arXiv:hep-th/0511301 v2 23 Feb 2006

Super-acceleration on the Brane by Energy Flow from the Bulk

Rong-Gen Cai^{∗,1}, Yungui Gong^{†,2,3} and Bin Wang^{‡,4} 1Institute of Theoretical Physics, Chinese Academy of Sciences, P.O. Box 2735, Beijing 100080, China 2College of Electronic Engineering, Chongqing University of Posts and Telecommunications, Chongqing 400065, China 3CASPER, Physics Department, Baylor University, Waco, TX 76798, USA 4Department of Physics, Fudan University, Shanghai 200433, China

Abstract

We consider a brane cosmological model with energy exchange between brane and bulk. Parameterizing the energy exchange term by the scale factor and Hubble parameter, we are able to exactly solve the modified Friedmann equation on the brane. In this model, the equation of state for the effective dark energy has a transition behavior changing from w^{eff}_{de} > −1 to w^{eff}_{de} < −1, while the equation of state for the dark energy on the brane has w > −1. Fitting data from type Ia supernova, Sloan Digital Sky Survey and Wilkinson Microwave Anisotropy Probe, our universe is predicted now in the state of super-acceleration with w^{eff}_{de0} = −1.21.

PACS numbers: 98.80.Cq; 98.80.-k

∗ Email address: cairg@itp.ac.cn † Email address: gongyg@cqupt.edu.cn ‡ Email address: wangb@fudan.edu.cn

A variety of cosmological observations consistently provide a compelling evidence that our universe is experiencing an accelerated expansion. A component that causes the expansion of the universe to accelerate is referred as dark energy. The traditional cosmological constant is a possible candidate of the dark energy, although the 120 orders of magnitude difference between its theoretical and observational values presents the biggest problem to theorists [1]. Another popular candidate is an exotic field with evolving equation of state [2]. However compared to the comfortable vacuum energy interpretation of the cosmological constant, the natural reason behind these exotic fields is lacking. There are also alternative models of gravity that seek to explain the accelerated expansion[3, 4, 5, 6, 7, 8, 9, 10, 11, 12]. One interesting theory is the so-called 1/R gravity suggested in [3, 9], which is possible to account for the late time acceleration. While unfortunately this theory was argued suffering a conflict with gravitational tests in the solar system [13]. Recently an alternative way to avoid this conflict was proposed [14]. Another dramatic strategy to modify gravity is to imagine that we live on a brane embedded in a higher dimensional spacetime [5, 10, 12, 15], which can naturally lead to late time acceleration. In these studies, it was assumed that dark energy does not interact with matter or radiation.

Given the unknown nature of both dark energy and dark matter, which are two major contents of the universe, one might argue that an entirely independent behavior of dark energy is very special [16, 17]. A lot of investigations assuming interaction between dark energy and dark matter have been carried out [18, 19]. With the interaction between dark sectors, the standard conservation equations of matter and dark energy are violated respectively. While the Friedmann equations can be easily modified to model exchanges between different energy components, studies on dark energy models with interaction with matter fields have disclosed that the equation of state of the dark energy has a transition behavior, changing from w_D > −1 to w_D < −1 at recent stage [18, 19]. This theoretical result is consistent with the recent extensive analysis of observation data [20]. The energy exchanges between dark sectors will drive the universe to super-acceleration [18, 19, 21] and in addition it will influence the perturbation dynamics and could also be observable through the lowest multipoles of Cosmic Microwave Background (CMB) spectrum [17]. Besides the energy exchange between dark sectors considered in four-dimensional theories, the role of the energy exchange between the bulk and brane has also been investigated. The cosmic evolution of the brane in the presence of energy flow into or from the bulk has been analyzed in different setups [22, 23].

The dark energy with equation of state w < −1 is referred as phantom dark energy [24]. An easy way to realize the phantom dark energy is a scalar field with a wrong sign kinetic term.

