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Introduction

Let M ™(c) be an m-dimensional connected semi-Riemannian manifold of index
sand of constant curvature ¢, which is called an indefinite space form of index
s or simply a space form according as s>0 or s=0. An m-dimensional space
form of constant curvature ¢ is only denoted by M ™(¢). The study of hyper-
surfaces with constant mean curvature of M"*!(¢) was initiated by Nomizu and
Smyth [13], who proved some excellent results.

It is seen that a complete space-like hypersurface of a Minkowski space
R7?*! possesses a remarkable Bernstein property in the maximal case by Calabi
[3] and Cheng and Yau [5]. As a generalization of the Bernstein type problem
a complete space-like maximal submanifold M of M2*?(¢) was recetly charac-
terized by Ishihara [9] under a certain condition. In particular, it is proved that
if ¢ is non-negative, then M it totally geodesic.

On the other hand, it is pointed out by Marsden and Tipler that
space-like hypersurfaces with constant mean curvature of arbitrary spacetimes
have interest in relativity theory. An entire space-like hypersurface with con-
stant mean curvature of a Minkowski space is investigated by Goddard [8] and
Treibergs [19]. It is well known as standard models of space-like hypersurfaces
with constant mean curvature of a Minkowski space R7?*' (resp. a de Sitter
space S7?*!(c¢)) that we have hyperboloids H*(c)XR" % (resp. H*(c;)XS" *(cz)
and R"), where £=0,1, .-, n. After some perturbations conserving constant
mean curvatures, Goddard conjectured the following two results: the only
space-like hypersurfaces with constant mean curvature of Ri{ are the hyper-
boloids and three classes of space-like hypersurfaces S%c;), R® and H?3(c,) are
the only complete space-like hypersurfaces with constant mean curvature which
exist in S¥c¢). Stumbles and Treibergs however constructed many
entire such hypersurfaces of R7+! different from the hyperboloids.
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The Bernstein-type property was also generalized by Nishikawa from
the different point of view, and K. Milnor and Yamada gave a
characterization of the hyperbolic cylinder of R}. Complete space-like hyper-
surfaces with constant mean curvature of a de Sitter space S?*! are also studied
by many authors [1], [2], [4], and so on. Under this situation it seems
to be interesting to investigate whether or not there exist examples of such
hypersurfaces of a de Sitter space different from hyperboloids.

In this paper, a class of complete space-like hypersurfaces with constant
mean curvature of a de Sitter space is considered. The purpose of this paper
has different two directions. One is to generalize the Bernstein-type property
in this version, that is, to classify such hypersurfaces of non-negative curvature
in the case where a multiplicity of each principal curvature is greater than one.
The other is to show that there exist infinitely many space-like hypersurfaces
with constant mean curvatures of a de Sitter space.

In the first section, we will simply recall the theory of space-like hyper-
surfaces of an indefinite Riemannian manifold and in § 2, some standard models
of complete space-like hypersurfaces of a de Sitter space whose mean curvatures
are constant are introduced. The following main theorem is proved in § 3.

MAIN THEOREM. Let M be an n(=3)-dimensional complete space-like hyper-
surface with constant mean curvature of a de Sitter space S}*'(c). If the sectional
curvature is of non-negative and if a multiplicity of each principal curvature is
greater than one, then M is isometric to a Euclidean space R™ or a sphere
S™(cy), 0< e <e.

In the last section Goddard’s second conjecture for a de Sitter space will
be treated and infinitely many complete space-like hypersurfaces with constant
mean curvature of a Sitter space are given.

1.Preliminaries

Let (M’, g’) be an m-dimensional indefinite Riemannian manifold of index
s(>0). Throughout this paper, manifolds are always assumed to be connected
and geometric objects are assumed to be of class C*. We choose a local field
of orthonormal frames e, ---, e, adapted to the indefinite-Riemannian metric in
M’ and let w,, -, w, denote the dual coframe. Suppose that we have
g'(e4, eg)=e404n, ea==+1 for A, B, ---=1, ---, m. The connection forms {waz}
of M’ are characterized by the equations
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dws+Xepwap/\0p=0, ®Wapt+wpa=0,
(1.1) dwsp+Xecwac AOcs=R4s,
Q43=(—1/2)ZecepRUpcowc Ny,

where 2,5 (resp. R4gpcp) denotes the indefinite Riemannian curvature form
(resp. components of the indefinite Riemannian curvature tensor R’) of M'.
The components of the Ricci curvature tensor Ric’ and the scalar curvature #»’
are defined by respectively by

—_ 4 —_— ’/
Ris=Rps=2>ecRtuasrc,

r'=>esR4s=2c46cRbaac.

