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ON THE ESTIMATES OF WARPING FUNCTIONS ON ISOMETRIC
IMMERSIONS
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Using the results of [11], we get some estimates of warping functions for isomet-
ric immersions by changing the target manifolds by some types of Riemannian manifolds:
constant space forms and Hermitian symmetric spaces. We deal with equality cases and
obtain applications. Finally, we present some open problems.
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1. Introduction

Let (B, gg) and (F, gr) be Riemannian manifolds. Given a warped product manifold
M = B x; F with a warping function f (See [11]), we can consider an isometric immersion
Y : M~ (M,g), where (M,g) is a Riemannian manifold.

In 2018, B. Y. Chen [5] proposed two Fundamental Questions on the isometric im-
mersion ¢ : M ~ (M,g), where (M,g) is a Kihler manifold and gave some recent results
on these problems.

In 2014, as a generalization of Chen’s works ([3],[4]), the author [11] obtained two

inequalities, which give the upper bound and the lower bound of the function %. Re-

placing the Riemannian manifold (M,g) with several types of Riemannian manifolds (i.e.,
real space forms, complex space forms, quaternionic space forms, Sasakian space forms,
Kenmotsu space forms, Hermitian symmetric spaces: complex two-plane Grassmannians,
complex hyperbolic two-plane Grassmannians, complex quadrics), we will obtain the upper
bounds and the lower bounds of the functions 2£. And by using these results, we will get
some equality cases of these relations and obtain their applications.

We also know that warped product manifolds take an important position in differential
geometry and in physics, in particular in general relativity. And Nash’s result [9] implies
that each warped product manifold can be isometrically embedded in a FEuclidean space.

The paper is organized as follows. In section 2 we recall some notions, which will be
used in the following sections. In section 3 we estimate the upper bounds and the lower

bounds of the functions % for constant space forms (M,g) and have some equality cases

and their applications. In section 4 we do the works for Hermitian symmetric spaces (M, g).
In section 5 we present some open problems.

2. Preliminaries

In this section we recall some notions, which will be used in the following sections.
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14 Kwang-Soon Park

Let (M,g) be an n-dimensional Riemannian manifold and let M be an m-dimensional
submanifold of (M,g). We denote by V and V the Levi-Civita connections of M and M,
respectively.

Then we get the Gauss formula and the Weingarten formula

VxY = VxY +h(X,Y), (1)
va = —ANX-i-DxN, (2)

respectively, for tangent vector fields X, Y € I'(T'M) and a normal vector field N € I'(TM*1),
where h, A, D denote the second fundamental form, the shape operator, and the normal
connection of M in M, respectively.

Then we know

Fix a local orthonormal frame {vy,---,v,} of TM with v; € T'(TM), 1 < i < m and

Vo € F(TMJ-), m+1 < a <n. We define the mean curvature vector field H, the squared
mean curvature H2, the squared norm ||h||? of the second fundamental form h as follows:

H = %traceh = % i h(v;,v;), (4)
i=1
H? = E(H, H)) (5)
1Bl[F =D g(h(vi,v5), hlvi,v;)). (6)
ij=1

We call the submanifold M C (@, g) totally geodesic if the second fundamental form h van-
ishes identically. Denote by R, R the Riemannian curvature tensors of M, M, respectively.

Let
L g(R(X, Y)Y, X)
KEAY) = R X)gvy) X7
KX ny) o _ IEXVYX)
' (

9(X, X)g(Y,Y) —g(X,Y)?

for X,Y € I'(TM), where g denotes the induced metric on M of (M,g). i.e., given a

plane V. C T,M, p € M, spanned by the vectors X,Y € T,M, K(V) = K(X AY) and

K (V) = K(XAY) denote the sectional curvatures of a plane V in M and in M, respectively.
Let

(inf K)(p) = inf{K(V)|V CT,M,dimV =2}, (7)
(supK)(p) := sup{K(V)|V CT,M,dimV =2}. (8)
Let R(X,Y,Z,W) := g(R(X,Y)Z, W) for X,Y,Z,W € D(TM).
Given a C*—function f € C*°(M), we define the Laplacian Af of f by

m

Af = ((Vovi)f —vif).

=1

Let (B, gp) and (F, gr) be Riemannian manifolds.

Throughout this paper, we will denote by (M, g) := (B x5 F,gp + f*gr) the warped
product manifold of Riemannian manifolds (B, gp) and (F, gr) with the warping function
f:B— RT (See [11]).

