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PROPER ISOPARAMETRIC SEMI-RIEMANNIAN
SUBMANIFOLDS IN A SEMI-RIEMANNIAN
SPACE FORM

By

Naoyuki KOIKE

§0. Introduction.

In a sphere, Erbacher [2] and Yano-Ishihara [14] characterized Riemannian
submanifolds with non-negative sectional curvature, flat normal connection and
parallel mean curvature vector under the additional assumptions. It is a natural
question to consider this problem in the semi-Riemannian case. Recently, we
characterized proper isoparametric semi-Riemannian hypersurfaces in a semi-
Riemannian space form under certain assumptions [1]. The main purpose of
this paper is to characterize, in a semi-Riemannian space form, proper isopara-
metric semi-Riemannian submanifolds with non-negative (or non-positive) sec-
tional curvature and parallel mean curvature vector under certain additional
assumptions.

The author wishes to express his gratitude to Professor S. Yamaguchi for
his constant encouragement and various advice. He also wishes to thank Pro-
fessor N. Abe for his helpful suggestions.

§1. Preliminaries.

Throughout this paper, all manifolds are smooth and connected and geo-
metrical objects are assumed to be smooth unless mentioned otherwise. In this
section, we prepare basic facts about semi-Riemannian submanifolds in a semi-
Riemannian manifold. We call a non-degenerate symmetric (0, 2)-tensor field
on an n-dimensional manifold M™ a semi-Riemannian metric of M™ and a mani-
fold M™ equipped with such a metric a semi-Riemannian manifold. Especially,
an n-dimensional real vector space equipped with a non-degenerate symmetric
bilinear form of signature (v, n—v) given by

v n
{x, x>=—2xi2+ > sz
=1 j=v+1
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is called an n-dimensional semi-Euclidean space and is denoted by R?Z, where
x=(x., -+, x,) is the natural coordinate. A frame (e,, -+, ¢,) is said to be
orthonormal if [<e;, e;>|=8;;. Semi-Riemannian manifolds S7(¢) and H}(c)

given by
v n+1
SHeO)={(x1, =+, Xne)ERI | — Elxi2+i§+lxi2:1/c} (c>0),

v+1 n+1
HIO={(xs, »+, xai)E R | — 2 204 3 x=1/c} (e<0)

are called a semi-sphere and a semi-hyperbolic space, respectively. These spaces
are complete and of constant curvature ¢, that is,
R(X,YV)Z=c(XN\Y)Z (=cKY, Z)X—<X, Z}Y)),

where R is the curvature tensor (n=2). It is clear that S(¢) is diffeomorphic
to R*XS"* and H?(c) is diffeomorphic to S*X R™*, where S#=S% and R*=R4.
We note that S%(¢) and H?(c¢) are not connected and S7_,(¢) and H%(c) are not
simply connected. We call these three spaces R?, S™(¢) and H}(c¢) semi-Rieman-
nian space forms.

A semi-Riemannian manifold M™ isometrically immersed into a semi-Rie-
mannian manifold M™ by an immersion f is called a semi-Riemannian submani-
fold of M. Since f can be treated locally as an imbedding, p (€M) will often
be identified with f(p) and the mention of f will be supressed. Especially if
n=m—1, then M is called a semi-Riemannian hypersurface of M. Let T,.M
(resp. T5M) be the tangent space (resp. the normal space) of M at peM, TM
(resp. T*M) the tangent bundle (resp. the normal bundle) of M and I'(TM)
resp. I"(T+M)) the space of all cross sections of TM (resp. T*M). We denote
the semi-Riemannian metrics of A and M by ¢,> and the Levi-Civita connec-
tions on M (resp. M) by V (resp. V). For any XeTM and any Y &I'(TM),
we have the Gauss formula:

(L1 VeV =ViY +h(X,Y),

where VyY and A(X, Y) are the tangential and the normal components of VY
respectively. It is easy to show that 4 is symmetric. We call h the second
fundamental form of the semi-Riemannian submanifold M.