1.2)

An indefinite Riemannian manifold M’ of constant sectional curvature is called
an indefinite space form of index s if M’ is of index s. By MP(¢) an m-
dimensional indefinite space form of index s and of constant curvature ¢ is
denoted. Then the components Rzcp of the indefinite Riemannian curvature
tensor R’ for an indefinite space form M7(c) are given by

(1.3) R:«iBCD:csAsB(aABaBC_aACJBD) .

Therefore the Ricci curvature tensor Ric’ and the scalar curvature »’ are also
given by

(1.4) Rypg=(m—1)ce 045, r'=m(im—1)c.

In particular, MT(c) is called a Lorentz space form and it is called a Minkowsk:
space provided that ¢=0.

Standard models of complete Lorentz space forms are given as follows. In
an (n+p)-dimensional Euclidean space R™*? with a standard basis, a scalar
product <, > is defined by

{x, yo= — 2y 2P x5,

where x=(x,, -**, Xn+p) and y=(y;, -, Yn+p) are in R™*P, This is a scalar
product of index p and the space (R"*?, {, »>) is an indefinite Euclidean space,
which is simply denoted by R?*?. Let S7?*!(c) be a hypersurface of R?*? defined
by

x, xy=r*=1/c.

Then S?**(¢) inherits a Lorentz metric from the ambient space R?*? with con-
stant curvature ¢, which is called a de Sitter space. On the other hand, let
H?*(c) be a hypersurface of R}*? defined by

x, x>=—ri=1/c.
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Then H7?*'(c) induces a Lorentz metric from the ambient space R}*? with
negative constant curvature ¢, which is called an anti-de Sitter space. For
indefinite Riemannian manifolds, refer to O’Neill [15].

From now on, let M’=M?*(c) be an (n+1)-dimensional Lorontz space form of
index 1 and of constant curvature ¢ and let M be a positive definite hyper-
surface of M7+ (c), which is said to be space-ltke. In the sequel, the following
convention on the range of indices are used, unless otherwise stated:
A B,---=0,1, - ,n; 4,7, =1, .-+, n. By restricting the canonical forms wy
and the connection forms w4z to the hypersurface M, they are denoted by the
same symbol, respectively. Then we have

(1.5) @o=0,

and the metric on M induced from the indefinite-Riemannian metric g’ on the
ambient space M’ under the immersion is given by g=>w;Qw;. Then
{es, ---, en} becomes a field of orthonormal frames on M with respect to this
metric and {w;, -, w,} is a field of dual frames on M. From (1.2) and

Cartan’s lemma it follows that we have
(1.6) Wo; =2 hi;0;, hij=h;i .

The quadratic form a=2>¢h;;w;w;e, with valued in the normal bundle is called
the second fundamental form on M, where we put e=e¢,. That is,

(1.7) ale;, e;)=¢chije,,

and the scalar H=2XJh;;/n is called the mean curvature of the hypersurface M.
The connection forms {w;;} of M are characterized by the structure equations

do;+3wi; Aw,;=0, wi;+@;;=0,
(18) d(()ij‘i'zwik/\(!)ki:gij;
Q:;=(—1/2)ZRijnw: Nwy,

where £2;; (resp. R;j:;) denotes the Riemannian curvature form (resp. the com-
ponents of the Riemannian curvature tensor R) of M. For the semi-Riemannian
curvature tensors R’ and R of M’ and M respectively, it follows from (1.1
and that we have the Gauss equation

(1.9) Rijkzzc(5i15jk —5ik5jl)+5(hilhjk _hikhjl) .

The components of the Ricci curvature tensor Ric and the scalar curvature r
are given by

(110) Rjk———c(n—l)ajk—I-ehhjk—(hjkY,
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(1.11) r=n(n—1)c+eh*—h,,

where hzzhjj, (hjk)ZZZShirth and hZZZ(hjj)z.
Now, the covariant derivative Va of the second fundamental form a of M
with components h;;, is given by

(1.12) Zhijkwk:dhij—zhkjwki—‘zhikwkj-

Then, differentiating exteriorly and making use of the structure equations
we have

Dhijrw; Awr=0.
Thus we have the Codazzi equation
(1.13) hije=hir;.
Similarly the covariant derivative V?a of Va with components 4;;,; is given by
Shijniwi=dh;j— 2 jr@1i— 2R kW s ;— R0 .

