arXiv:0911.4932v3 [gr-qc] 12 Apr 2010

Holographic dark energy in a non-flat universe with Granda-Oliveros cut-off

K. Karami^{1,2},^∗ J. Fehri^1

1Department of Physics, University of Kurdistan, Pasdaran St., Sanandaj, Iran 2Research Institute for Astronomy & Astrophysics of Maragha (RIAAM), Maragha, Iran

April 13, 2010

Abstract

Motivated by Granda and Oliveros (GO) model, we generalize their work to the non-flat case. We obtain the evolution of the dark energy density, the deceleration and the equation of state parameters for the holographic dark energy model in a non-flat universe with GO cut-off. In the limiting case of a flat universe, i.e. k = 0, all results given in GO model are obtained.

PACS: 98.80.-k, 95.36.+x Keywords: Holography, Dark energy, Redshift

∗E-mail: KKarami@uok.ac.ir

1 Introduction

Type Ia supernovae observational data suggest that our universe is experiencing an accelerated expansion driven by an exotic energy with negative pressure which is so-called dark energy (DE) [1]. However, the nature of DE is still unknown, and people have proposed some candidates to describe it. The cosmological constant, Λ, is the most obvious theoretical candidate of DE, which has the equation of state ω = −1. Astronomical observations indicate that the cosmological constant is many orders of magnitude smaller than estimated in modern theories of elementary particles [2]. Also the ”fine-tuning” and the ”cosmic coincidence” problems are the two wellknown difficulties of the cosmological constant problems [3].

There are different alternative theories for the dynamical DE scenario which have been proposed by people to interpret the accelerating universe. i) The scalar field models of DE including quintessence [4], phantom (ghost) field [5], K-essence [6] based on earlier work of Kinflation [7], tachyon field [8], dilatonic ghost condensate [9], quintom [10], and so forth. ii) The DE models including Chaplygin gas [11], braneworld models [12], agegraphic DE models [13], and f(R)-gravity models [14], etc.

Recently, a new DE candidate, based on the holographic principle, was proposed [15]. According to the holographic principle, the number of degrees of freedom in a bounded system should be finite and has relations with the area of its boundary [16]. In quantum field theory a short distance (UV) cut-off Λ is related to a long distance (IR) cut-off L due to the limit set by formation of a black hole, which results in an upper bound on the zero-point energy density [17]. By applying the holographic principle to cosmology, one can obtain the upper bound of the entropy contained in the universe [18]. Following this line, Li [19] argued that for a system with size L and UV cut-off Λ, it is required that the total energy in a region of size L should not exceed the mass of a black hole of the same size, thus L^3ρ_Λ ≤ LM^2_P , where ρ_Λ is the quantum zero-point energy density caused by UV cut-off Λ and M_P is the reduced Planck Mass M^{−2}_P = 8πG. The largest L allowed is the one saturating this inequality, thus ρ_Λ = 3c^2M^2_P L^{−2}, where c is a numerical constant. Recent observational data, which have been used to constrain the holographic DE model, show that for the non-flat universe c = 0.815^{+0.179}_{−0.139} [20], and for the flat case c = 0.818^{+0.113}_{−0.097} [21]. Also Li [19] showed that the cosmic coincidence problem can be resolved by inflation in the holographic DE model, provided the minimal number of e-foldings [19]. The holographic models of DE have been studied widely in the literature [22, 23, 24]. As we mentioned before, the UV cut-off is related to the vacuum energy, and IR cut-off is related to the large scale of the universe, for example Hubble horizon, future event horizon or particle horizon. Taking L as the size of the current universe, for instance, the Hubble scale, the resulting energy density is comparable to the present day DE. However, as found by Hsu [25], in that case, the evolution of the DE is the same as that of dark matter (dust matter), and therefore it cannot drive the universe to accelerated expansion. The same appears if one chooses the particle horizon of the universe as the length scale L [19]. An interesting proposal is made by Li [19]: Choosing the event horizon of the universe as the length scale, the holographic DE not only gives the observation value of DE in the universe, but also can drive the universe to an accelerated expansion phase. In that case, however, an obvious drawback concerning causality appears in this proposal. Event horizon is a global concept of spacetime; existence of event horizon of the universe depends on future evolution of the universe; and event horizon exists only for universe with forever accelerated expansion. This motivated GO [26] to propose a new infrared cut-off for the holographic DE, which besides the square of the Hubble scale also contains the time derivative of the Hubble scale. This model depends on local quantities and avoids the problem of causality which appears using the event horizon area as the IR cut-off. They obtained the evolution of both the deceleration and the equation of state parameters for this model in a flat universe.