For any XeTM and any EcI'(T+*M), we have the Weingarten formula:
(1.2) VyE=—AgX+VLE,

where —AzX and VLE are the tangential and the normal components of VxE
respectively. It is easy to verify that V* is a connection of the normal bundle
of M. We call A the shape operator of the semi-Riemannian submanifold M.
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It follows that
(1.3) WX, Y), E>=C(AX, >

for any X, YeT,M and any EcTM (peM).
Let B and R be the curvature tensors of A/ and M, respectively. The
equation of Gauss is given by

RX, V)Z=(RX, V)2 +'S ei(As XN A5 Y)Z  (ei=(E,, Eo))

for any X, Y and Z&T,M (p= M), where (ﬁ(X, Y)Z)T is the tangential com-
ponent and (£, ---, En_y) is an orthonormal frame of Tj3M. The equation of
Codazzi is given by

(R(X, V)EY =(V4 A)e X—(V5 A)sY

for any X,Y&T,M and any EcTiM (pM), where (VyA)g¥ =Vx(AzY)
AV}EY—AE(VXY). In particular, if M is of constant curvature ¢, then these
equations can be rewritten as follows:

(1.4) R(X, V)=t XAY +3] 4 Ap, XN Ag,Y

(1.5) (Vx A)gY =(VyA)pX.

§2. Shape operators of proper isoparametric semi-Riemannian
submanifolds.

Let @ be a (1, I)-tensor of a real vector space V equipped with a non-
degenerate symmetric bilinear form. If Q can be expressed by a real diagonal
matrix with respect to an orthonormal frame of V, then Q is said to be proper.

LEMMA 2.1. Let Qy, -+, Q: be proper (1, 1)-tensors of V such that [Q., Q5]
=0 (1=a, b<k). Then Q,, -, Q. are simultaneously diagonalizable with respect
to an orthonormal frame of V.

PROOF. It is sufficient to show the case where k=2. Let {4, -+, A} (resp.
{g1, =+, pu}) be the set of all distinct eigenvalues of Q, (resp. Q). Set Vig=
Ker (Qi—2.0) 15a<t), Wy,=Ker (Q,—p) (1=b=<u). Let v be a vector of
vV, There exists a unique V€W, (1=b=u) such that v=v,+ -+ +v, because
of V= & W ., where (§ means the orthogonal direct sum. By operating Q,

isbsu

a*

to both sides of v=uv,+ -+ +v,, we have A+ -+ +2.0,=Qv,+ - +Qv,. On
the other hand, from [Q,, Q,]=0, it follows that QuyeW,, (1Zb<u). Hence,
we have Q,v,=A4,v,, which means that v, Vi,NW,,. Therefore, we can obtain
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Vi,= & (Vi,"W,,) and hence V= & (V;,NW,,) because of V= B V;,,

Gy (a,be6 1sast
where G={(q, b) | 1<a<t, 1=b=su, (Vi,\W,,#{0)} and G.={bl(a, b)=G}
(1=a<t). Moreover, since V,, "W ,, ((a, b)=G) are orthogonal to one another,
they are non-degenerate, respectively. So we can take orthonormal frames of
Vi, "W, (a, b)eG) and, by using them, we can construct an orthonormal
frame of V. It is clear that Q, and Q, are simultaneously diagonalizable with
respect to this orthonormal frame. This completes the proof. Q.E.D.

Let A be the shape operator of a semi-Riemannian submanifold M of a
semi-Riemannian manifold M. The submanifold M is said to be proper if Ag
is proper for any E€T*M. If the normal connection is flat and the charac-
teristic polynomial of Ag is constant over the domain of E for any local parallel
normal vector field £, then M is said to be isoparametric [3, 11]. By a similar
method to the proof of Lemma 2 in [2], we can show the following.

LEMMA 2.2. Let M™ be a proper semi-Riemannian submanifold in a semi-
Riemannian space form M™7 of constant curvature & with flat normal connection
and parallel mean curvature vector. Then we have

AA, AD=2T'A, V’A>+“211 g]lKi,-(Z%—X‘;)%Ea, ED,

where (ey, «, e,) and (E,, -+, E,) are an orthonormal tangent frame and an
orthonormal normal frame of M such that Ag,e.;=2%; (1=i<n, 1=a=7r), Ki;
is the sectional curvature with respect to the 2-dimensional subspace spanned by
e; and e; G+7), and A is the Laplacian operator of M.

Note that <A, A) and <V'A, V' A) are defined as follows:

(A, A>= é aZ:}l €85 Ag,2:, AEaei> and

TAVH= 3 SeeserlTiAses VAsees,

where e;=<e;, ¢;> (1Zi<n) and ei=<E,, E (1£axr).
We denote by B, :-- BB, the following matrix:

Bl. 0

By

where B; (1=<{<l) are square matrices, respectively.
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By using Lemma 2.1 and 2.2, we can show the following theorem.

