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THE LIGHTCONE GAUSS MAP OF A SPACELIKE SURFACE
IN MINKOWSKI 4-SPACE *

SHYUICHI IZUMIYAT, DONGHE PEIf, AND MAR{A DEL CARMEN ROMERO FUSTER}

Abstract. We study the geometry of the spacelike surfaces in Minkowski 4-space through their
generic contact with lightlike hyperplanes.

1. Introduction. Inspired in the results obtained by Kossowski [10, 11] for sub-
manifolds of Minkowski space, we introduced in [7] the notion of lightcone Gauss map
of a spacelike curve in Minkowski 3-space. We studied the singularities of lightcone
Gauss maps of spacelike curves and established the relationships between such sin-
gularities and the geometric invariants of these curves under the action of Lorentz
group. Our aim in this paper is to develop the analogous theory for spacelike surfaces
in Minkowski 4-space. To do this we need to work out local differential geometry tools
for spacelike surfaces in Minkowski 4-space similar to those of surfaces in Euclidean 4-
space [12]. As it was to be expected, the situation presents certain peculiarities when
compared with the Euclidean case. For instance, it is always possible to choose, in our
case, two lightlike normal directions along the surface as a frame of its normal bundle.
By using this, we define a Lorentzian invariant, K;(1,+1), called lightlike Gaussian
curvature of the spacelike surface. We introduce in §3 the notion of lightcone height
function which is useful to show that the lightcone Gauss map has a singular point if
and only if the lightlike Gaussian curvature vanishes at such point. Moreover, we show
that the lightcone Gauss map is a constant map if and only if the surface is contained
in a lightlike hyperplane, so we can view the singularities of the lightcone Gauss map
as an estimate of the contacts of the surface with lightlike hyperplanes. In §4 we define
the notion of lightcone pedal surface of a spacelike surface and show that its singu-
larities are in correspondence with that of the lightcone Gauss map of the surface.
We apply Montaldi’s methods [16] to the extended lightcone height function in order
to study the generic contacts between spacelike surfaces and lightlike hyperplanes in
85 . Finally, in §6, we give a generic classification of lightcone pedal surfaces and
lightcone Gauss maps (cf., Theorem 6.1 and Corollary 6.3). Briefly speaking, generic
singularities of lightcone pedal surfaces are cuspidaledges and swallowtails (cf., Fig.
1) and the corresponding singularities for lightcone Gauss maps are folds and cusps
respectively (cf., Fig. 2). We also analyze the geometrical meaning of cuspidaledges,
cross caps and swallowtails of lightcone pedal surfaces.

We observe that any surface M in Euclidean space R? can be viewed as a space-
like surface in R}. In this case the lightlike Gaussian curvature is the (Euclidean)
Gaussian curvature of the surface. In this sense, our theory is a generalization of the
theory of cusps of Gauss maps developed in [2]. On the other hand, the notion of
hyperbolic Gauss maps for surfaces in the Poincaré disk was introduced in [5]. The
singularities of the hyperbolic Gauss maps for hypersurfaces in Hyperbolic n-space
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cuspidaledge swallowtail
Fig. 1.
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Fig. 2.

H7Y(—1) were studied in [7] under the framework of Minkowski model. The hypersur-
faces in Hyperbolic n-space H(—1) are a particular case of spacelike submanifolds
of codimension 2 of Minkowski (n + 1)-space R} ™. We remark that in the case n = 3
the hyperbolic Gaussian curvature is equal to the lightlike Gaussian curvature and
hence our theory is also a generalization of the singularity theory for hyperbolic Gauss
maps for surfaces. We give in §7 some examples of spacelike surfaces of 4-dimensional
Minkowski space that are not included in any of these two categories.

Motivated by physical applications [6] and the previous work of Kossowski [10, 11]
we are preparing a further article dealing with singularities of lightlike hypersurfaces
in Minkowski 4-space [9] in which we shall push forward the topics treated in the
present paper.

We shall assume throughout the whole paper that all the maps and manifolds are
C® unless the contrary is explicitly stated.

2. Local differential geometry of spacelike surfaces. In this section we
introduce the basic geometrical tools for the study of spacelike surfaces in Minkowski
4-space in an analogous way to the theory developed in [12] for surfaces in Euclidean
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4-space.

Let R* = {(21, 2, 73, 24)|21, T2, ¥3, 74 € R} be a 4-dimensional vector space. For
any vectors @ = (21,72, 3,274) Y = (Y1,%2,Y3,%4) in R, the pseudo scalar product
of & and y is defined to be (x,y) = —z1y1 + T2y2 + T3y3 + z4ys. We call (R* () a
Minkowski 4-space. We write R} instead of (R%, (,)).

We say that a vector « in R}\{0} is spacelike, lightlike or timelike if (x,z) > 0,= 0
or < 0 respectively. The norm of the vector € R} is defined by ||z| = /|[{z,z)|.
For a lightlike vector m € R} and a real number ¢, we define the lightlike hyperplane
with pseudo normal n by

LHP(n,c) = {z € Ri|(z,n) = c}.

Let R} be an oriented and timelike oriented space (i.e., a 4-volume form dV/, and
future time-like vector field, have been chosen), and X : U — R} a regular surface
(i.e., an immersion), where U C R? is an open subset. We denote by M = X (U) and
identify M and U by the immersion X.

We say that M is a spacelike surface if the tangent plane T,M of M is
a spacelike plane (i.e., consists of spacelike vectors) for any point p € M.
In this case, the normal space N,M is a timelike plane (i.e., Lorentz plane)
(cf.,[18]). Let {es(z,y),es(z,y);p = (x,y)} be an orthonormal frame of T,Mand
{ei(z,y),es(z,y);p = (z,y)} a pseudo-orthonormal frame of N,M. Here, e1(p) is a
timelike vector and e;; i = 2, 3,4 are spacelike vectors.

