arXiv:1103.0718v2 [astro-ph.CO] 11 Apr 2011

arXiv: 1103.0718

Interactions in Dark Energy Models

Yi Zhang,^{1, 2, ∗} Hui Li,^{3, †} Yungui Gong,^{2, ‡} and Zong-Hong Zhu^{1, §} 1Department of Astronomy, Beijing Normal university, Beijing 100875, China 2College of Mathematics and Physics, Chongqing University of Posts and Telecommunications, Chongqing 400065, China 3Department of Physics, Yantai University, Yantai 264005, China

Abstract

We perform a full dynamical analysis by considering the interactions between dark energy and radiation, and dark energy and dark matter. We find that the interaction helps alleviate the coincidence problem for the quintessence model.

PACS numbers:

∗Electronic address: zhangyia@cqupt.edu.cn †Electronic address: lihui@ytu.edu.cn ‡Electronic address: gongyg@cqupt.edu.cn §Electronic address: zhuzh@bnu.edu.cn

I. INTRODUCTION

Recent observational data suggest a nearly flat universe with about 0.1% relativistic matter, 30% non-relativistic matter and 70% unknown energy which is called dark energy [1]. The most popular candidate for dynamical dark energy model is the scalar field ϕ [2]. While these models are consistent with current observations, the coincidence problem, which concerns the question why the energy densities of dark energy and matter have the same order of magnitude today even though they evolve very differently, is still the most important puzzle in cosmology. Scalar field with scaling behavior could be used to alleviate the coincidence problem. The scaling solution means that dark energy density scales with the scale factor, so dark energy may track dark matter independent of the initial conditions. However, the attractor of those models is totally dark energy domination Ω_ϕ = 1. By considering the interaction between dark energy and matter, it is possible to get the accelerating attractor with constant ratio between the energy densities of dark energy and dark matter, so the coincidence problem could be alleviated.

Although the radiation is negligible today, it played an important role in early universe. The existence of radiation leads to the so-called “cosmic triple coincidence”: why the energy density of radiation today is three orders of magnitude smaller than that of dark matter or dark energy [3]. Borrowing the method of solving the first coincidence problem, we consider the interaction between radiation and dark energy to alleviate the “cosmic triple coincidence” problem. Although the Big Bang Nucleosynthesis (BBN) imposes a very strong constraint on radiation, it is possible that a new kind of radiation called dark radiation may exist after BBN [4]. Therefore, it is possible to add an interaction between radiation and dark energy after BBN.

To address the coincidence problem, we need to find accelerating attractor solution with order one ratio for Ω_m/Ω_ϕ because attractor solution is independent of initial conditions, so we apply the dynamical analysis of phase-space with the introduction of interactions between dark energy, dark matter and radiation. The phase-space analysis is a standard method to study the stability of the fixed points [5–9].

The letter is organized as follows. In section II, we introduce our dark energy model. In section III, the results of phase-space analysis are obtained. Conclusion is presented in section IV.

II. THE INTERACTIONS BETWEEN COSMIC COMPONENTS

Based on the flat Friedmann-Robertson-Walker metric,

ds^2 = −dt^2 + a^2(t) 3∑ i=1 (dx^i)^2, (1)

where a is the scale factor, Friedmann equation is H^2 = 1 3m^2_{pl} (ρ_ϕ + ρ_r + ρ_m), (2)

where H = ȧ/a is Hubble parameter, m^2_{pl} = (8πG)^{−1}, ρ_ϕ, ρ_m, and ρ_r denote the energy densities of dark energy which is assumed to be a scalar field, pressureless matter, and radiation, respectively. Writing ρ_{tot} = ρ_ϕ + ρ_m + ρ_r, the equation of energy conservation is, ρ̇_{tot} + 3H(ρ_{tot} + p_{tot}) = 0. (3) If there is no interaction between dark energy and the other field in the universe, then it is almost impossible to detect dark energy through standard technique without gravitational effect involved. Therefore, we consider the interactions between dark energy and the other matter components in the universe.

For the interaction between dark energy and radiation, we assume that, ρ̇_r + 4Hρ_r = Γϕ̇^2, (4) where the interaction term Γϕ̇^2 is the source of radiation and Γ is the dissipative coefficient which is related to the microscopic physics of the interaction. This interaction form was first proposed in warm inflation [10–14] based on supersymmetry (SUSY). If Γ > 0, the energy transfer from dark energy to radiation makes the radiation to decease slower and dark energy to decrease faster, therefore provides the possibility to alleviate the coincidence problem.

