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Abstract: We provide a condition for a 2-Killing vector field on a compact Riemannian manifold
to be Killing and apply the result to doubly warped product manifolds. We establish a connection
between the property of a vector field on a doubly warped product manifold and its components on
the factor manifolds to be Killing or 2-Killing. We also prove that a Killing vector field on the doubly
warped product gives rise to a Ricci soliton factor manifold if and only if it is an Einstein manifold. If
a component of a Killing vector field on the doubly warped product is of a gradient type, then, under
certain conditions, the corresponding factor manifold is isometric to the Euclidean space. Moreover,
we provide necessary and sufficient conditions for a doubly warped product to reduce to a direct
product. As applications, we characterize the 2-Killing vector fields on the doubly warped spacetimes,
particularly on the standard static spacetime and on the generalized Robertson-Walker spacetime.
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1. Introduction

Killing vector fields are infinitesimal generators of isometries on a Riemannian man-
ifold (M, g). They satisfy the condition £;,¢ = 0, i.e., the Lie derivative of the metric in
their direction to vanish. A more general notion, namely, the 2-Killing vector field, has
been introduced in [1] as being a smooth vector field ¢ such that £z£;¢ = 0. Obviously, any
Killing vector field is also 2-Killing, but in general, the converse is not true. Therefore, a
first question which can arise is the following: When does a 2-Killing vector field reduces to a
Killing vector field? In his paper [1], Oprea established some relations between them, and he
gave a necessary and sufficient condition in terms of the Ricci curvature of the Levi-Civita
connection of g for a 2-Killing vector field to be parallel, hence, a Killing vector field.

On the other hand, solitary waves preserving their shape while propagating with a
constant speed, which are known as solitons, are mathematically modeled as stationary
solutions to a certain flow. They are described by a second-order nonlinear equation and
have concrete applications in nonlinear dynamics. In Riemannian geometry, Ricci solitons
correspond to the Ricci flow, which was first considered by Hamilton in [2]. The Ricci
soliton equation is

1
5Leg +Ric=Ag

with A as a real constant, which reduces to the Einstein condition when ¢ is a Killing vector
field. Another type of recently considered soliton, namely, the hyperbolic Ricci soliton [3],
which is defined by

Lefeg + pleg + Ric = Ag

with A and u two real constants, also reduces to an Einstein manifold if ¢ is a Killing vector
field and to a Ricci soliton if ¢ is a 2-Killing vector field.
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Spacetimes, which are mathematically described as Lorentzian manifolds, model the
physical world. Through the important particular spacetimes counts those that occur when
the manifold is a warped product of a certain type: either a generalized Robertson-Walker
spacetime I X (M or a standard static spacetime M X (I [4]. It is worth mentioning that the
manifolds of warped product type, introduced by Bishop and O’Neill [5], are of special
interest in physics. Doubly warped products are some of their generalizations [6,7].

It is known that the existence of distinguished vector fields on Riemannian manifolds
dictates their geometry. Killing vector fields on doubly warped products have already
been treated in [6,8]. In the present paper, which extends some of the above-mentioned
results, we firstly provide a necessary and sufficient condition for a vector field, which
satisfies the condition that the second Lie derivative of the metric in its direction is traceless
(in particular, a 2-Killing vector field) to be a parallel vector field, hence a Killing vector
field. We consider Killing and 2-Killing vector fields on doubly warped products, and we
establish some consequences on the factor manifolds. In particular, we characterize the
factor manifolds as being isometric to the Euclidean space when there exists a Killing vector
field on the doubly warped product, and we provide the necessary and sufficient conditions
for a doubly warped product to reduce to a direct product when there exists a 2-Killing
vector field on the factor manifolds. We also show that, under a certain assumption, a
factor manifold is a Ricci soliton having as a potential vector field the component of a
Killing vector field on the doubly warped product manifold if and only if it is Einstein, and
we show that an Einstein factor (M;, g;), i = 1,2 of a doubly warped product endowed
with a 2-Killing vector field { = ¢; + &> is a nontrivial hyperbolic Ricci soliton with the
potential vector field ¢;, i = 1,2. As physical applications, we characterize Killing and
2-Killing vector fields on doubly warped spacetimes and, in particular, on the standard
static spacetime and on the generalized Robertson-Walker spacetime. Our paper continues
and completes with new properties that expand on the results obtained in [8,9], where the
authors also provided some characterizations of the Killing and 2-Killing vector fields on
the standard static spacetime and on the generalized Robertson-Walker spacetime.

