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SUBMANIFOLDS OF GENERALIZED SASAKIAN SPACE FORMS

Pablo Alegre and Alfonso Carriazo

Abstract. In the present paper submanifolds of generalized Sasakian-space-
forms are studied. We focus on almost semi-invariant submanifolds, these
generalize invariant, anti-invariant, and slant submanifolds. Sectional curva-
tures, Ricci tensor and scalar curvature are also studied. The paper finishes
with some results about totally umbilical submanifolds.

1. INTRODUCTION

Recently, in [1] D. E. Blair and the authors introduced the notion of a generalized
Sasakian space form as that almost contact metric manifold (M, ¢, &, n, g) whose
curvature tensor satisfies

R(X,Y)Z = fi{g(Y, Z2)X — g(X, 2)Y}
+f219(X,02)Y — g(Y,90Z)pX + 29(X, ¢Y)dZ} (1.1)
+f3{n(Xn(2)Y —n(Y)n(2)X + g(X, Z)n(Y)§ — g(Y, Z)n(X)E}

for all vector fields X,Y, Z and certain differentiable functions f1, fo, f3 on M.
This generalizes the concept of Sasakian space form as well as generalized complex
space form did with complex space form. A generalized Sasakian space form with
functions f1, fo, f3 will be denoted by M(f1, fo, f3). If it is a Sasakian manifold,
then the functions are constant and f1 — 1 = f, = f3, as it was proved in [1]. The
theory of generalized Sasakian space forms was continued by the authors in [2],
which is mainly devoted to the study of the structures on these spaces.
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On the other hand, in [4] A. Bejancu initiated the study of CR-submanifolds
of an almost Hermitian manifold generalizing invariant and anti-invariant sub-
manifolds. The extension of this concept to submanifolds of almost contact metric
manifolds was made in [5] by A. Bejancu and N. Papaghiuc; they called them semi-
invariant submanifolds. Later, the study of almost semi-invariant submanifolds of
framed metric manifolds, as a generalization of both CR-submanifolds and semi-
invariant submanifolds, was initiated by M. M. Tripathi and K. D. Singh in [18],
and followed by Tripathi and I. Mihai in [17].

Finally, in [16] almost semi-invariant submanifolds of generalized complex space
forms were studied. We now present an analysis of almost semi-invariant submani-
folds of generalized Sasakian space forms. Some results about these submanifolds
on contact geometry have been already given in [15].

After a section containing some background and many new examples of almost
semi-invariant submanifolds, we initiate the study of submanifolds of a generalized
Sasakian space form by characterizing invariant and anti-invariant submanifolds by
means of the action of the curvature tensor. Next, for an almost semi-invariant
submanifold of a generalized Sasakian space form, we introduce the notions of
D>-sectional curvature and (D*, D*)-sectional curvature. Moreover, we also obtain
some results about the Ricci tensor and the scalar curvature. The last part is devoted
to totally umbilical submanifolds.

2. PRELIMINARIES AND EXAMPLES

At this stage, we recall some definitions and basic formulas which we will
use later. We focus on submanifold theory’s concepts. For general background on
almost contact Riemann geometry we refer to [6]. We just recall the usual Sasakian
structure on R2™ 1, (¢, €, 7, g), given by

1 L d
= — — vdxt =9 _
=3 <dz ;ly drr) ; § R

1 A A A A
g_77®?7—|-ZE(d:J:Z@d:r’—I—dyZ@dy’),
1=
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—+Yi—+Z— | = Yi— - Xi— Yiy'—,
%o (Xzﬁwz * " Oyt * 62) Z( " Ozt z6:14’) +izl Yoz

=1

where {x%, % 2}, i = 1...m are the cartesian coordinates.

Given a submanifold M of an almost contact metric manifold (M, 0,6,1,9),
we also use g for the induced Riemannian metric on M. We denote by V the
Levi-Civita connection on M and by V the induced Levi-Civita connection on M.
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Thus the Gauss and Weingarten formulas are given respectively by
VxY =VxY +h(X,Y), VxV=—AyX +V%V,

for vector fields X, Y tangent to M and a vector field V' normal to M, where h
denotes the second fundamental form, V- the normal connection and Ay the shape
operator in the direction of V. The second fundamental form and the shape operator
are related by

g(h(X, Y)v V) = g(Aan Y)

M is called a totally geodesic submanifold if / vanishes identically.
We denote by R and R the curvature tensors of M and M in the same way.
They are related by Gauss and Codazzi’s equations

