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Abstract

We study in this paper orthogonal projections of embedded surfaces M in
H i(—l) along horocycles to planes. The singularities of the projections cap-
ture the extrinsic geometry of M related to the lightcone Gauss map. We give
geometric characterisations of these singularities and prove a Koenderink type
theorem which relates the hyperbolic curvature of the surface to the curvature
of the profile and of the normal section of the surface. We also prove duality
results concerning the bifurcation set of the family of projections.

1 Introduction

The work of this paper is part of a wider project of investigating the extrinsic ge-
ometry of submanifolds embedded in the pseudo-spheres in the Minkowski space R}
via singularity theory. The extrinsic geometric information is obtained by considering
the contact of the submanifold with degenerate objects in the given pseudo-sphere.
By degenerate we mean, for instance, a flat object (that is, a submanifold with some
curvature vanishing everywhere).

We studied in [27] the contact of surfaces in the hyperbolic space with geodesics.
This is measured by the singularities of orthogonal projections of the surface along
geodesics to hyperplanes and horospheres. The expression of an orthogonal projection
along a geodesic is also given in [28] using a different method. The work in [27] is
analogous to that on orthogonal projections of surfaces in the Euclidean and projective
3-spaces (these are well studied; see for example [1, 3, 4, 6, 7, 9, 11, 29, 30, 32, 33, 34,
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35]). Analogous in [27] means that we view a line in the Euclidean space as a geodesic.
But a line in the Euclidean space can also be viewed as the limit of circles with radii
tending to infinity. In the hyperbolic space, the limit of circles with radii tending to
infinity is a horocycle. So it is natural to consider, as we do in this paper, projections
in the hyperbolic space along horocycles.

Another reason we consider projections along horocycles is the following. Given
p € M, there is a well defined unit normal vector e(p) to M at p; see §2. (If M is
orientable, then e(p) is globally defined. However, it is always locally defined and our
investigation here is local in nature.) The vector e(p) is in the de Sitter space S and
we have the de Sitter Gauss map

E: M — S}
p — e

The projections of M along geodesics pick up extrinsic geometric information about
M related to the de Sitter Gauss map, see [27]. For example, the projection along
a geodesic has a cusp singularity at p if and only if the tangent to the geodesic at
p is a de Sitter asymptotic direction. The points on M where the projection has a
swallowtail singularity is precisely the locus of points of geodesic inflections of the de
Sitter asymptotic curves. Also, the projection has a lips/beaks singularity at p if and
only if p is a de Sitter parabolic point and the tangent to the geodesic is along the
unique de Sitter asymptotic direction at p.

There is another Gauss map on the surface introduced in [19] and called the light-
cone Gauss map; see §2. The vector p £ e(p) is lightlike (i.e., belongs to the lighcone
LC™), so we have the lightcone Gauss maps

L*¥: M — LC*
p — pxe(p)

Projecting along horocycles is a natural candidate to pick up extrinsic geometric
information about the surface related to the lightcone Gauss map. We expect, for
instance, the projection along a horocycle with tangent at p along a horo-asymptotic
direction (i.e., a direction u satisfying (d,(L*)(u),u) = 0) to have a cusp singularity
at p.

We give in §3 the expression of the family P of projections along horocycles to
orthogonal planes. The planes of projection are arbitrary, that is, projecting to parallel
orthogonal planes yields the same information. So we project to the planes that passe
through the point py = (1,0,0,0). Then the horocycles of interest are determined by
a pair of vectors (/,v) in the set C = {(l,v) € S3 x S§| (l,v) = 0}, where S% and S§
are spheres in LC* and S} respectively. The set C is in fact the parameter space of
our family of projections. For (/,v) fixed, the map P, can be considered locally as a
map-germ from R?, 0 — R?, 0. We show in §4 that P, has a cusp singularity or worse
if and only if xk(v*) = — (I, e(p)) / (I, p) , where v* is the tangent to the horocycle (I, v)
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at p and x(v*) is the de Sitter normal curvature at p along v*. The above relation yields
several interesting geometric properties of M (Theorem 4.2). For instance, x(v*) = £1
if and only if v* is a horo-asymptotic direction and [ = ]I:E(p), where ]Ij;(p) is the radial
projection of L*(p) to S2. We also show that the points p € M where the projection
along the horocycle (I[Aﬁ/t(p), v) has a swallowtail singularity at p is precisely the locus
of geodesic inflections of the horo-asymptotic curves (Proposition 4.3). We then prove
a Koenderink type theorem which relates the hyperbolic curvature of the surface to
the curvature of the profile and of the normal section of the surface (Theorem 4.4).

We prove in §5 a duality result between some surfaces associated to M and some
special curves on the Ay-dual surface M%) of M; (see §6). The result is analogous to
that of Shcherback in [34]. We also prove a duality result concerning the bifurcation
sets of the families of projections, analogous to that of Bruce-Romero Fuster in [9]. In
§5, we use the duality concepts introduced in [13, 14]; see §6 for details.

2 Preliminaries

The Minkowski space (Rf,(,)) is the 4-dimensional vector space R* endowed with
the pseudo scalar product (x,y) = —zoyo + Z?Zl x;y;, where z = (xg, 21, T, x3) and
y = (yo, 1, T2,y3) in R]. We say that a vector z in R} \ {0} is spacelike, lightlike or
timelike if (z,z) > 0, = 0 or < 0 respectively. The norm of a vector x € R} is defined

by ||z = v/[{z, z)].

Given a vector v € R} and a real number ¢, the hyperplane with pseudo normal v
is defined by
HP(v,c) = {x € R} | {z,v) = c}.

We say that HP(v,c) is a spacelike, timelike or lightlike hyperplane if v is timelike,
spacelike or lightlike respectively. We have the following three types of pseudo-spheres
in R{:

Hyperbolic 3-space : H?*(—1) ={z € R} | (z,z) = —1},
de Sitter 3-space : S ={zeR}| (x,z) =1},
(open) lightcone : LC* ={x e R\ {0} | (x,z) =0}.

