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SLANT SUBMERSIONS FROM LORENTZIAN ALMOST
PARACONTACT MANIFOLDS

YILMAZ GUNDUZALP

ABSTRACT. In this paper, we introduce slant submersions from Lorentzian
almost paracontact manifolds onto Riemannian manifolds. We give examples
and investigate the geometry of foliations which are arisen from the definition
of a Lorentzian submersion. We also find necessary and sufficient conditions
for a slant submersion to be totally geodesic.

1. INTRODUCTION

Let 7 be a C*°-submersion from a semi-Riemannian manifold(}, ¢g) onto a semi-
Riemannian manifold (B,¢’). Then according to the conditions on the map
7:(M,g) = (B,g") we have the following submersions:

semi-Riemannian submersion and Lorentzian submersion [7], Riemannian sub-
mersion ([8],[18]), slant submersion ([9],[19],]22]), almost Hermitian submersion
[24],almost contact submersion[(], paracontact submersion [10], paracontact para-
complex submersion [ 1], (para) quaternionic submersion ([15],[5]), anti-invariant
submersion [23], H-semi-invariant submersion [20], etc. As we know, Riemannian
submersions are related with physics and have their applications in the Yang-Mills
theory ([1],[25]), Kaluza-Klein theory ([3],[12]), supergravity and superstring the-
ories ([13],[11]), etc. On the other hand, the study of Lorentzian almost paracon-
tact manifolds was initiated by Matsumoto in 1989 [16]. Slant submanifolds of
Lorentzian almost paracontact manifolds were studied in [17].

In this paper, we define slant submersions of Lorentzian almost paracontact
manifolds. The paper is organized as follows: In section 2 we recall some notions
needed for this paper. In section 3 we give the definition of slant submersions
and provide examples. We also investigate the geometry of leaves of the distri-
butions. Finally we give necessary and sufficient conditions for such submersions
to be totally geodesic.
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2. PRELIMINARIES

In this section, we are going to recall main definitions and properties of Lorentzian
almost paracontact manifolds and Lorentzian submersions.

Let M be an m—dimensional differentiable manifold equipped with a triple
(p,&,m), where @ is a (1,1) tensor field, & a vector field, n is a 1-form on M such
that

n€ = -1, (2.1)
0 = I+7QE, (2.2)

where I denotes the identity map of T,M and ® is the tensor product. The
equations (2.1) and (2.2) imply that

nop =0, ¢ =0, rank(p) = m—1 (2.3)
Then M admits a Lorentzian metric g, such that, for all X, Y € x (M),
9(eX,9Y) = g(X,Y) + n(X)n(Y), (2.4)

and M is said to admit a Lorentzian almost paracontact structure (¢, &,n,9).
Then we get

9(X,¢§) = n(X), (2.5)
(I)(Xv Y) = g(Xv QDY) = g(@Xv Y) = é(va)v (26)

where V is the Riemannian connection with respect to g. It is clear that Lorentzian
metric g makes ¢ a timelike unit vector field, i.e, g(§, &) = —1. The manifold M
equipped with a Lorentzian almost paracontact structure (p, &, 1, g) is called a
Lorentzian almost paracontact manifold.

A Lorentzian almost paracontact manifold endowed with the structure (p, £, 7, g)
is called a Lorentzian paraSasakian manifold [16] if

(Vxp)Y =n(Y)X + g(X,Y)§ + 2n(X)n(Y)S. (2.7)

A Lorentzian almost paracontact manifold is called a Lorentzian paracosymplectic
manifold [21] if

Ve =0. (2.8)

Let M be a Lorentzian manifold and B a Riemannian manifold. A Lorentzian
submersion is defined to be a map m : M — B which is onto and satisfies the
following three axioms (S1), (S2), and (S3).

(S1) 7, is onto for all p € M;
(S2) The fibres 7(b) are semi-Riemannian submanifolds of M for each b € B.
(S3) 7, preserves scalar products of horizontal vectors([1]).