R(X,Y,Z,W) o
= R(X, Y, Z, W) — g(h(X, W), h(Y, Z))+ g(h(X, Z), h(Y, W), .
(R(X,Y)2)" = (Vxh)(Y, Z) = (Vyh)(X, Z), (2.2)

respectively, where R(X .Y, Z)* denotes the normal component of E(X ,Y)Z and
(Vxh)(Y, 2) = Vi (h(Y, Z)) = h(VxY, Z) = h(Y,VxZ).  (23)

The mean curvature vector H is defined by H = (1/dimM )trace h. M is said
to be minimal if H vanishes identically. Moreover it is called a totally umbilical
submanifold if

hMX,Y)=9(X,Y)H, (2.4)

for any X, Y tangent vector fields on M.
Let ¥V and W be differentiable distributions on M. Then, M is said to be

(i) a (V, W)-mixed totally geodesic submanifold if A(X,Y) =0 forall X € V
and Y e W,

(ii) a V-totally geodesic submanifold if it is (1, VV)-mixed totally geodesic,
(iii) V-minimal if Hy, = (1/dimV)trace h|y, = 0.

__Let us consider now a submanifold M of an almost contact metric manifold
(M, ¢,&,n,9), tangent to the structure vector field £. Put ¢ X = TX + NX for
any tangent vector field X, where TX (resp. NX) denotes the tangential (resp.
normal) component of ¢.X. Similarly, V' = tV + nV for any normal vector field
V with ¢tV tangent and nV normal to M.

Two well-known classes of submanifolds of an almost contact metric manifold
are invariant and anti-invariant submanifolds. In the first case, the tangent space
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of the submanifold is invariant under the action of the almost contact structure ¢,
where as in the second case it is mapped into the normal space. We describe below
a sort of submanifolds that generalize these two classes:

__ Definition 2.1. [18]. A submanifold A/ of an almost contact metric manifold
M, tangent to the structure vector field &, is said to be an almost semi-invariant
submanifold if there exists k& functions A1, ..., A\g, defined on A with values in
(0,1), such that

(i) =A}(p),....—AZ(p) are distinct eigenvalues of T?|p at p € M, with
T,M = Dy&D)&D) @& Dy+ @ Span{é&,},

where D];\, A€ {1,0,\(p), ..., Ax(p)}, denotes the eigenspace associated to
the eigenvalue —)\2.

ii) The dimensions of D}, D%, DM, ... D> are independent of p € M.
p p p p

If in addition, each \; is constant, then A is called a skew semi-invariant sub-
manifold.
Consequently, it is easy to verify the following equalities:

D, = Ker(N|p),, Dj=Ker(T|p), and D) = Ker(T?|p+ X (p)I),

i=1,...k forall p e M.
The definition enables us to consider T-invariant mutually orthogonal distribu-
tions
DN = U DY, Ae{1,0,), ..., A},
rxeM
on M such that TM = D'@ D@ DM @ ---@ DM @ Span{¢},
For an almost semi-invariant submanifold A/ of M we have

T "M =D'aD°¢ D" @D,

where D! = Ker(t), D’ = Ker(n), D) = ND*, tD* = D* and D* = Ker(n? +
N2T) with A € {\q, ..., \x}. The distributions D*, X # 0, are n-invariant.

We denote by U (resp. U*) the orthogonal projection from 7'M on D* (resp.
D). Then we have:

g(TX,TY)=> Ng(UX,UYY), g(nV,nW)=>_ Ng(UV,U'W). (25)
A A

Now we present some different examples of almost semi invariant submanifolds.
They are based on the fine relation between them and slant submanifolds. First we
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remember that given X € T, M a tangent vector at the point z, the Wirtinger angle
0(X) is the angle between ¢X and T,,M. A differentiable distribution is called
slant if 0(X) is the same for all X # 0 in the distribution at every point of M. A
submanifold of an almost contact metric manifold is called slant if for any z € M
and any X € T, M, linearly independent of &, the Wirtinger angle is a constant.
The following proposition characterizes slant submanifolds.

Proposition 2.2. [8, pg. 128] Let M be a submanifold of an almost contact
metric manifold (M, ¢, £, n, g) tangent to £. Then, M is a slant submanifold if and
only if there is a constant x € [0, 1] such that 72 = —p2(I —n ® €). In such a
case, if # is the slant angle, ;2 = cos? 6.

