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Introduction.

A complex n-dimensional Kaehler manifold of constant holomorphic sectional
curvature ¢ is called a complex space form, which is denoted by M,(c). A com-
plete and simply connected cbr’nplex space form is a complex pr'ojeétive space
P,C, a complex Euclidean space C" or a complex hyperbolic space H,C accord-
ing as ¢>0, ¢=0 or ¢<O0. _

In his study of real hypersurfaces of P,C, Takagi shQWed that all
homogeneous hypersurfaces could be divided into six types. Namely, he prov_éd
the. following

THEOREM A. Let M be a homogeneous real hypersurface of P,C. Then M
is locally congruent to one of the following hypersurfaces:

(A,) a geodesic hypersurface; |

(A:) a tube over a totally geodesic P,C (1=k<n—2),

(B) a tube over a complex quadric Q,_,,

(C) a tube over P,C X P¢n_yy,C and n(=5) is odd,

(D) a tube over a complex Grassmann G, ; and n=9,

(E) a tube over a Hermitian symmetric space SO(10)/U(5) and n=15.

Moreover, Takagi proved that if a real hypersurface of P,C has two
or three distinct constant principal curvatures, then M is locally congruent to
the case of the homogeneous ones of type A;, A, or B. In what follows the in-
duced almost contact metric structure of the real hypersurface of My(c) is de-
noted by (@, g, &, 5). The structure vector & is said to be principal if Af=asé,
where A is the shape operator in the direction of the unit normal C and a=
n(A&). Real hypersurfaces of P,C have been studied by many differential geo-

meters ([2], [4], [5], [6] and etc.) and as one of them, Kimura asserts
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that M has constant principal curvatures and ¢ is principal if and only if M is
locally congruent to a homogeneous real hypersurface.

On the other hand, real hypersurfaces of H,C have also been investigated
by many authors ([1], [3], [4], [8], and etc.) In particular, Berndt

proved recently the following interesting result.

THEOREM B. Let M be a real hypersurface of H,C, n=2. Then M has
constant principal curvatures and & is principal if and only if M is locally con-
gruent to one of the following:

(Ao) a horosphere in H,C,

(A,) a geodesic hypersurface or a tube over a complex hyperbolic hyperplane
H,.,C,

(A,) a tube over a totally geodesic submanifold H,C (1=k<n-—2),

(B) a tube over a totally real hypersurface H,R.

According to Takagi’s classification theorem and Berndt’s one, the principal
curvatures and their multiplicitites of homogeneous real hypersurfaces of M3(c)
are given,

Now, in [10] Maeda estimated the norm of the second fundamental form

and proved the following

THEOREM C. Let M be a real hypersurface of P,C. Then
IVA|*z(n—1)c*/4,

where the equality holds if and only if M is locally congruent to one of the real
hypersurfaces of type A, and A..

For the above minimum of the norm of the covariant derivative of the
second fundamental form, it seems to be interested to investigate whether or
not there is the next estimation of the norm which gives a characterization of
real hypersurfaces of P,C different from type A, and A,. The purpose of this
paper is to obtain an estimation under certain condition and to give the follow-
ing characterization of real hypersurfaces of type B.

THEOREM. Let M be a real hypersurface of P,C, n=3, on which the struc-
ture vector & is principal with principal curvature a. If a Tr ASa®—(n—l)c,
then

IVA|*=(n—1)c(7c+6a%)/4,

where the equality holds if and only if M is locally congruent to a real hyper-
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surface of type B.

1. Preliminaries.

We begin with recalling basic properties of real hypersurfaces of a com-
plex space form. Let M be a real hypersurface of an n(=2)-dimensional com-
plex space form M,(c) of constant holomorphic sectional curvature c¢(#0) and
let C be a unit normal field on a neighborhood of a point x in M. We de-
note by / the almost complex structure of M,(c). For a local vector field X
on a neighborhood of x in M, the images of X and C under the transformation
J can be represented as

where ¢ defines a skew-symmetric transformation on the tangent bundle TM of
M, while » and & denote a 1-form and a vector field on the neighborhood of x
in M, respectively. Moreover, it is seen that g(§, X)=%(X), where g denotes
the induced Riemannian metric on M. By properties of the almost complex
structure J, the set (¢, §, 7, g) of tensors satisfies then

(1.1) P*=—I+7QE, ¢£=0, 9(¢X)=0, 7n&=1,

where I denotes the identity transformation. Accordingly, the set defines the
almost contact metric structure on M. F urthermore, the covariant derivatives
of the structure tensors are given by

(1.2) Vxp(Y)=9Y)AX—g(AX,Y)¢, Vxé=¢AX,

where V is the Riemannian connection of g and A denotes the shape operator
with respect to C on M.