However, such a model might suffer from the instability [25]. A more challenging issue is that the time dependent dark energy gives a better fitting than a cosmological constant, and in particular, the equation of state crosses −1 at redshift z ≈ 0.2 from the above to below [26]. While it turns out it is not trivial to build dark energy model with equation of state crossing w = −1 [27], a component with w < −1 in the universe will violate all energy conditions and threaten the basis of modern physics. Therefore it is urgent and is of great interest to construct dark energy model with observed feature in the framework of modern physics. That is, one may hope that crossing −1 for the equation of state and phantom behavior of dark energy are effective (or equivalent) features, not caused by an unstable and causality-violated phantom field. Indeed, it can be done in the scalar-tensor theory [11], brane world scenario [28], and models with interactions between dark matter and dark energy, and so on.

In this paper, we will consider a brane world scenario (RSII model) [15], in which to realize the transition of w from above −1 to below −1 by introducing an energy exchange between the brane and the bulk. By approximately parameterizing the energy exchange, we are able to exactly solve the resulting Friedmann equation on the brane. The “phantom” behavior of the dark energy on the brane is caused by energy flow from the bulk. Both dark energies on the brane and from the bulk obey the causality condition. In this sense the transition of the effective dark energy equation of state could serve as a signature of the bulk-brane energy exchange.

The gravitational brane-bulk action we are going to consider is of the form S = ∫ d^5x √ −G ( R_5 2κ^2_5

− Λ_5 + L^m_B ) + ∫ d^4x √ −g (−σ + L^m_b ) , (1)

where R_5 is the curvature scalar of the five-dimensional metric, Λ_5 is the bulk cosmological constant and σ is the brane tension, L^m_B and L^m_b are the matter Lagrangian in the bulk and on the brane respectively. We are interested in the cosmological solutions with a metric

ds^2 = −n^2(t, y) dt^2 + a^2(t, y) γ_{ij} dx^idy^j + b^2(t, y) dy^2. (2)

The non-zero components of Einstein tensor can be written as [29]

G_{00} = 3 [ ȧ a ( ȧ a + ḃ b ) − n^2 b^2 ( a^{′′} a + a^′ a ( a^′ a − b^′ b )) + k n^2 b^2 ] , (3) G_{ij} = a^2 b^2 γ_{ij} [ a^′ a ( a^′ a + 2 n^′ n ) − b^′ b ( n^′ n + 2 a^′ a ) + 2 a^{′′} a + n^{′′} n ]

+ a^2 n^2 γ_{ij} [ ȧ a ( − ȧ a + 2 ṅ n ) − 2 ä a + ḃ b ( −2 ȧ a + ṅ n ) − b̈ b ] − kγ_{ij} , (4)

G_{05} = 3 ( n^′ n ȧ a + a^′ a ḃ b − ȧ^′ a ) , (5)

G_{55} = 3 [ a^′ a ( a^′ a + n^′ n ) − b^2 n^2 ( ȧ a ( ȧ a − ṅ n ) + ä a ) − k b^2 a^2 ] , (6)

where γ_{ij} is the metric for the maximally symmetric three-dimensional space and k = −1, 0, 1 rep-

resenting its curvature. In the above equations, primes and dots stand for derivatives with respect

to y and t respectively. The three dimensional brane is assumed at y = 0. The Einstein equations

are G_{μν} = κ^2_5T_{μν} , where the stress-energy momentum tensor has bulk and brane components and

can be written as

T^μ_ν = T^μ_ν |_{σ, b} + T^μ_ν |_{m,b} + T^μ_ν |_{Λ, B} + T^μ_ν |_{m,B}, (7)

where

T^μ_ν |_{σ, b} = δ(y) b diag(−σ, −σ, −σ, −σ, 0), (8) T^μ_ν |_{Λ, B} = diag(−Λ_5, −Λ_5, −Λ_5, −Λ_5, −Λ_5), (9)

T^μ_ν |_{m, b} = δ(y) b diag(−ρ, p, p, p, 0), (10) ρ and p are energy density and pressure on the brane, respectively.

Assuming the Z_2 symmetry around the brane, we can obtain

a^′_+ = − a^′_− = − κ^2_5 6 a_0 b_0 (σ + ρ), (11)

n^′_+ = − n^′_− = κ^2_5 6 b_0 n_0 (−σ + 2ρ + 3p), (12)

by integrating Eqs. (3) and (4) with respect to y around y = 0, where the subscripts “+” and “−”

stand for y > 0 and y < 0 respectively, which represent two sides of the brane. In addition, as

usual, the subscript “0” denotes quantities are evaluated at y = 0.