The vectors tangent to fibres are called vertical and those normal to fibres are
called horizontal. We denote by V the vertical distribution, by H the horizontal
distribution and by v and h the vertical and horizontal projection. A horizontal
vector field X on M is said to be basic if X is m—related to a vector field X’ on
B. It is clear that every vector field X’ on B has a unique horizontal lift X to M
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and X is basic.
The fundamental equations of a submersion have been developed by O’Neill[l5].
Though O’Neill is considering Rimannian submersions, he notes that the basic
equations are the same in the semi-Riemannian case.

We recall that the sections of V, respectively H, are called the vertical vector
fields, respectively horizontal vector fields. A Lorentzian submersion 7 : M — B
determines two (1,2) tensor fields 7" and A on M, by the formulas:

and

A(E, F) = AgF = vV,ghF + hV,gvF (2.10)
for any E, F € I'(T' M), where v and h are the vertical and horizontal projections
([7]). From (2.9) and (2.10), one can obtain

VxU:U(VxU)—i-AxU; (212)
VyY = AxY + h(VyY), (2.13

for any XY € T'(H), U € T'(V). Moreover, if X is basic then h(VyX) =
h(VxU) = AxU.

We note that for U,V € I'(V), TyV coincides with the second fundamental
form of the immersion of the fibre submanifolds and for XY € I'(H), AxY =
1v[X, Y] reflecting the complete integrability of the horizontal distribution H. It
is known that A is alternating on the horizontal distribution: AxY = —Ay X, for
X,Y € I'(H) and T is symmetric on the vertical distribution: Ty V = Ty U, for
UV el(V).

We now recall the following result which will be useful for later.

Lemma 2.1. (see [7]). If 7 : M — B is a Lorentzian submersion and X,Y basic
vector fields on M, w—related to X' and Y' on B, then we have the following
properties
(1) h[X,Y] is a basic vector field and w,h[X,Y] = [X', Y] o,
(2) h(VxY) is a basic vector field m—related to (V'y,Y"), where V and V' are
the Levi-Chwita connection on M and B;
(3) [E,U] € I'(kerm.), for any U € I'(kerm.) and for any basic vector field E.

Let (M, g) and (N,g') be (semi)-Riemannian manifolds and 7 : M — N is a
smooth map. Then the second fundamental form of 7 is given by

(V) (X,Y) = VY — m(VyY) (2.14)

for X,Y € I'(T'M), where we denote conveniently by V the Levi-Civita connec-
tions of the metrics g and ¢’. Recall that 7 is said to be harmonic if trace(Vr,) =0
and 7 is called a totally geodesic map if (Vr,)(X,Y) =0 for X, Y € I'(TM)[2].
It is known that the second fundamental form is symmetric.
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3. SLANT SUBMERSIONS

In this section, we define slant submersions from a Lorentzian almost para-
contact manifold onto a Riemannian manifold by using the definition of a slant
distribution given in [17]. We give examples, investigate the geometry of leaves
of distributions. We also obtain a necessary and sufficient condition for such sub-
mersions to be totally geodesic map.

Definition 3.1. Let 7 be a Lorentzian submersion from a Lorentzian almost
paracontact manifold (M, g1, p, &, n) onto a Riemannian manifold (Ms, go). If for
any non-zero vector X € kerm, — sp{&,}; p € M, the angle 0(X) between ¢.X
and the space (kerm, — sp{&,}) is a constant, i.e. it is independent of the choice
of the point p € M; and choice of the tangent vector X in (kerm, — sp{&,}), then
we say that 7 is a slant submersion. In this case, the angle 6 is called the slant
angle of the slant submersion.

It is known that the distribution (kerm,) is integrable for a Lorentzian submer-
sion. In fact, its leaves are 7~1(p), p € My, i.e., fibers. Thus it follows from above
definition that the fibers of a slant submersion are slant submanifolds of M, for
slant submanifolds, (see: [17]).

We note that the characteristic vector field £ is a vertical vector field.

