arXiv:astro-ph/0512117 v3 31 Oct 2006

Chaplygin gas may prevent big trip

José A. Jiménez Madrid^{1, 2, a} 1Colina de los Chopos, Centro de Física “Miguel A. Catalán”, Instituto de Matemáticas y Física Fundamental Consejo Superior de Investigaciones Científicas, Serrano 121, 28006 Madrid, Spain 2Instituto de Astrofísica de Andalucía, Consejo Superior de Investigaciones Científicas, Camino Bajo de Huétor 50, 18008 Granada, Spain (Dated: 31st October 2006)

This paper deals with the study of the accretion of a generalized Chaplygin gas with equation of state p = −A/ρ^α onto wormholes. We have obtained that when dominant energy condition is violated the size of wormhole increases with the scale factor up to a given plateau. On the regime where the dominant energy condition is satisfied our model predicts a steady decreasing of the wormhole size as generalized Chaplygin gas is accreted. Our main conclusion is that the big trip mechanism is prevented in a large region of the physical parameters of the used model.

PACS numbers: 04.70.-s, 98.80.-k Keywords: accretion, wormholes, dark energy.

Several astronomical and cosmological observations, ranging from distant supernovae Ia [1] to the cosmic microwave background anisotropy [2], indicate that the universe is currently undergoing an accelerating stage. It is assumed that this acceleration is due to some unknown stuff usually dubbed dark energy, with a positive energy density ρ > 0 and with negative pressure p < −(1/3)ρ.

There are several candidate models for describing dark energy, being the cosmological constant, Λ, by far, the simplest and most popular candidate [3]. Other interesting models are based on considering a perfect fluid with given equation of state like in quintessence [4], K-essence [5] or generalized Chaplygin gas [6, 7, 8, 9, 10] models. Note that there are also other candidates for dark energy based on brane-world scenarios [12] and modified 4-dimensional Einstein-Hilbert actions [13], where a late time acceleration of the universe may be achieved, too.

One of the peculiar properties of the resulting cosmological models is the possibility of occurrence of a cosmic doomsday, also dubbed big rip [14]. The big rip appears in models where dark energy particularizes as the so-called phantom energy for which the dominant energy condition is violated, so that p+ρ < 0. In these models the scale factor blows up in a finite time because its cosmic acceleration is even larger than that induced by a positive cosmological constant. In these models every component of the universe goes beyond the horizon of all other universe components in finite cosmic time. It should be noted that the condition p + ρ < 0 is not enough for the occurrence of a big rip, i.e., if one consider an universe filled with phantom generalized Chaplygin gas, one can avoid the big rip [15] (see also [16]). Other peculiar properties of phantom energy are that it can make the exotic substance that fuel wormholes [17], triggering the possibility of occurrence of a big trip [18, 19, 20], i.e. if there is a wormhole in an universe filled with phantom energy, due to processes of phantom energy accretion onto the wormhole, the size of this wormhole increases in such way that the wormhole can engulf the universe itself before it reaches the big rip singularity, at least relative to an asymptotic observer. Then, the following question arises: Does an universe filled with generalized phantom Chaplygin gas which avoids the big rip singularity also escape from the big trip? We have found in the present paper that for a large range of the Chaplygin parameters no big trip is predicted by our model, though there still exists sufficient room in the physically allowed parameter space to not exclude the possibility for the occurrence of such a strange causality disruption. Thus, generalized Chaplygin gas can be seen to have several interesting potential properties, as it avoids big rip [15], it may be used as the stuff to construct wormholes [21], it prevents the universe to be engulfed by a black hole [23], and, finally it may also circumvent the big trip problem.

We starts by first reviewing the accretion formalism first considered by Babichev, Dokuchaev and Eroshenko [22] (see also [24]), generalizing it to the case of wormholes. Throughout this paper we shall use natural units so that G = c = 1. The Morris-Thorme static space-time metric of one wormhole is given by [25]

ds^2 = −e^{Φ(r)}dt^2 + dr^2 1 −^{K(r)}_r

+ r^2(dθ^2 + sin^2 θdϕ^2), (1)

aElectronic address: madrid@iaa.es

where Φ(r) is the shift function and K(r) is the shape function. We model the dark energy in the wormhole by the test perfect fluid with a negative pressure and an arbitrary equation of state p(ρ), with the energy-momentum tensor