THEOREM 2.3. Let M™ be a proper isoparametric semi-Riemannian submani-
fold in R2*" with parallel mean curvature vector and {N'A, V'A>=0. Further-
more, suppose that all sectional curvatures of M are non-negative (resp. non-
positive) and <, >|riy is positive definite (resp. negative definite). Then, for any

point p of M, there exists a parallel orthonormal normal frame field (E,, -, E,)
on a neighborhood U of p with the property (#): At each point of U, Ag,, -, Az,
can be expressed with respect to a certain orthonormal tangent frame (es, -+, €a)
as follows:

AElzlllll@Okl 3
AEZZOz,@ZzlzZEBOkz s

A5,=(8 01, )DN1, B0,

‘4E3+1: :AEr:O ’

where A,+0, ka:n4b210, l.=1 (1<a<s), ks=20 and 0, and I, are the zero
=1

matrix of type (I, 1) and the identity matrix of type (I, 1), respectively.

PrRoOOF. Fix a point p of M. Since the normal connection of M is flat,
there exists a parallel orthonormal normal frame field (E,, ---, E;) on a neigh-
borhood U of p and moreover [Ag,, Ag,]=0 holds (1<a, b=r). Hence, by
Lemma 2.1, Ag,, -+, Ag, are simultaneously diagonalizable with respect to an
orthonormal tangent frame at each point of UU. Suppose that Ag,, ---, Ag, are
expressed with respect to an orthonormal tangent frame (e, -+, ¢,) at each
point of U as follows:

A, =21,D - Dlaly, -, Ap, =4H1D - DALy

By our assumptions and Lemma 2.2, we have

(2.1) K 23—29)=0 (1Zagr, 1Si#7<n).
In the first place, suppose that p is a geodesic point, that is, Ag,= - =Ag,
=0 at p. Since M is isoparametric, Ag,= -+ =Ag, =0on U. Thus(E,, -, E,)

satisfies the property (#).

In the next place, we consider the case where p is not a geodesic point.
Since p is not a geodesic point, we may assume that Al#0, K,;#0 2=i<)
and K;;=0 (,+1<7<n). From (2.1), we have
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(2.2) 8= 2<ily, 1Za<y).
We set
Ei: =( 3 MEa)/ ks,
Ey: =(UE,—RE)/(AP+@)7 2£b<r),
7 1/2
where le(g(l‘ﬁ) . It is clear that
<E;; E;>=il, <E;: Eb>:0) <Eb> Eb>:i_1’ VLE{:lebZO'

Because of (2.2), AEi and Ag, (2<b<r) are expressed as follows:

AE2221111@21%1+111@ - DAL,

Ap, =0, D - GBI QD).

Let (E;, ---, E.) be an orthonormal normal system given by applying Gram-
Schmidt orthogonalization to (E,, ---, E,). It is clear that E} (2<b<r) are
paraliel and AE{; (2<b<7r) are expressed as follows:

Ap,=0,BA [, - Db 2=b=r).

By the assumption that K,;=0 (/,4+1<i/<n) and the equation (1.4), we have
0=K,;={e1, e ){e;, e>{R(ey, eile;, e
={e,, e){e;, e <t él(AE&el/\AE&ei)ei, e
=+21'7,

that is, A'1=0 ([;+1<i<n). After all, we obtain AE1=211z1@0n_11- Thus if
Agy= - :AE}ZO’ (E:, ---, E!) satisfy the property (#). So we consider
the case where there exists b=2 such that AEb;kO. We may assume that 4{%4
#0, K 1:#0 (H25i<h+1) and Ky j4y,;=0 (I;+1,+1<7<n). By the same
process as the above, we can obtain a parallel orthonormal normal system
(EY, -+, EY) such that

AE;=011®22112@07¢—11-12 ’
AEZZOHHZ@M’{JHzﬂIIEB EBX”%II (3§b:<:7’) °
In the sequel, by repeating the same process, we reach the conclusion. Q.E.D.

In general, if M is simply connected and the normal connection is flat, then
there exists a parallel orthonormal normal frame field on M. By using this

fact, we can obtain the following.
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THEOREM 2.4. Under the same hypothesis as in Theorem 2.3, if M is simply
connected, then there exists a parallel orthonormal normal frame field (E,, ---, E,)
on M with the property (#) in Theorem 2.3.