Next, differentiating exteriorly and using again the structure equations
and the above relationship, we obtain

2(2hiipit+hriReini+hir Reje)wr Ay =0.
Thus we get
(1-14) hijkz—hijzk—’:—Zhrerikz—‘ZhirRrjkz,

which is called the Ricci formula for the second fundamental form.

Making use of this relationship repeatly and taking account of the Codazzi
equation the Gauss equation [1.7) and the first Bianchi identity, one can
compute h;;,; as follows:

Rijri=herij+c(R0pi—hij00—hpi0i;+h;10ie—hi056+hir050)
()P her—(ha)* e —(he) hig+ (R hie—(ha)* by +(hie)*hj
Accordingly a Laplacian of the second fundamental form is given by
(1.15) Ahy =i e =2+ c(nh;—ho )+ h(h ;) —hohy;.

The Laplacian of the function A, may be computed by using [1.9), and
(1.15):

(1.16) (1/2)Ahy=eZhijhiza+eShiheri+c(nho—eh®)+ehhs—hi,
where h,=2>3h;;(h;;)".
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2. Standard models

In this section, some standard models of complete space-like hypersurfaces
with constant mean curvature of R?*' and S?*!(¢) are given. In particular, we
take examples of hypersurfaces whose sectional curvature are non-negative.
An (n+1)-dimensional Minkowski space R?*' can first be regarded as a product
manifold of R%**! and R™-*. With respect to the standard orthonormal basis of
R7*' a class of space-like hypersurfaces H*(c,)XR"~* of R}*' is defined by

HY )X R**={(x, p)ERI"=R{*XR""* 1 |x|*=—1/¢,>0},

where £=0,1, ---, n and | | denotes the norm determined by the scalar product
on R{*' which is given by <x, x>=—xf+3%_,x3. When k=0, this is a family
of totally geodesic Euclidean spaces. In particular, if 2=1, then Hc,) is a part
v of the hyperbolic curve in R} and 7XR" ' is a class of space-like hyper-
surfaces of R?*!. A number of distinct principal curvatures of each hyper-
surface in this family are exactly two, say +(c—c¢;)*? and 0, with muliplicities
1 and n—1, respectively.

We next define a family of space-like hypersurfaces H*(c;)xS™" *(c,) of
St*(c) by

Hk(cx)xsn_k@z)
={(x, )EST(c)CRI**=R'XR***1: |x|?=—1/cy, |y|*=1/cs},

where ¢,<0, ¢,>0, 1/¢,+1/c,=1/c and £=0,1, ---, n. When k=0, it is a family
of spheres of constant curvature ¢,, which are totally umbilical. In particular,
if k=1, then H'(c,) is a part 7 of th hyperbolic curve in R} and 7XS™"!(c,) is
a class of space-like hypersurfaces of S?*!(¢) and the number of distinct
principal curvatures of each hypersurface in this family are exactly two and
they are constant. A principal curvature is equal to *+(c—c;)!’* with multi-
plicity 1 and the other is equal to *=(c—c,)'/* with multiplicity n—1.

Another family of space-like hypersurfaces M(s) of St*'(¢) given. For any
positive number s the hypersurface M(s) is defined by

M@G)={x=S'(c)CTR}Y**?: xo=Xn+1+S}.

Then it is totally umbilical and moreover it is flat. That is, it is a Euclidean

space.

3. Hypersurfaces of non-negative curvature

In this section the main theorem mentioned in the introduction is proved.
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Let M’ be an (n+1)-dimensional de Sitter space of constant curvature ¢ and
let M be a complete space-like hypersurface with constant mean curvature of
M’. Assume that the sectional curvature of M is of non-negative. For any
point p in M we can choose a frame field ey, ---, e, on M so that the matrix
(hj:) is diagonalized at that point, say

(31) hijZjajk.

Under such frame field at p we have

h'__zxj, h2:'_22§, hs—:—zz_:;y

because M is space-lyike and hence the normal vector is time-like. Accordingly,
we get

c(nhy—eh®)+ehhs—hi=c{n(— 225+ (Z2,)"} + T4 ZA4—(245)°
=1/2)Z(—c+ 44— 4,)%,
from which together with it turns out that
(3.2) Ah,=—3(c—A:A;) (A —4;)*—2|Val?,

where |Va| denotes the norm of the covariant derivative Va of the second
fundamental form a.