We also define the lightcone sphere

S2 ={x € LC*|{z,2) =0, zy =1}
and the Euclidean sphere

S2={ze S} (r,2) =1, 29 = 0}.

For x € LC*, we have xg # 0 so



The hyperbolic space has two connected components. We only consider embedded
surfaces in H3 (—1) = { € H*(—1)| 29 > 1} as the study is similar for those embedded
in H3(—1) = {z € H3(-1)| 2o < —1}.

The wedge product of 4 vectors ay, as, az € R} is given by

—€p €1 €2 €3

1 1 1 1
Q a a a
— 0 1 2 3

3 3 3 3

ap ay Gy ag
where {eg, €1, €2, €3} is the canonical basis of R} and a; = (a},at,ab, al), i = 1,2,3.
One can check that (a,a; A as A ag) = det(a, ay, az, asz), so the vector a; A as A asz is
pseudo orthogonal to all the vectors a;, 1 = 1,2, 3.

Some aspects of the extrinsic geometry of hypersurfaces in the hyperbolic space are
studied in [13]-[23] and [26, 27]. Let M be a surface embedded in H?(—1). Given a
local chart ¢ : U — M, where U is an open subset of R?, we denote by ¢ : U — Hi(—l)
such embedding, identify &(U) with U through the embedding @ and write M = x(U).
Since (x,x) = —1, we have (x, ,x) = 0, for i = 1,2, where u = (u1,uz) € U. We
define the spacelike unit normal vector e(u) to M at x(u) by

o) = 0 A (1) N ()
() A, (u) A ()]

It follows that the vector @ + e is a lightlike vector. Let
E:U— S} and L*:U — LC*

be the maps defined by E(u) = e(u) and L*(u) = @(u) & e(u). These are called,
respectively, the de Sitter Gauss map and the lightcone Gauss map (or hyperbolic
Gauss indicatriz) of M ([19]). For any p = x(ug) € M and v € T,M, one can
show that D,E € T,M, where D, denotes the covariant derivative with respect to
the tangent vector v. Since the derivative da(ug) can be identified with the identity
mapping 17, on the tangent space T,M, we have dL*(ug) = 17,m £ dE(ug), under
the identification of U and M via the embedding x.

The linear transformation A, = —dE(uy) is called the de Sitter shape operator. Its
eigenvalues k;, 1 = 1,2, are called the de Sitter principal curvature and the correspond-
ing eigenvectors p;, ¢ = 1,2, are called the de Sitter principal directions.

The linear transformation S& = —dIL*(uo) is labelled the lightcone shape operator
of M at p. It has the same eigenvectors as A, but its eigenvalues are distinct from
those of A,. In fact the eigenvalues & of S satisfy RE=—1dn,i=1,2

We call K.(p) = det(A,) = k1(p)ra(p) (resp. Ku(p) = det(SF) = m1(p)ka(p)) the
de Sitter (resp. hyperbolic) Gauss-Kronecker curvature of M at p. The curvature K, is
also called the extrinsic Gaussian curvature. The set of points where K.(p) = 0 (resp.
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K;f(p) = 0) is labelled the de Sitter (resp. horospherical, horo- for short) parabolic set
of M. The restriction of the pseudo-scalar product to the hyperbolic space is a scalar
product, so H3(—1) is a Rimaniann manifold. We have the sectional curvature K of
M which is also called the intrinsic Gaussian curvature. It is known that K, = K;+1
(see §2.2 in [10]).

The operators A, and S;E are self-adjoint operators on M, so we can define the
notion of asymptotic directions at p. We say that u € T,M is a de Sitter (resp. horo-)
asymptotic direction if and only if (A,(u),u) = 0 (resp. (SF(u),u) = 0). There are
0/1/2 de Sitter (resp. horo-) asymptotic directions at every point where K.(p) (resp.
Kin(p)) 0> /=/<0.

We also define the de Sitter normal curvature at p along a direction u € T, M to be
k(u) = (Ay(u),u) / (u,u). The horo-normal curvature at p along a direction u € T, M
is defined similarly and is given by r; (u) = (SF(u), u) / (u, u).

A surface given by the intersection of H? (—1) with a spacelike, timelike or lightlike
hyperplane is called respectively sphere, equidistant surface or horosphere. The inter-
section of the surface with timelike hyperplane through the origin is called simply a
plane. Planes are the only surfaces with everywhere zero de Sitter Gaussian curvature
([21]). Horospheres are the only surfaces with everywhere zero hyperbolic curvature

([21]).

3 The family of projections along horocycles

We need some preliminaries about curves in H?(—1). Let v : [ — H3(—1) be a
regular curve. Since H?(—1) is a Riemannian manifold, we can parametrise v by
arc-length and assume that ~(s) is unit speed. Let t(s) = ~+/(s), with |[t(s)|| =
The vector #'(s) is not in the tangent space T H?3 (—1), so we project it along 7 to
this tangent space. The resulting vector is t'(s) — vy(s). Now if (¢'(s),t'(s)) # —1,
then ||t'(s) — v(s)|| # 0. In this case, we define the unit normal vector to the curve
as the vector n(s) = HZ@% If e(s) = v(s) At(s) An(s), then we have a pseudo
orthogonal frame {v(s),#(s),n(s),e(s)} in R} along . Frenet-Serret type formulae,
similar to those for a space curve in R?, can be proved for the curve v ([22]) and are
as follows

/

v'(s) = t(s
t'(s) = v(s) + rn(s)n(s)
n’Es) = —rp(s)t(s) + mn(s)e(s)

'(s) = —m(s)n(s)

where ki (s) = [[t'(s) = v(s)|| and 7u(s) = —det(v(s),7'(5),7"(s),7"(s))/n(s)*. The

(s
quantities kp(s) and 75,(s) are called the curvature (resp. torsion) of the curve v at
v(s). The condition (t'(s),t'(s)) # —1 above is in fact equivalent to kp(s) # 0. (See



[22] for more results on curves in the hyperbolic plane.)
When the curve v is not parametrised by arc length, the formula for the curvature
is

ki (0) = Hl/(@)B (Y"(0)(0) — ' (O)1"(9)) — v (O)]I,
where

1(6) = / ()| de

A horocycle in H? (—1) is the intersection of a horosphere with a plane orthogonal
to the horosphere. Let HS*(l,¢) = H3(—1)NHP(l,¢), with [ € S C LC* and ¢ € R,
denote a horosphere in H?(—1). Then a horocycle is given by HS*(l,¢) N HP(v,0),
with v € S§ and (I,v) = 0. Fixing [ and v and varying ¢ gives parallel horocycles.