By Theorem 3.1, Theorem 3.4, and their proofs of [11], we have
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Lemma 2.1. Let (M, g) = (Bx;F,gp+ f*gr) be a warped product manifold and let (M,g)
be a Riemannian manifold. Let ) : (M,g) — (M,q) be an isometric immersion. Then we
get

2 2
mym 5 M1, 19 L= _AOfF o m® —
——H*— —||h fK < <—H sup K 9
m—1) 5 [|h]|* + mqinf K < 7S Iy +mysup K, (9)
where m; = dim B, mg = dim F' and m = my + mo.
3. Constant space forms
Af

In this section, we will estimate the functions 5 for isometric immersions 1 :
(M,g) = (B x5 F,gg + f*gr) — (M,g) with constant space forms (M,g). We also deal
with equality cases and obtain their applications.

Using Lemma 2.1, we obtain

Theorem 3.1. Let (M, g) = (BxF,gg+f*gr) be a warped product manifold and (M,g) =
(M (c),g) a real space form of constant sectional curvature c. Let ¢ : (M, g) — (M,q) be an
isometric immersion. Then we have

m2

A
12— AR e < S S T e 1o
2

m1m2
2(m —1)

where m; = dim B, mg = dim F' and m = my + mo.

Proof. We know that the Riemannian curvature tensor R [8] of (M,g) is given by
R(X,Y)Z = c(g(Y,Z)X - 3(X, Z)Y) (11)
for X,Y,Z € T(TM). Since inf K = sup K = ¢, by Lemma 2.1, we get the result. a

Then we easily obtain

Corollary 3.1. Let (M, g) = (Bx¢F,gp+f?gr) be a warped product manifold and (M, g) =
(M(c),g) a real space form of constant sectional curvature c. Let : (M, g) — (M,q) be an
isometric immersion. Assume that the manifold (M, g) is a totally geodesic submanifold of
(M,3). Then we get

mic < —— < mc .

Remark 3.1. Let (M, g) = (B x;F,gp+ f2gr) be a warped product manifold and (M,g) =
(M(c),g) a real space form of constant sectional curvature c. Let ¢ : (M, g) — (M,g) be an
isometric immersion. Assume that the manifold (M, g) is a totally geodesic submanifold of
(M,g). Then the warping function f is an eigen-function with eigenvalue mjec.

In particular, if ¢ = 0 (i.e., (M,g) is a Euclidean space E".), then the warping
function f is a harmonic function.

Lemma 3.1. Let (M,g) = (B x; F,gp+ [?gr) be a warped product manifold and (M,g) =
(M(c),g) a real space form of constant sectional curvature c. Let ¢ : (M, g) — (M,g) be an
1sometric immersion.

There does not exist a totally geodesic submanifold (M, g) of (M,q) such that either
the warping function f is not an eigen-function or the eigenvalue of f is not equal to myc.

Theorem 3.2. Let (M,g) = (Bx¢F, g+ f?9r) be a warped product manifold and (M,g) =
(M(c),g,J) a complex space form of constant holomorphic sectional curvature c. Let v :
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(M, g) — (M,q) be an isometric immersion. Then we have

2 A 2
%HQ — SHIAI 4 7 < —ff < T—H?+me, c>0, (12)
_ 2
9 2
mim 5 My 2 f 2 ¢
omam? s <2y - 1
2(m —1) 2 A" +mac f = 4dmg +m14, c<0, (13)

where m; = dim B, mg = dim F' and m = mq + mo.
Proof. The Riemannian curvature tensor R [8] of (M, g) is given by
R(X,Y)Z (14)

= z(g(Y, NX -9(X,2)YY +9(JY, 2)JX —g(JX,Z)JY —2g(JX,Y)JZ)

for X,Y,Z € I'(TM). Given orthonormal vectors X,Y € T,M, p € M, we get

K(XAY) = R(X,Y,Y.X) = £(1+35(JX,Y)?) (15)
so that since 0 < [g(JX,Y)| < 1, we easily obtain

ESF(X/\Y)SC, c>0,
c<K(XANY)< 2,
From Lemma 2.1, the result follows. O

c<O.

Corollary 3.2. Let (M, g) = (Bx¢F,gp+f*gr) be a warped product manifold and (M,g) =
(M(c),g,J) a complex space form of constant holomorphic sectional curvature c. Let 9 :
(M, g) — (M,g) be an isometric immersion. Assume that the manifold (M, g) is a totally
geodesic totally real submanifold of (M,g) (i.e., J(TM) C TM*).
Then we have
Af c

C
S <=L <imy -
m14_f_m14

Proof. By Lemma 2.1 and (15), we obtain the result. O

Remark 3.2. Let (M, g) = (B x;F,gp+ f2gr) be a warped product manifold and (M,g) =
(M(c),g,J) a complex space form of constant holomorphic sectional curvature c. Let v :
(M, g) — (M,g) be an isometric immersion. Assume that the manifold (M, g) is a totally
geodesic totally real submanifold of (M,g).