2. On 2-Killing Vector Fields

A smooth vector field ¢ on a pseudo-Riemannian manifold (M, g) is called Killing if
£z¢ = 0, and it is called 2-Killing [1] if

£§£§g = 0,

where £;T stands for the Lie derivative of a symmetric (0,2)-tensor field T in the direction
of ¢, which is given by

(£:T)(X,Y) == &(T(X,Y)) = T([g, X], Y) = T(X,[¢, Y])

for any smooth vector fields X, Y on M.

Any Killing vector field is 2-Killing too, but not conversely. Nontrivial cases when
a 2-Killing vector field is also Killing were given in [1,10]. We shall extend here some of
those results.

Lemma 1. Let ¢, X, Y be smooth vector fields on (M, g). Then,

(£e£eg) (X, Y) = 8(VExE,Y) + 8(X, Vi yE) +28(VxE, VyE)
+8(Vvyel, Y) +8(X, Vy, ),

where ng,{f = VxVyg — Vy,y¢ and V stands for the Levi-Civita connection of g.
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Proof. We have

(£c£eg)(X,Y) = S((£:8) (X, Y)) — (£e8) ([, X], Y) — (£z8)(X, [, Y])
=(8(VxEY) +8(X,VyQ)) = (8(Vie xS, Y) +8([8, X], Vv{))
— (8(Vx& & YD) +8(X, Vigy))
=8(VeVxG,Y) +8(X, VeVyE) — 8(Vy,x8, Y) +8(Vyyel, Y)
+28(VxZ, Vy¢) = 8(X, Vy,.v¢) +8(X, Vye6). O

In particular, for X = Y, taking into account that the Riemannian curvature R of V
satisfies

R(E,X)§ = Vi xE — Vil

we obtain the conclusion.
Lemma 2 ([1]). Let &, X be smooth vector fields on (M, g). Then,
(£e£eg) (X, X) = 2[g(R(&, X)&, X) + g(VxVed, X) +g(VxE, VxE)].
The result of Theorem 2.2 from [1] can be extended as follows.

Proposition 1. Let & be a smooth vector field on a compact Riemannian manifold (M, g). If
trace(£:£¢8) = 0 and [, Ric(&,&) < 0, then § is a parallel vector field.

Proof. Let {¢;}1<;<, be alocal orthonormal frame field on M, where n = dim(M). Then,
we have

(£e£zg)(eiser) = 2[ — g(R(e;, )8 e) +8(Ve, Vel i) +8(Vel, Ve l)]
from Lemma 2. By taking the sum in the previous relation, we obtain
. . 1
—Ric(&, &) + div(Ved) + || VE|* = 5 trace(£:£:8) (= 0).

By integrating the relation above with respect to the canonical measure, we find

JIvelr= [ Rieze) <o,

and, hence, V¢ =0. O

From the previous proposition, we can state the following theorem.

Theorem 1. If { is a smooth vector field on a compact Riemannian manifold (M, g) such that
trace(£s£:g) = O, then ¢ is a parallel vector field if and only if [, Ric(&,&) = 0.

3. Describing 2-Killing Vector Fields on Doubly Warped Products

Let (M, g1) and (M, g2) be two pseudo-Riemannian manifolds, let V! and V2 be the
Levi-Civita connections of g1 and g, respectively, and let f; and f, be two positive smooth
functions on M; and M), respectively. We consider the doubly warped product manifold
£,Mix My =: (M, §), which is defined [6,7] as

M:= M x My, §:= (m53(f2))*7 (1) + (7] (f1))* 73 (2)

and where 71; : My X My — M,; is the canonical projection, i = 1,2. If only one of f; and f»
is a constant, then (M, §) is a warped product manifold (see [5]). Moreover, if both f; and
f» are constants, then (M, §) is a direct product manifold (and we call it the trivial case).
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For the rest of this paper, we shall use the same notation for a function on M;, i = 1,2
and its pullback on M, for a metric on M;, i = 1,2 and its pullback on M, and also for
a vector field on M;, i = 1,2 and its lift on M. The set of smooth sections of a smooth
manifold M will be denoted by I'(TM).

