arXiv:gr-qc/0608111v2 15 Aug 2007

The Colliding Plane Wave and Energy-Momentum Problems in General Relativity and Teleparallel Gravity

S. AYGÜN^∗, I. TARHAN^†, H. BAYSAL^‡ and M. AYGÜN^§

Abstract.

Using the energy-momentum complexes of Einstein, Bergmann-Thomson, Landau- Lifshitz (LL), Møller and Papapetrou we have tried to solve energy-momentum and colliding plane wave problems for Bertotti-Robinson (BR) space-time (it has been also a subject of an extensive study in the context of the so-called colliding plane wave problem in General relativity) in General Relativity (GR). Moreover Einstein, Bergmann-Thomson and Landau-Lifshitz (LL) energy-momentum prescriptions have been discussed in Teleparallel Gravity (TP). While Møller and Bergmann-Thomson complexes give exactly same results other energy-momentum complexes do not provide same energy densities. Also we get that both general relativity and teleparallel gravity are equivalent theories.

Keywords: Energy-momentum distribution; Bertotti-Robinson metric; General Relativity; Teleparallel Gravity.

1. Introduction.

One of the most interesting questions which remains unsolved in the general theory of relativity and teleparallel gravity is the energy-momentum localization. This subject continues to be an open one because there is no given yet a generally accepted expression for the energy momentum density. After Einstein[1] first introduced energy-momentum complexes, different energy-momentum complexes were constructed, including those of Tolman[2], Papapetrou[3], Bergmann-Thomson[4], Møller[5], Landau-Liftshitz[6], Weinberg[7], Qadir-Sharif[8] and the teleparallel gravity analogs of the Einstein, Landau-Lifshitz, Bergmann- Thomson[9] and Møller’s[10]. Vargas [9] used Einstein and Bergmann- Thomson energy-momentum definitions in teleparallel gravity and found

∗ Çanakkale Onsekiz Mart University, Arts and Sciences Faculty, Department of Physics, Terzioğlu Campus, 17020 Çanakkale, Turkey. e-mail : saygun@comu.edu.tr † Çanakkale Onsekiz Mart University, Arts and Sciences Faculty, Department of Physics, Terzioğlu Campus, 17020 Çanakkale, Turkey. e-mail : ismailtarhan@comu.edu.tr

‡ Department of Secondary Science and Mathematics Education, Faculty of Education, Çanakkale Onsekiz Mart University, 17020 Çanakkale, Turkey e-mail :hbaysal@comu.edu.tr

§ Çanakkale Onsekiz Mart University, Arts and Sciences Faculty, Department of Physics, Terzioğlu Campus, 17020 Çanakkale, Turkey. e-mail : melisulu@comu.edu.tr

© 2007 Kluwer Academic Publishers. Printed in the Netherlands.

bertottigrg.tex; 16/08/2007; 4:21; p.1

that the total energy is zero in FRW space-time. His results are the same as those calculated in general relativity. Saltı and his collaborators [11]-[14] considered various space-times in teleparallel gravity and obtain energy-momentum densities. The energy-momentum complexes give meaningful results when we transform the line element in quasi- Cartesian coordinates. The energy and momentum complex of Møller gives the possibility to perform the any coordinate system[15]. The issue of the energy-momentum localization by use of the energy-momentum complexes was revived by Virbhadra’s pioneering work[16]. However many researchers have studied in detail energy-momentum problem in the theory of general relativity and teleparallel gravity by using different space times and different definitions.[17]

Aygün et al.[18],[19] have investigated energy-momentum problem in general relativity and teleparallel gravity for different space-times and various definitions and the results agree with each other in both theories.

The plan of the paper is as follows. In the next section, we review Bertotti-Robinson type space-time. In section III, by using Einstein, Bergmann-Thomson, Landau-Lifshitz, Møller and Papapetrou energymomentum complexes we calculate the total energy of the Bertotti- Robinson type space-times in general relativity. In section IV we get total energy-momentum of the Bertotti-Robinson type space-time in teleparallel gravity. At the last, we summarize and discuss our results.