T_{μν} = (p + ρ) u_μu_ν + pg_{μν} , (2)

where p is the pressure, ρ is the energy density, and u^μ = dx^μ/ds is the 4-velocity with u^μu_μ = −1. The zeroth (time) component of the energy-momentum conservation law T^{μν}_{;ν} = 0 can then generally be written as

0 = d dr [ e^{Φ(r)} (p + ρ) dt ds dr ds ] + e^{Φ(r)} (p + ρ) Φ^′(r) + K^′(r)r − K(r) 2r^2 ( 1 −^{K(r)}_r ) + 2 r dt ds dr ds . (3)

This expression should now be integrated. The integration of Eq. (3) gives then,

uM^{−2}r^2 ( 1 −^{K(r)}_r )_{−1} (p + ρ) √ u^2 + 1 −^{K(r)}_r = C, (4)

where u = dr/ds, and M is the exotic mass of the wormhole which, following the procedure of Ref. [22], has been introduced to render the integration constant C to have the dimensions of an energy density (note that we are using natural units), and, without any loss of generality for our present purposes, we have adhered to the case where Φ^′ = 0.

Another integral of motion can be derived by using the projection of the conservation law for energy-momentum tensor along the four-velocity, i.e. the flow equation u_μT^{μν}_{;ν} = 0. For a perfect fluid, this equation reduces to

u^μρ_{,μ} + (p + ρ) u^μ_{;μ} = 0. (5)

The integration of Eq. (5) gives the second integral of motion that we shall use in what follows

M^{−2}r^2u ( 1 − K(r) r )_{−1/2} e ∫_ρ ρ∞ dρ p+ρ = −A, (6) where u < 0 in the case of a fluid flow directed toward the wormhole, and A is a positive dimensionless constant. Eq. (6) gives us the energy flow induced in the accretion process. From Eqs. (4) and (6) one can easily get

(p + ρ) ( 1 − K(r) r )_{−1/2} √ u^2 + 1 − K(r) r e^− ∫_ρ ρ∞ dρ p+ρ = C_2, (7)

where C_2 = −C/A = Ã (p(ρ_∞) + ρ_∞), with Ã a positive constant.

The rate of change of the exotic mass of wormhole due to accretion of dark energy can be derived by integrating over the surface area the density of momentum T_0^r, that is [26]

Ṁ = − ∫ T_0^rdS, (8)

with dS = r^2 sin θdθdϕ,. Using Eqs. (2), (6) and (7) this can be rewritten as [20] Ṁ = −4πDM^2 √ 1 − K(r) r [p (ρ_∞) + ρ_∞] , (9)

with the constant D = AÃ > 0. For the relevant asymptotic regime r → ∞ where the big trip occurs, the rate Ṁ reduces to

Ṁ = −4πM^2D (p + ρ) . (10)

We see then that the rate for the wormhole exotic mass due to accretion of dark energy becomes exactly the negative to the similar rate in the case of a Schwarzschild black hole, asymptotically. For current quintessence models, the use of a scale factor R = R_0 ( 1 + √ 6πρ_0(1 + w)(t − t_0)

)_{2/[3(1+w)]} for w < −1 (which corresponds to the solution of the general equation −3H(1 + w) = 2Ḣ/H, with ˙ = d/dt and H = Ṙ/R for w=constant [11]), gives arise to a singular behaviour of the size of the wormhole before reaching the big rip, that is the big trip.

We shall derive now the expression for the rate Ṁ in the case of a generalized Chaplygin gas. This can be described as a perfect fluid with the equation of state [10] p = −A_{ch}/ρ^α, (11) where A_{ch} is a positive constant and α > −1 is a parameter. In the particular case α = 1, the equation of state (11) corresponds to a Chaplygin gas. The conservation of the energy-momentum tensor implies

ρ = ( A_{ch} + B R^{3(1+α)}

)_{1/(1+α)} , (12)

with B ≡ ( ρ^{α+1}_0 − A_{ch} ) R^{3(α+1)}

0 , R ≡ R(t) is the scale factor and the subscript “0” means initial value. Now, from the Friedmann equation we can get

Ṙ = √ 8π 3 R ( A_{ch} + B R^{3(1+α)}

)_{1/[2(1+α)]}

. (13)

Hence, from Eqs. (10)-(13) we obtain

M = M_0 1 − DM_0 √_{8π} 3 [ ρ^12 − ρ^{1/2}_0

] , (14)

For the case where the dominant energy condition is preserved, i.e. B > 0, we obtain that M decreases with time and tends to a constant value. On the other hand, M is seen to decrease more rapidly as parameter α is made smaller. If the dominant energy condition is assumed to be violated, i.e. B < 0, as phantom energy is assumed to require [15], then M increases with time, with M tending to maximum, nonzero constant values. Making |B| or α smaller, makes the evolution quicker.