Since the ambient space is of constant holomorphic sectional curcature c,
the equations of Gauss and Codazzi are respectively given as follows :

(1.3) R(X,Z=clgY¥, Z)X—g(X, Z)Y +
+8(9Y, Z2)pX—g(¢p X, Z)PY —2g(¢p X, Y)$Z}/4
+8(AY, Z)AX—g(AX, Z)AY ,

(1.4) Vx AY )=V AX)=c{n(X)gY —n(Y)pX—28(¢ X, Y)§} /4,

where R denotes the Riemannian curvature tensor of M and VyA denotes the
covariant derivative of the shape operator A with respect to X.

The Ricci tensor S’ of M is the tensor of type (0, 2) given by S/(X, Y)=
tr{Z—R(Z, X)Y'}. But it may be also regarded as the tensor of type (1,1) and
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denoted by S: TM—TM ; it satisfies S'(X, Y)=g(SX,Y). By the Gauss equa-
tion, [1.1) and [1.2) the Ricci tensor S is given by

(1.5) S=c{@n+1)I—-39RE}/4+hA—A?,

where h is the trace of the shape operator A. Recently, in order to give
another characterization of homogeneous hypersurfaces of type A;, A, and B in
P,C, Kimura and Maeda [6] introduced the notion of a 7-parallel second funda-
mental form, which was defined by g(V xA(Y), Z)=0 for any vector fields X, Y
and Z orthogonal to & Now, we prepare the followings:

THEOREM D ([6]). Let M be a real hypersurface of P,C. Then the second
fundamental form is y-parallel and & is principal if and only if M is locally con-
gruent to one of the homogeneous real hypersurfaces of type A,, A, and B.

THEOREM E ([11]). Let M be a real hypersurface of H,C. Then the second
fundamental form is n-parallel and & is principal if and only if M is locally con-
gruent to one of real hypersurfaces of type A,~B.

PROPOSITION F ([4]). Let M be a real hypersurface of My(c), ¢#0. If the
structure vector & is principal, then the corresponding principal curvature a is
locally constant.

In the sequel, assume that the structure vector £ is principal and denote by
a the corresponding principal curvature. Namely, A§=a& is assumed. It fol-
lows from that we have

(1.7) 2ApA=c¢/2+a(Ad+0A)
and therefore, if AX=A1X for any vector field X orthogonal to £, then we get
(1.8) A—a)ApX=(al+c/2)p X .

Accordingly, it turns out that in the case where a®4-c+0, ¢ X is also a principal
vector with principal curvature p=(ai+tc/2)/(2A—a), namely, we have
ApX=pop X,

(1.9)
2A—a+0, p=(al+c/2)/(2i—a).

2. Real hypersurfaces of type B.

This section is devoted to the investigation of a characterization of real
hypersurfaces of type B in a complex space form. First of all, we shall con-
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sider a property of hypersurfaces of a real space form. An m-dimensional
Riemannian manifold of constant curvature ¢ is called a real space form, which
is denoted by N™(¢). Let N be a hypersurface of N™*(c¢) and let A’ be the
shape operator and g’ (resp. V') be the induced Riemannian metric tensor (resp.
the Riemannian connection) of N. |

LEMMA 2.1. Let N be a hypersurface of an (m+1)-dimensional real space
form N™*'(c) of constant curvature ¢ and let D’ be a distribution defined by the
kernel of the operator A’*+aA’+bl for some constants a and b. If a*+#4b, then

we have
(2.1) g'NzA(Y), Z)=0
for any vector fields X,Y and Z in D’.

Proor. Differentiating the equation (A’*+aA’+bI)Y =0 covariantly, we get

2,2) VYA (A'Y )+ ANy A (Y )+aV5 A (Y )+(A?+aA’+bI )VyY =0

for any vector field X. Taking account of the fact that A’ and A’? are self-
adjoint, we have '
@3 gV AAY )+ AT AV )+ aVo ACY), Z)=0

for any vector fields ¥ and Z in D’. Substituting A’X into X in we
have

gV x A(AY )+ AN x A (Y )+ aVyp x AY), Z)=0

because Z belongs to D’. Since g’'(NyA'(Y), Z) is symmetric with respect to
X, Y and Z by means of the Codazzi equation for hypersurfaces of a real space
form and since the distribution D’ is A’-invaiant, the first term of the above
equation can be deformed for any vector fields X, ¥ and Z in D’ as follows:

g/ (VLA (A'X), AY)=—g"(ANLA(X)+aV5A"(X), A'Y)
=g'(VZzA'(X), aA'’Y +bY )—ag’'(NzA(X), A’Y)
=bg'(NzA'(X), Y),
where the definition of the distribution and [2.3) are used. It turns out that we
have 2bg'(NZzA'(X), Y)+ag'(NyA(Z), A’X)=0 for any X, Y and Z in D’. If
a=0, then it is trivial, so unless it is seen that g’'(VyA'(Z), A’X) is symmetric

with respect to X, Y and Z, from which together with it follows that
28'(N% AY), A’Z)+ag’N%A(Y), Z)=0. By the last two equations we have
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(a®*—4b)g’(Ny A(Y), Z)=0 for any vector fields X, Y and Z in D’. q.e.d.

REMARK 2.1. In [9], Montiel and Romero proved that in a Lorentz hyper-
surface N* of an anti-de Sitter space H*!, if the shape operator A’ satisfies
a polynomial p(x)=x*—ax+1 for some constant a such that a®*+4, then A’ is
parallel. The proof of is essentially similar to that of their result.

When the shape operator A’ satisfies it is said to be D’-parallel.

Combing back to the subject of real hypersurfaces of a complex space form,
let M be a real hypersurface of M,(c), ¢#0, n=3, on which the structrue vec-
tor & is principal. That is,

(2.4) Aé=at,

where a is constant by Proposition F|. The covariant derivative of gives
VxA§)=apAX—ApAX for any vector field X, where we have used the second

equation of from which together with and the above equation it fol-
lows that

(2.5) VxA®)=—copX/4—a(Ad—pA)X/2.
On the other hand, the Codazzi equation coupled with implies
(2.6) V. AX)=—a(Ag—pA)X/2 .

By X* we denote an &*-component of a vector field X. Namely, let X=
X* +n(X)§. Then the vector field VyA(Y) can be decomposed into three terms
as follows;

(2.7) Vx AY )=V A(Y )+ (XA )+ 9(Y )V x L A(§)

because of V:A(£)=0 by means of [2.4) and [2.6) Taking account of and
we seen that is reformed as

(2.8) Vx AY)=(Tx s AY ) —c{p(Y ) X+g($ X, Y)E} /4
—a{n(XXAp—pAY + (Y XAg—pA)X
T g(Ap—pA)X, Y)IE} /2.

In particular, assume that M is of type B. Then the shape operator A satisfies
(2.9) Ap+oA=ko, k=—c/a.
In this case, by using the equation is equivalent to

(2.10) VxAE)=—a(Ap—30A)X/4,
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which together with [2.6) and [2.7) yields

(2.11) Vx AV )=—a{29(XXAp—pA)Y + 7Y (Ap—3p D)X
+8(Ap—3pA)X, Y)§}/4

because the shape operator A of M is %-parallel by Theorems D and E.

Now, let S?**! be a (2n-+1)-dimensional unit sphere in a (2n+2)-dimensional
Euclidean space R2"*2=C"*' and let (@, E, o, G) be the Sasakian structure in-
duced from the natural almost complex structure on C™*'. Then the Hopf
fibration = : S***'—P,C is a principal circle bundle over P,C, in which w is a
connection and the orbits of E are fibers. Let * be a horizontal lift with respect
to this connection w. The usual Riemannian structure on P,C is characterized
by the fact that z is a Riemannian submersion. Let M be a real hypersurface
of a complex projective space P,C. Then the principal circle bundle N over
M is a hypersurface of S?"*! and the natural immersion ¢/ of N into S®**! re-
spects the submersion z#. That is, N is the hypersurface of S*"*!' tangent to E
and for the Hopf fibration = :S"*'—P,C there is a fibration n: N—M, where
M is a real hypersurface of P,C such that the diagram

7’
Szn+1

N

ﬂ'l lﬂ'
M——‘—.—>PnC
i

is commutative and the immersion 7’ of N into S?**!is a diffeomorphism of the
fibers. By g’ and g the induced Riemannian metric tensors of N and M are
denoted, respectively. Let ¥V’ and V be also the Riemannian connections of N
and M, and the shape operators are denoted by A’ and A. Then it is seen
that

(2.12) &'V A'(Y™), Z¥)={g(Nx AY), Z)+ 0 )g(9X, Z)+79(Z)g($ X, Y)}*

for any vector fields X, Y and Z on M.