In order to prove the main theorem, we need a fundamental property for
the following generalized maximal principle due to Omori and Yau [2I].

THEOREM. Let M be a complete Riemannian manifold whose Ricci curvature
is bounded from below. Let f be a C?-function which is bounded from below on
M. Then for any positive number e there exists a point q at which it satisfies

(3.3) lgrad f [(p)<e, Af(g)>e, flg<inff+e.

Since M in space-like, the Ricci curvature tensor R;; is given by
R y=(n—1)c0s;—hhi;—(hi;)*
by [1.10). Let 4, ---, 4, be principal curvatures of M. Then the Ricci cur-
vature tensor becomes
Rij={(n—1)c—h2a;+2%}0:;,

which yields that the Ricci curvature of M is bounded from below by a con-
stant (n—1)c—h?/4. Given any positive number a, a function f is defined by
1/(a—h,)"’*. Then it is smooth and positive on M because h, is non-positive.
Moreover, since the function f is bounded from below, we can apply the the-
orem due to Omori and Yau to the function f. So, given any point p in M
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and any positive number ¢ there exists a point ¢ at which f satisfies the
property in the theorem. Consequently the following relationship

(3.4) (1/2)f(q)*Ahy(q)> f(g)e —3¢?

can be derived by the simple and direct calculation. For a convergent sequence
{em} such that €,>0 and e,—0 (m—co) there exists a point sequence {gn} SO
that the sequence {f(¢»)} converges to f, by taking a subsequence, if necessary.
From the definition of the infimun we have f,=inff and hence the definition
of f gives rise to

(3.5) he(gm) —> inf h, (m—o0).
On the other hand, it follows from that we have
(36) (l/z)f(Qm)4Ah2(Qm)>f(0m)5m_'353n ’

and the right hand side converges to O because the function f is bounded.
Since the sectional curvature K(e;, ¢;) of the plane section spanned by e; and
e, is given by K(e;, e,)=c—2;4, and since it is assumed to be non-negative,
we have ¢—2;4,=0 for any distinct indices 7 and k2. Accordingly means
that

3.7 Ahy(gm)S —2(c— ;A )(4;— A )* =0,

where principal curvatures are continuous. Accordingly, for any positive number
e (<2) there is a sufficiently large integer m, for which we have

(3.8) f(qm)*Ahs(gm)>—ce for m>m,.

On the other hand, it is seen that the sequence {f(gn)} is bounded from below
by a positive constant. In fact, we have

—hoh—(—h)*=202525(A;—2:)* =0,
h4_(“’“hz)2:—2j¢kujlk)-§0,

and hence we get —(—hy)**<h,<(—h,)*?, from which together with it
follows that
(1/2)Ahy Sc(he+h*)4 | h|(—hy)* 2 —(—h,)?.

This relationship and [(3.8) yield the inequality
(2—e)holgm)’—2| h|(—he)**(gm)+2(ae—nc)hy(gm)—)ea?+2ch?) <0,

which implies that {h;(gx)} is bounded from below. This means that the
sequence {f(¢gm)} is bounded from below by a positive constant. By means of

3.6), and the above fact, we get
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3.9 Ahy(qn) —> 0 (m—o0).
Thus and give rise to

(3.10) (c—=2;)(43—22)(gm) —> 0 (m—o0)

for any distinct indices 7 and k.
Now, the following facts will be proved by [(3.10):
(a) Any sequence {4;(¢gn)} is bounded for any ;;
(b) For any distinct indices ; and £ there is a subsequence {gm:} of the
sequence {¢,} such that
(c—2;2e)Xqm:) —> 0 (—o0) or
(3.11)
(45— 2e)@mi) —> 0 (—00).
(¢) For any distinct indices 7 and k there is a subsequence {gn;} of the
sequence {¢,} such that

(45— A)gm:) —> 0 (7—o0).

The assertion (a) is first proved. Suppose that there is an index ; such
that {4,(gn)} is not bounded. Without loss of generality, we may suppose that
A{(@m)—0 (m—o0). Since the mean curvature H=h/n is constant, there is
another sequence {A:(¢»)} such that A,(¢gm)——co (m—) and hence

AiAe(@m) —> —oo and (A;—Ae)(gm) —> © (m—o0).

