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1. Introduction

The main concern of the current paper is to study the existence and characterization of Killing vector fields (KVF for short)
of a standard static space-time (SSS-T for short).! Our approach partially follows that of Sanchez for Robertson-Walker
space-times in [2], which is centrally supported by the structure of KVFs on warped products of pseudo-Riemannian
manifolds, already obtained in the pioneering article of Bishop and O’Neill [3].

A standard static space-time (also called globally static, see [4]) is a Lorentzian warped product where the warping function
is defined on a Riemannian manifold (called the natural space or Riemannian part) and acting on the negative definite metric
on an open interval of real numbers (see Definition 3.2). This structure can be considered as a generalization of the Einstein
static universe. In [5], it was shown that any static space-time? is locally isometric to a standard static one. There are many
interesting and recent studies about several questions in SSS-Ts, see for instance [10-12,1,13-18] and references therein.

The existence of KVFs on pseudo-Riemannian manifolds was considered by many researchers (physicists [19] and
mathematicians) from several points of view and by using different techniques. One of the first articles by Sanchez (i.e., [20])
is devoted to provide a review about these questions in the framework of Lorentzian geometry. In [2], Sdnchez studied the
structure of KVFs on a generalized Robertson-Walker space-time. He obtained necessary and sufficient conditions for a

* Corresponding author.
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1 We would like to inform the reader that some of the results provided in this article were previously announced in the survey [1].

2 Ann-dimensional space-time (M, g) is called static if there exists a nowhere vanishing time-like KVF X on M such that the distribution of (n — 1)-plane
orthogonal to X is integrable (see [6, Section 3.7] and also the general relativity texts [7-9]).
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vector field to be Killing on generalized Robertson-Walker space-times and gave a characterization of them as well as an
explicit list for the globally hyperbolic case. In the recent survey [21] about general relativity, there appears a rich variety of
questions where KVFs, stationary vector fields and black hole solutions play central roles.

Our first main result is about the characterization of KVFs on a SSS-T by a set of conditions similar to the conditions
obtained by Carot and da Costa in [22] for the analogous local problem. Unfortunately, in their article (see [22, Section 4.2])
there are couple of computational mistakes that compromise the validity of their procedure but not their conclusions (see
the Appendix). Here we apply an intrinsic notation (as in [2]) to obtain and provide global characterization conditions of
KVFs on a SSS-T, obtaining as a side-product the correct relations corresponding to the procedure of Carot and da Costa.

In our second main result, we establish the central role of a particular over-determined system of partial differential
equations involving the Hessian in the characterization of KVFs on SSS-Ts and studying these systems we completely
characterize the KVFs of a SSS-T with compact Riemannian part. As an interesting application, we deal with the
characterization of KVFs with zero curl (called here non-rotating) on a SSS-T.

The article is organized in the following way: in Section 2 we establish the main results. In Section 3 we give some useful
preliminaries along the article. In Section 4 we prove the central results announced in Section 2 and other supplementary
statements. In Section 5 we give some applications of the main results.

2. Description of main results

Throughout the article “I will be an open real interval of the form I = (tq, t;) where —oo < t; < t; < 00”. and “(F, gr)
will be a connected Riemannian manifold without boundary with dim F = s”. We will denote the set of all strictly positive C*
functions defined on F by CZ} (F).

Let V be an R-vector space. For any subset S of V, we use (S) to denote the R-subspace of V generated by S. Briefly, if

x € V we will write (x) instead of ({x}). Also, we will write ]I.Q =R\ {0}.
Suppose that .# is a module over aring A and # C .#.1f v € .#, then we will use the following notation v + » =
(v+W:Wewl
Let .z be the real Lie algebra of KVFs on (F, gr). Given ¢, ¢ € C*°(F) we denote
#) ={K e x :K(p) =y}
and
a" =K e X 1K) € (W)},

where the () is considered as an R-subspace of C°°(F). Notice that Jifp‘” is not a real vector space unless v is identically
zero.

In Section 4, we study KVFs of SSS-Ts. Firstly, we show necessary and sufficient conditions for a vector field of the form
ho; + V to be a conformal Killing (see Proposition 4.2).

Then adapting the techniques of Sanchez in [2] to SSS-Ts, we give our first main result, namely.

Theorem 2.1. Let f € CZy(F)andly x F == (I x F,g == —f2dt? @ gr) the f-associated SSS-T. Then, given an arbitrary ty € I,
the set of KVFson Iy x Fis

© .

Who, + / h(s) ds f>gradpyr + K + 43, (2.1)

to

where h € C*(I) verifies

—h =vh, veR; (2.2)
Y € C*°(F) verifies

feradey € A4y # @ (2.3)
and

Keaf o 2o, (2.4)

where & is the empty set.
If v # 0, then —@fzgradpw may be taken as K and (2.1) takes the form

h/
Yho, — ;fzgradFtp + s (2.5)

We remark here the central role of the problem (2.3) in Theorem 2.1. Our approach essentially reduces (2.3) to the
study of a parametric overdetermined system of partial differential equations (involving the Hessian) on the Riemannian

part (F, gr).
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By studying (2.3) (see also (4.27)) and applying the well known results about the solutions (v, u) of a weighted elliptic
problem

—Agu=vwu on(F,gF),

where Ag, (+) = g,’;j V;gF VfF (+) is the Laplace-Beltrami operator, w € CZ{(F) and F is compact, we obtain our second main
result, namely.

Theorem 2.2. Let f € C2)(F) and Iy x F the f-associated SSS-T. If (F, gr) is compact then, the set of all KVFs on Iz x F is given
by

{ao; +K |aeRr, K is a KVF on (F, gr) andl?(f) = 0}.
Furthermore, the decomposition given above is unique.

In Remark 4.17, we show the relation between the above results and those of Sharipov [23] about KVFs of a closed
homogeneous and isotropic universe.

In Section 5, we apply Theorems 2.1 and 2.2 to deal with the existence of non-rotating KVFs on a SSS-T. Applying
Theorem 2.1, we obtain a set of conditions that characterize the parallel KVFs on a SSS-T of the type Ry x F in Theorem 5.4.
As a consequence, we give a classification of non-rotating KVFs on SSS-Ts where the natural part is either complete with
nonnegative Ricci curvature (see Theorem 5.6, Corollary 5.7 and Proposition 5.8) or compact and simply connected (see
Proposition 5.10).

3. Preliminaries

On an arbitrary differentiable manifold N, CZ3(N) denotes the set of all strictly positive C* functions defined on N,
TN = UPE,\, T,N denotes the tangent bundle of N and X(N) denotes the C*°(N)-module of smooth vector fields on N3

We also recall the canonical (usually called “musical”) isomorphisms TF :’; T*F between the tangent bundle TF and the

cotangent bundle T*F, induced by the metric gr. More explicitly, for u € TF and n € T*F, we write

gr (") = 1),
and

w() =g (u, ).
Sharp () and flat (b) correspond to the classical raising and lowering indices, respectively. For instance, gradys = gdyr (or
(dy)*) and gr(gradyr, -) = dyr(-) (or (grady)” = dyr), for any smooth function v on F (for details see for instance [24-27]
among many others).

In order to provide a complete picture to the reader, we recall the general definitions of singly warped products and
SSS-Ts below.

