arXiv:0909.1002v2 [gr-qc] 3 Mar 2010

Crossing the Phantom divide line in the Chaplygin gas model

H. Mohseni Sadjadi^∗

Department of Physics, University of Tehran, P. O. B. 14395-547, Tehran 14399-55961, Iran

March 4, 2010

Abstract

The rôle of the interaction in reaching and crossing the phantom divide line in the Chaplygin gas model is discussed. We obtain some necessary properties of the interaction that allow the model to arrive at or cross the phantom divide line. We show that these properties put some conditions on the ratio of dark matter to dark energy density in the present epoch.

PACS: 98.80.-k, 98.80.Jk

1 Introduction and preliminaries

To describe the present accelerated expansion of the universe [1], many models have been introduced. In one of these pictures nearly 70% of the universe is filled by an exotic smooth energy component with negative pressure dubbed as dark energy. One of the candidates for the dark energy is the Chaplygin gas [2], a perfect fluid whose equation of state (EoS) is given by P_d = − A ρ_d . (1)

A is a positive real constant and P_d and ρ_d are the pressure and the energy density of the dark energy respectively in the rest frame of the fluid. The Chaplygin gas plays a dual rôle: it behaves as a dustlike matter in the early era (i.e. for small scale factor a), and as a cosmological constant at late times (i.e. for large values of a). However, this unified model of dark energy and dark matter, suffers from problems such as production of oscillations or exponential blowup of the matter power spectrum which is inconsistent with observation [3]. Besides this noninteracting model is

∗mohsenisad@ut.ac.ir

unable to describe the coincidence problem [4], i.e. this model cannot explain why the densities of the dark matter and dark energy are of the same order today. This lies on the fact that energy density of the non interacting cold dark matter (whose EoS parameter is w_m ≃ 0) redshifts faster than the energy density of the dark energy sector (whose EoS parameter satisfies w_d < −1/3), so the ratio of matter to the dark energy density is expected to decrease rapidly as the universe expands in noninteracting models. In addition this model is inconsistent with the phantom divide line crossing which based on astrophysical data seems to be occurred in the present era [5].

In this paper we assume that the universe is a spatially flat Friedmann- Robertson-Walker space-time which besides the dark energy component, whose EoS is given by (1), is composed of the cold dark matter interacting with the Chaplygin gas (which is taken as the dark energy sector) via the interaction term Q:

ρ̇_d + 3H(− A ρ^2_d

+ 1)ρ_d = −Q

ρ̇_m + 3Hρ_m = Q. (2)

ρ_m is the density of the pressureless (cold) dark matter. H is the Hubble parameter and ”dot” denotes the derivative with respect to the comoving time. The presence of the interaction source, by permitting the energy exchange between dark matter and dark energy, may alleviate the coincidence problem [6], meanwhile, as we will see, depending on the form of interaction, may allow the phantom divide line crossing.

The Friedmann equations are Ḣ = −4π(−A ρ_d + ρ_d + ρ_m)

H^2 = 8π 3 (ρ_d + ρ_m). (3)

The condition ρ_m + ρ_d = ρ_c :=^{3H2}_{8π} guarantees the flatness of the universe. The universe is accelerating if 0 < ρ_d < −ρ_m + √ ρ^2_m + 12A 2 . (4)

In the absence of the interaction, i.e. Q = 0, ρ_d is given by

ρ_d = √ A + Ca^{−6}, (5)

where C is a real positive constant. The (EoS) parameter of dark energy is

w_d := P_d ρ_d = − A ρ^2_d

. (6)

For (5) we have −1 < w_d < 0 for a ∈ (0, ∞), hence w_d = −1 cannot be crossed in this model. As a consequence the EoS parameter of the universe w = Ω_dw_d, where Ω_d =^{ρd}_{ρc} < 1, cannot cross the phantom divide line. Using lim_{a→∞} ρ_d = √ A, one can show that the ratio of dark matter to dark energy density, defined by r = ρ_m ρ_d , (7)

becomes negligible at late time: lim_{a→∞}r = 0. This was expected because, as was mentioned, cold dark matter redshifts faster than dark energy component. Now to investigate what happens in the presence of the interaction [7], let us consider the simple interaction term

Q = 3ΓHρ_d, Γ > 0. (8)