We have the orthogonal decomposition

TN = TMy & TM,,
and for any X € I'(TM), we denote
X =X1+ Xy,

where X; e T'(TM;),i=1,2.
The expressions of the first and the second Lie derivatives are given in the following
proposition.

Proposition 2. Let ¢ = &1 + & € T(TM). Then, forany X = X1+ Xo, Y = Y1+ Yo € T(TM),
we have:

(£:8)(X,Y) = f3(£e,81) (X1, Y1) + f (£6,82) (X2, Y2)
+8(f2)51 (X1, Y1) + &1 (f1)g2(X2, Ya),
(£e£28)(X,Y) = f3(£e,£e,81) (X1, Y1) + f1(£a,fe,82) (X2, Ya)
+285(f3) (Ee, 81) (X1, Y1) + 281 () (£, 82) (X2, Y2)
+82(5(f2))81(X1, 1) + 6151 (f1))82(X2, Ya).

Proof. The expression of the first Lie derivative on a doubly warped product manifold has
been previously given in [8].
Forf =¢1+8&,X=X1+ X2, Y=Y, +Y, € [(TM), we have

[‘:/ X] = [é-cl/ Xl] + [62/ XZ]

Then,

(£:8)(X, (¢, Y])

(£e£:8)(X,Y) 1 = ¢((£:8) (X, Y)) — (£:8)([¢, X], Y
; 81(X1, Y1)

) —
=& (&(f2))81(X1, Y1) + & (f2) i (

1

+&(f7) (Eey 81) (X1, Y1) + f381 ((£6,81) (X1, 1))
+81(81(f1))82(X2, Ya) + &1 (f1)82(82(X2, Y2))

+ &) (£5,82) (X2, Ya) + f182((£6,82) (X2, Ya))
—&(f3)g1([61, X1], V1) — £ (£6,81) ([61, Xa], Y1)
— 51(f1)82(182, Xal, Va) — f7(£5,82) ([G2, X2), Y2)
— &(f3)g1(X1, [81, 1)) — 3 (£6,81) (X1, [E1, 1))
— 81(f7)82(X2, [82, Ya]) — f7 (£5,82) (X2, [E2, Y2))

= 5(82(f32))81 (X1, Y1) +282(f3) (£, 81) (X1, Y1)
+ f3(Ea£e,81) (X1, Y1) + E1(E1 (1)) g2 (X2, Ya)
+ 251 (flz)(ﬁgng)(XZI YZ) +f12(£§2£§2g2)(x2r YZ)!

and the proof is complete. [

If one of the components of ¢ is Killing or 2-Killing, or if { is a Killing or a 2-Killing
vector field, then from the above proposition, we deduce the following proposition.
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Proposition 3.

(i) If &1 is a Killing vector field on (M, g1), then we have the following:

(a) its lift is a Killing vector field on r, My X My if and only if §1(f1) = 0;
(b) its lift is a 2-Killing vector field on g, My X s, My if and only if

AEE() + (E ()2 =0.

(it) I &1 and &y are Killing vector fields on (M1, g1) and (My, 2), respectively, then we have the
following:
(a) & = 1+ & is a Killing vector field on ¢, My X f, My if and only if §1(f1) = 0 and

Ga(f2) =0
(b) &= +Gyisa 2-Killing vector field on ¢, My X ¢ M if and only if

AGE(A) + (E1(A1)* =0 and £,82(22(f2)) + (G2(f2))* = 0.

(iii) If ¢y is a 2-Killing vector field on (My, g1), then its lift is a 2-Killing vector field on ¢, My x £ M
if and only if
f1(E (1)) + (E(f)* = 0.

(iv) If ¢y and &y are 2-Killing vector fields on (M, g1) and (Mpy, g2), respectively, then ¢ =
§1 + &2 is a 2-Killing vector field on r, My X ;M if and only if

285 (f5)Ee 81 = —C2(82(f3))g1 and 281(f1)Ee,82 = —E1(51(fF)) g2

As a consequence, we have the following corollary.