We shall now establish the fundamental formula for a spacelike surface in R} by

means of similar notions to those of Little [12].
4 4
We can write dX = )" w;e; and de; = > w;je;; i =1,2,3,4. where w; and w;;
i=1 j=1
are 1-forms given by w; = d(e;)(dX, e;) and w;; = 6(e;)(de;, e;), with

1 i=2.3.4
-1 i=1 '

d(e;) = Sign(e;) = {
We have the Codazzi type equations:

4
dw; = Z 6(ei)6(ej)wij AN wj

Jj=

> =
—
[l
~—

dwij = Z Wik N Wiy,
k=1

where d is exterior derivative.
In fact, we have

dwi = (5(61)<d2X, 6i> — 5(61)dX A dei = —5(61)(2 wj;e€; A dei)
—6(ei)(w; A (deise) = > —d(es)(wj Awij)d(ey)

1 j=1

I
] =

<.
Il

(ei)d(ej)wij A w;

[
] =

1

<.
Il
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and

dwij = (5(8j)<d2€i, €j> - 5(€j)d8i A dej = —5(€j)d8i A dej
4 4
= 75((2]')(2 wik€r N ijkek)
k=1 k=1

4
= —5(e;)d(ex) Y —6(e;)d(ex)win A wi;
k=1

4
= E Wik N\ W -
k=1

Since (e;, ej) = 0;;0(e;j) (where 0;; is Kronecker’s delta), we get
(dei, e;) + (ei, dej) =0,
that is d(e;)w;; + d(e;)w;; = 0. And thus
wij = —0(e;i)d(e;)wji. (2)

In particular, w;; =0; ¢ =1,2,3,4.
It follows from the fact (dX,e;) = (dX, es) = 0 that

w) =wg =0. (3)
Therefore we have
4 4
0= dwl = Z 6(61)5(€j)w1j A wj = 5(ej)w1j A Wj = —Wwi13 A w3 — W14 N wy
=1 =3
4 4
0=dws =) d(e2)d(ej)wa; Awj = > d(€ej)waj Aw; = waz A wsg + wag A wa.
=1 =3

By Cartan’s lemma, we can write

w13 = aws + bwy, wig = bws + cwy
wo3 = ews + fwy, woy = fwz + guwy.

for appropriate functions a, b, c,e, f and g.
Since (dX,e;) = (dX,e3) =0,

(®’X,e)) = —(dX,de;)
4 4 4 4
== wiei, Y wije;) == wiei, > wije)
i=1 j=1 i=3 =2

= —(wgo.}lg + w4w14) = —wg(awg + bw4) — w4(bw3 + Cu)4)

= —(aw? 4 2bwswy + cw?),

and
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<d2X, 62> = —<dX, d62>
4
= *<Z wi€;, woie1 + wozes + wases) = —(wswaz + Wawas)
i=3
—(ew? + 2fwswy + gw?).

This means that
—(d*’X e))e; + (d* X, ez)es = (awi + 2bwzwy + cwi)er — (ew? + 2fwawy + gw?)eh)

By using equations (2), we may write

el 0 w2 w3z wu el

alez] = [we 0 W23 W24 e | (6)
es w1z —Wwa3 0  wa es
(" wig —woq —wsag 0 ey

And a straight forward calculation leads us to the following equations:

o e 0 —w12 W13 — W23 W14 — Wayg e e
! 2 w12 0 w13 +wa3z  Wig4 + wog ! 2
d e+ ez — W13 — W23 w13 + wo3 0 w €1 — € (7)
€3 2 % 34 es
W14 —Woq W14 T W24
o 2 2 s 0 o

On the other hand, we define

4
LO, ={x cR}| x = —(z1 —p1)* + Z(xL —p;)? =0}

=2

and
5-21- = {ZB = ($1,£B2,$3,.’E4) € LC = LCO | T = ]_}’

where p = (p1, p2, 3, p4) € RE. We call S% a lightlike unit sphere and LC; = LC,\{p}
a lightcone at the vertex p. Given any lightlike vector @ = (21,22, x3,z4), we have
T = (1% % 24)¢c G2

Y71 1 T
Let e; = (a1, a9,a3,a4) and es = (b1, ba, b3, bs) and consider

e e = (a1 = bl)eji_z% and thus
d(le; £ eg) =d(ay + bl)elsz/ez + (a1 £ bl)delf:\t_zg.
Hence
(a1 + bl)deT_—\i—/eQ = d(61 + 62) — d(a1 + bl)eﬁ/eg
= wiz(er + e2) + (w13 + waz)es + (wia + wos)es — d(a; + bl)ejﬁ2
= (a1 + b1)wizer + ex + (w13 + waz)es + (wia + waa)ey
—d((ll =+ bl)eT_—T—/eg
= [(a1 + b1)w12 — d(a1 + b1)]€1/-7:22 + (w13 + waz)es + (w14 + wag)ey.
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which leads us to the equality

(w1z +waz)es (w14 + woa)ey
a1 + by a1 + by

deT_—T—/eg = [w12 - dln(a1 + bl)]eT—T—/eg +

Similarly we have

(wig —woz)es  (wis — waq)ey
ap — b1 ay — b1 '

de; — ey = [—wi2 — dIn(a; — bl)}elf:/eg +

And finally we arrive to the the following fundamental formula:

_ d(a1—b1) w13 —woa3 Wi4—W24q

€1 — €2 g( b ) W12 a1 —by a1 —by ay—by €1 + €2
_ d(ai+by wiztwsz  wiatwos _

dal et Tex| _ w2 a1+by 0 a1+by a1+b1 €1~ €2
es wi3 ngs w13§w23 0 Wa4 es
e4 w145w24 wig 2w24 —ws4 0 ey

(8)

We now define the curvature ellipse at a given point p € M as the image of the
normal curvature vector map n : S* — R} of M, where S* is the unit sphere in T, M
and we identify N, M with R?.