When time goes to infinity, then the exotic mass of wormhole approaches to

M = M_0 1 − DM_0 √_{8π} 3 ( A^{12(1+α)} ch − ρ^{1/2}_0 ) , (15)

that is a generally finite value both for B > 0 and B < 0. Thus, at first sight it could be thought that, unlike what happens in phantom quintessence models, the presence of a generalized Chaplygin gas precludes the eventual occurrence of the big trip phenomenon. However, such a conclusion cannot be guaranteed as the size of the wormhole throat could still exceed the size of the universe during its previous evolution. Note that for e.g. wormholes with zero tidal force, one can consider that the exotic matter is confined into an arbitrarily small region around the wormhole throat, then the radius of wormhole throat becomes roughly proportional to its mass. That is to say, the question remains whether the wormhole would grow eventually rapidly enough or not to engulf the universe during the evolution to its final classically stationary state. That question should be settled down before reaching a conclusion on the possibility of the big trip in these models. Actually, in order for avoiding a big trip, the following two conditions are also required: (i) R ≠ M along the entire evolution, and (ii) that N (R) = Ṙ/Ṁ be always an increasing function along that evolution. The first of these conditions implies that the function f(M ) = M − M M_0D √ 8π 3 [( A_{ch} + B M^{3(1+α)}

) 1_{2(1+α)} − ρ^{1/2}_0 ] − M_0, (16)

be nonvanishing everywhere. We analyze this question by taking the zeros of the second derivative f^{′′}(M ) ≡ d^2f(M ) dM^2 = √ 6πDB M_0 M^{3(1+α)+1} ( A_{ch} + B M^{3(1+α)} ) −2α−1 2(1+α) [ 1 − 3 (1 + α) +

3B(2α + 1) 2M^{3(1+α)} ( A_{ch} + B M^{3(1+α)} )_{−1}] . (17)

Now, by taking into account that physically, M > M_0 > ( − B A_{ch} ) 1_{3(1+α)}

, (18)

The second inequality meaning that, during its evolution, the radio of the universe should be larger than its initial size. Eq. (17) can be reduced to imply for the zeros

1 − 3 (1 + α) +

3B(2α + 1) 2M^{3(1+α)} ( A_{ch} + B M^{3(1+α)} )_{−1} = 0, (19)

whose solution would read M^{3(1+α)} = −B/[2(2 + 3α)A_{ch}]. Nevertheless, from condition (18) we have that 0 < 2(2 + 3α) < 1 which, in turns, implies that there could be at most three crossing points, as this interval allows for values of α within the range of the generalized Chaplygin gas models, i.e. α > −1. For α-values outside the interval 0 < 2(2 + 3α) < 1, but still inside the Chaplygin range, one might expect just two points at most. It follows from this analysis that a big trip could in principle happens.

As to condition (ii), we obtain from Eqs. (10) and (13) that N (R) = − 1 BM^2_0 D √ 6π R^{3(1+α)+1}ρ^{2α+12} { 1 − M_oD √ 8π 3 [ ρ^{12} − ρ^{1/2}_0 ] }_2

. (20)

From Eq. (20) it follows that N (R_0) ≥ 1 because the size of the wormhole must be quite smaller than that of the universe initially. Thus, an always increasing N (R) should necessarily imply that the scale factor increased more rapidly than M did, so preventing any big trip to occur. By differentiating N (R) with respect to R and taking into account that B < 0 for Chaplygin phantom, it can be checked that N (R)/dR > 0 in the general case that α does not reach values sufficiently close to −1; that is, it follows from Eq. (15) that inside the interval − 1 < α < ln A_{ch} ln (√_3 8π 1 M_0D + ρ 1/2 0 )_2 − 1, (21)

a big trip would still take place.

On the other hand, the question still remains on what happens with the grown-up wormhole once it has reached its maximum, final size. Since the wormhole size tends to become constant at the final stages of its evolution and it is rather a macroscopic object, it would be subjected to chronology protection [27]. In fact, one expected that vacuum polarization created particles which catastrophically accumulated on the chronology horizon of the wormhole making the corresponding renormalized stress-energy tensor to diverge and hence the wormhole would disappear.