From this characterization we deduce:

Proposition 2.3.  Every slant submanifold M of an almost contact metric
manifold with slant angle 6 is a skew semi-invariant submanifold with TM =
D @ Span{¢} such that A = cos 6.

If the Wirtinger angle does not depend on the choice of X € T, M but it does on
the choice of the point x € M, then M is called a quasi-slant submanifold. They
were introduced in almost Hermitian geometry by F. Etayo, [13], and the same
notion can be considered in almost contact geometry just by taking X independent
of &.. The characterization of quasi-slant submanifolds is similar to that of slant
ones, but now 72 = —u%(I — n ® &), for u a certain function. So every quasi-
slant submanifold is an almost semi-invariant one, and every almost semi-invariant
submanifold with TM = D* @ Span{¢} is quasi-slant.

We can construct some specific examples of quasi-slant submanifolds from the
examples of slant submanifolds in complex and contact geometry given in [11] and
[8], respectively. First, we present the following result:

Theorem 2.4. Given a quasi-slant submanifold S of C?

w(ulv ’U/) = (fl(ulv ’U/) + if?)(u/v ’U/), f2(ulv ’U/) + if4(u/7 ’U/))

whose Wirtinger angle, 6, is different from 0 and 7 /2 everywhere, with 9/0u’ and
d/0v’ non-zero and orthogonal. Then

y(uv U, t) - 2(f1(u7 ’U), f2(u7 ’U), f3(u7 ’U), f4(u7 ’U), t)v (26)

defines an almost semi-invariant submanifold M in R° with its usual Sasakian
structure. Furthermore {e1, ez, £}, with

o = ot (26502 R) 2 e = o (2050 2nSR)

ou ot’ o ot’
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is an orthogonal basis of TM, and TM = D* @ Span{¢} with A\ = cos¥.

Proof. It is just a simple computation to prove that the basis is orthogonal, and
that D = Span{ey, e»} is the eigenspace of T2|p associated to —\2. m

Using this theorem we can give some examples of almost semi-invariant sub-
manifolds, by considering some different quasi-slant submanifolds of C2. All these
examples can be verified by straightforward computations.

Example 2.5. Let f(u,v) be a differentiable function, and let us consider the
submanifold M of R® given by:

y(u,v,t) = 2(ucos f(u,v),usin f(u,v),v,0,t).
i of of
We ask f to be f = f(u) or f = f(v) in order for Ju and 0 to be orthogonal.
cos f —usin ff’

Example 2.6. Given a differentiable function k(u) # ¢/u, for every constant
¢, the submanifold given by

Then TM = D* @ Span{¢} with \ =

y(u,v,t)

= 2(ek(“)“ COS U COSV, € sin ucosv, e cosu sin v, e sin u sin v, t)

is an almost semi-invariant submanifold with 7M = D* @ Span{¢} and \ =
Eu+k

NS

Example 2.7. We want the equation

y(u,v,t) = 2(u, kcosv,v, k sin v, t)

to define an almost semi-invariant submanifold A/ in R® with TM = D*@Span{¢}.
In order to apply Theorem , we choose either &k = k(u) or k = k(v). In the first
case,
kK +1
VI+E2VEE+1
and k(u) must be different from /—2u + ¢ and ce*, for any constant ¢, so that A
be different from 0, 1. In the second case, A = 1/v1 + k? + k2.

Now we give some examples with two distributions in the decomposition of the
tangent space. They are based on bi-slant submanifolds (see [9]), but with Wirtinger
angles changing from one point to other.
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Example 2.8. Let us consider R? with its usual Sasakian structure, and its
submanifold M given by the following equation

z(u,v,w,s,t) = 2(u,0,w,0,vcosb;,vsinby, scosbs, ssinbs,t),

where 0; = /3log(v) and 6, = /3log(s), v,s € (1,400). Then M is a five
dimensional almost semi-invariant submanifold with two non-constant functions,
A1, Ao. To prove this fact, we just take the orthogonal basis

0 0 . 0 . 0
e1 =2 (8—:):1 —|—y1$> , €2 = (cos 01—\/§s1n01)a—y1—|—(sm01—|—\/§cos Hl)ﬁ—yg’
0 0 . 0 . 0
e3 =2 (8—:):3 + y3$> , €4 =(cos 02—\/§s1n02)a—%—|—(sm02—|—\/§(508 02)6—y4,
0
= 2— =
€5 2 Ev

and we define the distributions D** = Span{e;, es}, and D*2 = Span{es, e4}.
It is clear that 7M = DM @ D*2 @ Span{¢}, and, for i = 1,2, D% is a slant
distribution with angle 6;, being D];\i the eigenspace of T2|p at p € M associated
to the eigenvalue — cos? 6.