Besides, as usually believed, an early inflation era leads to a flat universe. This is not a necessary consequence if the number of e-foldings is not very large [27]. It is still possible that there is a contribution to the Friedmann equation from the spatial curvature when studying the late universe, though much smaller than other energy components according to observations. Therefore, it is not just of academic interest to study a universe with a spatial curvature marginally allowed by the inflation model as well as observations. Some experimental data have implied that our universe is not a perfectly flat universe and that it possesses a small positive curvature [28]. The tendency of preferring a closed universe appeared in a suite of CMB experiments [29]. The improved precision from WMAP provides further confidence, showing that a closed universe with positively curved space is marginally preferred [30]. In addition to CMB, recently the spatial geometry of the universe was probed by supernova measurements of the cubic correction to the luminosity distance [31], where a closed universe is also marginally favored.

All mentioned in above motivate us to consider the holographic DE model with the new infrared cut-off proposed by [26] and extend their work to a non-flat case. To do this, in Section 2, we obtain the evolution of the DE density, the deceleration and the equation of state parameters for the holographic DE model given by [26] in the context of the non-flat universe. In Section 3, we give numerical results. Section 4 is devoted to conclusions.

2 Holographic DE in non-flat FRW universe with GO cut-off

Following GO [26], the holographic DE density is given by

ρ_Λ = 3(αH^2 + βḢ), (1)

where α and β are constants. GO [26] argued that since the underlying origin of the holographic DE is still unknown, the inclusion of the time derivative of the Hubble parameter may be expected as this term appears in the curvature scalar, and has the correct dimension. This kind of density may appear as the simplest case of more general f(H, Ḣ) holographic density in the FRW background. Comparing Eq. (1) with the holographic DE density ρ_Λ = 3c^2M^2_P L^{−2} shows that the corresponding IR cut-off L for the model (1) is L = H^{−1} ( 1 + β α Ḣ H^2 )_{−1/2} , (2)

which depends on local quantities and avoids the problem of causality which appears using the event horizon area as the IR cut-off. For the special case β = 0, Eq. (2) yields the Hubble horizon as the IR cut-off, i.e. L = H^{−1}.

The first Friedmann equation in non-flat universe is given by

H^2 = 1 3 (ρ_m + ρ_r + ρ_Λ + ρ_k), (3)

where we take 8πG = 1 and ρ_k = −3k/a^2. Parameter k denotes the curvature of space k = 0, 1, −1 for a flat, closed and open universe, respectively. Let us define the current densities parameters for a_0 = 1 as usual

Ω_{m0} = ρ_{m0} 3H^2_0

, Ω_{r0} = ρ_{r0} 3H^2_0

, Ω_{Λ0} = ρ_{Λ0} 3H^2_0

, Ω_{k0} = ρ_{k0} 3H^2_0 = − k H^2_0

, (4) where these densities satisfy Ω_{m0} + Ω_{r0} + Ω_{Λ0} + Ω_{k0} = 1. A closed universe with a small positive curvature (Ω_{k0} ∼ −0.015) is compatible with observations [28].

Now we can rewrite the first Friedmann equation in terms of x = ln a as

H̃^2 = Ω_{m0} e^{−3x} + Ω_{r0} e^{−4x} + Ω_{k0} e^{−2x} + αH̃^2 + β 2 dH̃^2 dx , (5)

where H̃ =^H_{H0} is the scaled Hubble expansion rate and H_0 is the present value of the Hubble parameter (for x = 0).

