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Abstract

On a Lorentzian manifold, we define a new functional on the space of unit timelike
vector fields given by the Lo norm of the restriction of the covariant derivative of the
vector field to its orthogonal complement. This spacelike energy is related with the
energy of the vector field as a map on the tangent bundle endowed with the Kaluza-
Klein metric, but it is more adapted to the situation. We compute the first and
second variation of the functional and we exhibit several examples of critical points on
cosmological models as Generalized Robertson-Walker spaces and Go6del universe, on
Einstein and contact manifolds and on Lorentzian Berger’s spheres. For these critical
points we have also studied to what extend they are stable or even absolute minimizers.
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1 Introduction

A smooth vector field V' on a semiriemannian manifold (M, g) can be seen as a map into
its tangent bundle endowed with the Kaluza-Klein metric defined by g. The energy of
the map V is given, up to constant factors, by [}, [VV||2dv,. Unit vector fields that are
critical points for variations among unit vector fields, have been identified as those for
which V*VV is colineal to V, where V*V is the rough Laplacian.

If g is positive definite, the energy vanishes only for parallel vector fields and it can
be seen as a measure of the failing of a vector field to be parallel. This kind of vector
fields, when they exist are the absolute minimizers. For many natural manifolds admitting
smooth unit vector fields but not parallel ones, the value of the infimum and the regularity
of minimizers is now an open problem. In the last years many authors have studied all
this questions, as can be seen in the references of [7] and [8].

If we consider a Lorentzian manifold and the energy of a unit timelike vector field, the
Euler-Lagrange equation involves, in that case, the rough D’Alembertian which is not an
elliptic operator. But more important, since the functional is not bounded bellow, to study



minimizers has no sense. This has leaded us to define a new functional more adapted to
the situation, that will be called spacelike energy. For a reference frame Z, it is given (up
to constant factors) by the integral of the square norm of the restriction of VZ to Z+.

We have computed the Euler-Lagrange equation of this new variational problem sho-
wing that critical points are characterized as those reference frames for which DZ is
colineal to Z where D is a differential operator, which is second order and elliptic on space
coordinates, and only first order on time coordinates. We will say that such a vector
field is spatially harmonic. We have also computed the second variation at critical points.
These are the contents of section 3.

Section 4 is devoted to the study of different examples of reference frames as static
reference frames and projective vector fields. In that case criticality can be described in
terms of the Ricci tensor and in particular:

a) FEwvery affine reference frame on an Finstein manifold is spatially harmonic.

b) If the characteristic vector field of a Lorentzian K-contact manifold ( and in parti-
cular, of a Lorentzian Sasakian manifold ) is timelike then it is spatially harmonic.

In section 5 we have considered the well known Robertson-Walker cosmological model
and the comoving reference frame. We have shown that: In a GRW, the comoving reference
frame 0 is a spatially harmonic reference frame. Furthermore, if the manifold is assumed
to be compact and satisfying the null convergence condition, the comoving reference frame
is an absolute minimizer of the spacelike energy. This result has been obtained as a
particular case of the corresponding result for the Lorentzian manifolds endowed with a
timelike vector field which is closed and conformal.

Section 6 is devoted to the study of the classical Gédel Universe, that is defined as R*
with the metric

1
(., . ) =dz?+da3 — ie%”“dy2 — 2e°% dydt — dt*

where « is a positive constant. We show that J; is spatially harmonic and that it has
the same energy that another non critical reference frame; consequently, it can not be an
absolute minimizer. In fact, by computing the Hessian, we see that d; is unstable and it
is not even a local minimum.

To finish the paper we study the Hopf vector fields defined on the Lorentzian Berger’s
spheres. These metrics g,,, with u < 0, on the sphere 527+ are obtained as the canonical
variation of the submersion defined by the Hopf fibration m : (S***! g) — CP™ where
g is the usual metric. As can be seen in [9] Hopf vector fields are critical for the energy
and consequently, since they are geodesic, they are also spatially harmonic; moreover their
energy and spacelike energy coincide. We have shown also in [9] that they are unstable
for the energy when n = 1 but the stability in higher dimensions is an open question.
Nevertheless, the second variation of both functionals at Hopf vector fields is different
and, in contrast with the usual energy, the problem for the spacelike energy is completely
solved because we show in section 7 that Hopf vector fields on Lorentzian Berger’s spheres
are stable critical points of the spacelike energy.
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2 Preliminaries

The energy density of a map ¢ : (M,g9) — (N,h) from a semiriemannian manifold to
another is defined as e(¢) = Str(Ly), where Ly, is the (1,1) tensor field completely de-
termined by (¢*h)(X,Y) = g(Ly(X),Y). If {E;} is a g-orthonormal local frame and
g = g(E’i,Ei) then

n+1

tr(Ly) = Y ei(ho @) (u(Ei), 0u(Ey)).

i=1

The energy of ¢ is then defined by

E(g) = /M e(¢)dv,.

where dv, represents the density on M, or the volume element for oriented M defined by
the metric.