It would be quite interesting to probe the region of parameter space (α, A_{ch}, H_0, Ω_K, Ω_ϕ) allowed by current observations in order to determine whether there exist any allowed sections leading to a big trip. However, all available analysis [28, 29, 30, 31] are restricted to the physical region where no dominant energy condition is violated. Therefore, the section described by the interval implied by Eq. (21) necessarily is outside the analyzed regions. One had to extend the investigated domains to include values of parameter A_{ch} > 1 to probe the parameters space relative to the big trip. In any events the range of α values compatible with a big trip has been seen to be extremely narrow and hence the occurrence of the big trip phenomenon in the generalized Chaplygin gas model appears to be highly unlikely.

In this paper we have studied the accretion of a generalized Chaplygin gas onto a wormhole. First, we have reviewed the accretion formalism originally considered by Babichev, Dokuchaev and Eroshenko [22] for the case of a wormhole [20]. We have then applied such a formalism to the generalized Chaplygin gas model. The evolution of exotic mass with the accretion of Chaplygin dark energy has been first considered for the case that the dominant energy condition is satisfied. It has been seen that in that case the mass decreases with cosmic time.

If accretion involves Chaplygin phantom energy, then M increases from its initial value, tending to reach a plateau as cosmic time goes to infinity. It is obtained that for a wide region of the Chaplygin parameters no big trip is predicted, contrary to what happens in quintessence and K-essence dark energy models. However, as far as the Chaplygin regime tends to match the quintessence regime, but presumably still within the Chaplygin region, the possibility for a big trip at a finite time in the future is not excluded. Finally, we also argued that the fate of the final wormhole is to be destabilized by quantum vacuum processes. To conclude, the generalized Chaplygin gas has several very interesting features and may circumvent several singularities that appear in the usual quintessence models. Whether or not the above features can be taken to imply that Chaplygin gas is a more consistent component than usual quintessential or K-essence dark energy component with w < −1 is a matter that will depend on both the intrinsic consistency of the models and the current observational data and those that can be expected in the future.

Acknowledgements

We acknowledge P.F. González-Díaz, María del Prado Martín and Milagros Rodríguez for constructive discussions and criticisms. This work was supported by DGICYT under Research Projects BMF2002-03758 and BFM2002-00778.

[1] A. G. Riess et al. [Supernova Search Team Collaboration], Astron. J. 116 (1998) 1009 [arXiv:astro-ph/9805201];

S. Perlmutter et al. [Supernova Cosmology Project Collaboration], Astrophys. J. 517 (1999) 565 [arXiv:astro-ph/9812133]; J. L. Tonry et al., Astrophys. J. 594 (2003) 1 [arXiv:astro-ph/0305008].

[2] D. N. Spergel et al., Astrophys. J. Suppl. 148 (2003) 175 [arXiv:astro-ph/0302209];

C. L. Bennett et al., Astrophys. J. Suppl. 148 (2003) 1 [arXiv:astro-ph/0302207]; M. Tegmark et al. [SDSS Collaboration], Phys. Rev. D 69 (2004) 103501 [arXiv:astro-ph/0310723].

[3] S. Weinberg, Rev. Mod. Phys. 61 (1999) 1;

P. J. E. Peebles and B. Ratra, Rev. Mod. Phys. 75 (2003) 559 [arXiv:astro-ph/0207347]; T. Padmanabhan, Phys. Rept. 380 (2003) 235 [arXiv:hep-th/0212290]; arXiv:astro-ph/0411044.

[4] C. Wetterich, Nucl. Phys. B 302 (1988) 668;

B. Ratra and P. J. Peebles, Phys. Rev. D 37 (1988) 3406;

R. R. Caldwell, R. Dave and P. J. Steinhardt, Phys. Rev. Lett. 80 (1998) 1582 [arXiv:astro-ph/9708069]; P. F. González-Díaz, Phys. Rev. D 62 (2000) 023513 [arXiv:astro-ph/0004125]; Y. Fujii, Phys. Rev. D 62 (2000) 064004 [arXiv:gr-qc/9908021].