The Lorentzian almost paracontact structure (¢, g, &, n) is defined on R® in the
following way:

Dy _ 0 0,0 0 9 0, 0
('081“1 B 3552’%03552 _81761’90391 _5?427%05?42 _ayl7
0
If 7 = ai(a%i) + bi(aiyi) +v(Z) € T(R®), then we have
2 2

9(Z,7) :Zaf—i—Zb?—vQ.

i=1 i=1
From this definition, it follows that

9(0Z,0Z) = g(Z, Z) + n*(Z), 9¢ = 0, (&) = -1

for an arbitrary vector field Z. Thus (R®, ¢, g,&,n) becomes a Lorentzian almost

paracontact manifold, where g and {%, 0 82} denote Lorentzian metric and

dy; > 0z
standard basis of T'(R®), respectively.

We first give some examples of slant submersions.

Example 3.2. Every anti-invariant Lorentzian submersion from a Lorentzian
almost paracontact manifold onto a Riemannian manifold is a slant submersion
with 6 = 90.
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Example 3.3. Consider the following submersion given by
T: R — R?

a:‘ —
(5E175L‘27ylay2»z) — (172:(/17 2)

Then 7 is a slant submersion with slant angle § = 45.
Example 3.4. Define a map 7 : R> — R? by

W(Il, x2,Y1, Y2, Z) = (zl sin o — Y1 COS ¢, y2)7

where 0 < a < 90. Then the map 7 is a slant submersion with the slant angle
0 = .

Example 3.5. Define a map 7 : R> — R? by
(21, T2, Y1, Yo, 2) = (21 cOs @ — Yy sin o, 29 8in B — y cos ).

Then the map 7 is a slant submersion with the slant angle 6 with
cosf = |sin(a + ().

Example 3.6. Define a map 7 : R> — R? by
(21, T2, Y1, Y2, 2) = (21 oS a + Yy Sin @, —5 cOS @ + Yo sin ),

where 0 < o < 90. Then the map 7 is a slant submersion with the slant angle
cos ) = | cos 2|

Let 7 be a Lorentzian submersion from a Lorentzian almost paracontact man-
ifold M; with the structure (g1, ¢, &, n) onto a Riemannian manifold (Ms, go).
Then for X € I'(kerm,), we write

X = X + wX, (3.1)

where ¢ X and wX are vertical and horizontal parts of ¢.X. From (2.6) and (3.1),
one can easily see that

for any X, Y € I'(kerm.).
Also for Z € T'((kerm,)*), we have
vZ =BZ+CZ, (3.3)

where BZ and C'Z are vertical and horizontal component of ¢Z. From (2.6) and
(3.3), one can easily see that

91(Z1,CZ3) = 1(C 21, Za), (3.4)
for any 7y, Zy € T'((kerm.)*b).

Span{¢} defines the timelike unit vector field distribution. If X € kerm, is a
spacelike vector field, which is orthogonal to £, then

9(pX, pX) = g(X,X) >0,
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so X is also spacelike, the same is valid for ¢.X. For spacelike vector fields
the Cauchy-Schawrz inequality, ¢g(X,Y) < |X]||Y]|, is verified. Therefore the
Wirtinger angle, 6, is given by:

g(pX, pX)

= cosf.
o X||pX|
We define the covariant derivatives of ¢ and w as follows
(Vxd)Y = VxoY — ¢VxV (3.5)
and
(Vxw)Y = hVxwY —wVxY (3.6)

for X,Y € I(kerm,), where VxY = vV Y. Then we easily have

Lemma 3.7. Let (M, g1, p,&,n) be a lorentzian almost paracontact manifold and
(M, g2) a Riemannian manifold. Let m: My — My be a slant submersion. Then
we get

VxoY +TxwY = ¢VyY + BTxY
Tx¢Y + hVxwY = wVyY +CTxY
for any XY € I'(kerm,).

Let m be a slant submersion from a Lorentzian almost paracontact manifold
(My, g1, ,&,n) onto a Riemannian manifold (My, go) with the slant angle 6 €
(0,90), then we say that w is parallel with respect to the Levi-Civita connection
V on (kerm,) if its covariant derivative with respect to V vanishes, i.e., we have

(Vxw)Y = hVxwY —wVxY =0 (3.7)
for X, Y € I'(kerm,).

Invariant and anti-invariant submanifolds are particular classes of slant sub-
manifolds with slant angles # = 0 and 6 = 90, respectively. A slant submanifold
which is neither invariant nor anti-invariant submanifold is called a proper slant

submanifold([17]).