Next, for positive numbers » and s and an integer m (2<m=<n-—1) we de-
note by Ny(2n,r) and N(2n, m, s) real hypersurfaces of S***! defined by {z=
(21, 5 Zre) ESICC M s 01 2512=72as1 |2} and  {z=(zy, -+, Zp4) ES?HC
C™*: Dy lz;1P=s2p k112 |2}, respectively. Then N,(2n, r) and N(2n, m, s)
have two distinct constant principal curvatures cot # and —tan @ with multi-
plicities 2n—1, 1 and m—1, 2n—m-1, respectively, and the angle # is given by
cos’0=1/(r+1), sin*d=(m—1)/(n—1) and s=(m—1)/(n—m). Accordingly the
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shape operator A’ is parallel by Lemma 2.1. On the other hand, for a number
t (0<t<1l) we denote by N(2n,t) a hypersurface of S***' defined by {z=
(21, =+, Zpp)ESTTICC™ ;| 234 22|2=t}. Then N(2n, t) has four distinct con-
stant principal curvatures cot(#—xn/4), cot @, cot(8+xn/4)=—tan(0@—m/4),
cot (+r/2)=—tan § with multiplicities n—1, 1, n—1 and 1, respectively and
the angle @ is given by t=sin?260 (0<8<x/4). By D’ a distribution over N(2n, t)
of the direct sum of eigenspaces corresponding to principal curvatures cot(@ —m/4)
and —tan (#—mx/4) is denoted. Then yields that A’ is D’-parallel,
but it is not parallel by the property of isoparametric hypersurfaces in a sphere.
Thus, in real hypersurfaces M,2n—1, r)=n(N,(2n, r)) of type A,, M(2n—1,m, s)
=a(N(2n,m, s)) of type A, and M(2n—1, t)==n(N(2n, t)) of type B, it is seen
that the shape operator A is 7%-parallel because of (2.12). Moreover, V:A(Y)
vanishes identically in the former two hypersurfaces, but it is not so in the last
case. This means that the equation gives a characterization by which real
hypersurfaces of type B of P,C are distinguished from ones of type A, and A..

For real hypersurfaces of a complex hyperbolic space H,C the same situa-
tion as above is considered.

In the sequel, let M be a real hypersurface of a complex space form M,(c),
¢#0, n=3. The shape operator A in the direction of C is said to be pseudo-
parallel if A satisfies

(2.13) VxAY)=a {29 XY Ad—0p A)YY + (Y ) Ad—3p A)X
+g(A9—39A)X, Y)&}

for any tangent vector fields X, ¥ and a=R and to be pseudo-n-parallel if

holds for any vector fields X and Y orthogonal to & and a=R. The

hypersurface M is said to be of pseudo-(y-)parallel if A is pseudo-(n-)parallel,
respectively. For these hypersurfaces, the following property is first asserted.

LEMMA 2.2. Let M be a real hypersurface of My(c), c#0, n=3. If M is
of pseudo-parallel, then & is principal.

PROOF. Suppose that M is of pseudo-parallel and a=0. Then the shape
operator A is parallel. However, it is well known that there exist no real
hypersurfaces with parallel shape operator of M,(c), ¢#0, n=3. Thus we may
assume that a is nonzero. From it is seen that

Vx AY)=Vr A(X)=a{n(X) A9+ A)Y —n(Y)(Ad+pA)X
—28((Agp+9A)X, Y)§}.
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On the other hand, it follows from the Codazzi equation that
Vx AY)—=Vy A(X)=c{n(X)¢Y —n(Y)p X—2g(d X, Y)5} /4,

which combined with the last equation turns out to be

(2.14) N X)BY —n(Y)BX—2g(BX, Y)§=0

for any tangent vector fields X and Y, where we have put B=a(A¢+¢A)—cg/4
which is the skew-symmetric transformation. It is clear from that
g(BX, Y)=0 for any tangent vector fields X and Y orthogonal to & Putting
Y=¢ in we obtain —BX—2g(BX, £)§=0 for any vector field X orthogonal
to & and hence the above two equations means that BX=0 for any vector field
X orthogonal to &.

Moreover, making use of we find easily that Bé=a¢ A& Replacing
Y by B& and putting X=¢ in we obtain B?6—2g(B&, B&)&é=0, where we
have used the fact that Bé=a¢p A§. Thus B&=0, which means, coupled with
the fact BX=0 for any vector field X orthogonal to &, that the operator B vanishes
identically on M. That is, a(A¢+PA)=cp/4. Because of a+0, we get
Ap+@pA=kep, where k=c/4a=R—{0}. Hence & is principal. q.e.d.

From the above lemma, we reach a theorem which gives a characterization
of real hypersurfaces of type B of M,(c).

THEOREM 2.3. Let M be a real hypersurface of My,(c), c#+0, n=3. Then
M is of pseudo-parallel if and only if M is locally congruent to one of real
hypersurfaces of type A,, A, and B.

