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Abstract In the present paper, we study v-semi-slant submersions from almost product Rie-
mannian manifolds onto Riemannian manifolds. We investigate the integrability of distributions,
the geometry of fibers. We also deal with the condition for such maps to be totally geodesic and
give some examples.

1 Introduction

In differential geometry, the notion of Riemannian submersion was first studied by O’Neill [19]
and Gray [12]. Then Watson defined almost Hermitian submersions between Hermitian mani-
folds. Also he showed that the base manifold and each fiber have the same kind of structure as the
total space in most case [29]. Recently, according to the different conditions on Riemannian sub-
mersion, many authors have carried out studies (see [1, 2, 3, 4, 10, 13, 14, 16, 17, 22, 26, 27, 28]).
Sahin investigated slant submersions from almost Hermitian manifolds onto Riemannian mani-
folds [24]. As a generalization of slant submersions, semi invariant submersions, anti-invariant
submersions, Park defined semi-slant submersions from Hermitian manifolds onto Riemannian
manifolds [21]. Also, in [20], Park studied v-semi-slant submersions from Hermitian manifolds
onto Riemannian manifolds and obtained some characterizations. On the other hand it is well-
known that Riemannian submersions are related with physics and have their applications in the
Yang Mills theory [8], Kaluza Klein theory [9], supergravity and superstring theories [15] etc.
Other applications for Riemannian submersions are statistica machine learning process, medical
imaging [18], statistical analysis on manifolds [7] and robotic theory [5].

In the paper we study v-semi-slant submersions from almost product Riemannian manifolds
onto Riemannian manifolds. We investigate the integrability of distributions and the geometry
of fibers. Also we obtain necessary and sufficient conditions for such maps to be totally geodesic
and give some examples.

2 Preliminaries

In this section, we will give some notions for almost product Riemannian manifold and v-semi-
slant submersion.

2.1 Almost product Riemannian manifolds

Let M be a m-dimensional manifold with a tensor F' of a type (1, 1) such that
F2=1,(F#1I) 2.1)

Then it is said that M is an almost product manifold with almost product structure F'. Here it
can be written

P=ii+r), Q=

> (I-F).

N =
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Thus it is obtained following equations
P+Q=1I P*=P, PQ=QP=0, F=P—Q.

P and @ define two complementary distributions. It can be easily seen that the eigevalues of F’
are +1 or —1. If there is a Riemannian metric g on almost product manifold M such that

9(FX.FY) = g(X.Y) 2.2)

for any vector fields X and Y on M, then (M, g, F) is called an almost product Riemannian
manifold. An almost product Riemannian manifold (M, g, F') is said to be a locally product
Riemannian manifold if it satisfies

VxF =0, X e (TM). 2.3)

where V is the Levi-Civita connection on M with respect to g [30].

2.2 Riemannian submersions

Let (M, g) and (NN, ¢') be Riemannian manifolds and 7 : (M, g) — (NN, ¢') a C° map. The map
m is called a C'*°-submersion if 7 is surjective and the differential (7, ), has maximal rank for
any p € M. A C° submersion 7 is said to be a Riemannian submersion if the differential (),
preserves the lengths of horizontal vectors for each p € M.

For any ¢ € N, n7!(q) is a (m — n)-dimensional submanifold of M, so-called fiber. If a
vector field on M is always tangent (resp. orthogonal) to fibers, then it is called vertical (resp.
horizontal) [23]. A vector field X on M is said to be basic if it is horizontal and w-related to
a vector field X, on N, ie., m. X, = X*ﬂp) for all p € M. The fundamental tensors of a
Riemannian submersion are defined by the following formulas

TeF = HVygVF+VVypHEF, 2.4)
AgF = VVy{pHF +HVyeVF, (2.5)

for any vector fields £ and F' on M, where V is the Levi-Civita connection of (M, g) [19, 11].

Lemma 2.1. ([11]) Let 7 : (M, g) — (N, g’) be a Riemannian submersion between Riemannian
manifolds. If X andY are basic vector fields of M, then

° g(va) = g’(X*,Y*) o,

« the horizontal part [ X, Y] of [X, Y] is a basic vector field and correspond to [X..,Y.] i.e.,
m (X, Y]H) = [X,, V3],

« [V, X] is vertical for any vertical vector field V,
- (V XY)H is the basic vector field corresponding to V' Y.,

where V and V' are the Levi-Civita connections on M and N, respectively [19].