Theorem 3.8. Let w be a Lorentzian submersion from a Lorentzian almost para-
contact manifold (M, g1,¢,&,m) onto a Riemannian manifold (Ms, g2). Then m
is a proper slant submersion if and only if there exists a constant X € [0, 1] such
that

¢’ X = XX +n(X)¢)

for X € T'(kerm.,). If ™ is a proper slant submersion, then A\ = cos? 0.

Proof. For any nonzero X € I'(kerm,), we can write

0s0(X) = ”Z—;H, (3.8)

where 6(X) is the slant angle. By using (3.2), (3.8) and (2.2) we get
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71(°X, X) = q(oX,0X)
= cos’ 0(X)g1 (X, pX)
o 0(X)g1 (X, X)

= cos’O(X)g1 (X +n(X)E X) (3.9)
for all X € I'(kerm,). Since g; is a Lorentzian metric, from (3.9) we have
$*X = cos? (X)(X +n(X)E), X €T'(kern,). (3.10)

Let A = cos? . Then it is obvious that A € [0,1] and ¢* = A\(I + 1 ® &).

Conversely, let us assume that there exist a constant A € [0,1] such that
¢* = MNI +n®¢) is satisfied. From (3.1) and (3.2) we get

g1(9X, 0X)
R P
_ AqleX 0X)
leXlllo X1
for all X € I'(kerm,). Thus we have
MleX]
= o
Since cosf(X) = H Xllll then by using the last equation we obtain cos*0(X) = A,
which implies that 6(X) is a constant and 7 is a proper slant submersion. H

From Theorem 3.8, (3.1) and (2.4) we have the following result.

Corollary 3.9. Let 7 be a slant submersion from a Lorentzian almost paracontact
manifold (M, g1,¢,&,m) onto a Riemannian manifold (Ms, go) with slant angle
0 € (0,90). Then, for any X,Y € I'(kerm,), we have

71(6X,0Y) = cos® 0(gu(X,Y) + n(X)n(Y)) (3.11)
(WX, wY) = sin®(q(X,Y) +n(X)nY)). (3.12)
From (2.2), (3.1) and (3.3) we have the following result.

Corollary 3.10. Let w be a slant submersion from a Lorentzian almost para-
contact manifold (M, g1, ,&,n) onto a Riemannian manifold (Ma, g2) with slant
angle 6 € (0,90). Then, we have
?*+Bw = I+n®¢ (3.13)
wo+Cw =0. (3.14)
Proposition 3.11. Let m be a slant submersion from a Lorentzian almost para-

contact manifold onto a Riemannian manifold with the slant angle 6 € (0,90). If
w is parallel with respect to V on (kerm,), then we have

Tyx X = cos® O(Tx X + n(X)TxE) (3.15)
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for X € (kerm,).

Proof. If w is parallel, then from Lemma 3.7 we have CTxY = Tx¢Y for X,Y €
(kerm,). Interchanging the role of X and Y, we get CTy X = Ty¢X. Thus we
have

CTxY —CTy X =Tx¢Y —Ty¢pX
Since T' is symmetric, we derive Tx¢Y = Ty ¢X. Then substituting Y by ¢ X we
get Txd*X = Tyx¢X. Finally using Theorem 3.8 we obtain (3.15).

We now investigate the geometry of the leaves of the distributions (kerm,) and
(kerm,)*. O

Theorem 3.12. Let w be a slant submersion from a Lorentzian almost para-
contact manifold (M, g1, ,&,n) onto a Riemannian manifold (Ma, g2) with slant
angle 6 € (0,90). Then the distribution (kerm,) defines a totally geodesic foliation
on My if and only if

—(V)qu(Tx&, Z) = i (hV xwoY, Z) + 1 (hV xwY, CZ) + g1(TxwY, BZ)
for XY € U(kerm,) and Z € T'((kerm,)*).

