arXiv:1212.5476v2 [gr-qc] 28 Dec 2012

CONFORMALLY FLAT SOURCES FOR THE LINET-TIAN SPACETIME

Irene Brito^{1∗}, M. F. A. da Silva^{2†}, Filipe C. Mena^{1‡}, and N. O. Santos^{3§}

1Centro de Matemática, Universidade do Minho, 4710-057 Braga, Portugal.

2Departamento de Física Teórica, Instituto de Física, Universidade do Estado do Rio de Janeiro, Rua São Francisco Xavier 524, Maracanã, 20550-900, Rio de Janeiro, Brazil. 3School of Mathematical Sciences, Queen Mary, University of London, London E1 4NS, U.K.

3Observatoire de Paris, Université Pierre et Marie Curie, LERMA(ERGA) CNRS - UMR 8112, 94200 Ivry sur Seine, France.

January 1, 2013

Abstract

We investigate the matching, across cylindrical surfaces, of static cylindrically symmetric conformally flat spacetimes with a cosmological constant Λ, satisfying regularity conditions at the axis, to an exterior Linet-Tian spacetime. We prove that for Λ ≤ 0 such matching is impossible. On the other hand, we show through simple examples that the matching is possible for Λ > 0. We suggest a physical argument that might explain these results.

∗e-mail: ireneb@math.uminho.pt †e-mail: mfasnic@gmail.com ‡e-mail: fmena@math.uminho.pt §e-mail: n.o.santos@qmul.ac.uk

1 Introduction

The Levi-Civita spacetime [1] describes the vacuum field exterior to an infinite cylinder of matter. In its general form, it contains two independent parameters [2, 3, 4], one, usually denoted by σ, describing the Newtonian energy per unit length, and another related to the angle defects. At first sight, global considerations in General Relativity seem to make cylindrical solutions to the Einstein field equations not so physically relevant: fields with cylindrical symmetry impose infinitely long sources, suggesting a peculiar physical situation. Nonetheless its importance cannot be underestimated, and under controlled circumstances, they provide a very good description of systems of physical interest (see e.g. [5]). Furthermore, Newtonian cylindrical models correspond well to observations [6, 7, 8]. In General Relativity, cylindrical solutions have been used to study various fields like cosmic strings [9, 10], exact models of rotation matched to different sources [11], and models for extragalactic jets [12, 13, 14] and gravitational radiation [15]. The generalization of the Levi-Civita spacetime to include a nonzero cosmological constant Λ was obtained by Linet [16] and Tian [17] and it is shown by da Silva et al. [18] and Griffiths and Podolsky [19] that it changes the spacetime properties dramatically. The Linet-Tian (LT) solution has also been used to describe cosmic strings [17, 20, 21] and, in [22], static cylindrical shell sources have been found for the LT spacetime with negative cosmological constant. Considering this extensive interest in cylindrically symmetric solutions we assume worthwhile to analyze some further properties of LT spacetime.

In [23], while being studied conformally flat sources, it is proved a seemingly unexpected property that static cylindrical sources matched smoothly to the Levi-Civita spacetime exteriors do not admit conformally flat solutions. For spherical symmetry, there is the well known interior isotropic pressure and incompressible Schwarzschild solution, which is conformally flat [24], matched to the Schwarzschild vacuum exterior spacetime. Senovilla and Vera [25] obtained another disturbing result being the impossibility of the cylindrically symmetric Einstein-Straus model. In order to prove this impossibility they show that a Robertson-Walker spacetime, which is conformally flat, cannot be matched to any cylindrically symmetric static metric across a nonspacelike hypersurface preserving the symmetry. This result was subsequently generalised in [26, 27, 28]. Another result that might be linked to this trend was obtained by Di Prisco et al. [15] and is the following: A cylindrically symmetric shear free collapsing anisotropic fluid can be matched to

Einstein-Rosen spacetime as obtained in [15], however, by considering that the exterior spacetime reduces to the static Levi-Civita spacetime, it imposes through its matching conditions, that the cylindrical source must be static^1. We recall that a collapsing cylindrical shear free fluid, if it is isotropic, reduces to the conformally flat Robertson-Walker spacetime.

