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Abstract

We give an elementary projective geometry presentation of the classical Riemannian model spaces (elliptic
and hyperbolic spaces) and of the classical Lorentzian model spaces (de Sitter and Anti-de Sitter spaces).
We also present some relevant degenerate model spaces (Euclidean and co-Euclidean spaces, Lorentzian
Minkowski and co-Minkowski spaces), and geometric transitions.

An emphasis is given to dimensions 2 and 3, convex subsets, duality, and geometric transitions between
the spaces.
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1 Introduction

Since the end of the 19th century, and after the works of F. Klein and H. Poincaré, it is well known that models of
elliptic geometryﬂ and hyperbolic geometry can be given using projective geometry, and that Euclidean geometry
can be seen as a “limit” of both geometries. (We refer to [I], 2] for historical aspects.) Then, all the geometries
that can be obtained in this way (roughly speaking by defining an “absolute”, which is the projective quotient of
the isotropic cone of a quadratic form) were classified, see [56]. Some of these geometries had a rich development,
most remarkably after the work of W.P. Thurston at the end of the 1970’s, see [66] [67], which gave rise to a
highly prosperous understanding of three-dimensional hyperbolic geometry (see among others [12, 14 [68] [4]).
On the other hand, the seminal work of G. Mess ([47], see also [6]) of 1990 motivated the study in dimension
(24 1) of the Lorentzian geometries of Minkowski, de Sitter and Anti-de Sitter spaces (these spaces are known
under different names in the realm of projective geometries, see [56], p.375] or [65]), which in higher dimensions
have attracted interest for a long time in mathematical physics and more precisely in General Relativity, see
[50, 111 [37]. These geometries are close relatives of hyperbolic geometry and in fact Mess outlined their strong
relation with Teichmiiller theory, thus giving rise to new directions of development which are still very active
[7, [I5] 17, [16] @) 10, 18], B3], 62, 63, 23] 22].

Moreover, some degenerate spaces appear naturally in the picture, namely the co-Euclidean space (the
space of hyperplanes of the Euclidean space), and the co-Minkowski space (that we will restrict to the space of
space-like hyperplanes of Minkowski space), first because of duality reasons, and second because they appear as
limits of degeneration of classical spaces. In fact, co-Minkowski space recently reacquired interest under the
name half-pipe geometry, since the work of J. Danciger [27] (28], which is very related to the idea of geometric
transition [38] 25, 43| 29, [30, (19} 21].

The purpose of this paper is to provide a survey of the properties of these spaces, especially in dimensions 2
and 3, from the point of view of projective geometry. Even with this perspective, the paper does not aim to be
an exhaustive treatment. Instead it is focused on the aspects which concern convex subsets and their duality,
degeneration of geometries and some properties of surfaces in three-dimensional spaces. The presentation is
intended to be elementary, hence containing no proofs of deep theorems, but trying to proceed by accessible
observations and elementary proofs. Apart from some constructions in Sections [5] and [6] which have been
obtained in [61], there is no claim of originality in the presented results. On the other hand, in this paper we
attempt to use a modern mathematical language, thus possibly contrasting with the point of view of several
presentations of classical topics in the literature.

Hopefully, this survey will provide a unified introduction to the aforementioned geometries, and at the
same time it might fill to some extent the lack of references that, in the opinion of the authors, surrounds the
differential-geometric understanding of Minkowski, de Sitter and Anti-de Sitter geometries, quite differently, for
instance, from the case of hyperbolic geometry where a large number of textbooks appeared since its modern
development.

2 Model spaces

2.1 Pseudo-spheres and model spaces

The set of unit vectors of three-dimensional Euclidean space, endowed with the metric induced by the ambient
space, is a useful model for the round sphere S2. Indeed, in this model,

e at a point x € S?, the outward unit normal vector is the vector represented by x itself;

e the isometries of §? are the restrictions of transformations in O(3), namely of linear isometries of Euclidean
space;

e the geodesics are the intersections of S? with linear planes, hence are great circlesE|
Therefore, using this model, it is easy to show that:
e S2is a smooth surface;
e the isometry group of S? acts transitively on points and on orthonormal frames in the tangent spaces;

e the sectional curvature is 1 at every point.

1The elliptic space is the standard round sphere quotiented by the antipodal map.
2This follows by contradiction using the symmetry by reflection in the plane and the fact that an unparametrized geodesic from a
given point is locally uniquely determined by its tangent vector.



The above properties still hold for the n-dimensional sphere S™, the set of unit vectors of the Euclidean
space of dimension (n + 1), which is a smooth hypersurface of constant sectional curvature if endowed with
the induced metric. Moreover, it is a simple but fundamental remark that the above properties do not use the
fact that the usual scalar product on the ambient space is positive definite, but only that it is a symmetric
non-degenerate bilinear form.

More precisely, if a smooth manifold M is endowed with a smooth (0, 2)-tensor which is a non-degenerate
symmetric bilinear form, then there is an associated connection, the Levi-Civita connectionﬂ and the notions
of curvature tensor and geodesic only depend on the connectionﬁ For example, in R"*! endowed with any
non-degenerate symmetric bilinear form b, the Levi-Civita connection is given by the usual differentiation in
each component, the curvature is zero, and the geodesics are affine lines, regardless of the signature of b.

The isotropic cone (or null cone) of b is the set of isotropic vectors for b:

Z(b) = {x € R"" |b(x,2) = 0} .
2.1 Definition. A non-empty subset M of R"*! is a pseudo-sphere if
M= {z e R |b(z,z) =1} or M= {z e R |b(z,z) = —1} .
for a non-degenerate symmetric bilinear form b.

2.2 Remark. Of course, by replacing b by —b, taking 1 or —1 in the definitions leaves the topology unchanged,
but produces changes at a metric level. More concretely, an anti-isometry between two pseudo-Riemannian
spaceﬁﬂ (N1,91) and (Na, g2) is a diffeomorphism f : Ny — Ny such that f*go = —g;. For example, if &’ = —b,
the pseudo-sphere

M ={z|b(x,z) =1},

endowed with the metric induced from b, is anti-isometric to
N = {.T ‘ b'(x,:r) = 71}3

when N is endowed with the metric induced from ', the anti-isometry being the identity. As sets, M and N
coincide, but if the signature of b is (p, q), the induced metric on M has signature (p — 1, ¢), while the induced
metric on A has signature (q,p — 1). In the following, given M, the pseudo-sphere A/ obtained as above will be

denoted by M.

Let M be a pseudo-sphere. The following facts can be checked similarly to the corresponding properties of
the unit sphere in the Euclidean space:

e at a point £ € M, a unit normal vector is the vector represented by x itself,
e the restrictions of the transformations of O(p, ¢), namely the linear isometries of b, are isometries of ME
e totally geodesic submanifolds are the intersections of M with vector subspaces.
It follows straightforwardly from the above properties that:
e M is a smooth hypersurface,
e the isometry group of M acts transitively on points and on orthonormal frames in the tangent spaces,
e the sectional curvature is constantly equal to 1 if M = b7!(1) and equal to —1 if M = bil(fl)m

For n > 2, the manifold 5~1(1) is diffeomorphic to SP~! x R?, and b=*(—1) is diffeomorphic to S~ x RP, so
it may be disconnected. As for the remainder of this section, the reference is [50] for more details. But from the
definition, if x € M, then also —x € M, hence we will be mainly interested in the projective quotient of M. As
the action of the antipodal map is clearly isometric, the quotient will inherit in an obvious way many of the
properties of M.

3The notion of Levi-Civita connection is recalled in Section

40f course, if the tensor is not positive definite, it does not induce a distance on M, and in particular there is no notion of
“minimization of distance” for the geodesics.

5A smooth manifold is pseudo-Riemannian if it is endowed with a non-degenerate smooth (0, 2)-tensor. If the tensor is positive
definite at each point, then the manifold is Riemannian. If the tensor has a negative direction, but no more than one linearly
independent negative direction at each point, then the manifold is Lorentzian.

6The isometry group of M is bigger than O(p, q) if M is not connected.

7This follows from the Gauss formula and the fact that the shape operator on M is £ the identity. The fact that the sectional
curvature is constant also follows from the preceding item.



2.3 Definition. A model space M is a space M := M /{£Id}, where M is a pseudo-sphere, together with the
induced metric from blaq.

It is obvious that the projective quotient of M is anti-isometric to M, and will thus be denoted by M.
Moreover, in the case where M is not connected, it has two connected components, which correspond under the
antipodal map = — —z. In particular, M is connected.

By construction, M is a subset of the projective space RP™. Indeed, topologically M can be defined as

M = P{z € R"" |b(x,2) > 0},

or the same definition with > replaced by <, depending on the case. Hence any choice of an affine hyperplane in
R™*! which does not contain the origin will give an affine chart of the projective space, and the image of M in
the affine chart will be an open subset of an affine space of dimension n.

Recall that PGL(n 4+ 1,R), the group of projective transformations (or homographies), is the quotient of
GL(n + 1,R) by the non-zero scalar transformations. Even if M is not connected, an isometry of M passes
to the quotient only if it is an element of O(p, q). Hence Isom(M), the isometry group of M, is PO(p, q), the
quotient of O(p, q) by {£Id} (indeed elements of O(p, ¢) have determinant equal to 1 or —1).

2.2 Lines and pseudo distance

Pseudo distance on M. A geodesic ¢ of M is the non-empty intersection of M with a linear plane. This
intersection might not be connected. The geodesic ¢ of M is said to be

o space-like if b(¢, ¢) > 0,
o light-like (or null) if b(¢,¢) =0,
o time-like if b(¢,¢) < 0.

An anti-isometry sends space-like lines onto time-like lines. For example, assume that the restriction of b to a
plane P of coordinates (r1,22) has the form 27 + 22. Then the curve

{z € P|b(x,z) =1} = {o] + 235 =1}

is a space-like geodesic. On the other hand, b’ = —b has the form —a? — 23 and thus

{z e P|V(z,2) =1} = {2} + 23 =1}

is time-like. Actually, up to a global isometry of the ambient space, a non-light-like geodesic of M can be written
in one the the following forms:

a.l {x € P|b(z,z) =1} where b|p(z,2) = 2?2 + 23 ;
a.2 {x € P|b(z,x) = -1} where b|p(z,2) = —2% — 23 ;
a.3 {x € P|b(z,z) =1} where b|p(z,2) = 22 — 13 ;
a4 {zr € P|b(z,z) =—-1} where b|p(z,2) = 22 — 23

Up to a change of coordinates, a non-light-like geodesic is a circle or a branch of hyperbola. If the geodesic is
light-like, it is an affine line in the ambient space. It follows from these descriptions that:

2.4 Fact. Every pseudo-sphere M is geodesically complete: each mazimal (for the inclusion) geodesic is defined
on the entire real line.

Let x,y be on a connected component of a geodesic ¢ of M, and let us parametrize by v : [0,1] — ¢ a
subsegment of ¢ such that v(0) = « and v(1) = y. The pseudo distance is

d(e,y) = / VGO A dt (1)

If z and y lie on a circle, there are actually two choices for the subsegment of ¢ joining them. We choose the
one which gives the smaller distance. In particular, in this case d(z,y) € [0, 7]. Moreover if c is light-like, then

d(z,y) = 0. We have d(z,z) = 0 and d(z,y) = d(y,z), but in general d is not a distance
Considering the cases in [a.1Ha.4] explicit parameterizations of the circle or the hyperbola give:

81t is a distance when M is Riemannian.



b.1 b(z,y) = coS(Ci(ﬂC,y)) ;
b.2 —b(x,y) = cos(d(x,y)) ;

b.3 b(x,y) = cosh(d(z,y)) ;
b.4 —b(z,y) = cosh(d(z,y)) .

Projective distance on M. We will be mainly interested in non-parametrized geodesics of M.

2.5 Definition. A line (resp. plane, hyperplane) of M is the projective quotient of a non-empty intersection of
M with a 2-dimensional (resp. 3-dimensional, n-dimensional) linear vector space.

A straightforward property is that the image of a line (resp. plane, hyperplane) of M in an affine chart is the
intersection of the image of M with an affine line (resp. plane, hyperplane) of R™.

We say that a line of M is space-like (respectively time-like, light-like) if its lift is a space-like (resp. time-like,
light-like) geodesic of M. But also the lines can be classified with respect to the quadric given by the projective
quotient of the isotropic cone.

2.6 Definition. The projective quotient PZ(b) of the isotropic cone is called the absoluteﬂ
2.7 Definition. A line of M is called

e hyperbolic if it intersects the absolute in two distinct points,

e parabolic if it intersects the absolute in one point,

e elliptic it it does not intersect the absolute.
2.8 Lemma. Parabolic and light-like lines coincide.

Proof. A parabolic line is the projective quotient of a plane P containing a unique line belonging to the isotropic
cone of b. But a light-like geodesic of M is the intersection of M with a plane on which the restriction of b is
degenerate. O

Recall that an anti-isometry exchanges space-like and time-like lines, but it preserves the type of a line given
by Definition Actually the lines in M whose lifts are described in have the following corresponding
type:

c.1 space-like elliptic,
c.2 time-like elliptic,
c.3 time-like hyperbolic,

c.4 space-like hyperbolic.

If 2,y are on a line of M, we will define a “distance” between them, which roughly speaking corresponds to
the pseudo distance between the corresponding lifts. But one has to choose the lifts carefully.

2.9 Definition. Let z,y be on a line | of M. The projective distance d(z,y) is
e 0 if [ is parabolic,
° cZ(:%,g) if 1 is hyperbolic, and &,y are lifts of x and y on the same branch of hyperbola,

. cZ(:%,g) if 1 is elliptic, and Z,7 are lifts of x and y such that cZ(ﬁmg) is the smallest

9The absolute corresponds to what is sometimes called the boundary at infinity of M. We will avoid this terminology in the
present paper, because some confusion may occur from the fact that in an affine chart, the boundary at infinity may be at infinity or
not. Note that an absolute is often the boundary at infinity of two model spaces.

10Tn particular, in this case d(z,y) € [0,7/2].




With the help of the cross-ratio, one can give a more direct definition of the projective distance. Recall that
if four points x,y, ¢, p are given on the projective line RP! = R U {co}, then there exists a unique projective
transformation h with h(z) = oo, h(y) = 0 and h(g) = 1. Then the cross-ratio can be defined as

[z,9,q,p] = h(p) € RU {oo}.

Of course, [z,y,q,p] = 0 if p ==, [z,y,q,p] =0 if p=y and [z,y,q,p] = 1 if p = q. More explicitly, a formula
is:
_rT—=qYy—p
['Iayaqvp] - .
Yy—qr—p

Note that this last definition extends to complex numbers, i.e. the definition of the cross-ratio extends to CP'.

2.10 Lemma. Given two distinct points x,y € M on a line I, then | intersects the absolute at two points 1,]
(may be not distinct, may be in CP!), and

d(z,y) = ‘;ln[x,y,I,J]‘ . (2)

Here In denotes the branch of the complex logarithm In : C\ {0} — {z € C: Im(z) € (—m,7]}.

Proof. 1f | is parabolic, then I = J, [z,y,1,J] = 1 and the result follows.

Let us consider the case when [ is elliptic. A lift of the line containing x and y is a connected component of
the intersection of a 2-plane P with M. The restriction of the bilinear form b to the plane P has necessarily
signature (4, +) or (—, —), otherwise P would meet the isotropic cone. Without loss of generality, let us consider
the case (4, +), and let us introduce coordinates such that

b(z,z) = z] + 23

and c= PN M = {z € P|b(z,z) = 1}. In the complex plane, the equation z? + 23 = 0 is solved by the two

complex lineﬁ
i —i
I= [1} and J = [1]

For more about the points I, J see e.g. [54].

Let us parametrize ¢ as (cost,sint), and let us choose t, and t, such that d(z,y) = |t — t,|. In the affine
chart zo = 1, the line I (resp. J, z, y) is represented by the point i (resp. —i, cotant,, cotant,). Then we
compute:

In[cotan t,, cotan t,, i, —1]

! 1cotant, + 1icotant, — 1
n
tcotant, + 1 7cotant, — 1

tcotant, + 1 1 1 1cotant, + 1
Tp =t T ) g (2
2 rcotant, — 1 2 tcotant, — 1

= arcoth(icotant,) — arcoth(icotant,) = it, — it, = i(ty —t,),

ey L] =

— N = N

where the last equation follows from cos(z) = cosh(iz), sin(x) = (1/7) sinh(iz), therefore i cotan x = arcoth(ix).
This shows that, if [ is elliptic, then the expression inside the modulus of is purely imaginary. Taking the
modulus we obtain

1
‘2 Infx,y,1,J]| = d(z,y).