From (5) and (6), we obtain n^′_0 ȧ_0 n_0 a_0 + a^′_0 ḃ_0 a_0 b_0 − ȧ^′_0 a_0 = κ^2_5 3 T_{05}, (13) 3 { a^′_0 a_0 ( a^′_0 a_0 + n^′_0 n_0 ) − b^2_0 n^2_0 [ ȧ_0 a_0 ( ȧ_0 a_0 − ṅ_0 n_0 ) + ä_0 a_0 ] − k b^2_0 a^2_0 } = −κ^2_5 Λ_5 b^2_0 + κ^2_5 T_{55}, (14) where T_{05} and T_{55} are the 05 and 55 components of T_{μν} |_{m, B} evaluated on the brane. Employing Eqs. (11) and (12), we can derive

ρ̇ + 3 ȧ_0 a_0

(ρ + p) = −

2n^2_0 b_0

T^0_5, (15) 1 n^2_0 [ ä_0 a_0 + ( ȧ_0 a_0

)_2 − ȧ_0 ṅ_0 a_0 n_0 ] + k a^2_0 = κ^2_5 3 ( Λ_5 + κ^2_5 σ^2 6 )

− κ^4_5 36 [σ(3p − ρ) + ρ(3p + ρ)] − κ^2_5 3 T^5_5. (16)

Taking an appropriate gauge with the coordinate frame b_0 = n_0 = 1, Eqs. (15) and (16) can be reexpressed as

ρ̇ + 3H(1 + w)ρ = −2 T^0_5, (17) ( ȧ a )_2 = λ − κ a^2

+ β ρ^2 + 2 γ (ρ + χ), (18)

χ̇ + 4Hχ = 2 ( ρ σ + 1 ) T^0_5 − 12 κ^2_5 H σ T^5_5, (19)

where β =^{κ45}_{36} and γ =^{σ κ45}_{36} . λ^{κ25}_6 ( Λ_5 +^{κ25 σ2}_6 ) is the effective cosmological constant on the brane.

In order to derive a solution that is largely independent of the bulk dynamics, we can neglect T^5_5 term by assuming that the bulk matter relative to the bulk vacuum energy is much less than the ratio of the brane matter to the brane vacuum energy [22]. Considering this approximation and concentrating on the low-energy region with ρ/σ ≪ 1, Eqs. (17)-(19) can be simplified into

ρ̇ + 3H(1 + w)ρ = −2 T^0_5 = T (20)

H^2 = 8πG_4 3 (ρ + χ) − k a^2

+ λ (21)

χ̇ + 4Hχ ≈ 2 T^0_5 = −T. (22)

Thus with the energy exchange T between the bulk and brane, the usual energy conservation is broken down. In the following we will consider that there are two dark components in the universe, dark matter and dark energy, ρ = ρ_m + ρ_{de}. The bulk-brane energy exchange will break the adiabatic equation either for the dark matter or the dark energy. We will study these two cases respectively. In our discussion, we will take λ = 0 and k = 0.

For the first case, we assume that the adiabatic equation for the dark matter is satisfied while it is violated for the dark energy due to the energy exchange between the brane and the bulk,

ρ̇_m + 3Hρ_m = 0, (23)

ρ̇_{de} + 3H(1 + w)ρ_{de} = T. (24)

Figure 1: Evolution of the deceleration parameter and the equation of state for the effective dark energy.

Thus the evolution of dark sectors have the form ρ_m = ρ_{m0}/a^3, and ρ_{de} = exp [− ∫ 3H(1 + w)dt] {∫ T exp [∫ 3H(1 + w)dt ] dt + C } . Assuming w being a constant and taking the ansatz T = T_0Ha^n with T_0 and a two constants, we get ρ_{de}^C_{a3(1+w)} +^{T0 an}_{n+3(1+w)} . Some remarks here are in order. To get a cosmological model based on Eqs. (20)-(22), one has to know the energy exchange T . Unfortunately, it is not yet available and obviously it depends on mechanism which produces the energy exchange. Some references in [22] take the ansatz T ∼ ρ^n. In that case, Eqs. (20) and (22) cannot be integrated analytically and a numerical approach has to be adopted. Some papers in [22] consider the case without dark energy on the brane and the late-time acceleration is caused by the effective cosmological constant, dark radiation and the energy exchange with the ansatz T ∼ ρ^n. Umezu et al. in [22] considered the case with T ∼ a^{−n}H^3. The authors of [23] generalized these discussions to the case with an induced gravity term on the brane and with the ansatz T ∼ ρ^n. Clearly in those cases, a late-time stable attractor with accelerated expansion exists. In our setup, both the dark matter and dark energy with w > −1 appear on the brane. The ansatz T ∼ Ha^n is taken so that one can directly integrate (20) and (22) and obtain their analytic expressions. In addition, we will consider two cases: one is to transfer the bulk energy T to the dark energy on the brane; the other is to dark matter on the brane. These two cases have significant differences on the cosmic observations.