A smooth curve in H?(—1) is a horocycle if and only if k, = 1 and 7, = 0 ([18]).
Also, for a curve in a hyperbolic plane (which is the case of a horocycle), kj = kg, where
kg4 denotes its geodesic curvature, and the hyperbolic curvature K = k, —1 = Kj, — 1.
Therefore, for a horocycle we have Kj; = 0, which means that they are flat objects.

We are considering here orthogonal projections along horocycles to planes. Pro-
jecting to two parallel planes yields the same information, so we choose those that
pass through the point py = (1,0,0,0). These are parametrised by the sphere SZ. So
parallel horocycles in H? (—1) that are of interest are those determined by the elements
of the set

C={(l,v) € ST xS5| (I,v) =0}.

Given a plane HP(v,0) N H3(—1), with v € S7, and a point p € H?(—1), there
is a unique horocycle through p, determined by a unique (/,v) € C, which intersects
orthogonally the given plane at some point ¢(p, (I,v)). We call the point ¢(p, (I,v))
the orthogonal projection of p along the horocycle (I, v).

Let 7 : C — S be the projection 7(l,v) = v and 7 : S3 — S} be the inclusion
i(v) =v. Let

F={(v,w) € TS}|{w,w) = -1} — S?

be the timelike unit spherical bundle over S}.
Theorem 3.1 The family of projections along horocycles in H (—1) is given by

P: H3(-1)xC — (iom)*F
p, (v)) = ((,v),q(p, (1, v)))

where

1 (p,v)”
q(p, (l,v)) =p—(p,v)v+ = o D) !
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Proof. A parametrisation of the horocycle (I,v) which is orthogonal to the plane
HP(v,0)N H2(-1) at ¢(p, (I,v)) is given by

c(s) =q(p, (I,v)) + sv + ?)\l.

for some scalar A, see [24]. The horocycle ¢(s) passes through p if p = q(p, (I,v)) +
SoU + %)\l for some sy € R. So q(p, (I,v)) =p — sov — %)\l. We have

{a(p, (I,v)),v) = (p,v) — 50 =0,
which gives so = (p,v). As c(sg) € H3(—1), {c(s0),¢(s0)) = —1, we have

{a(p, (L, 0)), Al) = (p, N} = —1,

therefore | = —1/(p,1). Hence q(p, (I,v)) =p — (p,v) v + %Q();;v;)

2

L. a

In this paper, the family of orthogonal projections of a given surface M in H? (—1)
along horocycles refers to the restriction of the family P to M. We still denote this
restriction by P. We have the following result where the term generic is defined in
terms of transversality to submanifolds of multi-jet spaces (see for example [12]).

Theorem 3.2 For a residual set of embeddings © : M — H?(—1), the family P is a
generic family of mappings.

Proof.  The theorem follows from Montaldi’s result in [31] and the fact that P :
H3(—1) x C — (i om)*F is a stable map. O

We denote by P,y the map H?(—1) — H3(—1), given by Py.(p) = q(p, (1,v)),
with ¢(p, (I,v)) as in Theorem 3.1. We also keep the same notation for the restriction
of P,) to the surface M C H3(-1).

For a given (I,v) € C and a point py € M, one can choose local coordinates so
that Py, restricted to M can be considered locally as a map-germ R* 0 — R?,0.
These map-germs are extensively studied. We refer to [32] for the list of the A-orbits
with A.-codimension < 6, where A denotes the Mather group of smooth changes of
coordinates in the source and target. In Table 1, we reproduce from [32] the list of
local singularities of A.-codimension < 3. Some of these singularities are also called
as follows: 45 (lips/beaks), 45 (goose), 5 (swallowtail), 6 (butterfly), 115 (gulls).

It follows from Theorem 3.2 that for generic embeddings of the surface only sin-
gularities of A.-codimension < dim(C) = 3 can occur in the members of the family of
orthogonal projections. So we have the following result.

Proposition 3.3 For a residual set of embeddings x : M — H?3(—1), the projections
Pyyy : M — Hi(—l) in the family P have local singularities A-equivalent to one in
Table 1 whose A.-codimension < 3. Moreover, these singularities are versally unfolded
by the family P.



Table 1: A.-codimension < 3 local singularities of map-germs R? 0 — R? 0 ([32]).

Name Normal form A.-codimension
Immersion (z,y) 0
Fold (z,9?) 0
Cusp (z, 2y + y?) 0
4y, (z,y° £ 2%y), k =2,3,4 k—1
5 (z, 2y +y*) 1

6 (v, 2y +y° £ y") 2
7 (z, 2y + v°) 3
11941 (2,29 + y* + 92 k=2,3 k
12 (z, 2% + v° + 35) 3
16 (z, 2%y +y* £9°) 3

The members of P can also have multi-local local singularities with A.-codimension
< 3, and these singularities are also versally unfolded by the family P. However, in
this paper, we deal mainly with the geometry of the local singularities.

4 Characterisations of the singularities of F

Given (I,v) € C and a point p € M, we denote by v* the tangent at p to the horocycle
through p and ¢(p, (I,v)). Then

v = (s9) = v —

where c(s) and s¢ are as in the proof of Theorem 3.1. Let S7 = T,H?(—1) N S,
Cp = {(l,w) € ST x S2|(l,w) = 0} and

F,: ¢ — (
(o) = (L)

Proposition 4.1 The map F, is a diffeomorphism.

