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ON SUBMANIFOLDS ALL OF WHOSE GEODESICS ARE
CIRCLES IN A COMPLEX SPACE FORM

By SADAHIRO MAEDA AND NORIAKI SATO

0. Introduction.

First of all we recall the notion of circles in a Riemannian manifold M.
A curve x(¢) of M parametrized by arc length ¢ is called a circle, if there exists
a field of unit vectors Y, along the curve which satisfies, together with the unit
tangent vectors X,=#(t), the differential equations: V,X,=kY, and V,Y,=—£X,,
where £ is a positive constant and V, denotes the covariant differentiation v
with respect to X,. Let p be an arbitary point of M. For a pair of orthonormal
vectors X and YeT,M and for a given constant ~2>0, there exists a unique
circle x(t), defined for ¢ near 0, such that

x(O)zp, X0:X and (ﬁ;Xﬁ)t:():kY .

If Mis complete, x(¢f) can be defined for —oo<t<+oo (for details, see [9]).

Recently, Sakamoto [12] stNudied submanifolds all of whose geodesics are
circles in a real space form M. A Riemannian manifold of constant curvature
is called a real space form. He showed the following.

THEOREM 0.1 [12]. Let M be a submanifold in a real space form M. Then
the following three conditions are equivalent.

(I) The submanifold M is nonzero isotropic and has parallel second funda-
mental form. N

(0) Every geodesic in M 1s a circle in M.

(M) The submanifold M is planar geodesic and not totally geodesic.

In this paper, here and in the sequel, the conditions (1), (II) and (I) stand
for those of Theorem 0.1, unless otherwise stated.

Moreover, Sakamoto [127] has classified such submanifolds M in the Euclidean
sphere S™. Of course, the algove three conditions are not equivalent in the case
that the ambient manifold M is a complex space form. A Kaehler manifold of
constant holomorphic sectional curvature is called a complex space form.

When the ambient manifold M is a complex projective space, Pak [11] clas-
sified submanifolds under the condition (1), and Nomizu [8] and Naitoh [6]
under the condition (I). Due to their works, we see that the condition (M) is
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essentially stronger than (1) in the case that Mis a complex projective space.
In fact, the submanifolds S'XS™ (n=1), SU(3)/S0O(3), SU(3), SU6)/Sp(3), E¢/E,
do not satisfy the condition (I) but they satisfy (I).

We now remark that the following problem is still open: Classify all sub-
manifolds satisfying the condition (II) in a complex projective space. In general,
we note that the condition (I) always implies (II) regardless of the ambient
manifold. Roughly speaking, we may see that (II) is close to (1) (see, Proposi-
tion 3.1). So, it is natural to consiNder the following problem: Is the condition
(1) quite the same as (I) when M is a complex space form?

The aim of this paper is to give an affirmative partial answer to the above
problem. For this purpose, we recall the notion of gR-submanifolds of a Kaehler
manifold. A submanifold M of a Kaehler manifold M is called a CR-submanifold
if there exists on M a C>-holomorphic distribution 9 such that its orthogonal
complement 9* is a totally real distribution, i.e., /93 ET3M. Hereafter we shall
study the problem for the class of CR-submanifolds in a complex space form.
But we assert that this class is not small. In fact, all holomorphic submanifolds,
totally real submanifolds and real hypersurfaces are necessarily CR-submanifolds.

Our result is as follows:

THEOREM. Let M be a CR-submanifold in a complex space form M(c) of
constant holomorphic sectional curvature c. Then the following two conditions are

equivalent. .
(I) The submanifold M is nonzero isotropic and has parallel second funda-

mental form.
() Every geodesic in M 1s a circle in M(c).

The authors wish to express their hearty thanks to Professor K. Ogiue for
his encouragement and help during the preparation of this paper.

1. Preliminaries.

Let M be an n-dimensional submanifold of a complex m-dimensional Kaehler
manifold M with complex structure / and Kaehler metric g. Let V (resp. V) be
the covariant differentiation on M (resp. M). Then the second fundamental
form ¢ of the immersion is defined by ¢(X, V)=V3Y —VyY, where X and ¥
are vector fields tangent to M. For a vector field & normal to M, we write
Vxé=—A:X+DyE, where — A: X (resp. D x&) denotes the tangential (resp. normal)
component of V& The covariant derivative Vo of the second fundamental form
o is defined by

(Vxo)Y, Z)=Dx(a(Y, Z))=a(VxY, Z)—a(Y, VxZ)

for all vector fields X, Y and Z tangent to M. The second fundamental form
o is said to be parallel if Vo=0. In particglar, if ¢ vanishes identically, M is
said to be a totally geodesic submanifold of M. The submanifold M is called a
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holomorphic submanifold (resp. totally real submanifold) of M if each tangent
space of M is mapped into the tangent space (resp. normal space) by the com-
plex structure J.