Now we substitute our ansatz of the bulk-brane energy flow into Eq. (22), and have χ = C_1 a^4 − T_0 4 + n a^n, (25) where C_1 is an integration constant. Inserting it into Eq. (21), the Friedmann equation reads H^2 = 8πG_4 3 [ ρ_{m0} a^3 + C a^{3(1+w)} + T_0 (1 − 3w)a^n (4 + n)[n + 3(1 + w)] ] , (26) where we have neglected the dark radiation term ∼ a^{−4}, namely C_1 = 0, since we have more interest in the late time era of the universe.

Another possibility is to consider transferring the bulk-brane energy exchange to the dark matter on the brane, and keeping the standard conservation equation for the dark energy on the brane, ρ̇_m + 3Hρ_m = T, (27) ρ̇_{de} + 3H(1 + w)ρ_{de} = 0. (28) By assuming w as a constant, and using the ansatz for T , the evolution of dark sectors become ρ_{de} =^{ρde0}_{a3(1+w)} and ρ_m =^D_{a3} +^{T0}_{3+n} a^n. From Eq. (22), the generalized dark radiation density can be obtained as χ =^{D1}_{a4} −^{T0}_{4+n} a^n. Thus the Friedmann equation has the form

H^2 = 8πG_4 3 ( D a^3 + ρ_{de0} a^{3(1+w)} + T_0 a^n (3 + n)(4 + n) ) , (29) where a term related to the dark radiation has also been neglected as treated above. That is, D_1 = 0 has been taken.

Thus we have derived the cosmic evolution of the brane in the presence of energy flow into or from the bulk. By assuming a specific form of the energy transfer which causes the violation of the standard conservation equation of either dark matter or dark energy, we have obtained the modified Friedmann equations (26) and (29). Compared to the usual four-dimensional theory, we have got additional contributions from the bulk-brane energy exchanges which are similar in the third terms of (26) and (29). When w = 0, we notice that these two cases coincide with each other. Evolutions of the brane universe described in both (26) and (29) can lead to the late-time acceleration or deceleration depending on the parameters on the model.

We can define the deceleration parameter q by using (26) and (29) and it is easy to see that q can be negative in both cases (see the solid line in Fig. 1). The effective dark energy can be defined as ρ^{ef f}_{de} = ρ_{de1}a^{−3(1+w)} + ρ_{de2}a^n, where ρ_{de1} and ρ_{de2} correspond to the coefficients of the second and the third terms in (26) and (29), respectively. The equation of state of the effective dark energy can be defined by [30] w^{ef f}_{de} = −1 − 1 3 d ln δH^2 d ln a , (30)

Figure 2: The contour of the parameter space w-n.

where δH^2 = (H^2/H^2_0 ) − Ω_ma^{−3}. It is evolving with time as shown in the dashed line in Fig1. Requiring the deceleration parameter q crossing 0 around 0.5 and the effective equation of state of dark energy w^{ef f}_{de} crossing −1 around z = 0.2 as indicated by extensive analysis of observational data [20], plus the flatness of the universe, we can reduce the five parameters’ space (ρ_{m0}, C, w, n, T_0) in (26) and (D, ρ_{de0}, w, n, T_0) in (29) into two parameters’ space (w, n). Fitting the newly released supernova legacy survey data [31], the Sloan Digital Sky Survey (SDSS) data [32] and the Wilkinson Microwave Anisotropy Probe (WMAP) data [33], we obtain that w = −0.41^{+0.33}_{−0.34}, n = 1.99^{+3.70}_{−1.07}, Ω_{m0} = 0.28 ± 0.02, Ω_{de1} = 0.26^{+0.23}_{−0.15}, and Ω_{de2} = 0.46^{+0.15}_{−0.24}. We see that in this case, the dark energy with w = −0.41 on the brane will no longer violate the causality condition. The contour of w − n is shown in Fig. 2. At the present the equation of state for the effective dark energy is w^{ef f}_{de0} = −1.21, which is obviously consistent with current observation data [20, 26].