Proof. The map I}, is clearly of class C*°. It is injective as the vector v is spacelike
and [ is lightlike. To show that it is surjective, let ([,w) € C, and consider the
horocycle c(s) = p + sw — s2/(2(p,1))l through p. We are seeking a vector v =
w — (s1/(p, 1))l tangent to the horocycle at ¢(s;) and orthogonal to a plane that passes
through py = (1,0,0,0). So we require (py,v) = 0. This gives s; = (po, w) (p, 1) / (po, ()
and v = w — (po, w)/(po, 1)l. The inverse map F,*(I,w) = (I,w — (po,w)/(po, 1)I) is
clearly of class C*°. O



Let p be a point on an embedded surface M in H?(—1) and w € T,M. Then as
a consequence of Proposition 4.1, if (I,w) € C,, there is a unique v € S such that
w = v*.

We have the following geometric characterisations of the singularities of P ., where
“worse” means more degenerate, alternatively, has a higher A.-codimension.

Theorem 4.2 Let M be an embedded surface in H? (—1) and (I,v) € C.
(1) The projection Py, is singular at p € M if and only if v* € T,M.
(2) Forv € S} fized and p € M, there is a circle of directions | € S5 C LC* such

that v* € T,M. This circle contains the directions L*(p) = p =+ e(p).

(3) The projection Py has a singularity of type cusp or worse at p € M if and
only if v € T,M and k(v*) = —X(p,1), where X(p,1) = (e(p),l) / (p,1). So, forl fized,
there are at most two directions v* € T,M for which the singularity of Py is of type
cusp or worse.

(4) The projection Py, has a singularity of type lips/beaks or worse at p € M if
and only if v* is a principal direction and —\(p,1) is its associated de Sitter principal
curvature. There are two directions | that satisfy k1 = —A(p,1) (or ko = —=A(p,1)).

(5) The curves k; = constant, 1 = 1,2, are the loci of points where the two directions
in (3) coincide. They foliate the region —1 < k; < 1, 1 =1,2. (Recall that the curves
k; = £1,1=1,2, are part of the horo-parabolic set associated to K,jf)

(6) The equality x(v*) = —A(p,1) = £1 holds if and only if | = LE(p) and v* is
a horo-asymptotic direction. So the projection P@i(p)’v) has a singularity of type cusp
at p or worse if and only if v* is a horo-asymptotic direction. The singularity is of
type lips/beaks or worse if and only if p is a horo-parabolic point and v* is the unique
horo-asymptotic direction at p (which is also a principal direction).

(7) Let p be an umbilic point, | € S with |k1| < 1. Then the projection Py ) has
a singularity of type lips/beaks or worse for any v € S§ with v* € T,M and | € S%
with —\(p,1) = k1. For all directions v* € T,M, except a finite number of them, the
singularity is genuinely of type lips/beaks. There are generically 0,2,4,6 directions in
T, M where the singularity becomes of type 115 and 0,2,4,6,8 where it becomes of type
4.

Proof. The statements in the theorem are of local nature, so we shall take the surface
M in hyperbolic Monge form (H-Monge form, see [19]) at the point in consideration. In
fact, by hyperbolic motions, we can suppose that the point of interest is pog = (1,0, 0, 0)
and the surface given locally by

a(z.y) = (VP@y) + 22+ + L f@.y).2y).

with (z,y) in some neighbourhood of the origin. Here f is a smooth function with
f(0,0) = 0 and f,;(0,0) = f,(0,0) = 0. So a unit normal to M at p, is given by



e(0,0) = (0,1,0,0). We shall write the Taylor expansion of f, at the origin, in the
form

3 4
f(@,y) = ar® + anzy + azy® + Z azr> 'y + Z auz*'y' + heo.t.
=0 =0

Let v = (0,v1,v2,v3) € S7. In order to make the contribution of (po,) apparent,
we take [ on a sphere in LC* with ly = constant. Then ly = (po,l). (If [ € S2, then
(po,l) = 1.) We assume that (l,v) = 0. We have v* = v at py and

aP(lﬂ;)/ax(O’ 0) - (07 —U1V2, 1 - U%, —U2U3>,
OP)/0y(0,0) = (0, —v1v3, —vav3, 1 — v3).

These two vectors are linearly dependent if and only if v; = 0, if and only if v* € T}, M,
which proves (1).

(2) We suppose from now on that v; = 0. Then vi+v2 =1 and [ = (ly, l;, —tvs, tv)
with 12 + 2 = [2. We still denote L=(p) the projection of p + e(p) to the sphere Iy =
constant. We have L*(po) = (lo, %11, 0,0), so (L*(po), v) = 0 for any v = v* € Ty, M.

(3), (4) and (5) We write Py, [i] for the ith coordinate function of Py,). The
tangent plane IT of HP(v,0)N H?(—1) at p is generated by the two vectors (0, 1,0, 0)
and (0,0, —vs, v). Let m : HP(v,0)NH?(—1) — II denotes the linear projection along
the vector v. Consider the composite map

70 Py = (0, Puw) (2], v3(v3 Py ) [3] — vaPuw[4]), —va(vsPuw [3] — v2aPuw[4])),

which is A-equivalent to the map-germ R?, 0 — R2, 0 given by

Puwy = (P (2], v3P0,0)[3] — vaPv)[4])-

As the singularities of P, restricted to M and those of IB(M) are A-equivalent, we

work with the map-germ P ,). We reduce the appropriate k-jets of P, to the form
(x,9(z,y)) and interpret geometrically the conditions for this germ to be A-equivalent
to one in Table 1. A calculation shows that

j2ﬁ(l,v) ~A (.Z‘, (2[0(@201}5 + a21V2V3 —+ CLQQU?)) — ll)yQ -+ ((2&207)2 -+ v3a21)l0 — Ugll)l‘y) .