In this model the solution to the first equation in (2) is

ρ_d = √ A 1 + Γ

+ Ca^{−6(Γ+1)}, (9)

where C is a real positive constant. In this case in contrast to the noninteracting case where w_d was restricted to the set (−1, 0), in principle the EoS parameter of the Chaplygin gas can cross the phantom divide line (w_d < −1), for a > ( ΓA C(1 + Γ)

) −1_{6(Γ+1)}

. (10)

Obtaining an exact solution for ρ_m or H is not straightforward, but asymptotic solutions can be derived. Using dH^2 dx = −8π(− A ρ_d + 3H^2 8π ), (11)

where x := ln a, we arrive at lim_{a→∞} ρ_c = √ (Γ + 1)A. In this limit the ratio of dark matter to dark energy, r :=^{ρm}_{ρd} =^{ρc}_{ρd} − 1, obeys lim_{a→∞} r = Γ. In addition the EoS parameter of the universe satisfies lim_{a→∞} w = −1. In [8], where the rôle of the interaction on dynamical evolution of Chaplygin gas was studied in details, it was shown that this is a stable critical point corresponding to a stable attracting scaling solution in which although the Chaplygin gas crosses the phantom divide line but the universe will enter to a de Sitter phase and the big rip is avoided.

So, the presence of the interaction term, which was first introduced to alleviate the coincidence problem, may allow the dark energy to cross the phantom divide line. In the next section we will find some necessary conditions for Q to allow the dark energy to reach or cross the phantom divide line and using an example show that there may be a deep relationship between the coincidence problem and w_d ≃ −1 in the present epoch.

2 The rôle of the interaction in crossing the phantom divide line and the coincidence problem

In the presence of an arbitrary interaction, obtaining an exact solution to the Friedmann equations (to see whether the model can reach or cross w_d = −1), may not be generally possible. In this part, instead of solving these equations, we try to obtain some necessary conditions which must be satisfied if the model reach w_d = −1. These conditions put some constraints on Q and the parameters of the model. Besides, depending of the form of Q, w_d may be a decreasing function at t = t_0, where t_0 is defined by w_d(t_0) = −1. In this situation w_d crosses the phantom divide line.

In the Chaplygin gas model, at t = t_0 (where w_d(t_0) = −1), using (2) and (6) we obtain

ρ̇_d(t_0) = −Q(t_0), ρ_d(t_0) = √ A. (12)

Note that nowadays (i.e. t ≃ t_0) the dominate part of the universe is composed of dark sectors. In addition based on astrophysical data [4] :

ρ_d(t_0 ) ρ_m(t_0) = 7 3 , therefore the second equation in (2) for a real Hubble parameter requires ρ_d(t_0) > 0.

The time derivative of the EoS parameter, (6), at t = t_0 reduces to

ẇ_d(t_0) = −2Aρ^{−3}_d (t_0)Q(t_0) = −2Q(t_0)ρ^{−1}_d (t_0). (13)

If Q(t_0) = 0 then ẇ_d(t_0) = 0. In this case, from (2), we deduce ρ̇_d(t_0) = 0 and to obtain the first nonzero time derivative of w_d at t = t_0 we must continue this procedure: By taking another time derivative from (6), and then using ρ̈_d(t_0) = −Q̇(t_0), which follows from (2) when w_d = −1, ẇ_d = −1 and ρ̇_d = 0, we obtain

ẅ_d(t_0) = −2ρ^{−1}_d (t_0)Q̇(t_0). (14)

If again Q̇(t_0) = 0 we get ẅ_d(t_0) = 0. For a differentiable Hubble parameter, this method can be continued to give ρ^{(n)}_d = −Q^{(n−1)}, w^{(n)}_d (t_0) = 2Aρ^{−3}_d (t_0)ρ^{(n)}_d (t_0), where (n − 1) is the order of the first non zero derivative of w_d at t_0. Therefore finally we obtain

w^{(n)}_d (t_0) = −2ρ^{−1}_d (t_0)Q^{(n−1)}(t_0). (15)

If the dark energy sector reaches (or tends to) w_d = −1 from the quintessence phase, depending on whether it will enter in phantom phase or not, one of the following predicates must be true (we assume that at t_0, w_d is differentiable):

i) w_d tends asymptotically to −1. In this case, following (15), all the time derivatives of w_d vanish at w_d = −1, hence Q and all of his time derivatives must also vanish in this limit:

Q(t_0) = 0, d^nQ dt^n (t_0) =: Q^{(n)}(t_0) = 0, ∀n ∈ N. (16)

For a derivable continuous w_d this can only occur at t_0 → ∞. E.g. the noninteracting Chaplygin gas model, Q = 0, belongs to this category and as we have seen w_d = −1 occurs asymptotically. As another example consider

Q = λ(P_d + ρ_d) = λ(w_d + 1)ρ_d, (17)

where λ is a constant. This is the interaction considered for some scalar field (ϕ(t)) models of dark energy or inflaton, giving rise to the interaction λϕ̇^2 [9]. It is clear that at w_d = −1, we have Q = 0. Using (2) one can show that the higher derivatives of Q also vanish at w_d = −1, therefore w_d = −1 can only occur asymptotically.

ii) The first nonzero derivative of w_d is negative and of odd order at w_d = −1, in this case after reaching, w_d crosses w_d = −1 line and the Chaplygin gas enters the phantom phase. In this situation, Q(t_0) > 0 or, if Q(t_0) = 0 at t_0 the first nonzero derivative of Q is positive and of even order

Q(t_0) > 0, or{Q(t_0) = 0, and Q^{(2n)}(t_0) > 0, Q^{(k<2n)}(t_0) = 0}. (18)

The example proposed in the previous section (8), belongs to this category. The condition Γ > 0 guarantees Q > 0.

iii) ẇ_d = 0 at w_d = −1, and the first non-vanishing derivative of w_d is positive and of even order . In this case the dark component does not enter in the phantom phase and w_d = −1 is the global minimum of w_d. In this situation, with the same method used in ii), it is easy to show that at t_0 we have Q = 0 and the first nonzero derivative of Q is negative and of odd order Q(t_0) = 0, Q^{(2n+1)}(t_0) < 0, Q^{(k<2n+1)}(t_0) = 0. (19)

In this case the phantom phase is neither accessible for the dark energy component nor for the universe: w > −1.

Therefore in the context of the Chaplygin gas model, reaching or crossing w_d = −1 may not possible for an arbitrary Q, e. g. following (i) and (ii) and (iii) models with Q < 0 do not arrive at w_d = −1. Besides, via considering Q as a function of ρ_m and ρ_d, the above conditions give some relationship between the density of dark matter to density of dark energy at t_0. In this view one can determine or put some conditions on the value of r =^{ρm}_{ρd} at the present epoch where based on some astrophysical data w_d ≈ −1 is happened. So there may be a deep relationship between coincidence problem and w_d = −1 crossing observed in the present era.

To illustrate this point, let us consider the interaction [10]

Q = H(λ_mρ_m + λ_dρ_d), (20)

and study the conditions required to reach w_d = −1. Following (i) and (ii) and (iii) we must have Q ≥ 0 at t_0. For an expanding universe this implies λ_mr(t_0) ≥ −λ_d. For r(t_0) = − λ_d λ_m , (21)

Q = 0 and ẇ_d = 0, but using ρ̇_d(t_0) = 0 and ρ̇_m(t_0) = −3Hρ_m(t_0) we obtain ẅ_d(t_0) = −3λ_dH^2(t_0) and following (ii) (in order that reaching w_d = −1 be allowed) we must have λ_d < 0. In this situation the dark energy component, remains in the quintessence phase. This possibility is excluded when one considers the interaction Q = λH(ρ_m + ρ_d) which is adopted in some papers [11].

If λ_mr > −λ_d at t_0, then w_{d0} cross the phantom divide line. In this case for λ_m > 0, and λ_d < 0 we obtain a lower bound for r(t_0):

r(t_0) > − λ_d λ_m (22)

at transition time.