Solving Eq. (5), we obtain

H̃^2 = 2

3β − 2α + 2

Ω_{m0} e^{−3x} + 1 2β − α + 1

Ω_{r0} e^{−4x} + 1 β − α + 1 Ω_{k0} e^{−2x} + Ce^{−2x(α−1)/β} , (6)

where C is an integration constant. From Eqs. (1) and (6), the scaled holographic DE density, ρ̃_Λ =^{ρΛ}_{3H20} , can be obtained as

ρ̃_Λ = 3β − 2α 2α − 3β − 2 Ω_{m0} e^{−3x} + 2β − α α − 2β − 1 Ω_{r0} e^{−4x} + β − α α − β − 1 Ω_{k0} e^{−2x} + Ce^{−2x(α−1)/β} . (7)

Using Eqs. (6) and (7), the DE density parameter, Ω_Λ = ρ_Λ/3H^2 = ρ̃_Λ/H̃^2, can be obtained in terms of redshift z =^1_a − 1 as

Ω_Λ = 3β−2α 2α−3β−2 Ωm^0 (1 + z)

3 +^{2β−α}

α−2β−1 Ωr^0 (1 + z)

4 +^{β−α}_{α−β−1} Ω_{k0} (1 + z)^2 + C(1 + z)^{2(α−1)β} 2 3β−2α+2 Ωm^0 (1 + z)

3 +^1_{2β−α+1} Ω_{r0} (1 + z)^4 +^1_{β−α+1} Ω_{k0} (1 + z)^2 + C(1 + z)^{2(α−1)β}

. (8)

Using Eq. (7) and the holographic DE conservation equation

p̃_Λ = −ρ̃_Λ − 1 3 dρ̃_Λ dx , (9)

we obtain the DE pressure

p̃_Λ = 2α − 3β − 2 3β Ce^{−2x(α−1)/β} + 2β − α 3(α − 2β − 1)

Ω_{r0} e^{−4x} + β − α 3(β − α + 1)

Ω_{k0} e^{−2x}. (10)

Note that for the special case β = 0, using Eqs. (7) and (10), the equation of state (EoS) parameter of the DE, ω_Λ = p̃_Λ/ρ̃_Λ, is obtained as

ω_Λ =

Ω_{r0} (1 + z)^4 − Ω_{k0} (1 + z)^2 3[Ω_{m0} (1 + z)^3 + Ω_{r0} (1 + z)^4 + Ω_{k0} (1 + z)^2]

, (11)

which shows that neglecting the contributions from radiation and curvature, i.e. Ω_{r0} = Ω_{k0} = 0, yields the pressureless DE, i.e. ω_Λ = 0, where its EoS behaves like the (dark matter) dust matter. This result is same as that obtained by Hsu [25] for the holographic DE model with the IR cut-off L = H^{−1}. Therefore choosing the Hubble horizon as the IR cut-off cannot drive the universe to accelerated expansion.

Using ρ̃_k = ρ_k/3H^2_0 = Ω_{k0} a^{−2} and the continuity equation for the curvature

p̃_k = −ρ̃_k − 1 3 dρ̃_k dx , (12) we obtain the curvature pressure

p̃_k = − 1 3 Ω_{k0} a^{−2}. (13)

By considering p̃_{Λ0} = ω_0ρ̃_{Λ0} = ω_0Ω_{Λ0} , one can obtain the following relations between the three constants α, β and C appeared in Eqs. (7) and (10) as

C = 1 +

2Ω_{m0} 2(Ω_{Λ0} − 1) + β[3Ω_{m0} + 4Ω_{r0} + 3(1 + ω_0)Ω_{Λ0} + 2Ω_{k0} − 3] + 2Ω_{r0} 2(Ω_{Λ0} − 1) + β[3Ω_{m0} + 4Ω_{r0} + 3(1 + ω_0)Ω_{Λ0} + 2Ω_{k0} − 4] + 2Ω_{k0} 2(Ω_{Λ0} − 1) + β[3Ω_{m0} + 4Ω_{r0} + 3(1 + ω_0)Ω_{Λ0} + 2Ω_{k0} − 2]