Then the warping function f is an eigen-function with eigenvalue ™1

1 -

Lemma 3.2. Let (M,g) = (Bx¢ F,gp+ f?gr) be a warped product manifold and (M,g) =
(M(c),g,J) a complex space form of constant holomorphic sectional curvature c. Let v :
(M, g) — (M,g) be an isometric immersion.

There does not exist a totally geodesic totally real submanifold (M, g) of (M,g) such
that either the warping function f is not an eigen-function or the eigenvalue of f is not
equal to "<

Corollary 3.3. Let (M, g) = (Bx¢F,gp+f*gr) be a warped product manifold and (M,g) =
(M(c),g,J) a complex space form of constant holomorphic sectional curvature c. Let v :
(M,g) — (M,g) be an isometric immersion. Assume that the manifold (M,g) is a 2-
dimensional totally geodesic complex submanifold of (M,g) (i.e., J(TM)=TM).

Then we have

mic < — < myc.
!
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Remark 3.3. Let (M, g) = (BxsF,gp+ f?gr) be a warped product manifold and (M,g) =
(M(c),g,J) a complex space form of constant holomorphic sectional curvature c. Let v :
(M,g) — (M,g) be an isometric immersion. Assume that the manifold (M,g) is a 2-
dimensional totally geodesic complex submanifold of (M,g).

Then the warping function f is an eigen-function with eigenvalue mqc.

Lemma 3.3. Let (M,g) = (B xsF,gp+ [?gr) be a warped product manifold and (M,g) =
(M(c),g,J) a complex space form of constant holomorphic sectional curvature c. Let v :
(M, g) — (M,q) be an isometric immersion.

There does not exist a 2-dimensional totally geodesic complex submanifold (M, g) of
(M,g) such that either the warping function f is not an eigen-function or the eigenvalue of
f is not equal to myc.

Theorem 3.3. Let (M,g) = (BxF,gg+fgr) be a warped product manifold and (M,g) =
(M(c), E,9) a_quaternionic space form of constant quaternionic sectional curvature c. Let
Y :(M,g)— (M,g) be an isometric immersion. Then we obtain

mim mq 2 c Af m? 2

— —||h — —<—H >0 16
2(m — 1) g Il mg < = "~ amg e =0, (16)
mim 2 2 Af 2
—H h <—<—H 0 17

where m; = dim B, mo = dim F' and m = my + ms.

Proof. We know that the Riemannian curvature tensor R [6] of (M,g) is given by

R(X,Y)Z = $(3(¥,2)X — §(X, 2)Y (18)
3
Z (oY, D) T X = G X, 2)TaY = 2G(JuX,Y)IuZ))
for X,Y,Z € I'(T'M). Given orthonormal vectors X,Y € T,M, p € M, we have

K(XAY)=R(X,Y,Y,X) = Z(1+323:g(JaX, Y)2). (19)

a=1
Since {J; X, Jo X, J3X} is orthonormal, we get 0 < 30 _ §(JoX,Y)? < |Y]? = 1 so that
zgf(XAY) <e¢ ¢>0,

c<K(XAY)< c<0.

>0

From Lemma 2.1, we obtain the result. O

Corollary 3.4. Let (M, g) = (Bx¢F,gp+f*gr) be a warped product manifold and (M,g) =

(M(c), E,9) a quaternionic space form of constant quaternionic sectional curvature c. Let

Y (M,g) — (M,g) be an isometric immersion. Assume that the manifold (M,g) is a

totally geodesic totally real submanifold of (M,q) (i.e., Jo(TM) C TM*, Vo € {1,2,3}).
Then we have

<ﬁ< ¢
Ma=Ty

Proof. By Lemma 2.1 and (19), we obtain the result. O

Lemma 3.4. Let (M, g) = (Bx;F,gp+ f2gr) be a warped product manifold and (M,g) =
(H(C), E.9q) aiuatemionic space form of constant quaternionic sectional curvature c. Let
Y (M,g)— (M,q) be an isometric immersion.
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There does not exist a totally geodesic totally real submanifold (M, g) of (M,g) such
that either the warping function f is not an eigen-function or the eigenvalue of f is not

equal to "<,

Corollary 3.5. Let (M, g) = (BxF,gp+f%gr) be a warped product manifold and (M,g) =
(M(c), E,g) a quaternionic space form of constant quaternionic sectional curvature c. Let
Y (M,g) — (M,g) be an isometric immersion. Assume that the manifold (M,g) is a
4-dimensional totally geodesic quaternionic submanifold of (M,q) (i.e., Jo(TM) = TM,
Va € {1,2,3}).