The singularity of F;,) at po is of type cusp or worse if and only if the coefficient
of 12 in the above expression vanishes. This is the case if and only if

l
2 2 1
2(ag0v; + agvav3 + anv;) = "
0

which can be written as

*\ _<6(p0),l>
KJ(U ) - <p(),l> . (]‘)
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Since [ € LC*, I3 + 12 +12 = 12, so |l}/lg] < 1. (Alternatively, we can choose
Po, e(po), v*, v*% as an orthonormal basis of R}, where v** is a unit orthogonal vector
to v* in T,,M. We have (I,v*) =0, so I = (po,) po+ {e(po), ) e(po) + (v**, 1) v**. But
I € LC*, s0 — (po, 1)* + (e(py), 1) + (v*+, l>2 = 0, which gives |{e(po),1)/(po,1)| < 1.)

Now, k(v*) = cos? Ok + sin® Oky, with 6 the angle v* makes with the principal
direction p; associated to xi. Therefore k1 < k(v*) < Ry, so for equation (1) to
have a solution (in v or [) we need m = min(|ky],|k2|) < 1. If m > |A(po,l)| where
A(po,1) = (e(po),1) / (po,1) = —I1/lp, then there are no solutions to k(v*) = —A(po, ().
If m < |A(po, )|, for any A there are two directions in the tangent space that satisfy the
equation k(v*) = —A(po,1). A short calculation shows that the two directions coincide

if and only if
h

lq
(l_)2 — 2(@22 + a20)l + 4@20@22 &%1 =0.
0 0

This means that —A(pg, () is a de Sitter principal curvature, and the direction v* is
the associated principal direction. When this is the case, the coefficient of xy in the
expression for the 2-jet of Pg,) also vanishes. So the singularity becomes of type
lips/beaks or worse.

(6) In the above setting, if [A(po,!)] = 1, then (v**,1) = 0. This means that
L= (po,1) (po + e(po)), therefore I = L (py).

We know that &% (v*) = —1 & k(v*), so k(v*) = %1 if and only if A*(v*) = 0, if
and only if v* is a horo-asymptotic direction.

(7) Follows by analysing the 3-jet of P, at an umbilic point. O

Proposition 4.3 The projection P, has a singularity of type swallowtail (115)
or worse at p if and only if v* is a horo-asymptotic direction and p is a geodesic
inflection on the associated horo-asymptotic direction. The locus of such points form
generically a smooth curve on M that we label the horo-flecnodal curve of M.

Proof. We choose the setting of the proof of Theorem 4.2, take p = py and analyse the
3-jet of Pgs () ,)- We write this 3-jet in the form (z,g(x,y)). Then py is a is swallowtail

singularity (or worse) of P(Li( )0y if and only if 0%g/0y?(0,0) = 93g/0y*(0,0) = 0.
Calculations show that this is the case if and only if

(1 4 2a90)v3 £ 2a91v203 + (1 & 2a)v3 =0
(i.e., v* = (0,0, v9,v3) is a horo-asymptotic direction) and
C (v, v3) = azoVs + az105v3 + az0203 + aszv; = 0

where C' is the cubic part of f. To simplify the calculations, we rotate the axis
in the tangent plane and suppose that (0,0,1,0) is a horo-asymptotic direction, so
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1 + 2a99 = 0. Then the singularity is of type swallowtail or worse if and only if
asg = 0.

The equation of the horo-asymptotic curves in the parameter space is given by
ldz? 4 2mdxdy + ndy? = 0, where [, m, i are the coefficients of the hyperbolic second
fundamental form. Then the horo-asymptotic curve tangent to v* = (0,0,1,0) is

parametrised by

1 1 3@30
)= (1+ =t>, F=t>.t,———*) + h.o.t.
v(t) (+2 Fotht g ) +ho

The geodesic curvature of this asymptotic curve at pgy is 3asg/(2a21). This vanishes
when a3y = 0, equivalently when the singularity of the projection is of type swallowtail
or worse.

To show that the horo-flecnodal curve is generically a smooth curve, one can follow
the method in [5] (see also [8]) and consider the Monge-Taylor map ¢ : U — J3(2)
which associates to (z,y) € U the 3-jet of f at (x,y), where f is the function in the
parametrisation of the surface (U) in H-Monge form. The swallowtail singularities
form a smooth variety in J3(2) and for generic surfaces ¢(U) intersects this variety
transversally. The horo-flecnodal curve is the pre-image of this intersection, so is
generically a smooth curve. O

We call the image of the critical set of Py, the contour (or profile) of M. We

shall suppose here that it is a smooth curve and restrict to the case where [ = L* (po)
at some point pyg € M. We call the intersection of M with the 3-dimensional space
generated by the vectors py, v* and e(py) the normal section of M at py along v*.
Koenderink showed in [30] that for embedded surfaces in R?, the Gaussian curvature
of the surface at a given point is the product of the curvature of the contour with the
curvature of the normal section in the direction of projection. We have the following
result for the projections P(]Ei (p0)0)’ where the curvature of a curve in H f’r(—l) is as
given in §3.

Theorem 4.4 (Koenderink type theorem) Let k. be the curvature of the contour and
Kn the curvature of the normal section. If the point on the surface is also on the plane
of projection (alternatively, if v € T,M ), then

Kif = (ke + 1) (K, F 1).
Otherwise, the left hand side of the above equality depends on (v*,p).

Proof. We take, without loss of generality, the surface in the H-Monge form as in the
proof of Theorem 4.2, v = v* = (0,0,0,1) and | = (1,£1,0,0) at po = (1,0,0,0). We
assume that the singularity of the projection is a fold at pg, so 2as5 £ 1 # 0. Then the
2-jet of the profile is given by

1 (4(1,20(122 — 2&20 — a%l)

14 =t
( + 2 ’ 2(2(1,22 — 1)

t%,t,0).
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Following the formula in §3, its curvature at pq is given by

_ Adagag — a3y F 2a
2a92 F 1 '

[

The normal section of the surface along v is given by (1/f(0,v)2 +y* + 1, £(0,y),0,y)
and its curvature at py is given by k, = 2as. Given the fact that the hyperbolic
curvature of the surface at pg is K ,:f = 4agpags — a3; F 2as0 F 2ass + 1, it follows that

K
KnF1

C ?

equivalently,
Kif = (ke + 1) (K, F 1).

