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Abstract. In this paper, we study pointwise slant submersions from Sasakian manifolds onto Riemannian mani-

folds. We found some results on such submersions from Sasakian manifolds onto Riemannian manifolds admitting

vertical and horizontal structure vector fields.
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1. Introduction

The theory of Riemannian submersions, started with the study of O’Neill [13] and Gray [9].
Watson [16] introduced the almost Hermitian submersions. These submersions were Riemann-
ian submersions between almost Riemannian manifolds. Submersions between Riemannian
manifolds equipped with an additional structure of almost contact type, firstly studied by Wat-

son [17] and Chinea [6] independently.
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On the other hand, submersions have been studied by several authors. There are so many
submersions. Some of submersions and related research papers are: slant submersions from al-
most Hermitian manifolds [14], Riemannian submersions from almost contact metric manifolds
[10], On quasi-slant submanifolds of an almost Hermitian manifolds [7], Slant submanifolds in
Sasakian manifolds [4], Pointwise slant submanifolds in almost Hermitian manifolds [5], Al-
most contact metric submersions 6], Riemannian submersions and related topics [8], Pointwise
slant submersions [11], Slant submanifolds in contact geometry [12], Pointwise slant submani-
folds in almost contact geometry [1], Pointwise slant submersions from Cosymplectic manifolds
[15] etc.

In this paper, we focused on pointwise slant submersions from Sasakian manifolds onto Rie-
mannian manifolds. This paper is organized as follows. We collect main notions and formulae
which are needed for this paper in second section. In section 3, we obtain some results of point-
wise slant submersions from Sasakian manifolds onto Riemannian manifolds admitting vertical

and horizontal structure vector fields.

2. Preliminaries

An m—dimensional Riemannian manifold M is said to be an almost contact metric manifold

if there exists on M a (1, 1) tensor field ¢, a vector field &, a 1 —form 1 and a Riemannian metric

g such that

(1) 9> =—I1+n©& 05 =0,m0& =0,
2) nXx)=gx,8),n) =1,
and

g(¢X,Y) = —g(X,0Y),

for any vector fileds X,Y on M.
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Almost contact metric manifold is said to be contact metric manifold if dn = ®, where
d(X,Y) =g(X,9Y) is called the fundamental 2—form of M. On the other hand, almost contact
metric structure of M is said to be normal if [¢,¢](X,Y) = —2dn(X,Y)&, for X,Y on M, where

[¢, @] denotes the Nijenhuis tensor of ¢ given by

[0,0](X,Y) = ¢*[X,Y] + [9X,0Y] — 0[$X, Y] — 9[X,$Y].

A normal contact metric manifold is called a Sasakian manifold [3] if
@) (Vx9)Y =g(X,Y)§ —n(Y)X,

for any vector fields X,Y on M. Moreover for a Sasakian manifold the following equation

satisfies:

®) R(E,X)Y = gX,Y)E—n(Y)X,

Vxé = —0X.

Let (M, gu) be an m—dimensional Riemannian manifold and (N, gy) be an n—dimensional
Riemannian manifold. Let F : (M, gy ) — (N, gn) be a C* map. We denote the kernel space of
F, by kerF, and consider the orthogonal complementary space .7 = (kerF,)~ to ker F,. Then
the tangent bundle of M has the following decomposition, TM = (kerF,) @ (ker F,)*.

We also denote the range of F, by rangeF, and consider the orthogonal complementary space
(rangeF,)* to rangeF, in the tangent bundle TN of N. Thus the tangent bundle TN of N has
the following decomposition, TN = (rangeF.) ® (rangeF,)*.

A Riemannian submersion F is a differentiable map from (M, gjs) onto (N, gn) satisfying the
following conditions:

(i) F has the maximal rank,

(ii) The differential map F, preserves the lengths of horizontal vectors.

For each x € N, F~!(x) is an (m — n) dimensional submanifold of M so called fiber. If a
vector field on M is always tangent (resp. horizontal) to fibres, then it is called vertical (rep.
horizontal). A vector field X on M is said to be basic if it is horizontal and F —related to a
vector field X, on N, i.e., F.X; = X,p(,) for all g € M. We denote the projection morphisms on

the distributions ker F, and (ker F,)* by ¥ and J# respectively.
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A Riemannian submersion is characterized via O’Neill tensors .7 and .o/ by the formulae

(6) TeF = HVygVE + ¥V yp HF,

@) ApF = V'V pg HF + FOV o VF,

for arbitrary vector fields E and F on M, where V is the Levi-Civita connection of (M, gyr) [13].
Lemma 2.1. Let F : (M, gy) — (N,gn) be Riemannian submersion between Riemannian man-
ifolds. If X and Y are basic vector fields on M, then

(i) gu(X,¥) = gu(X.,Y.) o F,

(ii) the horizontal part [X,Y]” of [X,Y] is a basic vector field and corresponds to [X,,Y,] i.e.,
F.(X,Y)7) = [X.. Y],

(iii) [V, X] is vertical for any vector field V of ker F,

(iv) (V¥Y)? is vertical for any vector field corresponding to VY ¥,, where VM and V¥ are
the Riemannian connection on M and N, respectively.