Then we have

mic < — < mjec.

f
Lemma 3.5. Let (M,g) = (B xsF,gp+ f?gr) be a warped product manifold and (M,g) =

(M(c), E.9) a quaternionic space form of constant quaternionic sectional curvature c. Let
Y (M,g) — (M,g) be an isometric immersion.

There does not exist a 4-dimensional totally geodesic quaternionic submanifold (M, g)
of (M,g) such that either the warping function f is not an eigen-function or the eigenvalue

of f is not equal to myc.

Theorem 3.4. Let (M,g) = (BxF,gg+ f%gr) be a warped product manifold and (M,g) =
(E(c), ®,€,1,9) a Sasakian space form of constant ¢-sectional curvature c. Let ) : (M, g) —
(M,7g) be an isometric immersion. Then we obtain

2 A 2
mHQ—W;|h|2+m1§Jf§iZIH2+mlc, c>1, (20)
- 2
2 2
mim 5 My 9 Af ms
e _ <=L <7
2(m—1)H 5 [|A[]* +mic < 7 _4m2H +my, c<1, (21)

where m1 = dim B, mo = dim F' and m = my + ms.

Proof. We see that the Riemannian curvature tensor R [10] of (M,g) is given by

RX,v)z =3

Gy, 2)X —g(X, 2)Y) (22)

-1
+ = (X)(Z)Y =¥ )(Z)X +n(Y)GX, 2)E = n(X)G(Y. 2)§
+9(¢Y, Z)pX — g(¢X, Z)pY — 2g(¢X,Y)9Z)
for X,Y,Z € T(TM). Given orthonormal vectors X,Y € T,M, p € M, we have

K(XAY)=R(X,Y,Y,X) = 613 + C; !
If ¢ € Span(X,Y), then —n(Y)2 —n(X)2+37(¢X,Y)? = —1. f Y = ¢X and n(X) = 0, then
—n(Y)? = n(X)? +3g(¢X,Y)? = 3. Hence we get —1 < —n(Y)? —n(X)? + 3g(¢X,Y)* <3
so that

(=n(Y)? = n(X)* +3g(¢X,Y)?). (23

From Lemma 2.1, the result follows. (|

Corollary 3.6. Let (M, g) = (BxF,gp+f*gr) be a warped product manifold and (M,g) =
(M(c), #,&,m,9) a Sasakian space form of constant ¢-sectional curvature c. Let ) : (M, g) —

(M,3) be an isometric immersion. Assume that the manifold (M, g) is a totally geodesic
¢-totally real submanifold of (M,q) with & € T(TM*) (i.e., p(TM) C TM*).
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Then we get
c+3 A c+3
mi 1 < Tf <my 1
Proof. By Lemma 2.1 and (23), we obtain the result. O

Lemma 3.6. Let (M,g) = (B x; F,gp+ f2gr) be a warped product manifold and (M,g) =
(M(c), #,&,m,9) a Sasakian space form of constant ¢-sectional curvature c. Let ) : (M, g) —
(M,g) be an isometric immersion.

There does not exist a totally geodesic ¢-totally real submanifold (M, g) of (M,q) such

that either the warping function f is not an eigen-function or the eigenvalue of f is not equal
to malets)
1

Corollary 3.7. Let (M, g) = (BxF,gg+f%gr) be a warped product manifold and (M,g) =
(M(c), #,&,m,9) a Sasakian space form of constant ¢-sectional curvature c. Let ) : (M, g)
(M, ) be an isometric immersion. Assume that the manifold (M,g) is a 2-dimensional
totally geodesic submanifold of (M,g) with ¢ € T(TM).

Then we get

A
ml'lngSml'l.

Lemma 3.7. Let (M,g) = (B x; F, g+ f?gr) be a warped product manifold and (M,g) =
(M(c), #,&,m,9) a Sasakian space form of constant ¢-sectional curvature c. Let ) : (M, g) —
(M,g) be an isometric immersion.

There does not exist a 2-dimensional totally geodesic submanifold (M,qg) of (M,q)
with £ € T(TM) such that either the warping function [ is not an eigen-function or the
eigenvalue of f is not equal to my.

Corollary 3.8. Let (M, g) = (BxF,gp+f*gr) be a warped product manifold and (M,g) =

(M(c), #,&,m,9) a Sasakian space form of constant ¢-sectional curvature c. Let ) : (M, g) —

(M,g) be an isometric immersion. Assume that the manifold (M,g) is a 2-dimensional

totally geodesic ¢-invariant submanifold of (M,g) with ¢ € T(TM™) (i.e., (TM) =TM ).
Then we have

mic < — < mjyc.