We now show that the above formula does not hold if py does not belong to the
plane of projection. Let A € R and consider the map

he: HP(v,0)NH3(—1) — HP(v,\)NH3(-1)
2
q — q+ v — ml
that takes a point on the plane determined by v € S§ to a point on another parallel
plane along the horocycles (I,v) € C. It is not difficult to show that the curvature of a
curve (t) C HP(v,0)NH? (1) is distinct from that of he(y(t)) € HP(v, \)NH3 (1)
when A # 0. So if we project to HP(v, \) N H3(—1) instead, the left hand side of
the above equality remains the same while the value of . changes as A varies. So the
equality does not hold in this case. a

5 Duality

We prove in this section duality result similar to those in [34] for central projections
of surfaces in RP? and to those in [9] for orthogonal projections of surfaces in R3.

Let M be an embedded surface in H?(—1). We shall use the duality concepts in
[13, 14, 25], see §6 for details. In [24] is introduced the notion of a horocyclic surface
which is defined to be a one-parmeter family of horocylces in H? (—1). We denote by
AP the horocyclic surface in H? (—1) swept out by the horocycles in H3 (—1) passing
through a horo-parabolic point of M and with tangent direction there the unique horo-
asymptotic direction. We also denote by (A" )(1*) the Aj-dual of AYP".

A bi-tangent horosphere of M is a horosphere HS?(l, ¢) tangent to M at two distinct
points. If there exist points py, ps € M such that LE(p;) = L*(py) and (p1, L*(py)) =
(pa, LE(py)), then we have the bi-tangent horosphere HS?*(IL*(py), (p1,LE(p1))) at py
and p,. In this case, there exists a unique horocycle in HS*(IL*(py), (p1, L*(m)))
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passing through p; and p,. We call such horocycle a bi-tangent horocycle to M relative
to LE(py) = L*(py). We denote by A?|| A" the horocyclic surface swept out by the bi-
tangent horocycles to M relative to the lightcone normal at points on the bi-tangent
locus of horospheres to M.

Theorem 5.1 Let M be an embedded surface in H3(—1) and M** its Ny-dual.
Then,

(1) The Ag-dual of the surface Ay is the cuspidaledge of M®@*).

(2) The Ag-dual of the surface AP||A" is the self-intersection curve of M),

(3) The As-dual of the surface (AY* )% is the cuspidaledge of —M ), where
—M@*) denotes the antipodal surface of M®*).

Proof. We consider a local parametrisation @ : U — H3(—1) of M (i.e., M = x(U)).
In this case M®*) = L*(U).

(1) We suppose that the horo-parabolic set K ,jf = 0 is a regular curve. This
property holds for generic embeddings of surface M in H?(—1). Let p(t), ¢t € I,
be a parametrisation of the horo-parabolic set of M and w(t) the unique unit horo-
asymptotic direction at p(¢). There exists a curve v : I — U such that x(v(t)) = p(t)
and u(t) € T,uM. Then we have e(t) = E(v(t)), so that LE(y(¢)) = p(t) = e(t).
Since p(t) = x(y(t)) is a parametrisation of K, '(0) which is the singular locus of L%,
LE(y(t)) = p(t) £ e(t) is the cuspidaledge of M**) = L*(U).

The horocyclic surface ALY is parametrised by

y(s,t) = p(t) + su(t) + 5 (p(t) £ e(t)).

We have
%(s, t) =wu(t) + s(p(t) £ e(t)) and %(s,t) = p'(t) + su'(t) + %(p’(t) + €'(t)).

Since u(t) € TopmM and L*(v(t)) = p(t) + e(t) is a lightlike normal to M, we have

(s.0.L600) =0

We remark that p'(t) € T )M and (p'(t) £ €'(t),p(t) £ e(t)) = 0. Therefore, we have

(G05.00000) £ l0) ) = 500, 10) 1)

Taking the derivative of the relation (p(t) 4 e(t),u(t)) = 0, we have
(dL=(v ()P (1), u(t)) = (LF) (v(1)), u(t)) = —(p(t) £ e(t),u'(1)).
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The fact that p(t) is the parametrisation of horo-parabolic set means that the image
of dL*(v(t)) is one dimensional, so that there exists A € R such that

dL*(y())p' (1) = ML= ((t))u(?).

Since u(t) is the unique asymptotic direction, we have

(dLF (v (£)p' (t), u(t)) = MdL* (y(8))u(t), u(t)) = 0.
It follows that

(Hs. 0,156y =0

So the lightlike normal to the horocyclic surface AZ‘I’ “" is constant along each horocycle.
(This means that the image of the lightcone normal to AY™"" is a curve in LC*, which
implies that A, is a horo-flat horocyclic surface in H3 (—1); see [24].) Moreover,
we have (y(s,t),L¥(y(t))) = —1. Therefore y(s,t) and LE(v(t)) are Ay-dual.

(2) Suppose that there exists a bi-tangent horocycle to M at two points p; and py
on M. The surface A%||A”? is then a horocyclic surface generated by horocycles along
a curve C; on M through p; (or a curve Cy through py). The lightlike normals L* of
M along Cy and Cy coincide. Let ¢(t) be a local parametrisation of the curve C} and
v(t) be the unit tangent direction to the horocycle in A||A% through ¢(t). We also
denote by e(t) the de Sitter normal to M along Cy, so that the lightcone normal to
M along C} is given by L*(¢) = ¢(t)*e(t). Then a local parametrisation of A?[|A} is
given by ,

2(s,) = qlt) + s0(t) + S (a(t) + e(1)).
It follows that

%(3, t) =v(t) +s(q(t) £e(t)) and %(s,t) = q'(t) + sv'(t) + S;(q'(t) +€'(1)).