It is well known that the Euler-Lagrange equations give rise to the definition of tension
of a map that is a vector field along the map whose vanishing defines harmonic maps. In
a g-orthonormal local frame as above, the tension is expressed in terms of the Levi-Civita
connections V9 and V" as

n+1
7o(0) = 3 i Vi oe (i) — 0. (V5. E)).

i=1
If we consider the tangent bundle 7 : TM — M and a semiriemannian metric g on M,
we can construct a natural metric on T'M as follows: at each point v € T M, we consider
on the vertical subspace of T,,(T'M) the inner product g ( up to the usual identification
with T,M, where p = 7(v)), we take the horizontal subspace determined by the Levi-
Civita connection as a suplementary of the vertical and we declare them to be orthogonal;
finally, we define the inner product of horizontal vectors as the product of their projections,
with the metric g. The so constructed metric ¢° is sometimes referred as the Sasaki or
Kaluza-Klein metric.

Definition 2.1. For a vector field V we have (V*g°)(X,Y) = g(X,Y) + g(VxV,VyV)
and consequently Ly = Id + (VV)Y(VV). So, the energy of the map V : (M,g) —
(TM, gS), that is known as the energy of the vector field, is given by

n+1

1
E(\V)= 5 +2/M|yvvu2dv.




Moreover the tension is (see [7])

ver

V) = (S ar(vV)E), v, 5)) " + (X Ve (V) (E)

where for a vector field X we have represented by Xv¢" its vertical lift and by X" its
horizontal lift and V*VV =" ¢;(VE,(VV))(E;) is the rough Laplacian.

Critical points of the energy are those vector fields with vanishing rough Laplacian. If
the manifold is compact, and the metric is positive definite, this means that the vector
field should be parallel.

In a Riemannian manifold, the condition for a unit vector field to be a critical point for
variations among unit vector fields has been obtained by direct computation of the Euler-
Lagrange equation. The second variation at a critical point has also been computed.

The relevant part of the energy, B(V) = [;,b(V)dv where b(V) = 1||VV|]?, when
considered as a functional on the manifold of unit vector fields, is sometimes called the
total bending of the vector field.

Proposition 2.2. ([14]) Given a unit vector field V' on a compact Riemannian manifold
(M, g) then

1. V is a critical point of the total bending if and only if V*V'V is colineal to V.

2. If V is a critical point and X s orthogonal to V' then

(HessB)y(X) = /M<||VX||2 — [VVI2)X]P)dv.

The covariant version of proposition above, as it appears in [10] has been very useful for
the study of particular examples and also to compute the second variation by a different
method. Let wy be the 1-form wy (X) = g(X, V*VV) associated to V*VV by the metric.

Proposition 2.3. Given a unit vector field V on a Riemannian manifold (M, g) then

1. V is a critical point of the total bending if and only if wy (X) = 0 for all vector field
X orthogonal to V.

2. If V is a critical point and X is orthogonal to V then

(HessB)y(X) = /M(HVXH2 + X Pwy (X))dv.

It is easy to see that the similar results also holds for a unit timelike vector field on
a Lorentzian manifold that is: Z is a critical point of the energy if and only if the rough
D’Alembertian, ) . &,(VEg,(VZ))(E;), is colineal to Z.



Let (M, g) be a Lorentzian manifold and let Z be a reference frame (unit timelike
vector field) on M, the spacelike energy density of Z will be defined as:

~ 1
b(Z) = §HAZ o Pyl?,

where Ay = —VZ and Pz(X) = X+¢(X, Z)Z. In the sequel we will denote A}, = AzoPy,
the restriction of —VZ to Z+. The spacelike energy density can be also written as

~ 1 1 &
b(Z) = §(tr(AtZ OAZ) +g(VZZ7 VZZ)) = Ezg(inZ? VEiZ)7
=1

where {E;, Z}!' | is an adapted orthonormal local frame.