Lemma 3.8. Let (M,g) = (B x;F,gp+ f2gr) be a warped product manifold and (M,g) =
(M(c), ¢,&,m,9) a Sasakian space form of constant ¢-sectional curvature c. Let 1) : (M, g) —
(M,g) be an isometric immersion.

There does not exist a 2-dimensional totally geodesic ¢-invariant submanifold (M, g)
of (M,g) with & € T(T M) such that either the warping function f is not an eigen-function
or the eigenvalue of f is not equal to myc.

Theorem 3.5. Let (M,g) = (B xy F,gp + f?gr) be a warped product manifold and
(M,g) = (M(c),d,&,1m,9) a Kenmotsu space form of constant ¢-sectional curvature c. Let

Y : (M, g)— (M,g) be an isometric immersion. Then we obtain

2 2
mim 9 My 9 Af ms
T g Mo <2< g > 1 24
2(m — 1) g Il =m s == < g /o Fme ez -1, 24)
mim 2 M 2 Af m® o,
gz Ty <2l 2 —1 25
2(m —1) g AP +mues == s g R —ma, e <~ (25)

where m; = dim B, mg = dim F' and m = my + mo.
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Proof. We know that the Riemannian curvature tensor R [7] of (M,g) is given by

(X, v)7z = =3

@Y, 2)X —g(X, 2)Y) (26)

((X)n(2)Y =n(Y)n(Z2)X +n(Y)g(X, 2)§ —n(X)g(Y, Z)¢

+9(8Y, Z)¢X — g(¢ X, Z)9pY —29(¢X,Y)9Z)
for X,Y,Z € T(TM). Given orthonormal vectors X,Y € T,M, p € M, we have

ROOAY) = ROGY,Y,X) = S5+ S (a0 = (0 + 396X, V) (20)

so that since —1 < —n(Y)? — n(X)? + 3g(¢X,Y)? < 3, we get
-1<K(XAY)<e¢, c¢>-1,
c<K(XAY)< -1, e<—1.

From Lemma 2.1, we obtain the result. O

+c+1
4

Corollary 3.9. Let (M,g) = (B xy F,gg + f?gr) be a warped product manifold and
(M,q) = (M(c),#,£,1,9) a Kenmotsu space form of constant ¢-sectional curvature c. Let
v (M,g) — (M,g) be an isometric immersion. Assume that the manifold (M,g) is a
2-dimensional totally geodesic submanifold of (M,g) with & € T(TM).

Then we get
A
my-(—1) < Tf <my-(-1).
Lemma 3.9. Let (M,g) = (B x; F, g+ f?gr) be a warped product manifold and (M,g) =
(ﬂ(c), ,£,m,G) a Kenmotsu space form of constant ¢-sectional curvature c. Let : (M, g) —

(M,g) be an isometric immersion.

There does not exist a 2-dimensional totally geodesic submanifold (M,qg) of (M,q)
with £ € T(TM) such that either the warping function f is not an eigen-function or the
eigenvalue of f is not equal to —m; .

Corollary 3.10. Let (M,g) = (B x; F,gp + f?gr) be a warped product manifold and
(M,g) = (M(c),#,&,1,9) a Kenmotsu space form of constant ¢-sectional curvature c. Let
Y (M,g) — (M,g) be an isometric immersion. Assume that the manifold (M,g) is a
2-dimensional totally geodesic ¢-invariant submanifold of (M,q) with ¢ € T(TM>) (i.e.,
o(TM)=TM).

Then we get

mic < Tf < mc.

Lemma 3.10. Let (M,g) = (BxsF,gp+ f?gr) be a warped product manifold and (M,
(M(c), #,&,m,9) a Kenmotsu space form of constant ¢-sectional curvature c. Let : (M,
(M,g) be an isometric immersion.

There does not exist a 2-dimensional totally geodesic ¢-invariant submanifold (M, g)
of (M,q) with & € T(TM+*) such that either the warping function f is not an eigen-function
or the eigenvalue of f is not equal to myc.

9) =
g) =

Corollary 3.11. Let (M,g) = (B x5 F,g5 + f*gr) be a warped product manifold and
(M,g) = (M(c),#,&,1,9) a Kenmotsu space form of constant ¢-sectional curvature c. Let
¥ (M, g) w (M,g) be an isometric immersion. Assume that the manifold (M, g) is a totally
geodesic ¢-totally real submanifold of (M,q) with € € T(TM™*) (i.e., 9(TM) C TM*).