On the other hand, from equations (6) and (7), we have

(3 VxY = XY + VyY,
©) VxV = VXV + FKV,
(10) VvX = X+ ¥V VyX,
(11) VyW = #VyW + oW,

for any X,Y € I'(kerF,) and V,W & I'(kerF,)*, where VxY = #VxY. Moreover, if V is basic
then 7VxV = o/ X.

On the other hand, for any E € I'(TM), it is seen that .7 is vertical 7 = Ty and & is
horizontal .o7p = &7 pF.

The tensor fields .7 and o7 satisfy the equations:

(12) IxY = KX,

(13) AW = —chyV = %"//[v, W,
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for any X,Y € I'(ker ) and V,W € I'(ker F,)*.
It can be easily seen that a Riemannian submersion F : (M, gy) — (N,gn) has totally geo-
desic fibers if and only if .7 identically vanishes.
Now, we consider the notion of harmonic maps between Riemannian manifolds. Let (M, gu)
and (N, gy) be Riemannian manifolds and suppose that F is a C* mapping between them. Then
the differential F, of F can be considered as a section of the bundle Hom(TM,F ~'TN) — M,
where F~! TN is the pullback bundle that has fibers (F~'TN), = Tr(,)N,q € M. If Hom(TM,F~'TN)
has a connection V induced from the Riemannian connection V¥ | then the second fundamental

form of F is given by
(14) (VE)(X,Y) = VYFY — F,(V¥Y),

for any X,Y € I'(TM), where V¥ is the pullback connection.

For a Riemannian submersion F, we can easily seen
(15) (VE)(V,W) =0,
for all V,W € I'(kerF,)* [2].
3. Pointwise slant submersion from almost contact metric manifolds

Let F be a Riemannian submersion from a Sasakian manifold (M, ¢,&,mn,gp) onto a Rie-
mannian manifold (N, gy). If for each ¢ € M the angle 6(X) between ¢X and the space ker F,
is independent of the choice of the non-zero vector field X € I'(ker Fy)— < & >, then F is called
a pointwise slant submersion. The angle 0 is said to be slant function of the pointwise slant
submersion [11].

A pointwise slant submersion F' is called slant if its slant function 6 is independent of the
choice of the point on (M, ¢, &, 1, gy ). Then the constant angle 8 is called the slant angle of the

slant submersion.

3.1. Pointwise slant submersion for € I'(ker F;.)
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Let F be a Riemannian submersion from a Sasakian manifold (M, ¢,&,1n,gu) onto a Rie-
mannian manifold (N, gy).

For X € I'(kerF.), we get
(16) 0X = yX + 0X,

where wX and @wX are vertical and horizontal components of ¢.X, respectively.

For V € T'(kerF,)*, we have
(17) oV =BV +CV,

where BV and CV are vertical and horizontal components of ¢V, respectively

By using equations (3),(16) and (17), we get

(19) gM((DX,V) = _gM(X7BV)7

for all X,Y € I'(kerF,) and V € I'(ker F, ).
Again the using equations (5),(8),(10),(16) and (17), we get

(20) Vxé = X, %E=—oX,

VYVxE = —BX,dx&=—CX,

for all X € I'(kerF,) and V € I'(ker F, ).
For X,Y € I'(ker ), define

@1 (Vxy)Y = VxyY — yVxY,
and
(22) (Vx@)Y = #VxoY — oVyY,

where V is the Levi-Civita connection on M. We say that the o is parallel if

(23) (Vx®)Y =0.
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Lemma 3.1. Let (M, ¢,£,m,gu) be a Sasakian manifold and (N, gy) be a Riemannian mani-

fold. Let F : (M,¢,E,1n,8m) — (N, gn) be a pointwise slant submersion. Then,

(24) (Vxy)Y = B%Y — xoY +R(E,X)Y,
and
(25) (Vxw)Y =CIxY — IxyY,

for any X,Y € I'(ker Fy,).
Theorem 3.1. Let (M, ¢,E,1,gum) be a Sasakian manifold and (N, gx) be a Riemannain mani-
fold. Let F : (M,¢,&E,1,gm) — (N,gn) be a map. The map F is pointwise slant submersion if

and only if
v =cos?0(—I+n®E&).