ProOOF. It is enough to show that the “only if” part is true. Let M be of
pseuao-parallel. Then & is principal and M is of p-parallel. So, by using
Theorems D and E, M is locally congruent to one of real hypersurfaces of type
A and B (type A means A, or A, when ¢>0 and A,, A, or A, when ¢<0).
Therefore, the proof is complete, since the equation is not realized for a
a real hypersurface of type A,. q.e.d.

Moreover, taking account of the proof above, we have

COROLLARY 2.4. Let M be a real hypersurface of Mu(c), ¢#0, n=3. If &
is principal, then M is of pseudo-n-parallel if and only if M is locally congruent
to a real hypersurface of type A,, A, and B.

Now, in order to prove the main theorem mentioned in the introduction we
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consider a tensor H of type (1,2) defined by
H(X, V)=V AY)+a{2n(XXAg—p AY +7(Y X Ag—38 A)X
+2((Ap—-30A)X, Y)§} /4.

If H vanishes identically on M, then M is of pseudo-parallel and hence M is of
type A,, A,; or B by means of Galculating the norm of H and
using [(1.1), [1.7), (2.5) and [(2.6), we have

(2.15) IVA|2= {10a®h,—2(Ta’+2c)ah+4a*—(Tn—11)a’c} /8,

where h, denotes the trace of the transformation A®* and |VA| is the norm of
VA. The equality holds if and only if the tensor H vanishes identically and
therefore M is of type A,, A, and B. Now, let M be a real hypersurface of type
B in M,(c), ¢#0, n=3. Then the restriction of the shape operator A to the
orthogonal complement &+ satisfies A2’—kA—cl/4=0, where k=—c/a, from which
the equation hA,—a’—k(h—a)—(n—1)c/2=0 is derived. Since the shape operator
A of M has also three distinct principal curvatures a=+/c cot 28, (v/c /2)cot(d —x/4)
and —(+/c/2)tan(@—=/4) if ¢>0 or a=+/—c¢ tanh 268, (v/—c/2)coth (§ —r/4) and
—(4/—c¢/2) tanh (8 —x/4) if ¢<0, with multiplicities 1, n—1, n—1, respectively,
which gives us h=a+(n—1)k. Combining and making use of above prop-
erties, we find

(2.16) [VA|?2=(n—1)T7c*+6a%c)/4 .
REMARK 2.2. Let M be a real hypersurface of type A of P,C. Then it
is seen in that the norm of VA satisfies |VA|?=(n—1)c*/4. In particular,

note here that in a real hypersurface of type A, in H,C, (2.16) holds because
of a’+c¢=0.

Next, we calculate the norm of the tensor A¢+@pA—kep, where k=-—c/a.
Under the assumption that & is principal, we get
(2.17) 2a2h,—4a*(a’+c)+(at+2¢){(n—1)c+2ah} =0,

where the equality holds if and only if M is of type A,, A, and B, from which
together with it follows that

(2.18) VA |2 = — {12(a*+c)ah+5(n—1)c*+-6(n—3)ca®—12a'} /4 .

Suppose that (a®+4c){ah—a®*+(n—1)c} <0. Then the inequality |VA|*=
(n—1)7c*+6azc)/4 is derived from [2.18). Thus, by we oetain the
following theorem. The main theorem is its direct consequence.

THEOREM 2.5. Let M be a real hypersurface of M,(c), c#+0, n=3, on which
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§ is principal. If (a*+c){ah—a®+(n—1)c} <0, then we have
|V AI*Z(n—1)7c*+-6a%c)/4,

where the equality holds if and only if M is locally congruent to one of real
hypersurfaces of type A, and B, the former case arising only when ¢<0.

REMARK 2.3. Let M be a real hypersurface of type A, in a complex hyper-
bolic space H,C. Then the principal curvatures are given by a=i+/—c¢
coth260, +/—c¢/2coth @ and +/=c/2tanh @ with multiplicities 1, p and ¢, re-
spectively, and hence we have

ah—a*+(n—1)c=—c(p coth’§+q tanh*@)/4+(n—1)c/2.

For any integers p and ¢ such that p=gq, the right hand side is monotonously
decreasing and bounded from below by 0 and hence there is some @ such that
0<ah—a*+4+(n—1)<e for any sufficiently small positive e. While a®+c=
c(1—coth®28) is positive, we have (a®+c){ah—a?+(n—1)c} >0. This means that
the assumption of (a®+c¢){ah—a®+(n—1)} =<0 in the above theorem can not be
omitted in H,C. '

REMARK 2.4. Let M be a real hypersurface of type A, or A, in P,C.
Then we have |VA|?=(n—1)c?*/4. On the other hand, the principal curvatures
are given by a=a+/ccot 28, v/c/2cot @ and —+/c/2tan § with multiplicities 1,
p and g, respectively, and hence we have

ah—at+(n—1)c=c¢(p cot?8+q tan®f)/4+(n—1)c/2
=(n—1)/2.