If [ is hyperbolic, it intersects the absolute in two distinct points I, J, such that I and J do not separate x and y.
Similarly to the previous case, one can assume b(z,r) = 22 — 2% on P and c= PN M = {z € P | b(x,x) = —1}.
Picking the lifts of  and y on the same branch of the hyperbola of ¢, which is parameterized by (cosht,sinht),
one sees that in the affine line x5 = 1 the line I (resp. J, z, y) is represented by the point —1 (resp. 1, tanht,,
tanht,). Hence by an analogous computation,

1 1 1 (tanht, +1\ 1.  (tanht,+1
“lnfa,y,1,J] = < Inftanht,, tanht,, —1,1] = = In [ e T2} oy (PR T gy
5 Inlwy, LJ] = 5 Intanht,, tanht,, =1, 1] = 5 n(tanhtx—l) 2 n(tanhty—l> v

In this case [z,y,1,]] is a real number, and the formula holds in a way analogous to the elliptic case. O

1n the text, we will use brackets to designate a projective equivalence class.



Figure 1: A plane in Mim? is space-like (resp.
time-like, light like) if its intersection with
the isotropic cone of by ; is reduced to a point
(resp. two lines, a single line).

2.3 Usual model spaces

We will often consider the symmetric bilinear form b on R™*! in a standard form, i.e. such that the standard
basis of R"*! is an orthonormal basis for b, and if the signature of b is (p, q), then the quadratic form is positive
on the first p vectors of the standard basis, and negative on the other g vectors. In this case, we will denote the
bilinear form by by, 4.

Euclidean and Elliptic spaces. In our notation R™™! is the real coordinate space of dimension (n + 1), and
we will use the notation E"! for the Euclidean space of dimension (n + 1), that is, R**! endowed with b,,11 o.
The elliptic space Ell™ is the projective space of dimension n endowed with the spherical metric inherited from
S", namely:

El" = {x € R" ™ |b,110(z) = 1}/{&Id}.

It is a compact Riemannian manifold of dimension n. Any affine chart corresponds to a central projection of
the sphere onto a hyperplane. All its lines are space-like elliptic, in particular the distance induced by the
Riemannian structure is given by the projective distance .

Minkowski, Hyperbolic and de Sitter spaces. The space R"™! endowed with by, 1 is called the Minkowski
space and denoted by Min™+!. An affine hyperplane Q of direction P in Mim"t! is called

e space-like, if (b, 1)|p is positive definite;
o light-like or null if (b, 1)|p is degenerate;
o time-like if (b, 1)|p has signature (n —1,1).

(See Figure [1] for the n = 2 case.)
The hyperbolic space is
H" = H"/{+1d},

with
H" = {z € R"" | b, 1 (x) = —1},

endowed with the induced metric. The hyperbolic space is a simply connected complete Riemannian surface
of sectional curvature —1. All its line are space-like hyperbolic, in particular the distance induced by the
Riemannian structure is given by the projective distance .

The other pseudo-sphere of Minkowski space is the de Sitter space

dS™ = {x € R" " | b, 1 (2) = 1}/{£1d}

endowed with the induced metric. On any tangent plane to dS™, the restriction of b, ; has Lorentzian signature,
i.e. it is non-degenerate with signature (n — 1,1). De Sitter space has constant curvature 1, and is homeomorphic
to S"7 ! x R.

Let us focus our attention to the case n = 2. The de Sitter plane dS? has space-like elliptic, null and time-like
hyperbolic lines. This is more easily seen by taking affine models. The most common model is {x5 = 1}. Then
H? is the unit open disc, and dS? is the complement of the closed disc in the plane, see Figure

By any affine transformation, any ellipse instead of the circle gives another affine model — these affine
transformations are given by the choice of any space-like affine plane in Min® which does not contain the origin.
Taking as affine chart a time-like or a light-like affine plane of Min?®, we obtain other models of the hyperbolic
plane and de Sitter plane:

2.11 Fact. The convex side of any conic of the plane (i.e. a parabola, ellipse or a hyperbola) endowed with the
projective distance is an affine model of H? or H2. The other side is an affine model of dS? or dS2.

12This is the famous Klein model for the hyperbolic plane.



space-like elliptic En2

null parabolic

Figure 2: On the left: types of lines in an affine model
of the hyperbolic and de Sitter planes. On the right:
types of planes in an affine model of the hyperbolic
and de Sitter spaces.

Figure 3: On the left-hand side, some non-
affinely equivalent lines in an affine model of
AdS?. First row on the left: space-like hyper-
bolic, second row: light-like parabolic, third
row: time-like elliptic. On the right-hand
side, some non-affinely equivalent planes in
an affine model of AdS?. First row: hyper-
bolic, second row: co-Minkowski, third row:
AdS?.

In dimension 3, we obtain:

2.12 Fact. Any convez side of a non-degenerate quadric of R® (i.e. an ellipsoid, an elliptic paraboloid or a
two-sheeted hyperboloid) endowed with the projective distance is a model for H?3 or H3. The other side is a model
for dS® or dS3.

It is then immediate that a plane of H? is a hyperbolic plane, and that a plane of dS? may be isometric to
dS?, to the elliptic plane Fll?, or to the co-Euclidean plane *E? (see , see Figure

Anti-de Sitter space. By considering the non-degenerate symmetric bilinear form b, 2 on R"*1 for n > 2,
we define the Anti-de Sitter space as AdS™ = AdS™/{£Id}, with

AdS™ = {z € R" " |b,_1 2(2) = —1}

endowed with the metric induced from b, 2. Anti-de Sitter space is a Lorentzian manifold of curvature —1. It
is not simply connected as it contains a closed time-like geodesic.

2.13 Remark. It is readily seen that AdS? is anti-isometric to dS?. This is not the case for n > 2.

Let us now focus on the n = 3 case. First note that AdS® is anti-isometric to b;%(l) Up to affine
transformations, AdS® has two models described as follows:

2.14 Fact. Any part of R3 delimited by a double-ruled quadric (i.e. a hyperbolic paraboloid or a one-sheeted
hyperboloid) endowed with the projective distance is a model of AdS® or AdS?.

A plane in AdS? can be isometric to H?, to the co-Minkowski plane *Mim? (cf. [3.5)), or to AdS?, see Figure

2.4 Convex sets and duality

Dual cones. A non-empty subset K of R™t! is convez if it contains the segment between any two of its points
(note that this notion only uses the affine structure of R"*!). A convex cone C of R™ is a convex set such that
AC C C for any A > 0. We will also suppose that C is pointed: the only linear subspace it contains is {0}. In
general, we will also assume implicitly that the cone is closed.

The dual (R"T1)* of R"*! is the set of linear forms on R"*!, and is naturally endowed with a vector space
structure of dimension (n + 1). Note that the notion of convexity also holds in (R"*1)*. Given a convex cone C
in R", its dual is

C"={z" e (R")"|2"(y) <0,Vy €C} . 3)



Figure 4: Dual cones in the Minkowski
plane.

It is readily seen that the dual of a convex cone is a convex cone, and that
ACB= B"CA". (4)

Recall that a support space of a closed convex set K is a half space containing K and bounded by an affine
hyperplane H. If moreover K N H # (), H is a support plane of K. A convex set is also the intersection of its
support spaces. If K = C is a convex cone, then its support planes are linear hyperplanes. Now if z* is a non
trivial linear form on R™1 then its kernel is a linear hyperplane, and {y|z*(y) < 0} is a half-space bounded by
this hyperplane. So C* can be interpreted as the set of support planes of C. As a convex set is the intersection of
its support spaces,

C={zeR"|y"(z) <0,Vy" €C*}. (5)
From the formal duality between the definitions and , it is readily seen that

) =c. (6)

If R™*! is endowed with a non-degenerate symmetric bilinear form b, then b induces an isomorphism between

R"*! and (R"*1)*. Once b, and thus the isomorphism, are fixed, we will still denote by C* the image of C* in
R+

C*={z eR"|b(z,y) <0,Vy eC} .
See Figure E| for an example with b = b;,;. Let us denote by C the projective quotient of A\C, VA € R, i.e.

C=(Cu-=C)/{£1d} .
2.15 Remark. We could have defined as a dual for C the convex set
c* ={z e R"|b(z,y) > 0,Vy € C} ,

as both definitions agree in the projective quotient: C* = Cc*.

Convex sets in model spaces. Let M be a pseudo-sphere, C be a convex cone, and suppose that M NC is
non-empty. Recall that M is the projective quotient of M, that is, M := M /{£Id}.

2.16 Definition. A convex set of M is the intersection M N C.

The image of a convex cone in an affine chart may not be an affine convex set. For example the intersection
of {z% < 22 4+ y?} with a vertical plane. But the image of a convex cone in an affine chart is an affine convex set
if the vector hyperplane parallel to the hyperplane which defines the affine chart meets the cone only at {0}.
Moreover in an affine chart, even if C is convex, M[N C is not necessarily an affine convex set (the image of M in
the affine chart may be non convex).

Also, a convex set in M is not necessarily a geodesically convex subset of M. For example, take any convex
cone in R? which contains the isotropic cone of by ; in its interior, and is on one side of the horizontal plane. In
the affine chart given by {z3 = 1}, this gives a convex set in dS?, which is an affine convex set. But it contains
the absolute in its interior, so it is not a geodesically convex set in dS? (see the big triangle in the left-hand side
of Figure [5)).

Duality. The notion of duality for convex sets follows easily from the one for convex cones. Let us focus on
the more relevant cases. Let K be a convex set in H", defined by a convex cone C(K'). Using the bilinear form
bn.1 to identify the ambient space R"*! with its dual, the support planes of C(K) are time-like or light-like, and
the boundary of C(K)* is made of space-like or light-like lines, and hence its intersection K* with dS™ is not
empty. The set K* is a convex set in de Sitter space, the dual of K. As the lines of C(K) are orthogonal to the
support planes of C(K)* by construction, K* is space-like: it has only space-like or light-like support planes.
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Figure 5: Triangles in dS? dual to
triangles in H? in an affine chart.
Note that on the right-hand side,
the dual triangle is not the con-
vex hull in the affine chart of the
vertices.

R ~ o Figure 6: The dual point of a line in
different affine models of the hyper-
bolic plane.

Conversely, if K is a space-like convex set in dS™, then we can define in the same way its dual convex set K*,
which is a convex set in H™.

If K is a convex set in Ell", we obtain similarly a dual convex set K* which is in Ell”. Analogously, the dual
of a space-like convex set K in AdS? is a space-like convex set K* in AdS3. In any case, we have (K*)* = K.

The duality is also a duality between points and hyperplanes. For x € M = b~1(1), 2* is the intersection (if
non-empty) of N = b=1(—1) with the hyperplane of R"*! orthogonal to x for b.

This duality points/hyperplane can also be seen in an affine manner. Let us begin with the hyperbolic case.
A hyperplane in H" meets the absolute along a topological sphere S of dimension n — 2. Then the point dual to
the hyperplane is the apex of the cone formed by the lines tangent to the absolute along S. This is the usual
notion of polarity transformation with respect to a (proper) quadric, which is an affine notion, see Figure |§| and
Figure [7}

We provide an argument, in the n = 2 case, to fix ideas. In the double cover, a plane of H? corresponds to
the intersection of the pseudo-sphere

H={zcR? |bo1(z,2) = —1}

with a time-like plane P of Mim?, which meets the isotropic cone Z(ba 1) of Min® along two light-like vectors
v1,v2. The light-like planes tangent to the isotropic cone containing vi,vs meet along a line directed by a
space-like vector v. It is easy to see that v is orthogonal to v; and vs, and hence to P.

The same holds in the Anti-de Sitter space: the dual of a space-like plane is a point of AdS?, and vice versa,
see Figure [§]

The duality points/hyperplanes suffices to recover the dual of a convex set, see Figure @ Also, it gives the
following description of de Sitter space.

2.17 Fact. The de Sitter space dS™ is the space of (unoriented) hyperplanes of H™.

2.18 Remark. In the elliptic plane ElI?, it is well known that the duality can also be expressed in a metric way:
the plane z* is the set of points at distance 7/2 from z. This is readily seen because z* is the projective quotient
of a linear plane P in E2, and z is the projective quotient of a vector orthogonal to P. The orthogonality for
b3 o immediately gives that the projective distance is equal to 7/2 due to in Subsection

A similar argument leads to the following in AdS?: the plane z* dual to the point z is the set of points at
distance 7/2 from = (see Figure [3).

The same computation also occurs in de Sitter space, if one considers the duality in the following way. As
before, let P be a hyperplane in H" and let P* be its dual point in dS™. Actually P* is also dual to a time-like
hyperplane of dS™, the one defined by the same affine hyperplane as P, and that we still denote by P. Then in
dS™, the distance between P* and P is 7/2, see Figure



Figure 7: The hyperplane containing P meets the
absolute along a hypersphere S. The point P* is
the common point of all the lines tangent to the
absolute at points of S.

Figure 8: The dual of a plane of
the hyperbolic space and of Anti-
de Sitter space in an affine model.
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Figure 9: The dual of a convex set
with respect to the sphere is the
envelope of the hyperplanes dual to
its boundary points.
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Figure 10: A hyperbolic right-
angled hexagon is an affine tri-
angle, hence the correspond-
ing moduli space has dimen-
sion 3. Right-angled hexagons
are fundamental pieces to con-
struct compact hyperbolic sur-
faces [67, [66].

Comments and references

3

When the pseudo-metric is written under the form given by Lemma[2.10] it is usually called a Hilbert or Cayley—Klein
metric. It can be defined on any convex sets, and not only on the ones bounded by quadrics as here, see e.g. [51]
for more details.

As Euclidean space is made only of parabolic lines, it is sometimes called parabolic space. In dimension 2, the
projective distance can be defined directly on a quadric: this is the Poincaré quadric geometry [53} 2]. In particular,
this justifies the term “parabolic”.

Remarkably, in dimension 3, the sphere S® has a group structure, namely SU(2), with the determinant as the
quadratic form on the ambient space. Similarly, AdS® is SL(2,R), with minus the determinant as the quadratic
form on the ambient space. Note that the Lie algebra su(2) (resp. sl(2,R)) together with its Killing form is naturally
identified with E® (resp. Mim®).

The following fact comes readily from the definition of duality: any line from x meets ™ orthogonally. This is
useful in practice, as the affine models are certainly not conformal (to the Euclidean metric), and computations of
angles may be cumbersome, but orthogonality is easily seen, see Figure m See Figure for an application. In
particular, the Klein model of hyperbolic space is not a conformal model, as a striking difference with the other
famous Poincaré model, which will not be used in this survey.

The duality in S? induces also a correspondence between angles and length, that has a great importance as many
statements have a straightforward dual analogue. The most basic ones are spherical trigonometric laws for triangles.
This is also true for a general duality with respect to a symmetric non-degenerate bilinear form b. Actually this
property is contained in the definition of angle. Let P, P> be two hyperplanes in M, and let z € P, N P». The
outward unit normals n; and n2 to P; and P in T, M define two points on a pseudo-sphere S of T, M, which is
naturally isometric to a pseudo-Euclidean space. The (exterior dihedral) angle between P; and P» is the pseudo
distance on S between those two points. This does not depend on the choice of the point x € Py N P>. But T, M is
also identified with a hyperplane in the ambient R™*!, the one orthogonal to x for b. In particular, n; and ny are
identified with points in a pseudo-sphere N, dual to P and P». The distance between those points of N is exactly
the distance between the points in S, hence equal to the angle between P; and Ps.

The point is that in T, M, n1 and n2 may belong to two different pseudo-spheres, but it is possible to define a pseudo
distance between points belonging to two different pseudo-spheres defined by a same symmetric non-degenerate
bilinear form. We will not use this in the present paper. For trigonometric laws for hyperbolic/Anti-de Sitter
triangles, see [66, 24].

Let Isomg be the connected component of the identity of the isometry group. There are famous identifications
between Isomg(H?) and PSL(2, R), and between the absolute and RP'. In dimension 3, there is an identification
between Isomg(H?) and PSL(2,C). The last group also acts on the absolute, which is naturally identified with CP".
In contrast, Isomg(AdS?®) = PSL(2,R) x PSL(2,R), and the absolute is naturally identified with RP' x RP*.