[5] C. Armendariz-Picon, T. Damour and V. Mukhanov, Phys. Lett. B 458 (1999) 209 [arXiv:hep-th/9904075];

J. Garriga and V. F. Mukhanov, Phys. Lett. B 458 (1999) 219 [arXiv:hep-th/9904176]; T. Chiba, T. Okabe and M. Yamaguchi, Phys. Rev. D 62 (2000) 023511 [arXiv:astro-ph/9912463]; C. Armendariz-Picon, V. Mukhanov and P. J. Steinhardt, Phys. Rev. Lett. 85 (2000) 4438 [arXiv:astro-ph/0004134]; Phys. Rev. D 63 (2001) 103510 [arXiv:astro-ph/0006373];

M. Malquarti, E. J. Copeland, A. R. Liddle and M. Trodden, Phys. Rev. D 67 (2003) 123503 [arXiv:astro-ph/0302279]; M. Malquarti, E. J. Copeland and A. R. Liddle, Phys. Rev. D 68 (2003) 023512 [arXiv:astro-ph/0304277].

[6] R. Bean and O. Dore, Phys. Rev. D 68 (2003) 023515 [arXiv:astro-ph/0301308]; [7] T. Multamaki, M. Manera and E. Gaztanaga, Phys. Rev. D 69 (2004) 023004 [arXiv:astro-ph/0307533]; [8] L. Amendola, F. Finelli, C. Burigana and D. Carturan, JCAP 0307 (2003) 005 [arXiv:astro-ph/0304325];

J. C. Fabris, S. V. Goncalves and P. E. de Souza, Gen. Rel. Grav. 34 (2002) 53 [arXiv:gr-qc/0103083]; Gen. Rel. Grav. 34 (2002) 2111 [arXiv:astro-ph/0203441];

A. Dev, D. Jain and J. S. Alcaniz, Phys. Rev. D 67 (2003) 023515 [arXiv:astro-ph/0209379]; Astron. Astrophys. 417 (2004) 847 [arXiv:astro-ph/0311056];

R. Colistete, J. C. Fabris, S. V. Goncalves and P. E. de Souza, arXiv:gr-qc/0210079;

H. Sandvik, M. Tegmark, M. Zaldarriaga and I. Waga, Phys. Rev. D 69 (2004) 123524 [arXiv:astro-ph/0212114]; L. M. Beca, P. P. Avelino, J. P. de Carvalho and C. J. Martins, Phys. Rev. D 67 (2003) 101301 [arXiv:astro-ph/0303564]; L. P. Chimento, Phys. Rev. D 69 (2004) 123517 [arXiv:astro-ph/0311613];

M. Biesiada, W. Godlowski and M. Szydlowski, Astrophys. J. 622 (2005) 28 [arXiv:astro-ph/0403305]. [9] M. Bouhmadi-Lopez and P. Vargas Moniz, Phys. Rev. D 71 (2005) 063521 [arXiv:gr-qc/0404111]. [10] A. Y. Kamenshchik, U. Moschella and V. Pasquier, Phys. Lett. B 511 (2001) 265 [arXiv:gr-qc/0103004];

V. Gorini, A. Kamenshchik and U. Moschella, Phys. Rev. D 67 (2003) 063509 [arXiv:astro-ph/0209395]; N. Bilic, G. B. Tupper and R. D. Viollier, Phys. Lett. B 535 (2002) 17 [arXiv:astro-ph/0111325]; arXiv:astro-ph/0207423; M. C. Bento, O. Bertolami and A. A. Sen, Phys. Rev. D 66 (2002) 043507 [arXiv:gr-qc/0202064]; Phys. Rev. D 67 (2003) 063003 [arXiv:astro-ph/0210468]; Phys. Lett. B 575 (2003) 172 [arXiv:astro-ph/0303538];

O. Bertolami, A. A. Sen, S. Sen and P. T. Silva, Mon. Not. Roy. Astron. Soc. 353 (2004) 329 [arXiv:astro-ph/0402387]; V. Gorini, A. Kamenshchik, U. Moschella and V. Pasquier, gr-qc/0403062; O. Bertolami, astro-ph/0403310.

[11] C. Wetterich, Nucl. Phys. B 302 (1988) 668;

J.C. Jackson and M. Dodgson, Mon. Not. R. Astron. Soc. 297 (1998) 923; J.C. Jackson, Mon. Not. R. Astron. Soc. 296 (1998) 619;

R.R. Caldwell, R. Dave and P.J. Steinhardt, Phys. Rev. Lett. 80 (1998) 1582; L. Wang and P.J. Steinhardt, Astrophys. J. 508 (1998) 483; R.R. Caldwell and P.J. Steinhardt, Phys. Rev. D 57 (1998) 6057;

G. Huey, L. Wang, R. Dave, R.R. Caldwell and P.J. Steinhardt, Phys. Rev. D 59 (1999) 063005; P.F. González-Díaz, Phys. Rev. D 62 (2000) 023513;

J.D. Barrow, 1986 Phys. Lett. B 180 335; Phys. Lett. B 235 (1990) 40; D. Bazeia and J. Jackiw, Ann. Phys. 270 (1998) 246.