§ 3. KEigendistributions of the shape operator.

Let M be a semi-Riemannian manifold equipped with a metric {,> and D a
distribution on M, that is, a subbundle of the tangent bundle TM. If VyY&D
for any XeTM and any Y &I'(D), then D is said to be parallel, where I'(D)
is the space of all cross sections of D. If <,>|p is non-degenerate at each
point of M, then D is said to be non-degenerate. We have

LEMMA A. Let D be a non-degenerate parallel distribution on a semi-Rie-
mannian manifold M. Let M’ be the maximal integral manifold of D through
a point of M. Then M’ is a totally geodesic semi-Riemannian submanifold of M.
If M is complete, then so is M.

Let Q be a (1, I)-tensor field on M. If Q is proper at each point of M,
then @ is said to be proper. The following result is stated in [1].

LEMMA B. Let Q be a proper (1, 1)-tensor field on M which has exactly two
mutually distinct constant eigenvalues 2, and A,. Suppose that (NxQ)Y =(NyQ)X
holds for any X,Y&T M (peM). Then D;,=Ker (Q—2i1) (i=1, 2) are non-
degenerate parallel distributions on M.

By using these results, we obtain the following theorem.

THEOREM 3.1. Let M"™ be a semi-Riemannian submanifold of RI7". Suppose
that for each point p of M, there exisis a parallel orthonormal normal frame
field (E,, -, E,) on a neighborhood U of p with the property (#) in Theorem
2.3. Then

(i) De=Ker (Ap,—20) (1=a<s) and Dy=(D\P --- BDy)* are parallel on U
respectively, where (D, --- BD)* is the orthogonal complement of DD --- L D;
in TU,

(ii) the each maximal integral manifold of D, is a totally umbilical sub-
manifold of R with the mean curvature vector ezA.E, (c6=<(Eq, Eo) (1£a<5s)
and that of D, is a totally geodesic semi-Riemannian submanifold of R}*.

PRrROOF. Let us restrict ourselves to the neighborhood U.
(i) By applying Lemma B to Ag, we see that each D, is parallel on U
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(1<a<s). Since D@D - @D, is parallel on U, so is the orthogonal comple-
ment D,.

(ii) Let U, be the maximal integral manifold of D, through a point of
U (1<a<s). We denote the second fundamental form of U (resp. Uqs) in RJ*"
by h (resp. h,). Take X,YeT,Uw (@&Uw). Since U, is totally geodesic
in U, ho(X, Y)=h(X,Y) holds. Also, by the assumption, we have

KX, )= 3} e<h(X, V), EEs

= 3 e<Ag,X, YOE,
=(X, Y>ez4.E, .

Thus we obtain that h.(X, Y)=<X, Y etd,E,, thatis, U, is a totally umbilical
submanifold of R»* with the mean curvature vector ezd.E,. Similarly, we can
show that the each maximal integral manifold of D, is a totally geodesic semi-
Riemannian submanifold of R}*". Q.E.D.

§4. Proper isoparametric semi-Riemannian submanifolds
in a semi-Euclidean space.

In this section, we characterize proper isoparametric semi-Riemannian sub-
manifolds in a semi-Euclidean space under the hypothesis as in Theorem 2.3.
Now we prepare the following lemma.

LEMMA 4.1. Let M™ be a semi-Riemannian submanifold of R}*" with the
second fundamental form h and Dy, -, D¢ non-degenerate parallel distributions
on M such that TM=D,® - ®D,. Suppose that h(X, Y)=0 holds for any X&
(Do), and any Y E(Dy), (a#b, peM) and the each maximal integral manifold
of D, (1£a<i) is a totally umbilical submanifold of R2*" with the mean curva-
ture vector Na. Then

G) VxYeD, for any XD, and any Y €I'(Dy) (a+b),

(i) Vxn,=0 for any X€D, (a#D),

(i) <%a, 70>=0 (a#Db).

PROOF. It is sufficient to prove the case where t=2.