Motivated by the different forms of the dissipative coefficients in Refs. [10–14], a general form of Γ was proposed in Ref. [13], Γ = C_ϕ T^{m̃} ϕ^{m̃−1} , (5) where C_ϕ and m̃ are parameters related to the dissipative microscopic dynamics. Moreover, a more general phenomenological form of Γ was proposed in Ref. [14], Γ = C_ϕ T^m ϕ^n , (6) where m and n are constants. To be more realistic, the interaction between dark energy and radiation is assumed to be turned on after the BBN period.

For the interaction between dark energy and matter, we consider the interaction form which is proportional to ρ_mϕ̇, the energy conservation equation of ρ_m is

ρ̇_m + 3Hρ_m = αρ_mϕ̇ m_{pl} , (7) the interaction form on the right hand side was motivated from Brans-Dicke theory and is widely used to alleviate the coincidence problem [16]. If α > 0, the energy transfer from dark energy to dark matter makes dark matter to decease slower and dark energy to decrease faster. Therefore, the interactions based on Eqs. (4) and (7) provide the possibility of alleviating the “cosmic triple coincidence” problem.

There are evidences that the equation of state (EoS) parameter of dark energy crosses over the value of −1 [17], so we consider both quintessence and phantom cases. The energy density and pressure of dark energy are written as

ρ_ϕ = ϵ ϕ̇2 2 + V (ϕ), (8)

p_ϕ = ϵ ϕ̇2 2 − V (ϕ), (9) where the sign ϵ = ±1. If ϵ = 1, then the scalar field is the quintessence field; if ϵ = −1, then the scalar field is the phantom field.

Combining the energy conservation Eqs. (3), (4) and (7), the equation of motion of the scalar field becomes ϕ̈ + (3H + Γ)ϕ̇ + ϵV_{,ϕ} = −ϵαρ^m m_{pl} , (10) where V_{,ϕ} means the partial derivative of the potential V with respect to the scalar field ϕ.

The exponential potential is one of the most often used potential in cosmology [18–20]. In higher-dimensional gravitational theories such as superstring and Kaluza-Klein theories, exponential potentials are often obtained by the compactification of the internal spaces of extra dimensions. Moreover, it is known that exponential potentials can arise from gaugino condensation as a non-perturbative effect, and from supergravity corrections in global supersymmetric theories. The possible role of exponential potentials used to solve the coincidence problem was studied extensively, and the scaling solution was found for the exponential potential. In this letter, we consider the exponential potential for the scalar field, V = V_0e^{−λϕ/mpl} , (11) where λ and V_0 are the model parameters. If the scaling solution still exists in the interacting model, then the “triple coincidence problem” may be alleviated. In the following, to investigate the coincidence problem, we present a phase-space analysis.

III. THE PHASE-SPACE ANALYSIS

We define the dimensionless parameters as x = ϕ̇ √ 6m_{pl}H , y = √ V √ 3m_{pl}H , z = √ 6m_{pl} ϕ , u = √ ρ_r √ 3m_{pl}H , v = √ ρ_m √ 3m_{pl}H . (12)

By using these dimensionless parameters, we get Ω_m = v^2, Ω_r = u^2, Ω_ϕ = ϵx^2 + y^2 and w_ϕ = (ϵx^2 − y^2)/(ϵx^2 + y^2). The dynamical evolution of the universe becomes x^′ = −x Ḣ H^2 − (3H + Γ)ϕ̇ + ϵV_{,ϕ} + ϵαρ_m/m_{pl} √ 6m_{pl}H^2

, (13) y^′ = −y Ḣ H^2 + ϕ̇ √ 6m_{pl}H V_{,ϕ} √ 2V H , (14)

z^′ = − 6m^2_{pl} ϕ^2 ϕ̇ √ 6m_{pl}H , (15) u^′ = −u Ḣ H^2 − 2u + Γϕ̇^2 2 √ 3ρ_rm_{pl}H^2

, (16) v^′ = −v Ḣ H^2 − 3 2 v + α √ ρ_mϕ̇ 2 √ 3(m^2_{pl}H^2)

. (17)

where a prime means the derivative with respect to ln a.