Here, we study static conformally flat solutions to an anisotropic fluid distribution bearing a non-zero cosmological constant and the possibility of matching them to the exterior LT spacetime.

The plan of the paper is as follows. In Section 2, we present the field equations for static anisotropic sources with non zero cosmological constant. In Section 3, the matching conditions for the interior static anisotropic fluid to the LT exterior spacetime are given. Section 4, is devoted to conformally flat solutions. The matching conditions when the interior spacetime is conformally flat and their consequences are analyzed in Section 5. We finish the paper with a conclusion suggesting a physical justification to our matching results.

We use latin indices a, b, ... = 0, 1, 2, 3 and use units such that the speed of light c = 1.

2 Static cylindrically symmetric anisotropic sources with Λ ≠ 0

We consider a static cylindrically symmetric anisotropic fluid bounded by a cylindrical surface S and with energy momentum tensor given by

T_{ab} = (μ + P_r)V_aV_b + P_rg_{ab} + (P_z − P_r)S_aS_b + (P_ϕ − P_r)K_aK_b, (1)

where μ is the energy density, P_r, P_z and P_ϕ are the principal stresses and V_a, S_a and K_a satisfy

V^aV_a = −1, S^aS_a = K^aK_a = 1, V^aS_a = V^aK_a = S^aK_a = 0. (2)

We assume for the interior to S the general static cylindrically symmetric metric which can be written

ds^2 = −A^2dt^2 + B^2(dr^2 + dz^2) + C^2dϕ^2, (3)

1 We note that, in [29], a static cylinder of an incompressible fluid has been matched to the Levi-Civita solution.

where A, B and C are C^2-functions of r. To represent cylindrical symmetry, we impose the following ranges on the coordinates − ∞ < t < ∞, 0 ≤ r, −∞ < z < ∞, 0 ≤ ϕ < 2π, (4) and ϕ = 2π is identified with ϕ = 0. We number the coordinates x^0 = t, x^1 = r, x^2 = z and x^3 = ϕ and we choose the fluid being at rest in this coordinate system, hence from (2) and (3) we have

V_a = −Aδ^0_a, S_a = Bδ^2_a, K_a = Cδ^3_a. (5)

For the Einstein field equations, G_{ab} = κT_{ab} − Λg_{ab}, where Λ is the cosmological constant, with (1), (3) and (5) we have the non zero components,

G_{00} = − ( A B )_2 [( B_′ B )_′ + C^{′′} C ] = κμ̄A^2, (6)

G_{11} = A^′C^′ AC + ( A^′ A + C^′ C ) B^′ B = κP̄_rB^2, (7)

G_{22} = A^{′′} A + C^{′′} C + A^′ A C^′ C − ( A^′ A + C^′ C ) B^′ B = κP̄_zB^2, (8)

G_{33} = ( C B )_2 [ A_{′′} A + ( B^′ B )_′] = κP̄_ϕC^2, (9)

where μ̄ = μ + Λ/κ, P̄_r = P_r − Λ/κ, P̄_z = P_z − Λ/κ, P̄_ϕ = P_ϕ − Λ/κ and the primes stand for differentiation with respect to r.

The extension of the expression for the mass of an isolated system proposed by Tolman [30] and Whittaker [31] to a non isolated system, bearing cylindrical symmetry, has been obtained by Israel [32]. Other proposals for the mass per unit length exist, like by Marder [33] and Vishveshwara and Winicour [34], but they proved to do not reproduce the expected Newtonian limit [4], while Israel’s does. For this reason we use here the expression for mass per unit length obtained by Israel, which is m = 2π ∫_{rS} 0 (μ̄ + P̄_r + P̄_z + P̄_ϕ) √ −g dr, (10) where g is the determinant of the metric. Substituting (3) and (6)-(9) into (10) one obtains m = 4π κ ∫_{rS} 0 (A^′C)^′dr, (11) and by considering the following regularity conditions on the axis [35]

A^′(0) = B^′(0) = C^{′′}(0) = C(0) = 0, B(0) = C^′(0) = 1, (12)

equation (11), at r = r_S , becomes

m^S= 4π κ A^′C, (13)

where^S= denotes equality on S.