, (14) and α = 1 2 [ 2Ω_{Λ0} + β ( 3Ω_{m0} + 4Ω_{r0} + 3(1 + ω_0)Ω_{Λ0} + 2Ω_{k0} )] . (15)

The deceleration parameter is given by q = 1 2 + 3 2 ( p̃_r + p̃_Λ + p̃_k

ρ̃_m + ρ̃_r + ρ̃_Λ + ρ̃_k ) , (16)

where p_m = 0 for dust matter, ρ̃_m = ρ_m/3H^2_0 = Ω_{m0} a^{−3}, ρ̃_r = ρ_r/3H^2_0 = Ω_{r0} a^{−4}, and p̃_r = 1 3 Ω_{r0} a^{−4}. In what follows we neglect the contribution from radiation, i.e. Ω_{r0} = 0.

Note that if one set Ω_{k0} = 0, then Eqs. (6), (7), (10) ,(14) to (16) reduce to Eqs. (2.5), (2.6), (2.8) to (2.11) in [26], respectively.

3 Numerical results

The evolution of the DE density parameter Ω_Λ given by Eq. (8), the declaration parameter q given by Eq. (16) and the EoS parameter ω_Λ = p̃_Λ/ρ̃_Λ, using Eqs. (7) and (10), are displayed in Figs 1-5. Figures 1 to 2 present the evolution of the DE density parameter Ω_Λ and the declaration parameter q versus redshift z for open (Ω_{k0} = 0.015), flat (Ω_{k0} = 0.0) and closed (Ω_{k0} = −0.015) universes with β = 0.5. Choosing a non-flat universe with Ω_{k0} = −0.015 is compatible with the recent observations [28]. Our numerical results in Figs. 1 to 2 show that in the presence of small curvature (Ω_{k0} = ±0.015), the average difference between the non-flat and the flat cases is order of 10^{−2}.

Figure 3 shows the evolution of the deceleration parameter versus redshift for closed (Ω_{k0} = −0.015) universe with the three different values of β. Note that Fig. 3 clears that for β = 0.5 and 0.7, the values of the transition redshift z_T same as the flat case (Ω_{k0} = 0.0) in [26], are consistent with the current observational data.

Figure 4 presents the evolution of the EoS parameter ω_Λ versus redshift z for open (Ω_{k0} = 0.015), flat (Ω_{k0} = 0.0) and closed (Ω_{k0} = −0.015) universes with β = 0.5. Figure 4 same as Fig. 2 shows an average difference O(10^{−2}) between the non-flat and the flat cases. Figure 4 shows that for the closed universe, the EoS parameter ω_Λ from nearly 0 at z ≃ 4.4 to −1 at z → 0, same as the flat case in [26] and open universe with Ω_{k0} = 0.015, behaves like some scalar filed models of DE. Figure 5 shows the evolution of the EoS parameter versus redshift for closed (Ω_{k0} = −0.015) universe with the three different values of β.

4 Conclusions

We used a holographic DE model with new infrared cut-off proposed by GO [26], which includes a term proportional to Ḣ. Contrary to the holographic DE based on the event horizon, this model depends on local quantities, avoiding in this way the causality problem, and solved the coincidence problem. Hence the proposed new infrared cut-off can be considered as a viable phenomenological model of holographic density. We extended GO model [26] to the non-flat case. However, some experimental data have implied that our universe is not a perfectly flat universe and that it possesses a small curvature (Ω_{k0} ∼ −0.015) [28]. Although it is believed that our universe is flat, a contribution to the Friedmann equation from spatial curvature is still possible if the number of e-foldings is not very large [27]. We obtained the evolution of the DE density parameter Ω_Λ, the declaration parameter q and the EoS parameter ω_Λ for a non-flat universe. In the limiting case of a flat universe, the results are in exact agreement with those obtained by GO [26]. Our numerical results show that