Also, using (2.4) and (2.5), we have

VyW =Ty W + VW (2.6)
VyX =HVy X + Ty X 2.7)
VxV = AxV +VVxV (2.8)
VxY =HVxY + AxY (2.9)

for X,V e I'((kerm,)") and V, W € I'(ker,), where Vi W = YV W. The tensor fields T°
and A satisfy the equations

ToW = TwU, (2.10)

1V[X, Y] (2.11)
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for UW e I'(kerm,) and X, Y € T’ ((ker w*)l) On the other hand, it can be easily said that

a Riemannian submersion 7 : M — N has totally geodesic fibers if and only if 7 identically
vanishes. Let (M, g) and (N, g’) be Riemannian manifolds and suppose that 7 : M — N is a
smooth mapping between them. Then the second fundamental form of  is given by

V. (X,Y) = Vim.(Y) — m.(VxY) (2.12)

for X, Y € I'(T'M), where V™ is the pullback connection and V the Riemannian connections of
the metrics g and ¢’ [6]. For a Riemannian submersion 7, we recall that

(V) (X,Y) =0 (2.13)

where X,Y € I' ((kerm,)*). A smoothmap 7 : (M, g) — (N, g') is said to be a totally geodesic
map if
(V) (X,Y) =0 (2.14)
for X,Y e I'(TM).
We call the map 7 a slant submersion if 7 is a Riemannian submersion and the angle § =
0(X) between F'X and the space (ker.),, is constant for nonzero X € (kerm.) and p € M. We
call the angle 6 a slant angle [13, 24].

Also, a Riemannian submersion 7 is said to be a semi-slant submersion if there is a distribu-
tion Dy C I (ker ) such that
1(61'7'&< = Dl @Dz, F(Dl) = Dl

and the angle ¢ = ¢(X) between F'X and the space (D), is constant for nonzero X € (D),
and p € M, where D; is the orthogonal complement of D in I' (ker 7, ). We call the angle 6 a
semi-slant angle [21].

Now, by using [20], we define the v-semi-slant submersions from an almost product Rieman-
nian manifold (M, g, F') onto a Riemannian manifold (N, ¢’).

3 V-Semi-Slant Submersions

Definition 3.1. Let 7 be a Riemannian submersion from an almost product Riemannian manifold
(M, g, F) onto a Riemannian manifold (N, ¢’). 7 is called a v-semi-slant submersion if there are

two orthogonal complementary distributions D; and D, of horizontal distribution (ker 7r*)L such
that
(kerm,)" = Dy ® Dy, F (D)) =D

and the angle 6(X) between F X and the space D, is constant for non-zero X € (Dz)p at each
point p € M. The angle 6 is called a v-semi-slant angle.

If D, = (ker W*)J_, then the map F is said a v-slant submersion and the angle 6 v-slant

angle. Also, if § = 7, then the map F' is called a v-semi-invariant submersion [20]. Let F" :

(M,g,F) — (N, g’) be a v-semi-slant submersion. Then for X € I" (ker 7, ), we can write
FX =¢X +wX 3.1
where X €T (kerm,) andwX € T’ ((kerﬂ*)L) ForZ eT ((kerm)L) we obtain
FZ=BZ+CZ (3.2)
where BZ € T'(kerm,.) and CZ € T ((kerﬂ*)L) For U € I'(T'M), we have
U=VYU+HU
where VU € I' (kerm,) and HU € T’ ((kerw*)L). Then

kerm, = BD; ® u,
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where (i is the orthogonal complement of BD, in ker 7, and is invariant under F'. On the other

hand we obtain
CD, = D,, BD; =0, CD, C D,, ¢* + Bw = id,

C?*+wB=1id, wp+ Cw =0, BC + ¢B =0.

Lemma 3.2. Let (M, g, F') be almost product Riemannian manifold and (N, g') a Riemannian
manifold. Let 7w : (M, g, F) — (N, ¢') be a v-semi-slant submersion. Then for U,V € T (ker,),

we have
VooV + TowV = ¢V V + BTV

TodV + HVywV = wVyV + CTyV.

For X, Y eT ((kerw*)J‘) we get
VVxBY + AxCY = ¢ AxY + BHVxY
AxBY + HV xCY = wAxY + CHV Y.

Also, forU €T (kerm,)and X € T’ ((ker w*)J‘) we have
VuBX + TyCX = ¢TyX + BHVy X
TuBX + HVyCX = wTyX + CHVy X.
Example 3.3. We define an almost product structure I’ on R° as follows:
F (z1,x2, 73,74, %5, %6) = (T2, %1, Ts, T6, T3, T4) -

Given a map 7 : R — R* by

7 (21, T2, T3, Ta, Ts, Te) = (21,23 SIN @ — T4 COS ¥, T2, T5 COS B — g sin 3) .

Then we have
= sinﬂaim5 + cosﬂaa%} ,

kerm, =<V = cosozi —|—sinai,V2
83?3 8.%‘4

0 0 0
(kerm.)” ={H; ouy 2= g, 1 smozagc3 cosaam,

0 . 0
H4 = COSﬁTxS — Slnﬁaix(’}.