Since we are concerned with conformally flat sources for the LT spacetime, we need in the sequel the square of the magnitude of the Weyl tensor C^2 = C^{abcd}C_{abcd}, which can be written with the aid of the field equations (6)-(9) as C^2 = 2 3 {[ κ(μ̄ + P̄_z) + 2 B^2 (β − γ) ]_2 + [ κ(μ̄ + P̄_ϕ) + 2 B^2 (β − α) ]_2

+ [ κ(P̄_z − P̄_ϕ) + 2 B^2 (α − γ) ]_2}

, (14)

where A^′ A B^′ B = α, B^′ B C^′ C = β, A^′ A C^′ C = γ. (15)

3 LT spacetime and matching conditions

In this section, we match the interior spacetime, bounded by the surface S and given by the metric (3), to an exterior described by the LT spacetime containing the cosmological constant. The generalized static cylindrically symmetric Levi-Civita metric with non zero Λ, given in its usual form by the LT metric [16, 17] is

ds^{2+} = −a^2Q^{2/3}P^{−2(1−8σ+4σ2 )/3Σ}dt^2 + dρ^2 + b^2Q^{2/3}P^{−2(1+4σ−8σ2 )/3Σ}dz^2 +c^2Q^{2/3}P^{4(1−2σ−2σ2 )/3Σ}dϕ^2, (16)

where Σ = 1 − 2σ + 4σ^2, and for Λ < 0, Q(ρ) = 1 √ 3|Λ| sinh(2R), P (ρ) = 2 √ 3|Λ| tanh R, (17) with R = √ 3|Λ| 2 ρ, (18)

and a, b, c and σ ≥ 0 are real constants. The case Λ > 0 is obtained by replacing the hyperbolic functions by trigonometric ones [16, 17]. The coordinates t, z and ϕ in (16) can be taken the same as in (3) and with the same ranges (4). The radial coordinates r and ρ are not necessarily continuous on S as we see below by applying the junction conditions. The constants a and b can be removed by scale transformations (although we don’t do this ahead in order to use these constants as free parameters for the matching), while c cannot be transformed away if we want to preserve the range of ϕ. The constant σ represents the Newtonian mass per unit length.

Following Darmois junction conditions [36] we impose that, on the surface S, the first and second fundamental forms which S inherits from the interior metric (3) and from the exterior metric (16) are equal, hence we obtain the following two sets of equations on S,

A^S= a Q^{1/3}P^{−(1−8σ+4σ2 )/3Σ}, (19) B^S= b Q^{1/3}P^{−(1+4σ−8σ2 )/3Σ}, (20) C^S= c Q^{1/3}P^{2(1−2σ−2σ2 )/3Σ}, (21)

and^2 A^′ AB S= √ |Λ| 3 Σ(cosh^2 R − 1) + 3σ Σ sinh R cosh R

, (22) B^′ B^2 S= √ |Λ| 3 Σ(cosh^2 R − 1) − 3σ(1 − 2σ) Σ sinh R cosh R

, (23) C^′ BC S= √ |Λ| 3 2Σ(cosh^2 R − 1) + 3(1 − 2σ)

2Σ sinh R cosh R

. (24)

By replacing the matching conditions (19)-(24) in (7) we get, for both cases Λ < 0 and Λ > 0, that P̄_r^S= −Λ or P_r^S= 0, (25)

2In the case Λ > 0, the hyperbolic functions in (22)-(24) are substituted by trigonometric ones.

as expected. The mass per unit length (13) with (19)-(22) and considering the gravitational coupling constant G = 1, then κ = 8π, can be written as

m^S= m_{LC} + abc 3 sinh^2 R, (26)

where the mass per unit length for the Levi-Civita metric, with Λ = 0, is m_{LC} = abc σ Σ , (27)

thus showing that the presence of Λ < 0 increases the mass per unit length. However, for Λ > 0 we obtain m^S= m_{LC} − abc 3 sin^2 R, (28)

producing an opposite effect, diminishing the mass per unit length. In the Conclusion we consider these results as a possible justification for the possibility, or impossibility, of matching conformally flat interior spacetimes to LT exteriors.