In summary, we have investigated the role of the bulk-brane energy exchange on the evolution of a brane universe. Due to the energy flow between the bulk and the brane, the standard energy conservation is broken. Parameterizing the energy exchange term by the scale factor and Hubble parameter, we have derived the effective cosmological equations in the limit of low energy density on the brane. Compared to the usual Friedmann equation, we have got an additional modified term due to the brane-bulk energy exchange. We found that the modified cosmological picture on the brane accommodates the late time acceleration and the equation of state for the effective dark energy experiences a transition behavior from above −1 to below −1, while the dark energy on the brane still obeys the causality condition. The “phantom” behavior of the effective dark energy is caused completely by energy flow from the bulk. By fitting the recent type Ia supernova, SDSS and WMAP data, we have shown that the modified gravity on the brane due to the bulk-brane energy exchange is consistent with observations. Further, the effective dark energy equation of state w^{ef f}_{de0} = −1.21 today shows that our universe is under super-acceleration due to the considered brane-bulk energy exchange. In addition, we note that due to the energy exchange between the brane and the bulk, there will be a big difference between the cases transferring the bulk energy to dark matter and to dark energy on the brane in the effect on the formation of large scale structure. It is of great interest to further investigate this issue.

Acknowledgments

This work was partially supported by NNSF of China. Y. Gong thanks the support by SRF for ROCS, State Education Ministry of China. B. Wang’s work was also supported by the Ministry of Education of China and Shanghai Education Commission.

[1] P. J. Peebles and B. Ratra, Rev. Mod. Phys. 75 (2003) 559 and reference therein. [2] T. Padmanabhan, Phys. Rept. 380 (2005) 235; V. Sahni, astro-ph/0403324 and references therein. [3] S. M. Carroll, V. Duvvuri, M. Trodden, and M. S. Turner, Phys. Rev. D 70, 043528 (2004). [4] S. Capozziello, S. Carloni, and A. Troisi, Phys. Lett. A 326, 292 (2004). [5] C. Deffayet, G.R. Dvali, and G. Gabadadze, Phys. Rev. D 65, 044023 (2002). [6] S. Nojiri and S.D. Odintsov, Phys. Rev. D 68, 123512 (2003); S. Nojiri and S. D. Odintsov, Mod. Phys.

Lett. A 19, 627 (2004) [arXiv:hep-th/0310045]; M. C. B. Abdalla, S. Nojiri and S. D. Odintsov, Class. Quant. Grav. 22, L35 (2005) [arXiv:hep-th/0409177]; Y.G. Gong and C.K. Duan, Mon. Not. R. Astron. Soc. 352, 847 (2004) [arXiv: astro-ph/0401530]; S. M. Carroll, A. De Felice and M. Trodden, Phys. Rev. D 71, 023525 (2005) [arXiv:astro-ph/0408081].

[7] K. Freese and M. Lewis, Phys. Lett. B 540, 1 (2002); Y.G. Gong and X.M. Chen, Int. J. Mod. Phys. D 14, 1495 (2005) [arXiv:gr-qc/0402031].

[8] C.G. Shao, J.Y. Shen, B. Wang and R.K. Su, gr-qc/0508030.

[9] S. M. Carroll, A. D. Felice, V. Duvvuri, M. Trodden, et al., Phys. Rev. D 71, 063513 (2005). [10] A. Lue, astro-ph/0510068; I. Sawicki, S. M. Carroll, astro-ph/0510364; B. Wang, Y. G. Gong and R.

K. Su, Phys.Lett. B605 (2005) 9-14;B. Wang, E. Abdalla and R. K. Su, Phys.Lett. B611 (2005) 21-26 and reference therein.

[11] B. Boisseau, G. Esposito-Farese, D. Polarski and A. A. Starobinsky, Phys. Rev. Lett. 85, 2236 (2000) [arXiv:gr-qc/0001066]; F. C. Carvalho and A. Saa, Phys. Rev. D 70, 087302 (2004) [arXiv:astroph/0408013]. M. X. Luo and Q. P. Su, Phys. Lett. B 626, 7 (2005) [arXiv:astro-ph/0506093]; L. Perivolaropoulos, JCAP 0510, 001 (2005) [arXiv:astro-ph/0504582].