Definition 2.4. The spacelike energy of a reference frame Z is defined as

B(Z) = /ME(Z)dV.

For compact M, the spacelike energy is finite for every vector field. This energy is
always nonnegative and it vanishes if and only if A, = 0, that is to say if and only if the
reference frame is rigid and irrotational. In particular, for static space-times the infimum
of spacelike energy is zero and it is attained.

In the positive definite case, the energy of unit vector fields is bounded on terms of
the Ricci tensor as follows:

Proposition 2.5. [5] Let V' be a unit vector field on a compact manifold M of dimension
n+ 1.
1. If n > 2, then

1
B(V) >
( )_2n—2

/ Ric(V, V)dv. (1)
M

2. If n > 3, then the equality in (1) holds if and only if V is totally geodesic, the
n-dimensional distribution generated by V' is integrable and defines a Riemannian
totally umbilical foliation.

Following similar arguments we can show that

Proposition 2.6. Let Z be a reference frame on a compact Lorentzian manifold of di-
mension n + 1.

1. If n > 2, then
~ 1
B(Z) >

ic(Z, Z)dv.
2n—2/MR1C( , Z)dv

2. If n > 3, then the equality above holds if and only if the n-dimensional distribution
generated by Z* is integrable and defines a totally umbilical foliation.



Proof. Let {E;, Z}! | be an adapted orthonormal local frame and let us denote by h;; =
9(VE,Z, Ej), then b(Z) = %E” h?j that can be written as (see [5])

~ 1 1
bZ) = 2n_22(hii_hjj)2+m2(hiihjj_hijhji)
1<j 1<j
PR > (hij + i) + N2y 1 > (hiihj; — hijhyq)
o — 24~ T M — 24— T g ] LT T
1<J i#£j 1<)
1
- n_1027

where o9 is the second mean curvature of the distribution defined by Zt. Using that
[ (Ric(Z, Z) — 202)dv = 0 (see [12]) we have

~ 1
B(Z) >
()_Qn—Q

/ Ric(Z, Z)dv,

M

with equality if and only if h;; = 0 for ¢ # j and h;; = hj; for all 4, 5. O
Remark 2.7. On a Lorentzian manifold the inequality of proposition 2.5 does not hold
because |VZ||? = —||V2Z|]* + Y hfj and then |[VZ||? can not be bounded by Do h?j.
3 First and second Variation

Let us compute the first and second variation of this new functional.

Proposition 3.1. Let Z be a reference frame on a Lorentzian manifold M. Then for all
vector field X orthogonal to Z,

(dB)(X) = /M(tr((VZ)t o VX) + g(VxZ, V1 Z) + g(V 1 X,V 1 2))dv.

Proof. Let Z : I — T(T~'M) be a curve of unit timelike vector fields for some open
interval I containing 0 such that Z(0) = Z and Z’(0) = X.

bo Z(t) = L (tx(ALy 0 Az) + 0V 20 Z(0), ¥ 200 Z(1)).
Then

(boz)(t) = te((VZ(t) oVZ'(t) + gV Z(t) + Vi Z' (t). Vi Z(t). (2)
Therefore,

(bo 2)(0) = tr((VZ) o VX) 4+ g(VxZ,V2Z) + g(Vz X,V 2 Z)

from where the result follows. O



If {E;,Z} is an adapted orthonormal local frame the differential of B at Z can be
written as:

(@B)2(x) = |

O - 9(VeX, Vg 2Z)+9(Vx 2,V 2Z))dv.
M

To write the differential of B , and therefore the condition of critical point, in a simpler
form we will use the following lemma:

Lemma 3.2. Given K a (1,1)-tensor field and X a vector field, we have:
(CIVEK)(X) = —tr(K o VX) — da,

where C} is the tensor contraction, § represents the divergence operator of g and a(Y) =
9(K(X),Y).

Corollary 3.3. Let Z be a reference frame on a compact Lorentzian manifold, then for
all X orthogonal to Z we have

(dB)2(X) = /M<—<c%vk><X>+g<vxz,vzz>>dv

_ /M(_(cllvf() +9(K(V22))(X)dv

= /M wz(X)dv,

where By = —CIVK + g(K(VzZ)) and K = (VZ o Py)!.
As for the Riemannian case, we can conclude the following

Proposition 3.4. A reference frame Z on a compact Lorentzian manifold is a critical
point of the spacelike energy if and only if the 1-form &y annihilates Z+.