Thus the map = is a v-semi-slant submersion such that

0 0
1 { V= e 2T g, } and

D, = {H3 = sinoza—th3 — cosaaim,H4 = cosﬂaiw5 — sinﬁaa%}

with the v-semi-slant angle cos # = sin (a + 3).
Example 3.4. We determine an almost product structure F' on R? as follows:
F (‘/'L.l’ ‘r27 ‘,I:37 x47 ‘T57 ‘,L.67 x77 xS) == (x37 l/'L.47 xl b x27 1.77 xSv x57 x6) .

Define a map 7 : R® — R* by

Ty + T3 .’L‘4+.’L‘6w>
= 41

7 (21,22, ..., 28) = (\fz,cos axz — sinaxs, 7
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Then we obtain

0 0 0 0
kerm, = =— - — .V, =sina— —
erm, ={V 05, Ozs %) Smaaxg +Cosa8x5
L0 00
3T Ozxs Oxg’ T 0x7
0 0 0 1o}
(kerm.)” ={H; oz, T2 8332—1—(%8, 3 cosozagc3 smaaxs,
1o} 0
Hy= — 4+ —1,
4 ax4+8$6

Therefore the map 7 is a v-semi-slant submersion such that

0 0 0 0
! { 2 8%2 + 31‘87 4 31‘4 * 83:6} and

0 . 0
Dy=<{ H = — H; = _—
) { 1 8371 , 13 COSOLam3 Sll’l()éax5 }
with the v-semi-slant angle 6 = «.

Theorem 3.5. Let m be a Riemannian submersion from an almost product Reimannian manifold
(M, g, F) onto a Riemannian manifold (N, g"). Then w is a v-semi-slant submersion if and only

if
C’X = \X

for X € T(Dy,), where A = cos® 0 and 0 is the v-semi-slant angle of D;.

Proof. Since cosf = %, we can write

g(FX,CX)
cosf = o ——=
ICXI[[FX]]

2
2 9 (X,C*X)
=cos 0 =———"——=

X112

for X € I' (D). Therefore, for X € I' (D,), we arrive
C?X =cos? HX
which prove the theorem. O

Theorem 3.6. Let 7 be a v-semi-slant submersion from a locally product Reimannian manifold
(M, g, F) onto a Riemannian manifold (N, g'). Then the distribution D, is integrable if and only

if
g(AxFY — AyFX,BZ) = g(HVyFX —HVxFY,CZ)
for XY € T'(Dy) and Z € T (D5).
Proof. Using the equations (2.2), (2.3), (2.9) and (3.2), we get
g([X,Y],2)=9g(VxFY,FZ)—g(VyFX,FZ)
=g(AxFY,BZ)+ g(HVxFY,CZ)
—g(AyFX,BZ) — g(HVyFX,CZ)
for X,Y € I'(D;) and Z € ' (D). Then we arrive
g([X,Y],Z) =g (AxFY — Ay FX,BZ)
+g(HVxFY —HVyFX,CZ).

Thus we have the result. O
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Theorem 3.7. Let 7 be a v-semi-slant submersion from a locally product Reimannian manifold
(M, g, F) onto a Riemannian manifold (N, g'). Then the distribution D, is integrable if and only

if
9(AzBW — AwBZ,FX) = g (AwBCZ — Az BCW, X)
for ZW € T' (D) and X € T'(Dy).
Proof. From (2.2), (2.3) and (3.2) we have
g([Z,W],X) = g(VzFW,FX) — g(VwFZ,FX)
=g(VzBW,FX)+g(VzCW,FX)
—g(VwBZ,FW) — g (VwCZ, FX)
for Z,W € I'(D,) and X € I' (D). By using (2.8) and Theorem 3.5, we can write
g([Z,W],X) =9 (AzBW — AwBZ,FX)+ g(VzBCW —VwBCZ,X)
+cos?0g (VW — VwZ,X)
= sin’ g ([Z, W], X) =g (AzBW — AwBZ,FX) + g (AzBCW — AwBCZ,X).
Therefore, the proof is completed. O

Theorem 3.8. Let m be a v-semi-slant submersion from a locally product Reimannian mani-
fold (M, g, F) onto a Riemannian manifold (N,g'). Then the distribution Dy defines a totally
geodesic foliation on M if and only if

g(AxFY,BZ) = —g(AxY,BCZ)
and

g (AxFY,9U) = —g (HV x FY,wU)
Jor X,Y €eT(Dy),Z el (D;)and U €T (kerm,).
Proof. By using (2.2), (2.3), (3.2) and Theorem 3.5, we obtain

9(VxY,Z)=g(VxFY,BZ)+ g(FVxY,CZ)
=g(VxFY,BZ) +cos*0g (VxY,Z)+ g (VxY,BCZ)
for X,Y e I'(Dy) and Z € I'(D,). From (2.9), we get
sin®0g (VxY,Z) = g (AxFY,BZ) + g (AxY, BCZ).