2. The Bertotti-Robinson (BR) Space-time

The Bertotti-Robinson metric, otherwise so-called AdS_2×S^2 space-time given by [20], [21]

ds^2 = q^2 r^2

(−dt^2 + dr^2 + r^2dθ^2 + r^2 sin^2 θdϕ^2) (1)

The line element (1) is a non-singular solution of Einstein-Maxwell equations with a uniform electromagnetic field such that F_{ab}F^{ab} = q^2 = constant. The Bertotti-Robinson universe has been also a subject of an extensive study in the context of the so-called colliding plane wave problem in General Relativity [22] (and the references therein). Here the main idea is that the line element (1) can be seen as produced in a non-linear interaction (collision) of two plane electromagnetic waves with constant, not necessarily equal, profiles. To put the metric into the form convenient from the point of view of the colliding wave problem one performs the following co-ordinate transformation [23]

bertottigrg.tex; 16/08/2007; 4:21; p.2

t + r = coth[^1_2 sech^{−1}(cos(au + bv)) −^y_{2q} ]

t − r = − tanh[^1_2 sech^{−1}(cos(au + bv)) +^y_{2q} ] θ = π/2 − (bv − au) ϕ = x/q, (2)

where q =^{1√}_{2ab} . With this we obtain:

ds^2 = −2dudv + cos^2[au − bv]dx^2 + cos^2[au + bv]dy^2, (3) where au < π/2, bv < π/2, −∞ < x, y < ∞ and a and b are the positive constants related to the strengths of the incoming electromagnetic plane waves. In these co-ordinates, and extended into the plane wave regions by introducing u → uΘ(u) and v → vΘ(v), where Θ(u) and Θ(v) are the usual Heaviside functions, the line element is called the Bell-Szekeres solution. This solution represents the collision of two electromagnetic plane waves with different amplitudes and constant polarization [24].

It is well known that if the calculations are performed in quasi- Cartesian coordinates, all the energy-momentum complexes give meaningful results. According to the following transformations r = √ x^2 + y^2 + z^2, θ = arccos(z/ √ x^2 + y^2 + z^2), ϕ = arctan(y/x), t = t. the line element (1) written in terms of quasi-Cartesian coordinates reads:

ds^2 = q^2 r^2

(dx^2 + dy^2 + dz^2 − dt^2) (4)

where r^2 is equal to r^2 = x^2 + y^2 + z^2 in Eq. (4). For the above metric the determinant of the metric tensor and the contravariant components of the tensor are given, respectively

detg = − q^8 r^8 , g^{00} = − r^2 q^2 , g^{11} = r^2 q^2

, (5)

g^{22} = r^2 q^2 ,

bertottigrg.tex; 16/08/2007; 4:21; p.3

g^{33} = r^2 q^2 ,

3. Energy-momentum in General Relativity

In this section, we introduce Einstein, Bergmann-Thomson, Landau- Lifshitz, Møller and Papapetrou energy-momentum definitions, respectively.

3.1. Einstein’s Energy-momentum Complex

The energy-momentum complex as defined by Einstein [1] is given by

§^k_i = 1 16π χ^{kl}_{i,l}, (6) where the Einstein’s superpotential χ^{kl}_i is of the form χ^{kl}_i = g_{in} √ −g [−g(g^{kn}g^{lm} − g^{ln}g^{km})]_{,m} (7) §^0 and §^0_α are the energy and momentum density components, respectively. The energy-momentum complex §^k_i satisfies the local conservation law ∂§^k_i ∂x^k = 0.

In order to calculate the energy and momentum densities in Einstein’s complex associated with the space-time, we evaluate the required components of χ^{kl}_i

χ^{01}_0 =^{4q2x}_{r4} , χ^{02}_0 =^{4q2y}_{r4} , χ^{03}_0 =^{4q2z}_{r4} . (8)

Using these components in Eq. (8), we get the energy and momentum densities for Einstein prescription as following

§^0 =^{q2}_{4πr4} , §^0_1 = 0, §^0_2 = 0, §^0_3 = 0. (9)

bertottigrg.tex; 16/08/2007; 4:21; p.4

3.2. Bergmann-Thomson’s Energy-momentum Complex

The Bergmann-Thomson energy-momentum complex [4] is given by ξ^{ik} = 1 16π [ g^{il}�^{km}_l ] ,m (10)

where �^{km}_l = g_{ln} √ −g [ − g ( g^{kn}g^{mp} − g^{mn}g^{kp} )] ,p . (11)

ξ^{00} and ξ^{0α} are the energy and momentum density components. In order to calculate ξ^{00} and ξ^{0α} for Weyl metric, using Bergmann-Thomson energy-momentum complex, we require the following components of �^{km}_l �^{01}_0 =^{4x}_{r2} , �^{02}_0 =^{4y}_{r2} , �^{03}_0 =^{4z}_{r2} .