This is a contradiction to [3.10).

Next, in order to prove the assertion (b), we put a,=(c—4;4:)(gm) and
bm=(2;—2:)*(gm). For two sequences {a,} and {b,} these are both bounded by
the assertion (a) and means that a sequence {anb.} converges to 0 as m
tends to infinity. Suppose that there is a subsequence {a,;} such that a,;—a+0
and |bn|=<B. Because of anbn;=bnan;—a)+abn; we have

|amjbmf] + l bmj(amj_a)] 2 labmj[ .

Since {an.;bn;} is also converges to 0, there is a positive integer N for any
positive number ¢ such that |a,;bn.;| <e and |an;—a|<e for j>N, which yields
that |ab,;| <e(1+B) and hence b,;—0 (j-»). This leads to an;—0 (j—c0) or
bm;—0 (j—o0), that is, the proof of (b) is complete.

Now, for principal curvatures A, and A, we can regard the subsequence
{gm:} in the assertion (b) as a sequence {¢,}. Suppose anew A;4,(gnm)—¢c (m—>00).
Since {4,(¢n)} is bounded, it converges to 4,, by taking the subsequence {gm;}
if necessary. Suppose that 2,,=0. Then we have |2;2:(qn)| =4:|4:(qns)l,



362 Qing-ming CHENG

where A4, denotes the upper bound of {2.(¢.)}, which implies that
A125(qm;)—0+#c(j— ), a contradiction. Thus 4,0#0 and hence we have

| 2101 IZZ(Qmj)“‘C/ZmI = | Agmj)l 121((]mj)—‘210| + 2122(Qmj)_c| ’

from which it follows that 2,(gn;)—¢/A10=2:. Consequently two limits have
the same sign, which shows that, without loss of generality we may suppose
that they are positive. The assumption that a multiplicity of all principal
curvatures is greater than one and the condition of the sectional curvatures
give us the fact ¢c—2,(gm;)?=0 and c—2y(gn;)?=0 and therefore 0< 4y, o=V .
This coupled with (3.11) yields that A;(gm;)—+¢ and A,(gm;)—+c¢ (j—oo), which
means that A;,0=A40=+/c , that is, (3;—2;)(gm;)—0 (j—), by taking the sub-
sequence if necessary, Similarly, for principal curvatures A, and 4, there is a
subsequence {gm:} Oof {gm;} such that (2;—25)(gm:)—0 (k—o), by taking the
subsequenc if necessary. Since the sequence {(21—2:)Xgm;)} converges to zero,
it is see that the subsequence {(1;—2:.)(g=:)} converges also to zero as k tends
to infinity, which implies that there is a point subsequence {gm:} Of {gm;} SO
that two sequences {(A;—2:)(gm:)} and {(2;—As)Xgn:)} converges both to zero as
k tends to infinity. This means that the assertion (c) is inductively proved.

Thus, for any distinct indices ; and 2 we have A;,=A240 Or Ajdxo=¢ and
hence we get A;,0=A,.=+/¢ because of 0<1;,,<+c¢ . Furthermore, because of
—nh,—h*=3)(A;—2,)*=0, the function A® is bounded from above by the constant
—h?*/n and on the other hand the sequence {h,(¢n)} converges to —h?/n. It
means that we obtain hy(gn)——h?/n=suph,, from which together it
follows that suph,=inf h,, namely, the function h, is constant on M. Accord-
ingly means that the second fundamental form is parallel and therefore
the simple algebraic calculation implies that all principal curvatures are constant
on M and the number of distinct principal curvatures are at most 2. By means
of the congruence theorem of Abe, Koike an Yamaguchi [1] it completes the
proof of Main theorem stated in the introduction.

REMAR 3.1. By the hyperbolic cylinder 7xS™"!(¢c,), where 7 denotes the
space-like curve in R? it is seen that the assumtion of the multiplicities of
principal curvatures in Main theorem can not be omitted.