In addition, the evolution of the Hubble parameter could be expressed as − Ḣ H^2

= 3ϵx^2 + 2u^2 + 3 2 v^2. (18)

After substituting the above equation into the dynamical Eqs. (13)-(17) of the dimensionless parameters, the following term becomes the only one that needs to be expressed as the dimensionless parameter, Γ H = C_ϕ H ( √ 3m_{pl}Hu √ C_r )^{m/2}( z √ 6m_{pl} )^n, (19) where C_r = π^2g^∗/30 and g^∗ is the effective number of degrees of freedom for the relativistic species in the universe. If m = 2, the dynamical system could be written as an autonomous system, and the evolutions of the dimensionless parameters are x^′ = −3x + ϵλ √ 3 2 y^2 + x(ϵ3x^2 + 2u^2 + 3 2 v^2) − Kxz^nu − ϵα √ 3 2 v^2, (20) y^′ = −λ √ 3 2 xy + y(ϵ3x^2 + 2u^2 + 3 2 v^2), (21) z^′ = −z^2x, (22) u^′ = u(ϵ3x^2 + 2u^2 + 3 2 v^2) − 2u + Kx^2z^n, (23)

v^′ = v(ϵ3x^2 + 2u^2 + 3 2 v^2) − 3 2 v + α √ 3 2 xv. (24) where K = − √ 2C_r(6m^2_{pl})^{(n−1)/2}/C_ϕ. The critical points of the autonomous system could be derived by imposing the conditions x^′ = y^′ = z^′ = u^′ = v^′ = 0. Nevertheless, since Friedman equation is ϵx^2 + y^2 + u^2 + v^2 = 1, (25) which acts as a constraint equation, there are only four independent variables, we choose them as x, y, z and u. After obtaining the fixed points, we perturb the four independent dynamical equations of Eqs. (20)-(24) around the fixed points, and then linearize the perturbed equations, the four eigenvalues of the coefficient matrix of the linearized equations determine the stability of the corresponding critical point. When the real parts of the eigenvalues are all positive, the corresponding critical point is an unstable fixed point. When the real parts of the eigenvalues are all negative, the corresponding critical point is a stable attractor point. When some of the real parts of the eigenvalues are negative, and some of the real parts of the eigenvalues are positive, the corresponding critical point is an unstable saddle point [5].

A. The Quintessence Case

In the quintessence case, the EoS parameter could be expressed as

ω_ϕ = ϕ̇2/2 − V ϕ̇2/2 + V = x^2 − y^2 x^2 + y^2

. (26)

Based on the dynamical Eqs. (20)-(24), we derive the critical points and list their properties in TABLE I. When radiation is absent, we recover the results given by Boehmer etal. [7].

The critical points are explained as follows.

R_q The radiation dominated phase;

For this fixed point, Ω_r = 1, the eigenvalues are λ_1 = 1, λ_2 = 2, λ_3 = 0, and λ_4 = −1 − Kz^n. Because λ_1 > 0 and λ_2 > 0, it is an unstable fixed point. In particular, if λ_4 < 0, then R_q is an unstable saddle point. Therefore, the universe does not always stay radiation dominated phase and it will go to matter dominated phase.

S_{qR} The deceleration phase with radiation and scalar field;

For this fixed point, Ω_r = 1 − 4/λ^2, Ω_ϕ = 4/λ^2 and w_ϕ = 1/3. The scalar field tracks the dynamics of radiation, with a constant ratio between the two energy densities. For this critical point, we choose x, y, z, v as the independent dynamical parameters. The eigenvalues are λ_1 = 0, λ_2 = 1/2 + 2α/λ, λ_3 = −1/2 + √ −15/4 + 16/λ^2, and λ_4 = −1/2 − √ −15/4 + 16/λ^2. If α/λ > −1/4 or λ^2 < 4, the fixed point is an unstable saddle point. Since the fixed point is unstable and Ω_ϕ/Ω_r is a constant, when α/λ > −1/4 and λ^2 > 4, once the universe exits from this phase with constant Ω_r/Ω_ϕ and enters into the accelerating phase, the coincidence problem becomes weakened.

