¢/Tg) as

hy = Py .hy. (72)
Finally, we want to prove that h; is a solution to (69), i.e. that
1 - - . _

(s ZAF =) = (B, ), Vf € D'(E/To). (73)

To this end, suppose first that supp f C B.(Z;) for some j € J. Then supp(%Aff f) C B.(z;) and
-1 - 1
(s 07 = F) = (s gAF = ),

where f = fo Ppy|p.(s;) € C2°(Be(x;)). Moreover, by definition of h,,

(hu, %Af = f) = hing_p)

Thanks to (64), we know that since f € C>°(H?) it holds h 1Afof = f. Finally, since f is compactly supported
in B.(z;), we have

(s hag—ar) = (1, f) = (@, f),
which concludes the proof when supp f C B:(Z;). The case of general f € D'(H?/Iy) follows by the sheaf
property of distribution. O

4.4 Polyhedral solution
Recall notations and definitions from Subsubsection 3.5.2.

Theorem 4.11. (General case) Let ¢ be a polyhedral measure of order one on He. If the numbers \(C) are
uniformly bounded from below by a positive constant, then o is the first area measure of a polyhedral F-convex
set.

(Invariant case) Let B be a Radon measure on a compact hyperbolic manifold He /Ty such that a lift p of
B is a polyhedral measure of order one on H®. Then there exists a cocycle T such that ¢ is the first area measure
of a polyhedral T-F-convez set.

Remark 4.12 (The d = 1 case). In this case, the condition (iii) in the definition of polyhedral measure of
order one is void. The measure is only the data of a countable numbers of points on the non-compact one
dimensional manifold H', with positive weights. From it we construct a space-like polygon with edge length the
weights. The proof is then the same as the proof of Minkowski theorem for plane convex compact polygons.
See Figure 10. The invariant case is the data of a finite number of points with positive weight on a circle of
length t. We construct a space-like polygon invariant under a group of isometry whose linear part is the group
Ty generated by (7). From Lemma 2.2, the polygon is the translate of a Ty polygon.

N
N /
N /

/
/

. Ai41Vi41
a;V;

Figure 10: Proof of Theorem 4.11 in the d = 1 case. The point on the right hand picture is chosen arbitrarily.
vy is a unit vector orthogonal to the point of H! of weight as.
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Example 4.13 (The elementary example). Before the general proof, let us illustrate the method with the
elementary example, see Example 2.33. We are given a measure on H? which is a weight a on a geodesic
(this generalizes immediately to any dimension, taking a totally geodesic hypersurface instead of a geodesic).
It separates H? into O; and 0. Let us denote by v the unit space-like vector orthogonal to the time-like
hyperplane defining v and pointing to Oy. Choose any point p; € R?, and let us denote by p, the point p; + av.
Then the wanted F-convex set is the union of the future cones of the points of the segment [p1,ps]. Compare
with the analytical solution, Example 4.8

Proof. Choose an arbitrarily cell of C' and denote it by &,. For any other cell £, let us define the following vector
of R4HL: if € = &, then X (&) = 0, otherwise
X(&) =D A& N &ir)v(&i&iva),
i=1
where

o (& =6,...,& = &) is a path of cells of C, with & N &1 a codimension 1 cell of C;

o v(&,&41) is the unit space-like vector normal to the hyperplane of R4+ defined by & N &1, pointing

toward €i+1-

Fact: X(€) does not depend on the choice of the path between & and &. As H is simply connected, we can
go from one path to the other by a finite number of operations as shown in Figure 11. Clearly the deformation
on the left hand figure leaves X (§) unchanged as v(&;,&;+1) = —v(&+1,&:). The deformation on the right hand
figure consists of changing cells sharing a codimension 2 cell { by the other cells sharing (. Then the result
follows from condition (45) because v(&;, &;+1) is orthogonal to u((, & N&+1). The fact is proved.

Fact: the set of X (&) is discrete. Between two points X (€) and X (¢') there is a least a space-like segment
given by a vector Av, with A greater than a given positive constant by assumption, and v a unit space-like
vector, so its Euclidean norm is > 1. The fact is proved.

Let us define, for n € F

H{(n) = maxe (n, X(£)) -

Let n € & and n) ¢ &. For a path of cells & between & and &, as v(&;, &;4+1) points toward &1, (v(&;,&i+1),m)—
is negative, hence

(X(&),m)- = (X(&),m)- + ZA(@» N &) (W&, Ei1)ym)— < (X (&), m)—

so H(n) = (n, X(&1))_. This says that the decomposition of H? induced by H is C. H is the extended support
function of the wanted polyhedron, because if £ and £’ share a codimension 2 cell, then there is an edge joining
X (&) to X(&'). This edge is X(&) — X (&) = MENE)v(E, &) and has length AM(ENE’). The general part of the
theorem is proved. Note that if the base cell &, is changed, the resulting polyhedron will differ from the former
one by a translation.

Now suppose that the data of the cellulation and the A are invariant under the action of I'y. To each vy € T'g
we define 7, := X (70&). For py € T'o, the path from &, to youo&s is the path from &, to vp& followed by the
image under 7g of the path from &, to puo&,. Moreover it is easily checked from the definition of X that

WX (€) =Y M&N&ira)rov(&i, i)

i=1

= Z A& N &ir1)v(v0&is Y0biv1)
=1

= Z A& N Yv0&ir1)v(v0&i Y08i+1),
i=1

ie. 90X (€) is the realization of the path from ~p&, to vo€. Hence

Tyopo = X('YOMO&I?) = X(70€b> + ’YOX(Mogb) = Ty + Y0Tpo >
and the cocycle condition (6) is satisfied. Finally
YX(§) = 70X (&) + 7y = 70X (§) + X (70&)
is the sum of the realization of the path from &, to vy, followed by the path from ~¢&, to Y&, i.e. it is the

realization of the path from &, to €, hence a vertex of P. The set of vertices of P is I'; invariant, and so is P.
O
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Figure 11: The two kinds of operations to go from a path of cell to another (proof of Theorem 4.11).