The case where the ambient space is an anti-de Sitter space shall be con-
sidered. Let M be a space-like hypersurface of an anti-de Sitter space H7?*'(c),
whose mean curvature is constant. If M is of non-negative curvature, then the
process of the proof of the main theorem in this section holds to the fact that
all sequences {4;(gn)} are convergent as m tends to infinity. Suppose that M
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is of non-negative curvature. Then it is easily seen by the simple algebraic
consideration that the number of distinct limits of these sequences {,(gn)} is
at most two, say 4;, and A, and ¢c—A4;04,0,=>0. It turns out that one is positive
and the other is negative. Then we may suppose, without loss of generality,
that the multiplicity of A,, is greater than one, because of n=>3. Then, for a
sufficiently large m, there are distinct indices ; and £ such that the sequences
{4;(gn)} and {2,(gm)} convergent to A0, and 2;(¢n) and A:(¢n) are positive for
any integer m>m,  Therefore the sectional curvature of the plane at ¢,
spanned by principal vectors corresponding to A,(g») and 2.(¢») is given by
¢—A;(gm)Ax(gm), which is negative. Thus one finds

PROPOSITION 3.1. Let M be an n(=3)-dimensional space-like hypersurface of
an anti-de Sitter space H?**(c) whose mean curvature is constant. Then M is not
of non-negative curvature.

REMARK 3.2. In the case where the ambient space is a Minkowski one, it
is trivial that a space-like hypersurface M of non-negative curvature is totally
geodesic, if M is of comstant mean curvature and if a mnltiplicity of each
principal curvature is greater than one. The last assumption can not be
omitted. In fact, a hyperbolic cylinder y X R*~! in R}?*' defined by {x=R?*':
—xi+x5=—>b%}, where b is a positive constant and hence 7 is a space-like curve
in R}, is a complete flat space-like hypersurface of R?*' one of whose distinct
principal curvatures is 0 with its multiplicity n—1 the other is a non-zero
constant.

REMARK 3.3. A hypersurface of a Minkowski space R7?*! is said to be
entire if it is the graph of a function over the whole R". It is seen by Cheng
and Yau that in the entire space-like hyersurface M with constant mean
curvature of R7?*!' the Ricci curvature of M is non-positive. According to
Stumbles and Treibergs’ theorem and there are many entire space-
like hypersurfaces with constant mean curvature of R?*' which are different
from the hyperboloids. It means that entire space-like surfaces with non-positive
Gauss curvature and constant mean curvature exist in R} and hence we cannot
expect to classify space-like hypersurfaces with constant mean curvature and of
non-positive sectional curvature.

By the similar method to the proof of the main theorem, we can verify
following fact, which is a complete version of a part of Nomizu and Smyth’s
theorem [13]. A complete simply connected Riemannian manifold of negative
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constant curvature is said to be hyperbolic.

THEOREM 3.2. Let M be an n(=3)-dimensional complete hypersurface with
constant mean curvature of a hyperbolic space. If the sectional curvature is non-
negative and if a muliplicity of each principal curvature is greater than one,
then M is isometric to a Euclidean space or a sphere.

4. Goddard’s second conjecture

This section is devoted to the investigation about examples of complete
space-like hypersurfaces with constant mean curvature of a de Sitter space
S7+1(¢), which are different from standard models. By taking account of the
main theorem, it is seen that at least one principal curvatures ought to be
simple. In fact, as we remarked in the last of §3, it suffices to consider
hypersurfaces with distinct two principal curvatures one of which is simple of
Sr*Y(¢). Such hypersurfaces are conformally flat.

Let M be a space-like hypersurface of S?*!(c), n=3, and assume that the
principal curvatures 4,’s on M satisfy

A= =Ap1=21%0,
4.1)

Aa=1pt,
such that 2+ pg. Without loss of generality, we may suppose that 4>0. As is
well known, the distribution D of the space of principal vectors at any point
corresponding to the principal curvature A is completely integrable, because the
multiplicity of each principal curvature is constant. Now, since 4 and p are
smooth functions on M and since the second fundamental form is given by
hje=2;0;¢, 1. €., hea=2, hnn=p and h;;=0 (j+k), we have, by the definition
of the covariant derivative Va with components A;;:,

(42) dl:haaawa_*_Zb#ahaabwb+haanwn:
where indices a, b, --- run over the range {1, ---, n—1}. Because of w,,=Aw,,
we have

da)Oa:dz/\wa+2dwa
=dANOa+A(—ZpWas ANOy—Wan A®») ;\

while the restriction of the structure equation for the ambient space to the
hypersurface M yields

dwoa:—kaok /\Q)ka+‘90a
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:——,Izba)b/\wba—[lwn NWng ,

because the ambient space is a constant curvature and w.,=pw®w,. Combining
together with above two equations, we have