Definition 3.1. Let (B, gg) and (N, gy) be pseudo-Riemannian manifolds and b € CZ{(B). Then the (singly) warped product
B x; N is the product manifold B x N furnished with the metric tensor

g =7m"(gs) ® (bom)’a*(gn),

where7:B x N — Band o:B x N — N are the usual projection maps and * denotes the pull-back operator on tensors.

Definition 3.2. Let f € CZy(F). The n(= 1 + s)-dimensional product manifold I x F furnished with the metric tensor

g = —f2dt? @ gr is called a standard static space-time [15] (also usually called globally static, see [4]) and is denoted by Iy x F.
From now on, we will frequently refer to this as the f-associated SSS-T.

On a warped product of the form B x N, we will denote the set of lifts to the product by the corresponding projection of
the vector fields in X(B) (respectively, X(N)) by £(B) (respectively, £(N)) (see [5]). We will use the same symbol for a tensor
field and its lift.

Two of the most famous examples of SSS-Ts are the Minkowski space-time and the Einstein static universe [6,28,29] which
isR x S® equipped with the metric

g = —dt? + (dr? + sin? rd@? + sin? r sin® fd¢?),
where S is the usual 3-dimensional Euclidean sphere and the warping function f = 1 (see Remark 4.17). Another well-
known example is the universal covering space of anti-de Sitter space-time, a SSS-T of the form Ry x H> where H? is the
3-dimensional hyperbolic space with constant negative sectional curvature and the warping function f: H3> — (0, 0co)
defined as f (r, 8, ¢) = coshr [6,29]. Finally, we can also mention the exterior Schwarzschild space-time [6,29], a SSS-T of the
form Ry x (2m, 00) x S?, where S? is the 2-dimensional Euclidean sphere, the warping function f: (2m, oo) x §> — (0, 00)

3 As long as it is possible, our computations will be intrinsic and coordinate free. It is remarkable that we do not use special coordinates for particular
dimensions such as three or four, which can obscure the computations.
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is given by f(r, 8, ¢) = /T — 2m/r, r > 2m and the line element on (2m, oo) x S? is
2m\ !
ds? = (1 - —) dr? + r2(d6? + sin 6d¢?).
r

Now, we will recall the definition of Killing and conformal-Killing vector fields (CKVF for short) on an arbitrary pseudo-
Riemannian manifold. More explicitly, let (M, g) be a pseudo-Riemannian manifold of dimension n and X € X(M) be a
vector field on M. Then

e X is said to be Killing if Lyg = 0,
e X is said to be conformal-Killing if there exists a smooth function 6: M — R such that Lyg = 20g,

where Ly denotes the Lie derivative with respect to X. Moreover, for any Y and Z in X(M), we have the following identity
(see [5, p. 250 and p. 61])

Lxg(Y,Z) = g(WyX,Z) 4+ g(Y, VzX). (3.1)

Remark 3.3. On (I, g = #dt?) any vector field is conformal Killing. Indeed, if X is a vector field on (I, g), then X can be
expressed as X = hd, for some smooth function h € C*°(I). Hence, Lxg = 20g; witho = h'.

In the next remark we enumerate a set of properties of the families of KVFs introduced in the first paragraph of Section 2.
We do not apply some of them in the rest of the article, but several of them clarify some paragraphs in [22, pp. 476-478]
(see also Appendix here).

Remark 3.4. Let ¢, v € C*°(F) be.

(1) 0eux) =0 .

(2) Forallk € Ris %’“” = ;ﬂ

(3) {Kex: K((p) eRY} =R Hy.

(4) Rz} € V). Furthermore, (%0 \ 0) "Rz, is empty if ¥ % 0.

(5) By deflmtlon %W is an R—subspace of 7. But in general it is not an R-sub-Lie algebra of 7.

(6) Ifyr € (o), e, w = ko with k € R, then K, (k) js an R-sub-Lie algebra of .#.
(7)
(8)
9)
10)

[fl// Yo is a non zero constant in R, then )ﬁ@,‘p” C A Vo),
’is an ]R sub-Lie algebra of 7"

9 ){/0 = ){/ ) and hence, it is an R-sub-Lie algebra ofj{/
(10 By linear algebra arguments, it is clear that for a fixed Ke Ky ¥ we have,

Y
._)Kw = K + % .
(11) Given two elements in #,/%’, there exists a linear combination of them in .. Thus as above, for a fixed K € .#\¥)\ %,
there results
W) — g 0
.;g/w =K+ )if(ﬂ .
(12) As R-vector spaces
s(s+ 1
( ) 41

0<d1mj£/ <d1mj£/ <d1m% +1<dimx+1< >

Remark 3.5. Let ¢ € C*°(F) be. The Hessian of ¢ is the symmetric (0, 2)-tensor defined by
HP (X, Y) = gr(Vxgradep, Y) = V' Vip(X, Y) (32)

forany X, Y € X(F), where V' is the Levi-Civita connection and grad; is the gr-gradient operator. The g¢-trace of H? is the

Laplace-Beltrami operator denoted by Ar¢. Notice that A is elliptic when (F, gr) is Riemannian (see [5, pp. 85-87]).
Applying the properties that characterize the Levi-Civita connection, it is easy to prove that the following conditions are

equivalent:

(1) gradp¢ is a KVF on (F, g¢);

(2) HY =0;

(3) gradp¢ is parallel.

Furthermore, if these are verified, then A = 0 (i.e., ¢ is harmonic) and gr(grad¢, grad;¢) is a nonnegative constant (thus

the norm |grad;¢|r := \/ gr(gradp¢, gradr¢) results constant too). In particular, this implies that: if a KVF is a gradient, then
it is identically zero when (F, gr) is compact (see [30, p. 43]).

4. Killing vector fields on SSS-Ts

We will begin by stating a simple result which will be useful in our study (see [2,31] and p. 126 of [32]).
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Proposition 4.1. Let f € CZ}(F) and Iy x F the f-associated SSS-T (i.e., with metric tensor g = f?g ® gr, where g; = —dt?).
Suppose that X,Y,Z € X(I) andV, W, U € X(F). Then

Lxrvg(Y + W, Z +U) = fPLyg (Y. 2) + 2V (g (Y. 2) + Lygr(W, U),
where L! (respectively, LF ) is the Lie derivative on (I, g;) (respectively, (F, g)).
On the other hand, if h: ] — Ris smoothand Y, Z € X(I), then
Lna &1 (Y, Z) = Y(Wg(Z, 8) + Z(Mg (Y, 9). (4.1)

By combining the previous statements we can prove the following.

Proposition 4.2. Let f € C2}(F) and Iy x F the f-associated SSS-T. Suppose that h:1 — R is smooth and V € X(F). Then
ho; + Visa CKVFon Iy x F witho € C*(I x F) if and only if the following properties are satisfied:

(1) V is conformal-Killing on (F, g¢) with associated o € C*°(F),
(2) his affine, i.e., there exist real numbers p and v such that h(t) = ut 4+ v forany t € I,
3) V() = (o —wf.

Proof. (1) follows from Proposition 4.1 by taking Y = Z = 0 and a separation of variables argument. On the other hand,
from Proposition 4.1 with W = U = 0, (4.1) and Remark 3.3, we have (¢ — h')f = V(f). Hence, again by separation of
variables, i’ is constant and then (2) is obtained. Thus, (3) is clear.