Then we have

c—3 _Af c—3
< <m 1

4 o

mi
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Lemma 3.11. Let (M, g) = (Bx ¢ F,gg+ f?gr) be a warped product manifold and (M,g) =
(M(c), #,€,m,9) a Kenmotsu space form of constant ¢-sectional curvature c. Let : (M, g)
(M,g) be an isometric immersion.

There does not exist a totally geodesic ¢-totally real submanifold (M,g) of (M,q)
with ¢ € T(TM™) such that either the warping function f is not an eigen-function or the

. . m1(c—3)
eigenvalue of f is not equal to —=7—".

4. Hermitian symmetric spaces

Theorem 4.1. Let (M, g) = (BxF,gg+ fgr) be a warped product manifold and (M, g)
G2(C™*2) = SU,42/S(UnUs) the complex two-plane Grassmannian. Let ¢ : (M, g)
(M,g) be an isometric immersion. Then we have

I

A
B2 = PRIy <7f§4m H? + 8my, (28)
2

mym?
2(m —1)
where m; = dim B, mg = dim F' and m = my + mo.
Proof. The Riemannian curvature tensor R [12] of (M,g) is given by
RX,Y)Z =3(Y,2)X —§(X, Z)Y (29)
+§(JY 2)JX —g(JX,2)JY — 2§(JX,Y)JZ

+ Z (JoY, 2)JouX — G(JuX, Z)JoY — 2G(Ju X, Y)J0Z)

+Z (JodY, Z)Jod X — G(Jud X, Z)JoJY)

for X,Y,Z € I'(TM). Given orthonormal vectors X,Y € T,M, p € M, we get
K(XAY)=R(X,Y,Y,X)=1+35(JX,Y)? (30)

3
+3 BG(JaX,Y)2 + G(JaJY, YV)G(Jo T X, X) = G(Ja JX,Y)?).
a=1
With simple computations we obtain
(JX Y)2 <|JXPY]? =1,

Z G(Joa X, V)2 <|Y|? =1 (since {J1 X, Jo X, J3X} is orthonormal),

a=1

3 3 3
Z (JoJY, Y)G(Jad X, X) < 4| D G(JaJY, V)2 (| Y G(JaJ X, X)?

a=1 a=1
<SVIVPVIXPE =1
(by Cauchy-Schwarz inequality and since {J1JY, JoJY, J3JY} and {J;JX, JoJX, J3JX}
are orthonormal)

3
= Z (JoJY, Y)G(JoJ X, X) <1

3
> G(Jad X, Y)? < [Y[? =1 (since {J1JX, J5JX, JsJX} is orthonormal).

a=1
By using the above relations, we obtain

K(XAY)<143-143-1+1=38. (31)
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On the other hand, by the above relations, we have

3
K(XAY)> Z (JodY,Y)G(Jad X, X) — G(JaJ X, Y)?) (32)

11— -1
From Lemma 2.1, by using (31) and (32), the result follows. O

Remark 4.1. Choose orthonormal vectors X,Y € TI,M, p €M such thatY = JX and X
is a singular vector, i.e., conveniently, JX = J1 X (See [1]). From (30), we get

K(XAY)=1+34+3+140=38.
So, the upper bound of the function K(X AY) is rigid.

Corollary 4.1. Let (M, g) = (BxF, g+ f*gr) be a warped product manifold and (M,g) =
G2(C™*2) = SU,,12/S(UnUs) the complex two-plane Grassmannian. Let ¢ : (M, g) —
(M,g) be an isometric immersion. Assume that the manifold (M,g) is a 2-dimensional
totally geodesic J-invariant submanifold of (M,g) with a singular vector field X € T'(TM)
(i.e., J(TM)=TM).

Then we get
Af
m18§—§m18
f
Proof. By Lemma 2.1 and (30), we obtain the result. (|

Lemma 4.1. Let (M,g) = (B x; F,gp+ f?gr) be a warped product manifold and (M,g) =
G2(C™*2) = SU,,12/S(UnUs) the complex two-plane Grassmannian. Let ¢ : (M, g) —
(M,g) be an isometric immersion.

There does not exist a 2-dimensional totally geodesic J-invariant submanifold (M, g)
of (M,g) with a singular vector field X € T'(TM) such that either the warping function f is
not an eigen-function or the eigenvalue of f is not equal to 8m;.