(4.3) 204, W AW+ {(g—ADWan—2, 20a} Nwr=0

for any index a, where dA=33u4, swy+24, nw,. Since 2-forms w;Aw, (F<<k) are
linearly independent, this implies

A, a=0,
(4.4)

(#—2)(‘)(111—2) nf!)a:fawn

for any index a, where f, is a function on M. By the second equation of (4.4)
we have dw,={f./(g—A)}w.Aw,, which inplies that dw,=0 (mod.w,). This
yields that the distribution D is completely integrable because D is defined by
®0,=0. From and the first equation of (4.4) it follows that we have

haaawa'1‘2b¢ahaabwb+haanwn:2; n@Wn ,
and hence

(4.5) haaa=0, heept=0 (b#a), hean=24, n.

Similarly, for the other principal curvature g one has
dp=2hnns@s+Rnnn®n .

Because of w,,=pw,, by the same argument as that of 4 we have

dwo,= —XZDwnb/\wb:d#/\wn“‘#Ebwnb Nwy,
and hence

ApuNwy+(A— 1) 25w A@p=0.
We set dpy=3,u, ,wp+p, nw,. This together with (4.4) implies
4.6) t o=fa for any index a.
By definition, we have
4.7 Rana=¢, a, Rann=, n.
On the other hand, for distinct indices ¢ and b, one has
4.8) hape=0 for any index £k,

In particular, let M be a space-like hypersurface of S7*!(¢) whose mean
curvature is non-zero constant. Then principal curvatures 4 g and satisfy
h=(n—1)A+p and hence (n—1)4, .+, »=0 for any index k. Moreover, by
(4.4), (4.6) and we have
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(49) '2; a=H, azhann:O; fa=0

for any index a. Thus, the principal curvature 4 is constant along each integral
submanifold of the corresponding distribution. By (4.4) we have

(410) wna:'zy n(nz—h)_lwa; —(n—l),l, a2 n:hnnn .

Consequently, in order for M to satisfy that the mean curvature is constant,
their principal curvatures A2 and p must satisfy [(4.9) and (4.10). Moreover, by
the second equation of (4.4) and we have dw,=0, which shows that we
may put

(4.11) w,=dv.
Thus we have
(4.12) Wno=2A"(nA—h)"'wq,

where the prime denotes the derivative with respect to the parameter v. [4.12)
shows that the integral submanifold M"-'(v) corresponding to A and v is
umbilical in M and in §7?**(¢). Substituting the above equation into the struc-

ture equation
AdWna~+ 2Z0@ns \Wpa =(C— A)Wr N @, ,
we have

dA'(nA—h)'@we)=—2"(nA—h) ' Zy@s AWpa+(c— Ap)wr AW, .
Since the left hand side is reduced to

{(nA—h)"' 2"} @n Awa+(nA—h) "' A (+ Zpwas AWy +@an A@r),
we get
(4.13) {(nd—h)"'2'}Y —{(nd—h)" A} — {c—haA+(n—1)2} =0,
which is reformed to
(4.14) (mA—h)A” —(n+1)A"*— {c—hi+(n—1)A22}(nA—h)*=0,
Putting ¢=(A—h/n)~''", (4.14) can be replaced by

o’ +(n—1De "'+ {(n—2)h/n}e "'+ (c—h*/n*)c=0.

Integrating the differential equation for ¢ of degree 2, we obtain
(4.15) o't —ag "' —2h/no "4+ (c—ht/n¥)o,=c, ,

where ¢, is the integral constant. Hence, we have the different situation
compared with the case of no simple roots. Hence we have many hyper-
surfaces of SP*!(¢) whose mean curvature is constant corresponding to the values
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of the constant c,.