Example 2.9. The equation z(u, v, s,t) = 2(u,v,s,0,t), defines an almost
semi-invariant submanifold in R® with its usual almost contact structure. In this

case, TM = D'@D @Span{¢}, just taking D! = Span < 2 9 +y1—a 22—
ox1 0z oy1
0 0
0 __
and D° = Span {2 <8x2 —|—ygaz> }

Example 2.10. Let us consider R” with its usual Sasakian structure, and its
submanifold M given by

z(u,v,s,t) = 2(u,0,0,v,scosb, ssinb,t),

with 6 = /3 logs, where s € (1,+00). Then M is an almost semi-invariant
submanifold whose tangent space admits the following decomposition

TM = D° @ D* @ Span{¢},

where D° = Span{es}, D* = Span{ey, e2}, with A = cos 6, and
0 0 0
el (6:):1 +y1 62) ; €2 E

0 0
eg—(cosé?—ﬂsin@)aiw—l—(siné?—l—\/gcosﬁ)a—%, 64:25 = &
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Since sections 3 and 6 will be more concerned with the invariant and anti-
invariant cases of semi-invariance, it seems to be helpful to include illustrative
examples of such kinds of submanifolds. Actually, we can get examples of invariant
submanifolds just by taking f = 0 in Example 2.5 or & = ce" in Example 2.7. Simi-
larly, we obtain anti-invariant submanifolds with f = 7 /2 or f = arccos(1/u) in
Example 2.5, k = 0 or k = ¢/ in Example 2.6 and k = v/—2u + ¢ in Example 2.7.

3. SUBMANIFOLDS OF A GENERALIZED SASAKIAN SPACE FORM

In this section, we first state some results characterizing invariant and anti-
invariant submanifolds of a generalized Sasakian space form by means of the cur-
vature tensor.

__Lemma 3.1. Let M be a submanifold of a generalized Sasakian space form
M(f1, f2, f3). If M is either invariant or anti-invariant, then R(X,Y)Z is tangent
and R(X,Y)V is normal to M, for any X,Y, Z tangent to M and any V' normal
to M.

_ Proof. Let us first notice that both statements above are equivalent because
R(X,Y,Z, V) = —R(X,Y,V, Z). Therefore, we must only prove the first one.
On the one hand, if M is invariant, then

R(X,Y)Z = fi{g(Y,2)X — g(X, 2)Y}
+f219(X,02)0Y — g(Y,0Z)pX +29(X, ¢Y)dZ}
+f3{n(X)n(2)Y —n(Y)n(Z2)X + 9(X, Z)n(Y)E — g(Y, Z)n(X)¢}

is tangent to M because so are X,Y, ¢X and ¢Y.
And on the other hand, if M is anti-invariant, then ¢(X,¢Z) = g(Y,¢Z) =
9(X,9Y) =0, s0

R(X,Y)Z = fi{g(Y, 2)X — g(X, 2)Y}

+f3{n(X)n(2)Y —n(Y)n(Z2)X + 9(X, Z)n(Y)E — g(Y, Z)n(X)¢}

wich is tangent, concluding the proof. ]

Even more, if X, Y are orthogonal to £ then E(X, Y)Z also is, for all Z tangent
to M.

Since both conditions of the proposition above are equivalent, from now on we
will only refer to the first one.

With some additional conditions we can prove a kind of converse:
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Lemma 3.2. Let M be a connected submanifold of a generalized Sasakian
space form M (f1, fa, f3). If fa(p) # 0, for each p € M, and T'M is invariant
under the action of E(X, Y), X,Y tangent to M, then M is either invariant or
anti-invariant.