Degenerate cases

3.1 Geometries

A geometry is a pair (X, G) where X is a manifold and G is a Lie group acting transitively by diffeomorphisms
on X. The model spaces we introduced in Section |2| are geometries, with X = M and G = PO(p, ¢). Note that
here the group G is a subgroup of the group of projective transformations that can be characterized in two ways:
G leaves M invariant in the projective space and G is the isometry group of M. We will now be interested by
degenerate model spaces. This means that they are defined by a degenerate bilinear form (or equivalently, their
absolute is not a proper quadric in an affine chart)E

131n particular, the absolute will contain lines, called isotropic.
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A degenerate model space gives a geometry (M, G), with G the subgroup of the group of projective
transformations that leaves M invariant. Equivalently, G is a subgroup of the group of projective transformations
that preserves a degenerate (0,2) tensor on M. But we will consider the geometries (M, H), with H a proper
subgroup of G. The choice of H will be justified by a duality argument in this section, and next justified on
the one hand by the process of degeneration introduced in Section 4] and on the other hand by the definition of
connections and volume forms in Section [Bl

Unlike the preceding section, we do not attempt to give a unified treatment of the degenerate geometries,
but we focus on the Euclidean and Minkowski spaces, together with their dual spaces: the co-Euclidean space
and the co-Minkowski space.

3.2 Euclidean space

Euclidean space as a degenerate model geometry. The Euclidean space E™ may be considered as a
projective quotient of a pseudo-sphere Euc™ of R"*! defined by the following degenerate bilinear form:

b(®,Y) = Trt1Ynt1 (7)

ie.
Eu" = {z e R" |22, =1}.

Indeed, Euc™/{£1d} is the complement of a hyperplane in RP™, i.e. it is identified with the affine space A™
of dimension n. Note that in this model, the absolute (the projective quotient of the isotropic cone of b) is the
hyperplane at infinity. In particular, all the lines are parabolic, and hence the projective distance is zero, so we
do not recover the Euclidean metric. We need more information to recover Euclidean geometry from this model.

The group G of projective transformations leaving &uc™ invariant is the group of transformation of the form

tq

A ; (3)
0 --- 0‘)7:

where A belongs to GL(n,R) and A # 0, quotiented by the subgroup of multiples of the identity, i.e. it is the
group of transformations of the form
131

A t

0 --- 0‘

Of course one can always choose a representative with A = 1. Under the identification of uc”/{£1d} with the
affine space A™ given by taking the chart {x,,41 = 1}, the action of G is identified with the action on A™ x {1}
of matrices of the form

tq

A tf . )
ool 1

Hence (Euc™/{£1d}, G) is the affine geometry (A", GL(n,R) x R™). The Euclidean geometry (E", Isom(E™))
is (Euc™/{£1d}, H), where H is the subgroup of G such that A in (8) belongs to O(n).

An element of the form also acts on R™ x {0}, and the action reduces to the action of A. As A € O(n),
passing to the projective quotient, the hyperplane at infinity of A™ is endowed with the elliptic geometry EII"~!.
Conversely, suppose that (A", H) is a geometry, where H is a group of affine transformations, whose action on
the hyperplane at infinity is the one of PO(n). Then necessarily the part A, in a representative of the form
for an element of H, must belong to O(n). In other words, the Euclidean geometry can be characterized as
follows.

3.1 Fact. The FEuclidean space is the projective space minus an elliptic hyperplane.
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Figure 11: The Euclidean duality is the duality with
respect to the unit sphere.

Figure 12: The duality between points and lines in the
Euclidean plane expressed in terms of orthogonality in
a higher-dimensional Euclidean space.

Duality of convex sets. Recall that a convex body of E™ is a compact convex set in E™ with non-empty
interior@ We will add the following assumption.

3.2 Definition. A convex body is admissible if it contains the origin in its interior.

Actually every convex body is admissible up to a translation. It is suitable to consider K in E® x {1} C En*1,
in order to introduce the cone C(K) in E"*! over K:

=)

Let C(K)* be its dual in E"! for the scalar product by,41 0

:CGK,)\ZO}.

C(K)* = {(yvyn+1) € RnJrl |bn+1,0 ((yvynJrl)’ (mvanrl)) < O,V(x,l’n+1) € C(K)} : (10)

We will denote by K* the intersection of C(K)* with {y,+1 = —1}. We identify {y,+1 = —1} with E", so
that K* is a closed convex set in E™. It is readily seen that

K*={yeR"|bpo(z,y) <1,Vz e K} . (11)

The expression corresponds to the affine duality with respect to the unit sphere: a point rv, with v € 8™,
on the boundary of K will correspond to a support plane of K* of direction orthogonal to v and at distance 1/r
from the origin. Compare Figure [TI] and Figure [I2] In particular, the dual B, of a ball centred at the origin
with radius r is the ball By, centred at the origin.

3.3 Lemma. The dual of an admissible convez body in Euclidean space is an admissible convez body in Euclidean
space.

4For some authors, a convex body is only a compact convex set.
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Proof. If K is a convex body, by definition there exists s,¢ > 0 such that B, C K C B;. Hence by ,
By C K* C By, K* is bounded and contains the origin in its interior. O

Support functions. Let H : R™ — R be such that C(K) is the epigraph of H, i.e.
C(K) = {(z,2n41) € R"™ 2541 > H(2)} . (12)

The function H is convex, positive outside the origin, and homogeneous of degree 1: H(A\x) = AH(z) for

A > 0. Hence using and 7
C(K)* = {(yvyn-‘rl) € Rn+l | bn,O(ywx) S —yn+1$n+1,v($,$n+1),$n+1 Z H(.’L‘)}
ie.
C(K)* = {(y,yn+1) € R"™ [bno(y,2) < —yni1H(x), Vo € R"}
so K* is determined by H:
K*={y e R"[byo(y, %) < H(z), Vz € R"} . (13)
3.4 Definition. The function H such that C(K) is the epigraph of H is the support function of K*.

The support function has also the following interpretation. Let v be a unit vector of E™ x {0}. Then H (v)
is the distance in E™ x {—1} between {0} x {—1} and the support plane of K* directed by v (see Figure [12).
Hence (|13)) expresses the fact that K* is the envelope of its support planes.

The following fact follows easily from the construction.

3.5 Fact. The support function provides a bijection between the space of admissible convex bodies of R™ and the
space of positive convex 1-homogeneous functions on R™.

3.3 Co-Euclidean space

Definition. On R"*!, let b* be the following degenerate bilinear form

b*(.I,Q) =T1y1+ -+ TpYn -
Let cofuc™ be the unit sphere for b*:

cofuc™ = {x € R"™ | b*(z,2) = 1},
endowed with the restriction of b* to its tangent space. Topologically, cofuc™ is S™ x R.
3.6 Definition. The space *E"™ = cofuc™/{£Id} is the co-Euclidean space.

The isotropic cone Z(b*) is the line £ = {(0,...,0,A)}. Let £ = PZ. Then *E” = RP™ \ {¢}. Lines of *E" are
parabolic if they contain ¢, and elliptic otherwise.

Duality. The co-Euclidean space is dual to the Euclidean space in the sense that it can be described as the
set of hyperplanes of E”. Let P be an affine hyperplane in E™, and v its unit normal vector, pointing towards
the side of P which does not contain the origin 0 of E®. Let h(v) be the distance from 0 to P, i.e. P has
equation by o(-,v) — h(v) = 0. The vector ( h(vv)) € R™*! is orthogonal in E™*! to the linear hyperplane containing
P x {—1}. Its projective quotient defines a point P* in *E", see Figure One could also consider the other
unit normal vector —v of P. The (signed) distance from the origin is then —h(v), and the point —(h&)) has the

same projective quotient as (h("v )).
3.7 Fact. The co-Euclidean space *E™ is the space of (unoriented) hyperplanes of E™.

Conversely, an elliptic hyperplane P of *E™ (i.e. a hyperplane which does not contain ¢) is dual to a point
P* of E™. The point P* is the intersection of all the hyperplanes z*, for x € P. A co-Euclidean hyperplane of
*E™ (i.e. a hyperplane containing ¢) is dual to a point at infinity.

Let K be an admissible convex body of E”, and let H be its support function, i.e. C(K)* is the epigraph of
H. By abuse of notation, let us also denote by K* the intersection of C(K)* with cofuc™. The set K* is the
epigraph of the restriction h of H to cofuc™ N{x,4+1 = 0}, that we identify with S"~!. Note that by homogeneity,
H is determined by its restriction to S"~!, which is actually h:

*

H(x) = |[z[|h(z/[l]]) ,

with ||z]| = /bn,o(z, x).
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Figure 13: In this affine model of the co-Euclidean
plane, the absolute {¢} is at infinity, in such a
way that the vertical lines are parabolic. Also the
// quotient of {1,—1} x R € 8! x R is at infinity.

On the left is the effect of the dual of a Euclidean
homothety on an elliptic line of the co-Euclidean
' / plane, and on the right is the effect of the dual of
"/ a BEuclidean translation on an elliptic line of the
co-Euclidean plane.

3.8 Fact. The conver set K* of cofuc™ is the epigraph of h, the restriction to S~ of the support function of K.

3.9 Remark. The duality between hyperplanes of E™ and points in *E” leads to the following relation between
angles and length. If P’ is another affine hyperplane of E”, orthogonal to the unit vector v/, then the *E™ segment
between P* and P’* is elliptic (or equivalently, the restriction of b* is positive definite on any non-vertical
hyperplane of R"*1). By the expression in Subsection cosd(P*, P™*) = b*(P*, P"*) and it is readily seen
that the last quantity is equal to b, o(v,v"). Thus, the (exterior dihedral) angles between intersecting affine
hyperplanes of E™ are equal to the distance between their duals in *E™.

A model geometry. Let Isom(b*) be the subgroup of projective transformations that preserve b*. There is a
natural injective morphism * : Isom(E™) — Isom(b*) which is defined as follows. Let

P(v,h) ={z € R" | by 0(2,v) = h}

be an affine hyperplane of E”, v € S"~!, h € R*. For A € O(n) and t € R”, we have

AP(v,h) +1t = P(Av, h + by, o(v, A7),

from which we define

3.10 Definition. The
mations of the form

for A€ O(n), t € R™.

Note that Isom(*E™) is a proper subgroup of the group of isometries of b*. For instance the latter also
contains homotheties of the form [diag(1,...,1,A)]. They correspond to displacement along parabolic lines, see
Figure

The co-Euclidean space is naturally endowed with a degenerate metric g*, which is the restriction on cofuc™
of b*, pushed down to the projective quotient, and coincides with the elliptic metric on the elliptic hyperplanes,
and is zero on the parabolic lines.

The isotropy group I(p) of a point p € *E™ corresponds to the isometries of E” that fix the dual hyperplane
p*, i.e. all the translations by vectors in the direction of p*. The group I(p) actually pointwise fixes the parabolic
line passing through p, because each point on the line is dual to a hyperplane parallel to p* in E™. By a similar
argument, I(p) preserves every other parabolic line (not through p) and acts on it by translation. Finally, the
group I(p) acts simply transitively on all the elliptic hyperplanes containing p, because two such hyperplanes
a,b are dual to two points a*,b* contained in the hyperplane p* of E™, and there is a unique translation in
the direction of p* sending a* to b*. The stabilizer in I(p) of any such elliptic hyperplane clearly acts on it as
O(n —1).

As a result of this discussion, let us show that any (0, 2)-tensor on *E™ invariant for Isom(*E™) must necessarily
be degenerate. Let g be a bilinear form on T}, *E™ invariant under the action of I(p), and fix a vector X € T, *E"
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which is not tangent to the parabolic line through p. By the above discussion, there is an element of I(p) which
maps X to X + V', where V is a vector tangent to the parabolic line. Hence if I(p) preserves the bilinear form g,
then V is null for g. Hence g cannot be a scalar product. Since I(p) acts transitively on lines spanned by vectors
X as above, all such vectors X must be of the same type, and therefore g is degenerate.

3.11 Fact. There is no pseudo-Riemannian metric on (*E™, Isom(*E™)).

In fact, the argument above essentially shows that the metric must be of the form described above (up to a
factor), namely when lifted to the double cover cofuc™, it restrict to the spherical metric on every hyperplane
transverse to the parabolic line.

3.4 Minkowski space

Minkowski space as a degenerate model geometry. Like Euclidean space, the Minkowski space is a
subgeometry of the affine geometry, and isometries of Minkowski space are of the form

tq

A |1,
tn
0 --- 0‘1

with A € O(n — 1,1). Such a transformation also acts on R™ x {0}, and the action reduces to the action of A.
As A € O(n — 1,1), passing to the projective quotient, the hyperplane at infinity of A™ is endowed with the
hyperbolic and the de Sitter geometries. Conversely, suppose that (A™, H) is a geometry, where H is a group of
affine transformations, whose action on the hyperplane at infinity is the one of PO(n — 1,1). Then necessarily the
part A for the representative of an element of H must belong to O(n — 1,1). This can be summarized as follows.

3.12 Fact. The Minkowski space is the projective space minus a hyperbolic-de Sitter hyperplane.

Duality of convex sets. An affine space-like hyperplane P splits Mim™ into two half-spaces. The time-
orientation of Mim" allows to speak about the future side of P. A convex set is future convex if it is the
intersection of the future of space-like hyperplanes. Note that a future convex set may have also light-like support
planes (e.g. the future cone of a point)E but no time-like support plane.

3.13 Fact. A future convex set contains the future cone of any of its points.

Let us denote by F the closure of the future cone of the origin minus the origin, i.e.
F={zx eR"|bp_11(x,2) <0,z, >0} . (16)
3.14 Definition. An admissible convex set of Mim” is a future convex set contained in JF.

Up to translation, any future convex set contained in the future cone of a point is an admissible convex set.
But not all future convex sets are admissible, even up to translation, for example consider the future of a single
space-like hyperplane.

Let K be an admissible convex set in Mim", and let us identify Mim™ with {—1} x Min” in Mimn"*!. Then

the cone C(K) in Min"*! over K is
-1
C(K) = {)\( ) )

Note that C(K) is not closed as it contains points with zero first coordinate in its closure.
Let C(K)* be its dual in Min"*! for b,, 1:

xeK,)\>0}.

C(K)* = {(y1,y) € R"™ bn1 ((y1,9), (21, 2)) <0,¥(21,2) € C(K)} . (17)

We will denote by K* the intersection of C(K)* with {y; = —1}. As we identify {y; = —1} with Mim", K*
is a closed convex set in Mim"”, and it is readily seen that

K*={yeR"|by_11(z,y) < -1,Vz € K} . (18)

15The future cone of a point is the union of all the future directed time-like or light-like half lines from the point.
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] (“) Figure 14: The duality of admissible convex sets in
Minkowski space is the affine duality with respect to
the upper hyperboloid.

Figure 15: The duality between points and lines in the
Minkowski plane expressed in term of orthogonality in
a higher-dimensional Minkowski space.

This corresponds to the affine duality with respect to the unit hyperboloid, compare Figure [I4] and Figure [T5
The dual of H,, the future convex side of a branch of hyperboloid with radius r, is H; /.. The fact that H = H;
comes also from the following: the boundary of C(H1) is (a part of) the isotropic cone Z (b, 1), which is dual to
itself for by, ;.

Let us call admissible cone the future cone of a point contained in the interior of F, and admissible truncation
the intersection of F with the future side of a space-like hyperplane P such that the origin is in the past of P,

see Figure [16]

3.15 Lemma. The dual of an admissible truncation is an admissible cone, and vice versa.

Proof. Let K be an admissible truncation, i.e. if v is the unit future vector orthogonal to P and if r is the
distance from the origin to P, then

K ={z e Min" | b,—1,1(z,z) < 0,bp—1,1(z —rv,v) <0} .

From , we see that %U € K*. From Fact if C' is the future cone of %v, then C C K*.
On the other hand, as %v e C, if y € C*, then by , bn—1,1(y,v) < —r, which implies that y € K, hence
C* C K. The result follows @ and . O

3.16 Lemma. The dual of an admissible convex set in Minkowski space is an admissible convex set in Minkowski
space.

Figure 16: The dual of an admissible
truncation is an admissible cone.
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Proof. Let K be an admissible convex set. By Fact K contains the future cone of a point, and by and
Lemma K* is contained in an admissible truncation, in particular K* is in F.

As K is in F, there exists a hyperplane separating K from the origin, in particular K is contained in an
admissible truncation. By and Lemma K* contains the future cone of a point. From this is it easy to
see that the closed convex set K* must be a future convex set. O

Support function. Let H:R" - RU {+o0} be the convex function whose graph is the cone over the
boundary of K. In particular, C(K) is the intersection of the epigraph of H with {z; > 0}:

C(K) = {(z1,7) € Rog x R" |21 > H(2)} . (19)

The function H is non-positive, convex and homogeneous of degree one. Let dom H be the domain of H, the set
of points where H takes finite values. By Fact[3.13] it is easy to see that any future time-like ray from the origin
meets the boundary of K exactly once, hence

int F c domH C F,

(here F is the set for the Minkowski structure induced on {0} x R™ by that of the ambient Mim™*!). Let
v € OF, i.e. v is a future light-like vector. If there exists a A > 0 such that A\v € K, then v € dom H. Otherwise,

as from (19), )
K={zxeF|H(z) < -1}, (20)

we would have H(A\v) > —1. So, by homogeneity, 0 > H(v) > —1/X for all A > 0, hence H(v) = 0, and the
domain of H is F.