Since the condition of critical point that we have obtained is a tensorial condition, we
can define critical points even if the functional is not defined when M is not compact. In
this case we have

Proposition 3.5. A unit timelike vector field Z vem’ﬁeiﬁz(ZL) = 0 if and only if for
every open subset U with compact closure the functional BY defined by

Bu(2) = [ bz,

verifies (dBy)z(X) =0 for all X € Z+ with support in U.

Let us analize the relationship between the condition of critical point of the spacelike
energy and the usual one. As in the Riemannian case, if Xz is the vector field associated
by the metric to wz, we have that Z is a critical point of the spacelike energy if and only
if X is colineal to Z.



It is easy to see that

n+1
Xz == ei(VE(VZo Py)(E;)+ (VZo Py)(VzZ),
=1

that in an adapted orthonormal local frame can be written as

Xz = =Y (Ve VEZ - Vv, 5Z) —div(Z2)VzZ - (VZ) - (VZ)')(V2Z)
=1
= —V'VZ -VyVzZ—div(Z2)VzZ + (VZ2)(V32).

So, if Z is geodesic then Z is a critical point of B if and only if Z is a critical point of
the usual energy. In contrast with the rough Laplacian, the differential operator D given
by DZ = X is second order but elliptic on space coordinates.

We can now give the following

Definition 3.6. A reference frame on a Lorentzian manifold is said spatially harmonic if
and only if it is a critical point of the spacelike energy, or equivalent if DZ is colineal to

Z.
Let us compute the second variation of the spacelike energy.

Proposition 3.7. Given Z a spatially harmonic reference frame on a compact Lorentzian
manifold and X € Z+, we have

(HessB)z(X) = /(HVX\?+2g(vXX,vZZ)+\|VXZ+VZX||2)dV
M
+ /M IXI2(1V22|]? — (CIVE)(Z))dv.

Proof. Let Z : I — T(T~'M) be a curve as in proposition 3.1 such that Z(0) = Z,
Z'(0) = X, using (2)

(bo2)"(0) = t((VX) o VX +(VZ) o VZ"(0)) + g(Vzn(yZ +V2Z"(0),V2Z2)
+ 29(VxX,V2Z)+9g(VxZ +VzX,VxZ +VzX)
= |VX|?+tx((VZ o Py)t o VZ"(0)) + 29(Vx X,V 2 Z)
+ 9(Vzn0)Z,V22) + IVxZ + V2 X%,

Now, from lemma 3.2 we obtain after integration
/ (o2 ()dv — / (VX2 + 20(Vx X, V22) + |VxZ + V2 X|2)dv
M M

+ / (9(V 20(0) 2,V 2Z) — (CIVK)(Z"(0)))dv.
M



Now, Z"(0) = Pz(Z"(0))+||X||?Z and since @z (Z"(0)) = 9V e,z o2, VZZ)—C’llVf((Z”(O))
then the criticality of Z implies that

0(V 2, V22) ~ CIVR(Z'(0) = G2(2"(0) + | X2V 22
= IXIPUV 221 +52(2)
= X2V 22)? - (CIVE)(2))

from where the result holds. O

As for the first variation, when the manifold is not compact the stability can be defined
as follows

Definition 3.8. Let Z € T'(T~'M) be a critical point of the spacelike energy. We say
that Z is stable if for every open subset U with compact closure,

(HessBy)z(X) > 0

for all X € Z+ with support in U, where By is the restriction of the functional to the
open subset U.

4 Examples

As we mentioned in the preliminaries, the easiest examples of spatially harmonic reference
frames are those of null spacelike energy. In order to give a physical interpretation of this
condition, let us recall the decomposition of —A’, in its symmetric S and skew-symmetric
Q) parts, called the deformation and the rotation of the reference frame Z respectively.
Now, if we decompose S as S = o+ %Pz, where o is trace-free, then —A’, can be written
as

—A :Q+0+9PZ.
n

In this case, © is called the expansion and o the shear of the reference frame Z.
Using this decomposition the spacelike energy takes the form

~ 1 1
B(2) = 5 [ (101 +llolP + 6%

Consequently, B(Z) is zero if and only if S = 0 and Q = 0, that is, if and only if Z is rigid
and irrotational. As a particular case of this type of reference frames we have the static
reference frames that are defined as follows:

Definition 4.1. A vector field Z is stationary if and only if there exists a positive function
f on M, such that fZ is a Killing vector field. A vector field Z is static if and only if it
1s stationary and irrotational.