O’Neill [10] defined a notion of isotropic immersions. An isotropic immersion
is an isometric immersion such that all its normal curvature vectors have the
same length at each point. Namely, the length of the normal curvature vector
is a function on the submanifold. In particular, if the function is constant, then
the immersion is said to be constant isotropic. A planar geodesic immersion is
an isometric immersion such that every geodesic of M is locally contained in a
2-dimensional totally geodesic submanifold in M.

Now we write the Gauss and Codazzi equations:

(LD g(R(X, Y)Z, W)=g(R(X, Y)Z, W)+g(a(X, Z), a(Y, W)
—g(o(X, W), o(Y, Z))
(L.2) {RX, V)Z} =T xo)(V, Z)—(Tyo)(X, 2),

where R (resp. R) denotes the curvature tensor for V (resp. V). N
In particular, the Riemannian curvature tensor R of a real space form M(c)

of constant curvature ¢ is given by

(1.3) RX, Z=cl{g¥, 2)X—gX, 2)1}

for all vector fields X, ¥ and Z tangent to M(c). The Riemannian curvature
tensor R of a complex space form M(c) of constant holomorphic sectional curva-
ture ¢ is given by

(L4) RE DZ=F (e, DX—g(X, 27 +4U7T, 2)JX

—g(JX, D)J¥+24X, JV)]Z)

for all vector fields )?, ¥ and Z tangent to M(c).
Here, for later use, we recall the following

PROPOSITION 1.1 [3]. Let M be a submanifold of a non-flat complex_ space
form M(c). Then M 1s a holomorphic or a totally real submanifold of M(c) if
agd only if M satisfies R(X, Y)ZeTM, where B denotes the curvature tensor of
M(c) and all vector fields X, Y and Z are tangent to M.

2. CR-submanifolds.

First we recall a notion of CR-submanifolds M of a Kaehler manifold M
(see, Bejancu [1]).

DEFINITION 2.1. A submanifold M of a Kaehler manifold M is called a CR-
submanifold if there exists a C=-distribution 9: p—9,ET,M on M satisfying
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the following conditions: (a) 9 is holomorphic (i.e., J9,=9, at each point
peM), and (b) the complementary orthogonal distribution 9*: p—9;ST,M is
totally real (i.e., J93;ST3M at each point peM).

It follows from definition that all holomorphic submanifolds and totally real
submanifolds are necessarily CR-submanifolds in a trivial sense. A CR-submani-
fold is said to be proper if it is neither holomorphic nor totally real. For ex-
ample, any real hypersurface is a proper CR-submanifold.

Chen [2] defines CR-products.

DEFINITION 2.2. A CR-submanifold M of a Kaehler manifold M is called a
CR-product if it is locally a Riemaerian product of a holomorphic submanifold
and a totally real submanifold of M.

Very recently, Chen [2] gave examples of CR-products of a complex pro-
jective space. We denote by PF(C) the complex N-dimensional complex projec-
tive space with constant holomorphic sectional curvature k.. We can construct
many proper CR-products of a complex projective space as follows: Let M,
(resp. M,) be any holomorphic submanifold (resp. totally real submanifold) of
P™C) (resp. PXC)). Then

Sm,n
M, XM, =, PMC)XPXC) —_, Prrmin((C)
is a proper CR-product. Here we define a mapping

Sm,n: P?(C)XP;’(C) —_, pmrimin(Cy

by

(20, *** Zm; Mo, ***» 77n)'_—) (207]0; 2y Zmﬂn)’
where (zo, -+, Zn) (resp. (1o, -*-, 7a)) are the homogeneous coordinates of P*(C)
(resp. PXC)). Sn.. is a well-known Kaehler imbedding, which is called a Segre
imbedding.

In contrast to this fact, when the ambient manifold Mis a complex hyper-
bolic space, Chen [2] showed the following remarkable result.

THEOREM 2.1 [2]. There exists no proper CR-product in any complex hyper-
bolic space.

Finally we prepare two lemmas without proof in order to get our Theorem.

LEMMA 2.1 [2]. A CR-submanifold M of a Kaehler manifold M s a CR-
product if and only if A;o*D=0, where Ag is the second fundamental form with
respect to & so that g(A:X, Y)=g(o(X, Y), &).

LEMMA 2.2 [2]. Let M™ be a proper CR-product in PT(C). Then
{o(X,, Z)} 1=1, -, 2h; a=1, -, p (@2h+p=n)

are orthonormal vectors in v (T*M=JD*Pv), where X,, ---, Xop, and Z., -, Z,
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are orthonormal bases for D, and D3, respectively.

3. Some results on the condition (II).
We get

PROPOSITION 3.1. Let M be a submanifold in a Riemannian manifold M.
Then the following two conditions are equivalent.