(i) for the non-flat universe with small curvature (Ω_{k0} = ±0.015), the DE density, the declaration and the EoS parameters show an average difference O(10^{−2}) in comparison with the flat case;

(ii) for the closed universe with Ω_{k0} = −0.015 and for the declaration parameter with β = 0.5 and 0.7, the values of the transition redshift z_T same as the flat case are consistent with the current observational data;

(iii) for the closed universe with Ω_{k0} = −0.015, the EoS parameter ω_Λ for 0 ≤ z < 4.4, same as the flat and open (Ω_{k0} = 0.015) cases, behaves like some scalar filed models of DE.

Acknowledgements The authors thank the reviewers for very valuable comments. This work has been supported financially by Research Institute for Astronomy & Astrophysics of Maragha (RIAAM), Maragha, Iran.

References

[1] A.G. Riess et al., Astron. J. 116, 1009 (1998); S. Perlmutter et al. Astrophys. J. 517, 565 (1999); P. de Bernardis et al., Nature 404, 955 (2000); S. Perlmutter et al., Astrophys. J. 598, 102 (2003).

[2] S. Weinberg, Rev. Mod. Phys. 61, 1 (1989).

[3] E.J. Copeland, M. Sami, S. Tsujikawa, Int. J. Mod. Phys. D 15, 1753 (2006).

[4] C. Wetterich, Nucl. Phys. B 302, 668 (1988); B. Ratra, J. Peebles, Phys. Rev. D 37, 321 (1988).

[5] R.R. Caldwell, Phys. Lett. B 545, 23 (2002); S. Nojiri, S.D. Odintsov, Phys. Lett. B 562, 147 (2003); S. Nojiri, S.D. Odintsov, Phys. Lett. B 565, 1 (2003).

[6] T. Chiba, T. Okabe, M. Yamaguchi, Phys. Rev. D 62, 023511 (2000); C. Armendáriz-Picón, V. Mukhanov, P.J. Steinhardt, Phys. Rev. Lett. 85, 4438 (2000); C. Armendáriz-Picón, V. Mukhanov, P.J. Steinhardt, Phys. Rev. D 63, 103510 (2001).

[7] C. Armendáriz-Picón, T. Damour, V. Mukhanov, Phys. Lett. B 458, 209 (1999); J. Garriga, V. Mukhanov, Phys. Lett. B 458, 219 (1999).

[8] A. Sen, J. High Energy Phys. 10, 008 (1999); E.A. Bergshoeff, M. de Roo, T.C. de Wit, E.

Eyras, S. Panda, J. High Energy Phys. 05, 009 (2000); A. Sen, J. High Energy Phys. 04, 048 (2002); A. Sen, J. High Energy Phys. 07, 065 (2002); T. Padmanabhan, Phys. Rev. D 66, 021301 (2002); T. Padmanabhan, T.R. Choudhury, Phys. Rev. D 66, 081301 (2002); L.R.W. Abramo, F. Finelli, Phys. Lett. B 575, 165 (2003).

[9] M. Gasperini, F. Piazza, G. Veneziano, Phys. Rev. D 65, 023508 (2002); N. Arkani-Hamed, P. Creminelli, S. Mukohyama, M. Zaldarriaga, J. Cosmol. Astropart. Phys. 04, 001 (2004); F. Piazza, S. Tsujikawa, J. Cosmol. Astropart. Phys. 07, 004 (2004).

[10] E. Elizalde, S. Nojiri, S.D. Odinstov, Phys. Rev. D 70, 043539 (2004); S. Nojiri, S.D.

Odintsov, S. Tsujikawa, Phys. Rev. D 71, 063004 (2005); A. Anisimov, E. Babichev, A. Vikman, J. Cosmol. Astropart. Phys. 06, 006 (2005).