(12)

Using the components (12) into Eq. (10), we get the energy and momentum densities for the space-time under consideration, respectively, as follows ξ^0 = −^{q2}_{4πr4} , ξ^0_1 = 0, ξ^0_2 = 0, ξ^0_3 = 0.

(13)

3.3. Landau-Lifshitz’s Energy-momentum Complex

The energy-momentum complex of Landau-Lifshitz [6] is

£^{ij} = 1 16π Υ^{ikjl}_{,kl}, (14) where Υ^{ikjl} with symmetries of the Riemann tensor and is defined by Υ^{ikjl} = −g(g^{ij} g^{kl} − g^{il}g^{kj} ). (15) The quantity £^{00} represents the energy density of the whole physical system including gravitation and £^{0α} represents the components of the total momentum (energy current) density.

In order to evaluate the energy and momentum densities in Landau- Lifshitz’s prescription associated with the metric (4), we evaluate the required components of Υ^{ikjl}

Υ^{0101} = Υ^{0202} = Υ^{0303} = −^{q4}_{r4} . (16)

bertottigrg.tex; 16/08/2007; 4:21; p.5

Using these components in equation (14), we get the energy and momentum densities as following

£^0 =^{3q6}_{4πr8} , £^0_1 = 0, £^0_2 = 0, £^0_3 = 0.

(17)

3.4. Møller’s Energy-momentum Formulation

The energy-momentum complex of Møller is given by

M^ν_μ = 1 8π λ^{να}_{μ,α} (18) satisfying the local conservation laws: ∂M^ν_μ ∂x^ν = 0 (19)

where the antisymmetric super-potential λ^{να}_μ is λ^{να}_μ = √ −g[g_{μβ,γ} − g_{μγ,β} ]g^{νγ} g^{αβ} (20) The locally conserved energy-momentum complex M^ν_μ contains contributions from the matter, non-gravitational fields. M^0_0 is the energy density and M^0_α are the momentum density components. The momentum four-vector of Møller is given by

P_μ = ∫ ∫ ∫ M^0_μ dxdydz. (21) P_μ give momentum components P_1, P_2, P_3 and P_0 gives the energy.

Using the metric in Eq.(4), we found the required components of λ^{να}_μ .

λ^{01}_0 =

2q^2x r^4

, λ^{02}_0 =

2q^2y r^4

, λ^{03}_0 =

2q^2z r^4

(22)

From Eqs.(22) and (18) we obtain

M^0_0 = −^{q2}_{4πr4}

M^0_1 = 0 M^0_2 = 0 M^0_3 = 0

(23)

3.5. Papapetrou’s Energy-momentum Formulation

The energy-momentum complex of Papapetrou is given by

bertottigrg.tex; 16/08/2007; 4:21; p.6

Σ^{μν} = 1 16π N^{μναβ}_{,αβ} (24) where N^{μναβ} = √ −g(g^{μν} η^{αβ} − g^{μα}η^{νβ} + g^{αβ} η^{μν} − g^{νβ} η^{μα}) (25) Σ^0 is the energy density, Σ^0_μ are the momentum density components, and Σ^μ_0 are the components of energy current density. The Papapetrou energy-momentum complex satisfies the local conservation laws ∂Σ^{μν} ∂x^ν = 0 (26)

in any coordinate system. The energy and momentum components are given by

P^μ = ∫ ∫ ∫ Σ^{μ0}dxdydz. (27) here P^μ give momentum components P^1, P^2, P^3 and P^0 gives the energy distribution. Using the line element Eq.(4), we found the required components of N^{μναβ}

N^{0011} = N^{0022} = N^{0033} = −

2q^2 r^2

. (28)

From this point of view, by using Eq.(28) and Eq.(24) we obtain

Σ^0 =^{q4}_{4πr6} Σ^0_1 = 0 Σ^0_2 = 0 Σ^0_3 = 0

(29)

4. Energy-momentum in TeleParallel Gravity

In teleparallel gravity, spacetime is represented by the Weitzenböck manifold W^4 of distant parallelism [25]. This gravitational theory naturally arises within the gauge approach based on the group of the spacetime translations [9]. In the theory of the tele-parallel gravity, gravitation is attributed to torsion[26], which plays the role of a force[27], and the curvature tensor vanishes identically. Accordingly, at each point of this manifold, a gauge transformation is defined as a local translation of the tangent-space coordinates,

x^a → x^{′a} = x^a + γ^a,

bertottigrg.tex; 16/08/2007; 4:21; p.7

where γ^a(x^ν ) are the transformation parameter. For an infinitesimal transformation, we have δx^a = δγ^cP_cx^a with P_c =^∂_{∂x} the generators of transformation. The gauge covariant derivative of a general matter field Φ(x^ν ) is