Last, we give another characterization of a real hypersurface of type B in
P,C. The inequality holds under the assumption that the structure vector
& is principal. Let M be a real hypersurface of M,(c), ¢#0, n=3, on which &
is not assumed to be principal. For a vector field U=V there is a l-form w
associated with it, which is given by w(X)=g(U, X). The codifferential d8 of
the 1-form @ is given by do=—3%7'g(E;, Vg;U), where {E;} is an orthonormal
frame such that E,,_.;=&. Then, taking account of two equations of and
the Codazzi equation we have

2hy—2(a,+a*+2¢)+(142¢c/a®){(n—1)c+2ah} 220w,

where a—=g(A§, §) and a,=g(A&, A%), in place of |(2.17), Accordingly, by the
well known theorem due to Green and by Yano and Kon’s theorem [14], one
finds
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THEOREM 2.6. Let M be a compact orientable real hypersurface of P,C. If
the shape operator A satisfies

2Tr AL 2a,+a*+2c)—(14+2c¢/a®){(n—1)c+2a Tr A}, a+0,.

then M is congruent to one of the real hypersurfaces of type A, and B.

REMARK 2.5. In [10], Okumura proved that in a compact orientable real
hypersurface M of P,C if the shape operator A of M satisfies

Tr A’ <aTr A4+(n—1)c/2,

then M is of type A, or A,.

3. Real hypersurfaces of type A and B.

Let M be a real hypersurface of M,(c), c#0, n=3. The shape operator A is
said to be cyclic-pseudo-parallel if Sg(Nx A(Y'), Z)=3aT(X,Y, Z) for any vector fields
X, Y and Z, where © denotes the cyclic sum with respect to X, Y and Z and
we have put T(X, Y, Z)=9(X)g((Ap—9A)Y, Z) and a=R. We say that M
is of cyclic-pseudo-parallel if A is cyclic-pseudo-parallel. We note here that
a real hypersurface of M,(c) is said to be of cyclic-parallel if a is zero (cf. [3]).

REMARK 3.1. It was proved in and [9] that a real hypersurface of
M.(c), ¢#0, is of cyclic-parallel if and only if A¢=¢A. Therefore it is of
type A.

REMARK 3.2. By Theorems D and B and or also by real hyper-
surfaces of type B in M,(¢), ¢+#0, are cyclic-pseudo-parallel.

From now on, we suppose that M is of cyclic-pseudo-parallel. Then it
follows from the Codazzi equation that

3.1 VxAY)=—c{nY)pX+g(@X, Y)E}/4+a{n(X)(Ap—pA)Y
+9¥Y X Ap—p A X+g(Ag—pA)X, Y)E}.

It is easily seen that the fact M is cyclic-pseudo-parallel is equivalent to and
in the case where the shape operator A is 7-parallel. Accordingly, by Theorems
D and E the structure of M is determined if the structure vector & is principal.
So, the property that & is principal is investigated. Putting Y =& in and
using we get

(3.2) Vx A§)=—cdX/4+a{—n(X)P Al +(Ag—pA)X—g(X, p AL},
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which joined with the second formula of implies
3.3) V:A(§)=—2aU,

where U=V,. For any point x on M we can choose an othonormal basis
{E,, -+, Esn_,} for the tangent space T .M such that Vg, E;=0 (¢, j=1, ---,2n—1).
Then, differentiating covariantly along M and making use of we
have