N 7

N A3 ,
Level surface of the

Polyhedral ~_ A g . .
T ~ < L cosmological time
realization

71,(‘77» Cl) 71/(77~, C?)
C?, U(”], CQ)
" o Cutng
G4
¢

Cellulation of the hyperbolic surface

Figure 12: To Remark 4.15. Grafting and intrinsinc meaning of condition (45).

Remark 4.14 (A classical construction). The analog of Theorem 4.11 in the compact Euclidean case was
solved in [Sch77]. We almost repeated this proof in the first part of the proof of Theorem 4.11 above, up to
obvious changes. Note that the argument is classical and appears in some places in polyhedral geometry, without
mention to the Christoffel problem. See for example Lemma 8.1 in [McM96] and the references inside. Here
polyhedral hedgehogs appear naturally under the name virtual polytopes, as realizations of signed polyhedral
measure of order one.

The striking fact is that the construction in the proof of Theorem 4.11 also appears in the following. Inspiring
on the d = 2 construction of G. Mess [Mes07, ABB*07], F. Bonsante shows in [Bon05] how to construct a F-
regular domain from a measured geodesic stratification, see Remark 3.23 (in this setting, in d = 2, the analog
of condition (45) is void, but it holds for d > 2). The second part of the proof of Theorem 4.11 comes from
those references. Actually the basement of the construction is contained in the d = 1 case (Remark 4.12).

Remark 4.15 (Graftings). Let H?/I'y be a compact hyperbolic surface, and let o be a simple closed geodesic
on it. Assign a positive weight a to o. It lifts on H? to an infinite number of disjoint geodesics, with the same
weight a. From the construction mentioned above [Mes07, Bon05], one can construct a domain Q.. Let 51 be
the level surface for the cosmological time of Q.. We get a compact surface S; /T, and this way to go from
H2/T to Sy /T, is a geometric realization of a grafting of H?/T along ¢. Grafting are more generally defined
along a measured geodesic lamination on a hyperbolic surface. The same procedure applied to a 7-F-convex
polyhedron is the geometric realization of a grafting, not along disjoint geodesic but along a cellulation of the
hyperbolic surface. See Figure 12.

Remark 4.16 (Fuchsian condition). The polyhedral case is absent from Theorem 1.1 because the polyhedral
surface given by Theorem 4.11 should not be Fuchsian in general. Are there conditions on the measure to be

the first area measure of a convex Fuchsian polyhedron? Can these conditions be stated in term of grafting in
d=27



4.5 Convexity of solutions

In sections from 4.1 to 4.3 we have described how to obtain a general analytic solution to equation (66). Actually,
by a geometrical point of view we are mainly interested in special solutions which are restriction to H? of convex
functions on F. Hence, in this section we discuss some conditions which ensure the convexity of the solution A,
given in (61).

A first general necessary and sufficient convexity condition for classical convex body was given by Firey
in Theorem 2 of [Fir68]. There the convexity was showed to be equivalent to the positivity of a particular
quadratic form. As already observed in [LALSALO06], Firey’s approach seems unlikely generalizable to F-convex
set, since it is based on applications of the Stokes’ theorem on the compact sphere. Nevertheless, a similar
condition can be given also in our case. We suppose here that the solution h,, given in (61) is continuous (this
is without loss of generality, since support functions of convex sets are necessarily continuous). By Section 2.5,
we know that h, is the restricted support function of a convex set if and only if its extended support function
H,,(n) = |Inll=hu(n/|n|-) is convex, which is in turn equivalent to H,, being subadditive, i.e.

Hu(n +v) < Hu(n) + Hu(”)-
We note that H,, can be written in the form

H,(n) = /Hd Inll-G (M_y) du(y) = /Hd L'(n,y)du(y),
where

L(n,y) = llnll-k <de <H777|’|—y>> = |Inll—k (acosh (|5 =* (n,)_))
<777y>_ /acosh(||n|:1<n’y>_) dq

Vdg—1

too sinh?~! g cosh? ¢
is defined for all n € F and y € H? C F. Hence we get the following

Proposition 4.17. Let u € RT(H?). Then hy defined formally as in (61) is the restricted support function of
a F-convex set if and only if

G(x,y)d,u(y)‘ < 400, Ve H?,
Hd
and

/Hd A(n,v,y)du(y) >0, (74)

for all n,v € F, where
A(n,v,y) =T(n,y) +T(v,y) =T+ v,y).

In case h, € C?, u = odH? for some continuous function ¢, and the expression of h = he is given by
(67). Thanks to Lemma 2.48, we know that h,, is the restricted support function of a F-convex if and only if
A2h¢ — hyg > 0. In [LALSALO6], the authors computed explicitly this expression. For completeness we report
here, with minor changes, their computations.

Let V2G be the Hessian of G : H? x H? — R with respect to the first component. Then

(Ve =)o) (X, X) = [ (TGl (6, X) ~ XPO)] B y), (75)
for all X € T,H?, with | X|? = g(X, X). Since G(z,y) = k(p,(z)), we have that
V%G|(x,y) = k(Py(x))dPy ® dpy'ﬂc + k(py(z))Vpr|$_

Computing explicitly & and % and using (24)

1 d
VK]0 =  Kloy() + —— v A0 & Aol
18 1(z,y) ( v vd_lslnhd(py(iﬂ)) vd_lsmhd(py(ﬂf)) Y !
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Accordingly, (75) yields
(v2h|a: - h(x>g|w) (Xa X)

o 1
=X 2/ / o(y)dA,(y)dp
X1 0 va—1sinh?(p,(2)) JoB, () W)d4,)

B : 9le(Vpy, X)p(y)dA,(y)dp
/o Vd—1 51nhd(py<x)) OB, (x) 2 (Voy, X) e(y)dA,(y)

[~ 1 . 2
_/0 va-1 sinh?(p, () /aBpm (X1 = dgaale(Voy, X)] o(y)d4,(y)dp.