4 Conformally flat interior sources

The conformally flat spacetime solution, where all Weyl tensor components vanish, C_{abcd} = 0, for (3) with the regularity conditions (12) satisfied produces [23]

A = a_1 cosh(a_2r)B, (29) C = 1 a_2 sinh(a_2r)B, (30)

where a_1 ≠ 0 and a_2 ≠ 0 are integration constants, and by rescaling t we can assume a_1 = 1.

The interpretation of a_2 can be given in the following way. From (29) and (30) we can write A^′ A = B^′ B + a_2 tanh(a_2r), (31) C^′ C = B^′ B + a_2 coth(a_2r), (32) and with (14) and (15) it follows,

κ(μ̄ + P̄_z) =

2a_2 B^2 [ tanh(a_2r) B^′ B + a_2 ] , (33)

κ(μ̄ + P̄_ϕ) =

2a_2 B^2

[tanh(a_2r) − coth(a_2r)] B^′ B , (34)

producing tanh^2(a_2r) =

2a^2 − κ(μ̄ + P̄_z)B^2 2a^2 + κ(P̄_ϕ − P̄_z)B^2

. (35)

At the centre of the source, r = 0, considering the regularity conditions (12) we have from (35) 2a^2 = κ(μ̄_0 + P̄_{z0}). (36)

5 Interior static conformally spacetime matched to exterior LT spacetime

We start by considering the matching on S for Λ < 0. Then, (32) with (23) and (24) becomes

a_2 B coth(a_2r)^S= √ 3|Λ| 2Σ 1 − 4σ^2 sinh R cosh R

. (37)

From the equality of the interior and exterior first fundamental forms on S we have B^2dr^{2 S}= dρ^2 which, using (20), leads to the relation

r^S= 1 b ∫_{ρS} 0 dρ Q^{1/3}P^{−(1+4σ−8σ2 )/3Σ}

, (38)

with b > 0. Then, using the equality 2Σ √ 3|Λ|b sinh R cosh R Q^{1/3}P^{−(1+4σ−8σ2 )/3Σ} = 4Σ 3b ∫ sinh^2 R dρ Q^{1/3}P^{−(1+4σ−8σ2 )/3Σ} + 1 b ∫ dρ Q^{1/3}P^{−(1+4σ−8σ2 )/3Σ}

, (39)

at the boundary S, (37) becomes

a_2 ( r + 4Σ 3b ∫_{ρS} 0 sinh^2 R dρ Q^{1/3}P^{−(1+4σ−8σ2 )/3Σ} ) coth(a_2r)^S= 1 − 4σ^2. (40)

Since the left hand side of (40) is always bigger than 1 this condition can never be satisfied.

When Λ = 0, equation (40) reduces to

a_2r coth(a_2r)^S= 1 − 4σ^2, (41)

obtained in [23] for the case of a Levi-Civita exterior, which again shows the impossibility of matching a cylindrical conformally flat interior spacetime to a Levi-Civita exterior. Then we can state the following:

It is impossible to match any conformally flat static cylindrically symmetric interior spacetime (29) and (30) satisfying the regularity conditions (12) to an exterior LT spacetime, with Λ < 0, or to an exterior Levi-Civita spacetime, with Λ = 0, across a timelike cylindrical hypersurface S.

For Λ > 0, the corresponding equation to (40) becomes

a_2 ( r − 4Σ 3b ∫_{ρS} 0 sin^2 R dρ Q^{1/3}P^{−(1+4σ−8σ2 )/3Σ} ) coth(a_2r)^S= 1 − 4σ^2, (42)

and since the left hand side is less than 1 it does not discard, a priori, conformally flat sources matched to the LT spacetime with Λ > 0.