By the same arguments in case (1), we have

<%(Sat)79(f) + e(t)> =0 and <%(s,t),q(t) + e(t)> = s(v/(t),q(t) £ e(t)).

Since €y and Cy are disjoint, Cy can be parametrised by ¢a2(t) = z(s(t),t) for some
non-zero smooth function s(t). On Cs, we have

0= (G600 £ e(t)) = (O (). 0(0) £ €(0),

Since s(t) # 0, we have (v(t),q(t) £ e(t)) = 0, so that
<%(s,t), q(t) £ e(t)> =0.
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So the lightlike normal to the horocyclic surface A7|| A" is constant along each horocy-
cle. (This means that the image of the lightcone normal to A?||A" is a curve in LC*,
which implies that A”[|A% is a horo-flat horocyclic surface in H3 (—1); see [24].) More-
over, we have (z(s,t),L*(t)) = —1. This means that z(s,t) and L*(t) are A,-dual.

The maps ¢(t) = 2(¢,0) and z(¢, s(t)) are parametrisations of C; and Cy respec-
tively. Therefore, IL*(¢) is the common lightcone normal to M at q(t) and z(t, s(t)),
which is the self intersection curve of M2*),

(3) We use here the notation in case (1) and define the contact diffeomorphism
U3y Ay — Ay by Usy(v,w) = (v — w, —w). We also define the mapping

82

w(s,t) = xe(t) — su(t) — E(p(t) + e(t)).

One can easily show that w(s,t) € S} and (p(t) + e(t), w(s,t)) = 1. By almost the
same calculations as those in case (1), we can show that

ow ow
(Grsnat a0y =0 md (Tt 2e0) =0
This means that LE(vy(t)) = p(t) & e(t) and w(s,t) are Az-dual. We also have

\D31(Li(7(t))> w(s,t)) = (y(s,t), —w(s, 1))

Therefore y(s, t) is the Aj-dual of —w(s, t). Since y(s, t) gives a local parametrisation of
AP (s, t) is a local parametrisation of (A3 ?*")(1*) . By definition, As is invariant
under the antipodal action on R?, so (AZP*")(1%) is the As-dual of —L*(v(t)) which
is the cuspidaledge of —M (2. 0

There are Euclidean analogues in [9] of the results in [34] (see also [3, 4, 7] for
related results). Given an embedded surface M in the Euclidean space R? the family
of height functions on M is given by

Hp: MxS? — RxS?
(g,v) +— quo
and the family of orthogonal projections is given by

Pp: MxS? — TS?
(¢,v) + (¢.9— (qv)v)

where S? denotes the unit sphere and “.” the scalar product in R®. The local bi-
furcation set Bif(Hg) of Hg (resp. Bif(Pg) of Pg) is the set of u € S? for which
there exist p € M such that Hg(—,u) (resp. Pg(—,u)) has a non-stable singularity
at p. The Ay-stratum of Bif(Hg) is the set of unit normals at the parabolic points of
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M. The lips/beaks stratum of Bif(Pg) is the set of unit asymptotic directions at the
parabolic points of M. It is shown in [9] that the As-stratum of Bif(Hg) is dual to
the lips/beaks stratum of Bif(Pg). The duality in [9] refers to the double Legendrian
fibration S% <~ A % S2 where A = {(u,v) € S? x S? | uw.v = 0}. The contact
structure on A is given by the 1-form 6 = v.du|a.

We seek an analogous duality result for the family of projections along horocycles.
The family of lightcone height functions on M C H?(—1) is introduced in [19] and is
given by

H: MxS, — RxS?
) = (0

The Ay-stratum of Bif(H) is the set of lightcone vectors Ei(p), with p a horo-parabolic
point of M. We know from Theorem 4.2 that the projection P(Hji ()0) has a lips/beaks
singularity when p a horo-parabolic point and v* is a horo-asymptotic direction at p.

Theset C = {(l,v) € S xS§ | (I,v) = 0} can be given a contact structure associated
to the 1-form 6 = (v, dl)|c. The smooth fibre bundles m : C — S3 and m : C — S§
are Legendrian fibrations. Therefore, given a Legendrian curve ¢ : L — C, m(i(L))
is dual to m(2(L)) and vice-versa. We call this duality C-duality. (See §6 for more
details on Legendrian duality.)

Suppose that the horo-parabolic set of M € H?(—1) is smooth (which is generically
the case) and is parametrised locally by p(t), t € I. Let u(t) be the unique horo-
asymptotic direction at p(t) and (L*(p(t)),v(t)) = F L (LE(p(t)), u(t)), with F, the

o)
map in Proposition 4.1. We have the following consequence of the C-duality.

Proposition 5.2 The curve L = {(L*(p(t)),v(t)),t € I} is a Legendrian curve in
C. Therefore m (L) and my(L) are C-dual curves. That is, the As-stratum of the
bifurcation set of the family of lightcone height functions is C-dual to the set of unit
horo-asymptotic directions at horo-parabolic points transported along horocycles to Sg.

The set of unit horo-asymptotic directions at horo-parabolic points transported
along horocycles to S3 is not of course the lips/beaks stratum of the bifurcation set
of the family of projections along horocycles. The lips/beaks stratum of this family is
generically a 2-dimensional surface in C. However, the curve L = {(LE(p(t)), v(t)),t €
I} is special on this stratum. To show this, let

S(42) = {(p, (l,v)) € M x C| Py, has a singularity at p of type lips/beaks},
The surface S(4) is generically smooth. Consider the projections
m :SM) CM xC— M and m:S(4y) C M xC —C.