Corollary 1 ([9]). If M1 X My is a warped product manifold, then we have the following:
(i) Gy isaKilling vector field on (My, 82) if and only if its lift is a Killing vector field on My X s, Mp;

(ii) &y is a 2-Killing vector field on (Mp, §2) if and only if its lift is a 2-Killing vector field on
M, Xfle.

Proposition 4.

(i) If & = ¢1+ &2 is a Killing vector field on g, My X ;, My, then ¢y is a Killing vector field on
(M, g1) if and only if ¢5(f2) = 0.
(i) If ¢ = G1 + G2 is a 2-Killing vector field on ¢, My X ¢, My, then G is a 2-Killing vector field on
(M3, §1) if and only if
262(f3)Ee &1 = —&2(82(f3)) 8-

As a consequence, we have the following corollary.

Corollary 2 ([9]).

(i) If¢ = ¢1+ &2 is a Killing vector field on the warped product My X f My, then ¢ is a Killing
vector field on (My, g1).

(i) If ¢ = 1+ G2 is a 2-Killing vector field on the warped product My X f My, then &y is a
2-Killing vector field on (M, g1).

Example 1. We consider the Heisenberg group M := {(x,y,z) € R®, z > 0} equipped with
the Riemannian metric § := dx @ dx + dy ® dy + n ® 1, where (x,y,z) denote the standard
coordinates in R®, and 1 := ydx — xdy + dz. Then, (¢,&,1,8) defines a Sasakian structure on
M, where

—+x£> ®dx — (%fy%> ®dy, ¢:= E)Elz’
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and ¢ is a Killing, hence, a 2-Killing vector field on M.

Let ¢, Ix ¢ M be the doubly warped spacetime, where I is a connected open real interval equipped
with the metric —dt2, and fo: M =R, fo(x,y,2) := \/c1z2+ cp, with ¢c1,¢2 € RY.

Then, according to Proposition 3 (i)(b), the lift o { to r,Ix ¢ M is a 2-Killing vector field. On
the other hand, if we take f, as a constant, then the lift of ¢ to the standard static spacetime is a
Killing, hence, a 2-Killing vector field.

We shall further characterize the factor manifolds of a doubly warped product as
being Ricci-type solitons having as a potential vector field the component of a Killing or a
2-Killing vector field on the doubly warped product.

We recall that (M, g, {, A) is called a Ricci soliton [2] if the vector field ¢ and the scalar
A € R satisfy

1
Eﬁg g+ Ric = Ag,
where Ric is the Ricci curvature of (M, g).

Theorem 2. Let § = 1 + G2 be a Killing vector field on g, My X ,My. Then, we have the following:

(i) (M, g1,81, A1) is a Ricci soliton if and only if (My, g1) is an Einstein manifold; in this case,
A= ,% — Ca(In fo), where rq is the scalar curvature of (My, g1) and nqy = dim(M;y) > 2;

(i) if (M1, 1) is a complete Riemannian manifold, &1 = V'hy for hy a smooth function on My,
and &(In f,) is a nonzero constant, then, (M, §1) is isometric to the Euclidean space.

Proof. If (M, g1,&1,A1) is a Ricci soliton, then, for any Xj,Y; € T'(TM;), we have
1 .
E(ﬁglgl)(xl,yl) +Ricy (X1, Y1) = Mg1(X1, 11),

and, from Proposition 2, we obtain

& (f3)
212

Ricy (X1, Y1) = </\1 + )gl(Xlryl),

which, by taking the trace, gives us

rn =m <)\1 + 62]({2))

Conversely, if Ric; = ,% g1, then

()
2f2
= Mgi1(Xy, V1)

(££,81)(X1, Y1) +Rici (X4, Y1) =

;
g1(X1, Y1) + nfllg1(X1,Y1)

N —

2
with Ay = % — 622(ff22), and we obtain (i).
2

For (ii), we notice that

Hess (1) (X1, Y1) = —G2(In f2)81(X1, Y1)

for any Xj,Y; € I'(TM;), and we obtain the conclusion from Tashiro’s theorem [11]. [
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We recall that (M, g,, A, ) is called a hyperbolic Ricci soliton [3] if the vector field &
and the scalars A, u € R satisfy

£eleg + pteg + Ric = Ag,

where Ric is the Ricci curvature of (M, g).