M_q The deceleration phase with matter and scalar field;

For this fixed point, Ω_m = 1 − 2α^2/3, Ω_ϕ = 2α^2/3 and w_ϕ = 1. When the interaction is absent, α = 0, it becomes the matter dominated phase and it is an unstable saddle point. If the interaction exists, the ratio Ω_ϕ/Ω_m is a constant, but there is no acceleration since w_ϕ = 1. The eigenvalues are λ_1 = 0, λ_2 = α^2 − 1/2, λ_3 = −3/2 + α^2, and λ_4 = λα + α^2 + 3/2. If α^2 > 1/2, or λ^2 < 6, or λ^2 ≥ 6 and (−λ + √ λ^2 − 6)/2 < α < √ 6/2, this point is an unstable fixed point. In this phase, the scalar field cannot represent dark energy, but it can provide the correct order of magnitude for the ratio Ω_ϕ/Ω_m. So if the universe enters the dark energy dominated phase after this phase, the coincidence problem becomes weakened, i.e., the interaction helps weaken the coincidence problem.

S_{qRM} The deceleration phase with matter and radiation;

For this fixed point, Ω_m = 1/3α^2, Ω_r = 1 − 1/2α^2, Ω_ϕ = 1/6α^2 and w_ϕ = 1. Since α^2 > 1/2, this phase requires strong coupling between dark sectors, Ω_m/Ω_ϕ = 2 and Ω_ϕ/Ω_r = 1/(6α^2 − 3). The eigenvalues are λ_1 = 0, λ_2 = 2 + λ/2α, λ_3 = −1/2 +

√ −3/4 + 1/2α^2 and λ_4 = −1/2 − √ −3/4 + 1/2α^2. When λ/α > −4, this point is an unstable fixed point, so the universe may exit from this phase and enter into the accelerating phase. Because of nonzero values of Ω_ϕ/Ω_m and Ω_ϕ/Ω_r, the interaction helps weaken the triple coincidence problem.

K_{q+} The kinetic term dominated phase A;

For this fixed point, Ω_ϕ = 1 and w_ϕ = 1, it is a deceleration phase which is not physically interesting. The eigenvalues are λ_1 = 1, λ_2 = 0, λ_3 = 3 − λ √ 3/2, and λ_4 = 3 + 2α √ 3/2, so this point is an unstable fixed point. In particular, when α > − √ 3/2 and λ < √ 6, all the eigenvalues are positive.

K_{q−} The kinetic term dominated phase B;

For this fixed point, Ω_ϕ = 1 and w_ϕ = 1, it is also a deceleration phase which is not physically interesting. The eigenvalues are λ_1 = 1, and λ_2 = 0, λ_3 = 3 + λ √ 3/2, and λ_4 = 3 − 2α √ 3/2, so this point is an unstable fixed point as well. In particular, when α < √ 3/2 and λ > − √ 6, all the eigenvalues are positive.

S_q The dark energy dominated phase;

For this fixed point, Ω_ϕ = 1 and w_ϕ = −1 + λ^2/18. The eigenvalues are λ_1 = 0, λ_2 = −2 + λ^2/2, λ_3 = −3 + λ^2/2 and λ_4 = −3 + λ^2 + λα. The stability condition requires that all the eigenvalues are negative which means λ^2 < 4 and λα < (3 − λ^2). However, this attractor does not solve the coincidence problem.

S_{qM} The scaling solution with nonzero Ω_m and Ω_ϕ;

For this fixed point, Ω_m = (λ(λ+α)−3)/(λ+α)^2, w_ϕ = −α(λ+α)/(α(λ+α)+3), and Ω_m/Ω_ϕ is a constant. The existence condition of the fixed point is α(λ + α) > −3/2 and λ(λ + α) > 3 (hereafter Condition 1). The eigenvalues are λ_1 = 0, λ_2 = −1/2 − 3α/[2(λ + α)], λ_3 = −3/2 − 3α/2(λ + α) + a and λ_4 = −3/2 − 3α/2(λ + α) − a, where a = √ 9/16 + 9α^2/16(α + λ)^2 + 81α/8(λ + α) + 27/2(λ + α)^2 − 9λ/2(λ + α) − 3λα.

If there is no interaction between the dark sectors, we recover the standard tracking solution w_ϕ = w_m = 0 [19]. If α(α + λ) ≫ 3, w_ϕ ∼ −1, we get a dark energy dominated solution. In FIG. 1, we plot the regions of the parameters α and λ that make the fixed point to be stable. To illustrate the stability of the fixed point, we plot the phase trajectories with λ = 5, α = 0.01, n = 4, K = 0.1 in FIG. 2. By choosing

FIG. 1: The parameter space for the point S_{qM} to be stable.

appropriate parameters, we get dark energy dominated phase with Ω_m/Ω_ϕ ≈ 3/7, so the coincidence problem can be alleviated.