By computations similar to the previous ones, the converse turns out to be a consequence of the decomposition of any
vector field on Iy x F, i.e., as a sum of its horizontal and vertical parts. O

Corollary 4.3. Let f € C2(F) and Iy x F the f-associated SSS-T. Suppose that h:1 — R is smooth and V € X(F). Then ho; +V
is a KVF on If x F if and only if the following properties are satisfied:

(1) VisKilling on (F, gf),
(2) his dffine, i.e., there exist real numbers w and v such that h(t) = ut + v forany t €I,
(3) V() = —uf.

Proof. It is sufficient to apply Proposition 4.2 withe = 0. O

In what follows, we will make use of some arguments given in [2] (see also [22]) about the structure of Killing and CKVFs
in warped products. In [2] by applying them, Sadnchez obtains full characterizations of the Killing and CKVFs in a generalized
Robertson-Walker space-time. In order to be more explanatory, we begin by adapting his procedure to our scenario.

Let (B, gg) be a semi-Riemannian manifold with dimension r and f € CZ}(F). Consider the warped product By x F :=
(BxF, g = f*gg+gr). Given a vector field Z on B x F, we will write Z = Zg+Zr with Zy = (15,(Z), 0) and Zr = (0, 7¢.(2)),
the projections onto the natural foliations (B; = B x {q},q € F and F, = {p} x F, p € B). Any covariant or contravariant
tensor field w on one of the factors (B or F) induces naturally a tensor field on B x F (i.e., the lift), which either will be denoted
by the same symbol w, or else (when necessary) will be distinguished by putting a bar on it, i.e., @.

Proposition 4.4 (See Proposition 3.6 in [2]). If K is a KVF on By x F, then Kg is a CKVF on B, for any q € F and K¢ is a KVF on F,
foranyp € B.

Suppose that {G; € X(B) | a = 1, ..., 7} is a basis for the set of all CKVFs on B and {K; € X(F) | b=1,...,5}isabasis
for the set of all KVFs on F.
By Proposition 4.4 (see [2, Section 3.3] and also [3, Sections 7 and 8]), KVFs on a warped product By x F can be given as

K=vC +¢"K;, (4.2)
——K ——
Kr

where ¢? € C*°(B) and Y% € C*®(F). Moreover, we consider 125 = gr(Kp, -) and @a = gp(Cg, -). Notice that (T) denotes the
musical isomorphism b with respect to the corresponding metric.

Then Proposition 3.8 of [2] implies that a vector field K of the form (4.2) is Killing on B; x F if and only if the following
equations are satisfied:

¥ oq + Ke(Inf) = 0 (43)
d¢’ ® K + G ® f2dy® =0, ’
where Gz is a CKVF on B with o7 € C*°(B), i.e., L‘gﬁgg = 20585.
Let us assume that (F, gr) admits at least one nonzero KVF. Thus, there exists a basis {K; € X(F) | b=1,...,5}for the

set of KVFs on F.
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Recalling Remark 3.3, we observe that the dimension of the set of CKVFs on (I, —dt?) is infinite so that one cannot apply
directly the above procedure due to Sanchez before observing that the form of the CKVFs on (I, —dt?) is explicit (i.e., any
vector field on (I, —dt?) is conformal Killing). Indeed, it is easy to prove that all the computations are valid by considering
the form of any CKVF on (I, —dt?), namely hd; where h € C*(I), instead of the finite basis of CKVFs in the Sinchez approach.

If we apply the latter technique adapted to the SSS-T Iy x F with the metric given by g = f 2g, @ gr where g = —dt?,
thena K € X(Ir x F) is Killing if and only if K can be written in the form

K = yhd, + ¢'K;, (4.4)
where h and (}55 e C®()foranyb € {1,...,m}and ¥ € C®(F) satisfy the following version of system (4.3)
Wy + ¢°Ks(Inf) = 0 (45)
d¢® ® ge (K, ) + gi(hd,, -) ® f2dyr = 0.

Thus, in order to study KVFs on SSS-Ts we will concentrate our attention to the existence of solutions for the system (4.5).
Since dg? = (¢P)'dt with ¢® € C>(I) and g (hd;, -) = —hdt, (4.5) is equivalent to

hy + ¢"K5(Inf) = 0 (46a)

(¢")'dt ® gr (IG5, -) = hdt @ f2dy, (4.6b)
and by raising indices in (4.6b), (4.6) is also equivalent to

WY + ¢°Ks(Inf) = 0 (47a)

(¢")'0, ® K5 = hd; ® f2gradgy. (4.7b)

First of all, we will apply a separation of variables procedure to (4.7b). Recall that {Kg}, 57 is a basis of the KVFs in
(F, gr). Thus by simple computations, each (¢”)’ verifies
(@%) (1) = [h(t) — h(to)]y" + (8") (to).
= yPh(t) + o7, (4.8)

where yE and (SE(= —h(to)yB + (¢>E)’(to), for some fixed ty € I that is independent of b) are real constants.
The solutions of the first order ordinary differential equation in (4.8) are given by

_ _rt _ _
o) = yb/ h(s) ds + 8°t + n°, (4.9)
to

where nE is a constant for each b.
By introducing (4.8) in (4.7b), the latter takes the following equivalent form:

hd, ® [y°K; — fPeradyy] = 9, ® [—8°K;]. (4.10)
Thus, by recalling again the fact that {Kg}, .57 is a basis of the KVFs in (F, gr), there results two different cases, namely.

h nonconstant: Firstof all, note that by applying the separation of variables method in (4.10), the non-constancy of h implies
that

b 2
be ffgradgyy =0 (4.11)
8" =0 Vb.

Thus, by (4.9),

P(t) = »° / sy ds + . (4.12)

to

On the other hand, by differentiating (4.7a) with respect to t and then by considering (4.11), we obtain

W'y + h(fgradgy)(Inf) = 0.
Besides, by considering (4.11), (4.12) and again (4.7a) there results

O] _
[hh’ —h / h(s) ds} ¥ + hn’Kz(Inf) = 0.

to
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Thus, we proved that (4.7) is sufficient to

fPeradpy € s (4.13a)
'y + h(f*grad;y)(Inf) = 0; (4.13b)

_ _ ot _
Vb : ¢P(t) = rb/ h(s) ds + w® where
to
b b ) _ by
T, 0 €R:fgrad;y = t"K; and (4.13¢)
©) _
|:hh/ —n / h(s) dsi| ¥ 4+ ho’Kz(Inf) = 0;
to
onl* p
By (4.13b), it is not difficult to show that if —"7 is nonconstant, then y» = 0°and the latter infers
K = ¢"K; with¢®’(t) =’ and o’ € R:o’Ky € 7). (4.14)
On the other hand, if —h,—: = v is constant®, (4.13b) implies

h// B
“h TV (4.15)
(fPgradsy)(Inf) = vip.