Now, we give simple examples^3 for which a conformally flat interior source can be matched to an exterior LT spacetime with Λ > 0.

5.1 P̄_r = P̄_z or P̄_z = P̄_ϕ

In this case, the solution of (6)-(9) with (29) and (30) can be easily demonstrated to be B = 1 cosh(a_2r)

, (43) and P̄_r = P̄_z = P̄_ϕ = −μ̄ 3 = − a^2 κ . (44)

By matching this solution on S to the exterior LT spacetime we have from (25),

P_r = P_z = P_ϕ = 0, μ = 2 Λ κ , (45)

3We note that in [19], the LT spacetime with Λ > 0 was matched to the toroidal Einstein static universe.

reducing the interior solution to the Einstein static universe.

The junction conditions (19)-(24) for Λ > 0 and (43) become

1^S= a Q^{1/3}P^{−(1−8σ+4σ2 )/3Σ}, (46) 1 cosh(a_2r)

S= b Q^{1/3}P^{−(1+4σ−8σ2 )/3Σ}, (47) 1 a_2 tanh(a_2r)^S= c Q^{1/3}P^{2(1−2σ−2σ2 )/3Σ}, (48) and 0^S= √ Λ 3 3σ − Σ sin^2 R Σ sin R cos R

, (49)

a_2 sinh(a_2r)^S= √ Λ 3 3σ(1 − 2σ) + Σ sin^2 R Σ sin R cos R

, (50)

a_2 sinh(a_2r) S= √ Λ 3 3(1 − 2σ) − 2Σ sin^2 R 2Σ sin R cos R

. (51)

From (49)-(51) we have a^2 = Λ, as can be obtained too from (36), and

sin^2 R^S= 3σ Σ , sinh^2( √ Λr)^S= 4σ(1 − σ) 1 − 4σ , (52)

where 0 ≤ sin R_S ≤ 1 and 0 ≤ sinh( √ Λr_S ) < ∞ are satisfied by 0 < σ < 1/4.

While (46)-(48) with (52) define the exterior parameters a, b and c in terms of Λ and σ.

Hence, it is possible to match a conformally flat static cylindrically symmetric interior spacetime (29) and (30), satisfying regularity conditions (12), to an exterior LT spacetime with Λ > 0, across a timelike cylindrical hypersurface S.

We call attention to the fact that the LT spacetime with Λ > 0 has, besides the singularity at ρ = 0 where we placed the source, another singularity at ρ = π/ √ 3Λ where another source has to be placed. In that case, the matching is still possible by substituting the cylindrical region by a toroidal one following the methods of [19].

5.2 P̄_r = P̄_ϕ

In this case, the solution of (6)-(9) with (29) and (30) is B = 1 a_4[cosh(a_2r) − 1] + 1

(53) where a_4 ≠ 0 is a constant. We note that if a_4 = 1, the function B corresponds to the solution (43). The density and pressures have the following form

μ̄ = 2 a^2 a_4 [(1 − a_4) cosh(a_2r) + a_4 + 1] − a^2 (54) P̄_r = 2a^2a_4[(a_4 − 1) tanh(a_2r) sinh(a_2r) − 1] + a^2 (55)

P̄_z = 2a^2a_4 [ 1 − a_4 cosh(a_2r)

+ a_4 − 3 ] + 3a^2 (56)

In this case, the matching conditions (19)-(24) read cosh(a_2r) a_4[cosh(a_2r) − 1] + 1

S= a Q^{1/3}P^{−(1−8σ+4σ2 )/3Σ}, (57) 1 a_4[cosh(a_2r) − 1] + 1

S= b Q^{1/3}P^{−(1+4σ−8σ2 )/3Σ}, (58)

sinh(a_2r) a_2[a_4[cosh(a_2r) − 1] + 1]