The condition for a Killing vector field Z to be a critical point of the energy can be
written in terms of the Ricci tensor. It’s natural to study when a Killing reference frame
is spatially harmonic. Since, in contrast with the Riemannian case, a Lorentzian manifold
can admit affine unit vector fields that are not Killing, we are going to study how the
criticality condition can be expressed under the weaker hypothesis of Z being a projective
reference frame. The interest of these vector fields in general relativity can be seen in [12].

Definition 4.2. Let Z be a vector field on a Lorentzian manifold. We will say that Z is
projective if and only if there exists a 1—form p on M such that

(LzV)(X,Y) =pu(X)Y +p(Y)X VXY e (TM).
If u =0, Z is called affine.
Proposition 4.3. If Z is projective, then we have

VuVvZ —Vvy,vZ =RU,Z)V + pnU)V + w(V)U
for allU,V € I(TM).

By developing the defining condition we get that 2u(Z) = ¢(Vz2Z,VzZ) and u(X) =
g(VxZ,VzZ) for X € Z+.
Let X be a vector field orthogonal to Z, it is easy to see that

(CIVE)(X) = (CIV(V2))(X) + g(X, V2V 2Z) + div(2)g(X, V 22).
And if Z is projective then in a orthonormal adapted local frame we have
(CIVE)(X) = g(X,Vv,22)+ Y g(R(Ei, Z)E; + 2u( i) E;, X) + div(Z)g(X, V2 Z)
= g(X,Vv,zZ)— RZiC(Z,X) +2u(X) 4+ div(2)g(X,Vz2),

and
&VJZ(X) = —g()(7 VVZZZ) + RiC(Z,X) — M(X) - diV(Z)g(X, V2Z).

Therefore Z is spatially harmonic if and only if
—9(X,Vv,22) + Ric(Z, X) — (X)) — div(2)g(X,VzZ) =0 VX € Z+.

Now, if we assume Z to be affine, that is y = 0, we can prove that VzZ = 0 and then the
condition to be spatially harmonic (and then a critical point of the usual energy since Z
is geodesic) can be expressed as

Ric(X,Z)=0 VX ezt
Consequently we have:

Proposition 4.4. Let Z be a projective reference frame. Then

10



a) Z is spatially harmonic if and only if
—9(X,Vy,zZ)+Ric(Z,X) — p(X) —div(Z2)g(X,VzZ) =0 VX € Zt.
b) If Z is affine then it is a critical point of the usual energy (and then spatially har-
monic) if and only if Ric(X,Z) =0 VX € Z+.

c) Let M be an Einstein manifold with Ric = Ag, A < 0 and Z be an affine reference
frame. Then Z is a critical point of the usual energy. Moreover, since it is geodesic,
it 1s also spatially harmonic.

Remark 4.5. For Einstein manifolds, only negative values of A are admissible since for
A > 0 unit timelike projective vector fields don’t exist.

A particular case of a Lorentzian manifold admitting unit timelike affine (in fact
Killing) vector fields is that of a Sasakian manifold with Lorentzian metric (see [13],
[6]), that is defined as follows :

Definition 4.6. Given ¢, & and n tensor fields of type (1,1), (1,0) and (0,1), respectively,
(¢,&,m) is called and almost contact structure on M if the followings are satisfied :

1. n(§) = 1.
2. n(¢(X)) =0, X e T(TM).
3. ¢*(X) = -X +n(X)E, X e T(TM).

Definition 4.7. (¢,£,m,g,¢) is called an almost contact metric structure on M, if (¢,&,n)
18 an almost contact structure on M and g is a semirtemannian metric on M such that

1. g(&,&) =¢ e=1o0r—1.
2. n(X)=c¢eg(& X), X e (TM).
3. g(¢X,0Y) =g(X,Y) —en(X)n(Y) X, Yel(TM).

Moreover, if dn(X,Y) = g(¢(X),Y) for all X, Y € T(TM) then (¢,£,m,9,¢) is called a
contact metric structure.

Definition 4.8. A contact metric structure on M is said to be normal if
(VX¢)Y = 577(Y)X - g(Xa Y)§7 X, Y e F(TM)
In this case we call M a Sasakian manifold.

It is easy to see that the characteristic field of a Sasakian manifold is a Killing vector
field. So it can be seen as a particular case of a K —contact manifold.

Definition 4.9. A contact metric structure on M is said to be a K —contact structure if
the characteristic field is Killing.