Although obtaining an exact solution to the Friedmann equations in the presence of interaction (20) does not seem to be possible but let us examine whether these equations admit the series solution

w_d = −1 + w_{d0}t^α + O(t^{α+1}), ρ_d = ρ_{d0} + ρ_{d1}t^β + O(t^{β+1}), ρ_m = ρ_{m0} + ρ_{m1}t^γ + O(t^{γ+1}), H = H_0 + H_1t + H_2t^2 + O(t^3), (23)

at t = 0 (we have taken t_0 = 0). (1) leads to α = β, ρ_{d0} = √ A and ρ_{d1} =^{wd0} √ A 2 . We have also assumed that Ḣ(t_0) ≠ 0 which lies on the assumption Ω_d(t_0) ≠ 0. We first consider the solution with α ≥ 2. Putting (23) into the first equation in (2) and equating the terms with the same power of t, after some calculation we obtain λ_mρ_{m0} + λ_dρ_{d0} = 0, and α − 1 = γ and subsequently by using the second equation in (2) we obtain α = 2 (viz. α > 2 is not allowed), γ = 1, ρ_{m1} + 3H_0ρ_{m0} = 0 and 2ρ_{d1} = −λ_mρ_{m1}H_0. By collecting these together, the series solution for α ≥ 2 at t = 0 (which is also consistent with (3)) is obtained as

w_d = −1 − 3λ_dH^2_0 t^2 + O(t^3)

ρ_d = √ A − 3 2 λ_dH^2_0 √ At^2 + O(t^3)

ρ_m = − λ_d λ_m √ A(1 − 3H_0t) + O(t^2)

H = H_0 + 4π λ_d λ_m √ At + O(t^2), (24)

where the Hubble parameter at t = 0 is determined to be H_0 =^{8π}_3 ( 1 −^{λd}_{λm} ) √ A. This solution corresponds to the system characterized by (21).

Note that ρ_{m1} + 3H_0ρ_{m0} = 0 in this example leads to Q(t_0) = 0. This lies on the fact that α = 2 in (23), and therefore the Chaplygin gas remains in quintessence phase: ẇ_d(t_0) = 0. Hence (13) results in Q(t_0) = ẇ_d(t_0) = 0. As we will show this is not true for other possible solutions.

For α = 1 (corresponding to the aforementioned case λ_mr(t_0) > −λ_d), one can similarly show that the following solution exists:

w_d = −1 + 2 √ A ( (λ_m − λ_d) √ A − 3H^2_0 8π λ_m ) H_0t + O(t^2)

ρ_d = √ A + ( (λ_m − λ_d) √ A − 3H^2_0 8π λ_m ) H_0t + O(t^2)

ρ_m = ( 3H^2_0 8π − √ A ) + ( (λ_m − λ_d + 3) √ A − 3H^2_0 8π (λ_m + 3) ) H_0t + O(t^2)

H = H_0 + ( − 3H^2_0 2 + 4π √ A ) t + O(t^2). (25)

According to the condition (ii), (18) and subsequently (25) are valid when

λ_mH^2_0 > 8π 3 (λ_m − λ_d) √ A. (26)

This solution crosses w_d = −1. If λ_m = 0 we must have λ_d > 0 which is the same result discussed in the previous section. If λ_d = 0, only models with λ_m > 0 are allowed. If we adopt λ_m = λ_d = λ, then w_d = −1 crossing is possible whenever λ > 0.

After the dark energy component of the universe passes w_d = −1, the EoS parameter of the universe may cross w = −1 too. Note that based on the values estimated for w_d and Ω_d, it is also possible that the universe has an EoS parameter satisfying w = w_dΩ_d ≃ −1 even in the present era, e.g. if we adopt Ω_d = 0.73 and w_d ≃ −1.33 [12], we obtain w = −0.97.

For a general dark energy model it can be shown that w = − 1 3H Ω̇_d 1 − Ω_d − Q 3Hρ_c(1 − Ω_d)

. (27)

In the Chaplygin gas, from w_dΩ_d = w we derive w = −A ( 8π 3 )_2 1 H^4Ω_d

. (28)

(27) together with (28) form a system (which is not analytically solvable) describing the behavior of w and Ω_d in terms of the scale factor. If the system arrives at w = −1 at t = τ from (28) we obtain

ẇ(τ) =

Ω̇_d(τ) Ω_d(τ)

. (29)

The universe enters in the phantom phase provided that ẇ(τ) ≤ 0. By considering (27), this implies Q ≥ 3Hρ_c(1 − Ω_d), (30) at t = τ. In terms of Ω_m =^{ρm}_{ρc} this inequality becomes Q ≥ 3Hρ_m (31) at t = τ. Putting (20) in this inequality gives (λ_m − 3)r ≥ −λ_d, (32) which for λ_m > 3 and λ_d < 0, gives a lower bound for r at transition time: r ≥ − λ_d λ_m − 3

, (33)

while for λ_m < 3 and λ_d > 0, −^{λd}_{λm−3} becomes an upper bound for r. For λ = λ_d = λ_m, the upper bound becomes r <^λ_{3−λ} .