(i) Take Xe(D,), and YI'(D,) (p€M). Let (U, x1, =+, Xnyy Vs " Yag)
be a coordinate meighborhood of p in M such that d/6x;ED; and 90/dy,=D,
(1<i<n,, 1<j< n,), where ny=dim D, (a=1, 2). Choose constants Xt (1Zi<n)
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and smooth functions ¥ (1<) such that X= 3} X*9/0x, and Y=j§ Y93/3y,.
Since D,, D, are parallel on M and va,axia/ayjﬂa,ayja/axi, we have Vj5,,0/0y;
=0. Therefore, the assumption on A implies %,axia/ay,:o and hence VzYV
= 2‘1 g:j X3/8x:Y9/8y,=(Dy),-

(i) Take XeI'(D,). By the Weingarten formula (1.2), we have
4.1) ﬁxn2=-A,}2X+Vj-772 ,
where A and V* are the shape operator and the normal connection of M, re-

spectively. For YT ,M, we have

4.2) Ay X, Yy=Ch(X, V), 72>
=<1/n2>:§; exXh(X, V), hej, e))),

where (e, -, €n,) is a local orthonormal frame field of D, about p and ¢;=
{ej, e;5 (1=7<n,). On the other hand, from the equations (1.3) and (1.4), it
follows that

4.3) X, Y5, hlej, e>=<R(Y, eje;, X>+<h(X, ey, h(Y, e;)>,

where R is the curvature tensor of M. Moreover, by the assumption, the right
hand side of (4.3, is equal to zero. Therefore, the equation (4.2) implies A,,X=0.
Also, by the assumptions and the equations (1.3) and (1.5), we have

Tinu=(1/m0) 3} ¢ Ti(hles, )

=(1/n0) 3} e/ TR, e)—h(T, X, e)
—h(X, Ve )+2h( e, e))}
—_—(2/712);;’1 6;h(Vxe, ¢,).

Moreover, since the each maximal integral manifold of D, is totally geodesic
in M and totally umbilic in R}*", h(Vxe;, ¢;)={(Vxe;, e»n,=0 holds. Therefore,
49,=0 is induced. Finally, we obtain Vx7,=0.
(iii) Let (&,, ---, @a,) (resp. (e, -+, €x,)) be an orthonormal frame of (D),
(resp. (Dy)p) (p=M). By the equation (1.4), we have

ni

oy m>=(/mn) 3 S8 Ch(Es, 20, hies, e

i=1
n1

=(1/nny) 2 % &:6,(KR(&;, ej)ej, 20+<N(ey, e;), h(E, ,))).

i=1 j=1
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Moreover, the right hand side of this equation is equal to zero by the assump-
tions. Hence, we obtain <%, 1.>=0. Q.E.D.

For a semi-Riemannian submanifold M, we define the first normal space N}
at p as follows:
Ni=Span {h(X, V)| X, YT M}.
A subbundle N of T+M is said to be normal parallel is V¥ E< N for any XeTM
and any E<I'(N). The following reduction theorem was proved by Magid [6].

THEOREM C. Let M™ be a semi-Riemannian submanifold isometrically im-
mersed into R+ by f. If the first normal spaces constitute a normal parallel
subbundle, then there exists a complete (n-+s)-dimensional ftotally geodesic sub-
manifold M of R™7 such that f(M)CM, where s is the dimension of the first

normal spaces.

By using this theorem, he obtained the following result [6], where he also
treated the case (%, 7>=0.

THEOREM D. Let M™ be a totally umbilical submanifold isometrically im-
mersed into R by f. Suppose that the mean curvature vector 0 satisfies <n, 9>
+0. Then

(I) If <n, p>>0, then f(M)CS}

D If <y, p><0, then f(M)CHE,
where p is the index of M.

By using Theorem C, D and Lemma 4.1, we can show the following lemma.

LEMMA 4.2. Under the same hypothesis as in Lemma 4.1, moreover suppose
that 9. (1=a=1) are non-null and {N., 7.0 >0 (1=a=u), e, 7.0<0 (u+1=a<s)
and 7,=0 (s+1=a<t). Then

FAMTST(e)X -+ XShueu) X HE 2t (cun) X o XH(e) X RS

Yu+1
CRFX -+ X R X Rzt X - X RYIIX RPC R,
where ¢o=<Na, e, (Va, Na—va) is the signature of Do (1La=5s) and (v, no—vo)

s ﬂ'lat Of Ds+1@ e @Dg.