Proposition 4.18. Let ¢ € C*(H?). The function hy,, defined as in (67), is the restricted support function of
a F-convex set if and only if

o0 1

0< [ [ X~ dgle (Ve X)) () ),
0 vg—18inh®(py(z)) JoB, ()

for all x € H* and all X € T,H<.

Remark 4.19. The last expression corresponds to the quadratic form @, (u”) computed in [LdLSALO06], where
' =z and u” = X. This is easily seen using the explicit form of k£ and the relations cosh p,(x) = — (z,y) and
(Vpy(z), X) sinh p, () = — (X, y) obtained at page 93 in [LALSAL06]. Here y € H? is identified with y € T, F.

Remark 4.20 (Sufficient conditions). The convexity conditions (74) and the one of Proposition 4.18 are
sharp, but pretty involved and hard to check. In the case of compact convex bodies in the Euclidean space, a
more direct approach was proposed by Guan and Ma [GM03], following Pogorelov, but it does not seems suitable
to be adapted to our setting. In fact in the classical setting one has that the restricted support function hg of a
regular convex body K satisfies the convexity condition s'v2p K +higse > 0 as a quadratic form on S%. Using
the fact that the Hessian Hess(Hp) of the total support function Hg (z) := |z|hg(x/|z|) is (—1)-homogeneous,
one obtains the symmetry relation

sv? (de2h1<(6u6i) + hK) (ej,¢5) + 5 V2hi (e, ¢5)
= de2 (SdVQhK(Ej, ej) + hK) (61', 61‘) + de2h1((ei, 6i),

foralli =1,...,n, where {e;}"; is a local orthonormal frame in a neighborhood of any point = € S¢. Choosing

the point x and the direction e; such that 81 VQhK(el, e1)|lz + hx(z) is a minimum of the curvature radius of
K, an application of the maximum principle gives that

I hacler, 1)l + hacla) 2 3~ Ppler, ),
where ¢ is the mean radius of curvature of K. This proves that K is convex provided
pl(z) =5 V(e )]s > 0, (76)
for all x and 1.

Because of the different sign in the decomposition of the Euclidean Hessian in our setting (3), we get instead
that

Vzh]((el, 61)|m - hK(x) < (vch(el,el))a

IS

from which it seems impossible to get any useful conclusion.

It has to be noted that in [GMO03] a further sufficient condition for the existence of a convex solution is given for
the classical compact problem. In particular it is there asked for ¢! to be a solution of ng o t+plgsa > 0in
the sense of quadratic form (actually the more general Christoffel-Minkowski problem is treated). Once again,
the techniques used in [GMO03] seem require the compactness of the underlying space S?, so that a generalization
of their proof to our setting seems definitely non-trivial. Nevertheless is natural to wonder whether there exist
conditions on V%{dcp_l — ¢~ lgya which imply the existence of a F-convex solution to the Christoffel problem.

Remark 4.21 (Curvatures close to a constant function). Finally, we note that condition (76) is verified
if ¢ is C? close to a constant function. In the same order of idea, suppose that 0 <@: H¢/Ty — R is C* close
enough to a positive constant function @, > 0. The unique I'y invariant solution h, to

1 - _
7Ah* - h* = P«
d Qp
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on H¢/Ty is the constant function h, = —@,. Consider the unique Ty invariant solution A to éAFL —h =g,
which, by Theorem 4.9 and with notation introduced therein, is given as

) = [ Glaeary)

Since @ is C* close to @, and G(z,-) € L'(H?), also h is C° close to h,. Then, by Schauder estimates (see for
instance Section 3.6.3 in [Aub98]), h is C%“ close to h., and it is then the restriction to H? of a convex function
on F. This proves the following

Proposition 4.22. Let 0 < ¢ : HY/Ty — R. Fiz constants 0 < a < 1 and @, > 0. There erists a constant

c = c(a, p) such that if ||@ — @«l|ca < ¢, then @ is the restricted support function of a 0-F-convex set.

4.6 Uniqueness

One could ask himself whether condition (77) is sharp, namely we wonder if there can exist two different F-
convex sets K7, Ko with the same first area measure. This is surely true if we consider also bodies differing by
a translation, whose restricted support functions are given in Example 2.23.

Example 4.23 (Fuchsian and quasi-Fuchsian F-convex sets with same mean radius of curvature).
A nontrivial example can be constructed as follows. Let 7 be a cocycle which is not a coboundary. Let K be a
Cf_ 7-F-convex set, with mean radius of curvature ¢. ¢ is I'g invariant and we know by Theorem 4.9 that there
exists a ['g invariant solution hg. We don’t know if hg is convex, but for any t > 0, K +tB is a C?r 7-F-convex
set, with mean radius of curvature ¢ + ¢, and the corresponding Fuchsian solution is hg — t. If ¢ is sufficiently
large, V2(hg —t) — (hg —t)g > 0, and hg — t is the support function of a 0-F-convex set with same mean radius
of curvature than K + tB.