D_ν Φ = h^a_ν ∂_aΦ,

where h^a_ν = ∂_ν x^a + N^a_ν (30) is a non-trivial tetrad field, N^a_ν is the translation gauge potential. The relation (30) satisfies the orthogonality condition

h^a_μh^ν_a = δ^ν_μ. (31)

Where as the tangent space indices arised and lowered with the Minkowski metric η_{ab}, the space-time indices are raised and lowered with the space-time metric

g_{μν} = η_{ab}h^a_μh^b_ν . (32) A nontrivial tetrad field induces on space-time a teleparallel structure which is directly related to the presence of the gravitational field. The parallel transport of the tetrad h^a_μ between two neighboring points is encoded in the covariant derivative

∇_ν h^a_μ = ∂_ν h^a_μ − Γ^α_{μν} h^a_α,

where Γ^α_{μν} = h^α_a ∂_μh^a_ν (33) is the Weitzenböck connection. This connection is presenting torsion, but no curvature. The torsion of the Weitzenböck connection is defined by T^α_{μν} = Γ^α_{νμ} − Γ^α_{μν} . (34) The Lagrangian of the teleparallel equivalent of general relativity is given by L = L_G + L_M = c^4h 16πG S^{ρμν} T_{ρμν} + L_M , where h = det(h^a_μ), L_M is the Lagrangain of a source field and S^{ρμν} is the tensor

S^{ρμν} = e_1T^{ρμν} + e_2 2 (T^{μρν} − T^{νρμ}) + e_3 2 (g^{ρν} T^{σμ}_σ − g^{μρ}T^{σν}_σ ). (35)

bertottigrg.tex; 16/08/2007; 4:21; p.8

is a tensor written in terms of Weitzenböck connection. In the above form e_1, e_2 and e_3 are the three dimensionless coupling constants of teleparallel gravity.

For the so called teleparallel equivalent of general relativity, the specific choice of these constants are given by [26]

e_1 = 1 4 , e_2 = 1 2 , e_3 = −1. (36)

The energy-momentum complexes of Einstein, Bergmann-Thomson and Landau-Lifshitz in teleparallel gravity, respectively, are given by [9] hE^μ_ν =^1_{4π} ∂_λ ( Ω^{μλ}_ν ) , hB^{μν} =^1_{4π} ∂_λ ( g^{μβ} Ω^{νλ}_β ) , hL^{μν} =^1_{4π} ∂_λ ( hg^{μβ} Ω^{νλ}_β ) , (37)

where Ω^{μλ}_ν is the Freud’s super-potential and defined as follows

Ω^{μλ}_ν = hS^{μλ}_ν (38) The energy and momentum distributions in the above complexes, respectively, are

P^E_μ = ∫ Σ hE^0_μd^3x,

P^{BT}_μ = ∫ Σ hB^0_μd^3x,

P^{LL}_μ = ∫ Σ hL^0_μd^3x,

(39)

where P_0 is the energy, P_i (i = 1, 2, 3) are the momentum components and the integration hypersurface Σ is described by x^0 = t constant.

For the line element (4), using Eq. (31) we obtain the tetrad components h^a_μ = diag ( q r , q r , q r , q r ) , (40)

h_a^μ = diag ( r q , r q , r q , r q ) . (41)

From the Christoffel symbols which are defined by

Γ^α_{μν} = 1 2 g^{αβ} (∂_μg_{βν} + ∂_ν g_{βμ} − ∂_β g_{μν} ) . (42)

bertottigrg.tex; 16/08/2007; 4:21; p.9

We obtain the following non-vanishing components of the Weitzenböck connections

Γ^0_1 = Γ^1_1 = Γ^2_1 = Γ^3_1 = − x r^2 , Γ^0_2 = Γ^1_2 = Γ^2_2 = Γ^3_2 = − y r^2 , Γ^0_3 = Γ^1_3 = Γ^2_3 = Γ^3_3 = − z r^2

(43)

The corresponding non-vanishing torsion components are obtained as T^0_{01} = T^2_{21} = T^3_{31} = x r^2 , T^0_{02} = T^1_{12} = T^3_{32} = y r^2 , T^0_{03} = T^1_{13} = T^2_{23} = z r^2

. (44)

Using these results with Eq. (35), the non-vanishing components of the tensor S^{μνλ} are obtained as

S^{001} = S^{212} = S^{313} =^{r2x}_{q4} ,

S^{002} = S^{121} = S^{323} =^{r2y}_{q4} ,

S^{003} = S^{131} = S^{232} =^{r2z}_{q4} .