Furthermore, by (4.13c) (see footnote 4)

WK € A Y. ”
Hence, by (4.13) and (4.14) the problem (4.6) is sufficient for:
Y=0 ) .
@ ¢"(t) = w’onl wherew’ € R : 0Ky € Hp
or
(b)y FIveR:
h//
=
h

fPgradpy € Al

_ _rt _ _
VE:qbb(t):tb/ h(s)ds + »® wheret?, o’ e R :
to

fPgradyy = 1°K;  and o’K; € %;fh’ao)w_

Notice that the case (a) is a subcase of (b), for instance taking v = 0. This allows us to say that (4.6) is sufficient

for:
Jv € R such that
—h" = vh; (4.17a)
fPgradey € ) (4.17b)

_ ot _ o
VB:d)b(t):rb/ h(s)ds + o where z?, 0’ € R :

_Jho _ ,
fPgradsy = "5 and o"Kj € ,)i/l;fh v,

(4.17¢)

4 Clearly, h frg) h’(s)ds — h” ft;) h(s) ds = hh' — hh'(ty) — h” ft(()) h(s) ds. So, iffh,—;' = v with v constant, then the left hand side is 0; as a consequence
hh' — 1" [ h(s) ds = hh (to).

5 Suppose that t; and t, are such that —%ﬂ(ﬁ) #* —%ﬂ(tz). Since —%(tl)l// = (f’gradgy)Inf and —hT;,(tz)lll = (fgrad;y)Inf,
h// h//
(—F(ﬁ) + ?(tz)) ¥ =0.Soy =0.

6 Recall the Courant theorem about the number of nodal points of the eigenfunctions of a Sturn-Liouville problem with Dirichlet boundary conditions
(see [33, p. 454], [34, p. 174]). Roughly speaking this says that the number of nodal sets of the n-th eigenfunction of such a problem is n. Since the latter
particularly implies that no node of an eigenfunction is an accumulation point of nodes of the same eigenfunction, it allows us to consider the ratio %
defined on the whole interval I.
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h = hg constant: By (4.9), (4.7) takes the form
[(t — to)hoy" + £8° + nPIKz(Inf) = 0 (4.182)
(tho + 55) K; = hof2grads . (4.18b)

We consider two subcases B B B
ho = 0: Since {Kg}; 7 is a basis, (4.18b) implies 8P = 0forallh.So K = ang. Thus, it is clear that (4.17) is

verified choosing v = 0, 7% = 0 and w” = n" for all b. Notice that “z? = 0 for all b” is equivalent to y = 0.

hy # 0: In this case (4.18b) implies that f2gradv is Killing on (F, gr) and gives the coefficients of f>grad1 with
respect to the basis {K3}; 5. On the other hand, differentiating (4.18a) with respect to t and then considering
(4.18Db), we obtain T

0 = (v ho + 8")K5(In f) = ho(f>grad, ) (Inf).
Furthermore, the latter and (4.18a) imply that

(1” — hotoy")K5(Inf) = 0. . o o o
Thus, we proved that (4.17) is verified choosing v = 0, t? = %(ybho + 8%y and @® = n® — hotoy? for all b.

Conversely, it is easy to prove that if for a set of sufficiently regular functions h, ¥ and {¢p}, .57, where h and qu e C®()

forany b € {1,...,m}and ¥/ € C*(F), there exists v € R such that (4.17) is verified, then the vector field yhd; + ¢EKE on
the SSS-T Iy x F is Killing. Indeed, this set satisfies (4.7).
Hence, in the precedent discussion we proved the following result.

Theorem 4.5. Let f € CZ((F), {Kg} <5< a basis of KVFs on (F, gg) and Iy x F the f-associated SSS-T. Then, any KVF on If x F
admits the structure

K = yhd, + ¢"K;, (4.19)

where h and ¢E e Cc®() foranyb € {1,..., m}and ¥ € C®(F).
Furthermore, assume that K is a vector field on Iy x F with the structure as in (4.19). Hence, for an arbitrary fixed ty € I, K is
Killing on I x F if and only if there exists a real number v € R such that

—h" = vh; (4.20a)
f2grad;yr € J{l:}ll; (4.20b)

~ et ~ o
Vb : d(t :rb/hs ds+ o wheret?, o’ e R :
¢ t0 © (4.20¢)

fPgradpy = 1°K; and oK € Ji/ln_fh/(tow’.

For clarity we also state the following lemma, which covers the case where the Riemannian part of the SSS-T admits no
non identically zero KVF.

Lemma 4.6. Let f € C4(F) and Iy x F the f-associated SSS-T. If the only KVF on (F, gr) is the zero vector field, then all the KVFs
on Iy x F are given by hyd; where hy is a constant.

Proof. Indeed, by Proposition 4.4 if K is a KVFon I; x F, then K = vhd; where ¢ € C*°(F) and h € C*°(I). Then, by similar
arguments to those applied to system (4.7), a vector field of the latter form is Killing if and only if the following equations
are verified

Wy =0 (4.21a)
hd; ® f*grad;y = 0. (4.21b)
As an immediate consequence, either “h and i are constants” or “y» = 0”. O

Proof of Theorem 2.1. It is sufficient to apply Theorem 4.5, Remark 3.4 (10) and Lemma 4.6. In order to obtain (2.5) for the
case v # 0, notice that (2.1) can be written as

h'(to)

) K (t, —~
hi, + (/ h(s) ds — ﬂ) Pgradyyy +K + —=fgradeyr +45. O
v v

to

W ety
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Remark 4.7. If the Riemannian part (F, gr) admits a non identically zero KVF, then the family of KVFs obtained in
Corollary 4.3 corresponds to the case of ¥ = 1 in Theorem 4.5. Thus, (4.20) implies that v = 0, and 7 = 0 for any b,

and also h(t) = at + b is affine, and ¢* = w” is constant such that d)ng(lnf) = —a. The latter conditions agree with those
in Corollary 4.3.

In other words, if v is nonzero, then the family of KVFs in Theorem 4.5 are different form those in Corollary 4.3, they
correspond to the so called nontrivial KVFs in [2].

Remark 4.8 (Uniqueness of the Decomposition). Under the assumptions of Theorem 4.5, further suppose that K is a KVF on
Ir x F. We know that K admits a decomposition given by (4.19). If K admits a different decomposition of the same type,

more explicitly, K = y1h9; + ¢1EK5, it is easy to prove that hyy = hyyr; and ¢>E = ¢]E for each b, i.e., such decomposition is
essentially unique. More specifically, hy = Ah, ¥y = 1 and ¢” = ¢} for each b, where A # 0 is a real constant.

Remark 4.9. Let f € CZ{(F) be smooth. For any v € R, we consider the problem

figradpy € Al withyr € C°(F) (4.22)
and define
K = { € C™(F) : ¢ verifies (4.22)}
and
#f ={K € X(F) : 3y € X} such that f*grad;y = K}.
It is easy to show that JCf" (respectively, ﬁj‘:) is an R-subspace of C°°(F) (respectively, .#). In particular, if { € JCf“ then
(flgradpa v)(nf) = Avy, Vi eR. (4.23)

Consequently, if {t5}, 55 is the set of coefficients of a KVF of the form f 2gradpy with respect to the basis {K5}1<p<m and
A € R, then - o

— w4+ ’K5(Inf) = 0, (4.24)
where o = At?, for any b.