Proof. For X,Y tangent to M,

R(X,Y)X = fi{g(Y, X)X — g(X, X)Y} = 3fog(Y, 9 X)X

+{n(X)?Y —n(Y)n(X)X + g(X, X)n(Y)€ — (Y, X )n(X)&}

should be tangent, so fog(Y, »X)¢X is tangent. As fo # 0 at any point, either ¢.X

is tangent or g(Y, ¢X ) = 0, for all Y tangent to A/, and then ¢.X is normal to M.
Taking into account that M is a connected submanifold, for each point p € M, one
of the two conditions holds: either N, = 0 or 7}, = 0. Finally, using an argument
of continuity, either N =0 or T =0, i.e. M is either invariant or anti-invariant. m

Actually, it is enough for T'M to be invariant by the action of E(X, Y’) when
X, Y are orthogonal to €.
Joining both lemmas we arrive to:

Theorem 3.3. Let M be a connected submanifold of a generalized Sasakian
space form M(fi1, fo, f3) with fo # 0 everywhere. Then, M is either invariant or
anti-invariant if and only if 7"M is invariant under the action of E(X, Y), for any
X,Y tangent to M.

Hence, for an almost semi-invariant submanifold we deduce the following result:

Corollary 3.4. Let M be a connected almost semi-invariant submanifold of a
generalized Sasakian space form M (f1, f2, f3), such that DY # {0} # D'@DM @
.- @ DM. If TM is invariant under the action of E(X, Y), then fo must vanish
along the submanifold.

We can prove a similar result to Lemma 3.1 for E(U, V), U,V € T+M.

Proposition 3.5. Let M be a submanifold of a generalized Sasakian space
form M(f1, f2, f3). If M is invariant, then 7'M and T-M are invariant under
the action of R(U, V') for any U,V normal to M.

Proof. Let us first notice that both statements are equivalent because E(U, V,
W, X)=—R(U,V, X, W), so we only prove the first one.

As M is invariant, given U normal to M, ¢(X, ¢U) = —g(¢X,U) = 0, for
any tangent vector field X. Hence, ¢U is normal to M.
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Therefore,

R(U, V)X = fi{g(V.X)U - g(U, X)V}
+f2{g9(U, ¢X)pV — g(V, $X)oU + 29(U, V)X }
+fs{n(U)n(X)V=n(V)n(X)U+g(U, X)n(V)§—g(V, X)n(U)}
= 2f29(U, ¢V)$X,

which is tangent. ]

Since from being anti-invariant we can not deduce that ¢V is normal, we do not
give a similar result for anti-invariant submanifolds. But we can prove a converse.

Proposition 3.6. Let M be a connected submanifold of a generalized Sasakian
space form M (f1, fo, f3). If fo(p) # 0, for each p € M, and T M is invariant
under the action of E(U, V), U,V normal to M, then M is either invariant or
anti-invariant.

Proof. It is similar to Lemma 3.2’s proof, just imposing that E(U, V)U must
be normal for any U, V' normal to M. ]

4, SecTIONAL CURVATURES

Let MApe an almost semi-invariant submanifold of an almost contact metric
manifold M. For a unit vector X € D* X # 0, we define the D*-sectional
curvature of X as:

1
Hy(X) =Ky (X, XTX) . (4.1)
Let {E1,..., By} and {1, ..., Fy(,} be local orthonormal references of D
and D* respectively. We define the (D, DH)-sectional curvature as:

n(A) n(p)

o= Y Ku(E;AF}). (4.2)
i=1 j=1

The analogous definitions in complex geometry were introduced by Tripathi in [16]
and Ronsse in [14]. Obviously the definition above does not depend on the basis.
Now we study the D*-sectional curvatures for submanifolds of a generalized Sa-
sakian space form. First, we remind the reader that T is called WW-commutative, for
a certain distribution W, if h(X,TY) = h(TX,Y), for any X, Y € W. Secondly,
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let us notice that, in such a case, the sectional curvature of the plane described by
two orthogonal unit vector fields, X, Y tangent to M, is given by

Ku(X AY)=R(X,Y,Y,X) = fi +3f20*(X,TY) w3
_f3{772(X) + 772(Y)} - ”h(Xv Y)”2 + g(h(Xv X)v h(Yv Y))a .
where we have used (1.1) and Gauss’ equation (2.1).