(i) The submanifold M is nonzero isotropic and the second fundamental form
o of M i M satisfies Nxo)(X, X)=0 for all vector fields X tangent to M.

(i) Every geodesic in M is a circle in M.

Proof. The following discussion is quite the same as in [8]. (i)=>(ii):
We denote by ¥V and V the Riemannian connections of M and M, respectively.
Put 1=|o(X, X)||/| X||2. Let x(¢) be any geodesic with unit tangent vector X,.
Then 2 is constant along x(f), because, by the second assumption of (i), we have

X(2)=X,(g(a(X;, Xb), 0(X,, X0)))
=2g((Vio)(X,, X0), o(X,, X))
=0.
Hence, 2 is locally constant, because the immersion is isotropic.

Put YL_—‘%U(X“ X,). It follows by the Gauss formula that
‘?[X[ZO'(XU X;):2Y¢ .

Moreover we get
N . /1 1.
T =% 0(Xe X0))=5Tuo(X, X0).

By virture of the Weingarten formula we see
~ 1
Vth:7(_A0(Xt.Xt>Xt+Dz(U(Xt, X)) .

Since M is an isotropic submanifold, we easily see that
Aﬂ(Xt,X,)Xt:/PXt

and again by the second assumption we get D,(a(X,, Xt))———NO.
Thus we see that every geodesic in M is a circle in M. (ii)=>(i): see, [8].
Q.E.D.

As an immediate consequence of Proposition 3.1, we find the following.

Remark 3.1. The condition (1) always implies (II) regardless of the ambient
manifold M.



162 SADAHIRO MAEDA AND NORIAKI SATO
Finally we investigate the condition (Vxo)(X, X)=0

PROPOSITION 3.2. Let M be a submanifold of a complex space form M(c)
with complex structure J. Then the following two conditions are equivalent.

(A) (Nxo)X, X)=0 for all vector fields X tangent to M.

B) xo)Y, Z2)=(c/4{gX, JY)]Z+g(X, JZ)JY}* for all vector fields X, Y
and Z tangent to M, where {x}* means the normal component of {x}.

Proof. Now we may easily see that (Vxo)(X, X)=0 is equivalent to
@D Vxo)¥, Z2)+Tro)Z, X)+(Vz0)(X, ¥Y)=0.
On the other hand, by the Codazzi equation (1.2) and (1.4), we get
3.2) (Vxo)¥, Z2)—(Vro)X, Z)
={R(X, )2}
=(c/D{g(JY, 2)]JX—g(JX, Z)]Y +2g(X, JY)]Z}*.
Exchanging Y and Z, we have
(3.3) (Vxo)Z, Y)~(z0)X, Y)
={R(X, Z)¥}*
=(c/D{g(JZ, V)JX—g(JX, Y)JZ+2g(X, J2)JY}*.

Summing up (3.1), (3.2) and (3.3), we obtain (B).
The converse is trivial. Q.E.D.

Remark 3.2. When the ambient manifold M is a real space form, (Vxo)(Y, Z)
is symmetric for X, Y and Z from the Codazzi equation (1.2) and (1.3). Thus
we easily see that (Vyo)(X, X)=0 is equivalent to Yo=0. On the other hand,
when the ambient manifold M is a complex space form, this is not true. In
fact, Chen and Vanhecke [4] proved that any small geodesic hypersphere in a
complex space form satisfies the condition (Vxo)(X, X)=0. It is well known
that, as a consequence of the Codazzi equation (1.2), there does not exist a real
hypersurface of a complex space form with parallel second fundamental form
(for details, see [5]).

4. Proof of Theorem.

We have already seen that the condition (1) implies (II) by Proposition 3.1.
In this section, we shall show that (II) implies (I) for CR-submanifolds. So,
our aim here is only to prove that (Vxo)(Y, Z) is symmetric for X, Y and Z
under the condition (II) again by Proposition 3.1. Namely, we have only to
show that all CR-submanifolds of a complex space form with condition (II) are
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necessarily holomorphic submanifolds or totally real submanifolds (see, Proposi-
tion 1.1 and the Codazzi equation (1.2)). The following discussion consists of
two parts. First, we shall prove that any CR-submanifold of a complex space
form with condition (II) is a CR-product. Secondly, we shall show that any
proper CR-product of a complex space form can't satisfy the condition (II).

We are now in a position to prove the following:

PROPOSITION 4.1.  Let M be a CR-submanifold of a complex space form M(c)
with condition (IL). Then M 1s a CR-product in M(c).