Notice that, this is particularly useful in order to simplify the condition (4.20c) when v # 0, taking Av = —h’(tp).
We observe also that it is easy to prove that the Lie bracket of two elements in R}’ belongs to ,)Klr? -

Now we deal with the existence of nontrivial solutions for the problem (4.22), which is relevant for Theorem 4.5 and as
a consequence for Theorems 2.1 and 2.2.

Lemma 4.10. Let f € CZy(F) and € C*°(F). Then the vector field f?gradg v is Killing on (F, gr) if and only if

HY + %[df ® dy +dy ® df] =0, (4.25)

where H‘Fp is the gr-Hessian of the function .

Proof. We begin by recalling two results. By (3.1), for all ¢ € C*(F)

Lgra, o8 = 2HE . (4.26)
Moreover, for any Z € X(F),

Ly,8 = ¢Ljgr +dp ® Z° + Z° ® dg.
So the latter formulas with ¢ = f? and Z = grad;+ imply

Lo gradpy & = Ligagpy 8 + 4 ® (gradey)’ + (gradey)” ® df*.

But (grad;v)" = dv/, so
, 1
Lo gragy & = 2 [Hi il @dy+dy e df]] :

Then f2gradpv is a KVF on (F, gr) if and only if (4.25) is verified. O
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Thus, by Lemma 4.10 and the identity fgr (grad;, grad.f) = (fgrad;v)(f), (4.22) is equivalent to

Ve CP(F); (4.27a)
HY + %[df ® dy +dy @ df] = 0; (427)
fer(gradp v, gradef) = vy where v is a constant. (4.27¢)

Remark 4.11. By Lemma 4.10, if the dimension of the Lie algebra of KVFs of (F, gr) is zero, then the system (4.27) has only
the trivial solution given by a constant  (this constant is not identically 0 only if v = 0). This happens, for instance when
(F, gr) is a compact Riemannian manifold of negative-definite Ricci curvature without boundary, indeed it is sufficient to
apply the vanishing theorem due to Bochner (see for instance [35], [30, p. 44], [25, Theorem 1.84] or [36, Proposition 6.6 of
Chapter III]).

Lemma 4.12. Let f € CX(F). If (v, ¥) satisfies (4.27), then v is an eigenvalue and v is an associated v-eigenfunction of the
elliptic problem:
2
— Ay Y = vﬁw on (F, gr). (4.28)

Proof. It is enough to apply the general identity
traceg, [df ® dy 4+ dy ® df] = 2gr(gradp/, gradgf) (4.29)
to the gr-trace of (4.27b) and then consider (4.27c). O

Remark 4.13. i: Notice that similar arguments to those applied in Lemma 4.12 allow us to prove that the system (4.27) is
equivalent to

¥ € C*(F); (4.30a)
HY + 210 © v +dy @ &) =0 (4:30b)
—Ag ¥ = vfz—zw where v is a constant. (4.30c)

ii: Assuming (4.30) (or equivalently (4.27)), if p € F is a critical point of f or i, then v = 0 or ¥ (p) = 0.

Remark 4.14 (See Theorem 5.4 for an Application). Suppose that f € C}(F) and take ¥ = % with C # 0 constant. Then it
is easy to prove that

1 1
HY + f[df ® dy + dy ® df] = —Cf—ij; (4.31)
and
C
fer(gradpr, gradef) = — Fe (gradgf, gradgf) . (4.32)
—_———
>0
Thus, ¢ verifies (4.27) iff HfF = 0and v = —gr(grad;f, gradgf).
Note that H{E = 0 implies gr(gradgf, gradgf) is constant and nonnegative (see Remark 3.5). Besides v = —gr(gradf,

grad;f) infers v is non-positive.
Besides, since f?grad;y = —Cgrad.f and C # 0, f2grad; is a KVF iff grad.f is a KVF.

Example 4.15. Let f € CZ(F) such that
H,fr =0 and v := —gp(gradgf, gradyf) <0 (4.33)

and let ¢ = % with C # 0 constant. So, f2grad;y = —Cgrad:f € /tfh':}/' (cfr. (4.20b)). Then, by some computations and

applying Theorem 4.5, Lemma 4.10 and Remarks 4.9 and 4.14 (see also the proof of Theorem 2.1) we obtain that if h is a
solution of —h” = vh on an interval I, then

C (Eat + hf/grade> (4.34)
f v

is a KVF on the SSS-T I x F.
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Proposition 4.16. Let (F, gr) be compact and f € Cy(F). Then (v, V) satisfies (4.27) if and only if v = 0 and v is constant.

Proof. It is clear that (0, ¥) with ¥ constant verifies (4.27). So, we will concentrate our attention in the converse direction.

First of all, notice that by (4.27¢), if p € F is a critical point of i, then vy, (p) = 0. Then, since (F, gr) is compact, there
exists a point py € F such that ¥ (pg) = infr ¢ and consequently, vi/(py) = 0.

On the other hand, by applying Lemma 4.12, one can conclude that v is an eigenvalue and i is an associated
v-eigenfunction of the elliptic problem (4.28). Besides, since (F, g¢) is compact, it is well known that the eigenvalues of
(4.28) form a sequence in R>( and the only eigenfunctions without changing sign are the constants corresponding to the
eigenvalue 0.

Thus, if ¥ (po) > 0, then v = 0 and v results a nonnegative constant. Alternatively, if ¥ (pg) < 0, then vyr(pg) = 0, so
v = 0. As a consequence of that, i is a negative constant. O

Proof of Theorem 2.2. If (F, gr) has only the zero KVF, the result is an easy consequence of Lemma 4.6.
Let us consider now the case there exists a basis {Kp}; 55 for the space of KVFs on (F, g¢). Theorem 4.5 and
Proposition 4.16 imply that a vector field K on the SSS-T Iy x F is Killing if and only if it admits the structure

K = yho, + ¢°K;, (4.35)
where

(1) h(t) = at + b with constants a and b;
(2) 1 is constant;

(3) (i)E are constants satisfying ayr + quKg(lnf) =0.

Since (F, gr) is compact, then infr Inf is reached at a point p € F. Set K = ¢EKE. Thus 1~<(lnf)|p0 = 0and by (3)a = 0or
Y = 0. Hence we proved that any KVF on Iy x F is given by a KVF on (F, gr) plus eventually a real multiple of d;. Note that
K(nf) = }%I?(f), so by (3) we have K(f) = 0.

The uniqueness of the decomposition is easily obtained by evaluating the KVF at the functiono (t,x) =t. O

Remark 4.17 (KVFs in the Einstein Static Universe). In [23], the author studied KVFs of a closed homogeneous and isotropic
universe (for related questions in quantum field theory and cosmology see [37,28,38,39]). Theorem 6.1 of [23] corresponds
to our Theorem 2.2 for the spherical universe R x S* with the pseudo-metric —(R>dt?> — R?hy), where the sphere S is
endowed with the usual metric hy induced by the canonical Euclidean metric of R* and R is a real constant (i.e., a stable
universe).

As we have already mentioned in Remark 4.11, any KVF of a compact Riemannian manifold of negative-definite Ricci
curvature is equal to zero. Thus, one can easily state the following result.

Corollary 4.18. Let Iy x F be a SSS-T. If (F, gr) is compact with negative-definite Ricci curvature, then any KVF on I x F is given
by ad; wherea € R.