Proor. We shall prove in the case where t=3, u=1 and s=2. We denote
the maximal integral manifold of D, (resp. D%) through peM by (L,), (resp.
(LY, (1£a<3), where D¢ is the orthogonal complement of D, in TM. Since
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(Ly), is a totally umbilical submanifold of R?*" with the mean curvature vector
71, it is contained in the affine subspace (i,),,:Tp((Ll)p)@R(m)p through f(p)
by Theorem C, where R(7.), is the line tangent to (y,),. Now we shall show
that (L), and (L)), are parallel in R for any p, g=M. First we consider
the case where p and ¢ are contained in a cubic coordinate neighborhood V
with respect to D,@Di. Then it is clear that (L{),N\(L.),#®. Take ¢’
(LHpM(Ly),. Since (L1)p,=(L1)y, (L,), and (L)y(=(L,),) are parallel in R+
by (i), (ii) of Lemma 4.1. Next we consider a general case for p and ¢q. Take
a curve o: [0, 11-M with ¢(0)=p, ¢(1)=¢. Since ¢([0, 1]) is compact, there
exists a finite open covering {V;|1<i<Ek} of ([0, 1]) by cubic coordinate
neighborhoods such that VNV, #=@ (1<i<k—1), peV, and ¢g=V,. Take
pi€VinViy (1£i<k—1). Since p;_, and p; is contained in a cubic coordinate
neighborhood, (L,)p,_, and (L,),, are parallel in R?*". Similarly, so are (L),
and (L,),, (resp. (L)),,., and (L,)). Therefore, (L,), and (L,), are parallel in
R+, Similarly, (L.), and (L,), (¢=2, 3) are parallel in R?*" for any p, gEM,
where (Ly)p=T»(L2)p)DR(92)s, (Ls)p=To(Ls),). Also, by (iii) of Lemma 4.1,
(L2)p L(Ly), holds for any peM (a+b).

Let R (1=£a<3) be the subspace of R?*" spanned by all tangent vectors
of (L,),. Note that R, (1=<a<3) are well-defined and orthogonal to one
another by the above facts. Let R, be the orthogonal complement of R ,®
RoyDRe. We regard Ry (0=<a<3) as the affine subspace through the origin
of Rp*7. 1t is clear that R}*"=R )X - XR¢. Let ¢, (0<a<3) be the natural
projections of RP*" onto R(,. It is easy to show that ¢oo f is a constant map.
Suppose that (L1),=(L1),. Then we have (¢;° ) p)=(¢:° f)g). Since (1), and
(1), are parallel in R}*" by (ii) of Lemma 4.1, (J)4(9),=()«(n)e- Therefore,
from Theorem D and <7, ,>>>0, if follows that there exists a hypersurface
St of Rq, which contains both (¢.°f)(L,),) and (¢iof)(Ly)). By the same
method as used in the proof of parallelism between (L,), and (L,), we can
show that (¢.°f)(L1),) is contained in this hypersurface for any p=M. This
fact implies that (¢,° fYM)CS};. Similar arguements on (¢, f)(M) and (o f)(M)
lead to

JMOTPso UMYX (oo fUM) X (3o FYM)TSTUX Hg X R
CRuHOXR@eX Ry .
Q.E.D.

REMARK. From the assumption of Lemma 4.2, we can show that the
second fundamental form is parallel and the normal connection is flat. In [6],
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he characterized a complete Riemannian submanifold M™ of R}*" with parallel
second fundamental form and flat normal connection. The proof depends on
Satz 2 of [12], which uses the Moore’s lemma [8]. We can show that they
are generally valid for proper semi-Riemannian submanifolds. On the other
hand, Moore treats the case where M is a product manifold. If M is complete,
then we can use the Moore’s lemma for the universal covering of M. How-
ever, if M is not complete, then the lemma is not valid for this arguement at
least globally. The lemma assures that each product neighborhood V of M is
contained in a product manifold M of semi-Riemannian space forms as an open
submanifold. However, we have to show that the manifolds M can be tahen
in common for all V as in Lemma 4.2.

The distributions D, (0<a<s) of Theorem 3.1 satisfy the conditions of
Lemma 4.2. Hence we have the following proposition.

PROPOSITION 4.3. Let M™ be a semi-Riemannian submanifold isometrically
immersed into R™" by f. Suppose that there exists a parallel orthonormal normal
frame field (E,, -+, E,) on M with the property (#) in Theorem 2.3. Then

FIMYCS™(e)X -+ X STa(ey) X Hiat1(cur) X -+ XH(e) X RS

C R X XRAEHX RTuHEIX o XRUFXRYC R,

vyp1tl

where u is the number of +1 in {KE,, ED, -+, <Es, Ep} and n=ne+ - + 1.