4.6.1 An elementary case

So far we have seen some uniqueness results for analytic solutions to equation (60). As a matter of fact, we are
interested in a smaller class of solutions which are restricted support function of some F-convex set. As one
expects, convexity gives further information on the uniqueness of the solution. A special situation occurs when
the first area measure p of some F-convex set K is zero in some open domain 2 C H?. In this case we have
that the restricted support function hx satisfies the homogeneous equation éAhK — hxg = 0 in the sense of
distributions on 2. By elliptic regularity we have that hx|q € C°°(Q2). In particular, it makes sense to consider
the Hessian V2hy of hx. Hence we have that, at each point = € , the quadratic form V2hy —hk g is trace-null,
and furthermore all its eigenvalues are nonnegative by convexity condition. This yields that V2hg — hxg =0
in Q, which in turn gives that the extended support function Hg (n) has null Hessian on {n € F : n/|n||- € Q}.
Hence, hi|q is the restriction to H? of a linear function on R4+1,
The remarks above gives an elementary condition for uniqueness:

Lemma 4.24. Let H, and Hy be the extended support functions of two F-convex sets with the same first area
measure. If Hy — Ho is convex, then they differ by the restriction of a linear form to H<.

This also gives the following characterization.

Lemma 4.25. A F-convex set whose first area measure is a polyhedral measure of order one is a F-convex
polyhedron.

In Section 5, we will show many hypersurfaces with zero mean radius of curvature, but they won’t be explicit.

Example 4.26 (A surface with zero mean radius of curvature). From Example 4.8, we got a function h
on an open set O of H? such that its normal representation has zero mean radius of curvature. Up to a constant,
the l-extension H of h has the form
]| - x
H(z) = (z,v)_ arctan <<x,v>_> + (x, ||$H—>7
(here one can another time check that the wave operator of H restricted to H? is zero) and one can compute
its Lorentzian gradient restricted to H2. Taking for v the vector with coordinates (1,0,0), and using the
sinh(t) cos(0)
parametrization of @ with coordinates | sinh(t)sin(f) |, for ¢t > 0,—7/2 < 0 < 7/2, we get the following
cosh(t)
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normal representation, drawn in Figure 13,

1
arctan <m)
B sinh(t) sin(6)
X(t7 9) — T+sinh(t)2 cos(9)2
cosh(t)

\/1+sinh(t)2 cos(0)?
Note that at the points where the radii r; of curvature are not zero, multiplying by 172, r1 + 7o = 0 implies
1/r1 +1/ro = 0, and 1/r are the principal curvatures of the surface, hence the surface has mean curvature
zZero.

(a) The zero mean radius of curvature surface.

o 02 o4 06 o8 1 12 14 16

(b) The curve is the intersection of the surface with the
{z2 = 0} plane. It can also be obtained from the func-

tion h : RT — R, h(t) = sinh(¢) arctan (m) —1 and

formula (26). Its radius of curvature is m

Figure 13: To Example 4.26.

4.6.2 Sovertkov condition for uniqueness

In [Sov81], the author proved the uniqueness among smooth solutions which do not grow too much. An easy
observation gives that Sovertkov’s result holds as well for distribution solutions.

Theorem 4.27. Let u be a positive radon measure on H? and let ¢ : OH? — R be a function defined on the
hyperbolic boundary at infinity. There is at most one continuous distribution solution h to the equation (60)
satisfying

h(p,0)
p—+oocosh(p)

v, =¢(6). (77)
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By Lemma 2.25, the result above has a clear geometric meaning: two F-convex sets with the same first area
measure are equal if for any null direction ¢ they have the same support plane at infinity directed by ¢. In
particular, if ¢ is continuous, the two convex sets must be contained in the future cone of a point.

Proof. Let hq, he € D'(H"™) be two continuous functions satisfying (77) and
Ahl — dh1 = H = Ahg — dhg
in D/(H™). Then, hy = hy — ho satisfies

m h3(pa 9) _

Vo =
" p=toocosh(p)

by the linearity of the equation
1
FAhs —hs =0, (78)

and by elliptic regularity hg € C*°(H"), [Aub98]. Hence we can proceed as in [Sov81] to prove that hs = 0.
Namely, let € > 0 and define the smooth functions
1) (p,0) == e (cosh(p) + 1) % hs(p, 0).
Both hgf) satisfy
lim A (p,0) = lim (cosh(p)+ 1) <5j: W) >0,
p—+00 p—+o0 COSh(p) +1

for all 6, and

1

d
By the maximum principle we thus get that h

N A —— )

gf ) are strictly positive for all €, that is

hs(p,0)] < & (cosh(p) + 1)
for all e > 0 and (p,#) € H?. This proves the claim. O

4.6.3 Non-uniqueness

Reasoning as in the proof of Theorem 4.27, it is possible to get a characterization of non-unique solutions. In
fact, let hy and hg be two distributions solutions to the equation (60) for some positive Radon measure p on
H?. Then h = hy — hy satisfies the homogeneous equation (78) and is hence smooth by elliptic regularity. This
elementary observation easily imply the following

Proposition 4.28. Let u € R(HY)" and let h,, be the distribution solution to equation (60) defined in (61). If
h,, € D'(HY) \ CO(H?), then there exists no F-convex set K with u as first area measure.

Proof. By contradiction, suppose such a convex K exists. Then its restricted support function hy is a continuous
solution to (60). But h, — hx € C°°(H?) by elliptic regularity, and this gives us a contradiction. O

Example 4.29. Let 4 = §, be the Dirac distribution at the point y € H?. Then the solution to (66) proposed
in (61) is

hs(x) = G(a,y) € D'(H?) \ C°(HY).
Hence, by Proposition 4.28, there is no F-convex set with first area measure ¢,. On the other hand, this result
is not surprising, since by Section 4.6.1 we know that a continuous convex solution h to éAh —h =4, has to
be the restriction of a linear function on H¢ \ {y}, hence on all of H? by continuity.