[12] G. R. Dvali, G. Gabadadze and M. Porrati, Phys. Lett. B 485, 208 (2000) [arXiv:hep-th/0005016];

G. R. Dvali and G. Gabadadze, Phys. Rev. D 63, 065007 (2001) [arXiv:hep-th/0008054]. [13] T. Chiba, Phys. Lett. B 575, 1 (2003); T. Chiba,gr-qc/0502070; M.E. Soussa and R.P. Woodard, Gen. Rel. Grav. 36, 855 (2004); G.J. Olmo, Phys. Rev. D 72, 083505 (2005); O. Mena and J. Santiago, astro-ph/0510453; E.E. Flanagan, Phys. Rev. Lett. 92, 071101 (2004); A.D. Dolgov and M. Kawasaki, Phys. Lett. B 573, 1 (2003); R. Dick, Gen. Rel. Grav. 36, 217 (2004); J.A.R. Cembranos, gr-qc/0507039;T. P. Sotiriou, arXiv:gr-qc/0507027.

[14] C. G. Shao, R. G. Cai, B. Wang and R. K. Su, Phys. Lett. B 633, 164 (2006) [arXiv:gr-qc/0511034]. [15] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 4690 (1999) [arXiv:hep-th/9906064]. [16] L. Amendola, Phys. Rev. D 62, 043511 (2000); W. Zimdahl, D. Pavon and L.P. Chimento, Phys. Lett.

B 521, 133 (2001).

[17] W. Zimdanl, gr-qc/0505056.

[18] L.P. Chimento, A.S. Jakubi, D. Pavon and W. Zimdahl, Phys. Rev. D 67, 083513 (2003); G. Mangano, G. Miele and V. Pettorino, Modern. Phys. Lett. A 18, 831 (2003); G. Farrar and P.J.E, Peebles, Astrophys. J. 604, 1 (2004); S. del Campo, R. Herrera, and D. Pavon, Phys. Rev. D 70, 043540 (2004); R-G. Cai and A. Wang, JCAP 0503 (2005) 002.

[19] H. Wei, R. G. Cai and D. F. Zeng, Class. Quant. Grav. 22, 3189 (2005) [arXiv:hep-th/0501160]; H. Wei and R. G. Cai, arXiv:astro-ph/0509328. Z. K. Guo, Y. S. Piao, X. M. Zhang and Y. Z. Zhang, Phys. Lett. B 608, 177 (2005); X.F. Zhang, H.Li, Y.S. Piao and X. Zhang, astro-ph/0501652; M. Z. Li, B. Feng and X. M. Zhang, arXiv:hep-ph/0503268; H. Štefančić, astro-ph/0504518; B. Wang, Y.G. Gong and E. Abdalla, hep-th/0506069, Phys. Lett. B 624 (2005) 141-146; D. Pavon and W. Zimdahl, Phys. Lett. B 628, 206 (2005) [arXiv:gr-qc/0505020]; B. Wang, C.Y. Lin and E. Abdalla hep-th/0509107; S. Nojiri, S. D. Odintsov and S. Tsujikawa, Phys. Rev. D 71, 063004 (2005) [arXiv:hep-th/0501025].

[20] U. Alam, V. Sahni and A. Starobinsky, JCAP 0406 (2004) 008 [astro-ph/0403687]; Y.G. Gong, Class. Quant. Grav. 22 (2005) 2121 [astro-ph/0405446]; Y. Wang and M. Tegmark, Phys. Rev. D71 (2005) 103513 [astro-ph/0501351]; Y. Wang and P. Mukherjee, Astrophys. J. 606 (2004) 654 [astroph/0312192]; R. Daly and S. Djorgovski, Astrophys. J. 612 (2004) 652 [astro-ph/0403664]; U. Alam, V. Sahni, T. Saini and A. Starobinsky, Mon. Not. Roy. Astron. Soc. 354 (2004) 275 [astro-ph/0311364]; T. Choudhury and T. Padmanabhan, Astron. Astrophys. 429 (2005) 807 [astro-ph/0311622].