As the epigraph of H is closed, H is lower semi-continuous, hence it is determined by its restriction to int F.
See Section 7 in [55] for details. We will denote by H the restriction of H to int F. The function H is negative.

3.17 Definition. The function H is the support function of K*.
The exact relation between H and K* is given by the following lemma.

3.18 Lemma. Let H be the support function of K*. Then
K" ={yeR"|by_11(y,z) < H(z), Vz € int F} . (21)
Proof. By and
K'={yeR"|b,_11(z,y) < —1Vz € ]-",f{(x) < -1},
so it is straightforward that the set
A={y eR"|b,_1.1(x,y) < H(z) Yo € F}

is contained in K*. Conversely, suppose that y € K* and let x € F. If fI(:r) = 0, then y € A. Otherwise, by

homogeneity,
ﬁ( - ) =1
—H ()

x
by — ——y) <1
1,1 <—H(x) y>

i.e. by_11(z,y) < H(z), soy € A. By lower-semi continuity, the right-hand side of is equal to A.

SO

O

The support function also has the following interpretation. Let v be a unit vector of {0} x int F. Then H (v)
is the distance in {—1} x Min" between the origin and the space-like support plane of K* directed by v (see
Figure E Hence expresses the fact that K™ is the envelope of its space-like support planes.

The following fact follows easily from the construction,

3.19 Fact. The support function provides a bijection between the space of admissible convexr subsets of Mim"™
and the space of negative conver 1-homogenous functions on the cone int F.

16Tn other terms, the Lorentzian orthogonal projection of the origin onto the support plane is the point —H (v)v.
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Figure 17: Projectively equivalent affine
—— models of 3d co-Minkowski space. In

each case, a hyperbolic plane and a

[~ \ parabolic line are drawn.

3.5 Co-Minkowski space

Definition. On R"*! let b* be the following degenerate bilinear form

b (2,y) = xaya + - + TnYn — Tnt1Ynt1 -
Let coMin™ be the unit sphere for b* :
coMin™ = {x | b* (z,z) = -1},
endowed with the restriction of b* on its tangent space. Topologically, coMin™ is the real line times an open
disc. Any section of coMin™ by a hyperplane not containing a horizontal line is isometric to H™.
3.20 Definition. The space *Min"™ = coMin™/{xId} is the co-Minkowski space.

The isotropic cone Z(b*) contains the line £ = {(),0,...,0)}. Let us call £ = P/ the vertez of the absolute.
Hyperplanes of co-Minkowski space which do not contain the vertex of the absolute are hyperbolic. Lines passing
through the vertex of the absolute are parabolic.

3.21 Fact. A strip between two parallel lines or the interior of a cone in the plane with the projective distance

is a model of *Mim? or *Min2.

The two lines in the fact above meet at the vertex of the absolute. In an affine chart, in dimension 3, we
have the following, see Figure

3.22 Fact. The conver side of a ruled quadric in R? (i.e. elliptic cone or elliptic cylinder or hyperbolic cylinder)
with the projective distance is a model of *Min® or *Min3. .

Duality. Let P be an affine space-like hyperplane in Mim™, and v its future unit normal vector. Let h(v) be the
Lorentzian distance from 0 to P, i.e. the future of P has equation b,_1,1 (-, v) < —h(v). The vector ("(")) € R**+!

is orthogonal in Mim™*! to the linear hyperplane containing P x {—1}. Its projective quotient defines a point P*
in *Min", see Figure One could also consider the past unit normal vector —v of P. The (signed) Lorentzian
distance from the origin is then —h(v), and the point —(hSJ”)) has the same projective quotient as (h(v”)).

3.23 Fact. The co-Minkowski space *Mim™ is the space of (unoriented) space-like hyperplanes of Mim™.

Conversely, a hyperbolic hyperplane of *Min" (i.e. a hyperplane of *Min™ which does not contain /) is dual
to a point of Min™. A co-Minkowski hyperplane of *Min™ (i.e. a hyperplane of *Min™ which contains ¢) is dual
to a point at infinity.

Let K be an admissible convex subset of Min™, and let H be its support function. By abuse of notation, let
us also denote by K* the intersection of C(K)* with coMin™. The set K* is the closure of the epigraph of the
restriction h of H to coMin™ N {x1 = 0}, which we identify with the upper part of the hyperboloid:

H P =H" N {z, >0} .
Note that by homogeneity, H is determined by its restriction h to 7—[1‘1:

H() = o]l -h(x/|l2]l-) |
with ||z]|- = \/—bn-11(z, ).

3.24 Fact. The convex set K* of coMin™ is the epigraph of h, the restriction to ’Hi_l of the support function
of K.

Note that the function A : ’Hi_l — R can be extended by symmetry to H"~!, in such a way that the
projective quotient is well defined on H"™~ 1.
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K*

Figure 18: The projective trans-

formation (;) — (_ml//yy) gives K#

from K*. A hyperbola is sent to
a parabola.

............... —1/t

Figure 19: In this affine model of the co-
Minkowski plane, the absolute is composed of
two vertical lines. The other vertical lines
are parabolic. On the left is the effect of a
Minkowski homothety on a hyperbolic line of the
co-Minkowski plane, and on the right is the effect
of a Minkowski translation on a hyperbolic line
of the co-Minkowski plane.

e
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Cylinder model. There is another convenient way to describe the dual of admissible convex sets of Minkowski
space in the co-Minkowski space, by looking at the affine chart {z, 1 = 1}. In this model, *Min" is an elliptic
cylinder B"~! x R, with B"~! the open unit disc.

Let H be the support function of K*. The homogeneous function H is also uniquely determined by its
restriction A to B"~! x {1}. The intersection of C(K) with {z, 11 = 1} is the graph of h. As a restriction of a
convex function to a hyperplane, h is a convex function. Conversely, it can be easily seen that the 1-homogeneous
extension of a convex function B"~! x {1} is a convex function on the future cone of the origin. See e.g. [20]
Lemma 2.6].

3.25 Fact. There is a bijection between negative convex functions B"~1 — R and admissible convex subsets of
Minkowski space Mim™.

Let us denote by K# the intersection of C(K)* with {z,+; = 1}. By , the convex function h determines

K, i = {ulbean ((7)-(1)) <h)} -

The way to go from K* to K# is by a projective transformation sending the origin to infinity, see Figure

A model geometry. Let Isom(b* ) be the subgroup of projective transformations that preserves b*. There is
a natural injective morphism * : Isom(Mim"™) — Isom(b* ) which is defined as follows. Let

P(v,h) ={z € R" |by_1,1(2,v) = h}
be a space-like affine hyperplane of Mim™, v € ’Hﬁfl, h € R*. For A€ O(n —1,1) and £ € R™, we have
AP(v,h) +t = P(Av, h + b,_11(v, A7),
from which we define *I for I € Isom(Min") as in (I4)), with A € O(n —1,1).

3.26 Definition. The isometry group of the co-Minkowski space, Isom(*Mim™), is the group of projective
transformations of the form for Ac O(n—1,1), t € R™.

Note that Isom(*Min™) is a proper subgroup of the group of isometries of b*. For instance the latter also
contains homotheties of the form [diag(1,...,1,A)]. As in the co-Euclidean case, these homotheties correspond
to displacement along parabolic lines, see Figure

The co-Minkowski space is naturally endowed with a degenerate metric g*, which is the hyperbolic metric on
the hyperbolic hyperplanes, and zero on the parabolic lines.
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Following the same reasoning as in the co-Euclidean case, we see that any (0,2)-tensor field on the co-
Minkowski space which is invariant under the action of Isom(*Min™) must have parabolic directions in its
kernel.

3.27 Fact. There is no pseudo-Riemannian metric on (*Min™, Isom(*Mim™)).

Comments and references

e One fundamental property of the support functions is that they behave well under addition. More precisely, the
Minkowski sum A+ B ={a+b| A € A,b € B} of two admissible convex bodies is an admissible convex body. If
Ha and Hp are the corresponding support functions, then Hat+p = Ha + Hp. Classical references for convex
bodies are for example [20] and the up-to-date [60].

e From Remark and , the angle between two lines in the Euclidean plane can be written as the logarithm of a
cross-ratio. This is the Laguerre formula, see e.g. [54].

e Similarly to Fact and on has that (R",b,—2,2) can be identified with the projective space of dimension n
minus a hyperplane endowed with the Anti-de Sitter geometry.

e The duality between Euclidean (resp. Minkowski) and co-Euclidean (resp. co-Minkowski) spaces is expressed using
a different formalism in [26], [65].

e Similarly to Fact [3.23] it is easy to see that the outside of the co-Minkowski space (i.e. the projective quotient of
(b%)~1(1)) is the space of time-like hyperplanes of Minkowski space.

e The boundary of an admissible convex set K in Minkowski space is the graph of a 1-Lipschitz convex function

v : R*!' - R. From (13.5), h = SUP(p p ) e K bn-1,1 ((“f), (p’;)) ie. h = SUP (. p ) e K {bn—1,0(x,p) —pn} i.e.
h= SUpP,cgd {bn-1,0(%,p) —u(p)}, i.e. u is the dual of h for the Legendre-Fenchel duality, see e.g. [20, 2.3] and
references therein for more details.

e By Fact [3.25] a negative convex function on the open unit ball B is the support function A of an admissible convex

set K in Minkowski space. Let us suppose that the lower semi-continuous extension g of h to the boundary of B is
continuous (this is not always the case, for example g could attain no maximum, see p. 870 of [34]). Let ho be
the convex function on B such that the lower boundary of the convex hull of the graph of g is the graph of hg.
Then ho > h. The function hg is the support function of a convex subset of Minkowski space which is the Cauchy
development of the convex set whose support function is h. The function g encodes the light-like support planes of
K (and 0B x R, the absolute of the co-Minkowski space in a suitable affine model, is sometimes called the Penrose
boundary). Note that a light-like support plane may not touch the boundary of K, as in the case of the upper
branch of the hyperboloid.
Let hf be the concave function on B such that the upper boundary of the convex hull of the graph of g is the
graph of hsr. It is possible to consider har as the support function of a past convex set in Minkowski space. At the
end of the day, at a projective level, it would be better to consider as “convex sets” of Minkowski space the data of
a future convex set and a past convex set, with disjoint interior and same light-like support planes.

e The 3 dimensional spaces H?, AdS® and *Min® can be defined in a unified way as spaces of matrices with coefficient
in R+ xR, with x ¢ R, x* € R, see [31].

e The reference [31] also contains a Gauss-Bonnet formula for *Min? geometry.

4 Geometric transition

In this section, we will study the so-called geometric transition of model spaces as subsets of projective space.
Recall that a model space is an open subset M of RP", endowed with a closed subgroup Isom(M) of PGL(n+1,R)
which preserves the geometric structure of M.

Moreover, recall that given a model space M, by applying a projective transformation g € PGL(n + 1,R)
one obtains another model space which is equivalent to M. Indeed, the group of isometries of gM is precisely
glsom(M)g—1.

We say that a model space (N,Isom(N)) is a conjugacy limit or rescaled limit of another model space
(M, Isom(M)) if there exists a sequence of projective transformations g, € PGL(n + 1,R) such that:

i) The sequence gpM converges to N as k — oo;
ii) The sequence of closed subgroups giIsom(M)g, 1 converges to Isom(N).

The convergence here should be meant as the Hausdorff convergence, for instance. Thus the conditions i)
and ii) essentially mean that:

i) Every « € N is the limit of a sequence {grxy}, for some x € M, as k — oo;
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Figure 20: Geometric transition of elliptic
line and hyperbolic line to Euclidean line,
represented in the double cover.

ii) Every h € Isom(N) is the limit of a sequence {gixhxg;, '}, for some hy € Isom(M), as k — oo.

Of course, in general, the sequences g and hy are not compact sequences in PGL(n + 1, R).

A toy model of geometric transition is the 1-dimensional case, namely, the degeneration of projective lines.
We already know that a line ¢ in a model space is a subset of a copy of RP!, with 0, 1 or 2 points in the absolute
if ¢ is elliptic, parabolic or hyperbolic respectively. More precisely, composing with a projective transformation,
we can assume that c is RP! (if elliptic), RP! \ {[1: 0]} (parabolic) or RP!\ {[1:1],[1: —1]} (hyperbolic). The
stabilizer of ¢ in the isometry group of the model space is identified to a subgroup of PGL(2,R) of the form:

__|cos® —sinf |1 a __|coshe —sinhe
{Re_{sinﬁ COSG]}’ {Ta_[o 1]}’ {S“"_{sinhgp COSh(p:|}’

for ¢ elliptic, parabolic of hyperbolic respectively. By applying the projective transformations

[k o0
gk*()l?

one sees that given a sequence 6, the sequence of conjugates

-1 cos 0y, —k sin 0y,
IeRongy - = [(l/k)sinek cos O, ]

converges to a projective transformation of the form T, provided 0, ~ a/k. In an analogous way, giS,, g) !
converges to Ty, as k — oo if ¢ ~ a/k, and g; maps the two points at infinity [1 : 1] and [1 : —1] of the hyperbolic
line to [1:1/k] and [1: —1/k], which converge to [1 : 0] as k — oo. Hence:

4.1 Fact. Elliptic and hyperbolic lines converge — in the sense of geometric transition — to a parabolic line.

See also Figure [20] We will meet this phenomenon again in higher dimensions. We start by discussing some
examples of geometric transition of 2-dimensional model spaces in RP3.

4.1 Limits of 2-dimensional model spaces

Recall that, in dimension 2, we have already introduced the model spaces corresponding to the elliptic plane FIl?,
the hyperbolic plane H?, the de Sitter plane dS? (which is anti-isometric to AdS?) and the degenerate model
spaces of Euclidean and Minkowski plane E? and Min?, co-Euclidean and co-Minkowski plane *E2? and *Min?.

Elliptic and hyperbolic planes limit to Euclidean plane. Let us consider the unit sphere S? in the
Euclidean space E2. We shall construct a geometric transition which has the Euclidean plane as a conjugacy
limit. For this purpose, consider the following projective transformations g; € GL(3,R), for ¢ € (0, 1]:

1/t 0 0
0 0 1

The transformations g; map the unit sphere S? to an ellipsoid.
Observe that g; fixes the point (0,0,1) € E® and “stretches” the directions 1, 5. More precisely, given a
differentiable path z(t) € 82, for t € [0, 1], such that z(0) = (0,0, 1), one has

x1(t)/t %1(0)
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Roughly speaking, the rescaled limit is a point of the affine chart {x3 = 1}, which encodes the first order
derivative of the x1, x5 coordinates. Heuristically, this rescaling procedure is a blow-up of a point, in the sense
that the point (0,0, 1) is preserved, and the transverse directions are “blown-up”.

This procedure is actually well-defined in projective space. Indeed the transformations g, descend to projective
transformations of RP2, which we will still denote by ¢;. The points of the Euclidean plane E2, which is defined
as

E? = {z € 3|23 = 1}/{£1d}

are conjugacy limits as ¢ — 0 of sequences of points of the elliptic plane
El? = {z € E3 | b3 o(z,2) = 1}/{+£ld},

thus satisfying condition 7) in the definition of conjugacy limit, for instance with ¢t = 1/k, see Figure [21|. To
check that the Euclidean plane is a conjugacy limit of the elliptic space, one has to check also the condition
ii) on the isometry groups. That is, given an isometry of Ell?, namely an element in PO(3), let us choose a
representative with determinant +1 of the form

a1 Gi2 a3
h=|ai2 az a3
a13 a3 ass

By a direct computation, one checks that

. a1 a2 aig/t
gthg, = | a1z aza ags/t
taiz tasz  ass

In fact, g:hg; ! is a transformation which preserves the quadratic form (1/t)223 + (1/t)2x3 + x2. Thus every
accumulation point of sequences of the form g;h(t)g; " is necessarily of the form

au(O) a12(0) d13(0)
hoo = a12(0) a22(0) d23(0) c ISOH’I(EQ) s
0 0 +1
where ) 0)
(au(o) a22(0)> € 0(2).
and

a11(0) a2(0) 0
h(0) = [a12(0) ax2(0) O
0 0 +1

This shows that the conjugacy limit of the group of isometries of Ell? is precisely the group of isometries of E2,
embedded in PGL(3,R) in the usual way (see and @D) By a completely analogous proof, using the same
transformations g;, one sees that E2 is a conjugacy limit of the hyperbolic plane H?, see Figure Thus one can
imagine that the Euclidean plane (at ¢ = 0) is an interpolation of the elliptic plane (for ¢ > 0) and the hyperbolic
plane (for ¢ < 0).