4.7 Proof of Theorem 1.1

The uniqueness is a consequence of Theorem 4.27 together with Lemma 2.26 (it will also follows from Corol-
lary 5.2).

The first part of Theorem 1.1 follows from Theorem 4.10, the second from Proposition 4.17 and the third
from Theorem 4.9.

4.8 The d =1 case

We specify here the analytical results of the previous section to the one dimensional setting, where an almost
complete picture can be given. Actually, the first area measure is also the last area measure, so in d = 1 there
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is a unique Christoffel-Minkowski problem. In fact in this case we have H! = R! (see Subsection 2.15), and the
first area measure is a positive Radon measure p on R. Accordingly, equation (66) reads

W(6) = h(t) =, in D'(R) (79)

in the sense of distributions, that is

| ne e - senas= [ st vre oxm),

— 00

Assume that g € RT(H!), that is
o0
/ e~ Itdu(t) < co. (80)
— 00

Reasoning as in the previous sections, we get that a particular solution to (79) takes the form

oo —ls—t|
) == [ G—dns),

— 00

where the distribution h,, € D'(R) is defined by

)= o) == [ ([ S s autey, vr e cx )

— o0 — 00

and is well-defined because of (80). In fact an integration by parts yields

"=t )=t = 1 == [ ([ 06 - s )ante = [ st

—00 — 00

We note that, thanks to condition (80), even if the function f := —e I8l /2 is not compactly supported, the
convolution h, = f * p inherits the continuity property of f.

Considering also solutions to the homogeneous equation h” = h, we get that for y € R (H!) all solutions to
equations (79) are continuous and can be written as

o0 ,—|s—t]
hy(t) = —/ € 5 dp(s) + Acosh(t) + Bsinh(t), A,B€R. (81)

When p = ¢(t)dt for some ¢ € C°(R), then assumption (80) can be skipped. In fact the general solution to
equation

W(t) — h(t) = o (t) (82)

can be also written in the form
t
hy = / sinh(¢ — s)p(s)ds + C cosh(t) + Dsinh(t), C,D e R, (83)
1
which makes sense for any continuous function ¢ without growth assumption. We note that, when

/ e tp(t)dt < oo,

the expression in (83) and in (81) are the same up to set

[eS) 1
A=C+ % / e p(s)ds+ = / e’p(s)ds,
1

1 [ I
B=D+ 5/ e p(s)ds — f/ e’p(s)ds.
1

Since the problem is one dimensional, equation (82) can be interpreted also as
V2h — gh=¢ >0
hence all the solutions given in (83) are automatically restrictions to H' of convex functions on F.

When g € R(H!) is a positive measure, one expects to get the same conclusion for solutions of (79), since,
roughly speaking, V2h — gh = 1 > 0 in the sense of distribution. To prove this, thanks to Lemma 2.53, it is
enough to show that

hu(t + o) + hy(t — o) > 2cosh(a)h,(t)

for all t,a € R. We let t be fixed, and since this latter is an even condition, we can assume without loss of
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generality that a > 0. Then, an explicit computation gives that

0o —|t+a—s| —|t—a—s|
2cosh(a)h (1) = (1 + )~ hy(t —a) = [ [— cosh(a)e' 1+ 0 1 8 T g <o
since
—|t+a—s| 67|tfozfs\ 0 if |t _ S| >
— cosh(a)elt=5 4 & + ] =9 7
(a)e 2 2 sinh(|t — s| —a) <0, if |t —s| <a.

Example 4.30. To end this section, we remark that here we get also an explicit expression for the Elementary
example of Example 2.33 in the d = 1 case. This is no more true in higher dimension, as we discussed in
Example 4.13. In fact, in one dimension we have to consider a measure concentrated in a point, that is for
instance p = dp, the Dirac mass at the origin. Hence a special solution hs, given by (81) is

=t
(&
h60 (t) = 2 )

which is the restriction to H' of the 1-homogeneous piecewise linear function H on R? defined as

H(.’El,.’Ez) = {

To+x1, ifxzy <0
To —x1, if z1 > 0.

5 Quasi—Fuchsian solutions

5.1 Uniqueness of solution

We start this section with the simple proof of the fact that the solution to (69) is unique in the quasi-Fuchsian
case.

Proposition 5.1. Given ji € R(H?/T), the equation (69) has a unique solution hy in the sense of distributions,
whose explicit expression is given in (72).

Proof. Let Ty, T, € D'(H?/T) be two solution of (69). Choose 77 € C°°(H?/Ty) and let hs € C>(H%/T) be a
solution to éAhﬁ — hg = 7, which exists thanks to Theorem 4.9. Then

N . 1o - o 1o - S _
(T1,7n) = (11, gAhﬁ — hy) = (EATI — T, hy) = (1, hy) = (EAT2 — T, hy) = (ha, EAhﬁ — hy) = (ha, 7).
Since 7 is arbitrary, this proves that T} = T5 in the sense of distributions. O

Corollary 5.2. Let T be a cocycle and let h and h' be two T-equivariant maps such that Si(h) = S1(h'). Then
h =h. In particular there exists at most one T-F-convex set with a given first area measure.

Proof. By linearity, S1(h — h’) = 0, but h — b’ is Ty-invariant, so by Proposition 5.1, h = h’. The second part
follows by considering support functions for i and h'. O

5.2 The 7-hedgehog of zero curvature

Lemma 5.3. For any 7 € Z* (T, R4*Y), there exists a unique C™ T-hedgehog A\, with S1(\;) = 0. It is the
support function of a convex set if and only if T is a coboundary.

In the Fuchsian case (7 = 0), A; is the origin.