Proof. For X,Y € I'(kerr,) and Z € ['((kerm.)*), from (2.4), (2.8) and (3.1) we
have

91(VxY, Z) = 1(Vx9Y,pZ) + 1 (VxwY, ¢2).
Using (2.8), (3.1) and (3.3) we get
n(VxY.Z) = g(Vx¢Y,Z) + g1 (VxwoY, Z)
+ g1(VxwY,BZ) + ¢1(VxwY,CZ).
Then from (2.9) and Theorem 3.8 we obtain
Nn(VxY,Z) = cos’0g:1(VxY, Z) +n(Y)g1(Tx€, Z) + g1 (hV xweY, Z)
+ 91<wa}/, BZ) + gl(hVXwY, CZ)

Hence we have

sin? 09, (VxY, Z) = n(Y)g1(Tx&, Z) + g1 (hV xweY, Z)

+ gl(TXwY, BZ) + gl(hVXwY, CZ)

which proves assertion. O

Theorem 3.13. Let w be a slant submersion from a Lorentzian almost para-
contact manifold (M, g1, ,&,n) onto a Riemannian manifold (Ma, g2) with slant
angle 0 € (0,90). Then the distribution (kerm,)* defines a totally geodesic folia-
tion on M if and only if

$(vVxBY + AxCY) + B(AxBY + hVxCY) = 0
for X, Y € T'((kerm.)t).
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Proof. For X,Y € I'((kerm,)t), from (2.2), (2.8),(2.12),(2.13),(3.1) and (3.3) we
get
VxY = ¢VxeY = p(VxBY + VxCY)
= @(AxBY +vVxBY + AxCY + hVxCY)
= BAxBY + CAxBY + pvVxBY +wuVxBY + pAxCY +wAxCY
+ BhVxCY 4+ ChV xCY,
which proves the assertion. O

Finally we give necessary and sufficient conditions for a slant submersion with
slant angle 6 € (0,90) to be totally geodesic. Recall that a differentiable map =
between (semi-) Riemannian manifolds (M, g;) and (Ma, go) is called a totally
geodesic map if (V7,)(X,Y) =0 for all X,Y € I'(T'M,).

Theorem 3.14. Let w be a slant submersion from a Lorentzian almost para-
contact manifold (M, g1, ,&,n) onto a Riemannian manifold (Ma, g2) with slant
angle 0 € (0,90). Then m is totally geodesic if and only if

—cos® On(Y)g1(Tx€, Z) = g1 (RV xwoY, Z) + g1(hV xwY,CZ) + g1 (TxwY, CZ)
and
G1(hV 2,wd X, Zs) = g1(Ag, BZy + hV 2,C Zy, wX) — cos® On(X)g1(Az &, Zs)
for Z, 7y, Zy € T((kerm.)*) and X,Y € '(kerm,).
Proof. First of all, since 7 is a Lorentzian submersion we have
(V) (Z1,7Z5) =0

for Zy, Zy € T((kerm,)™:).
For X,Y € T(kerm,) and Z,7,,Zy € T((kerm,)t), from (2.4),(2.8),(3.1) and
(2.14) we have

g ((Vr)(X,Y), m.2) = —g1(VxpoY, Z) — g1 (VxwY, o Z).
Using (3.1) and (3.3) we get
@(Vr)(X,Y),m2Z) = —g(Vx¢?Y,Z) — 1(VxweY, Z)
— g(VxwY,BZ) — ¢1(VxwY,CZ).
Then Theorem 3.8 and (2.9) imply that
G(Vm)(X,Y), mZ) = —cos’0g1(VxY, Z) — cos® 0n(Y)g1(TxE, Z) — g1(hV xweY, Z)
— q(TxwY,BZ) — g1 (hVxwY,CZ).
Hence we obtain
sin?0go(Vr,)(X,Y),m.2) = —cos?n(Y)g(Tx¢, Z) — gi(hV xweY, Z)
— g(TxwY, BZ) — gi(hVxwY,CZ).  (3.16)
Similarly, we get
sin® 0go (V) (X, Z1),mZs) = g1(Az,BZa + hV 2,0 Z,wX) — cos® 0n(X)g1(Az &, Zs)
— 01(hVz,woX, Zy). (3.17)
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Then the proof follows from (3.16) and (3.17). O
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