In[17, Theorem 5], it is shown that the decomposition of a space-time as a standard static one is essentially unique when
the fiber F is compact. We observe that Corollary 4.18 enables us to establish a stronger conclusion (i.e., nonexistence of
nontrivial (it means independent of ;) strictly stationary’ fields) under a stronger assumption involving the definiteness of
the Ricci curvature.

We would like to make some comments about the case where the Riemannian part of the SSS-T is noncompact. While
Theorem 4.5 does not require the compactness of the Riemannian manifold (F, gg), this condition is central for a complete
characterization similar to the one provided in Theorem 2.2. The key question in our approach is the full characterization of
the solutions of (4.30) (or the equivalent problems (4.22) and (4.27)), which is obtained by means of the theory of weighted
elliptic eigenvalue problems on compact Riemannian manifolds when (F, gr) is compact. In the noncompact case, the latter
question is more difficult. Through the application of Liouville type arguments about the nonexistence of one side bounded
subharmonic functions on complete and noncompact Riemannian manifolds, it is possible to obtain partial nonexistence
results of nontrivial solutions for (4.30), but the global question is still open. However, there are particular situations, like
the following well known example where the application of Theorem 2.1 is sufficient for a complete classification.

Example 4.19 (KVFs in the Minkowski Space-time). Let the Riemannian part (F, gr) = (R®, go) where g is the canonical

metric and f = 1 be. Thus, it is easy to show that the solutions of (4.30) are (v, ¥) where v = 0 or ¥ = 0. Furthermore if

v =0, then ¥ (x) = c'x; +dwhereVi: 1 <i<s,c € Randd € R. Recall that for v = 0, h(t) = at + bwherea, b € R.
On the other hand, the condition (2.4) implies b’ (ty) (c'x; + d) = 0.

7 Stationary means Killing and time-like (see [17]).
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Hence, all the KVFs of the Minkowski space-time are
t
(c'x; + d)(at + b)d; + / (as + by ds c'9; + 2,
to

where a, b, ¢;, d € R satisfy a(c'x; + d) = 0. Precisely, these are
(c'%; +d)d; + (t —to) ¢'0; + &
or equivalently (taking t, = 0)

¢! (%0 + t3;) +do; + .,
——
Lorentz boosts

where ¢;, d € R. Thus the dimension of the Lie algebra of the KVFs of the Minkowski space-time iss + 1+ s(s + 1)/2 =
S+ Ds+2)/2.

5. Non-rotating Killing vector fields

In this section we will apply Theorems 2.1 and 2.2 to the analysis of non-rotating KVFs on SSS-Ts also called static regular
predictable space-times in [29, p. 325] (also see the recent article [17] for a related question).

We first recall the definition of the curl operator on semi-Riemannian manifolds of arbitrary finite dimension, namely: if
V is a vector field on a semi-Riemannian manifold (N, gy), then curlV is the antisymmetric 2-covariant tensor field defined
by

Cul‘lV(X, Y) = gN(VXVa Y) _gN(Vyvvx)a (5'])
where X, Y € X(N) (see for instance [5,40] and for other close approach [41]). Thus, it is easy to prove for all ¢ € C*°(N)
curl(¢V) = gn(V, Ty) + ¢curl V, (5.2)

where T, is the so called torsion of ¢.2
We will consider the following definitions (see [40,42]): A vector field V on a semi-Riemannian manifold (N, gy) is said
to be

non-rotating: °ifcurl V(X,Y) = 0forallX,Y e X(N).
orthogonally irrotational: '® if curl V(X,Y) = 0 forany X, Y € %(N) orthogonal to V. This condition is equivalent to “V
has an integrable orthogonal distribution”.

It is clear that if a vector field is non-rotating, then it is orthogonally irrotational. The converse is not true (see below
Example 5.3). Moreover, (5.2) implies that if V is orthogonally irrotational, then so is ¢V for any ¢ € CZ3(N). Indeed, since
¢ does not vanish, X is orthogonal to ¢V if and only if it is orthogonal to V. However, if V is non-rotating and ¢ € CZ3(N),
@V is not necessarily non-rotating (see (5.2)).

Remark 5.1. Let V a KVF on a semi-Riemannian manifold (N, gy). Then, V is non-rotating iff it is parallel. Indeed, for any
X,Y € X(N)

0=LygvnX,Y)=curl VX, Y) + 2gy(VyV, X). (5.3)
Thus,

(1) curlV(X,Y) =0forany X, Y € X(N);

(2) forany Y € X(N) “gy(VyV,X) = 0forany X € X(N)";
(3) VyV =0forany Y € X(N);

(4) V is parallel (see [5, p. 63]);

are equivalent.

Remark 5.2. Let Ry x F be a SSS-T. Recall that any V € X(R x F) admits a decomposition as Vg + Vi (see above
Proposition 4.4).

8 For any ¢ € C*(N), the torsion of the function ¢, Ty, is the antisymmetric 2-covariant tensor field defined by Ty (X, Y) = X(¢)Y — Y(¢)X for all
X,Y € X(N) (taking attention to the sign in the definition, see for instance [41, p. 139]).

9 In [40,42] this condition is called irrotational.
10 1 [5,17] this condition is called irrotational.
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Let also
Tan : Tgp(R X F) —> Tqpn(R x {p}) (5.4)
the projection onto the subspace Tq ) (R x {p}) and

Nor : Tigpy (R x F) —> (T(gp(R x )t = T.p({q) x F) (5.5)

the orthogonal projection onto the subspace T ;) ({q} x F).
Then applying [5, Proposition 35] we obtain that for any X, Y € £(F) and any V, W € £(R) hold

(1) VxY = VEy,
(2) WXV =VyX = XT(f)V,

1

(3) VyW = VW + fdt3(V, W)grad,f,
—— —
TanVy W NorVy W

where R{ = (R, —dt?) and V (respectively, VR and VF ) is the Levi-Civita connection of Ry x F (respectively, R} and

(F. gr))-
In particular

(1) VxY = ViY,
(2) Vxd: = VaX = 53 = X(Inf) 3,
(3) Vi, 0 = fgradgf.
Example 5.3 (Elementary but Important). Clearly, d; is a stationary KVF on any SSS-T (R x F, g := —f?dt?>+gF). Furthermore,
“0; is non-rotating iff f is a positive constant”. Indeed, the identity

— f2gradt = &, (5.6)
and (5.2) imply that

1
curl 9, = f—zg(at, Tp2). (5.7)

So, if f is constant, o, is non-rotating (because Tr = 0).
On the other hand, Tj2 (8;, Z) = —Z(f*)d; VZ € X(R X F), so

(curl ) (3, 2) = Z(f>) VZ € X(R x F). (5.8)

Thus, if 0; is non-rotating, then f is constant.
However, 0, is always orthogonally irrotational. Indeed, it is sufficient to observe that by (5.7), there results

(curl )X, Y) =0 VX,Y € X(R x F) g-orthogonal to o;. (5.9)

Theorem 5.4. Let « be a KVF on a SSS-T of the form (R x F, g := —f2dt? + g). If « is parallel (or non-rotating) then « belongs
to the set (2.1) and satisfies one of the following conditions:

(1) h=0o0r y = 0; in these cases k is the lift of ak; € Jéflr?f parallel (or non-rotating) on (F, gr);

)y = jg where C # 0 is a constant, HJ; = 0 (in particular f is harmonic of constant sign, /gr(gradf, gradf) is

constant and gradf is Killing on (F, g¢)) and the part in K + ,)iflgf is parallel (or non-rotating) on (F, gg). Furthermore
v = —gr(grad.f, gradgf) and hence non-positive.