Proof. Let h be a T-equivariant map. By Theorem 4.10 there exits a I'g-invariant function hy such that
S1(ho) = S1(h) in the sense of distribution (hg is a continuous function by the arguments of Subsubsection 4.6.3).
Let us define A; = h — hg. It has the following properties:

e )\, is well-defined i.e. it depends only on 7: Suppose there exists a T-equivariant map h’ and a T'p-
invariant map h{, such that Si(h — hg) = S(h' — hj) = 0. By linearity of S;, this is equivalent to
S1(h—h") = S1(ho—h{). But h—h’ and hg — h{, are both I'y invariant, so by Corollary 5.2, h—h’ = hy—hj,
ie. h —hg =h' — hj.

e ). is unique: by Corollary 5.2.

e S1(A;) =0: by construction.

e ). is C*: by the preceding item and elliptic regularity.
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o If 7 is a coboundary, with the notations of (v) of Lemma 2.3, S1(H) = S1(Hy), H — Hy = (-,v)_ and this
is the 1-extension of A,.

e [f H— Hy is conver, as H and Hy have the same area measure, by Subsubsection 4.6.1, H and H differ
by the restriction to F of a linear form. So 7 is a coboundary.

e )\, is T-equivariant by construction.

O

Remark 5.4 (Formal eigenfunctions of the hyperbolic Laplacian). Let us denote by E(d) the space of
formal eigenfunctions of the Laplacian of H for the eigenvalue d. For any 7 € Z'(I'o,R%*!), A\, belongs to
E(d) (note that its 1-extension is a formal eigenfunction of the wave operator). Actually this correspondence is
a linear injection.

Lemma 5.5. The map \: 7+ A, from Z1(Dy,R4t1) to E(d) is an injective linear map.
The image of B*(T'o,R¥+1) is the set of the restrictions to H? of linear forms of RI+1,

Proof. We already know that the image of Z! belongs to E(d).

X is injective: Let 7/ € Z. If A(7) = X(7’), then there exists a T-equivariant function h, a 7/-equivariant
function A’ and T'y invariant functions hg and h( with b’ — h{; = h — hg i.e. B’ + hg = h + ho. The right hand
side is a T-equivariant function and the left hand side is a 7’-equivariant function. The result follows from
Lemma 2.3.

A is linear: with the preceding notations and a a real number, from Lemma 2.3, ah + b’ is (a1 + 7/)-
equivariant. On one hand, a(h—hg)+h'—h{ is equal to aA;+A. On the other hand, Sy (ah+h') = Si(aho+hy)
hence ah + h' — ahg + h{ is equal to Agriq.

A(B'): we already know that the image is made of restriction of linear forms. The result follows because A
is linear and B! has dimension d + 1. O

Remark 5.6 (Slicing by constant mean radius of curvature). From Lemma 2.56, we get two positive
constants ¢; and ¢y such that, for any positive ¢, A; —c; — ¢ is a slicing of an unbounded part of the 7-F-regular
domain QF by smooth convex Cauchy surfaces with constant mean radius of curvature. In the same way,
Ar + ca + ¢ is a slicing of an unbounded part of the 7-P-convex domain 2~ by smooth convex Cauchy surfaces
with constant mean radius of curvature. Taking negative ¢, the slicing can be extended to the whole R%*!, and
the slices are 7-hedgehogs. It would be interesting to know if the this slicing can give a time-function on Q. /T,
(and on Q7 /T;). See [ABBZ12], especially Remark 1.2., for related questions.

Remark 5.7 (Quasi-Fuchsian Christoffel problem). The uniqueness part of the problem is solved by
Corollary 5.2. Given a I'p-invariant measure p, Theorem 4.9 gives the (unique) Tg-invariant solution hg of
S1(ho) = p. So h := hg + A is the unique T-equivariant solution of Si(h) = u, in the sense of distribution. To
know when £ is the support function of a 7-F-convex set, one has to use Proposition 4.17.

5.3 Mean width of flat GHCM spacetimes

Let h be a T-equivariant map. The map h — A, is Tg-invariant, and Sy (h) = S1(h — A;). With the notations of
Subsection 4.3 together with the definition of the action given in (44), Vf € C>°(H9/Ty), the action of the first
area measure on H? /Ty writes as

S = [ m=a) (Ga-1) s
H?/To
Let h be the support function of a 7-F-convex set K. The Radon measure S;(K,-) is Ty invariant, so for any
fundamental domain w for the action of Ty, we can define the total first area measure of K by S1(K) := S1(K,w).
Actually, S;(K,-) gives a Radon measure S (K,-) on H?/T'g, and S1(K) = S1(K,H?/Ty). By setting f =1 in
the above formula, we obtain (compare with Remark 3.16)

S1(K) = —/Hd/r = (84)

Let us consider a 7-F-regular domain QF with simplicial singularity (iee Subsection 2.8). In this case, the
total mass of the measured geodesic stratification on H¢/T is equal to S1(Q2F) (see Remark 3.23). Actually
from the given measured geodesic stratification, one can also construct a 7-P-regular domain Q- , and

S1(Qf) = S1(Q7) =: Si(7).
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Let us denote by hl the support function of QF and by h> the support function of —Q> (the symmetric of
Q- with respect to the origin), which is a (—7)-equivariant map. Moreover —A\; = A_,, so using (84) and the
equation above,

25, (7) = —/Hd/F Wtk
0

This last formula has the following geometric meaning. Let n € F, and —1 : R? — R? 2 ++ —x. Then
h; o —1 is the support function (defined on —F) of Q-. So (hf + h;)(n) is the “distance” between the

T

support planes of QF and QF orthogonal to n ((h} + h7)(n) < 0 says that the respective half-spaces are
disjoint). Hence — [y, T hi + hy divided by the volume of H¢/Ty can be called the mean width of the flat

spacetime (QFUQ)/T',. We get that this mean width is determined by the total mass of the measured geodesic
stratification defining the spacetime. In the Fuchsian case 7 = 0, the mean width is null.