S= c Q^{1/3}P^{2(1−2σ−2σ2 )/3Σ}, (59) and a_2(1 − a_4) tanh(a_2r)^S= √ Λ 3 3σ − Σ sin^2 R Σ sin R cos R

, (60)

a_2a_4 sinh(a_2r)^S= √ Λ 3 3σ(1 − 2σ) + Σ sin^2 R Σ sin R cos R

, (61)

a_2[cosh(a_2r)(1 − a_4) + a_4] sinh(a_2r) S= √ Λ 3 3(1 − 2σ) − 2Σ sin^2 R 2Σ sin R cos R

. (62)

From (60)-(62) we obtain

sin^2 R^S= 3σ Σ [ 1 + 2(a_4 − 1)(1 − σ) √ 1 − 4σ a_4 √ 1 − 4σ^2 − (a_4 − 1) √ 1 − 4σ ] (63) and sinh^2(a_2r)^S= 4σ(1 − σ) 1 − 4σ , (64)

as well as (which also follows from (25))

a^2^S= Λ

2a_4 − 1 − 2a_4(a_4 − 1) 4σ(1 − σ) √ (1 − 4σ)(1 − 4σ^2) −1 . (65)

The inequality 0 ≤ sin^2 R_S ≤ 1 in (63) and the positivity of the right hand side of (65), for any 0 < σ < 1/4, are satisfied if 1/2 ≤ a_4 ≤ 1.

We conclude that, in this case, the matching is possible in the following sense:

For any 1/2 ≤ a_4 ≤ 1, 0 < σ < 1/4 and Λ > 0, the parameter a_2 is fixed by (65) while ρ_S and r_S are determined from (63) and (64). In turn, (57)-(59) fix the exterior parameters a, b and c. If a_4 = 1, this solution reduces to the example of the previous section.

6 Conclusion

The main result obtained here is that it is not possible to match a static interior cylindrically symmetric conformally flat spacetime smoothly across a cylindrical surface to an exterior given by the LT spacetime, when Λ < 0, or, by the Levi-Civita spacetime when Λ = 0. For Λ > 0, it is possible to perform such matching as we showed with two examples.

We also showed, that the mass per unit length is increased by the presence of Λ < 0, while it is diminished by Λ > 0.

The Levi-Civita spacetime does not possess any horizons, which may seem to indicate, according to our understanding of black hole formation, that there is an upper limit allowed by the mass per unit length. This limit is always below the critical linear mass above which horizons may be formed [4, 37]. The fact that conformally flat spacetimes cannot be matched to Levi-Civita might be physically justified from the fact that sources producing these spacetimes have linear masses higher than this limit. If this is the case, then the inclusion of Λ < 0 would further unbalance this limit since, from (26), the mass per umit length would be further increased. On the other hand, for Λ > 0, we see that the matching is possible and, from (28), the corresponding mass per unit length is diminished as compared to the Levi- Civita linear mass. This fact might suggest that, in this case, the linear mass is sufficiently diminished as compared to the critical mass limit.

Acknowledgments

We thank the referees for useful criticisms. IB and FM thank CMAT, Univ. Minho, for support through the FEDER Funds - ”Programa Operacional Factores de Competitividade COMPETE” and FCT Project Est- C/MAT/UI0013/2011. FM is supported by FCT projects PTDC/MAT/108921/2008 and CERN/FP/116377/2010. MFAdaSilva acknowledges the financial support from FAPERJ (no. E-26/171.754/2000, E-26/171.533.2002, E-26/170.951/2006, E-26/110.432/2009 and E-26/111.714/2010), Conselho Nacional de Desenvolvimento Científico e Tecnológico - CNPq - Brazil (no. 450572/2009-9, 301973/2009-1 and 477268/2010-2) and Financiadora de Estudos e Projetos - FINEP - Brazil.

References

[1] Levi-Civita, T. 1919 Rend. Acc. Lincei 28 101

[2] Bonnor, W. B. 1992 Gen. Rel. Grav. 24, 551

[3] Bonnor, W. B., Griffiths, J. B., and MacCallum, M. A. H. 1994 Gen.