Theorem 4.1. Let M be an almost semi-invariant submanifold of a generalized
Sasakian space form M(fy, fo, f3). If T is D*-commutative, A # 0, then for all
unit X € D*:

H\(X) = f1 + 3N\ fa — [|M(X, X)) - %Hh(X’ X)) (4.4)

Therefore
Hy\(X) < fi + 3\ fa, (4.5)

and the equality holds if M is D*-totally geodesic.
Proof. By using (4.3), we see that
HA(X) = fi + 320 (X, ¢ (1/ATX)) — f3 {n*(X) +0* (1/ATX)}
— B (X, 1ATX)|? + g (A(X, X), h (1/ATX,1/ATX)),
for any vector field X € D*.
Moreover, g (X, ¢ (1/ATX)) = g(X,1/AT?X) = g (X, —A?/AX) = =), so
1
HA(X) = fi + 32" = S5 {IM(X, TX)|* = g(h(X, X), W(TX, TX))}. (46)

Finally, as T is D*-commutative
R(TX, TX)=h(X,T?X) = h(X,-\2X) = —\?h(X, X), (4.7
which used in (4.6) gives (4.4). ]

In particular, as every Sasakian space form is a generalized Sasakian space form
we can prove the following corollary. This is related to one given by M. Barros and
F. Urbano in [3]: for a nearly Kaehler generalized complex space form M?"(yu, a),
given W an integrable distribution and X € W, we have H(X) < p.

Corollary 4.2. Let M be an almost semi-invariant submanifold of a Sasakian
space form M (c). Then, the ¢-sectional curvature H (X) of M satisfies H(X) < ¢,
for any X tangentto M.
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Proof. From the definition of D!-sectional curvature, for an unit X € D! we
have H(X) = Ky (X, ¢X)= Kn(X,TX)= H(X), and

+3 c—1
H(X)§f1+3f2:64 +3< 1 )—c,

follows from (4.5). ]

Now we are interested on the (D*, D*)-sectional curvature in a generalized
Sasakian space form, depending on the values of A and .

Theorem 4.3. Let M be an almost semi-invariant submanifold of a generalized
Sasakian space form M (f1, fo, f3). Let {Ex,..., By} and {Fy, ..., Fyy ) be
local orthonormal references of D* and D* respectively. The following equations
hold:

(1) If X # p, then:

n(A) n(p)
o =nNn(p) fu + g(Hx, Hy) = > Y |(E;, F)|
=1 j=1
(2) If A=p =0, then:
n(0)n(0)
000 = n(0)* f1 + [ Hol|> = YD Ih(E;, E))|
i=1j=1
(3) If X #0, then:
n(A)n(A)
o = (N f1 4+ 3fan(NON + [[HAI* = 0 Ih(E:, Ey)
i=1 j=1

Proof.

(1) Since D* is T-invariant, E; € D* and TF; € D¢, and g(E;, ¢F;) =
g(E;, TF;) = 0. Then, computing o), by (4.3) we have:

n(A\) n(w)
o= > Lf = Ih(E, B + g(h(Ei, i), h(Fj, F5))}
i=1 j=1
n(A) n(p)
= n(N)n(u) fr+g(Hx, Hy) = > > | h(E;, Fy)]
i=1 j=1

(2) It can be proved by using the same method.
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(3) Now we choose an adapted local orthonormal basis, {E1,..., Enpy,-- -,
2
Ey\}, for D with E@H = +TE;, 1 < i < n(\)/2. By using this
basis,
n(A)n(A)
D> 9(Ei, TE))? = n(\)N,
i=1j=1
A A
because g(E;, T E;) = 0 always but for j = % +iand j = % — . For
such values we have
9(E;, TE;) =g | Ei, {T°E:i | = g | Bi, ——Ei ) = =\
Thus, by virtue of (4.3), we conclude the proof. ]

We finish this section by connecting these curvatures with the notions of (D, D#)-
totally geodesic and D*-totally geodesic submanifolds. From the above theorem we
deduce immediately this one:

Theorem 4.4. Let M be an almost semi-invariant submanifold of a generalized
Sasakian space form M ( f1, fa, f3).

(1) If Hy is orthogonal to H,, A # p, then oy, < n(A)n(p) f1 and the equality
holds if and only if M is (D*, D*)-mixed totally geodesic.

(2) If M is D -minimal then oxx < n(A)?f1 +3f2n(A)A2, and the equality holds
if and only if M is D*-totally geodesic.

Thereare examples satisfying each of the above theorem’s items. InExample 2.8,
H), and H, are orthogonal,and M is (D*1,D*2?)-mixedtotally geodesic. Example 2.9
is totally geodesic, so it satisfies both items. Finally, Example 2.10 is D*-totally
geodesic and (D°, D*)-mixed totally geodesic but not D°-totally geodesic.

5. Riccl TENSOR AND ScALAR CURVATURE

Let M be a (m + 1)-dimensional submanifold of a (2m + 1)-dimensional ge-
neralized Sasakian space form M (f1, f2, f3), with & tangent to M. We consider
{E1, ..., By By = &} and { Ny, ..., Noy_p,} local orthonormal basis of 7'M and
T M respectively, and denote Ay, = A,.