Theorem 4.2. Let (M,g) = (BxsF,gg+ f*gr) be a warped product manifold and (M,g) =
SUs.m/S(Usz Uy, the complex hyperbolic two-plane Grassmannian. Let v : (M, g) — (M,g)
be an isometric immersion. Then we obtain

A 2 1
HQ—%HhH?—AImlngg% H2+§m1, (33)
2

mym?
2(m—1)
where m; = dim B, mg = dim F' and m = my + mo.
Proof. We know that the Riemannian curvature tensor R [12] of (M,g) is given by
R(X,Y)Z = —1( Y, 2)X -g9(X,2)Y (34)
+§(JY )X —-g(JX,Z2)JY —2g(JX,Y)JZ

+Z (JoY, 2)JoX — G(JaX, Z)J.Y — 2G(JuX,Y)J0Z)
+Z (JoJY, Z)Jod X — G(Jud X, Z)JoJY))

for X,Y,Z ¢ T(TM).
Hence, in a similar way with Theorem 4.1, we easily get the result. O
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Remark 4.2. We choose orthonormal vectors X,Y € TPM, p € M, such that Y = JX
and X is a singular vector. i.e., conveniently, JX = J1 X (See [2]). In a similar way with
Remark 4.1, we obtain o

K(XAY)=—4.
So, the lower bound of the function K(X AY) is rigid.

Corollary 4.2. Let (M, g) = (Bx¢F,gg+f?gr) be a warped product manifold and (M, g)

SUsz 1 /S(Us-U,,) the complex hyperbolic two-plane Grassmannian. Let 1 : (M, g) — (M,

be an isometric immersion. Assume that the manifold (M,g) is a 2- dzmenszonal total

geodesic J-invariant submanifold of (M,q) with a singular vector field X € T'(TM).
Then we get

)

Y

NQ\

Lemma 4.2. Let (M,g) = (B x;F,gp+ f2gr) be a warped product manifold and (M,g) =
SUs 1 /S(Us-U,,) the complex hyperbolic two-plane Grassmannian. Let ¢ : (M, g) — (M,9)
be an isometric immersion.

There does not exist a 2-dimensional totally geodesic J-invariant submanifold (M, g)
of (M,g) with a singular vector field X € T'(TM) such that either the warping function f is
not an eigen-function or the eigenvalue of f is not equal to —4m;.

Theorem 4.3. Let (M, g) = (BxsF,gg+ fgr) be a warped product manifold and (M,g) =
Q™ = 580,,12/80,,S0, the complex quadric. Let ¢ : (M,g) — (M,g) be an isometric
immersion. Then we get

%HQ T 1R|12 = 2.3my < % < i 2y Sy, (35)
where m; = dim B, mg = dim F' and m = my + mo.
Proof. We see that the Riemannian curvature tensor R [13] of (M, g) is given by
R(X, YVZ=3Y,2)X —-9(X,2)Y (36)
+g(JY, 2)JX —G(JX, 2)JY — 2G(JX,Y)JZ
+9(AY, 2)AX —g(AX, Z)AY + G(JAY, Z)JAX — G(JAX, Z)JAY
for X,Y,Z € T(TM). Given orthonormal vectors X,Y € T,M, p € M, we obtain
K(XAY)=R(X,Y,Y,X)=1+33(JX,Y)? (37)
+9(AY,Y)g(AX, X) —g(AX,Y)* + g(JAY,Y)g(JAX, X) — g(JAX,Y)>.
Since A is an involution (i.e., A% = id), we get the following decompositions
X =aX1+bX,
Y =cY; +dYs,
where |X1| = |Xo| = [Y31| = |Ys| = 1, X1,V € V(A) = {Z € T,M | AZ = Z},
X2,Y5 € JV(A) (See [13]) so that
1=|X]? =a®+0%,
1=V =c+d?
0=g(X,Y)=acg(X1,Y1)+bdg(X2,Y ).
Conveniently, let (a,b) = (cosa,sina) and (¢, d) = (cos 3, sin 3).

If necessary, by replacing X1, Xo,Y1,Y s with —X 1, — X5, —Y 1, —Y 5, respectively, we
may assume

0<a,pB< (38)

w\ﬂ
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FIGURE 1. The lower bound of h(z,y)

Thus, with a simple calculation, we have

K(XAY)

where

We see that

Consider the function

S(x,y) = 2a* cos

=1+ 2a?cos® asin? g + 2 sin? v cos? B+ cos2acos 23

+2absin 2a sin 28 + @d sin 2asin 28 — €2 cos? a cos? 3,

xsin®y + 252 sin

2

x cos? y + cos 2z cos 2y

+2absin 2z sin 2y + &d sin 2z sin 2y — €2 cos® x cos> y

for (z,y) € [0, 5] x [0, §]

Since sin 2z sin 2y > 0, by (40), we obtain

S(z,y) < 2cos? zsin® y + 2sin? z cos? y

+ cos 2x cos 2y + 2 sin 2z sin 2y + sin 2z sin 2y

= 2(cosxsiny + sinz cosy)? + cos(2z — 2y) + sin 2z sin 2y
= 2sin?(z + y) + cos(2z — 2y) + sin 2z sin 2y

<4

(39)

(42)
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and

S(x,y) > cos2x cos 2y — 2 sin 22 sin 2y (43)
—sin 2z sin 2y — cos® z cos? y
= cos(2z + 2y) — 2sin 2z sin 2y — cos® x cos? y.