Proof. By the assumption, we decompose T,M into 9,9D;. Because of
Lemma 2.1, it suffices to show that A,9*9=0. First we shall check g(A4,9*9,
D)=0, i.e., g(c(D, D), J9*)=0. By Proposition 3.1, the immersion is 2-isotropic,
that is,

4.1 gla(X, X), o(X, X))=2"g(X, X)g(X, X)

holds for all vector fields X tangent to M. We may easily see that (4.1) is
equivalent to

4.2)  gloX,Y), o(Z, W))+g(o(X, Z), o(Y, W))+g(a(X, W), o(Y, Z))
=2{g(X, Y)g(Z, W)+g(X, Z)g(Y, W)+g(X, W)g(Y, Z)} .

For simplicity, in the following calculation, we may assume that VX=VY =
VZ=VW=0 at a fixed point p of M. Differentiating (4.2) with respect to U,
we get

(4.3) (Vo) X, V), ao(Z, W))+g(a(X, V), (Vyo)XZ, W)
+8((Vyo) (X, Z), oY, W))+g(a(X, Z), Nyo)(Y, W)
+8(Vwo) X, W), o(Y, Z)+g(a(X, W), Tya)¥, Z))
=0

at p, since A is locally constant (see the proof of proposition 3.1).
If, in particular, X€9;3:Y, Z, U, We9, in (4.3), then we get from Proposi-
tion 3.2

(4.4) g, JNg(JX, o(Z, W))+gU, JZ)g(JX, oY, W))
+gWU, JIW)g(JX, oY, Z))=0.

Putting U=JW in (4.4), we have

4.5 gY, Wg(JX, o(Z, W)+gW, Z)g(JX, oY, W))
+eW, W)g(JX, o(Y, Z))=0.
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Here we fix Y and Z in (4.5). Then, in the case of dim9>2, choosing
W(=+0) in such a way that g(Y, W)=gW, Z)=0 at p, we get by (4.5)

(4.6) gUJX, oY, 2))=0 at p.

This implies that g(¢(@, 9), J9*+)=0 in the case of dim D>2.
Next we shall check the case of dim®=2. Putting Z=Y and choosing
W(=0) in such a way that g(Y, W)=0 in (4.5), we get

4.7) g(JX, (Y, Y))=0 at p.
On the other hand, putting Z=JY =JW in (4.5) we get
(4.8) g(JX, oY, JY)=0 at p.

Taking account of (4.6), (4.7) and (4.8), we find g(¢(9, 9), J9*+)=0.
Secondly, we shall check g(A,0*9, 94)=0, i.e.,, glo(®, 94), J9*)=0. We
now put X, Z€9*;Y, U, We9 in (4.3). We get from Proposition 3.2

(4.9) g, JY)g(JX, o(Z, W)+g(U, JW)gle(X, Y), JZ)
+gWU, IW)g(JX, oY, Z))+gWU, JY)g(a(X, W), JZ)=0.

In particular, putting U=W=JY in (4.9) and using (3.3) in Lemma 3.1 [2],
we have
gla(X, W), JZ)=0,
that is,
g(A; W, X)=0,
which implies
g(A;019, 99)=0. Q.E.D.

Remark 4.1. It follows frorQ Theorem 2.1 and Proposition 4.1 that our
Theorem holds in the case that M(c) is a complex hyperbolic space. N

Finally we will prove our Theorem when the ambient manifold M is a com-
plex projective space. We get the following

PROPOSITION 4.2. Let M be a proper CR-product in P™(C). Then M is not
an isotropic submanifold.

Proof. We assume that there exists an isotropic proper CR-product in P™(C).
Without loss of generality, P™(C) is equipped with the Fubini-Study metric of
constant holomorphic sectional curvature 4. Let M=M?"XM?% be a proper CR-
product (i.e., h#0 and p+#0). We here denote by M3* (resp. M%) a 2h-dimen-
sional holomorphic submanifold (resp. p-dimensional totally real submanifold) of
P™(C). Let {X,} (resp. {Z,}) be an orthonormal basis on M2?"* (resp. M%). From
(1.1), (1.4) and Lemma 2.2 we get
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g(J(X‘u Xl)) O'(Za; Za)):O.

On the other hand, using (4.2) we get

2g(0(Xy, Za), 0(Xy, Z))+g(0(Xy, X, 0(Zay Za))=2.

Here, again by Lemma 2.2, we have

(4.11)

g(U(XI’ XL)) O(Za) Za)>:22_2'

Combining (4.10) and (4.11), we obtain A=4/2.

Thus we may find that M, is holomorphically immersed +/ 2 -isotropic sub-
manifold in P7(C). This implies that M, is locally isometric to the Euclidean
space R**, In fact, for any vector field X tangent to M,, by the Gauss equation

(1.1) we have

g(R(X, JX)JX, X)=4+g(c(JX, JX), o(X, X))—=llo(JX, X)|*

=4—2|o(X, X)I*
=4-22*
=0.
However, R?* can’t be immersed holomorphically into P™(C) (see, [7]). This
is a contradiction. Q.E.D.
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