Thus we obtain the first equation.
On the other hand, for U € I' (ker 7. ) we have

g (VxY,U)=¢g(VxFY,FU)
=g (AxFY +HVxFY,FU).
Then using (3.1) we write
g(VxY,U) =g (AxFY,¢U) + g (HVxFY,wU).
Thus the proof is completed. O

Theorem 3.9. Let m be a v-semi-slant submersion from a locally product Reimannian mani-
fold (M, g, F) onto a Riemannian manifold (N, g'). Then the distribution D, defines a totally
geodesic foliation on M if and only if

9(AzBW, FX) = —g (AzBCW, X)
and
—g(AzBW,wU) = g (VV 2 BW, ¢U) + g (VV zBCW,U)
for ZW €T (D,),X €T (Dy) and U €T (kerm,).
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Proof. Using the equations (2.2), (2.3) and (3.2), we get
g(VzW,X)=g(VzBW,FX)+ g(FVzCW, X)
for Z,W e I'(D,),X € I'(D;). From (2.8) and Theorem 3.5, we obtain
9(VzW,X) =g (VzBW,FX) +g(VzBCW, X) + cos® g (VzW, X)
or
= sin®0g (VzW, X) = g (AzBW,FX) + g (AzBCW, X).
Similarly, for Z,W € I'(D,) and U € I" (ker )
9(V2W,U) =g (V2FW, FU)
=g (V2BW,FU) + g (VzBCW,U) + cos® g (VzW,U) .
Thus we arrive

sin® 0g (V2W,U) =g (AzBW,wU) + g (VV zBW, ¢U)
+9(VVzBCW,U).

Then the proof is completed. O

Theorem 3.10. Let 7 be a v-semi-slant submersion from a locally product Reimannian manifold
(M, g, F) onto a Riemannian manifold (N, ¢'). Then 7 is a totally geodesic map if and only if

w (TowV + VyoV) + C (TudV + HVywV) =0
CTyBZ +wNyBZ + Ty BCZ + cos® 0HV y Z = 0
WTyFX +CHVyFX =0

forU V el (kerm,), X e (D)) and Z € T' (D).
Proof. Since 7 is a Riemannian submersion, for X, X; € I ((ker mﬁ)

(Vm) (X1, X2) =0.

From (2.12) we have

(Vr) (U, V) = —m. (FVyFV)
for U,V e I' (ker,). By using (2.6) and (2.7) we obtain

(V) (U V) = =7 (F (TudV + VuoV) + F (TywV + HVywV)).
Thus, using (3.1) and (3.2), we get
(V) (U, V) = =1 (w (TowV + VuoV) + C (TudV + HVywV)) = 0.
If 7 is a totally geodesic map, we arrive
w (TowV + VyéV) + C (Tu¢V + HVywV) = 0.

Similarly, we can write

(V) (U, X) = —m. (FVy FX)
forU € I" (kerm,) and X € I'(D;). Using (2.7) we get

(V) (U, X) = —m, (F (TUFX + HVuFX)).
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Then we have

wTgFX + CHVyFX = 0.
Also we obtain

(Vr) (U, Z) = =7, (FVyFZ)
for U € I" (kerm,) and Z € I' (D). From Theorem 3.5 we get
(Vr.) (U, Z) =—m. (F (TuBZ 4+ VyBZ) + VyBCZ + VyC*Z)
= —n.(BTyBZ + CTyBZ + ¢VyBZ + wVyBZ
+TuBCZ +VyBCZ +cos* 0 (TuZ + HVy Z)).
Therefore we have
CTuBZ +wVyBZ + TyBCZ + cos* 01V y Z = 0

which prove the theorem. O

We recall a fiber of a Riemannian submersion 7 : (M, g) — (N, ¢’) is called totally umbilical
if

for U € T (ker,), where H is the mean curvature vector field of the fiber.
Then we give the following theorem

Theorem 3.11. Let 7 be a v-semi-slant submersion with totally umbilical fibers from a locally
product Reimannian manifold (M, g, F) onto a Riemannian manifold (N, g'). Then we obtain

H 1 T(Dy)
Proof. From the equations (2.3) and (2.6) we have
TyFV +VyFV =VyFV = FVyV

for U,V € I' (u). For X € " (Dy), we get

g(U,FV)g(H X)=g(UV)g(H, FX)
If U and V are replaced, we find

g(V,FU)g(H,X)=g(V,U)g(H,FX)
Then we obtain

g(U,V)g(H,FX)=0.

Therefore the proof is completed. O
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