For the quintessence case, we have several physical interesting unstable fixed points. Immediately after the total radiation dominated phase R_q, the phase S_{qR} provides the possibility of nonzero Ω_ϕ at early time and helps weaken the coincidence problem, then the phase M_q provides the matter domination with small Ω_ϕ which also helps weaken the coincidence problem, it follows by the phase S_{qRM} which helps weaken the triple coincidence problem, finally the universe enter the dark energy dominated phase S_{qM} with the observed ratio between dark energy and dark matter.

B. The Phantom Case

For the phantom case, the EoS parameter of the scalar field is

ω_ϕ = −ϕ̇^2/2 − V −ϕ̇^2/2 + V = −x^2 − y^2 −x^2 + y^2

. (27)

The properties of the critical points are summarized in TABLE II. When radiation is absent, we recover the results given by Leon and Saridakis [8].

R_p The radiation dominated phase;

FIG. 2: The phase-space trajectories with λ = 5, α = 0.01, n = 4, K = 0.1, the stable fixed point is S_{qM} .

(x, y, z, u, v) existence w_ϕ Ω_ϕ Acceleration R_q (0, 0, z, 1, 0) all λ 0 0 No M_q (− √_2 3 α, 0, 0, 0, √ 1 −^{2α2}_3 ) α^2 <^3_2 1 2α^2/3 No K_{q+} (1, 0, 0, 0, 0) all λ 1 1 No K_{q−} (−1, 0, 0, 0, 0) all λ 1 1 No S_q (^{λ√}_6 , √ 1 −^{λ2}_6 , 0, 0, 0) λ^2 < 6 −1 +^{λ2}_{18} 1 λ^2 < 6 S_{qM} ( √_3

2(λ+α)^2 ,

√_{2α(λ+α)+3}

2(λ+α)^2 , 0, 0, √_{λ(λ+α)−3} (λ+α)^2 ) Condition 1 − α(λ+α) α(λ+α)+3 3+α(α+λ) (λ+α)^2 1 α(λ+α) < 2 3 S_{qRM} (−^{1√}_{6α} , 0, 0, √ 1 −^1_{2α2} ,^{1√}_{3α} ) α^2 >^1_2 1^1_{6α2} No S_{qR} ((^8_{3λ2} )^{1/2}, (^4_{3λ2} )^{1/2}, 0, √ 1 −^4_{λ2} , 0) λ^2 > 4 1/3^4_{λ2} No

TABLE I: The properties of the critical points when m = 2 in the quintessence case.

For this fixed point, Ω_r = 1 and w_ϕ = 1. The eigenvalues are λ_1 = 1, λ_2 = 2, λ_3 = 0, λ_4 = −1 − Kz^n, so this point is an unstable fixed point.

M_p The matter dominated phase;

For this fixed point, Ω_ϕ = −2α^2/3 and w_ϕ = 1. The eigenvalues are λ_1 = 0, λ_2 = −α^2 − 1/2, λ_3 = −3/2 − 2α^2 − 3α^2, and λ_4 = λα − α^2 + 3/2. This point exists only

(x, y, z, u, v) existence w_ϕ Ω_ϕ Acceleration R_p (0, 0, z, 1, 0) All λ 1 0 No M_p (

√_2 3 α, 0, 0, 0, √ 1 +^{2α2}_3 ) α = 0 1 −^2_3 α^2 No S_p (−^{λ√}_6 , √ 1 +^{λ2}_6 , 0, 0, 0) All λ −^{λ2}_{18} − 1 1 All λ S_{pM} ( √ 6 2(λ+α) , √_{−3+2α(λ+α)} 2(λ+α)^2 , 0, 0, √ 1 +^{3−α(λ+α)}

(λ+α)^2 ) Condition 2 −α(λ+α) −3+α(λ+α) −3+α(λ+α) (λ+α)^2 −1 α(α+λ) < 2 3 TABLE II: The properties of the critical points when m = 2 in the phantom case.

when α = 0, and it is an unstable fixed point.