Let v : I — R} be a parameterization by arclength of the regular spacelike curve
in R} obtained by intersecting M with the 3-plane determined by a unit direction
v € T,M and N,M. We clearly have that v = +/(s) and p € v(I). The normal
curvature vector of v lies in IV, M and is given by

1(v) = —(d*v/ds*(p), e1)er + (d*y/ds* (p), e2) e
= (acos? @ + 2bcosfsin @ + csin® f)e; — (ecos® § + 2f cosfsinf + gsin? e,

where v = cosfleg + sinfey € T,M and {e3(p), es(p); p} is an orthonormal frame of
T,M.
We define the mean curvature vector $) as

H= %(a +cle; — %(6 + g)ea. (9)

We clearly have
1 ) 1 .
n(0) = (Q(a —¢)cos20 + bsin20)e; — (5(8 —g)cos20 + fsin26)es + 9.
Or equivalently
1
- _( sla=¢) b\ [cos20
n(0) —$(0) = (—% e—g) —f sin 26
which shows that varying € from 0 to 7, the vector n(f) describes an ellipse in N, M.
Given v = ze; +yes € N, M, we have dv = dre; +xde; + dyes + ydes. and then

(dv,e3) A\ (dv,eq)
= [(az + ey)(cx + gy) — (bx + fy)*|ws A wa
= [(ac = b*)2® + (ec+ ag — 2bf )wy + (eg — f*)y*Jws A wa.
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We define a function K; as follows
Ki(x,y) = (ac — b*)2* + (ec + ag — 2bf)xy + (eg — f*)y>. (10)
On the other hand, we define two maps
LG?\Z/[ M — Si

by LG, (x,y) = e+ es (z,y). Each one of these maps shall be called lightcone Gauss
map of X(U) = M.

3. Lightcone height functions on spacelike surfaces. In this section we
introduce the notion of lightcone height functions on space like surfaces which, as we
shall see, is useful for the study of singularities of the lightcone Gauss maps.

Given a spacelike surface M (= X (U)) we define the function

H:MxS, —R

as H((z,y),A) = (X (z,y), A), where X = (1, X2, A3, A1) € S2. We call H the lightcone
height function on the spacelike surface M. We denote that hy,(z,y) = H(x,y, Ao),
for any fixed Ag € S%. The singularities of this function are characterized as follows.

ProproOSITION 3.1. Let M be a spacelike surface and H : M X Si — R oa
lightcone height function. Then we have the following assertions:
(1) (Ohr/0z)(po) = (Ohx/0y)(po) = 0 if and only if A = p(e1+e2)(po) = e1 = ea(po).
Here ey (po) = (a1, a2, a3, a4), e2(po) = (b1, ba, b3, bs) and pp = —=; (po) = (w0, %0) €
M,

(2) (Ohx/0x)(po) = (Ohx/dy)(po) = detH(hx)(po) = 0 if and only if

A =e; + ex(po) and Ki(1,+1)(po) = 0.

Here, detH(hy)(x,y) is the determinant of the Hessian matriz of hy at (x,y).

Proof. It follows from a straight forward calculation that (0hy/0x)(po) =
(0hyx/0y)(po) = 0 if and only if

(X2; A)(po) = (Xy, A)(po) = 0.

This is equivalent to the condition that A € N, M and A € S which means that
A=pule; £er)= elle\:/eg.
On the other hand, if we choose local coordinates such that X is given in the

Monge form X(J},y) = (fl('ray)7f2(xay)ax7y) and el(po) = (1’0a070) and 62(]70) =
(0,1,0,0), since

detH(hy)(z,y) = ‘

and A(po) = (1,£1,0,0), we have

’<(f11‘m’f2m15070)7(1’:|:1707O)> <(f11‘y7f2zy5070)7( )

<(f1wy7f2my7070)’(17:l:]‘7030)> <(f1yy7f2yy70 0
—ate —bxf —0

bt f —ctg|
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But this is equivalent to the condition
(ac+eg) % (2bf —ag —ec) — (b2 + f?) = (ac—b*) + (eg — f?) £ (2bf —ag—ce) =0
and A(po) = (1,+£1,0,0), namely &;(1,£1)(x,y) =0 and X(pg) = (1,£1,0,0). O

As a corollary of Proposition 3.1, we have the following theorem.

THEOREM 3.2. Under the assumption of Proposition 2.1, we have that the fol-
lowing conditions are equivalent:
(1) p € M is a degenerate singular point of the lightcone height function hy.
(2) (p, A) is a singular point of the lightcone Gauss map LGE.
(3) Ki(1,£1)(p) = 0.

Proof. Let’s consider the subset

S(H) = {(p,A) eMxS? %(p) = %—};A(p) =0 }

which from Proposition 3.1, (1) can be also written as
S(H) ={(p,X) € M x 57 | A =e1 Tea(p) }.

We now observe that the restriction, 7|X(H), of the canonical projection 7 : M X
Si — Si can be identified with the lightcone Gauss map LG@. We can easily see,
under this identification, that the condition (1) is equivalent to the condition (2).

That the condition (2) is equivalent to the condition (3) follows immediately from
Proposition 3.1 (2). O

THEOREM 3.3. Let M be a spacelike surface in Minkowski 4-space.
(1) The lightcone Gauss map LG}, (respectively, LGy, ) is constant if and only if
there exists a unique lightlike hyperplane HLP(v™',ct) (respectively, HLP(v™,c™))
such that M C HLP(v*,c") (respectively, M C HLP(v~,c™))
(2) Both maps, LGL and LG, are constant if and only if M is a spacelike plane.
In this case, the intersection of the lightlike hyperplanes

HLP(e, + es,ct) N HLP(e;, — e3,¢7)
is the spacelike plane M.

Proof. (1) We prove the assertion for the assumption LG}, (z,y) = e+ e (z,y)
is constant. The other case can be shown analogously. In this case we have

d(X, €1 +es) = (X, e + es) + (X, d(e; 1 es)) = 0.

Therefore, (X, e; + €3) = ¢*. This means that M = X (U) C HLP(v*,c+), where
vt =€ +es (z,y). Conversely, suppose that there exists a lightlike vector v and a
real number ¢ such that X(U) = M C HLP(v,c). Since (X (z,y),v) = ¢, we have
d{X (z,y),v) = 0. This means that v is a lightlike normal vector of M. Thus we have
v=e te, (z,y) which completes the proof of (1).

Since vt ¢ HLP(v ,c”) and v~ ¢ HLP(v',ct), HLP(v ,c) and
HLP(vT,cT) intersect transversally. By the assertion (1), both of the lightcone Gauss
maps LG}, and LGy, are constant if and only if M C HLP(v*,ct)NHLP(v™,c™).
Since the intersection must be a spacelike plane we have proven assertion (2). 0O

We say that a point p = X (x9, yo) is a lightlike parabolic pointof M if K;(1,1)(p) =
0 or K;(1,-1)(p) = 0.
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4. The lightcone pedal surface of a spacelike surface. In this section we
associate to M a singular hypersurface contained in the positive lightcone

LC_T_ = {33‘ = ($1,]}2,$3,$4) € LC() ‘ x1 >0 }

whose singularities correspond to those of the lightcone Gauss map of M. To do this
we consider a family of functions

H:MxLC, —R

defined by

H((x,y),v) = <X(.Z‘,y),§> — U1,

where v = (v1, v, v3,v4). We call H the extended lightcone height function of M =
X(U).
An immediate consequence of Proposition 3.1 is the following.

PROPOSITION 4.1. Let M be a spacelike surface and H: M x LCT — R the
extended lightcone height function of M. For py = X (x0,y0) and vo € LC%, we have
the following: B B
(1) H (po, vo) = (071 /02)(po, vo) = (9T /0y)(po,vo) = 0 if and only if

Do = €1 £ es(po) and vy = (X (20, o), €1 + ea(po))-
(2)
. OH OH ~
H(po,vo) = %(Pofvo) = aﬁy(po,’vo) = detH(hy)(po) =0

if and only if

B0 = €1 £ ea(po), v1 = (X(20,90), €1 £ ea(po)) and Ki(1,£1)(py) = 0.

Here, hy(z,y) = H((z,y),v).

The above result implies that the discriminant set of the extended lightcone height
function H is

Dy = {v € LC |v=(X(z,y),e1 exx,y))(e1 £ e)(x,y) for some (z,y) € U }

In view of this, we associate to M a couple of singular surfaces, LP]\jj C LC7, called
lightcone pedal surfaces of X (U) = M. These are defined by

LPJ\:‘/:I(p) = LPAZS({IJ,y) = <X((E,y)7€1 + @(m,y)}(el + 82)($7y)‘

We observe that each singularity of each one of the lightcone pedal surfaces cor-
responds to a singularity of the lightcone Gauss map. This correspondence has an
interesting explanation in terms of the Symplectic and Contact Geometry methods
that we analyze in the following paragraphs.

Given a point v = (v1,v2,v3,v4) € LC%, we have that vy = \/v3 4 v3 + v3.
We take coordinates (vg,vs,v4) on the manifold LC% and consider the projective
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cotangent bundle 7 : PT*(LC%) — LC’ with its canonical contact structure. Con-
sider also the tangent bundle 7 : TPT*(LC%) — PT*(LC%) and the differential,
dr : TPT*(LC%) — TLC?, of w. For any X € TPT*(LC? ), there exists an element
a € T*(LCY%) such that 7(X) = [a]. For an element V' € T,(LC%), the property
a(V) = 0 does not depend on the choice of representative of the class [a]. Thus we
can define the canonical contact structure on PT*(LC?) as

K = {X € TPT*(LC?)|7(X)(dx(X)) = 0}.

In the coordinates (vg,vs,v4) we have the trivialization PT*(LCY}) = LC% x
P(R?)*. If [¢& : &3 1 &4] represent the homogeneous coordinate of the dual projective
space P(R?)*, we shall call

((v2,v3,v4), [§2 : €3+ &4])

homogeneous coordinates for PT*(LCY).

It is easy to show that X € K, j¢) if and only if Z?:z ;& = 0, where d7t(X) =
Z?:z uia%i. An immersion i : L — PT*(LC?) is said to be a Legendrian immersion
if dimL = 2 and diy(T,L) C K for any ¢ € L. We also call the map 7 o i the
Legendrian map and the set W (i) = imagem o i the wave front of i. Moreover, i (or,
the image of 7) is called the Legendrian lift of W (i).

In order to lighten the study of the lightcone pedal surface, we include here a quick
survey on the Legendrian singularity theory developed by Arnol’d and Zakalyukin
[1, 22]. It is enough to consider, for our purposes, the 3-dimensional case instead of
the whole general theory.

Let F: (R* x R?,0) — (R,0) be a function germ. We say that F is a Morse
family if the map

oF oF
AF=(F—, .., —):(RxR30) — (RFxR,0
(F g ) )— )
is non-singular, where (q,z) = (q1,...,qx, 21,23, 73) € (R*¥ x R? 0). In this case we
have a smooth 2-dimensional submanifold
OF oF
£.(5) = { (00) € (R x B,0) | Flavo) = g.0) =+ = 50 (qv2) =0 |
I gy,
and the map germ ®p : (X, (F),0) — PT*R3 defined by
oF OF oF
d = — P P
ra.0) = (2 @) 50 g (0]

is a Legendrian immersion. Then we have the following fundamental theorem ([1, 22]).

PROPOSITION 4.2. All Legendrian submanifold germs in PT*R? are constructed
by the above method.

We call F' a generating family of ®. The corresponding wave front is
W(er)=

F
{x € R3 |there exists ¢ € R¥ such that F(q,z) = g—(q@) =--=—(¢,z)=0 } .
q1 k



THE LIGHTCONE GAUSS MAP OF A SPACELIKE SURFACE 521

We have, by definition, that Dp = W (®g). It then follows from the previous argu-
ments that the lightcone pedal surface LPE is the discriminant set of the extended

lightcone height function H.
PROPOSITION 4.3. The extended lightcone height function H is a Morse family.
Proof. Consider the family of functions
H:UxSxR-—R

given by H((z,y),w,r) = (X(x,y),w) —r, and a C*®-diffeomorphism, ® : U x 52 x
R — LC?% defined by ®((z,y),w,r) = ((x,y),rw). Then we have that H = H o &
and it is enough to show that H is a Morse family. Given w = (1, wa, w3, wy) € S’JQF,

we have wy = /1 — w? — w3, so that
H((axy), w, T‘) = —I (%y) + ;vg(x,y) \/ 1- U)?Q) - 'LUE + fE3(’U,)U)3 + iCZJL(:Evy)>’LU4 -

where X (z,y) = (x1(z,9), z2(x,y), x3(x,y), z4(x,y)). We now prove that the map

A = <8H aH,H>

or’ 9y
is non-singular at any point. The Jacobian matrix of A*H is given as follows:

ws wa

<Xa::ra ’LU> <Xzy7 ’LU> _x2,zw_ + €3,z _x2,a:w_ + T4,z 0
2 2
w3 Wy

(Xay,w) (Xyy,w) —Toy——+23y —Tay— +Tay 0
W wao

w w
(X, w) (X, w) 71'2734*.%3 fx2—4+x4 -1
wo wao

It follows now from a straight forward calculation that the determinant of the matrix

w3 Wy
—X2x + T3 —X2x + T4,2
W2 W2

w3 Wy
_$2,yw_2 + 23y _$27yw_2 + Tay

is equal to

Wa W3
— (D2,0T3,y — T3aTay) T — (To,422,y — T2,0Tay) + (T3.0T4y — T42T3.0)-
Wa w2

Since X(U) = M 1is a spacelike surface, the surface parameterized by
(z2(z,y), z3(x,y), z4(x,y)) in Euclidean space is everywhere regular and we can in-
terpret that the above determinant vanishes if and only if the vector (wa,ws,wy) is
tangent to this surface. But it is impossible because X (U) = M is a spacelike surface.

It follows from Proposition 4.3 that the lightcone pedal surfaces LPJ\i/I are wave

fronts and the extended lightcone height function H provides a generating family for
the Legendrian lifts of LPJ\?
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5. Contact with lightlike hyperplanes. In this section we give geometrical
interpretations to the singularities of the lightcone Gauss map and the lightcone pedal
surface of X(U) = M. This is done, following the classical differential geometry
methods, through the analysis of the contacts of a spacelike surface with the lightlike
hyperplanes. We first include a brief review of the theory of contact due to Montaldi
([16)).

Let X;,Y; (i = 1,2) be submanifolds of R” with dim X; = dim X5 and dimY; =
dim Y5. We say that the contact of X1 and Y7 at y; is of the same type as the contact of
Xs and Y3 at yo if there is a diffeomorphism germ ® : (R™,y;) — (R™, y2) such that
®(X1) = X and ®(Y7) = Ys. In this case we write K(X1,Y1;y1) = K(Xa,Y2;92).
We can, clearly, replace R™ by any manifold in this definition. Montaldi gives a
characterization of the notion of contact by using the terminology of singularity theory.

THEOREM 5.1. ([16]) Let X;,Y; (i = 1,2) be submanifolds of R™ with dim X; =
dim Xy and dimY, = dimYs. Let g; : (X;,2;) — (R™,y;) be immersion germs and
fi o (R™, ;) — (RP,0) be submersion germs with (Y, y;) = (f; 1(0),y;). Then

K(X1,Y1;501) = K(X2, Y25 y2)

if and only if f1 0 g1 and fs o go are K-equivalent.

We now consider a function H : R} x LCT — R defined by H(z,v) =
(x,v) — v1. Given vy € LC%, we denote by, () = H(x,vo) and observe that
b_ol (0) = LHP(vg, vp,1) defines a lightlike hyperplane. For any po = X (z0,40) € U,

v
we consider the lightlike vector v = e; & ea(po) and ¢* = (X (z0,%0), v¥), and we
have

b,2 0 X(po) = Ho (X x idy ) (po). i) = H((o,yo), 5o*) — e+ = 0.
We also have the relations

dh,z0X OH
Uaix(po) = %((Po)av(ﬂf) =0

and

I,z 0 X OH N
T(Po) = a—y((Po)ﬂ’o ) =0.

which imply that the lightlike hyperplane h—1(0) = LH P (v, ¢*) is tangent to M =
Yo
X (U) at py = X (20, 90)- In this case, we call each LHP(v,cF) the tangent lightlike
hyperplane of M = X (U) at pg = X (x0,yo). Moreover, the intersection
LHP(vE,ct)N LHP(vE,c)

is the tangent plane of M at py. Let vy,vo be lightlike vectors. Clearly, if vy, vs
are linearly dependent the lightlike hyperplanes LH P(v1,¢;) and LHP(vs,c3) are
parallel. We have the following simple lemma.

LEMMA 5.2. Let X : U — R} be a spacelike surface and o = +. Given two
points p1 = X (21,y1),p2 = X (22,y2) in M = X(U), the following assertions hold:
(1) LG, (p1) = LGS, (p2) if and only if LHP(v{,c]) and LHP(vg,c3) are parallel.
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(2) LP(p1) = LP§;(p2) if and only if LHP(vf,f) = LHP(v, c5).
Here, v = el/:T:/eg(pl-) and ¢& = (X (zi,y:),vE) fori=1,2.

On the other hand, given any map f : N — P, we denote its set of singular points
by X(f) and put D(f) = f(2(f)). We call f|2(f) : 2(f) — D(f) the critical part of
the map f. For any Morse family F : (R¥ x R3,0) — (R, 0), (F~1(0),0) is a smooth
hypersurface, so we can define a smooth map germ 7 : (F~1(0),0) — (R,0) by
wr(q, ) = . We can easily show that X, (F) = ¥(wp). Therefore, the corresponding
Legendrian map 7 o @ is the critical part of 7p.

We introduce the following equivalence relation among Legendrian immersion
germs: Let i : (L,p) C (PT*R3,p) and ' : (L',p’) C (PT*R3,p') be Legendrian
immersion germs. We say that i and ¢’ are Legendrian equivalent if there exists a
contact diffeomorphism germ H : (PT*R?,p) — (PT*R3,p’) such that H preserves
fibers of 7 and H(L) = L'. A Legendrian immersion germ into PT*R? at a point is
said to be Legendrian stable if for every map with the given germ there is a neigh-
bourhood in the space of Legendrian immersions (in the Whitney C'*° topology) and
a neighbourhood of the original point such that each Legendrian immersion belonging
to the first neighbourhood has in the second neighbourhood a point at which its germ
is Legendrian equivalent to the original germ.

Since the Legendrian lift i : (L,p) C (PT*R3,p) is uniquely determined on the
regular part of the wave front W (i), we have the following simple but significant
property of Legendrian immersion germs:

PROPOSITION 5.3. Leti: (L,p) C (PT*R® p) and ' : (L',p') C (PT*R3,p') be
Legendrian immersion germs such that the reqular sets of mwoi,moi’ are dense respec-
tively. Then i,i" are Legendrian equivalent if and only if wave front sets W (i), W (i')
are diffeomorphic as set germs.

This result has been firstly pointed out by Zakalyukin [23]. The assumption in the
above proposition is a generic condition for ¢,4’. In particular, if 4,7 are Legendrian
stable, then they satisfy this assumption.