[21] S. Das, P. S. Corasaniti and J. Khoury, astro-ph/0510628.

[22] E. Kiritsis, G. Kofinas, N. Tetradis, T.N. Tomaras and V. Zarikas, JHEP 0302 (2003) 035; L.J. Hall and D.R. Smith, Phys. Rev. D60 (1999) 085008, [arXiv:hep-ph/9904267];

S. Hannestad, Phys. Rev. D64 (2001) 023515, [arXiv:hep-ph/0102290]; C. van de Bruck, M. Dorca,

C. J. Martins and M. Parry, Phys. Lett. B 495 (2000) 183 [arXiv:hep-th/0009056]; U. Ellwanger, [arXiv:hep-th/0001126];

A. Hebecker and J. March-Russel, Nucl. Phys. B608 (2001) 375, [arXiv:hep-p h/0103214]; P. Brax, C. van de Bruck and A. C. Davis, JHEP 0110 (2001) 026 [arXiv:hep-th/0108215]; D. Langlois, L. Sorbo and M. Rodriguez-Martinez [arXiv:hep-th/0206146]; E. Kiritsis, N. Tetradis and T. N. Tomaras, JHEP 0203 (2002) 019 [arXiv:hep-th/0202037]; P. S. Apostolopoulos and N. Tetradis, Phys. Rev. D 71, 043506 (2005) [arXiv:hep-th/0412246]; P. S. Apostolopoulos and N. Tetradis, arXiv:hep-th/0509182; E. Kiritsis, Fortsch. Phys. 52, 568 (2004) [arXiv:hep-th/0503189]; E. Kiritsis, JCAP 0510, 014 (2005) [arXiv:hep-th/0504219]; K. I. Umezu, K. Ichiki, T. Kajino, G. J. Mathews, R. Nakamura and M. Yahiro, arXiv:astro-ph/0507227.

[23] G. Kofinas, G. Panotopoulos and T.N. Tomaras, hep-th/0510207, and references therein. [24] R. R. Caldwell, Phys. Lett. B 545, 23 (2002) [arXiv:astro-ph/9908168].

[25] S. M. Carroll, M. Hoffman and M. Trodden, Phys. Rev. D 68, 023509 (2003) [arXiv:astro-ph/0301273]. [26] U. Alam, V. Sahni, T. D. Saini and A. A. Starobinsky, Mon. Not. Roy. Astron. Soc. 354, 275 (2004) [arXiv:astro-ph/0311364]; D. Huterer and A. Cooray, Phys. Rev. D 71, 023506 (2005) [arXiv:astroph/0404062]; Y.G. Gong and Y.Z. Zhang, Phys. Rev. D 72, 043518 (2005); B. Feng, X. L. Wang and X. M. Zhang, Phys. Lett. B 607, 35 (2005) [arXiv:astro-ph/0404224]; W. Hu, Phys. Rev. D 71, 047301 (2005) [arXiv:astro-ph/0410680].

[27] A. Vikman, Phys. Rev. D 71, 023515 (2005) [arXiv:astro-ph/0407107].

[28] V. Sahni and Y. Shtanov, JCAP 0311, 014 (2003) [arXiv:astro-ph/0202346]; R. G. Cai, H. S. Zhang and A. Wang, Commun. Theor. Phys. 44, 948 (2005) [arXiv:hep-th/0505186]; I. Y. Aref’eva, A. S. Koshelev and S. Y. Vernov, Phys. Rev. D 72, 064017 (2005) [arXiv:astro-ph/0507067].

[29] P. Binetruy, C. Deffayet, U. Ellwanger and D. Langlois, Phys. Lett. B 477, 285 (2000) [arXiv:hepth/9910219].

[30] E. V. Linder and A. Jenkins, Mon. Not. Roy. Astron. Soc. 346, 573 (2003) [arXiv:astro-ph/0305286]. [31] P. Astier, et al, astro-ph/0510447. [32] D. J. Eisenstein, et al, astro-ph/0501171.

[33] D. N. Spergel et al. [WMAP Collaboration], Astrophys. J. Suppl. 148, 175 (2003) [arXiv:astroph/0302209].