[11] A. Kamenshchik, U. Moschella, V. Pasquier, Phys. Lett. B 511, 265 (2001); M.C. Bento, O. Bertolami, A.A. Sen, Phys. Rev. D 66, 043507 (2002).

[12] C. Deffayet, G.R. Dvali, G. Gabadadze, Phys. Rev. D 65, 044023 (2002); V. Sahni, Y.

Shtanov, J. Cosmol. Astropart. Phys. 11, 014 (2003).

[13] R.G. Cai, Phys. Lett. B 657, 228 (2007); H. Wei, R.G. Cai, Phys. Lett. B 660, 113 (2008).

[14] S. Capozziello, V.F. Cardone, S. Carloni, A. Troisi, Int. J. Mod. Phys. D 12, 1969 (2003);

S. Capozziello, S. Nojiri, S.D. Odintsov, Phys. Lett. B 634, 93 (2006); T. Multamaki, I. Vilja, Phys. Rev. D 73, 024018 (2006); A.A. Starobinsky, JETP Lett. 86, 157 (2007); T.P. Sotiriou, V. Faraoni, arXiv:0805.1726; F.S.N. Lobo, arXiv:gr-qc/0807.1640; K. Nozari, M. Pourghassemi, J. Cosmol. Astropart. Phys. 10, 044 (2008); K Nozari, T. Azizi, Phys. Lett. B 680, 205 (2009); S. Nojiri, S.D. Odintsov, AIP Conf. Proc. 1115, 212 (2009).

[15] P. Horava, D. Minic, Phys. Rev. Lett. 85, 1610 (2000); P. Horava, D. Minic, Phys. Rev.

Lett. 509, 138 (2001); S. Thomas, Phys. Rev. Lett. 89, 081301 (2002).

[16] G. ’t Hooft, gr-qc/9310026; L. Susskind, J. Math. Phys. 36, 6377 (1995).

[17] A. Cohen, D. Kaplan, A. Nelson, Phys. Rev. Lett. 82, 4971 (1999).

[18] W. Fischler, L. Susskind, hep-th/9806039.

[19] M. Li, Phys. Lett. B 603, 1 (2004).

[20] M. Li, X.D. Li, S. Wang, Y. Wang, X. Zhang, J. Cosmol. Astropart. Phys. 12, 014 (2009).

[21] M. Li, X.D. Li, S. Wang, X. Zhang, J. Cosmol. Astropart. Phys. 06, 036 (2009).

[22] K. Enqvist, M.S. Sloth, Phys. Rev. Lett. 93, 221302 (2004); Q.G. Huang, Y. Gong, J.

Cosmol. Astropart. Phys. 08, 006 (2004); Q.G. Huang, M. Li, J. Cosmol. Astropart. Phys. 08, 013 (2004); Y. Gong, Phys. Rev. D 70, 064029 (2004).

[23] E. Elizalde, S. Nojiri, S.D. Odintsov, P. Wang, Phys. Rev. D 71, 103504 (2005); X. Zhang, F.Q. Wu, Phys. Rev. D 72, 043524 (2005); B. Guberina, R. Horvat, H. Stefancic, J. Cosmol. Astropart. Phys. 05, 001 (2005); J.Y. Shen, B. Wang, E. Abdalla, R.K. Su, Phys. Lett. B 609, 200 (2005); B. Wang, E. Abdalla, R.K. Su, Phys. Lett. B 611, 21 (2005); B. Wang, Y. Gong, E. Abdalla, Phys. Lett. B 624, 141 (2005); B. Wang, C.Y. Lin, E. Abdalla, Phys. Lett. B 637, 357 (2005).

[24] B. Guberina, R. Horvat, H. Nikolic, Phys. Lett. B 636, 80 (2006); H. Li, Z.K. Guo, Y.Z.