Proof. By Theorem 2.1 « takes the form (2.1), i.e., there exists K € Jifh?f such that

) — .
K = Yhd, +/ h(s) ds f?gradzy + K + K, (5.10)

to
where h, ¥ and K are like in Theorem 2.1. Then, by Remark 5.2, we obtain for any X € £(F) the following expressions:
i
Vo [Yho ] = yhVy 0 + 0 (Yh) o,
= Yhfgradf + h'o,
= Yhflgrad(Inf) + ¥h'd;; (5.11)



F. Dobarro, B. Unal / Journal of Geometry and Physics 62 (2012) 1070-1087
ii:
Vx[¥ho] = YhVxo, + X(¥h)o;
= YhX(nf)d; + hX (),
iii:

) )
Vi, [ / h(s)dsfzgradpw] =f h(s) ds Vo, [fgrads ] + hfgradeys

to to
)
= / h(s) ds [f*grad;y1(nf) 8; + hfgrad;y
—_—

fo
:mp

)
= / h(s) ds vy 8; + hf2grad;v;

to

iv:
O] ) ©)
Vy [/ h(s) dsfzgrade} = / h(s) ds Vx[f?gradsy] + X |:/ h(s) ds} f2grad;y
to to to
=0
)
= / h(s) ds Vi [f2gradp¥];
to

v

Vi [K + K] =Knf)ae;
vi:

Vx [K +K] = VE[K +K].
Thus and since « is parallel, we obtain:

) ~
0 = Vy,k = Yhf’grad;(Inf) + [h’ +v f h(s) ds] 8 + hf*grad;y + K(Inf) 9;
N— —

to
= (to)y

=Hh'(tp)
= f?hlygrad(Inf) + gradpy]
= fhly gradef + fgradpy]
= fhgradg[fy]

and

© -
0 = Vixk = h[yX(nf) + X (¥)]10: +/ h(s) ds V{[fgrady] + Vi [E+ K]

to

“)
= ;X(fl/f)Bt—{—/ h(s) ds VE[f2gradsy] + VE [K 4+ K].
to

Since f > 0, (5.17) infers h = 0 or “f¥ = C constant with signys = signC”.
Suppose that h = 0. So f¢ = C constant,

fzgradF Y = —gradp(Cf)

and considering (5.18) there results

)
VEgrad(cf) / h(s)ds = V£ [K +K].
to

1083

(5.12)

(5.13)

(5.14)

(5.15)

(5.16)

(5.17)

(5.18)

(5.19)

(5.20)

So, if there exists X € X(F) such that V§ grad(Cf) # 0, then by a separation of variables argument f[f]) h(s) dsis constant (the
right hand side of (5.20) is independent of t). But this implies that h = 0, the contrary of our assumption. So, Vﬁgrad(Cf) =0
forall X € X(F), or equivalently H;Cf) = 0 (see Remark 3.5). In particular Cf is harmonic on (F, gr) with constant sign.
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Hence, if h = 0, then « is the lift of a k1 € Jifh?f parallel on (F, gr) (by (5.10) and (2.4)). Otherwise, if C = 0 theny =0
and again by (5.10) and (2.4), « is the lift of ax; € Ji’lgf parallel on (F, gr); if C # 0, then (5.19) holds and the left hand side
of (5.20) is O for all X € X(F), so k belongs to (2.1) with v = % H£ = 0 (particularly f results harmonic of positive sign),
/2 (gradf, gradf) constant and gradf is Killing on (F, gr) (see Remark 3.5) and the partin K + Jﬁh?f parallel on (F, gr). The

properties of v in the latter case are consequence of Remark 4.14.
Note that the case non-rotating is equivalent to the case parallel by Remark 5.1. O

Remark 5.5. Taking into account the role played by the positive solutions of the equation

H.=0 on(F,g), (5.21)
we observe that Kanai [43, Theorem B] and Tashiro [44] proved, applying the de Rham’s decomposition theorem [45], that

A complete Riemannian manifold (F, gr) of dimension s > 2 has a nontrivial (i.e., nonconstant) solution of (5.21) iff
(F, gr) is a Riemannian product (F x R, g; + go) of a complete Riemannian manifold (F, gz) and the real line (R, &),
where gy is the canonical metric of R.

On the other hand, clearly the solutions of (5.21) are harmonic, but we are interested in positive solutions (note that these
will be warping functions in our study). Thus, it is interesting to recall the so called Liouville type theorems on complete
Riemannian manifolds about the existence of harmonic functions of constant sign. Among others we mention the following
pioneering Yau [46, Corollary 1] result:

On a complete Riemannian manifold with nonnegative Ricci curvature, every positive harmonic function on the whole
manifold is constant.

Furthermore, we know that the solutions of (5.21) has gradient of constant norm. About questions of existence of these
type of functions we reference the reader to the Sakai article [47], where it is proved (among other results) that

On a complete Riemannian manifold with nonnegative Ricci curvature, any smooth function with gradient of constant
norm is an affine function.

Now, taking into account the latter remark, we will characterize the non-rotating KVFs on a SSS-T under an hypothesis
about the Ricci curvature of the Riemannian part when this is complete.
Theorem 5.6. Let « be a KVF on a SSS-T of the form (R x F, g := —f?dt? +gr) where (F, g) is a complete Riemannian manifold
with nonnegative Ricci curvature. If k is non-rotating then one of the following conditions hold

(1) kistheliftofaky € %l,?f non-rotating on (F, gr);
(2) f is a positive constant and k belongs to

vade + A, (5.22)
where Y = % with C # 0 a constant and the element in ¢ is non-rotating on (F, gf).
Conversely, if « is a vector field on (R x F,g = —f2dt?> + gr) verifying (1) or (2), then k is a non-rotating KVF on

(R x F, g == —f?dt* + gr).
Proof. The condition (1) is clear by the analogous condition in Theorem 5.4. If (2) is the condition verified in Theorem 5.4,
by the Yau result cited in Remark 5.5 f is a positive constant and ¢ = % # 0, where C is a constant. Since any vector field is

zero on any constant, (2.3) implies v = 0 and (2.4) implies 0 = E(lnf) = —h'(tp) ¥, so by (2.2) his a constant. Furthermore,
again because f is constant ¥ = %h? ¥ and the element in .# is non-rotating by Theorem 5.4.
The converse is an immediate consequence of Remark 5.2, Corollary 4.3 and Example 5.3. O

Corollary 5.7. Let k be a KVF on a SSS-T (R x F,g = —f2dt? + gg) where (F, gr) is a complete Riemannian manifold with
nonnegative Ricci curvature and f nonconstant. If «k is non-rotating then it is the lift of a k1 € ,){,/lgf non-rotating on (F, gr).