References

[ABBT07] L. Andersson, T. Barbot, R. Benedetti, F. Bonsante, W. Goldman, F. Labourie, K. Scannell, and J.-M. Schlenker.
Notes on: “Lorentz spacetimes of constant curvature” [Geom. Dedicata 126 (2007), 3-45; mr2328921] by G. Mess.
Geom. Dedicata, 126:47-70, 2007.

[ABBZ12] L. Andersson, T. Barbot, F. Béguin, and A. Zeghib. Cosmological time versus CMC time in spacetimes of constant
curvature. Asian J. Math., 16(1):37-87, 2012.

[Ale37] A. D. Alexandrov. On the theory of mixed volumes I. Mat. Sbornik, 2(5):947-972, 1937. (Russian. Translated in
[Ale96]).
[Ale96] A. D. Alexandrov. Selected works. Part I, volume 4 of Classics of Soviet Mathematics. Gordon and Breach Publishers,

Amsterdam, 1996. Selected scientific papers, Translated from the Russian by P. S. V. Naidu, Edited and with a preface
by Yu. G. Reshetnyak and S. S. Kutateladze.

[Aub9g] T. Aubin. Some nonlinear problems in Riemannian geometry. Springer Monographs in Mathematics. Springer-Verlag,
Berlin, 1998.

[Bar05] T. Barbot. Globally hyperbolic flat space-times. J. Geom. Phys., 53(2):123-165, 2005.

[BB09] R. Benedetti and F. Bonsante. Canonical Wick rotations in 3-dimensional gravity. Mem. Amer. Math. Soc.,
198(926):viii+164, 2009.

[BBZ11] T. Barbot, F. Béguin, and A. Zeghib. Prescribing Gauss curvature of surfaces in 3-dimensional spacetimes: application
to the Minkowski problem in the Minkowski space. Ann. Inst. Fourier (Grenoble), 61(2):511-591, 2011.

[Ber69] C. Berg. Corps convexes et potentiels sphériques. Mat.-Fys. Medd. Danske Vid. Selsk., 37(6):64 pp. (1969), 1969.

[Ber12] J. Bertrand. Prescription of gauss curvature on compact hyperbolic orbifolds, 2012. New version of the 2010 preprint
Prescription of Gauss Curvature Using Optimal Mass Transport.

[Bon05] F. Bonsante. Flat spacetimes with compact hyperbolic Cauchy surfaces. J. Differential Geom., 69(3):441-521, 2005.

[CBCT11] F. Catoni, D. Boccaletti, R. Cannata, V. Catoni, and P. Zampetti. Geometry of Minkowski space-time. Springer
Briefs in Physics. Springer, Heidelberg, 2011.

[Far96] F. T. Farrell. Lectures on surgical methods in rigidity. Published for the Tata Institute of Fundamental Research,
Bombay, 1996.

[Fil] F. Fillastre. Fuchsian convex bodies: basics of Brunn—Minkowski theory. Accepted for publication in Geometric and
Functional Analysis (GAFA).

[Fir67) W. J. Firey. The determination of convex bodies from their mean radius of curvature functions. Mathematika, 14:1-13,
1967.

[Fir68] W. J. Firey. Christoffel’s problem for general convex bodies. Mathematika, 15:7-21, 1968.

[Fir70] W. J. Firey. Local behaviour of area functions of convex bodies. Pacific J. Math., 35:345-357, 1970.

[Fir74] W. J. Firey. Approximating convex bodies by algebraic ones. Arch. Math. (Basel), 25:424-425, 1974.

[Fir81] W. J. Firey. Subsequent work on Christoffel’s problem about determining a surface from local measurements. In E.
B. Christoffel (Aachen/Monschau, 1979), pages 721-723. Birkhéuser, Basel, 1981.

[FJ38] W. Fenchel and B. Jessen. Mengenfunktionen und konvexe korper. Danske Videnks. Selsk. Math.-fys. Medd., 16(3),
1938.

[Gho02] M. Ghomi. The problem of optimal smoothing for convex functions. Proc. Amer. Math. Soc., 130(8):2255—2259

(electronic), 2002.
[GLL12] P. Guan, J. Li, and Y. Li. Hypersurfaces of prescribed curvature measure. Duke Math. J., 161(10):1927-1942, 2012.

[GLMO6] P. Guan, C. Lin, and X. Ma. The Christoffel-Minkowski problem. II. Weingarten curvature equations. Chinese Ann.
Math. Ser. B, 27(6):595-614, 2006.

[GMO03] P. Guan and X.-N. Ma. The Christoffel-Minkowski problem. I. Convexity of solutions of a Hessian equation. Invent.
Math., 151(3):553-577, 2003.

[GMZ06] P. Guan, X.-N. Ma, and F. Zhou. The Christofel-Minkowski problem. III. Existence and convexity of admissible
solutions. Comm. Pure Appl. Math., 59(9):1352-1376, 2006.

[GYY11] P. Goodey, V. Yaskin, and M. Yaskina. A Fourier transform approach to Christoffel’s problem. Trans. Amer. Math.
Soc., 363(12):6351-6384, 2011.