Corollary 3.1. Let (M, ¢9,&,1,gy) be a Sasakian manifold and (N, gx) be a Riemannian man-
ifold. Let F : (M, ¢,&,1m,8m) — (N, gn) be a pointwise slant submersion. Then,

gu (WX, yY) = cos®0(gu(X,Y) —n(X)n(Y)),

gu (X, 0Y) = sin 0(gu(X,¥) — n(X)n(¥)),
for any X,Y € I'(ker ).
Theorem 3.2. Let (M, ¢,E,1m,gum) be a Sasakian manifold and (N, gx) be a Riemannian mani-

fold. Let F : (M,9,E,m,8m) — (N,gn) be a pointwise slant submersion with slant function 6.

If o is parallel, then
Tyx WX = —cos” 0 T (X —n(X)yX),

for any X € I'(ker ).
Let F is a C* map between Riemannian manifolds (M, gys) and (N, gn), then the adjoint *F,

map of F; is defined by
(26) gu (X" FigY) = gn(FigX,Y),
forany X € TyM,Y € T,N and g € M. For each g € M, F! is a map characterized by

F': ((kerF.)"(q),8um(y) (ker Fu) " (q)) — (rangeF(x), g, (rangeF,)(x)),
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denote the adjoint of F" by *F/". Let *F, be the adjoint of F, that is defined by F., : (T,M,gum) —
(TN, gn).

Then the linear transformation (*F,)" : rangeF,(x) — (kerF,)*(q), defined as (*F,)"Y =*
F.Y, where Y € I'(rangeF,),F(q) = x, is an isomorphism and (F*hq)*1 = (*Fg)" =" (F*hq).
Theorem 3.3. Let (M,¢,E,1,g)) be a Sasakian manifold and (N, gn) be a Riemannain man-
ifold. Let F: (M,¢,&,n,gm) — (N,gn) be a pointwise slant submersion with non-zero slant

function 0. Then the fibers are totally geodesic submanifolds in M if and only if

gn (V) Fu(0X),F.(0Y))
= —sin?0gy([X,V],Y) +5in20V (0)gn (X, 0Y) + gu (A @yX,Y)
—gm (e ©X, wY) +sin® 01 (X ) g (Y, BV) —cos® 61 (Y )gu (X, BV)

—sin® 01 (VyX)n(Y),

for any X,Y € I'(kerF,) and V € I'(kerF,)*, where V and V' are F—related vector fields and

V¥ is the Riemannian connection on N.

Proof. For X,Y € T'(kerF,) and V € ['(ker F,)*, using equations (3),(4),(8), (11),(16),(17)
and (14), theorem (3.1), we get

sin® Ogu (IxY,V)
= —sin’ Ogu([X,V],Y) +5in20V(0)gu (X, 9Y) + gm (A @YX, Y)
—gn (V) Fu(0X), F.(@Y)) — gy (o 0X , wY ) +sin® 61 (X)gu (Y, BV)

—cos? 0N (X)gu(Y,BV) —sin> 01 (VyX)n(Y)).

By considering the fibers as totally geodesic, we derive the formula given the hypothesis. Con-

versely, it can be directly verified. 0

Theorem 3.4. Let (M,¢,E,1,gMm) be a Sasakian manifold and (N, gx) be a Riemannain man-

ifold. Let F: (M,¢,&,n,gm) — (N,gn) be a pointwise slant submersion with non-zero slant
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function 6. Then totally geodesic map if and only if
sn(VYF.(@X), Fi (oY)
= —sin® gy ([X,V],Y) +sin20V(0) gy (9X,dY) + gm (A owX,Y)
—gu (e ©X, wY) +sin® 01 (X ) g (Y, BV) —cos? 61 (Y)gu (X, BV)
—sin® 01 (VyX)n(Y),

and
gu( A oV,BW) = gn(ViF.(0oyX),F,(W))—gn(VyF.(0X),F.(CW))
—sin® 61 (X)gm(V,CW),

forany X,Y € I'(kerF,) and V,W € I"(ker F.)*, where V and V' are F —related vector fields and

V¥ is the pullback connection along F.

Proof. By definition, it follows that F is totally geodesic if and only if (VF,)(X,Y) = 0, for any
X,Y eT(TM).