By taking the universal semi-Riemannian covering manifold of M if neces-
sary, this proposition together with Theorem 2.4 gives the following main
theorem.

TNEOREM 4.4, Let M™ be a proper isoparametric semi-Riemannian submani-
fold isometrically immersed into RI*™ by f with parallel mean curvature vector
and (V' A, V' A>=0. Furthermore, suppose that all sectional curvatures of M are
non-negative (resp. non-positive), <,>|riy is positive definite (resp. negative de-
finite). Then

FM)ESTEX -+« XSTXRUWC R - X R X RUC R

(resp. FOIMICHIX - X His X RUCRUTX -+ X RUHX RYCRI*), where n=
ot oo+ 0,
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§5. Proper isoparametric semi-Riemannian submanifolds
in S**7(¢) or HZ*'(2).

In this section we shall show the results corresponding to §4 in the case
where the ambient space is HP*"(¢) (or SI*(%)).

LEMMA 5.1. Let M™ be a proper isoparametric semi-Riemannian submanifold
of H®7(&) such that

(i) the mean curvature vector is parallel,

(i) VA, VA>=0.
Then, if we consider M as isometrically immersed into R T+, M also is a proper

isoparametric semi-Riemannian submanifold with (i) and (ii).

ProoF. Let A and V' (resp. A and ¥*) be the shape operator and the
normal connection of M in H2*"(&) (resp. Rri7+'). By the Gauss formula (1.1)
and the Weingaten formula (1.2), we have

(5.1) AcX=ApX, V4E=VLiE,
(5.2) AeX=+~=CX, ViE=0

for any XeTM and any Ecl(T+M), where E is a unit normal vector field
of H2*"(¢) in R+ and T*M is the normal bundle of M in HZ?*"(¢). By (5.1),
(5.2) and the assumption, we see that M is a proper isoparametric semi-Rieman-
nian submanifold of R+

Let 5 (resp. 4) be the mean curvature vector of M in H}*(f) (resp.
RxT+'Yy and 7 that of HI*(¢) in R+, Since HI'(¢) is a totally umbilical
submanifold of RIT*', #=%+7 holds. Moreover, the equation (5.1) and the
assumption (resp. the equation (5.2) and 7=:++/—¢ E) imply V=0 (resp. V45
=0) for any XeTM. Thus V47=0.

By (5.1), (5.2) and the assumption, we can show (WA, WAS=<V' A, V' A>
>0, where (ﬁ}ﬁ)Eszx(ﬁEY)—ﬁa;EY—ﬁE(VXY) for any XeTM, any Ye
I'(TM) and any EcI(T*M@T+HI(E)). Q.E.D.

This lemma together with Theorem 4.4 gives the following theorem.

THEOREM 5.2. Let M™ be a proper isoparametric semi-Riemannian submani-
fold isometrically immersed into H2*(&) by f with parallel mean curvature vector
and <N'A, V' A>=0. Furthermore, suppose that all sectional curvatures of M are
non-positive, {,>|riy is negative definite. Then
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@ fUM)CHZ(e,)X - XH3(e) CHMES (T HM ()T R,
where n=n,+ - +ng, 1/ci+ - +1/c,=1/E=1/¢ and i is the inclusion mapping
of HM"(E) into RMTH.

Proor. By Theorem 4.4 and Lemma 5.1, we have
(e FXM)CHM(e)X -~ XHle) X R9X {x)
CRUHAX - XRUEHXRUXRIZGH=RyY .

Take pe(i-f)(M). We denote the leaf of R7y through p by L, and L,N
(fof)(M) by L,. Suppose n,>1. Since L, is totally geodesic in RHT*, it is
also totally geodesic in H?»*"(¢). Hence L, is of constant curvature & This
fact contradicts the flatness of L,. Therefore, we have n,<1. If n,=1, then
L, is a family of non-null curves of H*"(¢). By the way, all line segments
of RI7+! contained in H*'"(¢) are null. Hence each component of ip is not a
line segment. This fact contradicts that L, is totally geodesic in R}*'. Thus
we see that 7n,=0.

Let 0, be the center of H%a(c,) (1=a<s). Take pc(i-f)(M). We can
uniquely decompose p into p=p,+ - +ps+x, where p,eR%Tetl (1Za=s).
From {p,—04, pa—0s0=1/c,, it follows that

{Pay Pa>=X0aF(pa—0a), 0at+(Pa—0a)>
={04, 2pa—0a>+1/cCa
={0a, 2p—0>+1/¢a,
where 0=0,+ --- +0,. Hence we have
1/¢=Lp, p>=Xps, P>+ -+ +<ps, p>+<x, %7
=<0, 2p—o>+1/ci+ - +1/cs+<x, x>.