Rel. Grav. 26, 687

[4] Wang, A. Z., da Silva, M. F. A., and Santos, N. O. 1997 Class. Quantum Grav. 14, 2417

[5] Griffiths, J. B., and Podolsky, J. 2009 Exact Space-Times in Einstein’s General Relativity, Cambridge Monographs on Mathematical Physics (Cambridge: Cambridge University Press) p 176

[6] Fujimoto, M. 1963 Astron. Soc. Japan 15, 107

[7] Hockney, R. W. 1967 Astrophys. J. 150, 797

[8] Song, S., Jung, C. W., Kim, S. Y., and Choi, Y. 1992 Astrophys. Space Sci. 193, 217

[9] Vilenkin, A., and Shellard, E. P. S. 1994 Cosmic Strings and Other Topological Defects, Cambridge Monographs on Mathematical Physics (Cambridge: Cambridge University Press)

[10] da Silva, M. F. A., Herrera, L., Santos, N. O., and Wang, A. Z. 2002 Class. Quantum Grav. 19, 3809

[11] Mashhoon, B., and Santos, N. O. 2000 Ann. Phys. 9, 49

[12] Opher, R., Santos, N. O., and Wang, A. 1996 J. Math. Phys. 37, 1982 [13] Herrera, L., and Santos, N. O. 2007 Astrophys. Space Sci. 310, 251 [14] Gariel, J., MacCallum, M. A. H., Marcillacy, G., and Santos, N. O. 2010 Astron. and Astrophys. 515, A15 [15] Di Prisco, A., Herrera, L., MacCallum, M. A. H., and Santos, N. O.

2009 Phys. Rev. D 80, 064031 [16] Linet, B. 1986 J. Math. Phys. 27 1817 [17] Tian, Q. 1986 Phys. Rev. D 33 3549 [18] da Silva, M. F. A., Wang A., Paiva, F. M. and Santos N. O., 2000 Phys.

Rev. D 61 044003 [19] Griffiths, J., Podolský, J. 2010 Phys. Rev. D 81 064015 [20] Bezerra de Mello, E. R., Brihaye, Y., and Hartmann, B. 2003 Phys. Rev.

D 67, 124008 [21] Bhattacharya, S., and Lahiri, A. 2008 Phys.Rev. D 78, 065028 [22] Žofka, M. and Bičák, J. 2008 Class. Quantum Grav. 25, 015011 [23] Herrera, L., Le Denmat, G., Marcilhacy, G., and Santos, N. O. 2005 Int.

Journ. Mod. Phys. D14, 657 [24] Raychaudhuri, A. R., and Maiti, S. R. 1979 J. Math. Phys. 20, 245 [25] Senovilla, J. M. M., and Vera, R. 1997 Phys. Rev. Lett. 78, 2284 [26] Mars, M., 2001 Class. Quantum Grav. 18 3645 [27] Mena, F. C., Tavakol, R. and Vera, R., 2002 Phys. Rev. D 66 044004 (13 pages) [28] Mars M., Mena, F. C. and Vera R., 2008 Phys. Rev. D78 084022 (19 pages) [29] Bičák, J. et al. 2004 Class. Quantum Grav. 21, 1583 [30] Tolman, R. C. 1930 Phys. Rev. 35, 875

[31] Whittaker, E. T. 1935 Proc. Roy. Soc. A 149, 384 [32] Israel, W. 1977 Phys. Rev. D 15, 935 [33] Marder, L. 1958 Proc. Roy. Soc. A 244, 524 [34] Vishveshwara, C. V., and Winicour, J. 1977 J. Math. Phys. 18, 1280 [35] Philbin T., 1997 Class. Quant. Grav. 13 1217 [36] Darmois, G. 1927 Mémorial des Sciences Mathématiques (Gauthier- Villars, Paris) fasc. 25 [37] Lathrop, J. D., and Orsene, M. S. 1980 J. Math. Phys. 21, 152