11



In the Riemannian case it is known (see [3], pg. 92) that the Ricci tensor of a
K —contact manifold verifies that Ric(§, X) = 0 for all vector field orthogonal to £. It
is easy to see that the same proof also works in the Lorentzian case, and then

Corollary 4.10. If the characteristic field & of a Lorentzian K—contact manifold (and
then of a Sasakian manifold) is timelike then it is a critical point of the usual energy.
Furthermore, since it is geodesic, it is also spatially harmonic.

5 Generalized Robertson-Walker Space-times

Definition 5.1. A wvector field X on a Lorentzian manifold is said to be closed and con-
formal if there exists a function ¢ € C*°(M) such that

VuX = ¢u  for every wu € TM.

Let M™*! be a space-time endowed with a timelike vector field X that is closed and
conformal. To study the spacelike harmonicity of the vector field v = —2— for such a

NasTE

space-time we need the following;:

Proposition 5.2. [11] Let M™ "1 n > 1, be a Lorentzian manifold endowed with a timelike
vector field which is closed and conformal. Then, we have

a) The n-dimensional distribution tangent to X+ is integrable and the functions | X|?,
divX and X(¢) are constant on the leaves of the corresponding foliation.

b ) The unit timelike vector field defined by v = \/% on M™H1 satisfies

¢

Vo =0, Vyvr=—Y i (Y,v)=0.
Proposition 5.3. The unit timelike vector field defined by v = —)l(X|2 18 a critical point

of the usual energy. Moreover, since v is geodesic it is also spatially harmonic.

Proof. Let us compute the rough Laplacian using an adapted orthonormal local frame
{Ei7 v }?:1

VVv = - Z(VEZVEZV - vaiEiV)
=1

¢* i
—‘X|2nl/.

12



If we now assume M to be compact and such that the Ricci curvature is nonnegative on
null directions, that is, if M satisfies the null convergence condition, then these observers
are not only critical points of the spacelike energy, we can show using proposition 2.6 that
in fact they are absolute minimizers of the functional.

Proposition 5.4. Let Mt be a Lorentzian manifold equipped with a closed and confor-
mal timelike vector field X satisfying the null convergence condition, then the unit vector
field v = WA is an absolute minimizer of the spacelike energy.

Proof. Let Z be a reference frame on M, by proposition 2.6

~ 1
B(Z) = m

i B *# ic(v,v)dv
/MRIC(Z,Z)dV nd B(v) = 5y /MR (v, v)dv.

To get the result we only need to use that, under the hypothesis on M, we have
Ric(Z, Z) > Ric(v,v) forall Z such that |Z]* = —1
as can be seen in [11]. O

Among the space-times admitting a closed and conformal timelike vector field, we find
one of the most important cosmological models: the Robertson-Walker space-times and
the so called generalized Robertson-Walker space-times [1]. In fact, it has been shown in
[11], that any such a space-time is locally isometric to a Lorentzian warped product with
a (negative definite) 1—dimensional factor.

Definition 5.5. A generalized Robertson-Walker (GRW) space-time is a warped product
B x¢ F where (B,gp) = (I,—dt*) with I C R an open interval, (F,gr) a Riemannian
manifold and f: I — (0,00) a positive function. The reference frames defined by Z = Oy
are called comoving reference frames.

If (F,gr) is a model space (S"1(1),R"~1, H"1(~1)), then the corresponding space-time
1s called a Robertson-Walker space-time.

As a particular case of the result obtained above, we have the following

Proposition 5.6. Let M be a GRW space-time, then the comoving reference frame 0O
18 a spatially harmonic reference frame. Furthermore, if M is assumed to be compact
and satisfying the null convergence condition, the comoving reference frame is an absolute
minimaizer of the spacelike energy.

6 Godel Universe

Another interesting space-time in General Relativity is the classical Gédel Universe, which
is an exact solution of Einstein’s field equations in which the matter takes the form of a
rotating pressure-free perfect fluid. This model is R* endowed with the metric,

1
(., . ) =da}4dod - 5620"”%13/2 — 2e“"1 dydt — dt?

13



where « is a positive constant.
If we compute the Christoffel symbols of this metric we obtain,

Lemma 6.1.
Voo = 0, Va0 = %eaxlaxl, Vo, 0 = (0, — e 1d,),
Vo0 = 0, V0 :%emfﬁaxl, vazlay:%ewat,
Vaway = 0, Vaxiaxj =0.