To study the behavior of the system near w = −1 as before we may consider the following series solutions for H and Ω_d at t = τ (note that Ḣ(τ) = 0),

H = h_0 + h_1(t − τ)^ν + O((t − τ)^{ν+1}), ν ≥ 2, h_1 > 0 Ω_d = u_0 + u_1(t − τ)^μ + O((t − τ)^{μ+1}). (34) μ and ν are the orders of the first nonzero derivatives of H and Ω_d at t = τ respectively. As we are studying the transition from quintessence to phantom phase we have taken h_1 > 0. Using (27) and the equation w = −1 − 2 3 Ḣ H^2

, (35)

we find that if μ ≠ 1 then we must have μ = ν (for details see [13]), but inserting the series solution in (27) yields ν = μ + 1 which results in ν = 2, and μ = 1. Note that ν = 2 implies that the system cannot remain in quintessence phase. We also obtain u_1 = (3 − λ_m) h_0 + (λ_m − λ_d − 3) h_0u_0. Using (29), (2), and (3) we arrive at

H = h_0 − 3 4 h^3_0 ( 9 64π^2A

(3 − λ_m)h^4_0 + (λ_m − λ_d − 3) ) (t − τ)^2

+O((t − τ)^3)

Ω_d =

64π^2A 9h^4_0 + ( (3 − λ_m)h_0 +

64π^2 9h^3_0

(λ_m − λ_d − 3) ) (t − τ) +O((t − τ)^2). (36)

h_0 is not determined, but h_1 > 0 gives

(3 − λ_m)h^4_0 <

64π^2A 9 (3 − λ_m + λ_d). (37)

This inequality, which using r =^{1−Ωd}_{Ωd} can be shown to be the same as (32), determines the relation between the energy density at transition time and the parameters of the model.

3 Conclusion

We considered the interacting Chaplygin gas as the dark energy component of the universe. Some necessary conditions on the interaction, allowing the Chaplygin gas to reach the phantom divide line (w_d = −1), were discussed. Using these condition we found that the ratio of dark matter to dark energy density, r, must satisfy some inequalities (or equalities) which can alleviate the coincidence problem, i.e. at w_d = −1, r is whether determined in terms of the parameters of the system or a nonzero lower bound can be found for it. Via some examples, we showed that how the form of interaction determines some of the behavior of the system such as crossing the phantom divide line or remaining in the quintessence phase. We also obtained a series solution to Friedmann equations at phantom divide line. At the end via an example we studied the possibility that the EoS of the universe crosses w = −1.

References

[1] S. Perlmutter et al., Nature (London) 391, 51 (1998); A. G. Riess et al.

[Supernova Search Team Collaboration], Astron. J. 116, 1009 (1998); S. Perlmutter et al. [Supernova Cosmology Project Collaboration], Astrophys. J. 517, 565 (1999); V. Sahni, Lect. Notes Phys. 653, 141 (2004); E. J. Copeland, M. Sami, and Sh. Tsujikawa, Int. J. Mod. Phys. D 15, 1753 (2006); H. Zhang, H. Yu, H. Noh, and Z. H. Zhu, Phys. Lett. B 665, 319 (2008).