S_p The phantom dominated phase;

For this fixed point, Ω_ϕ = 1 and w_ϕ = −λ^2/18 − 1. The eigenvalues are λ_1 = 0, λ_2 = −2 − λ^2/2, λ_3 = −3 − λ^2 − αλ and λ_4 = −λ^2/2 − 3. If α^2 < 12, or α^2 > 12 and λ > (−α + √ α^2 − 12)/2 or λ < (−α − √ α^2 − 12)/2, λ_3 < 0, the point is a stable fixed point. Since Ω_ϕ = 1 does not solve the coincidence problem, we do not discuss the point in detail.

S_{pM} The scaling phase with acceleration;

For this fixed point, Ω_ϕ = (−3 + α(λ + α))/(λ + α^2), w_ϕ = −α(λ + α)/(−3 + α(λ + α)) and Ω_m = 1 − Ω_ϕ. The existence condition of the fixed point is α(λ + α) > 3 and λ(λ + α) > −3 (hereafter Condition 2). The eigenvalues are λ_1 = 0, λ_2 = −1/2 − 3α/2(λ+α), λ_3 = −3/2−3α/2(λ+α)+b and λ_4 = −3/2−3α/2(λ+α)−b, where b = √ 9/16 + 3αλ − 27/2(λ + α)^2 − 9λ/2(λ + α) + 9α^2/16(α + λ)^2 + 81α/8(α + λ). The point is an unstable fixed point.

Therefore, the interacting phantom model cannot alleviate the coincidence problem.

IV. CONCLUSION

We consider radiation, matter and dark energy and the interactions between them, we then did a full dynamical analysis for both quintessence and phantom cases. For the quintessence case, we find that the unstable fixed points S_{qR}, M_q and S_{qRM} help weaken the coincidence problem. In particular, S_{qR} provides small Ω_ϕ after the totally radiation dominated (Ω_r = 1) era, M_q provides the matter dominated era with nonzero Ω_ϕ, and S_{qRM} helps weaken the triple coincidence problem and prepares the universe for the dark energy domination era S_{qM} . The interaction between dark matter and dark energy helps alleviate the coincidence problem for the quintessence case. However, the interaction cannot alleviate the coincidence problem for the phantom case. The interaction between radiation and dark energy does not affect the dynamical behavior of the universe.

Acknowledgments

This work was supported by China Postdoc Grant No.20100470237 the Ministry of Science and Technology of China national basic science Program (973 Project) under grant Nos. 2007CB815401 and 2010CB833004, the National Natural Science Foundation of China key project under grant Nos. 11005164 and 10935013, and the Distinguished Young Scholar Grant 10825313, CQ CSTC under grant No. 2009BA4050 and 2010BB0408, and CQ MEC under grant No. KJTD201016.

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

S. Perlmutter et al. [Supernova Cosmology Project Collaboration], Astrophys. J. 517, 565 (1999) [arXiv:astro-ph/9812133].

[2] B. Ratra and P. J. E. Peebles, Phys. Rev. D 37, 3406 (1988); C. Wetterich, Nucl.

Phys. B 302, 668 (1988); D. N. Spergel and P. J. Steinhardt, Phys. Rev. Lett. 84, 3760 (2000) [arXiv:astro-ph/9909386]; P. J. Steinhardt, L. M. Wang and I. Zlatev, Phys. Rev. D 59, 123504 (1999) [arXiv:astro-ph/9812313]; M. S. Turner, arXiv:astro-ph/0108103. R. R. Caldwell, Phys. Lett. B 545, 23 (2002) [arXiv:astro-ph/9908168]. A. R. Liddle, A. Mazumdar and F. E. Schunck, Phys. Rev. D 58, 061301 (1998) [arXiv:astro-ph/9804177]. Y. S. Piao, R. G. Cai, X. m. Zhang and Y. Z. Zhang, Phys. Rev. D 66, 121301 (2002) [arXiv:hep-ph/0207143]. Z. K. Guo, Y. S. Piao and Y. Z. Zhang, Phys. Lett. B 568, 1 (2003) [arXiv:hep-th/0304048]. S. A. Kim, A. R. Liddle and S. Tsujikawa, Phys. Rev. D 72, 043506 (2005) [arXiv:astro-ph/0506076]. S. Dimopoulos, S. Kachru, J. McGreevy and J. G. Wacker, JCAP 0808, 003 (2008) [arXiv:hep-th/0507205]. Y. S. Piao, Phys. Rev. D 74, 047302 (2006)

[arXiv:gr-qc/0606034]. J. Ohashi and S. Tsujikawa, arXiv:0909.3924 [gr-qc]; R. G. Cai, B. Hu and Y. S. Piao, arXiv:0909.5251 [astro-ph.CO]; M. R. Setare and E. N. Saridakis, JCAP 0809, 026 (2008) [arXiv:0809.0114 [hep-th]]; Y. Zhang, Y. g. Gong and Z. H. Zhu, Phys. Lett. B 688, 13 (2010) [arXiv:0912.0067 [hep-ph]].