(B4  VwVxAY)=—c{g(@AW, V)9 X+2(dX, YIPAW+n(X)n(Y)AW
+(X)g(AW, Y)E—29(Y)g(AW, X)&} /4
+alg(@AW, X)(Ag—dA)Y +g(pAW, Y )(Ap—9pA)X
+8(Ap—0 )X, V)P AW —n(X){n(AY)AW+g(AW, Y)AE
—2g(A*W, Y)E+oUw AY )—Vw A(@Y )} — (Y ) {n(AX)AW
+ (AW, X)AE—29(X)A*W+¢Wy A(X)—Tw A($ X)}
—{9(AX)g(AW, Y)+n(AY)g(AW, X)—29(Y)g(A*W, X)
—8(MwA(X), oY )—g(VwA($X), Y)}£],
which combined with the Ricci formula for the shape operator A gives forth
(3.5) R(W, X)AY —AR(W, X)Y)
=—c{g(@AW, V)¢ X—g(¢AX, Y)W +g(¢ X, Y)PAW —g(¢W, Y)pAX
+ (XN Y)AW — (W)Y )AX+n(X)g(AW, Y)E—n(W)g(AX, Y)E} /4
+alg(pA+ AW, X)(Ap—¢A)Y
+g(@AW, Y Ap—p AX—g(pAX, Y)(Ap— AW
+2(Ap—BAX, VIGAW —g(Ap—p AW, Y)$AX
— (X {NAY)AW +g(AW, Y)AE—2g(AW, YV)E+¢Vw A(Y)—Vw A( Y)}
+ (W) {n(A Y)AX—i-g(AX, Y)AE—2g(A*X, Y)E+oVx A(Y)—VxA($Y)}
— (P AX)AW — (AW AX—29(X) AW +2n(W ) A* X+ ¢Tw A(X)
— @V x AW)—Vy A(@ X)+V x A(W)}
—{p(AX)g(AW, YV)—n(AW)g(AX, Y)—g(NwA(X), §Y)+g(NxAW), ¢Y)

—g(VwA@X), Y+g(VxA(gW), Y)}£]..
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We substitute [(1.3) into (3.5) and then put X=Y=¢ in this result. Finally, if
we take the inner product of the last equation and &, then we obtain

3.6) (a+2a)A*6=(B+aa—2a*)A§—a(a’—2B—2aa)§,

where we have defined B=7(A%¢) and used [1.I) and [3.1)
On the other hand, putting W=Ej; in (3.5), taking the inner product of this
result and E; and summing up with respect to s (y=1, ---, 2n—1), we find

3.7 hA* X4 {c(n+1)/2—h,—2aa} AX—c(2a+h)X/4
=—cpAPX+(c/2+ah)n(X)A§+(c/2+ah+4a*)n(AX)E
—[ch/4—a{(2n—1)c/2—4aa—2h,} In(X)é
—a{APAGX—PAGAX—20 AP X+27(AX)AE
—(X)A+n(A* X)L,

where we have used [1.1), [(1.4), (1.5) and [(3.1). If we set X=¢ in and if
we use then we attain

3.8 hA*%+-(cn/2—hy)AE—ca&/2
=a[pAU+ A6 —hAE—{c(n—1)+B—2h,+ah}&].

By means of and the definition of 4 it is easily seen that we have
dh(Y)=—2ag(U, Y)=g(VyA(&), &) and hence we get VyVyh=YyVyh, which im-
plies that Vi g(VyA(€), &)=Tyg(VwA(€), £). From we bring out

Iwg(Vy A(§), §)=2a{—ag(Y, AW)+n(Y)n(A*W)
+g(VwA§), §Y)+g(AdY, g AW)}

and hence, taking the skew-symmetric part of this and the above two equations
we have

2a {n(Y)n(A*W)—n(W)n(A*Y)+-g(VwA§), §Y)—g(VNy A§), ¢W)
+g(AQY, pAW)—g(AdW, pAY )} =0.

Thus, putting Y=¢ in the last equation and making use of [(I.I) and [(3.3), we
get '

3.9) ' apAU=—a{A%+2aA§—(2aa+B)¢},
which together with leads to
(3.10) hA%*%+(cn/2—hy)Aé—ca &/2

=—a(h+2a)Aé+ {c(n—1)—2h,—2aa+ah}&] .
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And this, combined with gives rise to
{h(B+aa—2a®)+(a+2a)cn/2—h,)} A&
—{ah(a’*—2B—2aa)+ca®/2 +caa}é

=—a(a+2a)[(h+2a)Aé+ {c(n—1)—2h,—2aa+ah}E&] .

Moreover, the inner product of and & produces

(3.11) hB=(a+2a){h,—c(n—1)/2} —2aah.

Thus, combing with the last two equations, we have

(a*+c/4Xa+2a)Af—ag)=0.

In the rest of this section, we will make efforts in order to reach our goal
—proving that & is principal. Let M, be a set of points of M at which the
function S—a® does not vanish. Suppose that M, is not empty. Then
(a+2a)a®+c/4)=0 because of the fact that |Aé—aé|*=B—a’. If a+2a=0 at
some point of M,, then it follows from [(3.6) that f=4a*=a® at that point, which
is a contradiction. Therefore we gain a®+c¢/4=0 on M, Now, taking the
covariant derivative of a=7(A¢) and using we have

(3.12) AU=—aU—grad a/2.
From the inner product of and ¢X gives us

| ~da(¢X)/2=n(A*X)+3an(AX)—(B+3aa)n(X),
on M,, which connected with yields

—(a+2a)da(¢p X)/2=(B+4a*+4aa){n(AX)—an(X)}.