We remark that if ¢ is a Killing vector field, then the manifold is an Einstein manifold
provided that dim(M) > 2, and if ¢ is a 2-Killing vector field, then the manifold is a Ricci
soliton. If none of these particular cases occurs, we shall call the soliton nontrivial.

Theorem 3. Let { = ¢y + G2 be a 2-Killing vector field on ¢, My X ;M. If &o(Infp) =: cisa
nonzero constant and (My, g1) is an Einstein manifold, then (M, g1, 1, A1, y1) is a nontrivial
hyperbolic Ricci soliton; in this case, Ay = ,7;—11 —4¢? and U1 = 4c, where rq is the scalar curvature
of (M1, 1), and ny = dim(My).

Proof. From Proposition 2, we obtain that

&(f3)
f3

(£2,81) (X1, Y1) = —Mgl(xh Y1)

(£e,£6,81) (X1, Y1) +2 [
2

for any Xj,Y; € I'(TM;). Since
&(f3) _ ,5(f)
f3 f2

L&) (2N L&)
7 =2 (22) + EE] e

and Ric; = ;;—11 ¢1, we obtain

= ZCz(lnf2) = 2C,

. r
(£€1£§1g])(X1,Yl) +4C(£§1g1)(X1,Y1) +R1C1(X1,Y1) = (1’1711 — 4C2>g1(X1,Yl)

for any X1,Y; € I'(TM;); hence, we have the conclusion. [

Also, we have the following corollary.

Corollary 3. If & = {1 + G2 is a 2-Killing vector field on the warped product My X ; My and
(M3, g1) is an Einstein manifold, then (My, g1, 81, M1, H1) is a nontrivial hyperbolic Ricci soliton; in
this case, Ay = %, and yy = 0, where rq is the scalar curvature of (My, 1), and n1 = dim (M ).

Now, we will provide necessary and sufficient conditions for a doubly warped product
manifold to reduce to a direct product.

Theorem 4. Let &; be a smooth vector field on the connected Riemannian factor manifold (M;, g;),
i = 1,2, of the doubly warped product r, My x s My, such that {;(In f;)=0 for i = 1,2. Then,
¢ = C1 + G2 is a parallel vector field if and only if {; is a parallel vector field on (M;, g;) and f; is a
constant for i = 1,2, i.e., the manifold is a direct product manifold.

Proof. Let{ej,..., ey }and {e,,11,...,€n, +n, } belocal orthonormal frame fields on (M, g1)
and (M, §2), respectively, where n; = dim(M;) for i = 1,2. Then,

. . . 1 . 1
€1:= 7€1,--,6n = FTCny, €41 = T Cni41s s ngdny T 76711*%712}
{ f2 f2 ! A fi

is a local orthonormal frame field on ¢, M; x  M,. We have
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”vé'”%f ‘= ‘ g(@ﬁ‘gfv]é’)

1 ny+ny . B o B . 5
+ F Z [g(VEi‘:llveigl) +g(ve,€2/ Veit;‘z) + 2g(Vgi§1,Vgi§2)} .
1 i=n1+1
For j # i, we have [6]

VxY = ViY - (X, Y)V(nf), (V) X,Y € T(TM;),
{ VxY = X(Inf;)Y +Y(In f;)X, (V) X € T(TM;),Y € T(TM;),

where V f denotes the gradient of a function f on the doubly warped product manifold.
After a long computation, we obtain

19813 = I9"e 2 + Zla - 1190 £2)12 + F1E)3 - 17 n f)113
+m(&2(In £2))* + 28 (In f2) (div (&) = &1(in 1))
+ Bl IV (o)1 + ma(@ (0 1)) + V28213
+ R1EI3 - IV (n f1) 12 + 281 (In f1) (div3(&2) — &2(In f2) ).

Considering the hypotheses, we infer
IVENZ = IV'elT + V22213
+2[BIElR- IV an )13 + AIElB- 1V 0n )],

and we obtain the conclusion. [

As a consequence, we have the following corollary.