The curvature tensors of M and M are related by means of Gauss’ equation,
(2.1). Therefore, from (1.1) we obtain the following result:
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Lemma 5.1. The Ricci tensor S of a (m + 1)-dimensional submanifold M of
a generalized Sasakian space form M( f1, fa, f3) is given by

S(X,Y) =mfig(X,Y) +3f29(TX, TY) + fs{(1 = m)n(X)n(¥) — g(X,¥)}
2n—m

+ 3 {(m+1)(trace A,)g(A,X,Y) — g(A,X, A,Y)},
v=1

for any X, Y vector fields on M.

Hence, for an almost semi-invariant submanifold, using the decomposition (2.5),
we are able to state:

Lemma5.2. The Ricci tensor S of a (m+1)-dimensional almost semi-invariant
submanifold M of a generalized Sasakian space form M (f1, fa, f3) is given by

S(X,Y) =Y (mfi+3£X7— f3)g(UAX, U )+m(f1— f3)n(X)n(Y)
A
2n—m (51)

+ > {(m+1)(trace A,)g(A,X,Y) — g(A,X, A)Y)},

v=1
for any X, Y vector fields on M.

For an almost semi-invariant submanifold of a Sasakian space form J\72”+1(c),
we get

(m—14+3X)c+3(m—A?)+1

S(X,Y) =) 7 g(U*X, U*Y)
A
2n—m
+mn(X)n(Y) + D {(m+1)(traced, )g(A, X, Y) —g(A,X, A,Y)},
v=1

—1 i
just by putting f1 = Cl_—?’ and fo = f3 = CT in (5.1).

Now we will study the scalar curvature.

Lemma 5.3. The scalar curvature 7 of a (m + 1)-dimensional almost semi-
invariant submanifold M of a generalized Sasakian space form M (fi, fo, f3) IS
given by

P G (3 S n N 2y (- DR = ) (62
A

with A € {0,1, A, ..., Ak}
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Proof. Considering an adapted local orthonormal basis in D*, as in Lemma 4.3,
a direct computation of

+

_m—l—l Z (Ei, Ej, Ej, Ey)

concludes the proof. [ |

Once again, we can settle this result for a Sasakian space form:

c+3 1 3c—3 9 c—1 9 9 9
= + > — 2m— 12| H|?*- .

From the results above the following statements can be argued.

Theorem 5.4. Let M be a (m+1)-dimensional, minimal almost semi-invariant
submanifold of a generalized Sasakian space form M( f1, f2, f3). Then:

1) 8= {mfi+3fX = filgo (U@ UY) —m(fi — fa)n@mn,
A
with A € {0, 1, )\1, ...y Ak}, 1S negative semi-definite in T'M.

(2) 7 f1+( {3f22 MA2—2mf3}, A€ {0,1, A, ...y Ak}

Proof. By virtue of Lemma 5.2,

S(X, X) =Y (mfi+3/X° = f3)g(UX,UMX) = m(f1 — f3)n(X)n(X)
X

2n—m

= - Z g(AVX,AVX) <0

v=1
where we take into account that

2n—m m+1
S (trace 4,)g(A,X, X) = 3 g(h(X, X), h(Ey, E)) = (m+1)g(h(X, X), H),
v=1 =1

and that H = 0, because M is minimal.
The second part comes directly from Lemma 5.3. ]

Totally geodesic, minimal almost semi-invariant submanifolds can be characte-
rized by means of either the Ricci tensor or the scalar curvature.
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Theorem 5.5. Let M be a (m+1)-dimensional, minimal almost semi-invariant

submanifold of generalized Sasakian space form M ( f1, fa, f3). The following con-
ditions are equivalent:

(i) M is totally geodesic,
1

(i) 7= f1 + m{i’)fg;n(}\))\Q —2mfs},

(iii) S(X,Y) = (mfi +3fX* = f3)g(UX, UY) +m(fi = f)n(X)n(Y),
for all X,Y f\angent to M.

Proof. Conditions (i) and (ii) are equivalent because of Lemma 5.3 and the
assumption of M being a minimal submanifold.