Elliptic and de Sitter plane limit to co-Euclidean plane. We now describe a different procedure which
permits to obtain a different limit from the elliptic plane, namely, we will obtain the co-Euclidean space as a
conjugacy limit of the elliptic plane. Thus, consider

10 0
g=10 1 0| ePGLB,R)
0 0 1/t

for t € (0,1]. As a remarkable difference with the previous case, the projective transformation g; leaves invariant
a geodesic line of Fll?, namely the line which is defined by the plane {z3 = 0} of E3. So the “stretching” occurs
only in the transverse directions to {x3 = 0}, and indeed the rescaled limit of a differentiable path of points of
the form x(t) = [x1(f) : x2(t) : 3(¢)] such that x3(0) = 0 is:

x1(t) 21(0)
lim gy, = lim | 2o(f) | = |22(0)
x3(t)/t z3(0)
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We will indeed call this transition the blow-up of a line. This shows that points of the co-Euclidean plane,
defined by
*E? = {x € E? | b* (v, x) = 1}/{£1d}

(where b*(z,7) = 23 + 23) are rescaled limits of sequences in
El? = {z € E? | b3 o(x,x) = 1}/{£1d}.

For what concerns the isometry groups, we will give again a computation which shows that Isom(*E?) is the
limit of g;Isom(Ell?)(g;)~t. As before, choose a representative of determinant +1, say

air a2 ais
h= |ais aos as3| € PGL(3, R) .
a1z az3 as3

By a direct computation,

a1 aiz  tais a11(0) a2(0) 0
gih(g;) ™ = | a1z ax  tass| — |a12(0) a2(0) O |,
a13/t a23/t ass a13(0) agg(O) +1

provided a15(0) = as3(0) = 0 and

all(O) a12(0)
(au(o) GZQ(O)) € 0(2).
In conclusion the limit of g;h(g;)~! is an element of the group Isom(*E?) in Definition

Recall that we have introduced a duality of Ell? to itself, which maps lines of Ell? to points of Ell?> and
vice versa. In principle, the dual space is a model space in the dual projective space. The dual space of Fll?
is thus identified to EII? itself if one chooses the scalar product of E? to identify RP? to its dual projective
space. Now, observe that the transformations g; and g;, which have been used to rescale Fll? to get E? and *E?
respectively, are well-behaved with respect to this duality. Namely, b3 o(z,y) = 0 if and only if b3 o(g:, gy) = 0.
In other words, if * denotes the duality point-line induced by the ambient scalar product, the following diagram
is commutative:

(EI?, Tsom(EMI?)) —"— (g,EI?, g, Tsom(E?)g; ")

(FI2, Tsom (E2)) —%> (g EM, g Tsom (EI%) (g7 ) )

When ¢ — 0, we have already observed that (g,Ell?, g,Isom(EIl?)g, ') converges to (E2, Isom(E?)), while on
the other hand (g;Ell?, g; Isom(IEll?)(g;)~! converges to (*E?,* Isom(*[E?)). The natural duality of E? and *E?
is again induced by the scalar product of E? and the commutativity of the diagram passes to the limit. Thus, we
have shown:

4.2 Fact. The dual in *E? of a rescaled limit xo, € E? of points z(t) € FI? is the rescaled limit of the dual lines
x(t)* in EI? and vice versa (by exchanging the roles of points and lines).

In a completely analogous way, one can define a geometric transition which permits to obtain the co-Euclidean
plane *E? as a conjugacy limit of the de Sitter plane dS?. Indeed, observe that EIlI? and dS? are the constant
curvature non-degenerate model spaces in dimension 2 which contain an elliptic line Fll', whereas *E? is the
degenerate space having an embedded copy of (Ell!, Isom(EIl')). Therefore the following fact holds:

4.3 Fact. The dual in *E? of a rescaled limit v, € E? of points x(t) € H? is the rescaled limit of the dual lines
x(t)* in dS?. The dual in E? of a rescaled limit xo, € *E? of points x(t) € dS? is the rescaled limit of the dual
lines x(t)* in H2. The converse is also true, by exchanging the role of points and lines.

We thus have the following diagram, which encodes the possible transitions and dualities involving E? and

*E2, see Figures [21] and

blow-up point blow-up point

(EM?, Tsom (EI?)) (E2, Isom(E?)) (H?2, Isom(H?)) (22)

] | |

(EIL2, Tsom(E2)) P (g2 [gom (*E2)) <22 I (182 Tsom(dS?))
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Figure 22: Degenerations
of the bottom line in
Scheme , inside the
ambient space, in the dou-
ble cover.

Geometric transitions with limits Minkowski and co-Minkowski plane. Given the above constructions,
it is immediate to see that one can mimic the blow-up of a point for the de Sitter plane

dS? = {x € Min® | by ; (2, 2) = 1}/{%1d}.

Using again the transformations g;, the limit will be again represented by an affine chart defined by {23 =
1}/{£Id}, and the conjugacy limit of Isom(dS?) = PO(2,1) will be

ain a1z by

Isom(M]'m2) = ag1 a9 b2 : (all a12) S O(l, 1)
0 +1 ai2 Qa2

=

o

Hence we can say that the blow-up of a point permits to obtain (Mim?, Isom(Min?)) as a limit of (dS?, Isom(dS?)).

Also in this case we shall obtain the dual transition. As in the case of Euclidean/co-Euclidean plane, there
are two possible transitions having limit the co-Minkowski plane. Indeed, both hyperbolic plane and de Sitter
plane contain hyperbolic lines (space-like in H?, time-like in dS?). For the hyperbolic plane, one checks directly
that

ain a0 e a
giTsom(H?)(g;) ! — Isom(*Mim?) = { |ag1 ase O | : ( 1 12) € 0(1,1)
aiz2 Q22
U1 V2 +1

Observe that, in terms of geometric transition, if (N,Isom(N)) is a conjugacy limit of (M, Isom(M)), then
also the anti-isometric space (N, Isom(N)) is a limit of (M, Isom(M)) (and also of (M, Isom(M)), of course), by
conjugating for the same projective transformations. For instance, both dS? and dS2 limit to *Min?. However,
we prefer to say that (dS2, Isom(dS2)) limits to (*Min?, Isom(*Min?)) by blowing-up a space-like line, since with
this choice space-like lines (of hyperbolic type) converge to space-like lines of *Mim?.

For the same reason, blowing-up a point one gets that dS? limits to Mim2. However, in this special
case, the space Min2, anti-isometric to Min?, is also isometric to Mim?, thus we have a geometric transition
(dS?, Isom(dS?)) — (Mim?, Isom(Mim?)). This is formally not the same as the transition of dS? to Mim? (in dS?

we have space-like elliptic lines which converge to space-like lines of Mim?, while in dS2? the space-like lines
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Figure 23: Degenerations
of the bottom line in
Scheme 7 in an affine
chart (Recall that dS? is
the same as AdS?).

are hyperbolic and converge to space-like lines), although it is obtained for instance by applying the usual
transformations g;. Recall also that the dual of dS2, considered as the space of space-like lines, is dS? itself (see
Figure [7).

By the same argument as in the previous paragraph (using the ambient metric of Min® on the left, and its
anti-isometric Mim3 on the right), one obtains the following diagram which shows the behavior of transitions and
dualities, see Figure

blow-up point blow-up point

(dS?, Isom(dS?)) (Min?, Isom (Mim?)) (dSZ, Isom(dS?)) (23)

(H2, Tsom(H?2)) —2VP M w2 Tsom (*Min2)) <~"P 1 (382 Tsom(dS?))

In words,

4.4 Fact. The dual in *Min? of a rescaled limit xo, € Min? of points x(t) € dS? is the rescaled limit of the dual
lines x(t)* in H2. The dual in Min? of a rescaled limit To, € *Mim? of points x(t) € H? is the rescaled limit of
the dual lines z(t)* in dS?. The converse is also true, by exchanging the role of points and lines.

4.5 Fact. The dual in *Mim? of a rescaled limit xo, € Mim? of points x(t) € dS? is the rescaled limit of the dual
lines x(t)* in dS? and vice versa (by exchanging the roles of points and lines).

4.2 Limits of 3-dimensional model spaces

At this stage, the reader will not be surprised to find that the transition procedures described in the previous
paragraph extend also to the three-dimensional case (and to higher dimensions, although this will not be
considered in this survey). For instance, the following diagram summarizes the transitions which have limits in
the Euclidean space or the co-Euclidean space:

blow-up point blow-up point
_—

(I3, Isom (IEI3)) (E3, Isom(IE3)) (H3, Isom(H?)) (24)

(EII3, Tsom(EM3)) VP PR (g3 [qom(*E3)) <P PN (463 Tsom (dSP))

Indeed, the way to rescale elliptic space or de Sitter space to get a limit in co-Euclidean space is by blowing-up
a plane. Space-like planes in Ell* and dS? are indeed copies of Ell?, and *E? is the degenerate geometry having an
embedded EII? plane. It is thus an exercise to rewrite the statements of Facts |4.2|and |4.3|in the three-dimensional
setting, by making use of the duality points/planes.
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(2

Figure 24: Degenerations
of the bottom line in
Scheme , in an affine
chart.

The other diagram we considered in dimension 2 also has a generalization here. In fact, it will now become
clear that the right model spaces which have a limit in Minkowski space (by blowing-up a point) are de Sitter
and Anti-de Sitter space; whereas their duals (hyperbolic space and Anti-de Sitter space itself) have a limit in
co-Minkowski space, see Figure

blow-up point blow-up point
_— B e E—

(dS?, Isom(dS?)) (Mim?, Isom (Mim?)) (AdS?, Tsom(AdS?)) (25)

(HP, Tsom(H3)) 2 Pl i3 Tsom (*Min®)) <P P22 (AdS3 Tsom(AdS?))

In fact, in dimension 2 we did not define an Anti-de Sitter plane, as it would be anti-isometric to the de
Sitter plane. Thus we write here the statement which encodes the relationship between transitions and dualities
for Anti-de Sitter space, leaving the analogous statements to the reader:

4.6 Fact. The dual in *Min® of a rescaled limit xo, € Min® of points x(t) € AdS? is the rescaled limit of the
dual planes x(t)* in AdS* and vice versa (by exchanging the roles of points and planes).

Blowing-up time-like planes. However, we observe that in dimension three there are more complicated
pheonomena which might occur. In particular, one might be interested in the blow-up of a time-like plane in a
Lorentzian model-space. Of course this is the same of blowing-up a space-like plane in the anti-isometric model
space. Intrinsically, the time-like plane can be a copy of dS? or dS2. Let us analyze the following diagram:

blow-up point blow-up point

(dS3, Isom(dS?)) —————— (Min3, Isom (Mimn3)) (AdS?, Tsom(AdS3))

) ] i*

(dS?, Isom(dS?)) 2P PN NERS, Tsom (*Min?) ) <P P2 (AJS3, Isom(AdS?))

On the upper line, there is nothing surprising. We have just re-written the usual blow-up of a point, but by
considering the anti-isometric copies of dS®, Min? and AdS3. In fact, the definition of geometric transition does
not distinguish between a model space and its anti-isometric copy. Anyway, we decided to stick to the convention
to choose the sign of the metric in such a way that space-like lines converge to space-like lines, and so on.

On the lower line, we have already encountered the duality which appears on the left. In fact, in Mim* the
linear hyperplanes which define time-like planes in dS® also define planes in H® (see Remark [2.18)). Hence the
space of time-like planes in dS?, or equivalently the space of space-like planes in dS3, is naturally dS® itself.

In the right-hand side, recall that AdS3 can be defined as:

AdS? = {zx € R?? | by p(2) = 1}/{%1d}.

Thus a space-like plane in AdS3 is a copy of dS?, and the dual space of AdS3, considered as the space of space-like
planes of AdS3, is AdS? itself.
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It remains to understand what is the limit space in the center of the lower line. We denoted it by *Min3 to
indicate that it is the dual of Mim3 (and not the space *Min3 anti-isometric to *Min®!) We will omit the details
of the definition and the proof of the commutativity of the last diagram presented. However, observe that in the
lower line, both dS® and AdS3 contain a totally geodesic copy of dS?. Thus one can define a transition procedure
which blows-up a time-like plane, stretching the transverse directions. Topologically the limit space is expected
to be dS? x R. By a construction similar to that of *Min?3, one can identify this space to the space of time-like
planes in Mim? (or of space-like planes in Mim3). In an affine chart, this would be the exterior of the cylinder
which represents *Min3.

Comments and references
e Let us denote by Gal® the Galilean plane, i.e. the projective plane minus a parabolic line. See [70]. Below are

shown the possible degenerations of the three Riemannian and the three Lorentzian plane geometries. This diagram
is the one in Section 5.3 of [26], adapted to our terminology.

12 H?2 ds?

LN

E2 *Mim 2 *E2 Mimn?

N S

Gal?

This essentially shows that the geometric transitions considered in this paper are all the possible transitions in RP3,
except the further space Gal? which is, in some vague sense, doubly-degenerate. Essentially, the isometry group for
Gal? is the subset of triangular matrices which preserve an affine chart.

e In [26], the possible degenerations are classified in every dimension. Already in dimension 3, apart from those
considered above, there are other simple degenerations, essentially obtained by blowing up a line. These spaces are
described as model spaces (X, Isom(X)) and in some cases they contain as subgeometries (i.e. as a geometry (X, G)
where G is a subgroup of Isom(X)) other 3-dimensional geometries in the sense of Thurston. For instance Sol
geometry is a possible limit of hyperbolic structures [43]. One could draw the corresponding diagram in dimension
3, which would already be pretty complicated, and find several other spaces as double degenerations. For example,
an affine space endowed with the action of a group of lower triangular matrices, with unitary elements on the
diagonal, is a generalization of Gal?.

e For the effect of the two-dimensional transition hyperbolic-Euclidean-spherical, the effects on angles, area etc. of
triangles are studied in [3].

5 Connection and volume form

In this section we discuss the definitions of the Levi-Civita connection and volume form for model spaces, starting
by the general setting of Riemannian or pseudo-Riemannian manifolds and then specializing to the cases of
constant curvature manifolds. We will then give a construction of a geometric connection and a volume form on
the degenerate cases of co-Euclidean and co-Minkowski space.

5.1 Non-degenerate model spaces

Let (M, g) be a three-dimensional Riemannian or pseudo-Riemannian manifold. Many key examples have already
been introduced: E3, H? and EII® are Riemannian, Min?3, dS? and AdS? are pseudo-Riemannian. Recall that
the non-degenerate metric g uniquely determines the Levi-Civita connection, which we will denote by V9 or VM
if there is no ambiguity about the metric tensor g. Indeed, the Levi-Civita connection is the unique connection
which satisfies the following properties:

e VY is symmetric, i.e. VY — VX = [X,Y] for any pair of vector fields X,Y;
e VY is compatible with the metric, i.e. Z.g(X,Y) = g(VLX,Y) + g(X,V%Y) for any vector fields X,Y, Z.

The latter condition can also be expressed by saying that V9g = 0, namely the metric tensor is parallel with
respect to V9. Recall also that a volume form is defined on (M, g), provided M is oriented. Namely, the volume
form is a 3-form w such that w(X,Y,Z) = 1if X,Y, Z is an oriented (with respect to the orientation of M)
orthonormal frame for g. The volume form is also characterized by being the unique 3-form w such that:

e w is parallel with respect to VY, i.e. VIw = 0;
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e w(vy,v9,v3) =1, where vy, vq, v3 is an oriented orthonormal triple of vectors at a fixed point .

Indeed, as the parallel transport preserves an oriented orthonormal basis, the volume form is parallel for the
connection, i.e. VIw =0, i.e.

Zw(Xy,. .., X)) =w(VLXy,. . X))+ 4w(X1, ..., VLX) . (26)

Explicit construction of the ambient Levi-Civita connection and volume form. Let us now go back
one step, and see how the Levi-Civita connection of the three-dimensional manifolds considered here can be
defined. For instance, the Levi-Civita connection of Euclidean space is simply given by differentiation of the
standard coordinates of a vector field, that is,

V%sw = Dw(v),

for any pair of smooth vector fields v, w. The connection of Minkowski space is defined analogously, and thus on
the same affine space, the Levi-Civita connections of the Euclidean and the Minkowski metric coincide. Moreover,
the standard volume form of R? coincides with the volume forms (induced by the metric) of E* and Mim?, i.e. in
the standard coordinates (z,y, 2):

wgs = Wyins = dx A dy A dz = wgs. (27)

Of course, the same definitions can be given for any n-dimensional vector space endowed with a non-degenerate
symmetric bilinear form b. Now we will use this fact to define the Levi-Civita connection and the volume form
of the model spaces. We have already observed that for all non degenerate model spaces M = M /{+Id} which
we have defined as the (projectivization of the) subset M of (R* b) where the quadratic form defined by b takes
the value 1 (or —1), the normal vector to M at a point x is precisely x itself. Thus, by the definition of the
Levi-Civita connection of an embedded hypersurface in a higher-dimensional manifold, we obtain, for vector
fields v, w tangent to M,

Dw(v) = VMw — b(v,w)x.
We used that the identity and the second fundamental form coincide (up to a sign) with the first fundamental
form (see also Section [6] below). Clearly this definition descends to the definition of the Levi-Civita connection
of ML

Also the volume form of M (and thus of M) can be defined in terms of the ambient volume form of R*.
Indeed, given any triple of vectors v, w,w in T, M, z is also the normal vector to M, and thus one can define

wm (v, w,u) = wra(z,v,w,u).