Zhang, Int. J. Mod. Phys. D 15, 869 (2006); J.P.B. Almeida, J.G. Pereira, Phys. Lett. B 636, 75 (2006); X. Zhang, Phys. Rev. D 74, 103505 (2006); X. Zhang, F.Q. Wu, Phys. Rev. D 76, 023502 (2007); B. Wang, C.Y. Lin. D. Pavon, E. Abdalla, Phys. Lett. B 662, 1 (2008); L. Xu, J. Cosmol. Astropart. Phys. 09, 016 (2009); A. Sheykhi, Phys. Lett. B 681, 205 (2009); A. Sheykhi, Class. Quantum Grav. in press, arXiv:0910.0510; K. Karami, J. Cosmol. Astropart. Phys. 01, 015 (2010).

[25] S.D.H. Hsu, Phys. Lett. B 594, 13 (2004).

[26] L.N. Granda, A. Oliveros, Phys. Lett. B 669, 275 (2008).

[27] Q.G. Huang, M. Li, J. Cosmol. Astropart. Phys. 08, 013 (2004).

[28] C.L. Bennett et al., Astrophys. J. Suppl. 148, 1 (2003); D.N. Spergel, Astrophys. J. Suppl.

148, 175 (2003); M. Tegmark et al., Phys. Rev. D 69, 103501 (2004); U. Seljak, A. Slosar, P. McDonald, J. Cosmol. Astropart. Phys. 10, 014 (2006); D.N. Spergel et al., Astrophys. J. Suppl. 170, 377 (2007).

[29] C.B. Netterfield, et al., Astrophys. J. 571, 604 (2002); J.L. Sievers, et al., Astrophys. J.

591, 599 (2003); A. Benoit, et al., Astron. Astrophys. 399, L19 (2003); A. Benoit, et al., Astron. Astrophys. 399, L25 (2003).

[30] G. Efstathiou, Mon. Not. R. Astron. Soc. 343, L95 (2003); J.P. Uzan, U. Kirchner, G.F.R.

Ellis, Mon. Not. R. Astron. Soc. 344, L65 (2003); A. Linde, J. Cosmol. Astropart. Phys. 05, 002 (2003); M. Tegmark, A. de Oliveira-Costa, A. Hamilton, Phys. Rev. D 68, 123523 (2003); J.P. Luminet, J. Weeks, A. Riazuelo, R. Lehou, J. Uzan, Nature 425, 593 (2003); G.F.R. Ellis, R. Maartens, Class. Quantum Grav. 21, 223 (2004).

[31] R.R. Caldwell, M. Kamionkowski, J. Cosmol. Astropart. Phys. 09, 009 (2004); B. Wang, Y.G. Gong, R.K. Su, Phys. Lett. B 605, 9 (2005).

Figure 1: DE density parameter versus redshift for open (Ω_{k0} = 0.015), flat (Ω_{k0} = 0.0) and closed (Ω_{k0} = −0.015) universes. Auxiliary parameters are: w_0 = −1, Ω_{m0} = 0.27, Ω_{r0} = 0, and β = 0.5.

Figure 2: Deceleration parameter versus redshift for open (Ω_{k0} = 0.015), flat (Ω_{k0} = 0.0) and closed (Ω_{k0} = −0.015) universes. Auxiliary parameters as in Fig. 1.

Figure 3: Deceleration parameter versus redshift for closed universe with Ω_{k0} = −0.015 and for the different values of β=0.3 (solid line), 0.5 (dash-dotted line) and 0.7 (dashed line). Auxiliary parameters are: w_0 = −1, Ω_{m0} = 0.27, and Ω_{r0} = 0.

Figure 4: EoS parameter versus redshift for open (Ω_{k0} = 0.015), flat (Ω_{k0} = 0.0) and closed (Ω_{k0} = −0.015) universes. Auxiliary parameters as in Fig. 1.

Figure 5: EoS parameter versus redshift for closed universe with Ω_{k0} = −0.015 and for the different values of β=0.3 (solid line), 0.5 (dash-dotted line) and 0.7 (dashed line). Auxiliary parameters as in Fig. 3.