Corollary 4. There do not exist nontrivial doubly warped products ¢, My X ;M with connected
Riemannian factor manifolds admitting a parallel vector field & = &1 + & satisfying Vi&; = 0 and

E(nf)=0fori=1,2

Now, using Proposition 1 and Theorem 4, we extend from warped products to doubly
warped products (and use a weaker hypothesis) Shenawy and Unal’s result from Theorem
3.2 of [9].

Theorem 5. Let ¢; be a smooth vector field on the compact and connected Riemannian factor
manifold (M, g;), i = 1,2, of the doubly warped product r, My X r,Mj such that {;(In f;) = 0 for
i=1,2. Iftrace(£g,£g, i) = 0and [, Ric(&;, &) < 0fori=1,2, then § = &1 + &2 is a parallel
vector field if and only if f; is a constant for i = 1,2, i.e., the manifold is a direct product manifold.

Proof. From Proposition 1, we deduce that ¢; is a parallel vector field on (M;, g;),i = 1,2,
and, considering the hypotheses, we infer

1212 =2 [ la - IV n £)13 + 21213 - 17 n fi)l3]

from Theorem 4; hence, we have the conclusion. O
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Remark 1. Since the behavior with respect to the two factor manifolds of a doubly warped product
is the same, all the results obtained in this section regarding one of the factors are also valid for the
other one.

4. The Spacetime Case

Let 7, IX ;M be a doubly warped spacetime, where I is a connected open real interval

equipped with the metric g9 = —dt?, and (M, g) is a three-dimensional Riemannian
manifold. If fj is a constant, then the manifold is the standard static spacetime, and if f, is
a constant, then it is the generalized Robertson-Walker spacetime.

We will consider both the Killing and 2-Killing cases, wherein some properties for the
Killing case being studied are also found in [7,8] and for the 2-Killing case are found in [9].

Lemma 3. If{ = u%, with u being a smooth function on 1, then
du
£:80 = 2—80;
¢80 it 8os
d*u du
£etag = 2[u +2(dt> Jso.

Proof. For any vector fields X = vdi and Y = w%, we have the following:

t

g0 (o) = (oo wd)) —so([4 0] wlh)

go( : [;t %D
dw dv dov dw
d

Eagoo)(oggrw03g) = w480 (050 3g) + (o)t (o)
(g )it (o)

du d d\ du
__ZWE Zgo(v dt) at’

(£¢£280)(X,Y) = G((£,480) (X, Y)) — (£, 4 80)([6, X], Y) — (£, 4 80)(X, ¢, Y])

=l (o o) G )

du dv du

a2
d2u dun2

= —vauﬁ —4vw(E)

ot (od ) 4 o (o).

We can now conclude the following.

du dw . (du)Z

2 2UV— — — —
+ 2uw >+uvdtdt wdt

Proposition 5. If § = u%, with u being a smooth function on I, then, we have the following:

(i) ¢ isa Killing vector field on (I, go) if and only if u is a constant;
(it) ¢ is a 2-Killing vector field on (I,g) if and only if

u=<Jcit+cy c1,c0 €R.
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Proof. From Lemma 3, we deduce that ¢ is a Killing vector field on (I, go) if and only if
du

d—” =0, and ¢ is a 2-Killing vector field on (I, go) if and only if ud 442 d—) = 0; hence,

dt 2
we have the conclusion. O

Now, we will provide the necessary and sufficient condition for a vector field on a
doubly warped spacetime to be Killing or 2-Killing.

Theorem 6. Let § = u 7+ with u being a smooth function on I and { € T(TM). Then, we
have the following:

(i) ¢ isa Killing vector field on the doubly warped spacetime r,Ix s M if and only if

du _ _&(f2)
dt fzd i
£8= —;‘12({}8

(ii) ¢ is a 2-Killing vector field on the doubly warped spacetime I x ¢ M if and only if

2[ult 4 (@)2] B+ 4845 + 22 () =0

d? dud
PErE g+ 2u flrigg—%u( dthl + % ‘{tl)g 0

Proof. Let X = X; + X3, Y = Y1 + Y3 € T(T(f,Ix ;,M)). By replacing the expressions of
£zg0 and £z£780 from Lemma 3 into Proposition 2, we consequently have

(69X, Y) = 280 0030, 10) + L (R)go (X1, 11)
2
+f (ﬁgg)(Xz, Y2) + Mig(Xz, Y);

dt
()% 1) =22 [ 2 (%) 00,0+ 0D o0
+2(2(f3))80(X1, Y1) + fT(£c£z8) (X2, Y2)

+2u—= fl - (£08) (X, V) +u— (M%)g(Xg, Ys).