[3] N. Arkani-Hamed, L. J. Hall, C. F. Kolda and H. Murayama, Phys. Rev. Lett. 85 (2000) 4434 [arXiv:astro-ph/0005111].

[4] S. Dutta, S. D. H. Hsu, D. Reeb and R. J. Scherrer, Phys. Rev. D 79, 103504 (2009) [arXiv:0902.4699 [astro-ph.CO]].

[5] A. A. Coley, gr-qc/9910074; J. Wainwright and G. F. R. Ellis, Dynamical Systems in Cosmology, Cambridge Univ. Press, Cambridge, 1997; A. A. Coley, Dynamical Systems and Cosmology, in Series: Astrophysics and Space Science Library, Vol. 291, Springer, 2004.

[6] N. Cruz, S. Lepe and F. Pena, Phys. Lett. B 663, 338 (2008) [arXiv:0804.3777 [hep-ph]].

M. R. Setare and E. C. Vagenas, Int. J. Mod. Phys. D 18, 147 (2009) [arXiv:0704.2070 [hep-th]]. M. Jamil, E. N. Saridakis and M. R. Setare, Phys. Rev. D 81 (2010) 023007 [arXiv:0910.0822 [hep-th]]. M. Jamil and F. Rahaman, Eur. Phys. J. C 64, 97 (2009).

[7] L. Amendola, Phys. Rev. D 62, 043511 (2000) [arXiv:astro-ph/9908023]. L. Amendola, M. Baldi and C. Wetterich, Phys. Rev. D 78, 023015 (2008) [arXiv:0706.3064 [astro-ph]]. L. Amendola, M. Quartin, S. Tsujikawa and I. Waga, Phys. Rev. D 74, 023525 (2006) [arXiv:astro-ph/0605488]. C. G. Boehmer, G. Caldera-Cabral, R. Lazkoz and R. Maartens, Phys. Rev. D 78, 023505 (2008) [arXiv:0801.1565 [gr-qc]]. X. m. Chen and Y. Gong, Phys. Lett. B 675, 9 (2009) [arXiv:0811.1698 [gr-qc]].

[8] X. m. Chen, Y. g. Gong and E. N. Saridakis, JCAP 0904, 001 (2009) [arXiv:0812.1117 [gr-qc]].

G. Leon and E. N. Saridakis, Phys. Lett. B 693, 1 (2010) [arXiv:0904.1577 [gr-qc]]. [9] Y. Zhang and H. Li, JCAP 1006, 003 (2010) [arXiv:1003.2788 [astro-ph.CO]]. [10] A. Berera and L. Z. Fang, Phys. Rev. Lett. 74, 1912 (1995) [arXiv:astro-ph/9501024]. [11] A. Berera, Phys. Rev. Lett. 75, 3218 (1995) [arXiv:astro-ph/9509049]. [12] A. Berera, I. G. Moss and R. O. Ramos, arXiv:0808.1855 [hep-ph]; I. G. Moss and C. Xiong, arXiv:hep-ph/0603266; A. Berera and R. O. Ramos, Phys. Lett. B 607, 1 (2005) [arXiv:hep-ph/0308211]; A. Berera and R. O. Ramos, Phys. Lett. B 567, 294 (2003) [arXiv:hep-ph/0210301]; J. Yokoyama and A. D. Linde, Phys. Rev. D 60, 083509 (1999) [arXiv:hep-ph/9809409]; A. Berera, M. Gleiser and R. O. Ramos, Phys. Rev. D 58, 123508

(1998) [arXiv:hep-ph/9803394]; M. Bastero-Gil and A. Berera, Phys. Rev. D 76 (2007) 043515 [arXiv:hep-ph/0610343]; I. G. