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Introduction. The characterization of isometric immersions of
codimension 1 between hyperbolic spaces was proposed by Nomizu in [7],
where this problem is compared with the corresponding ones for space
forms of positive and zero curvature.

In [4], Ferus classified the umbilic-free immersions H" — H"*' sharing
a given relative nullity foliation 7T,, which was determined by the
arbitrary choice of an orthogonal trajectory. As the leaves of T, are
hyperspaces (complete totally geodesic hypersurfaces) in H*, such a curve
will be enough to determine T, uniquely but the converse is not true,
for two orthogonal trajectories of a hyperspace foliation need not be
related by a congruence (rigid motion of H"). This paper offers a
classification of hyperspace foliations of H", up to congruence, which
includes non-smooth foliations too. Such generality is needed in the
study of immersions that may have umbilics (see [1]).

Basic results of Riemannian geometry assumed here will be found
in Kobayashi-Nomizu [6]. Several other facts, more specific of hyperbolic
geometry, were less readily available at least in the form needed here.
Sections 2 and 3 deal with this material. Preparation of those sections
was made easier by [2]. The author wishes to thank K. Nomizu for
suggesting the problem that originated this work and for a great deal
of further assistance and advice.

1. Notation and Terminology. We shall deal with smooth (=C>)
manifolds endowed with linear connections. Given such a manifold H, a
geodesic will be assumed to have the largest possible domain. Since H will
almost always be (geodesically) complete, a geodesic will then be a map

o:R—H
whose velocity vector is parallel. The set o(R) will be referred to as
the path of 0. A (geodesic) segment is the image, under a geodesic, of
a finite interval whereas a (geodesic) ray is the restriction of a geodesic
to an interval of type (—co, a] or [a, ). Unless otherwise stated, a

* Partially supported by CAPES and CNPq. (Brazil).




316 H. BROWNE

ray has the domain R, = [0, ). We will use R, = (0, ).

Given a vector Z¢ TH, the Z-ray is the ray z with starting velocity
Z. We write 7(0) = Z. In particular, if ¢ is a geodesic, its positive
ray is the 4(0)-ray and the negative one is the (—d(0))-ray.

A complete auto-parallel hypersurface in H will be called a hyper-
space of H. If the connection is Riemmanian, auto-parallel is equivalent
to totally geodesic.

Let #: TH — H be the tangent bundle of H. The map EXP =
(m, exp): TH — H x H will be called capital exponential map. Its domain
is actually smaller than TH if the connection is not complete. As usual,
exp,: T,H — H is defined by restriction of exp.

A complete simply-connected Riemannian manifold of negative curva-
ture will be called an Hadamard manifold. In such a manifold, given
two points p and ¢, there exists a unique geodesic path through them.
We define a geodesic 7,, by requiring that 7,,(0) = p and 7,,(d(p, @) = q.
Here d is the Riemannian distance so that 7v,, has unit speed. The
capital exponential map of an Hadamard manifold H is a diffeomorphism
and so is exp, for any pe H.

The symbols g, | ||, and d, respectively, will be reserved for the
Riemmanian metric, the associated norm, and the induced (Riemannian)
distance on M.

2. Hadamard Manifolds. Let H be an Hadamard manifold and let
peH. Let o: R— H be a unit-speed geodesic such that p¢ o(R) and
let us define @: R? — H by requiring that, for each ue R, Q(-, u) be the
unique geodesic such that Q(0, ) = p and Q(1, w) = o(u). We will call
the map Q the pencil over ¢ with vertex p.

Let us write »(u) = d(p, 6(u)). Then » > 0 and, since exp,: T,H — H
is a diffeomorphism, we may write:

Q(t, w) = exp (tr (u)Z(w))

where Z: R — S, is a (smooth) curve on the unit sphere S, = S,H of
T,H. Restricted to the open set where ¢ = 0, @ is an injective immersion.
Indeed, if Q(t, u) = Q(t’, w) with ¢’ = 0, then »(u)Z(u) = (t'/t)r(w)Z(u’)
and o(w') is in the path of Q(-, u). But so is o(u) and it follows that
w=u and t =t. Next we evaluate

0@ _
Q= ot (eXDpe)irz (1Z)

Q. = 29 = (exp,), (G2 + 12)) .
ou
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The partials @, and @, must be independent at a point of the form
(1, w) because p ¢ o(R). But then Z and Z are linearly independent, (i.e.,
Z + 0) and it follows that Q, is non-singular for ¢ = 0, as desired. For
the purpose of the next two lemmas let us establish the following
notation: K, will be the Gaussian curvature of the surface Q(R, X R)
or equivalently, the curvature of the induced metric on R, x R. Also,
given a < b in R, we let @ be the length of the curve Z (in S,) from
a to b, i.e.,

2 = ') 2 du .

LEMMA 2.1. Let a <b be given im R. For € >0, let Q. be the
regular simplex obtained by restricting Q to the set {(t, w);a = u =< b,
elr(u) =t =1}. Let ¢, a, B be the respective angles at p, o(a), o(b) of
the geodesic triangle determined by those three points. Then
limSQ KydA=0+a+p—=

=0
=P+a+pB—=
where dA is the element of area associated with the orientation induced
by Q..

PrROOF. The inequality part comes from spherical geometry. We
observe that @ is the spherical distance p(Z(a), Z(b)) whereas @ is the
length of a curve in S, joining those points.

For the equality part, we apply the Gauss-Bonnet theorem to the
simplex Q.. The only boundary segment that contributes to the geodesic
curvature term is the “fourth” one

o(w) = Qe/r(w), w)
which is traversed in the opposite sense. We have
d(u) = Qu — (e7/1)Q,
= (exDy).z (€Z) .

In particular, Q,(¢/r, u) is orthogonal to 6(u) for all w. Thus, the four
inner angles are 7/2, a, B, and 7/2. Therefore, we have

SQ K dA + k() = (@ + 8+ 1) — 2
where

o) = = 9. G/131), Q) lmsriw du
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with signs adjusted to take into account the orientations of @, and 4.
Using the orthogonality of § and @, once more, we transform the
integrand into

g(S/HSH’ Vu(Qt/'r)) [t=£/'r

and, since Q,/r = exp, (Z), its covariant derivative is smooth everywhere
in R?, in particular, bounded in [0, 1] X [a, b]. Such a bound applies also
to the above integrand and it will enable us to use Lebesgue’s dominated
convergence theorem. We have

b (exp)s(@D) 2
loll  litexpn)ez (2)I| 1 Z]|
and we already observed that Z = 0. Similarly, we conclude that

V. (Q./r) converges to dZ/du = Z as ¢ — 0. Thus the integrand converges
pointwise to ||Z|| and we obtain lim k(¢) = —@}, as needed. |

as ¢—0

For the next lemma we will need the sectional curvature of H. We
let QK(t, u) be the sectional curvature of the plane section spanned by

Q.(t, w) and Q,(¢, w).

LEMMA 2.2. Let a and b be as above and assume that one of them
18 a point of mimimum for r. Let & be the corresponding value, i.e.,
& = dist (p, 0(R)). Let p =inf{—QK(t,u);a =u=0b0=t=<1}. Then
P < x/(2+ 1),
borrowing notation from Lemma 2.1.
Proor. We observe first that QK = K, [6, v. II p. 26]. Therefore,
with the notation of 2.1,

b (1

Se/r(u) _QK”Qt A Qqutdu

a

|, oz

= Sb 7 S tr*)|(exP.)irz (2)]] dtdu
a /7 ()

and, since the curvature of H is negative, exp, is length non-decreasing.
Thus,

[, ~Kadzy | £ Zw)du = Le - o

Qe a
and, taking limits as ¢ — 0, we obtain
T—a— R — 0, =nD:/2) .

One of a, B equals 7/2 the other being positive. Hence
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/2 > (M2 + 1)@ > (p&* + 2)p/2
as desired. O

For the next lemma we generalize the construction of @, replacing
p with a geodesic ¢ whose path does not meet that of ¢ and requiring
that Q(0, u) = 7(u) instead of p. Again » = ||Q,|| depends only on u.

LEMMA 2.3. The function r: R — R, is strictly convex, i.e., # > 0.
In particular, it may have only one critical poimt, which is them its
minimum.

Proor. Let us differentiate »* = ¢g(Q,, Q,) twice:

rr 4+ 7= g(ViQt, Qt) =+ 11‘7th“2
= g(R(Quy Qt)Quy Qt) + g(VtVuQm Qt) + HV‘thHZ *

Bearing in mind that » and # are independent of ¢, we integrate with
respect to t€ [0, 1]:

ri = | ~QKIQ A Quldt + | (I7.Qu — #wpt .

Here we use /,Q, =0 for £t =0 and ¢t = 1. The first integral above is
positive because QK < 0 and the second one has a nonnegative integrand,
namely:

”V'thHZ z g(Vthy Qt/’r)z
by Schwartz’s inequality. It follows that # > 0. O

If L is a complete totally geodesic submanifold of H and p¢ L,
there exists ge L which is closest to » because L is a closed subset of
H. Given any ¢’ # q in L, consider ¢ = 7,,,. It is a curve in L so that
0 is a minimum point for d(p, 6(-)). By Lemma 2.3, it is the unique
minimum. It follows that d(p, ¢’) > d(p, q).

DEFINITION 2.4. With the above notation, the point ¢ that realizes
dist (p, L) is called the foot of p in L.

REMARK 2.5. We can also conclude that the geodesic (path) through
p and ¢ is the only one through p that is perpendicular to L. Indeed,
it is straightforward that if a path starting at » meets L orthogonally,
the point of intersection must be critical for the restriction of d(-, p)
to L.

We mention next some results on triangles that are both well-known
and easy to prove [5, p. 73]. Let a, b, ¢, be the (lengths of the) sides
of a geodesic triangle and let a, B, 7, be the respective opposite angles.
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Then we have the first law of cosines
¢ =a*+ b — 2abcos
and, as an easy consequence, the second law of cosines
c=<acosB+bcosa.
Moreover,
a+pB+7="m.

REMARK 2.6. Those inequalities yield the following result: if (x,),
(y,) are sequences and p is a point in H, let X, = 7,, (0) and Y, = 7,,,(0).
Assume that d(p, x,) — = but d(x,, ¥,) remains bounded as # — . Then
0(X,, Y,) — 0. Indeed, by the first law of cosines,

d@,, ¥.)" 2 (d(p, ) — d(p, ¥,))*
+ (1 — COS (O(Xm Yn))d(p, xn)d(p, yn)

and |d(p, x,) — d(p, ¥,)| is bounded by d(x, y,) Whereas d(p, x,)d(p, ¥.)
becomes arbitrarily large. Therefore cos o(X,, Y,) —1 ie., o(X,, Y,
converges to zero.

3. Asymptotes. Let us sharpen Lemma 2.3 as follows:

LEMMA 3.1. Assume that L is a complete totally geodesic submanifold
of H. The function dist (-, L) is convex, i.e., for any geodesic o: R — H,
dist (o(-), L) 18 a convex fumction on R.

PROOF. Let o be given and let a < b be real numbers such that
0(a,b)NL = @. Let z:[a,b] > L be the geodesic segment such that
7(a) is the foot of d(a) in L and z(b), that of o(b). By Lemma 2.3, the
function 7:[a, b] > R defined by r(u) = d(o(u), t(w)), is convex (and
smooth). Given t€ [0, 1], define u as (1 — t)a + tb. Then

dist (6(u), L) = r(w) < (1 — t)r(a) + tr(d)

so that we have convexity in [a,b]. If o(R)NL = @, we are done
while the case o(R) C L is trivial. The remaining case is a single element
intersection, say {o(c)} where ¢ is the point of minimum for the function
dist (6(-), L). The later is continuous and, by the preceding argument,
convex on (—co,¢) and on (¢, ). Thus it is (globally) convex. O

DEFINITION 3.2. Let L and M be complete totally geodesic sub-
manifolds of H. We say that M is properly asymptotic to L if:

(i) There exist pe M, 0 + X< T,M, and sequences (¢,) in R, and
(0,) of geodesic rays such that ¢,(t,)e L and 4,(0) — X.
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(ii) LNM = 2.

The meaning of this definition will become clear in 3.4. Note that
we must have ¢, — oo; if a subsequence of (¢,) were convergent, then
the X-ray itself would meet L, contradicting (ii). We let ¢ be the X-ray.
Let ¢ be any point of L and let 7, be the unit-speed ray starting at ¢
and going through o,(t,). By picking a subsequence, if necessary, we may
assume that 7,(0) converges in T,L. The limit defines a ray zin L. To
simplify the statement of the next lemma, let us assume that | X|| =1
in Definition 3.2.

LEMMA 3.3. In the above notation, d(c(-), 7(+)) is bounded.

PROOF. Let a = d(p, q) and let ¢ > 0. Then, for »n large enough,
we have d(c,(0), p) <1 and ¢, =¢. By Lemma 3.1, we have then

dist (0,(t), T.(R)) = dist (0,(0), 7,(R)) S a + 1

because dist (p, 7,(R)) < d(p, ¢) = a. When n — «~, we have o,(t) — o(t),
so that dist (o(t), 7(R)) < a + 1.
Next, let z(t,) be the foot of ¢(¢t) in z(R). Then

dioit),t7@t) S a+1+dzt),ct) =a+ |t —t|+1
and
[t — t.| = |d(p, 0(t)) — d(q, z(t)]
=< d(p, @) + d(a(?), z(t.)
so that d(o(t), z(t)) is bounded by 3a + 2. O

As a consequence of 3.3, we may assume in the definition (3.2) that
the points ¢,(0) all coincide with p. Indeed, we may replace the original
sequence (0,) with the sequence of rays going from p to the points z(n).
We must still have convergence of the initial velocities to X by
Remark 2.6.

For the rest of this section, let us assume that the curvature of H
is bounded away from zero. Equivalently (by means of a scale factor),
we will assume K < —1.

PROPOSITION 8.4. Let L and M be complete totally geodesic disjoint
submanifolds of H. The following are equivalent conditions:

(i) M 1is properly asymptotic to L.

(ii) There exists a goedesic ¢ in M such that dist (a(t), L) — 0 as
t — oo,

(iii) dist (L, M) = 0.

PROOF. (i)= (ii) Let us consider ¢, = in L as in the preceding
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lemma. Let g = dist (¢(R), 7(R)). Given & > B3, there exists a point z
in 7(R) such that dist (z, 0(R)) < 6. Let y be the foot of z in ¢(R) and
let w, in turn, be the foot of y in 7(R). Let Z = 7,.(0), W = 7,,(0).
Applying the second law of cosines to the triangle with vertices z, ¥,
and w, we obtain

d(y, w) < d(z, y) cos p(Z, W) .

It then follows that cos o(Z, W) = /6.

Now let z’c 7(R) and let %’ be its foot in o(R). Let X' = v,,(0) so
that X' is the velocity vector of ¢ at y. Further let Z’ = 7,,.(0). Then
o(Z, X"y = n/2. Therefore,

o X', Z")zr/2 — 0(Z,2") Zz 7|2 — 0(Z, W) — o(W, Z')
and, by Lemma 2.2, o(W, Z’) < /(2 + 3 as long as d(y, w) = 8. Thus

"N > L1eH _ -1

(*) OX', 2 2 g — cos™ (610) .

Since d(y, ¥') and d(y, z’) can be arbitrarily large and d(z’, ') is bounded,
it follows that o(X’, Z') can be made arbitrarily small (Remark 2.6).
Thus, the right hand side of () cannot be positive. This forces 3 = 0,
otherwise 6 could be chosen very close to 8 and cos™ (B/6) would be as
small as needed to make positive the right hand side of (x). It follows
that dist (¢(R), L) = 0 as well. The proposed limit results now from
convexity.

(ii) = (iii) Immediate.

(iii) = (i) Choose any pe€ M and let (x,) be a sequence in L such that
dist (x,, M) — 0 as » — . Let o, be the unit-speed ray at p that goes
through z, and we may assume that (4,(0)) converges to Xe T,H, for
we can always pick a convergent subsequence. Since I does not meet
M, (x,) cannot be bounded, so that ¢, »> . If o is the X-ray, then
lim dist (o(t,), M) = 0 so that indeed Xe T,M. O

The following result is now immediate:
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COROLLARY 3.5. If M is properly asymptotic to L, then L is properly
asymptotic to M. O

REMARK 3.6. During the proof of 3.4 we obtained:

(a) Given p and ¢ as in 3.3, any qge L will be the starting point
of a ray 7z asymptotic to 6. Consequently, the point p in the definition
is by no means unique; using 8.5 we see that any point in M will do.

(b) L and M are properly asymptotic if, and only if, they are disjoint
and each contains a geodesic path asymptotic to the other one.

(¢) Zero distance may be replaced by boundedness in (ii) of Proposi-
tion 3.4.

We are now in position to introduce:

DEFINITION 3.7. Two complete totally geodesic submanifolds of H
are asymptotic if one of them contains the other, or if they are properly
asymptotic.

Thus, asymptoticity will be reflexive and symmetric as a relation
between complete totally geodesic submanifolds although not transitive,
as can easily be seen in H®.

In order to extend the notion of asymptoticity to rays we adopt a
different approach.

DEFINITION 3.8. Let ¢ and 7:[0, ) — H be rays. We say that ¢
is asymptotic to o if dist(z(-), o(R)) is a bounded function.

We observe at once that the actual parametrizations of ¢ and ¢ are
irrelevant in the above definition. Also, the roles of ¢ and ¢ may be
reversed. If o and  have the same speed, then the requirement of the
definition is equivalent to the boundedness of d(a(-), z(-)), by 8.3. We
can also use the results of this section in a rather straightforward way
to obtain properties of the relation of asymptoticity on rays. In parti-
cular, if o0 and 7 are rays of the same speed, 3.4(iii) says that they are
asymptotic if, and only if, d(o(t), z(t)) tends to zero as t — . It follows
that asymptoticity is an equivalence relation on the collection of geodesic
rays. Finally, we concatenate the two notions by declaring that a ray
o and a complete totally geodesic submanifold L are asymptotic if there
exists a ray in L asymptotic to o.

PROPOSITION 3.9. Let T be a geodesic ray in H. Given p in H, there
exists a unique unit-speed ray o starting at p and asymptotic to .

ProOOF. To prove uniqueness, if ¢ and ¢, fulfill the above conditions,
then o is asymptotic to o, by transitivity. Since d(o(t), g,(t)) is bounded
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for t — -, we may invoke 2.6 to conclude that p(d(0), 6,(0)) is arbitrarily
small. Thus ¢(0) = ¢,(0) whence o, = 0.

For existence, we let o, = 7,.,. Then, some subsequence of (o,)
will converge to some Xe T,H. Let 7(0) = X. O

PROPOSITION 3.10. Let 0 and T be nonasymptotic rays in H. There
exists a unmique geodesic path S that is asymptotic to both ¢ and T.

ProOOF. By transitivity, we may replace ¢ (or 7) with an asymptotic
ray. Then we may use 3.9 and assume ¢(0) = 7(0). Without loss of
generality, we may also assume that both are unit-speed rays.

For each integer n =1, let S, be the geodesic path through o(n)
and 7(n) and let ¢, be the foot of p in S,. By uniqueness of the foot (2.3)
q, is distinct from either g(n) or z(n). Note that this is also true—in
a simple way—when pe S, (i.e., when ¢(0) = —7(0)). Thus, 7, = 7V, .
is a well-defined unit-speed geodesiec.

Since d(p, 7.(-)) is striectly convex, and since we have z(n) in the
positive ray of 7,, g(n) must be in the negative one. Again the case
0(0) = 7(0) should receive separate attention but it is simple. By 2.1,
we have

0(6(0), 7(0)) < 27/(2 + a2)

where a, = d(p, ¢,). Since ¢ and 7 are non-asymptotic, the left hand
side is positive. Consequently, (a,) is a bounded sequence. It follows
that 7,(0) has a subsequence converging to a vector X. It is a simple
matter to verify that the X-geodesic ¥ will provide the desired path S.
The positive ray of 7 is asymptotic to = whereas the negative one is
asymptotic to o.

For uniqueness, if ¥ and B are unit-speed geodesics such that their
positive rays are asymptotic to 7 and their negative rays, to o, then
da(v(t), B(R)) — 0 as t - . By convexity, 7(R) = B(R). O

We close this section with a consequence of 3.3 and 3.4:

PROPOSITION 3.11. Let M and N be complete totally geodesic sub-
manifolds of H. If dist (M, N) > 0, then there exists a unique geodesic
path orthogonal to both M and N, to be called the common perpendicular
to M and N.

ProoF. Let d(M, N) =a. We claim that the set
A ={yeN;dist(y, M) £ a + 1}

is compact. We need only prove that it is bounded. Assume, for con-
tradiction, that A is unbounded and fix 2 € M. Then there exist sequences
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(¥,) in N and (z,) in M such that d(y,, ) > «~ but d(x,, ¥.) < a + 1. Let
Y, = 7,0, X,=1%7,,0). We may assume, using a subsequence, if
necessary, that (Y,) converges to some Ye T, H. By 2.6, o(X,, Y,) — 0,
whence Ye T,M. It follows that M is asymptotic to N, in violation of
the hypothesis a > 0.

Now A is clearly nonempty so that there exists ge A such that
dist (¢, M) = a. Let p be the foot of ¢ in M. Then q is, in turn, the
foot of » in N, and the geodesic path S through » and ¢ is orthogonal
to both M and N.

It is clear that S is the only common perpendicular to M and N that
contains either p or q. Consider then p’ # p in Mand ¢’ # qin N. We
construct the geodesic quadrilateral with vertices p, ¢, ¢/, »’, in this
order. It has one side in M and another in N. By the formula of
Gauss-Bonnet, the sum of internal angles must be strictly less than 2,
provided that the two sides not in either of M and N do not meet.
Since the angles at p and ¢ add to z, the side (segment) with endopoints
p' and ¢’ cannot be perpendicular to both M and N. In the extreme
case where the segments meet, we have two triangles with a common
vertex. Again these triangles cannot have two right angles. This
proves uniqueness. |

Henceforth, H will denote an Hadamard manifold of dimension
greater than 1. A k-dimensional foliation 7, of H is an integrable
distribution T, of k-dimensional subspaces or a rank k integrable sub-
bundle of the tangent bundle of H. It is not assumed to be smooth.
Therefore, integrability is meant in a most direct sense, namely: each
point of H is contained in a maximal manifold, called a leaf through
that point. A hyperspace foliation is one whose leaves are hyperspaces
of H. In this case, the uniqueness of the leaf through each point is
automatic, regardless of smoothness or even any continuity hypothesis.

4. Limit Units. Let T, be a hyperspace foliation of H and let us
choose a point p € H and a unit vector Y, e T,H such that Y, L T\(p). Note
that Y, is one of two possible choices. Both Y, and p will remain fixed
throughout the discussion of this section. Let L, be the leaf through
p. Then L, determines two open half-spaces. Specifically, I will be the
component of H — L, which contains exp (Y,) and l; will be the other
one. Since L, is complete and its complement has exactly two components,
it follows easily that each one of these components is a (geodesically)
convex subset of H.

If M is another leaf of T, such M, the positive half-space m*
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determined by M is the one which does not contain L,. If Mcl;y, we
exchange “does” with ‘“does not”. Of course, the convention depends
upon Y,. On the other hand, it allows us to extend Y, to a unit vector
field Y, L T,, parallel along each leaf, by requiring that exp,(Y)e m*, if ¢
is in a leaf M as above. We will use superscripts “+” and “—” to dis-
tinguish positive and negative half-spaces determined by a given leaf,
once Y is fixed as a reference.

Given M and m* as above, we will often say that a set G is in the
positive side of M to mean G cm'*. If, in addition, G’ is in the negative
side of M we will say that M separates G and G'.

PROPOSITION 4.1. Given a > 0, there exists a unique leaf L, C 1 such
that dist (p, L,) = a.

PrROOF. We begin with uniqueness. Let L and M be distinct leaves
in the positive side of L,, We may assume that L is in the negative
side of M, since LN M = @. Thus, L separates L, and M. Hence, the
perpendicular segment from p to M must meet L. It follows that there
exists g€ L such that d(p, q) < dist (p, M), so that L is (strictly) closer
to p than M is. We conclude that there can be at most one leaf at
distance a from p, in the positive side of L,.

For existence, let D, be the closed d-ball of radius a around p. Let
Di=D,nlty. If L is a leaf through a point qe DS, then 0=
dist (p, L) < a. Thus the set

{dist (p, L); L is a leaf, L N D; + @}

is non-empty and bounded by a. Let b be its supremum. We can be find a
sequence (b,) converging monotonically to b, such that, for each n, there
exists a leaf of T, at distance b, from p. We let ¢, be the foot of »
in that leaf and, selecting a subsequence if needed, we assume that (q,)
converges to some ¢ in the compact set D;.

Fix an integer k¥ > 0. For each n >k, d(», q,) = d(p, q.) so that ¢,
cannot be in the negative side of the leaf M through ¢q,. Consequently,
q is in the closed positive half-space of M. This means that dist (p, L,) =
d(p, q.), where L, is the leaf through ¢. Hence dist(p, L,) = b. But
ge Lyn Df and clearly ¢¢ L,. It follows that ¢ must be inside L, N D;
whenee dist (p, L,) = b.

Finally, suppose b < a. Then, we can find b, b <b < a, and let
g =77,,0"). If L' is the leaf through ¢’, let ¢’ itself is evidence that
L’ and L, are separated by L,. Hence we have dist(p, L') > b, a con-
tradiction. It follows that b = ¢ and L, is the promised L,. O
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Henceforth, we assume that the curvature of H is bounded from
above by —1 as in §3. We recall that S, is the unit sphere of T,H (p
and L, remain fixed) and o stands for spherical distance. Note that S,
is the boundary of exp;' (D).

THEOREM 4.2. There exists a unique vector X* € S, having the follow-
ing property: given a leaf M C Il and any e > 0, there exists Zc S, with
o(Z, X*) < e such that the Z-ray meets M, i.e., exp (tZ)e M for some
t>0.

PROOF. For each t > 0 we let ¢, be the foot of p in L, (notation as
in 4.1) and let X, = 7,,,(0). We will prove that lim,.. X, exists (in S,).
Let
A, ={Z¢c S,; the Z-ray meets L,}.

Clearly X,c A, for all te R and, by Lemma 2.2, the diameter of A, is no
larger than 2z/(t* + 2). Indeed, by that lemma,

A, c{ZeS,; 0(Z, X)) < z/(t* + 2)}

so long as K= —1.

Next, we observe that, if ¢’ > ¢, then L, separates L, and L,. Thus,
any ray from p that meets L, must also meet L, and this implies that
A, C A,. Therefore, (4,),,, is a nested system of compact subsets of S,
with diameters tending to zero as t— . It follows that .., A4, is a
singleton. Its element is, of course, lim X, and we denote it by X*.

Let M and ¢ >0 be given. Then, we can find ¢ > 0 such that
o(X,, X*) < e and t > dist (p, M). It follows that the X,-ray meets M,
which separates L, and L,.

Finally, for uniqueness, let We S, be such that o(X*, W) > 0. Then
we can certainly find ¢ > 0 such that 47 < (¢* + 2)o(X*, W). If Zis any
vector in A,, p(Z, X*) £ p(Z, X,) + p(X,, XT) < 2r/(t*+ 2). It follows that
o(Z, W) > 2r/(t* + 2). Hence W cannot have the required property. []

REMARK 4.3. During the proof of 4.2, we obtained: if we are given
Z,c A,, for each te R, then Z, - X* when t— . Equivalently, if
y.€ L, are given, then 7,,,(0) > X* as ¢t — oo.

DEFINITION 4.4. We will call X* the positive limit unit at p.
Similarly, we have a negative limit unit X-. Of course, the names
“positive” and ‘“negative” depend on the choice of Y.

PROPOSITION 4.5. Let g€ H and let M be the leaf through q. Let Z*
be the positive limit unit at q. Then the X*-ray and the Z*-ray are
asymptotic.
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PrROOF. We consider two cases. First, let us assume that the X*-
ray meets all leaves L, for ¢ > 0. In this case let the intersection be
{x,} for each L,, n =1, and let W, =7,,,(0). For sufficiently large =,
L, will be on the positive side of M. By Remark 4.3, W, — Z* as
n — oo. Thus Z* defines a ray asymptotic to the X*-ray.

Second, let us assume that the X*-ray does not meet some leaf L,
with b > 0. Then it cannot meet any L, with ¢ > b.

Let o be the X*-ray. Given integers n = m = b, we let ™ be the
point of intersection of L, with the X,-ray. Then, the sequence (X7),.,
can be used to apply the definition of proper asymptoticity (def. 3.2) to
o(R) and L,. From Proposition 3.4, we can obtain z,€ L, such that
dist (2., 0(R)) < 1/m.

Let 7, = 7,,, and let ¢ be the Z*-ray. Then ¢,(0) —» Z" as long as
dist (¢, L,.) — . For each ¢ >0, we can find an integer m such that
d(qg, z.) > t. Using the convexity of dist (z,(-), 6(R)), we have:

dist (z,.(t), o(R)) < dist (g, o(R)) + 1/m
= d@, 9 + 1/m
for large enough m. Taking limits, we obtain:
dist (z(¢), o(R)) = d(p, q) .

Thus 7 and o are asymptotic. O

Evidently, we can do the same with negative limit units at p and gq.
In particular, if X* and X~ coincide at p, all other points will have
coincident limit units. In the opposite case, there exists a unique
geodesic path S which is asymptotic to the X*-ray and to the X -ray,
and this S is independent of the choice of p. In this situation,

DEFINITION 4.6. Any unit-speed geodesic having S for path will be
called a waist curve. If T, admits no waist curve (the case Xt = X)
we say that it is tight. We say that it is loose when it is not tight and
it has no leaf that contains S.

Thus, in a loose foliation, the waist path S (or any waist curve) is
transversal to all leaves (in particular it may fail to meet some of the
leaves.)

REMARK 4.7. During the proof of Proposition 4.5, we proved that if
the X*-ray fails to meet some leaf L in the positive side of L,, then it
must be asymptotic to L.

5. Constant Curvature. We now restrict our attention to space
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forms. Specifically, in this section we will have H = H" for some » > 1.
Then hyperspaces are plentiful. In fact, they can be obtained merely
by exponentiation of hyperplanes in tangent spaces.

Let us sharpen some of the results obtained in Section 2 while
studying the pencil @ over a unit-speed geodesic ¢ with vertex p. We
have r(u) = d(p, o(u)) for ue R, and we assume that ¢(0) is the foot of
p in o(R). Bearing in mind that Q,(0, ) = 0, we decompose the Jacobi
field Q,(-, u) according to tangential and normal components:

Q. = ta(w)E, + m(u) sinh (¢r(u))E,

where E, = Q,/r and E, is uniquely determined by: the frame {E, E,} is
orthonormal and m(u) >0, Yu. This frame along @ is defined on all of
R* and parallel along each geodesic Q(-, w). Its orientation is consistent
with that induced by @ for ¢ > 0.
To determine a, we differentiate ¢g(Q,, Q.) =tar. Since V is symmetric
(torsion zero) and 7* = g(Q,, @,), we have
ar = 9(Q, V.Q:) = 77

so that a = 7. For m, we use Q, L E,;
00.E, B) = 00,5, Q) = —29(7.Q, )

and, using again the symmetry of //, we arrive at:
9V E, E,)) = —m cosh (tr) .
Now the vanishing of the acceleration of o yields:
# — m*sinh r coshr = 0
{Zmi- coshr + msinhr =0 .

We solve the second equation for m, recalling that #(0) = 0 and
I8l = 1; N
mu) = sis-:;:ﬁ :&)
where 7, = r(0). Solving the first equation,
sinh?® 7,
sinh® 7

=1
or
(7 sinh 7)* = cosh? 7 — cosh? 7,
and then we obtain
cosh » = cosh 7, cosh u .
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To study the behavior of the frame {E, E,} along the u-axis (i.e.,
at p), we let ¢, = E,(0,0), 1 =1, 2,

E,

P o(0)

and we define 6: R — R by requiring that 6(0) = 0 and
E.(0, w) = cos 8(u)e, + sin 8(u)e, .
For ¢t =0 we have V,E, = m(u)E, and then

bew) = miw) = sinh 7,
(@) @) cosh? 4 sinh® 7, + sinh?u

whence

. _,(tanh u)
f(u) = tan <~_~sinh )

LEMMA 5.1. Let L be a hyperspace in H= H". Let p¢L and let
XeS,H. Let q be the foot of » in L and let e, = 7,,0). Then the X-
ray meets L if, and only if, 9(X, e,) > tanh (d(p, q)). The very same
ray 1s asymptotic to L if, and only if, the above inequality becomes an
equality.

PrROOF. Let N be a complete totally geodesic surface tangent to e,
and X (it is uniquely determined unless X = +e¢,). Then LN N is a
geodesic path which we parametrize as a unit-speed geodesic ¢ such that
0(0) = q. Of course, the foot of » in o(R) is still ¢ and the X-ray meets
L if, and only if, it meets o(R). But then, it meets o(R) if, and only
if, X is in the range of E,(0, -). This range is defined by the equation
[tan 4] < 1/sinh 7,, i.e., cos § > tanh r,.

As for asymptoticity, if it occurs, then the X-ray must be properly
asymptotic to o since p¢ L. Thus we must have ¢g(X, ¢,) < tanh#»,. On
the other hand, the very definition of proper asymptoticity (3.2) forces
the reversal of the inequality. ]

Let T, be a hyperspace foliation of an open subset G of H and let
J be an open interval. Let z:J — G be a unit-speed geodesic segment
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transversal to T, that is, to the leaves of 7T,. Given scJ, the leaf
L(s) through 7(s) is completely determined by the unit vector Y(s)
at 7(s) that is orthogonal to L(s) and such that g(Y(s), 7(s)) > 0. We
have then a unit vector field along = from which all leaves of T, that
meet 7(J) may be recovered. To study the “covariant variation” of

Y along 7, we introduce a generalization of the spherical distance p; if
a, bed, let

o(Y(a), Y(b)) = o(z:(¥(a)), 7:(Y (b))

for any seJ. Here, 72 stands for parallel displacement along 7z and the
choice of s is immaterial.

THEOREM 5.2. Let T,, 7, and Y be as above. Then,

lim sup 2:X(@: YO) — o yp) 2n)) .

a-b b — al

PROOF. Let a # b be given in R and let again L(s) denote the leaf
through z(s). Let » = z(a) and let q be the foot of p in L(b).

Let 0 = 7, or, if ¢ = 7(b), choose any unit-speed geodesic ¢ in L(b),
starting at q. Let N be the complete totally geodesic surface determined
by p and o. If we displace Y(b) parallelly along ¢ to T,H, we end up
with a vector tangent to the segment from p to q. Thus Y(b) must be
tangent to N.

Let u, = d(q, (b)) and let us consider the pencil @ over o, with
vertex p. We have o(u) = ¢(b) while Y(b) is a linear combination of the
vectors E,(u, 1) and E,(u,, 1) = £7(b) (+ according to a < b or a > b).

Now we have a vector orthogonal to Y(b) in T,,;N namely

o(u,) = 7*(u)E\(1, w,) + m(uy) sinh (r(u,)E(1, w,) ,

and we know that ¢(Y,7) is positive. Therefore we can obtain an
explicit expression for Y(b). Indeed, z}(Y(b)) is the vector

Y* = imLEL(O, ul) - li‘(ul)E2(05 ul)
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where m, = m(u,) sinh ((u,)) is just g(¥Y(b), 7(b)). Let us assume ¢ < b for
the other case is analogous. Then
- g(Y*, e,) = m, cos O(u,) + 7(u,) sin (u,)
= cos (f(u,) — cos™ m,)
and we observe that the inner angles of the triangle having », ¢, and
7(b) for vertices are, respectively, 6(w,), sin™'m,, and z/2. It follows
that (u,) < 7/2 — sin™' m, so that cos™*m, = 6(u,). Thus
co(Y* e) = cos™ m;, — 0(u,) .

Consider now Y(a) and let ¢ = g(Y(a), e,). Then ¢ > 0 because q =
exp (r.e,) is in the positive side of L(a). If ¢ <1, we can define a unit
vector X by

e,=cYa)+V1-¢ X
and X 1 Y(a). The X-ray is in L(a), which means that it does not meet
L(b). Thus ¢g(X, e,) < tahn », whence
9(Y(a), e;) = sechr, .
Of course, this inequality holds also when ¢ =1, i.e., when Y(a) = e,.
It is equivalent to L(a) N L(b) = @. We apply now the triangle inequality
of the distance p;
0:(Y(a), Y(b)) < cos™* m, — O0(u,) + cos™* (sech 7,)

and, by use of the explicit expressions for 6 and », the right hand side
becomes (b — a), where
J(v) = tan™ (m, sinh v) — tan™ (Lﬁ)
m, cosh v

Vv TZTn“)

+ tan™! (
m,

which is a differentiable function such that +/(0) = m,. The proposed
inequality follows now from the definition of derivative. O

We observe at this point that hyperspace foliations have been defined
without many restrictions. In fact, a hyperspace foliation on a subset
G of H is merely a partition of G into hyperspaces: the leaves must be
disjoint and their union must be all of G.

COROLLARY 5.3. A hyperspace foliation on a subset G of H is meces-
sarily continuous (as a distribution).

PROOF. Given any g€ @G, let = be a unit-speed geodesic not in the
leaf through 7(0) = ¢q. Then 7 will be transversal to all of the leaves
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(although it may fail to meet some of them). If we define a unit vector
field Y as in 5.2, then ¢(Y,7) <1 and it follows that Y is uniformly
continuous. The orthogonal complements of the vectors Y(¢) define a
continuous subbundle z: B— R of the pullback z*(TH) and, since 7 is an
embedding, we may (and will) identify B with a topological submanifold
of TH. Let E: B— H be the restriction of the exponential map to this
submanifold; it maps the fibre over each te R diffeomorphically onto the
leaf L(t) through z(¢) and, since the leaves are disjoint, B is injective.
Given a¢ < b in R, the leaf L(a) determines half-spaces = where the =+
refers to Z(a), in the sense of Section 4; similarly, L(b) determines a
half-space pair lf. The open set G = [} N l; is the (disjoint) union of the
leaves L(t), with a <t <b. Indeed, if z€ G, the function g(¥(-), ¥.(..(0))
is continuous on [a, b] and its values on the endpoints have opposite
signs. Thus it must vanish at some point ¢ in (a, b), that is, z€ L(c).
Setting 7,0 E = 7 defines x,: E(B) — R and it has just been proved that
77 %((a, b)) is the open set G. It follows that =z, is continuous; in fact,
E(B) = n;*(R) is open in H. Now

E-' = (EXP)™"o(x,, identity)

and F maps B homeomorphically onto E(B). This proves the continuity
of T, as a subbundle of TH. O

LEMMA 5.4. Let L be a hyperspace of H and let pe L. If o is a
ray in L, there exists a umique hyperspace M through p which 1is
asymptotic to both o and L.

PrOOF. For uniqueness, suppose that M, and M, are hyperspaces as
specified and let = be the unit-speed ray starting at p and asymptotic to
o, so that 7(R) c M, N M,. We define a unit field Z, along ¢ by requiring
that Z, L M, and that M, not separate L and exp (%)), 7+ = 1, 2 (thus Z,
is parallel along 7).

For each t > 0, let b = b(t) be the distance from z(t) to L and let
Z, = Zy(t) be the initial velocity of the unit-speed ray that starts at z(f)
and is perpendicular to L. Now observe that neither M, nor M, may
meet L as p¢ L implies proper asymptoticity. Just as in the proof of
5.2, we have

0(Z,, Z,) < cos™ (sech d) .

But then p(Z, Z,) gets arbitrarily small as ¢ — o because b — 0, and
0(Z,, Z,) is constant by parallellism. We have then Z, = Z, whence
M, = M,.

For existence, we again let 7 be the unit-speed ray starting at p and
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asymptotic to g, hence, to L. By transitivity, ¢ may be replaced at will
with any other ray in L that belongs to the same class of asymptoticity.
Thus we assume that o(0) is the foot of » in L, in order to simplify
notation. We again let Z, = Z,(0)e S, be the initial velocity of the cor-
responding perpendicular. Let N be the complete totally geodesic surface
tangent to both Z, and 7(0). It must contain o(R) because there exists a
unique unit-speed ray in N starting at p and asymptotic to z. This ray
must be ¢ because it is a ray in H as well and we can apply uniqueness
from 3.9.

We define M by stipulating that 7T,M is spanned by (T,N)* and 7(0).
Then we already have 7(R) C M so that we need only prove that M and
L are disjoint.

Given We S,M, we write;

W = g(W, £2(0)Z(0) + W,

where W, L N. Then g(W, Z,) < 9(7(0), Z,) < tanh (d(p, 7(0))) so that the
W-ray does not meet L. Thus LNM = Q. O

THEOREM 5.5. Let J be an interval, possibly infinite, and let
7:J — H be a geodesic (segment). Let Z be a unit vector field along t
such that 9(Z, %) > 0 and, for any be J,

lim sup 2=Z(@: ZO) < g75), (b)) .
a—b |b — al
Then, for any s =t in J, the hyperspaces of H orthogonal to Z(s) and
Z(t) are disjoint. Moreover, if J = R, the hyperspaces orthogonal to Z
extend to a unique foliation of H having T as waist.

ProOF. Let L(s) be the hyperspace orthogonal to Z(s), for each se J.
Let us assume, for a contradiction, that L(a,) N L(a,) = @ for a, < a,
in J.

We consider first the two-dimensional case, in which the hyperspaces
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L(s) are but geodesic paths so that L(a,) N L(a,) is necessarily a singleton
{y}. Let B, be the segment between 7(a,) and y, 7 =1, 2.

Now, given any se€ (a, a,), L(s) separates z(a,) and 7(a,). Thus, at
least one of L(s) N B, and L(s) N B, is nonempty. Let its only element
be called y,. Since Z is continuous, y, is continuously dependent on s.
We let

A, = {se(a, a,); y,€ B}, 1=1,2.

Then A, and A, are closed subspaces of (a,, a,) whose union is the whole
interval. Thus, at least one of them, say A,, has nonempty interior.
We let b = sup 4,. Unless b = a,, we have be A, and then b must also
belong to A,. Thus L(b) contains y. The latter conclusion holds
(trivially) when b = a, too.

Now there exists a strictly increasing sequence (b,) in A, such that
b, —0b. For each k, L(b,) runs from 7(b,) to a point in B,. Thus it must

Yoy,

B,
B.

7(“1) 7(02)
AT ECER

meet L(b) at a point between 7z(b) and y. In other words, L(b,) N L(b)
contains a point no farther from z(b) than is y.

Returning to the general case, we can choose ye L(a,) N L(a,) and
apply the preceding argument to the complete totally geodesic surface
determined by 7 and y. We obtain a sequence (b,) converging to beJ
such that b, < b for all k¥ = 1. For this sequence, there exists a C > 0
such that dist (z(b), L(b,) N L(b)) =< C, for all k.

To estimate p.(Z(b), Z(b,)) let us fix b, = a and let us invoke the
construction of Theorem 5.2. Here we have a unit vector X | Z(a) such
that the X-ray meets L(b) at a point whose distance from z(b) is no
larger than C. Thus

tanh C

tan pX, 6) = T b —al)

For convenience, let m, = m,/tanh C so that m, > m,. Then,
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m, sinh (|b — a|)
+ m3 sinh® (|b — al)
and ¢9(X, e,)’ + 9(Z(a), e,)* =1 so that

0(Z(a), e;) = tan™ (m, sinh (b — al))

9(X, e) = 1

and then, as in 5.2, we obtain
0.(Z(a), Z(b)) = tan~ (m, sinh (b — af)) — tan~ YL =m0

1
V1 —m?

+ tan™! .
m, cosh (|b — al)

Replacing a with b, and letting & — -, we obtain

lim sup 2(Z(®), ZO0) > .~
- b—t ’

a contradiction that proves the first part.

For the second part, J = R and, just as in 5.3, we denote by
7: B— R the continuous subbundle orthogonal to Z in ¢*TH, while B is
identified with an open subset of TH and E: B— H is the restriction of
exp to B. Given s€ R, E maps the fibre over s onto the hyperspace
L(s) orthogonal to Z(s) and, by the first part of this proof, E is injective.
Keeping the notation Iy for the half-space pair determined by L(a), we
conclude, as in 5.3, that E will map the foliation of B by fibres onto a
hyperspace foliation of E(B) and, if a < b, 77%(a, b) will be mapped onto
an open set of the type I NIy, having L(a) U L(b) for boundary. The
full image E(B) is also open in H but, in general, that will be just a
proper subset of H.

Set p = 7(0) and ¢, = dist (p, L(s)), each s in R. Then ¢, increases
(strictly) with |s|. If ¢, is unbounded for s < 0 then ¢, — - when s — — oo
and, for each yel;, there exists s < 0 such that d(», y) <e¢,. Thus the
segment from p to y does not meet L(s) whence ye€ E(n~'(— o, 0)) and
ly c E(B). Similarly, if ¢, — o as s — + oo, then I c E(B). If both are
true, then E(B) is all of H and no extension of T, is necessary.

Now assume FE(B) + H. Then ¢, must be bounded on at least one
half of the real axis; say lim,..c, = ce R*. The feet of p in the leaves
within I form a bounded set and there exists a sequence (q,) in I such
that ¢, is the foot of p in the respective leaf, ¢, — g€ H, and d(p, q,) — ¢.
As we pointed out above, ¢, is monotone for s > 0 so that ¢ > ¢, Vs> 0.
Thus ¢ ¢ E(B) and we must find ¢ in the boundary 4(E(B)).

Let Y be the only unit vector field orthogonal to 7, such that
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Yor = Z. Note that Y(g,) — 7,,c) because Y(q)) = ,,(d(p, q0). If T,
has an extension, continuity forces the hyperplane at g to be 7,,(c)*.
Let M be the corresponding hyperspace and assume that E(B) N M
contains some point y. If b = d(q, ¥), the sequence of geodesics o, = 7,,,
is such that 4,(0) € T\(qg,) and 6,(0) — 7,,(0). Hence 6,(b) >y and 7,(b)e
Ty(y) so that the path of 7, is in the leaf through y contradicting
q ¢ E(B).

By 4.7, we should also have M asymptotic to z. To prove it, we
let o, be the unit-speed ray from g, to 7(t,), where t, = w,(q,). Some
subsequence of (6,(0)) will converge to some vector in 7,M which will,
in turn, define a ray o in M asymptotic to .

To complete the construction in Ij, we need to provide a leaf through
each point in the exterior of E(B) in If. Given such a point z, a leaf
through it should not meet M but it should be asymptotic to = if the
latter is to be a waist curve. Therefore, we need a hyperspace M,
through z asymptotic to both M and z. By Lemma 5.4, M, is uniquely
determined. We must now show that, if x, yeli — E(B) and M, + M,,
then M, and M, are disjoint.