[2] M. C. Bento, O. Bertolami, and A. A. Sen, Phys. Rev. D 66, 043507 (2002); J. C. Fabris, S. V. B. Goncalves, P. E. de Souza, Gen. Rel. Grav. 34, 53 (2002); N. Bilic, G. B. Tupper, and R. D. Viollier Phys. Lett. B 535, 17 (2002) ; J. V. Cunha , J. S. Alcaniz, and J. A. S. Lima, Phys. Rev. D 69, 083501 (2004); M. Szydlowski, and W. Czaja, Phys. Rev. D 69, 023506 (2004); M. B. Lopez and P. V. Moniz, Phys. Rev. D 71, 063521 (2005); Zong-Hong Zhu, Astron. Astrophys. 423, 421 (2004); T. Multamaki, M. Manera, and E. Gaztanaga , Phys. Rev. D 69, 023004 (2004); N. Bilic, R. J. Lindebaum, G. B. Tupper, and R. D. Viollier, J. Cosmol. Astropart. Phys. 0411, 008 (2004); Luis P. Chimento, and R. Lazkoz, Phys. Lett. B 615, 146 (2005); A. A. Sen, and R. J. Scherrer, Phys. Rev. D 72, 063511 (2005); X. Zhang, F. Wu, and J. Z, J. Cosmol. Astropart. Phys. 0601, 003 (2006); Y. Gong, J. Cosmol. Astropart. Phys. 0503, 007 (2005); J. S. Alcaniz and J. A. S. Lima, Astrophys. J. 618, 16 (2005); Zong-Kuan Guo and Yuan-Zhong Zhang, Phys. Lett. B 645, 326 (2007); M. Roos, Phys. Lett. B 666, 420 (2008); P. K.F. Kuhfittig, Gen. Rel. Grav. 41, 1485 (2009); M. Jamil, arXiv:0906.3913v2 [gr-qc]; M. Jamil, Eur. Phys. J. C 62, 609 (2009); S. Li, Y. Ma, and Y. Chen, arXiv:0809.0617v2 [grqc]; Y. Cai, M. Li, J. Lu, Y. Piao, T. Qiu, and X. Zhang, Phys. Lett. B 651,1 (2007); Z. Li, P. Wu, and H. Yu, arXiv:0908.3415v1 [astroph.CO]; Y. Cai, and J. Wang, Class. Quant. Grav. 25, 165014 (2008); C. E. M. Batista, J.C. Fabris, and M. Moritaar, arXiv:0904.3949[grqc]; O. F. Piattella, arXiv:0906.4430 [astro-ph.CO]; V. Gorini, A. Y. Kamenshchik, U. Moschella, O. F. Piattella, and A. A. Starobinsky, J. Cosmol. Astropart. Phys. 0802, 016 (2008); M. Jamil, M. U. Farooq, and M. A. Rashid, Eur. Phys. J. C 59, 907 (2009).

[3] H. B. Sandvik, M. Tegmark, M. Zaldarriaga, and I. Waga, Phys. Rev.

D 69,123524 (2004); L. Amendola, F. Finelli, C. Burigana, and D. Carturan, J. Cosmol. Astropart. Phys. 07 (2003) 005.

[4] P. Steinhardt, in Critical Problems in Physics, edited by V. L. Fitch and D. R. Marlow (Princeton University Press, Princeton, NJ, 1997); I. Zlatev, L. Wang, P. J. Steinhardt, and L. Amendola, Phys. Rev. D 62, 043511 (2000); W. Zimdahl, D. Pavon, and L. P. Chimento, Phys. Lett. B 521, 133 (2001); H. Wei and R. G. Cai, Phys. Rev.D 71, 043504 (2005); G. Yang, and A. Wang, Gen. Rel. Grav. 37, 2201 (2005); B. Hu, and Y. Ling, Phys. Rev. D 73, 123510 (2006); H. M. Sadjadi, Eur. Phys. J.C 62, 419 (2009); H. M. Sadjadi and M. Alimohammadi, Phys. Rev. D 74, 103007 (2006); Chao-Jun Feng, Phys. Lett. B 663, 367 (2008); M. Jamil, F. Rahaman, and M. Kalam, Eur. Phys. J. C 60, 149 (2009); H. Zhang, H. Yu, Z. Zhu, and Y. Gong, Phys. Lett. B 678, 331 (2009).

[5] U. Alam, V. Sahni, T. D. Saini, and A. A. Starobinsky, Mon. Not. R.