We can interpret the Legendrian equivalence by using the notion of generating
families. We denote by &, the local ring of function germs (R™,0) — R with the
unique maximal ideal M,, = {h € &, | h(0) = 0 }. Let F,G : (R¥ x R",0) —
(R,0) be function germs. We say that F' and G are P-K-equivalent if there exists
a diffeomorphism germ ¥ : (R* x R",0) — (R¥ x R",0) of the form V¥(z,u) =
(1(g, ), ¢2(x)) for (g,x) € (R* x R",0) such that U*((F)g,,.) = (G)e,,,. Here
U* : Eppn — Ekyn is the pull back R-algebra isomorphism defined by U*(h) = ho 0.

Let F : (R* x R3,0) — (R,0) a function germ. We say that F is a K-versal
deformation of f = F|R* x {0} if

_ OF i von OF i ron. OF
Er =T(K)(f) + <8m1 |IR* x {0}, 92, |R” x {0}, 8x3|R X {0}>R,
where
_/9f of
Te(lc)(f) - <aq17"'7aquf>£k .
(See [14].)

The main result in Arnol’d-Zakalyukin’s theory[1, 22] is the following;:
THEOREM 5.4. Let F,G : (R¥ x R3,0) — (R,0) be Morse families. Then
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(1) ®r and @G are Legendrian equivalent if and only if F, G are P-K-equivalent.
(2) ®F is Legendrian stable if and only if F is a K-versal deformation of F' | R* x {0}.

Since F, G are function germs on the common space germ (R* x R3,0), we do no
need the notion of stable P-K- equivalences (cf., [1]). By the uniqueness result of the
K-versal deformation of a function germ, Proposition 5.2 and Theorem 5.3, we have
the following classification result of Legendrian stable germs (cf., [7]). For any map
germ f : (R™,0) — (R?,0), we define the local ring of f by Q(f) = &En/f*(IMp)Ex

PROPOSITION 5.5. Let F,G : (RF x R?,0) — (R,0) be Morse families. Suppose
that ®p, ®g are Legendrian stable. The the following conditions are equivalent.
(1) W(®F),0) and (W(Pg),0) are diffeomorphic as germs.
(2) ®r and ®g are Legendrian equivalent.
(3) Q(f) and Q(g) are isomorphic as R-algebras, where f = F|RF x {0}, g =
k

Proof. Since ®p, Py are Legendrian stable, they satisfy the generic condition
of Proposition 5.3, so that the conditions (1) and (2) are equivalent. The condition
(3) implies that f, g are K-equivalent[14, 15]. By the uniqueness of the K-versal
deformation of a function germ, F, G are P-K-equivalent. This means that the
condition (2) holds. By Theorem 5.4, the condition (2) implies the condition (3). 0O

We apply now these tools to the study of the contact between spacelike surfaces
and lightlike hyperplanes.

Let LPg,; : (U, (zi,9:)) — (LCL,v7) (i = 1,2) be two lightcone pedal surface
germs respectively associated to spacelike surface germs X; : (U, (x4, v;)) — (R, p;),
where o = +. We say that LPy, ; and LPy; , are A-equivalent if there exist diffeo-
morphism germs ¢ : (U, (z1,91)) — (U,23,52)) and @ : (LCL,v5) —> (LCY,v)
such that ®o LPf ; = LPM o0 ¢. If the both of the regular sets of LPyf, ; are dense in
(U, (21, y:)), it follows from Proposition 5.5 that LPF; | and LPg; , are A-equivalent if
and only if the corresponding Legendrian lift germs are Legendrian equivalent. This
condition is also equivalent, by Theorem 5.4, to the condition that the two generating
families Hy and H, are P-K-equivalent. Here, H; : (U x LCY, (w4, y:),v])) — Ris
the extended lightlike height function germ of X;.

On the other hand, we denote that h;.,s(u) = H;(u,vy) and we have
hwli(u) = b o x;(u). By Theorem 5.1, K(X,(U),HLP(v?,—1),vy) =
K(x2(U),HLP(v?,—1),v%) if and only if %1,111 and El,vz are K-equivalent. So we
can apply the previous arguments to our situation. We denote Q7 (X, (zo,yo)) the

local ring of the function germ Eug 2 (U, (x0,90)) — R, where v§ = LPg;(x0,y0). We
remark that we can explicitly write the local ring as follows:

(Gl U
Q* (X, (x0,%0)) = _ o) :
(X (z,y),e1 £ ea(xo,90)) — o= ()
(z0,v0)
where C22 (U) is the local ring of function germs at (xg, yo) with the unique max-

imal ideal zm(wo o) (U).

THEOREM 5.6. Let X; : (U, (z;,9:)) — (R}, X;i((xi,v:))) (i = 1,2) be spacelike
surface germs such that the corresponding Legendrian lift germs are Legendrian stable
and o = £. Then the following conditions are equivalent:

(1) The lightcone pedal surface germs LPF; | and LPf, are A-equivalent.
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(2) H1 and Hz are P-K-equivalent.

(3) by v, and ha vy are K-equivalent.

(4) K(X,1(U), HLP(v?, 1), v7) = K(23(U), HLP (v, —1),v5)

(5) Q°(X1,(x1,y1)) and Q° (X2, (x2,y2)) are isomorphic as R-algebras.

Proof. The previous arguments (mainly by Theorem 5.1) imply that conditions
(3) and (4) are equivalent. The other assertions follow from Proposition 5.5. O

Given a spacelike surface germ X : (U, (xg,y0)) — (R}, X (w0, y0)), we call each
set

(XY (LHP(v*,c*)), (z0,0))

a tangent lightlike hyperplane indicatriz germ of X, where v* = e; + ea(xg, yo) and
ct = (X (x0,90),vT). Moreover, in view of the above results, we can borrow some
basic invariants, such as the K-invariants for function germs, from the singularity
theory on function germs. The local ring of a function germ is a complete K-invariant
for generic function germs. It isn’t, however, a numerical invariant. On the other
hand, the K-codimension (or, Tyurina number) of a function germ is a numerical
K-invariant of function germs [14]. We denote it by

cee U
L-Ordi (X, (QL’O, yo)) = dlmR _ _ (x(va(J)( )~ .
(e (@,9)s o (@,9), hye  (2,)

+

L-ord?(x, up) is usually called the K-codimension of TLUS, where 0 = +. However, we
shall refer here to it as the order of contact with the tangent lightlike hyperplane at
X (z0,yo). We also have the notion of corank of function germs,

L-corank? (X, (zg,y0)) = 2 — rank Hess(ﬁvg (z0,90)),

where 'voi = e; + ea(xo, Yo)-
Then Proposition 4.1 tells us that X (z¢, yo) is a L?-parabolic point if and only if

L-corank? (X, (zo,y0)) > 1.
Moreover, X (zg,yo) is a lightlike umbilic point if and only if
L-corank? (X, (zo,y0)) = 2.