54



[GZ99]

[Hel59]
[Hel62]

[Hor07]

[HUL93]

[Kal74]

[Kam09]
[LALSALO6]

[Mar07]
[Mat95]

[McMO96]
[Mes07]
[MMO6]

[NPY1]
[01i92]
[O’'N83]
[0S83]
[Pog53]

[PogT73]

[Rat06]
[Roc97]

[Sch77]
[Sch93a]

[Sch93b]

[Sov81]
[Sov83]

[Spi79]
[STWO04]
[Tao10]
[Thu02]

[Yag79]

[Zel70]

E. Grinberg and G. Zhang. Convolutions, transforms, and convex bodies. Proc. London Math. Soc. (3), 78(1):77-115,
1999.

S. Helgason. Differential operators on homogenous spaces. Acta Math., 102:239-299, 1959.

S. Helgason. Differential geometry and symmetric spaces. Pure and Applied Mathematics, Vol. XII. Academic Press,
New York, 1962.

L. Hérmander. Notions of convezity. Modern Birkh#user Classics. Birkhduser Boston Inc., Boston, MA, 2007. Reprint
of the 1994 edition.

J.-B. Hiriart-Urruty and C. Lemaréchal. Convez analysis and minimization algorithms. I, volume 305 of Grundlehren
der Mathematischen Wissenschaften [Fundamental Principles of Mathematical Sciences]. Springer-Verlag, Berlin,
1993. Fundamentals.

M. Kallay. Reconstruction of a plane convex body from the curvature of its boundary. Israel J. Math., 17:149-161,
1974.

J. Kampf. On weighted parallel volumes. Beitrdige Algebra Geom., 50(2):495-519, 2009.

L. Lopes de Lima and J. H. Soares de Lira. The Christoffel problem in Lorentzian geometry. J. Inst. Math. Jussieu,
5(1):81-99, 2006.

A. Marden. Outer circles. Cambridge University Press, Cambridge, 2007. An introduction to hyperbolic 3-manifolds.

P. Mattila. Geometry of sets and measures in Euclidean spaces, volume 44 of Cambridge Studies in Advanced Math-
ematics. Cambridge University Press, Cambridge, 1995. Fractals and rectifiability.

P. McMullen. Weights on polytopes. Discrete Comput. Geom., 15(4):363-388, 1996.
G. Mess. Lorentz spacetimes of constant curvature. Geom. Dedicata, 126:3—45, 2007. Written in 1990.

Y. Martinez-Maure. Geometric study of Minkowski differences of plane convex bodies. Canad. J. Math., 58(3):600-624,
2006.

M. Naédtdnen and R. C. Penner. The convex hull construction for compact surfaces and the Dirichlet polygon. Bull.
London Math. Soc., 23(6):568-574, 1991.

V. Oliker. Generalized convex bodies and generalized envelopes. In Geometric analysis (Philadelphia, PA, 1991),
volume 140 of Contemp. Math., pages 105—113. Amer. Math. Soc., Providence, RI, 1992.

B. O’Neill. Semi-Riemannian geometry, volume 103 of Pure and Applied Mathematics. Academic Press Inc. [Harcourt
Brace Jovanovich Publishers], New York, 1983. With applications to relativity.

V. L. Oliker and U. Simon. Codazzi tensors and equations of Monge-Ampere type on compact manifolds of constant
sectional curvature. J. Reine Angew. Math., 342:35-65, 1983.

A. V. Pogorelov. On existence of a convex surface with a given sum of the principal radii of curvature. Uspehi Matem.
Nauk (N.S.), 8(3(55)):127-130, 1953.

A. V. Pogorelov. Eztrinsic geometry of convexr surfaces. American Mathematical Society, Providence, R.I., 1973.
Translated from the Russian by Israel Program for Scientific Translations, Translations of Mathematical Monographs,
Vol. 35.

J. Ratcliffe. Foundations of hyperbolic manifolds, volume 149 of Graduate Texts in Mathematics. Springer, New York,
second edition, 2006.

T. Rockafellar. Convex analysis. Princeton Landmarks in Mathematics. Princeton University Press, Princeton, NJ,
1997. Reprint of the 1970 original, Princeton Paperbacks.

R. Schneider. Das Christoffel-Problem fiir Polytope. Geometriae Dedicata, 6(1):81-85, 1977.

R. Schneider. Convex bodies: the Brunn-Minkowski theory, volume 44 of Encyclopedia of Mathematics and its Appli-
cations. Cambridge University Press, Cambridge, 1993.

L. Schwartz. Analyse. IV, volume 45 of Collection Enseignement des Sciences [Collection: The Teaching of Science].
Hermann, Paris, 1993. Applications & la théorie de la mesure.

P. I. Sovertkov. The Christoffel problem in a pseudo-Euclidean space En—1,1. Mat. Zametki, 30(5):737-747, 797, 1981.

P. I. Sovertkov. The generalized Christoffel problem in a pseudo-Euclidean space E,,—1,1. Izv. Vyssh. Uchebn. Zaved.
Mat., (6):64-67, 1983.

M. Spivak. A comprehensive introduction to differential geometry. Vol. II. Publish or Perish Inc., Wilmington, Del.,
second edition, 1979.

W. Sheng, N. Trudinger, and X.-J. Wang. Convex hypersurfaces of prescribed Weingarten curvatures. Comm. Anal.
Geom., 12(1-2):213-232, 2004.

T. Tao. An epsilon of room, I: real analysis, volume 117 of Graduate Studies in Mathematics. American Mathematical
Society, Providence, RI, 2010. Pages from year three of a mathematical blog.

W. P. Thurston. The geometry and topology of three-manifolds. 2002. Electronic version 1.1,
http://library.msri.org/books/gt3m/.

I. M. Yaglom. A simple non-Euclidean geometry and its physical basis. Springer-Verlag, New York, 1979. An elementary
account of Galilean geometry and the Galilean principle of relativity, Heidelberg Science Library, Translated from the
Russian by Abe Shenitzer, With the editorial assistance of Basil Gordon.

J. S. Zelver. The integro-geometric tangent measures of Fuclidean n-space. PhD thesis, Oregon State University, 1970.

55