(45)

From Eq. (38), the non-vanishing components of Freud’s super potential are calculated as

Ω^{10}_0 = Ω^{12}_2 = Ω^{13}_3 =^{q2x}_{r4} ,

Ω^{20}_0 = Ω^{21}_1 = Ω^{23}_3 =^{q2y}_{r4} ,

Ω^{30}_0 = Ω^{31}_1 = Ω^{32}_2 =^{q2z}_{r4} .

(46)

Substituting Eq. (46) into Eq. (37), we get Einstein, Bergmann-Thomson and Landau-Lifshitz energy-momentum densities in tele-parallel gravity, respectively.

bertottigrg.tex; 16/08/2007; 4:21; p.10

hE^0 =^{q2}_{4πr4} , hE^0_1 = hE^0_2 = hE^0_3 = 0,

(47)

hB^0 = −^{q2}_{4πr4} , hB^0_1 = hB^0_2 = hB^0_3 = 0,

(48)

hL^0 =^{3q6}_{4πr8} , hL^0_1 = hL^0_2 = hL^0_3 = 0.

(49)

These results are exactly same as our energy-momentum definitions in general relativity for Einstein, Bergmann-Thomson and LL definitions. All results have been summarized in Table.1, Table.2 and Figure.1.

Table.1 The energy and momentum densities for BR space-time in Einstein’s theory of general relativity.

General Relativity Energy Density Momentum Density

Bergmann-Thomson ξ^0 = −^{q2}_{4πr4} ξ^0_1 = ξ^0_2 = ξ^0_3 = 0 Einstein §^0 =^{q2}_{4πr4} §^0_1 = §^0_2 = §^0_3 = 0 Landau-Lifshitz £^0 =^{3q6}_{4πr8} £^0_1 = £^0_2 = £^0_3 = 0

Møller M^0_0 = −^{q2}_{4πr4} M^0_1 = M^0_2 = M^0_3 = 0 Papapetrou Σ^0 =^{q4}_{4πr6} Σ^0_1 = Σ^0_2 = Σ^0_3 = 0

bertottigrg.tex; 16/08/2007; 4:21; p.11

Table.2 Energy and momentum densities for Bertotti-Robinson spacetime in Tele-parallel gravity.

Teleparallel Gravity Energy Density Momentum Density

Bergmann-Thomson hB^0 = −^{q2}_{4πr4} hB^0_1 = hB^0_2 = hB^0_3 = 0

Einstein hE^0 =^{q2}_{4πr4} hE^0_1 = hE^0_2 = hE^0_3 = 0

Landau-Lifshitz hL^0 =^{3q6}_{4πr8} hL^0_1 = hL^0_2 = hL^0_3 = 0

5. Discussions

In this work, the energy-momentum densities are obtained in both theory of general relativity and the theory of teleparallel gravity. We used different energy-momentum complexes, specifically these are the energy-momentum complexes of Einstein, Bergmann-Thomson, Landau- Lifshitz, Møller and Papapetrou. We found that, the energy distributions in Einstein, Bergmann-Thomson and LL’s formulations are found exactly the same in both of general relativity and teleparallel gravity moreover in general relativity except Møller (M^0_0 ) and Bergmann- Thomson (ξ^0 ) definitions, other prescriptions do not provide the same energy densities (ξ^0 = −§^0 = M^0_0 = −^{q2}_{4πr4} ) but provide the momentum densities in general relativity and teleparallel gravity. Also the energy density of Einstein is different than those of Bergmann-Thomson and Møller complexes with a sign of minus. This paper show that; both general relativity and teleparallel gravity are equivalent theories, i.e., the energy-momentum densities are the same, using different energymomentum complexes, in both theories. These solutions have been summarized in Table.1 and Table.2.