5.2 Degenerate cases

We will now introduce a natural connection and volume form on *E3 and *Min®. We will discuss the meaning
of naturality in the following, but of course we can anticipate that a natural connection/volume form will be
preserved by the isometry group of co-Euclidean (resp. co-Minkowski) space, as introduced in Definitions

and [3.26

The connection of co-Euclidean space. To define a connection on *E3

on its double cover, namely

, we start by defining a connection

cobuc® = {(z1, 22,23, 24) |x% + x% + x§ =1}={z € RrR* | 6" (z,2) =1},

and thus we will consider S? x R as a model for cofuc3. In the classical case of model spaces defined by a non
degenerate symmetric quadratic form b, the key ingredient to define the Levi-Civita connection was the existence
of the normal vector field N, so as to be able to write

Duw(v) = VMw + b(v,w)N .

Clearly the normal vector field has the property that it is preserved by the group of isometries of the ambient
quadratic form b. In this degenerate case, the bilinear form b* is degenerate, and thus it does not enable us to
determine a unit normal vector field. However, there is a well-defined transverse vector field to cofuc®, namely
the vector field which at the point = € cofuc® C R* is defined by

N, =z € R*,

Tautologically, this vector field N is preserved by the group Isom(*E?), which means that if A € Isom(*E3), then
A4(N;) = N4(z). Thus one can use the vector field N to decompose the ambient derivative of two vector fields
in a tangential and a “normal” component.
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5.1 Definition (Co-Euclidean connection). Given two vector fields v,w in cofuc®, we define the connection
yeotuc’® by means of:
3
Dw(v) = V4 1 + b* (v, w)N,

. . . . *m3 3
The co-Euclidean connection is the connection V' © induced on *E3 by V<&«

First, it should be clear that the co-Euclidean connection is preserved by the group of isometries of co-
Euclidean space. We prove it now, and in fact this also follows from the characterization given in Proposition [5.3
below.

5.2 Lemma. The co-Euclidean connection V'E is invariant for the group Isom(*E?).

Proof. From the definition, we have

V55 A = D(Avw)(A.) — b (Asv, Aaw)N 400y = Au(Dw(v) — b* (v, w)N,) = V&1

v
since the ambient connection D and the vector field N are invariant for the action of Isom(*E?). O

We will denote by T the vector field on cofuc® defined by (0, 1) in Ty cofuc® = T,S8? x R. It is a degenerate
vector field invariant for the group Isom(cofuc?), as seen from the form inside the brackets of (15]). Observe that
T does not descend to a global vector field on *E?, but we will still talk about the vector field T (by an abuse of
notation) as the vector field induced on any simply connected open subset of *E3.

5.3 Proposition. The connection VE s the unique connection on *E?® such that:
e V'E s symmetric, i.e. V}EsY — V;EBX = [X,Y] for any pair of vector fields X,Y ;

o V'E s compatible with the degenerate metric g* of *E3, i.e. Z.g*(X, Y)= g*(V*ZWX7 Y)+9*(X, V*ZESY)
for any vector fields XY, Z.

o V'E preserves every space-like plane of *E3, i.e. for V,W wvector fields on a space-like plane P, V;}EsW 18
tangent to P;

e The vector field T is parallel with respect to V*ES, ie. VET=0.

In particular, the restriction of VE 4o any space-like plane coincides with the Levi-Civita connection for the
induced metric.

Proof. 1t suffices to prove the statement for the double cover cofuc®, since clearly —Id acts on cofuc® as an
isometry of cofuc®, and preserving vedn® Tt is straightforward to check that V&’ defines a connection
on cofuc®. Symmetry follows from the observation that VS”(‘g”CSY — V§35“‘3X is the tangential component of
(DxY — Dy X) = [X,Y], which equals [X, Y] itself. Also compatibility is very simple: for every vector Z tangent
to cofuc?,

Z9°(X,Y) = g"(DzX,Y) +g"(X,DzY) = "(VE*" X, ¥) + " (X, V™'Y,

For the third point, let P be a plane of cofuc® obtained as the intersection of cofuc® with a linear hyperplane
P’ of R*. Given vector fields V, W on P, Dy W is tangent to P’ and thus the projection to cofuc? is still in P.
Finally, it is clear from the construction that the derivative of T in any direction vanishes.

Let us now assume that the four conditions hold. In the coordinate system provided by S? x R, the restriction
of Vo€ o every plane S2 x {*} preserves the plane itself (by the third point) and coincides with the Levi-Civita
connection of S2, by the second point.

Hence it is easily seen that the Christoffel symbols Ffj are those of the Levi-Civita connection when i, j, k
correspond to coordinates of S?. Otherwise, using the first and fourth hypothesis, the I‘fj vanish. Hence the
connection is uniquely determined. O

5.4 Corollary. The geodesics for the co-Euclidean connection V'E coincide with the lines of *E3.

Proof. Again, we prove the statement for the double cover cofuc3. Given a space-like line I of co€uc®, using the
action of Isom(cofuc®) we can assume that [ is contained in the slice §? x {0}. Since the connection on such a
slice coincides with the Levi-Civita connection, and lines of cofuc® are geodesics for this copy of S2, [ is a geodesic
for V<€« If [ is not space-like, then it is of the form {*} x R. Since fo’&“BT = 0, it is clear by construction
that [ is geodesic, provided it is parametrized in such a way that its tangent vector is a fixed multiple of T for
all time.

Since there is a line of cofuc® through every point of cofuc® with every initial velocity, this shows that all
geodesics for the connection veeu’ are lines of cofuc®. O
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The volume form of co-Euclidean space. By means of the transverse vector field N in R*, we can also
perform the usual construction to define a volume form for co-Euclidean space. Indeed, we can give the following
definition:

5.5 Definition (Co-Euclidean volume form). The volume form of cofuc® is the S-form w.g.s such that, given
vectors v, w, u in Tycofuc®,
WeoEucd (Uv w, u) = WR4 (N7 v, w, u) .

The co-Euclidean volume form is the volume form wsgs induced on *E3 by wyeus -
Both the volume form of the ambient R* and the vector field N are invariant for Isom(*E?), hence clearly:
5.6 Lemma. The volume form w.e,s is invariant for the group Isom(*E?).

Of course, as there is no Riemannian or pseudo-Riemannian metric invariant by the group of isometries of
*E3 (Fact , there is no volume arising as the volume associated to a metric. However, the volume form
w+gs has the property that w-gs (v, w, T) = 1 provided v, w are orthonormal space-like vectors for the degenerate
metric of *E3, and T is the “unitary” degenerate vector field, so that the triple (v, w, T) is positively oriented.
As in the classical case, since parallel transport preserves both the degenerate metric (this follows from the
compatibility with the metric) and the vector field T (see Proposition , the volume form w3 has the
following characterization:

5.7 Proposition. The volume form w-gs is the unique volume form on *E3 such that:
e w.gs is parallel with respect to V*ES, i.e. V*EBW*]E3 =0;

e wips(v,w, T) =1, where v,w, T is an oriented triple at a fized point xo, such that v,w are orthonormal
space-like vectors.

The case of co-Minkowski space. Very similar constructions can be used to define a connection and a
volume form for co-Minkowski space. Indeed, we define the vector field N, which is transverse to coMin® = H? xR
in the ambient space R*, as the vector field N, = 2 € R*. Clearly this definition is invariant by the isometries of
coMin?, hence in particular by the involution which identifies the two connected components of H? x R. For
simplicity, we identify *Min® = H? x R as one of the two connected components of H? x R. Recalling that the
bilinear form for co-Minkowski space b* has the form x? + 23 — 22 in the (21, 22, 23, ¥4)-coordinates, using the
ambient connection and volume form of R%, one obtains the definitions of co-Minkowski connection and volume
form:

5.8 Definition (Co-Minkowski connection). Given two vector fields v,w in *Min®, we define the connection
V" Min® by means of:
P 3
Dw(v) = VM w + b* (v, w)N .

5.9 Definition (Co-Minkowski volume form). The volume form of *Min?® is the 3-form w-ysns such that, given
vectors v, w,u in TFMin?,
wWenin3 (U, w,u) = wra (N, v, w,u) .

We report on the key properties below, without giving the proofs, as they are completely analogous to the
co-Euclidean case.

5.10 Lemma. The co-Minkowski connection V"V’ and volume form we.s are invariant for the isometry
group Isom(*Min?).

Here we denote by T the normalized degenerate vector field (as we recall that there is a notion of length of the
degenerate direction which is preserved by the group of isometries of *Mim?). In the (21, x2,x3, x4)-coordinates,
T can be written as (1,0,0,0).

5.11 Proposition. The connection VMRS s the unique connection on *Min3 such that:

o V'¥0° s symmetric, i.e. V;(Mm3Y - V;Msz = [X,Y] for any pair of vector fields X,Y;
VMR s compatible with the degenerate metric g* of *Mim3, i.e. V¥ g = 0;
V" Min® preserves every space-like plane of *Min?3, i.e. for V,W wvector fields on a space-like plane P,
V;ME‘I‘BW 1s tangent to P;



33

e The vector field T is parallel with respect to V*Mm3, je. V¥R — 0,
5.12 Corollary. Geodesics for the co-Minkowski connection VMR coincide with lines of *Mim3.

5.13 Proposition. The volume form w-ygns s the unique volume form on *Min® such that:

® wW.ypns ¢S parallel with respect to V*Wg, i.e. V*Mﬂ“Sw*Mms =0;

o wWiyins (v, w, T) =1, where v,w, T is an oriented triple at a fixed point xo, such that v,w are orthonormal
space-like vectors.

Relation with geometric transition. We will now show that the connections of co-Euclidean and co-
Minkowski space are natural also in the sense of geometric transition, that is, they are the limits of the
Levi-Civita connections under the transitions described in Subsection 1] and We will focus on dimension 3
for definiteness, and consider the transition of EllI* and dS? to *E3, as described in Scheme , which makes
use of the projective transformations

100 0

. o1 0 o0

%=1y o 1 o] €PCLAR). (28)
00 0 1/t

5.14 Proposition. Let X;,Y;, Z; be smooth families of smooth vector fields on EII® (resp. dS®) such that
Xo, Yo, Zo are tangent to a plane P. The limit of g; X; is a vector field on *E3 which we denote by X, and
analogously for Y and Z. Then:

o The limit ofng[)méﬂsY (resp. ng‘}?SY) is V;ESY.
e The limit of W (Xt,Y:, Zy) (resp. wds? (Xt, Yy, 7)) is w*EB(X,Y, Z)

Proof. First, let us assume that P is defined by x4 = 0 in RP3, as in Subsection so that we can use the
projective transformations in . We can as usual perform the computation in the double cover cofuc3. Hence
in those coordinates, the Vector ﬁeld Xo, Yo, Zp have z4-coordinate equal to 0. Hence, the limit of ¢g; X, is:

sen o

o . Xi(x - olT))2

timy 9¢ Xi(w) = fim (t(x))i | (Xo(@)s |
(Xe(x))a/t (X (2))a

namely, it is a vector field on *E? whose vertical projection is identified with the vector field Xo(x).
Now, observe that g; maps S* to

S} =g/ (S?) = {w |2 + 23 + 25 + 225 = —1}.
Moreover, g; is an isometry if we endow S} with the metric induced by the quadratic form
Vio(w, @) = af + a3 + 25 + t°2]

Hence g; maps the normal vector N(x) = z of S3 to Ny(z) = g; (), which is precisely the normal vector to S}
for bf .

Now as Xo, Yo, Zo are tangent to P, their base point z; are rescaled to g;z; which converge to s, base
point for X, Y, Z. For the same reason, the normal vector Ny(z;) = g7 (2;) to S} at x; converges to o, Which
is (in the notation of Definitions and [5.8} . the vector N(z,) used as a transverse vector field to couc®.

Hence in conclusion,

3 3
GIVRYs = Vit g7 Ys = DYy(Xy) — by o( Xy, Vi) Ny (1)
converges to
VeEY = DY(X) — b*(X, Y)N(zo0) -

Analogously,
ws2 (Xt7 )/257 Zt) = CL)]R4(N, Xta Yta Zt) = W]E4(Nt, ngta g:Yt,g:Zt)

converges to o o
wcaEuES(X7Y7Z) = wR4<N<xOO)7X7Ya Z) .

Of course, the proof is completely analogous for the rescaling from dS3. O
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Actually, the proof is analogous also for the case of geometric transition of H? and AdS? to *Min?, hence one
can prove:

5.15 Proposition. Let X;,Y;, Z; be smooth families of smooth vector fields on H? (resp. AdS®) such that
Xo, Yo, Zo are tangent to a plane P. The limit of g; X1 is a vector field on *Mim® which we denote by X and
analogously for Y and Z. Then:

e The limit of gzvg Y (resp. gfvf)*(dSBY) is V;ME“JY

o The limit of W (X, Y1, Z4) (resp. %S (X,,Y,, Z,)) is ™M (X, Y, Z).

5.3 The infinitesimal Pogorelov map

Weyl formula for connections. In an affine chart, a (non-degenerate) model space M has the strong property
that its (unparametrized) geodesics are the same as in the ambient R” endowed with a Euclidean metric. This
will imply that, in an open set, the Levi-Civita connection V of M can be written in terms of the usual connection
on R™. The manifold M may not be orientable, but on an affine chart we can consider the same orientation as
R™. Hence the pseudo-Riemannian metric of M gives a volume form w in the affine chart.

Let N be an orientable manifold with two torsion-free connections V and V and with two volume forms w
and @ such that Vw = 0 and V@& = 0. Let A be the function on N such that

W=\w .

Let us introduce R
D(X,Y)=VxY -VxY .

This function is linear over smooth functions on both argument, so it is a (1,2)-tensor. As the connections are
symmetric, it is easy to check that D is symmetric.

5.16 Lemma. The contraction of D is a one-form that is given by \:
CiD=dn\. (29)

Proof. Recall that the volume form w is parallel for V , that gives, in the given local coordinates on N,

n n
Oiwr,..n =w (Z Fflek, e en> + - 4w (el, ey fonek> .
k=1 k=1

But w is alternating and n-linear:

namely
and in particular,

O

5.17 Lemma (Weyl Formula). Let us suppose that V and ¥V have the same (unparameterized) geodesics. Then
VxY = Vx¥ = X (A7) Y + 7. (A7) X .

Proof. Observe that in this formula both sides are linear in X and Y. To compute the left-hand side, fix p and
X, € T,N and let ¢: I — N be a parameterized geodesic for V with tangent vector X,, at ¢(0) = p. Extend X,

to X, the tangent vector of ¢, which is parallel along ¢, so that VxX = 0. Let X be the tangent vector of a
reparametrization of ¢ that turns it into a geodesic ¢ for v (hence V X = 0). Then there is a function f on ¢

(which depends on the choice of X, and Xp) such that X = fX . We compute:

(VxX = VxX)(p) = (VxX)(p) = V5, (FX) = F0)(Xp- )X, + F(0)*V 5 Xy = F(0)(Xp- )X,
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so D(X,X) = X.In(f)X. Let us define ¢(X) = X.In(fx)/2, so that
D(X,X)=2¢(X)X. (30)

Let us show that ¢ is a 1-form. In fact, given any symmetric tensor D such that D(X, X) is a multiple of X,
the function ¢ satisfying is uniquely determined and clearly satisfies ¢(AX) = Ap(X). For the additivity,
from the symmetry of D, we have

DX +Y,X+Y)=D(X,X)+D(,Y)+2D(X,Y), (31)

hence
DX +Y)(X+Y)=0X) X +oY)Y + D(X,Y).

On the other hand, developing the same expression for D(X — Y, X —Y) gives
X -V)X-Y)=¢(X)X +¢(Y)Y —D(X,Y).
Putting together the two expressions, one obtains
(DX +Y) +6(X = Y) = 26(X))X = (6(X — Y) = (X + V) + 26(Y))Y .