[12] C. Deffayet, Phys. Lett. B 502 (2001) 199 [arXiv:hep-th/0010186];

C. Deffayet, G. R. Dvali and G. Gabadadze, Phys. Rev. D 65 (2002) 044023 [arXiv:astro-ph/0105068]; V. Sahni and Y. Shtanov, JCAP 0311 (2003) 014 [arXiv:astro-ph/0202346].

[13] S. M. Carroll, V. Duvvuri, M. Trodden and M. S. Turner, Phys. Rev. D 70 (2004) 043528 [arXiv:astro-ph/0306438]. [14] R. R. Caldwell, M. Kamionkowski and N. N. Weinberg, Phys. Rev. Lett. 91 (2003) 071301 [arXiv:astro-ph/0302506];

P. F. Gonzalez-Diaz, Phys. Lett. B 586 (2004) 1 [arXiv:astro-ph/0312579]. [15] P. F. Gonzalez-Diaz, Phys. Rev. D 68 (2003) 021303 [arXiv:astro-ph/0305559];

M. Bouhmadi-Lopez and J. A. Jimenez Madrid, JCAP 0505 (2005) 005 [arXiv:astro-ph/0404540]. [16] B. McInnes, JHEP 0208 (2002) 029 [arXiv:hep-th/0112066];

P. X. Wu and H. W. Yu, Nucl. Phys. B 727 (2005) 355 [arXiv:astro-ph/0407424]. [17] F. S. N. Lobo, Phys. Rev. D 71 (2005) 084011 [arXiv:gr-qc/0502099];

S. Nojiri and S. D. Odintsov, Phys. Rev. D 70 (2004) 103522 [arXiv:hep-th/0408170]. [18] P. F. Gonzalez-Diaz, Phys. Rev. Lett. 93 (2004) 071301 [arXiv:astro-ph/0404045]. [19] P. F. Gonzalez-Diaz and J. A. Jimenez-Madrid, Phys. Lett. B 596 (2004) 16 [arXiv:hep-th/0406261]. [20] P. F. Gonzalez-Diaz, Phys. Lett. B 632 (2006) 159 [arXiv:astro-ph/0510771]. [21] F. S. N. Lobo, Phys. Rev. D 73 (2006) 064028 [arXiv:gr-qc/0511003].

[22] E. Babichev, V. Dokuchaev and Y. Eroshenko, Phys. Rev. Lett. 93 (2004) 021102 [arXiv:gr-qc/0402089];

E. Babichev, V. Dokuchaev and Y. Eroshenko, Zh. Eksp. Teor. Fiz. 127 (2005) 597 [arXiv:astro-ph/0505618]. [23] J. A. Jimenez Madrid and P. F. Gonzalez-Diaz, arXiv:astro-ph/0510051.

[24] P. F. Gonzalez-Diaz and J. A. Jimenez Madrid, Int. J. Mod. Phys. D 15 (2006) 603 [arXiv:astro-ph/0506717]. [25] M. S. Morris and K. S. Thorne, Am. J. Phys. 56 (1988) 395.

[26] L. D. Landau and E. M. Lifshitz, The Classical Theory of Fields : Volume 2 (Course of Theoretical Physics Series) (Pergamon Press Ltd, 1995).

[27] S. W. Hawking, Phys. Rev. D 46 (1992) 603.

[28] O. Bertolami, A. A. Sen, S. Sen and P. T. Silva, Mon. Not. Roy. Astron. Soc. 353 (2004) 329 [arXiv:astro-ph/0402387]. [29] M. Biesiada, W. Godlowski and M. Szydlowski, Astrophys. J. 622 (2005) 28 [arXiv:astro-ph/0403305]. [30] Z. H. Zhu, Astron. Astrophys. 423 (2004) 421 [arXiv:astro-ph/0411039]. [31] R. J. Colistete and J. C. Fabris, Class. Quant. Grav. 22 (2005) 2813 [arXiv:astro-ph/0501519].