Proposition 5.8. Let (RxF, g :== —f2dt?>+gr) be aSSS-Twhere (F, g) is a complete Riemannian manifold and f is nonconstant.
If k is a non-rotating KVF on Ry X F then itis theliftof ax, € /h?f non-rotating on (F, gr) or (F, gr) has negative Ricci curvature

somewhere and is a Riemannian product (F x R, 87 + 8o) of a complete Riemannian manifold (F, gr) and the real line (R, go),
where gy is the canonical metric of R.

Proof. It is a consequence of Theorem 5.4 and the de Rham-Tashiro-Kanai result mentioned in Remark 5.5. O

At this point we deal with the case where the stronger hypothesis of compactness of the Riemannian part holds.

Lemma 5.9. Let (F, gr) be compact and simply connected. The unique KVF on (F, g¢) with zero curl is the zero field.
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Proof. Let K € X(F) a KVF such that curl K = 0. Since (F, gr) is simply connected, K is a gradient (see [48]), i.e., there exists
Y € C*(F) such that gradzyy = K. Then, by Remarks 3.5 and 5.1 we infer that ¥ is harmonic, but (F, g¢) is compact, so y
is constant and as a consequence K is zero. O

Proposition 5.10. Let (F, gr) be compact and simply connected. If f € C2(F) is nonconstant, then there is no nontrivial (non-
identically zero) non-rotating KVF on the SSS-T (R x F, g := —f2dt? + gg).

Proof. Let « be a non-rotating KVF on (R x F, g := —f2dt? + gz). Item (2) in Theorem 5.4 is not verified because f would
be harmonic and nonconstant on a compact manifold. So (1) is verified, in particular « is the lift of a non-rotating x; € ,1/13 ¥
on (F, gr). Hence, applying Lemma 5.9, k1 and as a consequence its lift  is zero. O

We will finish with the following additional result.

Proposition 5.11. Let « be a KVF on a SSS-T of the form (R x F,g = —f2dt*> + g¢) such that (curlk)(X,Y) = 0 for all
X,Y € X(R x F)g-orthogonal to o,. If (F, gr) is compact and simply connected, then k = ad; where a is a real constant. In
particular, k becomes time-like if a £ 0.

Proof. Notice that letting ¥ be a KVF on (R x F, g) where (F, gr) is compact, Theorem 2.2 implies that x = ad; + K where
a is a constant and K is a KVF on (F, g¢) with K(f) = 0. Thus, by hypothesis, linearity of the curl and (5.9), we obtain that

curlK(X,Y) =0 forallX,Y € X(R x F) g-orthogonal to 9;. (5.23)

Since the lifts of elements in X(F) are g-orthogonal to 9; that verifies (5.23). Then, applying Remark 5.2 and the definition
of the curl, there results curleK = 0 (curlr denotes the curl on the Riemannian manifold (F, g¢)), i.e., K is non-rotating on
(F, gr). Hence applying Lemma 5.9 K = 0. Thus we have established that k = ad;, where a is constant. O

Remark 5.12. Notice that in Proposition 5.11 the involved vector fields necessarily turn out to be causal (i.e., non-spacelike).
The conclusion would be invalid if we eliminate the simply connectedness. For example, consider the vector field ad; + 9y
wherea < 1on (R x S',g := —dt? + d6?). This is a non-rotating KVF and yet not time-like due to a < 1, indeed
g(ad; + 39, ad; + ) = —a®> + 1> 0.

6. Conclusions

It is very well known that a space-time possesses a symmetry if it admits nontrivial KVFs. Thus existence and
characterization problems of KVFs are extremely important in the geometry of space-times (see [21]). In Theorem 2.1 we
give a description of the set of KVFs of a SSS-T, where the role of an over-determined system of partial differential equations
on the Riemannian part is central, namely (4.22) (or equivalently (4.27) and (4.30)). Our analysis corrects the computational
mistakes in [22] mentioned in our Section 1.

As a consequence of Theorem 2.1 and the well known results about the eigenvalues and eigenfunctions of a positively
weighted elliptic problem on a compact Riemannian manifold without boundary, we also provide a characterization of the
KVFs on a SSS-T with compact Riemannian part in Theorem 2.2. Note that by combining this theorem with the vanishing
results of Bochner (see Remark 4.11), we obtain that in a SSS-T with compact Riemannian part of negative Ricci curvature
without boundary, the only KVFs are of the form cd; and yet time-like where ¢ € R is constant. The study of analogous
results to Theorem 2.2 but with noncompact Riemannian part is an open question.

However, Theorem 2.1 allow us to obtain a characterization of parallel KVFs on SSS-Ts of the form Ry x F in Theorem 5.4.
Then, combining the latter with the Liouville type results of Yau about the existence of harmonic functions bounded from
below on complete Riemannian manifolds with nonnegative Ricci curvature and with the results of de Rham-Tashiro-Kanai
about the existence of concircular scalar fields, we partially classify the KVFs on SSS-Ts where the natural part is complete
(see Theorem 5.6 and its consequences in Section 5). The classification is complete if the Riemannian part is either of
nonnegative Ricci curvature or compact and simply connected.

We would like to observe that other relevant problem is the full classification of the conformal KVFs of a SSS-T. There are
partial recent results in this direction (see for instance [49,18] and the references therein).

In principle, one can apply the technique developed here to characterize KVFs or CKVFs of some other space-time models
such as stationary space-times'! and multiply generalized Robertson-Walker space-times.'> However, the expressions for
the Lie derivative and the KVF or CKVF equations of such space-time models result more complex ones than those of SSS-Ts.
All these equations bring to the study of more sophisticated linear and nonlinear partial differential equations on manifolds.
We will deal with the study of these questions in future works.

11 A space-time is called stationary if it admits a time-like Killing vector field [15].
12 gee [50] for a definition and properties of multiply generalized Robertson-Walker space-times.
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Appendix

Notice that fixed v € R \ {0}, (4.20) is equivalent to

—h" = vh; (A.1a)
fgradeyr € 4,7 (A.1b)
_ _ ot _ o
Vb : ¢P(t) = rb/ h(s)ds + «® wheret?, 0’ e R :
_ Yo
f?grad;y = t°K; and (A.1c)

_ h/ t _
(a)b + ) rb> Ky € 3.
V

Now we correct a couple of computational mistakes in [22] that result in wrong conclusions in that article. In any case the
local approach of the authors is generically correct. First of all we observe that SSS-Ts of dimension 4 with I = R correspond
to “warped space-times of class A,” with “e = —1” in their notation. Carot and da Costa deal with the study of KVFs of A,
warped product space-times applying local techniques in [22, Section 4.2].

The first mistake is in [22, Eq. (70) p. 475] namely, the second term on the left hand side must be multiplied by €. It is
particularly relevant for SSS-Ts, indeed in this case e = —1.

The second mistake is connected to the case v # 0 in (4.20) (or equivalently (A.1)): in this situation it is not possible to
assume a priori that h'(ty) = 0, which contradicts with [22, left Eq. (78a) p. 476]. The right hand side of the latter would be
cA where c is a real constant arising in the integration constant term of [22, Eq. (72) p. 476]. This mistake propagates along
the authors’ analysis of their case k = 1, ¢ = 1.

In any case, it is possible to justify expressions like (79) or (84) in [22], applying (A.1) or (2.5).
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