If ¢ is a Killing vector field, then

dff

{ 2dufz +4(f3) =0
fiteg+u 8=

which is equivalent to

du _ _g(fz)

at o
d

£rg = —Jflzftlg

If ¢ is a 2-Killing vector field, then
u du)? du 21y
2[ut +2(% ) | B4t + 2@ () =
feceg+2u gL aff £§g+udt( fl)g 0

and we obtain the conclusion. O
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Example 2. According to Theorem 6 (ii), the lift of any vector field { € T'(TM) to the doubly
warped spacetime ¢, I x ;M is a 2-Killing vector field.

In particular, we have the following results.

Corollary 5. Let ¢ = u%, with u # 0 being a smooth function on I. Then, we have the following:
(i) the lift of  is a Killing vector field on the doubly warped spacetime g, I x ¢ M if and only if

that is,

4

u=rcy, cq €R*
f1:C2, CzeRj_

in this case, the manifold is a standard static spacetime;
(ii)  the lift of { is a 2-Killing vector field on the doubly warped spacetime 7,1 ¢ M if and only if

ol +2(f) o
”(2£4JM1L):0

that is,
{ u=-Jcit+c, c1,c0 €R

d2
uﬁzc& c3 R

in this case, f1 = cy3/ (1t + 2)% + c5 for some ¢y, c5 € R.

Proof. It follows from Theorem 6. [

Example 3. According to Corollary 5 (ii), the lift of the vector field { = Jcit + ¢ g on I,
c1,¢2 € R* to the doubly warped spacetime fzI X f1M isa 2- Kzllzng vector field if and only if the

warping function fy : I — (0,00) satisfies f2(t) := c33/(c1t + c2)2 + cq for some c3,c4 € R.

Corollary 6. Let { = u% + ¢, with u being a constant and { € T(TM). Then, we have the
following:
(i) ¢ isa Killing vector field on the doubly warped spacetime r,1x s M if and only if

¢(f2) =0
wdft
£g=—538 "’
Coogd
(i) ¢ is a 2-Killing vector field on the doubly warped spacetime 1 x y M if and only if
6(6(f2))
fREckrg + 2u=—k fl FLeg+u %g

Proof. It follows from Theorem 6. [

Corollary 7. Let { = u%, with u # 0 being a constant. Then, we have the following:
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(i) the lift of  is a Killing vector field on the doubly warped spacetime g, I x ¢ M if and only if
fi=c ceRY,

that is, the manifold is a standard static spacetime;
(ii)  the lift of  is a 2-Killing vector field on the doubly warped spacetime 7,1 ¢ M if and only if

fi(t) = Vet +cp, c1,62 € R such that cit +cy; > 0 forany t € 1.

Proof. It follows from Corollary 5. O

Proposition 6. Let § = u% + ¢, with u # 0 being a constant and { being a Killing vector field
on (M, g). Then, we have the following:
(i) ¢ isa Killing vector field on the doubly warped spacetime r, 1 X s M if and only if

{ t(f2) =0

fi=c ceRL 7

that is, f, is constant on the integral curves of {, and the manifold is a standard static
spacetime;
(i) ¢ is a 2-Killing vector field on the doubly warped spacetime 1 x ¢ M if and only if

¢(g(f3) =0
fi(t) = Vet +cp, c1,00 € R suchthat cit+c; >0 forany t €1 °

Proof. It follows from Theorem 6. [

For the standard static spacetime, we deduce the following proposition.