From theorem (3.3), we obtain the first equation. On the other hand, for any X,Y € I'(kerF})
and V,W € I'(ker F,)*, using equations (3),(4), (10),(11),(16),(17) and (14) theorem (3.1),
we obtain

sin? Ogy ((VE)(V,X),F.(W)) = gn(VEF.0X,FEW) —gn(VEF,0X, F.CW)

—gum (A wX,BW) —sin® 01 (X)gu(V,CW).

Conversely it is easily proved. 0

3.2. Pointwise slant submersions for & € I'((ker F,)™")

In this section, we give the basic equations of pointwise slant submersion from a Sasakian
manifolds onto a Riemannian manifolds for & € I'(ker F*)i.

From equations (1) and (2), we have

27) ¢’X = —X,
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and

(28) g(9X,9Y) = g(X,Y),

for any X,Y € I'(ker F,.). Moreover, from equations (9),(11),(5),(16) and (17), we get

(29) IxE = —yX,
(30) & = —BV,
and

(30 n(VxY) =0,

for any X,Y € I'(kerF,) and V € I'(ker F,)*.

Theorem 3.5. Let (M, ¢,&,Mm,gum) be a Sasakian manifold and (N, gx) be a Riemannain mani-
fold. Let F : (M,¢,&E,1,gm) — (N,gn) be a map. The map F is pointwise slant submersion if
and only if

y? = —(cos?0)I.
Corollary 3.2. Let (M,¢,E,1,gy) be a Sasakian manifold and (N, gy ) be a Riemannain man-
ifold. Let F : (M,¢,E,1n,2m) — (N, gn) be a pointwise slant submersion. Then,

em(yX,yY) = cos? Ogn(X,Y),

gm(0X,0Y) = sin? Ogn(X,Y),

for any X,Y € I'(ker F.).
Theorem 3.6. Let (M,¢,E,1,gu) be a Sasakian manifold and (N, gx) be a Riemannain mani-
fold. Let F : (M,¢,&,1,8m) — (N,gn) be a pointwise slant submersion with slant function 6.

If o is parellel, then

Tyx X = — cos? 0 %X,

for any X € I'(ker ).
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Theorem 3.7. Let (M,¢,E,1,gm) be a Sasakian manifold and (N, gx) be a Riemannain man-
ifold. Let F: (M,¢,&,1,gm) — (N,gn) be a pointwise slant submersion with non-zero slant

function 0. Then the fibers are totally geodesic submanifolds in M if and only if
gN(VZ‘Y/F*<O)X),F*((DY)) = - Sin2 egM([X7V]>Y) + Sll’l29V(9)gM(X, Y)
—i—gM(Jva(Dl[/X,Y) —gM(,;zfva)X, I[/Y),

for any X,Y € I'(kerF.) and V € I'(kerF,)*, where V and V' are F—related vector fields and

V¥ is the Riemannian connection on N.

Proof. Forany X,Y € I'(kerF,) and V € T'(ker F,)*, using equations (2), (3), (4), (8), (11),(16), (17),
and (14), theorem (3.6), we get

sin® gy (FxY,V)
= —sin®0gy([X,V],Y)+sin20V(0)gu(X,Y) + gy (A owX,Y)
—gn (VY F(@X), F(0Y)) — gu( o oX, yY).

By considering the fibers as totally geodesic, we derive the formula given the hypothesis. Con-

versely, it can be directly verified. 0

Theorem 3.8. Let (M,¢,E,m,gm) be a Sasakian manifold and (N, gn) be a Riemannain man-
ifold. Let F: (M,¢,&,m,gm) — (N,gn) be a pointwise slant submersion with non-zero slant

function 0. Then F is totally geodesic map if and only if
en(VIF(0X),F. (oY) = —sin®0gy([X,V],Y)+sin20V(8)gu(X,Y)
+em( A OYX.Y) — gu (o 0X, yY),
and
gm (A X, BW) = gn(Vy F(@yX), F.(W)) — gn(Vy Fi(0X), F (CW)),

for any X,Y € I'(kerF,) and V,W € I'(ker F,)*, where V and V' are F —related vector fields and

V¥ is the pullback connection along F.

Proof. By definition, it follows that F is totally geodesic if and only if (VF,)(X,Y) = 0, for any
XY €T(TM).
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From theorem 3.3, we obtain the first equation. On the other hand, for any X,Y € I'(ker F,)
and V,W € I['(kerF,)", using equations (2),(3),(4),(10),(11),(16),(17) and (14), theorem

(3.6), we obtain

sin? Ogy ((VE)(V,X),F.(W)) = gn(VEF.0X,FEW) —gn(VEF,0X, F.CW)

—gM(;z%Va)X,BW).
Conversely it is easily proved. U
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