Since it now suffices to consider X and Y linearly independent, one has ¢(X +Y) + ¢(X —Y) — 2¢(X) =
P(X -Y)—d(X+Y)+2¢(Y) = 0 and therefore ¢p(X +Y) = ¢(X) + ¢(Y). Hence, using the linearity of ¢
which was just proved, from and one obtains:

D(X,Y) = ¢(X)Y + ¢(Y)X .

Finally, contracting on both side using leads to dln A = (n + 1)¢. 0O

Killing fields. If V is the Levi-Civita connection of a pseudo-Riemannian metric g on a manifold N, a vector
field is called a Killing field if it generates a 1-parameter group of isometries. A vector field K is a Killing field if
and only if Lxg = 0 (L is the Lie derivative), or if and only if VK is a skew-symmetric (1, 1)-tensor:

Q(VXK7Y)+9(X7vyK):Oa (32)

for every X,Y. It is easy to see that this condition is actually equivalent to the condition that g(Vx K, X) =0
for every X.

The infinitesimal Pogorelov map. Let us suppose that ¥V is also a Levi-Civita connection for a pseudo-
Riemannian metric g on N. Let L := Ly 5 be the map TN — T'N defined by

9(X,Y) = g(L(X),Y) (33)
for every Y. The infinitesimal Pogorelov map P :=P,5: TN — TN is defined by
P(X) = AT L(X) .

5.18 Lemma. The infinitesimal Pogorelov map P, 5 sends Killing fields of g to Killing fields of §: if K is a
Killing field of (N, g), then P(K) is a Killing field of (N,g).

Proof. By definition,
2

which implies
—~ 2
XG(P(K), X) = X.g\ T K, X) ,

and using the fact that K is a Killing field of (N, g), we arrive at
G(VxP(K),X) = (XA77)g(K, X) — g AT K, Vx X — VxX) . (35)
Observe that by Weyl formula (Lemma ,
gANTFTK, Vx X — VxX) = gATT K, 2X.(In A\751) X)) = (X A7 )g(K, X) .

Hence from Equation one gets §(VxP(K), X) =0, i.e. P(K) is a Killing field of (M, 3). O
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The infinitesimal Pogorelov map from hyperbolic to Euclidean space. Let us consider the usual Klein
model of the hyperbolic space H", i.e. the affine chart {x,,11 = 1}, in which H" is the open unit ball

B"={zeR"|byo < 1}.

We will compare the hyperbolic metric g on B™ with the standard Euclidean metric. For x € B™, the point

r(z) := p(z)(7), with

(@)=
P 1—bpo(z,z)
belongs to H" in Min"+*[7] So if X € T,,B", then

B p(x)?bp 0(z, X)x + X
a0 =@ (" i )

belongs to T).(,)H", and it is then straightforward that the expression of the hyperbolic metric in the Klein
model is
9:(X.Y) = p(a)bno(X,Y) + p(x) by,0 (2, X)bno(2,Y) - (36)

The radial direction at x is the direction defined by the origin of R™ and z. From , a vector is orthogonal
to the radial direction for the Euclidean metric if and only if it is orthogonal for the hyperbolic metric. A vector
orthogonal to the radial direction is called lateral. Then for a tangent vector X of B™ at a point x,

e if X is radial, then its hyperbolic norm is p(x)? times its Euclidean norm.
e if X is lateral, then its hyperbolic norm is p(z) times its Euclidean norm.

With respect to the definition of L = Ly, , in 7
Lo (X) = p(a)?X + p(a) bn (2, X)a

and a lateral (resp. radial) vector is an eigenvector for L with eigenvalue p(z)? (resp. p(x)*). In an orthonormal
basis for b, o, det(g,) = det(L,) = p(z)>™*Y so

WRn = pi(n+1)an .

Let K be a Killing field of H". Then by Lemma P(K) = p~2L.(K) is a Euclidean Killing field. More
precisely,
P(K)x =K; + P(l’)an,o(% Kx)-r .

In particular,
e if K is lateral, the Euclidean norm of P(K) is equal to p~! times the hyperbolic norm of K;

e if K is radial, the Euclidean norm of P(K) is equal to the hyperbolic norm of K.

The infinitesimal Pogorelov map from Anti-de Sitter to Minkowski space. Let us consider the model
of the Anti-de Sitter space AdS™ given by the affine chart {z,+1 = 1}. Recall that AdS" is the projective
quotient of

AdS" = {(J?,Q]‘n_t,_l) S Rn+1 |bn_1,2 = —1}

and its image in the affine chart is
H" = {iE S ]Rn“)n,l_l < 1} .

We will compare the Anti-de Sitter Lorentzian metric g on H™ with the Minkowski metric on R™. For
x € H", the point p(x)(7), with
1

1-— bn_171 (x, J?)

p(z) =

belongs to AdS™. A computation similar to the hyperbolic/Euclidean case gives

gw(Xa Y) = P($)an—1,1(X, Y) + p(l‘)4bn—1,1($7 X)bn—1,1($7y) .

171f ¢ is the hyperbolic distance from r(0) to r(z), then p(x) = cosht .
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As for the Klein model of the hyperbolic space, a vector has a radial and a lateral component, and this
decomposition does not depend on the metric. We also have

L.(X) = p(2)*X + p(x)*bp_1.1(z, X)z |
whose determinant in an orthonormal basis for b,_1.1, is p(2)?("*1), so (recall (27))

—(n+1)

WRr = P WAdS™ -

Let K be a Killing field of AdS™. Then by Lemma p?L(K) =K + p?b,—11(, K)- is a Minkowski
Killing field.

Comments and references

e A symmetric connection such that there exists (locally) a parallel volume form is characterized by the fact that its
Ricci tensor is symmetric, [49) Proposition 3.1].
e Let V be a torsion-free complete connection on a manifold N, such that a local parallel volume form exists. An

affine field of V is a vector field that generates a 1-parameter group of transformations that preserves the connection.
Let R be the curvature tensor of V:

R(X,Y)Z=VxVyZ - VyVxZ - VixyZ .
Then K is an affine field if and only if (see e.g. [42])
VyVxK = —R(K,Y)X .

Let V be another connection on N with the same properties as V, both having the same unparametrized geodesics.
Let R be its curvature tensor. Then a direct computation using the Weyl formula shows that:

R(X,Y)Z = R(X,Y)Z + (V2f —df)(X, 2)Y — (V2f —df)(Y,2)X ,

where V? is the Hessian for V. See pp. 126,127 in [42] for the relations between infinitesimal affine transformations
and Killing fields.

e Lemma was proved in [41] and independently in [69]. See also the end of Section

e The simplest infinitesimal Pogorelov map is the one from Minkowski space to Euclidean space: it suffices to multiply
the last coordinate of the Killing field by —1. This was noted in [35]. The term infinitesimal Pogorelov map
comes from the fact that it was defined as a first-order version of the so-called Pogorelov mapping, see the end of
Section See [46, [59] [31] for some applications.

6 Geometry of surfaces in 3-dimensional spaces

The purpose of this section is the study of embedded surfaces, with particular attention to convex surfaces, in
3-dimensional model spaces. We will first review the classical theory of embeddings of surfaces in 3-manifolds,
with special attention to the constant curvature cases we have introduced so far. After that, we will define
analogous notions in the degenerate spaces (for instance, the second fundamental form and the shape operator),
in particular co-Euclidean and co-Minkowski spaces, and show that these notions have a good behavior both
with respect to the geometry of *E3 and *Min?, although the ambient metric is a degenerate metric, and with
respect to duality and geometric transition.

6.1 Surfaces in non degenerate constant curvature 3-manifolds

Let (M, g) be a Riemannian or pseudo-Riemannian manifold. Given a smooth immersion o : S — M with image
a space-like surface o(S) in (M, g), recall that the first fundamental form is the pull-back of the induced metric,
namely

[(v, w) = g(04(v), 04 (w)) .

The Levi-Civita connection V¥ of the first fundamental form I of S is obtained from the Levi-Civita connection
of the ambient manifold: given vector fields v,w on S, V5w is the orthogonal projection to the tangent space of
S of VM (o,w).

Let us denote by N a unit normal vector field on S, namely N is a smooth vector field such that for every
point x € S, N, is orthogonal to T, ()0 (S), and such that |[g(N,N)| = 1. The second fundamental form 1l is a
bilinear form on S defined by

VM (0.d) = Vi + (v, w)N (37)
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where @ denotes any smooth vector field on S extending the vector w. This form turns out to be symmetric and
it only depends on the vectors v and w, not on the extension of any of them. The shape operator of S is the
(1,1)-tensor B € End(T'S), self-adjoint with respect to I, such that

(v, w) = 1(B(v),w) = I(v, B(w)). (38)
By a standard computation, it turns out that
B(v) = VYN, (39)

the sign depending on whether M is Riemannian or Lorentzian, where we have used the differential of the
embedding o to identify a vector v € T,.S to a vector tangent to the embedded surface o(S). Indeed, by applying
the condition of compatibility of the metric of the Levi-Civita connection to the condition |g(N,N)| = 1, it is
easily checked that VM N is orthogonal to N, hence is tangent to o(S). Since B is self-adjoint with respect to I,
it is diagonalizable at every point. The eigenvalues of B are called principal curvatures.

The extrinsic curvature is the determinant of the shape operator, i.e. the product of the principal curvatures.
The mean curvature is the trace of the shape operator, that is the sum of the principal curvatures.

Fundamental theorem of immersed surfaces. The embedding data of a smooth immersed surface in a
3-manifold are usually considered the first fundamental form and the shape operator, or equivalently, the first and
second fundamental forms. However, these two objects are not independent and satisfy some coupled differential
equations usually called the Gauss—Codazzi equations. We start by expressing such equations in the setting of
the constant curvature 3-manifolds introduced above, namely Euclidean and Minkowski space, and the model
spaces.

The Codazzi equation can be expressed in the same fashion for all ambient spaces, and it says that the
exterior derivative of the shape operator B, with respect to the Levi-Civita connection of the first fundamental
form (denoted by V'), vanishes. In formulae,

dV'B := (VL B)(w) — (VL B)(v) = VL B(w) — VL B(v) — Blv,w] =0, (40)

The Gauss equation is a relation between the intrinsic curvature of the first fundamental form, and the
extrinsic curvature of the immersion. The form of the Gauss equation, however, depends on the ambient metric
(whether it is Riemannian or pseudo-Riemannian) and on its curvature. In particular, if K| denotes the curvature
of the first fundamental form, in Euclidean space the Gauss formula is:

Ki =det B,
while in Minkowski space, for immersed space-like surfaces, the correct form is:
K 1= — det B.

As we said, if the ambient manifold has nonzero curvature, there is an additional term in the equation. For
instance, for % or Ell® (curvature 1 everywhere):

Ki=1+detB,
while for surfaces in hyperbolic space we have:
KI =-1 —|— det B .

Finally for space-like surfaces in Lorentzian manifolds of nonzero constant curvature: in de Sitter space the
Gauss equation is
KI =1—detB s

and in Anti-de Sitter space of course
KI =—1—detB.

We resume all the statements in the following:

6.1 Fact. Given a smooth immersed surface in a three-dimensional model space (or in Euclidean/Minkowski
space), the first fundamental form and the shape operator satisfy the corresponding Gauss—Codazzi equations.
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Clearly, if one post-composes a smooth immersion with an isometry of the ambient space, the embedding
data remain unchanged. A classical theorem in Euclidean space, which can be extended to all the other cases of
constant curvature, states that the Gauss—Codazzi equations are necessary and sufficient conditions in order
to have the embedding data of a smooth surface, and the embedding data determine the surface up to global
isometry. See [8,[64] for a reference.

6.2 Theorem (Fundamental theorem of immersed surfaces). Given a simply connected surface S and a pair
(I, B) of a Riemannian metric and a symmetric (1,1)-tensor on S, if (I, B) satisfy the Gauss—Codazzi equations
in Buclidean (resp. Minkowski, elliptic, hyperbolic, de Sitter or Anti-de Sitter) space, then there exists a smooth
immersion of S having (I, B) as embedding data. Any two such immersions differ by post-composition by a global
isometry.

Duality for smooth surfaces. We can use the description of duality introduced in Subsection to talk
about duality for convex surfaces. In fact, consider a surface S, which is the boundary of a convex set. Then its
dual is again a convex set with boundary a surface S*. For instance, the dual of the boundary of a convex set
in H? is a space-like surface in dS?® (and vice versa). Similarly one can consider a convex set in AdS?, whose
boundary is composed of two space-like surfaces, and dually one obtains a convex set in AdS? bounded by two
space-like surfaces.

Let us consider a convex set with boundary a smooth (or at least C?) embedded surface S, such that B is
positive definite at every point (which in particular implies strict convexity). The third fundamental form of S is

(v, w) = I(B(v), B(w)).

First, observe that, since B is positive definite, IIl is a Riemannian metric. The reader can check, as an exercise,
that in his/her favorite duality of ambient spaces, (I, B~!) are the embedding data of a space-like surface,
namely they satisfy the Gauss—Codazzi equations provided (I, B) satisfy the Gauss—Codazzi equations. It is
helpful to use the following formula for the curvature of (v, w) = I(B-, B-):

K

K= L
= detB’

which holds under the assumption that B satisfies the Codazzi equation (see [45] or [44]).
6.3 Fact. The pair (I, B~1) are the embedding data of the dual surface S*.

Let us check the fact in the hyperbolic-de Sitter case. If S is a convex surface in H3, for x € S, N(z) is a
point inside the unit tangent sphere of T,H?, and Il is by definition the pull-back by N on S of the spherical
metric. But on the other hand, the hyperplane tangent to S at x is naturally identified, via the double cover
in Mim*, to a time-like hyperplane, and N(z) is a unit vector orthogonal to this hyperplane, hence a point in
dS™, the double cover of de Sitter space. So IIl is exactly the induced metric on the dual surface, and by the
involution property of the duality, its shape operator is the inverse of the one of B.

6.2 Geometry of surfaces in co-Euclidean space

We are now ready to define the second fundamental form of any space-like surface in *E3. For simplicity (since
this is a local notion) we will use the double cover cofuc® = §? x R. A space-like surface in cofuc® is locally the
graph of a function v :  — R, for Q C 82, and the first fundamental form is just the spherical metric on the
base S2.

Given a space-like immersion o : S — cofuc?, again there is no notion of normal vector field, since the metric
of cofuc® is degenerate. However, we have already remarked several times that the vector field T (of zero length
for the degenerate metric, see Section [5.2)) is well-defined, i.e. it is invariant by the action of the isometry group.
Given two vector fields 9, on S, using symmetry and compatibility with the metric, it is easy to prove that the

tangential component of V¥&(04b) in the splitting

T(ac,t) cogucg = T(Lt)O'(S) (&) <T> R

coincides with the Levi-Civita connection of the first fundamental form. This enables to give the following
definition:

6.4 Definition. Given a space-like immersion o : S — cofuc®, the second fundamental form of S is defined by
VeES (g,0) = V() + (v, w)T,

for every pair of vectors v,w € T, S, where W is any extension on S of the vector w € T,S.
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It is easy to check, as in the classical Riemannian case, that II is linear in both arguments, and thus defines a
(0, 2)-tensor.

6.5 Definition. The shape operator of o : S — cofuc® is the symmetric (1,1)-tensor B such that (v, w) =
I(B(v),w) for every v,w € T, S, where I is the first fundamental form of S. The extrinsic curvature of S is the
determinant of the shape operator.

As usual the definition does not depend on the extension of any of the vectors v and w and the second
fundamental form is symmetric.

6.6 Lemma. Given a space-like embedded graph S in cofuc®, consider the embedding o : Q — cofuc® =2 S? x R
defining S as a graph:
o(z) = (z,u(z))

foru:Q =R and Q C S2. Then the shape operator of S for the embedding o is
B = HessS u +uld,

where Hess® u = V52gradu denotes the spherical Hessian of u.

Before proceeding to the proof of this proposition, let us relate functions on Q C 8 C E? to functions on an
open set of E3. As the unit outward vector field of S2 is the identity, it follows from and that, at a
point x € 82, for X,Y tangent to the sphere,

DxY =V§Y — (X,Y)a (41)
where (-,-) := bs . From this it follows immediately that, for U the 1-homogenous extension of u,
(HessU(X),Y)=XY.U — (DxY).U

= HessS Uls2(X,Y) + (X, Y)a.U,

and as U is 1-homogenous, by the Euler theorem, .U = U, so on S:

Hess U = Hess® u + uld . (42)

Proof. Fix a point zy € 2, and denote by b* = x1y1 + 2y + x3y3 the ambient degenerate quadratic form. By
composing with an element in Isom(cofuc®) of the form (x,t) — (z,t 4+ f(z)), where f(z) = (z,po), we can
assume S is tangent to the horizontal plane 8% x {0} at zy. Indeed, observe that by the usual duality, this

statement is equivalent to saying that the point in E? dual to T5(2)S s the origin and the plane in E3 dual to z

is x3-. Such s condition can be easily obtained by applying a translation of E?. From , HessS f+ fld=0,
and thus it suffices to prove the statement in this case.