Let us denote by 95 = v/2(e~19, — 8;). The Levi-Civita connection in the orthonor-
mal frame {0, Os,, 0y, 0} is given by

Lemma 6.2.

(6%
V2
Vayag = \/ie—axl Vayay — \/§Vay6t =0= Vagay,

Vad; = V2e °%Vp,0, = —=0,, = V.0,
) Y 1]

«

(6%
Vo, 05 = —V2ae *0, + —0; — V2a(0; — e *"10y) = ——=0,
: V2 V2
o
Vagaxl = Eat + Oéag,
Vo, 05 = —aba.

Proposition 6.3. In the Godel universe we have

1. The reference frame 0y is a critical point of the usual energy. Moreover, since Oy 18
geodesic it is also spatially harmonic.

2. The reference frame Z = \/2e=2%19, is not spatially harmonic but B(Z) = B(d)).

Proof. If we compute the rough Laplacian of 0

V'V = Vv, 0,0 — Vo, Vo, — Va,, Vo, 0

[e% «
= —aVaﬁ 815 — ﬁvagam + Eva@l 8@
= —a28t,

that is colineal to 0.
Let us show that Z = \/ﬁe*am@y does not satisfy the Euler-Lagrange equations.
Since

4
Xz == (Vg (VZo Py))(E;)+ (Vg0 Py)(VzZ),
=1

14



and

(VZ o Pz)(0) = (VZ)(0y —2e*"10y)

(6 (6%
= ﬁaxl - \/5068;“ = _ﬁawla
(VZoPy)(0) = (VZ)(05+V2e70,) = ady,,
(VZoP7)(0) = (V2)(0n) = —V20e™*10, + =0,

(VZ o Pz)(0r,) = 0
from where,

(VZoPy)(VzZ) = (VZoPg)(aby)=—g(ady, —iam)at + g(yy, a0y, )0y

V2
= j;at + a0y,
we have that
X, = vat(—%am) — Vo, (adsy) — Vo, (—v2ae 19, + %at)
+(Vz o Pz)(Va,05) + j;at +a?0y

= a®V2(e 719, — 8)).

Therefore, Z is not a critical point of the spacelike energy. Nevertheless, Z and 0; have
the same spacelike energy, since

2b(V2e719,) = —|[Vo,(vV2e719,)|* + | Vo, (V2e*10y)* + || Vo, (V2e™*"10,)||*
+HIVa,, (V26708 + |V gemos1 5, (V267710 )|

1
= 2672 Vy,0, | + 207 50 — €1, | + Ae 4 | Vy,01)

= —124-0[—24-042
N 2 2 ’
and
26(0) = Vo, 0il* + IVa,, &l + [ Va,, 0l
2
= o’

O]

Consequently, although 0; is a critical point it can not be an absolute minimizer. In
fact, it is unstable as we can see by the following argument,

15



Proposition 6.4. 0; is unstable.

Proof. To prove the instability of 0;, we have to show that there exists an open subset U
with compact closure and a vector field X orthogonal to 0; with support in U, such that

(HessBy)a,(X) < 0.

So, given § € R" let U be the open ball centered at (26,0,0,0) of radius 36 and X = f50,,,
where fs = e~ 2% hs and hg is the test function

1 r<o
ho(r) = { ™5 (55 + =)L § <1 <26
0 > 20,

with r being the distance to the point (26,0, 0,0).
Then, using proposition 3.7 and lemma 6.1

(essBoafstws) = [ (VU + V0 fs0) |~ Fa)iv

2
/ (e72%10? — a—e_‘ml)dv.
B(5) 4

If we denote by hf the first derivative with respect to r = /(21 — 20)2 + 23 + y2 + ¢2 then
_a t
x(fs) = e 27hg(r)-,

;
0,(fs) = e MR,

o — 20
0n (f5) = e 57 h(r) =t -

— —e 2T h(r),
_aqn T
Ous(f5) = € F"hg(r)=",

T 2

where

0 r<g

5 5
eT—28 ¢5—r S 4 0
S(r)y=< — 5( (6-1)* “{26)2) J<r<26
(emu_eﬁ)

0 r > 20.
Since dv = 8:73
V2 / VUS4 190,50~ ffe?) v =

/ e ((05(f5))* + (01 (f5))* + (825 (f5))* — fFa®)dvo =
B(26)—B(5)

(.Tl — 25)2

2 2 2
—20T y t —Qxr yt -
L 2RO L 2emom ) 4 i)+ (1)

r r

$1—25

3;2
—ahs(r)hg(r) + (h5(r)* =5 = ah(r)dvo.
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Using that |[Rj(r)| < 2, 22r~2 <4 and e " < 1 for k > 0. Then

116 4o
V3 / o TSP 190, (Js22)? — ff?)av < O+ 5ol (B25) — B(3).