bertottigrg.tex; 16/08/2007; 4:21; p.12

References

1. A. Einstein, Preuss. Akad. Wiss. Berlin 47, 778 (1915) 2. R.C. Tolman, Relativity, Thermodinamics and Cosmology (Oxford Univ. Pres., London, P.227) (1934) 3. A. Papapetrou, Proc. R. Irish. Acad. A52, 11 (1948) 4. P.G. Bergmann and R. Thomson, Phys. Rev. 89, 400 (1953) 5. C. Møller, Ann. Phys. (NY) 4, 347 (1958); Ann. Phys. (NY) 12, 118 (1961) 6. L.D. Landau and E.M. Lifshitz, The Classical theory of fields (Pergamon Press, 4th Edition, Oxford) (1987) 7. S. Weinberg, Gravitation and Cosmology: Principle and Applications of General Theory of Relativity (John Wiley and Sons, Inc., New York) (1972) 8. A. Qadir and M. Sharif, Phys. Lett. A167, 331 (1992) 9. T. Vargas, Gen. Rel. Gravit. 36, 1255 (2004) 10. F.I. Mikhail, M.I. Wanas, A. Hindawi and E.I. Lashin, Int. J. Theor. Phys. 32, 1627 (1993) 11. M. Salti, Astrophys. Space Sci. 299, 159 (2005) 12. O. Aydogdu and M. Salti Astrophys. Space Sci. 299, 227 (2005) 13. M. Salti and A. Havare, Int. J. Mod. Phys. A20, 2165 (2005) 14. A. Havare, M. Korunur and M. Salti, Astrophys.Space Sci. 301, 43 (2006) 15. I. Radinschi, Mod.Phys.Lett. A15, 2171 (2000) 16. K.S. Virbhadra, Phys. Rev. D41, 1086 (1990); K.S. Virbhadra, Phys. Rev.

D42, 1066 (1990); K.S. Virbhadra, Phys. Rev. D42, 2919 (1990); K.S. Virbhadra, Pramana - J. Phys. 38, 31 (1992); N. Rosen and K.S. Virbhadra, Gen. Rel. Grav. 25, 429 (1993); K.S.Virbhadra and J.C. Parikh, Phys. Lett. B317, 312 (1993); K.S.Virbhadra and J.C. Parikh, Phys. Lett. B331, 302 (1994); Erratum-ibid. B340, 265 (1994); K.S. Virbhadra, Pramana - J. Phys. 45, 215 (1995) 17. S. S. Xulu, Int. J. Theor. Phys. 37, 1773 (1998); S. S. Xulu, Int. J. Mod. Phys.

D7, 773 (1998); E. C. Vagenas, Int. J. Mod. Phys. A18, 5949 (2003); E. C. Vagenas, Int.J.Mod.Phys. D14, 573 (2005); E. C. Vagenas, Mod.Phys.Lett. A19, 213 (2004); I. Radinschi, Acta Phys. Slov., 49(5), 789 (1999);I-Ching Yang and I. Radinschi, Chin. J. Phys. 41, 326 (2003); R. Gad, Astrophys. Space Sci. 293, 453 (2004); I. Radinschi, Mod. Phys. Lett. A15(35), 2171 (2000); M. Sharif and Tasnim Fatima, Int. J. Mod. Phys. A20, 4309 (2005); M. Sharif, Int. J. Mod. Phys. D13, 1019 (2004); R. Gad, Mod. Phys. Lett. A19, 1847 (2004); R. Gad, Astrophys. Space Sci. 295, 451 (2005); R. Gad, Astrophys. Space Sci. 293, 453 (2004); M. Saltı, Nuovo Cim. B120, 53 (2005) 18. S. Aygün, M. Aygün, İ. Tarhan, gr-qc/0606080 (to be appeared in Acta Physica Polonica B); gr-qc/0607102; gr-qc/0607110; gr-qc/0607115; gr-qc/0607119; gr-qc/0607126 19. S. Aygün,H. Baysal, İ. Tarhan, gr-qc/0608024; gr-qc/0607109; gr-qc/0607089 20. B. Bertotti, Phys. Rev. 116, 1331 (1959) 21. I. Robinson, Bull. Acad. Polon. Sci. 7, 531 (1954) 22. J. B. Griffiths, Colliding Plane Waves in General Relativity (Claredon Press, Oxford 1991) 23. A. Feinstein, Class.Quant.Grav. 19, 5353 (2002) 24. P. Bell and P. Szekeres, Gen. Rel. Grav. 5, 275 (1974) 25. R. Weitzenböck, Invarianttent theorie (Gronningen: Noordhoff) (1923) 26. K. Hayashi and T. Shirafuji, Phys. Rev. D19, 3524 (1978) 27. V. C. de Andrade and J. G. Pereira, Phys. Rev. D56, 4689 (1997)

bertottigrg.tex; 16/08/2007; 4:21; p.13