Consider the function h(z,y) = cos(2z + 2y) — 2sin 2zsin 2y — cos?

[0, 3] % [0, 5].
We see that (See Figure 1)

xcos?y for (x,y) €

h(z,y) > —3.3. (44)
From Lemma 2.1, by using (39), (41), (42), (43), and (44), the result follows. a
Remark 4.3. We get h(5,75) = —3.25. But he(%,5) = % # 0 and hy(3, %) = % # 0,

™ T

which implies that (7, ) is not a critical point of h(x,y).

Corollary 4.3. Let (M, g) = (Bx;F,gp+f%gr) be a warped product manifold and (M,g) =
Q™ = SO,,12/50,,80; the complex quadric. Let v : (M,g) — (M,g) be an isometric
immersion. Assume that the manifold (M, g) is a 2-dimensional totally geodesic J-invariant
submanifold of (M,g) with a non-vanishing vector field X € T(TM) NV (A).

Then we get
Af
m1~2§—§m1~2.
f
Proof. By Lemma 2.1 and (37), we obtain the result. ]

Lemma 4.3. Let (M,g) = (B x¢ F,gp+ f?gr) be a warped product manifold and (M,g) =
Q™ = SO0,,12/50,,80; the complex quadric. Let v : (M,g) — (M,g) be an isometric
TMMErsion.

There does not exist a 2-dimensional totally geodesic J-invariant submanifold (M, g)
of (M,g) with a non-vanishing vector field X € T(TM)NV (A) such that either the warping
function f is not an eigen-function or the eigenvalue of f is not equal to 2my.

Corollary 4.4. Let (M, g) = (Bx¢F,gp+f*gr) be a warped product manifold and (M,g) =
Q™ = 50,,12/50,,80; the complex quadric. Let v : (M,g) — (M,g) be an isometric
immersion. Assume that the manifold (M, g) is a 2-dimensional totally geodesic submanifold
of (M,g) with TM C V(A).
Then we get
Af

Lemma 4.4. Let (M,g) = (B x;F,gp+ [?gr) be a warped product manifold and (M,g) =
Q™ = 50,,12/50,,80; the complex quadric. Let v : (M,g) — (M,g) be an isometric
1TMMETSLon.

There does not exist a 2-dimensional totally geodesic submanifold (M, g) of (M,g)
with TM C V(A) such that either the warping function f is not an eigen-function or the
eigenvalue of f is not equal to 2my; .

Corollary 4.5. Let (M, g) = (BxF,gp+f*gr) be a warped product manifold and (M,g) =
Q™ = S0,,12/50,,805 the complex quadric. Let v : (M,g) — (M,g) be an isometric
immersion. Assume that the manifold (M, g) is a 2-dimensional totally geodesic submanifold
of (M,g) with TM L J(TM) and dim(TM NV (A)) = dim(TM N JV(A)) = 1.

Then we get

A
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Lemma 4.5. Let (M,g) = (B xs F,gp+ f?gr) be a warped product manifold and (M,g) =
Q™ = S0,,12/80,,5S0, the complex quadric. Let ¢ : (M,g) — (M,g) be an isometric
1Mmmersion.

There does not exist a 2-dimensional totally geodesic submanifold (M,g) of (M,q)
with TM L J(TM) and dim(TM NV (A)) = dim(TM N JV(A)) =1 such that the warping
function f is not a harmonic function.

5. Open questions

In section 3 and section 4, we deal with estimates of the functions % for isometric

immersions ¢ : (M,g) = (B x5 F,gg + f?g9r) — (M,7). And we also consider equality
cases and their applications. As future projects, we can use these results to study the
properties of base manifolds and target manifolds and investigate other equality cases and
their applications. We will also estimate the functions % by changing target manifolds.

Questions
1. What kind of eigenvalues of the warping functions f can we get?
(We obtained the following eigenvalues:

3 -3
mlcvgaml(c_k )7m1am1(c );8m17_4m152m170')

4
2. If the warping function f is an eigen-function with eigenvalue d, then what can we
say about M and M?
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