116 . 4oy
62 1)
where vol means the volume in the Euclidean metric.

Consequently, since the positive term is of order O(63) and the negative of order O(5)
then, to get the result we only have to choose ¢ big enough. O

V2(HessBu)a, (f50s.) < (5 )(vol(B(26)) — vol(B(d))) — Zagvol(B(fs))a

7 Hopf vector fields on Lorentzian Berger’s spheres

It is well known that Hopf fibration 7 : §?"*1 — CP" determines a foliation of S?**! by
great circles and that a unit vector field can be choosen as a generator of this distribution.
It is given by V = JN where N represents the unit normal to the sphere and J the usual
complex structure on R?"*2. V is the standard Hopf vector field. In S?"*! we can consider
the canonical variation g,, with p # 0, of the usual metric g

gulve = glvs,
gulv = pglv,
gu(VIVE) = 0.
For n =1 and g > 0 these metrics on the sphere are known as Berger’s metrics (see [2]
pg. 252). For all 1 # 0 the map 7 : ($*"*1, g,) — CP" is a semiriemannian submersion

with totally geodesic fibers. The distribution determined by the fibers admits as a unit

generator V# = ﬁJ N which is timelike for negative p and we will call also Hopf vector
“w

field. As can be seen in [9] Hopf vector fields are critical for the usual energy of unit
vector fields and consequently, since they are geodesic, they are also spatially harmonic
and B(V#*) = B(V*). Nevertheless the second variation of both functionals at V# is
different, in fact:

(HessBlvu(d) = [ (VP4 [VAV -+ 94,417 ~ AP 1)y,
= [ VP AR IV WAL~ 2 AP,
::Lé%HHVjV“+VWWAWdWL+uﬂwﬂﬂvﬂA) (3)

Where V# is the Levi-Civita connection of g, that is related to V by

VX = VyX+(\-1)VxV,
VAV = AVxV,
VXY = VxY X, YevVi

17



We have shown in [9] that V# is unstable for B when n = 1 but the stability in
higher dimensions is an open question. In contrast, the problem for the spacelike energy
is completely understood.

Proposition 7.1. Hopf vector fields on Lorentzian Berger’s spheres are stable critical
points of the spacelike energy.

Proof. Let A: S+l — (JN)t c C"*!) we set :

1

21 ) )
Alp) = 5 /0 A(e®p)e=™dh € (JN);;

so that the Fourier serie of A is :

Alp) =D Aulp).

leZ

Since A;(e?p) = €% A;(p), we have :

ViNA =V NA= Z il A,
leZ

and, if C(p) denotes the fiber of the Hopf fibration passing through p, :

/ < Al,Aq >=0,
C(p)

if | # q. As in [4] we can show that if [ # ¢ then
(HessB)yu(A) = Z(Hessé)vu (A).
leZ
Now,
2n
IVFAN? = =1V, AP + gl AP + ) (9(Vi, A Ep)?,
ij=1

then

2n
(HessB)yu(A) = /S o (2 A+ 37 0V AL )P + 2 gV A, TA) v

ij=1

Since g, (V4. A1, JA;) = H“ﬁ”A”P, and 2(1—p—1) > 0forl € Z~ then (HessB)yu(A;) >

0. Let us see now what happens for positive {. In [9], it has been shown that

(HessBlyw(A) = [ (1 = 4m)+ (20 +2) = ) A = [V, A = /= A},

§2n+1

18



from where we obtain using (3) that

(HessB)yu(A) > /S%H((u(l —4n) +2n + 2 — un?)||A|? +

(Vi A — /=T AI? 4 Vi, A — V= AlP)dv,

= [ = am) 22— ) AR +

1 1
+;HVVA + (=1 +nu)JA|? - ;HVVA + (2p — 1) JA|dv,.

Consequently,

(HessB)yu(4A;) > / (1(1 — 4n) + 2n + 2 — un?)||A;||*dv,
g2n+1

1
+ /3 L i1 = (14 20— D)) Al Pdv,

2n+1 /,L

= / (u(—2n—2)+2nl — 20+ 4)dv, >0
S2n+1

for all positive [ and so V* is stable.
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