In the sequel, we suppose that ¢c=1 and S?*'(1) is an (n-+1)-dimensional de
Sitter space SP*! of constant curvature 1 in R?*2. We may consider the frame
(eo, @1, *** , €n, x) in R?*? such that x=e,4+,. Since the second fundamental form
of Sr*! as the hypersurface R?*? is given by hup=—>1pcp045 We have

Wnt10=0, Wni1p=—Wp .
Accordingly, we have the following relations by [(4.12),
dea=—Woalo+ 2b=aWpalstWnalnt+Wn+1a€ni1
= psaWsao— {A2o+(lOg @) er+enii}@a,
d{Ae,+(logo) e,+enii}
=AWneo—AADaWala+pwne,)+(10g 0) wnen
={2'—pu(log o) }weo+{—Ap+(log o)’ +1}wnen
—(log g) wnens+1 (mod. ey, ***, €n-1}
=—(log 0)’'{2e,+(log o) entenii}dv,
by means of [4.13). Hence, putting

(4.16) W=e, N -+ Nen-1{Ae,+(loga) e,+ensi},
we get
4.17) dW=—(logo) Wdv,

which shows that the n-vector W in R?** is constant along M" ' (v). Hence
there exists an n-dimensional linear subspace E,(v) in R?*? containing M™-!(v).
Since the scalar product <u, u> of the vector u defined Ae,+(logc)ene,s; is
given by

— A2+ {(log ¢)'}?+1=c,(A—h/n)*'"

by means of the vector u is space-like, null or time-like, according as
the integral constant ¢, is positive, zero or negative. So the linear space E™(v)
is space-like if ¢, is positive. By the n-vector field W depends only on
v and by integrating in the equation

W)= {nd(v)—h}''" {nA(ve)—h} /" W(v,)

holds. Hence it is seen that E,(v) is parallel to E"(v,) in R}*2.

The sectional curvature of M"-!(v) is here considered. Since M"~!(v) is
regarded as the submanifold of S7*!, its sectional curvature is give by
[—A*4 {(log ¢)'}?+1](v) because of
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d(ﬂabﬂ_ chac/\wcb:wao/\wol;—(l)an /\wnb+wa /\wb
=[—2+{(log o) }’+1]w. Nws.

Since the vector u=2e¢,+(oga)e.+ens1 is space-like, M"-'(v) is the (n—1)-
dimensional sphere M™ '(v)=E™@)N\SF*' of constant curvature |u(v)|?=
[—A*+{(log o)’ }2+1](v) and the the center ¢(v) is given by

g)=x—u@)/uv)|?.

Moreover the center lies in a fixed plane E?% through the origin of R?** and
orthogonal to E"(v,) because the position vector g in R7?** is orthogonal to the
vectors ¢, for any a and u. Hence the point ¢(v) makes a plane curve in EZ
Thus one find the following

THEOREM 4.1. Let M be an n(=3)-dimensional space-like hypersurface with
constant mean curvature of SPt(c). If it has exactly two distinct principal
curvatures one of which is simple and the other A has no zero points, the follow-
ing assertions are true:

(1) M is a locus of moving (n—1)-dimensional submanifold M™'(v) along
which the principal curvature A is constant and which is umbilic in M and of
constant curvature {d/dv(log A)*+A*+c), where v is the arc length of an orthogonal
trajectory of the family M™*(v), and A=A(v) satisfies the ordinary differential
equation of order 2.

2) If M=S?*' in R?*% then M™ '(v) is contained in an (n—1)-dimensional
sphere S™ '(v)=E™w)N\S?T*! of the intersection of S™*' and an n-dimensional linear
subspace E™(v) in RT** which is parallel to a fixed E™. The center q moves on a
plane curve in a plane R* through the origin of R?*? and orthogonal to E™.

COROLLARY 4.2. There exist infinitely many space-like hypersurfaces of
S+ (c) whose mean curvature is constant, which is not congruent to each other on

it.
This section is essentially related to Otsuki’s theory in [16].

REMARK 4.1. We have no information about the sign of the sectional

curvature of the above examples.

REMARK 4.2. According to the Goddard second conjecture the class of
totally umbilic hypersurfaces is the only complete space-like hypersurface with
constant mean curvature of S{. This is denied by the existence of hyperbolic
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cylinders, whose principal curvatures are constant. However principal curva-
tures of the above hypersurfaces are not necessarily constant, which that they
are different from the hyperboloids. So they are also conuter-examples of
Goddard’s second conjecture.

REMARK 4.3. In a Minkowski space the existence is to give the entire
solution of the partial differential equation

(4.18) A-=Z DD fer+Z fif e p=hA—=3Z 52, 1=3f3>0

on R", where f;=0f/dx; and f;,=0%f/0x;0x,. Treibergs considered approxi-
mations of entire space-like hypersurfaces with constant mean curvature in
R} by solving a Direchlet problem in an increasing sequence of domains and
obtained many essentially different solutions.
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