Astron. Soc. 354, 275 (2004); U. Alam, V. Sahni, and A. A. Starobinsky, J. Cosmol. Astropart. Phys. 06 (2004) 008; V. K. Onemli and R. P. Woodard Phys. Rev. D 70, 107301 (2004); B. Feng, X. L. Wang, and X. M. Zhang, Phys. Lett. B 607, 35 (2005); S. Nesserisa, and L. Perivolaropoulos, Phys. Rev. D 72, 123519 (2005); D. Huterer and A. Cooray, Phys. Rev. D 71, 023506 (2005); S. Nojiri, and S. D. Odintsov, Phys. Rev. D 72, 023003 (2005); S. Nojiri, S. D. Odintsov, and S. Tsujikawa, Phys. Rev. D 71, 063004 (2005); G. Zhao, J. Xia, M. Li, B. Feng, and X. Zhang, Phys. Rev. D 72, 123515 (2005); M. Li, B. Feng, and X. Zhang, J. Cosmol. Astropart. Phys. 0512 (2005) 002; B. Guberiba, R. Horvat, and H. Nikolic, Phys. Lett. B 636, 80 (2006); M. Alimohammadi and H. Mohseni Sadjadi, Phys. Lett. B 648, 113 (2007); H. M. Sadjadi and M. Alimohammadi, Phys. Rev. D 74, 043506 (2006); E. O. Kahya and V. K. Onemli, Phys. Rev. D 76, 043512 (2007); K. Nozari, and S. D. Sadatian, Eur. Phys. J. C 58, 499 (2008); S. D. Sadatian, and K. Nozari, Europhys. Lett. 82, 49001 (2008); H. M. Sadjadi, N. Vadood, J. Cosmol. Astropart. Phys. 0808 (2008) 036, arXiv:0806.2767v3 [gr-qc]; E. N. Saridakis, Phys. Lett. B 661, 335 (2008); M. Alimohammadi, and A. Ghalee, Phys. Rev. D 79, 063006 (2009).

[6] L. Amendola, Phys. Rev. D 62, 043511 (2000).

[7] L. P. Chimento, A. S. Jakubi, D. Pavon, and W. Zimdahl, Phys. Rev.

D 67, 083513 (2003) 083513; J. D. Barrow and T. Clifton, Phys. Rev. D 73, 103520 (2006); B. Gumjudpai, T. Naskar, M. Sami, and S. Tsujikawa, J. Cosmol. Astropart. Phys. 0506 (2005) 007; H. Zhang and Z. H. Zhu, Phys. Rev. D 73, 043518 (2006); H. Wei, and S. N. Zhang, Phys. Lett.B 654, 139 (2007); H. M. Sadjadi, J. Cosmol. Astropart. Phys. 0702, 026 (2007):arXiv:gr-qc/0701074v3; A. Sheykhi, arXiv:0907.5458 [hep-th]; A. Sheykhi, arXiv:0907.5144; Z. K. Guo, N. Ohta, and S. Tsujikawa, Phys. Rev. D 76, 023508 (2007); G. C. Cabral, R. Maartens, and L. A. U. Lopez, Phys. Rev. D 79, 063518 (2009); L. P. Chimento, M. Forte, R. Lazkoz, and M. G. Richarte, Phys. Rev.D 79, 043502 (2009); J. H. He, B. Wang, and Y. P. Jing, arXiv:0902.0660v1 [gr-qc]; R. Giambo, and J. Miritzis, arXiv:0908.3452[gr-qc]; H. G. Compean, G. G. Jimenez, O. Obregon, and C. Ramirez, J. Cosmol. Astropart. Phys. 0878, 016 (2008); G. C. Cabral, R. Maartens, and L. A. U. Lopez Phys. Rev. D 79, 063518 (2009); P. Wu and H. W. Yu, Class. Quant. Grav. 24, 4661 (2007); S. Chen and J. Jing, arXiv:0903.0120[gr-qc]; E. Majerotto, J. Valiviita, and R. Maartens, arXiv:0907.4987[astro-ph.CO]; H. M. Sadjadi, arXiv:0904.1349v1 [gr-qc]; G. C. Cabral, R. Maartens, and B. M. Schaefer, J. Cosmol. Astropart. Phys. 0907, 027 (2009): arXiv:0905.0492[astro-ph.CO].

[8] S. Li, Y. Ma, and Y. Chen, Int. J. Mod. Phys. D 18, 1785 (2009). [9] E. W. Kolb and M. S. Turner, The Early Universe, Westview Press, (1994).

[10] H. M. Sadjadi and M. Honardoost, Phys. Lett. B 647, 231 (2007); M.

Quartin, M. O. Calvao, S. E. Joras, R. R. R. Reis, and I. Waga, J. Cosmol. Astropart. Phys. 0805, 007 (2008).

[11] H. Zhang, and Z. H. Zhu, Phys. Rev. D 73, 043518 (2006). [12] E. Komatsu et al. , Astrophys. J. Suppl. 180, 330 (2009). [13] H. M. Sadjadi and M. Alimohammadi, Phys. Rev. D 74,103007 (2006).