Proposition 7. If ¢ = { + u%, with { € T(TM) and u being a smooth function on I, then we
have the following:

(i) ¢ isa Killing vector field on the standard static spacetime M x ¢ I if and only if

{ o) =4

(i) ¢ is a 2-Killing vector field on the standard static spacetime M X ¢ I if and only if
2 2
2[udt +2( )] 2+ 4B () + 2 () =0

Moreover, if u is a constant, then we have the following:

(i') ¢ is a Killing vector field on the standard static spacetime M x ¢ I if and only if

{ ¢f)=0
£gg:0 ’

(ii") ¢ is a 2-Killing vector field on the standard static spacetime M X ¢ I if and only if

{ ¢((f?) =0
£g£€g =0 )

Proof. It follows from Theorem 6. [
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Remark 2. Let { = { + udt’ with { € T(TM) and u being a smooth function on I. If { is a

Killing vector field on M x ¢, then { is a Killing vector field on (M, g), and if ¢ is 2-Killing on
M x ¢1, then { is also 2-Killing on (M, g ).

Corollary 8. If ¢ = u%, with u being a smooth function on I, then we have the following:

(i) thelift of ¢ is a Killing vector field on the standard static spacetime M X ¢I if and only if u is a
constant;
(ii)  the lift of  is a 2-Killing vector field on the standard static spacetime M X ¢ if and only if

u=<Jeyit+cy, 1,00 €R.

Moreover, if u is a constant, then the lift of ¢ is a Killing, hence, a 2-Killing vector field on the
standard static spacetime.

Proof. It follows from Proposition 7. O

For the generalized Robertson-Walker spacetime, we deduce the following proposition.

Proposition 8. If = u% + ¢, with u being a smooth function on I and { € T(TM), then we
have the following:

(i) ¢ isa Killing vector field on the generalized Robertson—Walker spacetime I x (M if and only if

u=c, ceR )
£2g=—u-d(inf2)g ’

(ii) ¢ is a 2-Killing vector field on the generalized Robertson—Walker spacetime I x (M if and only

if
{u=&m+q,%Q6R

2 L gy df? ,
fEcErg+2u ngg—i—u( df + % ‘{t)g 0

Proof. It follows from Theorem 6. [

Corollary 9. If ¢ = u%, with u # 0 being a smooth function on I, then we have the following:

(i) the lift of ¢ is a Killing vector field on the generalized Robertson—Walker spacetime I x (M if
and only if
u=rcy, g €R*
{ f=C2, C2€Ri !
that is, the manifold is a direct product;
(ii)  the lift of ¢ is a 2-Killing vector field on the generalized Robertson—Walker spacetime I x (M if
and only if

2
u% =c3, c3E€R.

{uz&m+q,%qeR

Moreover, if u is a constant, then the lift of ¢ is a Killing or a 2-Killing vector field on the
generalized Robertson—Walker spacetime 1x (M if and only if
f=c ceRy,

that is, the manifold is a direct product.

Proof. It follows from Proposition 8. [
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Example 4. We consider the generalized Robertson—Walker spacetime I x (M, with f : I — R%

and f(t) := </t. Then, according to Corollary 9 (ii), the lift of the vector field & = C\S/E% onl,
where ¢ € R*, to I x (M is a 2-Killing vector field.

5. Conclusions

Distinguished vector fields on a Riemannian manifold dictate some of its geometrical
properties. In the present paper, we have continued the studies concerning the Killing and
2-Killing vector fields on warped product and doubly warped product manifolds [8,9],
thereby bringing to light new properties of them. More precisely, we have provided a
condition for a more general vector field than a 2-Killing vector field on a compact manifold
to be parallel, we have established some consequences on the factor manifolds when the
doubly warped product is endowed with a 2-Killing vector field, we have provided the
necessary and sufficient conditions for a doubly warped product to reduce to a direct
product when there exists a 2-Killing vector field on the factor manifolds, and we have
shown that, under a certain assumption, a factor manifold is a Ricci or a hyperbolic Ricci
soliton with a potential vector field that is the component of a Killing or of a 2-Killing vector
field. Regarding physical applications, we considered the spacetime case, and, in particular,
the standard static spacetime and the generalized Robertson-Walker spacetime. This study
has been continued by the present authors for the multiply warped product and multiply
twisted product spacetimes.
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