Thus <o, 2p—0y=1/&—(1/cy+ - +1/cs+<x, x) holds. This equality implies
that <p, o) is independent of p=(-f)M). Hence, if o is a non-zero vector,
then (fof)(M) is contained in the hyperplane orthogonal to o in R7}iIX -
XR7stix{x}. This fact contradicts that (7o f)(M) is full in RPIIX -+ XR3]
x{x}. Therefore, we see that o is the zero vector and 1/é=1/¢c,+ ---+1/cs
+<x, xy. These facts imply that

He)% - X Hie) X {x} S H (@)
and hence
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H3(e)X -« XH(e) X {x} THP@EONRIIX -+ XRsX {x})

= 3++ss:71_1(5)x{x}_
Here 1/é=1/ci+ -+~ +1/c;s because

1/¢=4g, ¢>=Kx+(g—x), x+(g—x)»=<x, x>+1/¢
for g H2#37 (6)X {x}. Therefore, we obtain
(G fUMICHB(e)X - XHs(e) X {x}CHESL ()X {x}

CHI ORI
Q.E.D.

Similarly, in the case where the ambient space is SP+7(¢), we have the fol-
lowing theorem.

THEOREM 5.3. Let M™ be a proper isoparametric semi-Riemannian submani-
fold isometrically immersed into SP*" (&) by f with parallel mean curvature vector
and (N'A, V' A>=0. Furthermore, suppose that all sectional curvatures of M are
non-negative, {,>|riy ¢S positive definite. Then

@ FUM)CSTH(e) X -+ XST¥(e) TSI+ EOCTSHI(E)T R,

where n=n,+ --- +n,, 1/ci+ - +1/¢cs=1/c<1/¢ and i is the inclusion mapping
of SP(E) into R+,

References

[1] Abe, N.,, Koike, N. and Yamaguchi, S., Congruence theorems for proper semi-
Riemannian hypersurfaces in a real space form, Yokohama Math. J. 35 (1987),
123-136.

[2] Erbacher, J., Isometric immersions of constant mean curvature and triviality of
the normal connection, Nagoya Math. J. 45 (1971), 139-165.

[3] Hahn, J., Isoparametric hypersurfaces in the pseundo-Riemannian space forms,
Math. Z. 187 (1984), 195-208.

{47 Kobayashi, S. and Nomizu, K., Foundations of Differential Geometry, Volume I,
Interscience Tracts No. 15, John Wiley and Sons, New York, 1963.

[5] Lawson, Jr. H.B., Local rigidity theorems for minimal hypersurfaces, Ann. of
Math. 89 (1969), 187-197.

[6] Magid, M. A., Isometric immersions of Lorentz space with parallel second funda-
mental forms, Tsukuba J. Math. 8 (1984), 31-54.

[7] Magid, M. A., Lorentzian isoparametric hypersurfaces, Pacific J. Math. 118 (1985),
165-197.

[ 8] Moore, J.D., Isometric immersions of Riemannian products, J. Differential Geom.
5 (1971), 159-168.

[97 O’Neill, B.,, Semi-Riemannian Geometry, with Applications to Relativity, Academic
Press, New York, 1983.



146

(10]
[11]

[12]
[13]
[14]
[15]

Naoyuki KOIKE

Petrov, A.Z., Einstein Spaces, Pergamon Press, Hungary, 1969.

Terng, C.L., Isoparametric submanifolds and their coxeter groups, J. Differential
Geom. 21 (1985), 79-107.

Walden, R., Untermannigfaltigkeiten mit parallel zweiter Fnudamentalform in
euklidischen Raumen and Sphiren, Manuscripta Math. 10 (1973), 91-102.

Wu, H., On the de Rham decomposition theorem, Illinois J. Math. 8 (1964), 291-
311.

Yano, K. and Ishihara, S., Submanifolds with parallel mean curvature vector, J.
Differential Geom. 6 (1971), 95-118.

Yano, K. and Kon, M., Structures on Manifolds, World Scientific Publishing Co.
Pte. Ltd., Singapore, 1984.

Department of Mathematics
Faculty of Science

Science University of Tokyo
Tokyo 162 Japan