We consider S? x {0} inside the copy of E? obtained as {4 = 0} in R*. Let ©, @ be two vector fields on
Q C 82. Then at 29 € S? one has as in

Dath = VE i — (0,0 .

Consider now the vector fields 0.(0) = 0 + du(9)T and o, (w) = @ + du(®) T on S. We choose extensions V' and
W in a neighbourhood of S which are invariant by translations ¢ ~ ¢ + ¢y in the degenerate direction of S? x R.
We can now compute

Dy W = Dyib + Dy (du(d)T) + du(d) Dy W

= Vfrzw — (D, W)z + v.(gradu, w) T

= V% — (b, d)wo + (<Hess$2u(@),w> + (gradu, v§2w>) T,
where in the first equality we have substituted the expressions for V and W, and in the second equality we have
used that DT = 0 and that the chosen extension W is invariant along the direction of T. Recalling that the

connection w&wgw at xq is defined as the tangential component of Dy W with respect to the transverse vector
Nz, = zo and using that gradu vanishes at xo by construction, we get at xo:

Vﬁﬁ&“gW _ v«f@ + I(Hesss2u(v)7 w).
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By Proposition V‘?ﬁ; is tangent to the slice S? x {0} itself, and thus the second fundamental form is:
(v, w) = I(Hess® u(v),w).
Since u(zp) = 0, this concludes the proof. O

6.7 Corollary. A space-like surface in *E3 is a plane if and only if B = 0.

Proof. Totally geodesic planes in cofuc® are graphs of functions of the form u(x) = (z,p), which are functions
2 P
such that Hess® w + wId vanishes. Since the statement is local, this is true also in *E3. O

Recall that the induced metric on a space-like surface S in cofuc®, written as a graph over Q C S2, is just the
spherical metric of S?. Hence the first fundamental form I of S satisfies:

Ki=1. (43)

Of course this statement is local, and thus holds in *E? as well. Moreover, it turns out that the shape operator
satisfies the Codazzi equation with respect to I:

dV'B=0. (44)

Indeed, let U be the 1 homogenous extention of u. Let B = HessU. Each component B, i = 1,2,3, is a

one-form on R3,

B' = Bi dz' + B dz? + Bida® |
with Us; = B; By the Schwarz lemma, Bt is closed, and by and , B satisfies the Codazzi equation on
82. See also [36], 2.61] for the relations between closdeness of one forms and the Codazzi equation.

The above two equations and can be interpreted as a baby-version of the Gauss—Codazzi equations
for co-Euclidean geometry. Of course this is a very simple version, since the two equations are not really coupled:
the first equation is independent of B. In fact, the proof of the fundamental theorem of immersions will be very
simple. But before that, let us show that any tensor satisfying the Codazzi equation on S? can be locally written
as HessS u + uld.

Let © be a domain in 82 and let  be the cone over § from the origin of E3. Note that § is star-shaped
from the origin. Let B be a (1, 1)-tensor on Q. Let B be a (1, 1)-tensor of Q which satisfies B, (z) = 0, and for
(X,z) =0, B(X) = By iz (X), where || - || is the usual norm on E3.

Suppose that B satisfies the Codazzi equation on (2, and consider B as an R3-valued one form. From
and ( . B satisfies the Codazzi equation on Q, hence is a closed form, and by the Poincaré Lemma, there
exists F': R3 — R such that B = dF". Suppose moreover that B is symmetric. This readily implies that Bis
symmetric, and hence that the one form w = F'da! + F? dz? + F3da3 is closed so by the Poincaré Lemma,
there exists a function U : Q — R with w = dU, i.e. B = HessU From , we obtain the following fact,
previously noted by D. Ferus in [13]:

6.8 Fact. Let B be a tensor satisfying the Codazzi equation on a surface of constant curvature equal to one.
2
Then locally there exists a function u on S? such that B = Hess® u+ uId.

6.9 Proposition (Fundamental theorem of immersed surfaces in co-Euclidean geometry). Given a simply
connected surface S and a pair (I, B) of a Riemannian metric and a symmetric (1,1)-tensor on S, if (I, B) are
such that 1 has constant curvature +1,

Ki=1,

and B is satisfies the Codazzi conditions for 1,
dV'B=0.

Then there exists a smooth immersion of S in *E? having (1, B) as embedding data. Any two such immersions
differ by post-composition by a global isometry of *E3.

Proof. Again, it suffices to prove first the immersion statement in cofuc®. By Fact there exists a function

w: S — R such that B = HessS u+uld. Let dev: S — S? be a developing map (that is, a local isometry) for
the spherical metric I on S. Then we define

c:8S = cofu® 2 S? xR
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by means of
o(x) = (dev(z), u(z)).

Since dev is a local isometry, and the degenerate metric of cofuc® reduces to the spherical metric on the S
component, the first fundamental form of ¢ is I. By Lemma the shape operator is B.

Given any other immersion ¢’ with embedding data (I, B), the projection to the first component is a local
isometry, hence it differs from dev by postcomposition by a global isometry A of S?. By composing with an
isometry of cofuc® which acts on S? by means of A and leaves the coordinate ¢ invariant, we can assume the first
component of ¢ and ¢’ in S% x R coincide.

Hence we have o/(z) = (dev(z), v (z)) where u’ is such that B = HessS™ ' + ' Id. Therefore HessS (u—
u') + (v — u')Id = 0, which implies

u() =/ (z) = (dev(x), po)

for some py € E3. This shows that o and ¢’ differ by the isometry
(z,t) = (x,t+ (z,po))
which is an element of Isom(cofuc®). This concludes the proof. O

Let us remark that (recalling the discussion of Subsection if S is a space-like surface which is homotopic
to 8? x {x} in cofuc® = 8% x R and its shape operator B is positive definite, then S is the graph of u where
u is a support function of a convex body whose boundary is S. Let us now compute the embedding data in
Euclidean space of the dual surface of S. The formulae we will obtain are exactly the same as in the AdS3-AdS?
duality and in the H3-dS? duality.

6.10 Corollary. Given a space-like smooth surface S in E3 (resp. *E?) which bounds a convex set and with
positive definite shape operator, if the embedding data of S are (I, B), then the boundary of the dual convex set
in *E3 (resp. E3) has embedding data (I, B~1).

Proof. If the result is proved for one case, then the other case is obvious, since it suffices to exchange the roles of
(I, B) and (I, B~'). Let us consider a surface S in E3, and let S* be the dual surface in *E®.

Let us assume that in the double cover cofuc®, S* is locally the graph of u over an open subset Q of S2. To
check that the first fundamental form of the dual surface is the third fundamental form, it suffices to compute
the pull-back of the spherical metric of S? by means of the first component of the dual embedding o : S — *E3
for S* — that is, the map which associates to a tangent plane P = T,.S to S the dual point P* € *E3. Again
in the double cover, the first component of the dual embedding is precisely the Gauss map G of S, and the
derivative of the Gauss map is the shape operator, hence one gets

(do(v),do(w)) = (dG(v),dG(w)) = I(B(v), B(w)) .

Moreover, one can directly show that the inverse of the shape operator of S, by means of the inverse of the
2

Gauss map G~ : 82 — § C E3, is B~! = Hess® u + uld, where u : 82 — R is the support function of the

convex set bounded by S. Using Lemma [6.6] this concludes the proof. O

6.3 Geometry of surfaces in co-Minkowski space

By means of a very analogous construction, one can study the geometry of surfaces in co-Minkowski space. We
will not repeat all the details, but just state the parallel results. Here (-,-) := bg 1 will denote the Minkowski
product of Min®, and we will implicitly identify *Min®, which is the quotient of coMin® 22 H? x R by the action
of {#Id}, to one of its connected components, thus considering the model of H? x R. The definition of second
fundamental form of an immersion o : S — *Min® makes again use of the splitting:

T, coMin® = Tpo(S) @ (T) .
6.11 Definition. Given a space-like immersion o : S — *Min?, the second fundamental form of S is defined by
V= 0,b) = V() + (v, w) T,
for every pair of vectors v,w € T, S, where W is any extension on S of the vector w € T,S.

6.12 Definition. The shape operator of o : S — *Min?® is the symmetric (1,1)-tensor such that I(v,w) =
I(B(v),w) for every v,w € T,S, where 1 is the first fundamental form of S. The extrinsic curvature of S is the
determinant of the shape operator.
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6.13 Lemma. Given a space-like embedded graph S in *Min?, consider the embedding o : Q — *Min® =~ H? x R
defining S as a graph:
o(x) = (z,u(x))

foru:Q = R and Q C H2. Then the shape operator of S for the embedding o is
B = Hess®'u — uld,

where Hess™ u = VHzgradu denotes the hyperbolic Hessian of u.
6.14 Corollary. A space-like surface in *Min?® is a plane if and only if B = 0.

Again, one can observe that the embedding data of a smooth space-like surface in *Min® satisfy the very
simple condition that the first fundamental form I is hyperbolic, and the shape operator satisfies the Codazzi
equation for I.

6.15 Proposition (Fundamental theorem of immersed surfaces in co-Minkowski geometry). Given a simply
connected surface S and a pair (I, B) of a Riemannian metric and a symmetric (1,1)-tensor on S, if (I, B) are
such that 1 has constant curvature —1,

Ki=—1,

and B satisfies the Codazzi conditions for 1,
I
dVB=0.

then there exists a smooth immersion of S in *Min® having (1, B) as embedding data. Any two such immersions
differ by post-composition by a global isometry of *Mim?.

Finally, the formulae for the embedding data of dual surfaces work well in the Mim3-*Mim?® duality:

6.16 Corollary. Given a space-like smooth surface S in Mim® (resp. *Mim®) which bounds a convex set and
with positive definite shape operator, if the embedding data of S are (I, B), then the boundary of the dual convex
set in *Mim® (resp. Mim®) has embedding data (I, B~1).

6.4 Geometric transition of surfaces

We now conclude by showing that the notion of curvature in co-Euclidean and co-Minkowski geometry, under the
procedures of geometric transition we have encountered, is the rescaled limit of the usual notions in the model
spaces which degenerate to *E? and *Mim®. In particular, we will focus on the transitions defined in Subsection
having limit in the co-Euclidean and co-Minkowski space.

6.17 Proposition. Suppose o is a C? family of space-like smooth immersions of a simply connected surface S
into EII® or dS? (resp. AdS® or H?), such that oy is contained in a totally geodesic plane P. Let

:1. *
o = lim(g; o oy)

be the rescaled immersion in *E3 (resp. *Min?®) obtained by blowing-up the plane P. Then:

e The first fundamental form of o coincides with the first fundamental form of o¢:

I(v,w) = %E}% Li(v,w);
e The second fundamental form of o is the first derivative of the second fundamental form of oy:

(v, w) = lim M ;
in

e The shape operator B of o is the first derivative of the shape operator By of oy:

e The extrinsic curvature K of o is the second derivative of the extrinsic curvature Kf** = det By of oy:

Kea:t
Kea:t(l,) _ }g% ttQ(x) )
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Proof. As in Subsection (recall also the proof of Proposition [5.14)), we can assume that the totally geodesic
plane P is defined by x4, = 0 in RP?, and use the projective transformations

1 0 0 O
9 = 8 é (1) 8 € PGL(4,R).
00 0 1/t
Hence, the limit of gf o is:
(0¢(x)) (00(x))1
tyoien(a) = J | GO0 | = | Gatons

3
(o¢())a/t (6(x))a/t
namely, o(z) = (og(z),u(z)) for some function uw which encodes the derivative of the vertical component of o;.
It is then clear, from the degenerate form of the metric of both *E? and *Mimn?, that in both cases the first
fundamental form of the rescaled limit o is the limit of the first fundamental form of ;.

For the second point, we will focus on the case of Ell® (with limit in E?) for definiteness. Since the statement
is local, we can consider the computation in the dual covers S® and cofuc®. Consider the unit normal vector
fields Ny to 04+(S), chosen so that at time ¢ = 0 the vector field is (0,0,0,1) and Ny varies continuously with ¢.
Recall that the second fundamental form of 0;(S) satisfies:

]It(va w)
t

VS (o) — VY () = T, (v, w)N, = IN, .

Now applying the transformation g;, we have:
. ng‘gfv(atw) converges to Vf,”f’“saw by Proposition
e gVl (1) converges to a tangential component to o(9), since Vi (1) is tangent to o;(9);
e tg;(N;) converges to T = (0,0,0,1) since g;(N;) = (N;,N7,N? N?/t) and Ny = (0,0,0,1).

This shows at once that II;(v,w)/t converges to the second fundamental form of o in cofuc3, and g; Vi (1)
converges to V. ().

Since (v, w) = I;(B(v),w) and O(v, w) = I(B(v),w), the third point follows from the first two statements.
The last point is a consequence of the third point and the fact that Kf** = det B; and K*! = det B.

Clearly the proof is completely analogous for the convergence from dS® to *E3, or from the convergence from
H? or AdS? to *Mim?. O

6.5 Projective nature of infinitesimal rigidity

Let S be a smooth space-like surface in E3?, Min?, EII*, H?, dS? or AdS?. A vector field Z on S is called an
infinitesimal isometric deformation if it preserves the induced metric on S at the first order: Lzg(X,Y) =
0 VX,Y €TS, which is easily shown to be equivalent to ¢(VxZ,X)=0 VX € TS, if g is the metric of the
ambient space and V its Levi-Civita connection. An infinitesimal isometric deformation is said to be trivial if it
is the restriction to S of a Killing field of the ambient space.

Now let us suppose that S embeds in an affine chart, and that this affine representation is also an affine chart
for another model space, in which the image of S is space-like. By a straightforward adaptation of the proof of
Lemma [5.18] it is easy to see that the infinitesimal Pogorelov map sends infinitesimal isometric deformations of .S
for the first ambient metric to infinitesimal isometric deformations of S for the second ambient metric. Moreover,
Lemma [5.18] also says that trivial deformations are sent to trivial deformations. A surface S is infinitesimally
rigid if all its infinitesimal isometric deformations are trivial.

It follows from the above discussion that the infinitesimal rigidity of a surface in a three dimensional affine
space is independent of the choice of the projective distance on the ambient space.

Comments and references

e A classical problem in Riemannian geometry is the existence of zero mean curvature surfaces with prescribed
boundary at infinity. For instance, in hyperbolic space the so-called asymptotic Plateau problem was proved by
Anderson in [5]. In Anti-de Sitter space, the analogous problem was tackled by Bonsante and Schlenker in [16].
With the tools introduced in this paper, the analogous problem in *Min® turns out to be very simple. Indeed,
taking the trace in the expression B = Hess™ wu — wId for the shape operator of a space-like surface, one obtains
that a surface has zero mean curvature if and only if Au — 2u = 0 where A denotes the hyperbolic Laplacian.
Hence a proof follows from the existence and uniqueness of solutions to this linear PDE.
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e Volkov [69] showed the following: a vector field Z on S is an infinitesimal isometric deformation if and only if for
each z € S there exists a Killing field K* such that Z, = (K%), and (VxZ), = (VxK%), VX € T,,S .

e To simplify the presentation, we have considered different metrics on the same (affine) space. But we could have
considered maps between different spaces, sending geodesics onto geodesics. In particular, it would follow from the
result presented here that infinitesimal rigidity in the Euclidean space is invariant under projective transformations.
This fact is known since the end of the 19th century and called the Darboux—Sauer theorem, see e.g. [32 Chapitre
IV]. This is also true for more general surfaces than smooth ones. For example consider polyhedral surfaces made
of pieces of space-like planes. An infinitesimal isometric deformation is then defined as the data of a Killing field on
each face, such that they coincide on common edges. Then Lemma [5.18]implies that the infinitesimal Pogorelov map
sends deformations to deformations and trivial deformations to trivial deformations. This invariance of infinitesimal
rigidity is always true if one considers the more general case of frameworks, that includes polyhedral surfaces
[401 [39).

e The Pogorelov map is a map taking two convex surfaces Si, 52 in EIl® and giving two convex surfaces .§1, So of
E3. If S, is isometric to Sa (for the distance induced by the ambient metric) then S1 and S are also isometric.
Moreover, if the isometry between S1 and Ss is the restriction to S; of an isometry of the ambient space, then the
isometry between S: and S5 is also the restriction of an isometry of the ambient space. The difficult part is to
prove that S1 and S5 are convex [62]. The differential of this map at S = S1 = S» gives the infinitesimal Pogorelov
map. The map was extended to H? [52] and to dS® [48] instead of Ell®, see also [57} 58]
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