Assume that M, separates p and y (otherwise M, separates p and z).
Then there exists a unique hyperspace M' through y which is asymptotic
to M, and to z. Just apply 5.4 to M, and the ray starting at x and
asymptotic to z. But then M’ is also asymptotic to ¢ and M, separates
it from M. Thus M’ is asymptotic to M as well. It follows that
M' = M, so that M, does not meet M,. The construction is now
complete. It can also be applied to the negative side of L, if neces-
sary. ]

If we restrict 7 to a closed interval in the second part of the
preceding proof, we obtain:

COROLLARY 5.6. Let J = [a,b] in 5.5. The hyperspaces L(s) are
the leaves of a foliation on a closed subset of H whose boundary is
L(a) U L(b). U

Let us fix a unit-speed geodesic 7 and a parallel orthonormal frame
v along 7 such that v-e¢, = 7. We follow Kobayashi-Nomizu [6] in that
an orthonormal frame at pe H is a linear isometry from R" to T,H,
where R" carries the standard inner product which renders orthonormal
the canonical basis {e,, - - -, e,}.

Then, the unit fields Z along 7 satisfying the limit condition of
Theorem 5.5 are in one-to-one correspondence with the set C of curves
8= (g, -+, 8" on S" " such that 8" > 0 and, for all be R,
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lim sup P(B(a), B(b)) < B"(b) .
ab b — al

In order to classify the loose hyperspace foliations on H according
to congruence, we need only consider those that have z for waist because
any geodesic path can be mapped upon 7(R) by some isometry.

Now suppose that Z and W are unit fields along 7 satisfying the
conditions of 5.5. Then they define, via the construction of 5.5, loose
hyperspace foliations of H, having 7 for waist. If these foliations are
congruent, there exist a€ R and an isometry f: H — H such that, for all
te R, f(z(t)) = z(t + a) and f,Z(t) = W(t + a), so long as ¢g(Z,7) and
g(W, 7) are positive. We observe then that f is uniquely determined by
a and the linear isometry @€ O(n) such that »(t + a)c® = f,ov(t); this
equation is independent of ¢ because v is parallel. Since @.¢, =e,, We
need only consider the restriction + of @ to R*™ = (e,)*.

We define an action of the group R X O(n — 1) in C:

(@, ) - B)8) = 4+ B(s + a)

where O(n — 1) is embedded in O(xn) in the usual way, i.e., ¥-e, = e,.
It follows that the classes of congruence of loose hyperspace foliations
are in one-to-one correspondence with the orbits of the above action on
C.

We complete the classification by proving that any two tight hyper-
space foliations are congruent as well as any two that are neither tight
nor loose. Consider first two hyperspaces L and M with respective half-
space pairs I* and m* such that Lcm™ and M ci*.

LEMMA 5.7. Assume L and M to be (properly) asymptotic and let
peG =1tNm-. Then, a hyperspace N through p separates L and M if,
and only if, it is asymptotic to both. Moreover, such an N 1s uniquely
determined by p. All such N define a foliation on G.

ProoOF. If N separates L and M, then we must have dist (L, N) =
dist (N, M) = 0, because L and M are at distance zero from each other.
Thus N is asymptotic to both L and M. Conversely, if N is asymptotic
to L and M, then it must be properly so because p¢ LUM. Since peG,
N must separate L and M.

Let 0 be a ray in L asymptotic to M. If a hyperspace N separates
L and M, it separates o and M as well. Thus we have dist (¢(R), N) = 0
so that N is asymptotic to ¢. But then, the requirement that p be
contained in N = N, uniquely determines N,, according to Lemma 5.4.
To prove existence we will again invoke 5.4, taking N, to be the unique
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hyperspace through p asymptotic to L and . Let ¢ be the ray starting
at p asymptotic to ¢ and let p’e M. Then 7 is a ray in N, so that
there exists unique a hyperspace M’ through p’ asymptotic to N, and <.
But then M’ is asymptotic to o and N, separates it from L so that M’
is asymptotic to L as well. From the uniqueness part of 5.4 it follows
that M’ = M.

Finally, if ¢¢ N, then N, separates ¢ from either L or M. Let us
say L, for instance. Then the very last of the above arguments can be
applied with ¢ replacing p’ and N, replacing M to show that L, N,, N,,
are mutually asymptotic. Since q¢ N,, we have N,N N, = ©. O

Fix a point p, and a hyperspace L, through p,. Let X, be a fixed
unit vector tangent to L,at p,. From Lemma 5.6, it follows that there
exists a unique hyperspace foliation T, on H whose leaves are all
asymptotic to L, and to the X,-ray. In particular, the leaf through p,
is L,, Now let T, be a tight foliation of H and let us choose a point
pe H. Then the limit units X* and X~ at p coincide with a single
veetor X which must be tangent to the leaf L through ». By Remark
4.7, the leaf through any point g€ H can be none other than the unique
hyperspace through ¢ which is asymptotic to L and to the X-ray. It
follows at once that T, is congruent to T,. Indeed, any isometry of H
mapping X to X, and Ty(p) to T.(p,) will serve the purpose of congruence.

For the “neither-tight-nor-loose” (NTNL) case, we choose a unit
vector Y, L T,(p.) and let T’ be the foliation that agrees with T, on the
positive side of L, while the leaves on the negative side are replaced by
the hyperspaces asymptotic to L, and to the (—X,)-ray. Given any
NTNL foliation T,, choose p in the waist path and choose a unit veector
Y orthogonal to T,(p). By Definition 4.6, the leaf L through p contains
the waist. Then the limit units X* and X~ at p satisfy X* = — X~ and
are tangent to L. Just as in the tight case, any isometry of H mapping
Y to Y, and X to X,, will be a congruence between T, and 7".

REMARK 5.8. In case the unit field Z of 5.5 is smooth, the limit
condition becomes ||V, Z|| < g(Z, 7). Now, given se.J, we have

2(s) = 9(Z(s), T(8))Z(s) + X

where X is some vector orthogonal to Z(s). Let Y be the unit field on
H which extends Z parallelly along each leaf. Since F;Y = 0,

VsZ = g(Z; z..)(VYY)OT

and it follows that ||[/;Y|| =1 along r. But we can find a segment
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transversal to the leaves through any point of H. Thus the inequality
is valid on all of H. This result is due to Ferus [4, Thm. 2].

REFERENCES

[1] H. BrowNE, Codimension one partial auto-parallel foliations and hyperbolic immersions,
to appear.

[2] P. EBERLEIN AND B. O’NEILL, Visibility manifolds, Pacific J. Math. 46 (1973), 45-109.

[3] D. FErus, On the completeness of nullity foliations, Michigan Math. J. 18 (1971), 61-64.

[4] D. FERUS, On isometric immersions between hyperbolic spaces, Math. Ann. 205 (1973),
193-200.

[5] S. HELGASON, Differential Geometry and Symmetric Spaces, Academic Press, New York,
1962.

[6] S. KoBavasH! AND K. NoMizu, Foundations of Differential Geometry, vol. I-II, Inter-
science, New York, 1963, 1969.

[7] K. Nomizu, Isometric immersions of the hyperbolic plane into the hyperbolic space,
Math. Ann. 205 (1973), 181-192.

DEPARTAMENTO DE MATEMATICA

PonTIFiCIA UNIVERSIDADE CATOLICA DO RIO DE JANEIRO
Rua MaARrQUES DE S. VICENTE 225

22453 RI0 DE JANEIRO, BRAZIL