Proposition 5.3 Suppose that p is not an umbilic point. Then the projection m s
singular if and only if p is a horo-parabolic point, | = L*(p) and v* is the unique
horo-asymptotic direction at p. Therefore L = {(IL*(p(t)),v(t)),t € I} = ma(X(m1)).
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Proof. 'The proof follows by direct calculations using the H-Monge form setting. O

6 Appendix

We require some properties of contact manifolds and Legendrian submanifolds for the
duality results in this paper (for more details see for example [2]). Let N be a (2n+1)-
dimensional smooth manifold and K be a field of tangent hyperplanes on N. Such
a field is locally defined by a 1-form «. The tangent hyperplane field K is said to
be non-degenerate if o A (da))™ # 0 at any point on N. The pair (N, K) is a contact
manifold if K is a non-degenerate hyperplane field. In this case K is called a contact
structure and « a contact form.

A submanifold ¢ : L C N of a contact manifold (N, K) is said to be Legendrian if
dim L =n and di,(T,L) C K,y at any z € L. A smooth fibre bundle 7 : E — M is
called a Legendrian fibration if its total space E is furnished with a contact structure
and the fibres of 7 are Legendrian submanifolds. Let 7 : £ — M be a Legendrian
fibration. For a Legendrian submanifold 2 : L C E, mo4¢ : L — M is called a
Legendrian map. The image of the Legendrian map 7 o ¢ is called a wavefront set of 2
and is denoted by W (%).

The duality concepts we use in this paper are those introduced in [13, 14, 25], where
five Legendrian double fibrations are considered on the subsets A;, i =1,...,5 below,
of the product of two of the pseudo spheres H"(—1), S and LC*. The geometric
ideas behind the choice of the subsets A; and the Legendrian double fibrations are as
follows (for more details see [13, 14, 25]).

To any hypersurface « : U — H™(—1) is associated the de Sitter Gauss map
E: U — S}. It is easy to show that the pair (z,E) : U — H"(—1) x S} is a Legendrian
embedding into the set Ay = {(v,w) € H"(—-1) x S | (v,w) = 0}. (The contact
structure on A, is given below.) This means that M = z(U) and M) = E(U) are
dual. We call this duality the A;-duality. This is a direct analogue of the spherical
duality in the Euclidean space.

Consider now the lightcone Gauss map L* : U — H"(—1) x LC* which satisfies
(x(u),L*(u)) = —1. The pair (z,L*) : U — H"(—1) x LC* determines a Legendrian
embedding into the set Ay = {(v,w) € H*(—1) x LC* | (v,w) = —1}, so M = x(U)
and M©®*) = L*(U) are dual. We call this duality the Ay-duality.

Similarly, we have (E(u) + ®(u),E(u)) = 1 and (L*(u),L™(u)) = —2 and these
lead to the concepts of As-duality and A4-duality respectively.

For spacelike hypersurfaces embedded in one of the pseudo-spheres in the Minkowski
space (i.e. surfaces whose tangent spaces at all points are spacelike), we need to con-
sider only the above four A;-dualities, i = 1,...,4. However, if we consider timelike
hypersurfaces in ST, (i.e. surfaces whose tangent spaces at all points are timelike) we
need the concept of As-duality below which is also a direct analogue to the spherical
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duality in the Euclidean space. To summarise, we have the following five Legendrian
double fibrations.

(1) (a) H"(=1) x ST > Ay = {(v,w) | (v, w) = 0},
( )711 A1—>Hn( 1)7 T2 - A1—>S17
(C) 011 = <dU U)>|A1, 012 = <U dw>|A1

(2) (a) H"(=1) x LC* D Ay = {(v,w) | {v,w) = —1},
( )7T A2_>Hn( )7[’22 A2—>LC*
(C) 621 = (dv,w>|A2, 922 = <U,dw>’A2.

(3) (a) LC* x ST D Az = {(v,w) | (v,w) =1},
()ﬂ' A3—>LC ,TT32 @ A3—>S
(C) 931 = (dv,w>|A3, 6)32 = <U dw)|A3

(4) (a) LC* x LC* D Ay = {(v,w) | (v,w) = -2},
()7'(' A4—>LC NIV A4—>LC
(C) 941 <d"U,lU>|A4, 942 = (v,dw)]A4.

(5) (a) ST x ST D As ={(v,w) | (v,w) =0},
(b) 751 : A5 — ST 750 1 A5 — ST,
( ) 851 = <dU,IU>|A5, 052 = (v,dw>|A5.

Above, ;1 (v,w) = v and me(v,w) = w for i = 1,....5, (dv,w) = —wedvy +
Sor widv; and (v, dw) = —vodwo+ Y ;. vidw;. The 1- forms 6" Sand 6!, i=1,...,5,
define the same tangent hyperplane field over A; which is denoted by K;.

We have the following duality theorem on the above spaces.

Theorem 6.1 ([13, 14, 25]) The pairs (A, K;), i = 1,...,5, are contact manifolds
and w;; and my are Legendrian fibrations.

We have the following general remarks, some of which follow from the discussion
proceeding Theorem 6.1.

Remark 6.2 1. Given a Legendrian submanifold ¢z : L — A;, i = 1,...,5, Theorem
6.1 states that m;;(¢(L)) is the A;-dual of m;a(2(L)) and vice-versa.

2. We have the following geometric properties for a Legendrian submanifold L C
A;, i =1,...,5. Take the case i = 1. If m1(4(L)) is smooth at a point 71 (2(w)), then
m2(i(u)) is the normal vector to the hypersurface m11(4(L)) C H}(—1) at m1(i(w)).
Conversely, if m2(¢(L)) is smooth at a point m2(i(w)), then m1(¢(w)) is the normal
vector to the hypersurface m5(2(L)) C S}?. The same holds for the A;-dualities,
1 =2,...,5, where we take the normal to a hypersurface M C LC* at p € M as the
direction given by the intersection of the normal plane to 7T),M in R with T,LC*.

3. Since the normal of a hypersurface in H"(—1) is always spacelike, we have no
good duality relationship in H™(—1) x H"(—1).
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