On the other hand, a function germ f : (R"‘l a) — R has the Ag-type singular-
ity if f is K-equivalent to the germ +u3+- - iun o+ uF L I Locorank” (X, (z0, 40)) =

n—1-
1, the extended lightcone height function hug has, generically, a singularity of type
Aj at (zo,y0). In this case, we have that H-ord’(x,ug) = k. The number k is
equal to the order of contact in the classical sense (cf., [4]). This justifies why we
call L-ord? (X, (x0,90)) the order of contact with the tangent lightlike hyperplane at
X (w0,Y0)-

6. Classification of singularities of lightcone Gauss maps and lightcone
pedal surfaces. This section is devoted to the study of the generic singularities of
lightcone Gauss maps and lightcone pedal surfaces. We denote by Emb, (U, R}) the
space of spacelike embeddings with the Whitney C*°-topology, where U C R? is an
open subset. The set of lightlike parabolic points (i.e., {p € M | K,(1 £ 1)(p) = 0})
is called a lightlike paraboic set.
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THEOREM 6.1. There exists an open dense subset O C Embyg (U, R?) such that
for any X € O, the following conditions hold:

(1) Each component of the lightlike parabolic set is a regular curve. We call such
a curve the lightlike parabolic curve.

(2) The lightcone pedal surface LPg; is a cuspidaledge at each point of the lightlike
parabolic curve except at isolated points. At these points LPg; is a swallowtasl.

Here, a map germ f : (R% a) — (R3,b) is called a cuspidaledge if it is A-
equivalent to the germ (uy,u3,u3) ( cf., Fig. 1) and a swallowtail if it is A-equivalent
to the germ (3uf + u3ug, 4u3 + 2ujug, uz) (cf., Fig.1).

In order to prove Theorem 6.1, we consider the function H : R} x LC%} — R given
in §5. We claim that H, is a submersion for any v € LC, where H,(x) = H(z,v).
For any X € Emb, (U,R}), we have H = H o (X x idrc: ). We also have the (-jet

extension
JiH : U x LCE — JY(U,R)

defined by j¢H ((z,y),v) = j’h,(z,y). Consider the trivialization J'(U,R) = U x R x
J4(2,1). Given any submanifold Q C J%(2,1), we denote Q@ = U x {0} x Q. Then we
have the following proposition as a corollary of Lemma 6 in Wassermann [20]. (See
also Montaldi [17] and Looijenga [13]).

PROPOSITION 6.2. Let Q be a submanifold of J*(2,1). Then the set
To = {x € Emb, (U,R}) | j*H is transversal to Q }

is a residual subset of Emb, (U,R}). If Q is a closed subset, then Tg is open.

The proof of Theorem 6.1 is easily obtained from this by considering the K-orbits
in J%(2,1), so we omit the detailed discussion. The assertion of Theorem 6.1 can be
interpreted in the sense that the Legendrian lift of the lightcone pedal surface LPI\j/EI of
X € O is Legendrian stable at each point. Since the Legendrian lift is the Legendrian
covering of the Lagrangian lift of LGT/I7 it has been known that the corresponding
singularities of LG?E[ are folds or cusps [1]. Hence, we have the following corollary.

COROLLARY 6.3. Let O C Emb, (U,R}) be the open dense subset provided by
Theorem 6.1. Given any X € O, the following assertions hold:

(1) A lightlike parabolic point (xo,yo) € U is a fold of the lightcone Gauss map
LGS, if and only if it is a cuspidaledge of the lightcone pedal surface LPy;.

(2) A lightlike parabolic point (xo,yo) € U is a cusp of the lightcone Gauss map
LGS, if and only if it is a swallowtail of the lightcone pedal surface LPg;.

Here, a map germ f : (R% a) — (R2,b) is called a fold if it is A-equivalent to
the germ (u1,u3) and a cusp if it is A-equivalent to the germ (uq,u3 + ujus).

Following the terminology of Whitney [21], we say that a surface X : U — R{
has an excellent lightcone pedal surface LPg; if the Legendrian lift of LPy; is a stable
Legendrian immersion at each point. In this case, the lightcone pedal surface LPg,
has only cuspidaledges and swallowtails as singularities. Theorem 6.1 implies that a
spacelike surface with an excellent lightcone pedal surface is generic in the space of all
spacelike surfaces in Rf. We now analyze the geometric meanings of cuspidaledges and
swallowtails of the lightcone pedal surface. We have the following results analogous
to those of Banchoff et al [2].
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THEOREM 6.4. Let LPg : (U, (70,90)) — (R}, po) be the excellent lightcone
pedal surface of a spacelike surface X and Evg : (U, (zo,y0)) — R be the extended
lightcone height function germ at Uét = ej + ex(po), where 0 = +. Then we have the
following:

(1) (zo,yo0) is a lightlike parabolic point of X if and only if L-corank? (X, (xo,y0)) = 1.
(2) If (z0,yo) is a lightlike parabolic point of X, then ?ng has the Ag-type singularity
for k=2,3.

(3) Suppose that (xo,yo) is a lightlike parabolic point of X. Then the following condi-
tions are equivalent:

(a) LP§; has a cuspidaledge at (xo,yo)

(b) ﬁvg has an As-type singularity.

(¢) L-ord? (X, (z0,%0)) = 2.

(d) The tangent lightlike hyperplane indicatriz is an ordinary cusp, where a curve
C C R? is said to be an ordinary cusp if it is diffeomorphic to the curve given by
{(ur,u2) | ui —ud =0 }.