Condition (i) implies (i7i). Conversely if i) holds, from Lemma 5.2 it follows
that Ay X = 0 for any normal vector V' and therefore it is totally geodesic. |

Similar results to Theorems 5.4 and 5.5 could be given for almost semi-invariant

submanifolds of a Sasakian space form, M(c), just by putting f1 = CZ—?) and

c—1

fo=f3= T

6. ToTALLY UMBILICAL SUBMANIFOLDS

In [10], B.-Y Chen studied umbilical submanifolds in the case of spaces of
constant curvature. Also Chen and K.Ogiue, [12], considered such immersions in
complex space forms, and D. E. Blair and L. Vanhecke, [7], in Sasakian space forms.
Finally, Vanhecke, in [19], dealt with those submanifolds in generalized complex
space forms. Our purpose is to give similar results in almost contact geometry, this
is, for totally umbilical submanifolds of generalized Sasakian space forms.

We first need the following lemma.

Lemma 6.1. Let M be an m-dimensional, connected, totally umbilical sub-
manifold (m > 2) of a generalized Sasakian space form M ( f1, fa, f3) with fo # 0.
Then M is either an invariant or an anti-invariant submanifold.

Proof. From (2.3) and (2.4) we arrive at
(Vxh)(Y, Z) = g(Y, Z)VH.
Hence Codazzi’s equation (2.2) becomes

(R(X,Y)Z)" = g(Y, 2)ViH — g(X, Z)VyH. (6.1)
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We can choose unit vector fields, X, Y with Y orthogonal to X and ¢.X. Therefore,
from (6.1) we obtain:

(R(X,Y)Y): = V% H. (6.2)

In fact,

R(X, Y)Y = fig(Y,Y)X + fs(n(X)n(Y)Y —n(Y)n(Y)X — g(Y,Y)n(X)§)

is tangent to M and then (E(X, Y)Y)+ = 0. Thus from (6.2) we get Vi H = 0,

for any X. From (6.1), (E(X, Y)Z)+ = 0, for any tangent fields X, Y, Z, which
means that 7'M is invariant under the action of R(X,Y’). Therefore, M is either
an invariant or an anti-invariant submanifold by virtue of Lemma 3.2. ]

Theorem 6.2. Let M be a connected, totally umbilical submanifold of a ge-
neralized Sasakian space form M ( f1, fa, f3) with fo # 0. Then, M is one of the
following submanifolds:

(i) a space with sectional curvatures given by the function
Em(X AY) = fi = f5{n*(X) + n*(Y)} + g(H, H),

immersed in M as an anti-invariant submanifold,

(ii) a generalized Sasakian space form M (f1+g(H, H), f2, f3), immersed in M
as an invariant submanifold.

Proof. For a totally umbilical submanifold the equation of Gauss (2.1) becomes:

R(X,Y,Z,W) = R(X,Y, Z,W) 63)
(Y. 2)g(X, W) = g(X, Z)g(Y. W)}g(H, H),

for any vector fields X, Y, Z, W tangent to M. Hence, if the ambient space is a
generalized Sasakian space form, and X, Y are unit vector fields in M, the sectional
curvature of the plane section spanned by X and Y is given by:

Eu(X AY) = fi+3fg*(X,TY) = fs{n*(X) + n*(Y)} + g(H, H).

Thus, as we work under the hypothesis of Lemma 6.1, M is either anti-invariant
or invariant. In the first case, the above sectional curvature is given by:

Ky(XAY) = f1 — fs{n*(X)+n*(Y)} + g(H, H).
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Otherwise, if M is an invariant submanifold, an almost contact structure (¢, &,
7, 9), could be given to M. And from (6.3), it follows
R(X,Y)Z = (fi+9(H, H)){9(Y, 2)X — g(X, 2)Y}
+f2{9(X, 0Z)pY — g(Y, $Z)pX + 29(X, ¢Y)$Z}
+3{In(XOn(2)Y —n(Y)n(2) X +9(X, Z)n(Y)E—g(Y, Z)n(X)EL,
for any X, Y, Z tangent to M, so M is a generalized Sasakian space form M (f; +
g(HvH)vf%f?))' | |

Finally, from Theorem 6.2 we directly obtain

Corollary 6.3. Let M be a connected totally geodesic submanifold of a ge-
neralized Sasakian space form M(f1, fo, f3) with fo # 0. Then, M is one of the
following submanifolds:

(i) a space with sectional curvatures given by the function
KEn(X AY) = fi = fs{n*(X) +n*(Y)},

immersed in M as an anti-invariant submanifold,

(ii) a generalized Sasakian space form M(f1, fa, f3), immersed in M as an
invariant submanifold.
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