Moreover, replacing X by ¢ X into the last equation and making use of it
is clear that

(3.13) —(a+2a) grad a/2=(B+4a*+4aa)U ,

where we used the fact da(8&)=0 which is derived from [3.12) Substituting
(3.13) into [3.12), we have

(3.14) AU=FU ,

where F=(B+2a*+3aa)/(a+2a). Now, differentiating covariantly along
M, we obtain V, A(U)+AVyU=dF(Y)U+FVyU. If we take the inner product
of this and U and if we use then we see that dF (Y)g(U, U)=0 for any
vector field Y because of g(VyA(U), U)=0 which is obtained by Thus
dF=0 on M,, that is, F=(8+2a*+3aa)/(a-+2a) is constant on M,. Accordingly
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we have (a+2a)grad §=(f—4a®) grad «, which linked with gives rise to

(3.15) (a+2a)* grad B=—2(B—4a®*)(B+4a*—4aa)U .

On the other hand, since we have put hA=tr A and h,=tr A%, we have Vyh,=
23 'g(NY A(E), AE;) and Vxh=22321"'g(VxA(E;), E;). So, by the straight-
forward calculation it follows from [3.1), [3.6), [3.12) and that we get
Vxh=—2ag(U, X) and Vxh,=(c+8a*U. Consequently, by combining with the
fact that c=—4a?, it gives us that

(3.16) Vxh=—2ag(U, X) and Vyh,=4a®U on M,.
Finally, if we differentiate [(3.11), then from we get
h grad B={h,—c(n—1)/2—2ah} grad a+2a {f+4a*+4aa}U

on M,, which together with [3.11), [3.13) and [(3.15) implies

(a+-2a){f—a’+(2a+a)*}U=0

and hence {B—a’+(2a+a)’}|U|*=0 on M,. Therefore, it follows that

{IU|*+2a+a)*}|U|?*=0 on M,. This contradicts the definition of M, and con-

sequently M, is empty. :
Summing up, we have

LEMMA 3.1. Let M be a real hypersurface of My(c), c#0. If M is of cyclic-
pseudo-parallel, then & is principal.

From we find that the shape operator A of cyclic-pseudo-parallel real
hypersurfaces is #-parallel and hence it is seen by Theorems D and E that M
is locally congruent to one of real hypersurfaces of type A and B. Moreover,
we obtain

VxA@)=—chX/A+a(Ap—pA)X,

which, combined together with [2.5), yields that a=—2a or A¢=¢A because «
and a are both constant. Conversely, by Remarks 3.1 and 3.2, a real hyper-
surface of type A or B in M,(c), ¢#0, is of cyclic-pseudo-parallel. Thus we
find the following

THEOREM 3.2. Let M be a real hypersurface of My(c), ¢c#0.. Then M is of
cyclic-pseudo-parallel if and only if M is locally congruent to one of the homo-
geneous hypersur faces of type A,, A, and B when ¢ >0 and of type A,, A,, A, and
B when ¢<0. :
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REMARK 3.3. We shall again estimate the norm of the covariant derivative
of the second fundamental form of a real hypersurface M of a complex space
form. Let M be a real hypersurface of M,(c), ¢c#0, n=3, on which the struc-
ture vector £ is principal. It is derived from that

(3.17) VA= (n—1)c?/4+3a? | pR(Ad—BA)|*/4.

The second term of the right hand side in the above equation is equal to
3a®{hy;—ah—(n—1)c/2} /2. Thus we have

IVA|?=z(n—1)c*/4+3a*{h,—ah—(n—1)c/2}/2,
where the equality holds if and only if the shape operator A satisfies
VxA(Y)=—c{n(Y)pX+g(d X, Y)§}/4
—a{7(XNAG—p A Y+ (Y XAS—pA X +g(Ap—G X, Y)E) /2.

Namely, A is n-parallel and hence M is locally congruent to one of real hyper-
surfaces of type A and B by Theorems D and E.

REMARK 3.4. By means of it is shown that M is of type A if and
only if thc square of the norm of the convariant derivative of A is equal to
IVA|2=(n—1)c*/4. However, this result holds without the assumption that & is
principal (cf. Maeda [7]). In fact, the square of the norm of VyA(Y)+
c{n(Y)pX+g(dX, Y)§}/4 is equal to |VA|*—(n—1)c?/4.

REMARK 3.5. By taking account of the square of the norm |A¢—@A]|,
Okumura’s theorem stated in Remark 2.5 is proved. This is a simple and
direct proof different from his.
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