(e) For each € > 0, there exist two distinct points (z;,y;) € U (i = 1,2) such that

l(zo,y0) — (w4, 43)l| < e

for i =1,2, both of (x;,y;) are not lightlike parabolic points and the tangent lightlike
hyperplanes to M = x(U) at (x;,y;) are parallel.
(4) Suppose that (xo,y0) is a lightlike parabolic point of X. Then the following condi-
tions are equivalent:

(a) LPg; has a swallowtail at (zo,yo)

(b) ?ng has an Asz-type singularity.

(¢) L-ord? (X, (z0,%0)) = 3.

(d) The tangent lightlike hyperplane indicatriz is a point or a tachnodal, where
a curve C C R? is called a tachnodal if it is diffeomorphic to the curve given by
{(ur,u) | ui —u3 =0 }.

(e) For each € > 0, there exist three distinct points (z;,y;) € U (i = 1,2,3) such
that

(@0, y0) — (wi, yi)|| <e
fori=1,2,3 and the tangent lightlike hyperplanes to M = x(U) at (x;,y;) are parallel.
(f) For each € > 0, there exist two distinct points (z;,y;) € U (i = 1,2) such that
[(z0,90) — (zi, ys)|| <e
fori=1,2 and the tangent lightlike hyperplanes to M = x(U) at (x;,y;) are equal.
Proof. We have shown that (zo,yo) is a lightlike parabolic point if and only if

L-corank? (X, (zo,y0)) > 1.

We have that L-corank? (X, (2o, yo)) < 2. Since the extended lightcone height function
germ, H : (Ux, LC%, ((x0,¥0),v0)) — R, can be considered as a generating family of
the Legendrian lift of L Py, Eug has only Ag-type singularities (k = 1,2, 3). This means
that the corank of the Hessian matrix of Evg at a lightlike parabolic point is 1. The

assertion (2) follows analogously. By the same reason, the conditions (3);(a),(b),(c)
(respectively, (4); (a),(b),(c)) are equivalent. If the height function germ h,z has
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the Aa-type singularity, then it is K-equivalent to the germ +u? + u3. Since the K-
equivalence preserves the diffeomorphism type of zero level sets, the tangent lightlike
hyperplane indicatrix is diffeomorphic to the curve given by +u? 4+ u3 = 0 which is an
ordinary cusp. The normal form for the Az-type singularity is given by +u? + u3, so
the tangent lightlike hyperplane indicatrix is diffeomorphic to the curve +u2 4u3 = 0.
This means that the condition (3),(d) (respectively, (4),(d)) is also equivalent to the
other conditions.

Suppose that (xg,yo) is a lightlike parabolic point, then the lightcone Gauss map
has only folds or cusps as singularities. If the point (xg,yo) is a fold point, there is
a neighbourhood of (z¢,y9) at which the lightcone Gauss map is 2 to 1 except at
the lightlike parabolic curve (i.e, fold curve). By Lemma 5.2, the condition (3), (e)
is satisfied. If the point (xg,yo) is a cusp, the critical value set is an ordinary cusp.
By considering its normal form we see that the lightcone Gauss map is 3 to 1 inside
the region of the critical value. Moreover, the point (xg,yo) lies in the closure of
this region from which it we get condition (4),(e). We also observe that nearby of a
cusp point, there are 2 to 1 points which approach to (zg,yo). However, one of these
points is always a lightlike parabolic point. Since no other singularities appear in this
case, we have that the condition (3), (e) (respectively, (4),(e)) characterizes a fold
(respectively, a cusp).

I we consider the lightcone pedal surface instead of the lightcone Gauss map we
have that its only singularities are cuspidaledges and swallowtails. we observe that
we can always find a self intersection curve (cf., Fig. 1) approaching a swallowtail
point (xg,yo). This means that there are two distinct point (z;,y;) (i = 1,2) such that
LP§/(xz1,11) = LPy(x2,y2), which by Lemma 5.2, means that the tangent lightlike
hyperplanes to M = X (U) at (x; and y; are the same. Since no other singularities
present this particularity, we can conclude that the condition (4),(f) characterizes the
swallowtail points of PL{, and the proof is completed. 0O

More detailed properties of spacelike surfaces in Minkowski 4-space will be dis-
cussed elsewhere.

7. Examples. Surfaces contained in the FEuclidean space R3 =
{(0, 2,23, 24) | #; € R } or in the hyperbolic space H3 (—1) = {x € R} | (z,z) = -1}
provide special examples of spacelike surfaces. We remark that the singularity theory
for the lightcone Gauss map of such surfaces coincides with the singularity theory for
ordinary (Euclidean) Gauss maps [2, 3] or hyperbolic Gauss maps [8] respectively.
In order to illustrate our results we propose next some examples of spacelike surfaces
which lie neither in the Euclidean space R® nor in the hyperbolic space HF(—1).
Given an immersion in the Monge form

X($7y) = (f1($,y),f2(x,y),df,y)

with f;(0,0) = 0 and 0f;/0x(0,0) = 9f;/0y(0,0) = 0, (i = 1,2), we can choose
'v(jf =e; £ e3(0,0) = (1,£1,0,0) as in §3. Therefore, the lightcone height function is
given by

huoi (x,y) = _fl(xvy) + f2($7y),

so that hv(:)t (0,0) = 0. Moreover, the lightlike tangent indicatrix at the origin 0 is

XY LHP(v*,0)) = {(z,y) € U | — fa(z,y) * faz,y) =0 }.
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Since X (U) = M is a spacelike surface, f;(z,y) (i = 1,2) must satisfy the condi-
tion

(%(M)fﬂ > (%(:c,y)f, (%—J;Z<x,y)>2+1> (%—2@,@)2.

We observe that choosing f; = £ f5, ensures that this condition is satisfied.

EXAMPLE 7.1. Take the functions fi(x,y) = —%m?’ + %y2 and fa(z,y) =

_fl(m?y)a then

— 2 3 2
hug(x7y) - <§x _y > .

So the lightlike tangent indicatrix is the ordinary cusp y* = 2a®. It follows that the
lightcone pedal surface LPJ\J} is the cuspidaledge at the origin.

EXAMPLE 7.2. Take now fi(z,y) = (2% — y*) and fa(z,y) = — fi(z,v), then

2

hyt (2,) = (2% = ).

Clearly, the lightlike tangent indicatrix is the tachnode 22 = y* and the lightcone
pedal surface LP;/'I has a swallowtail at the origin in this case.
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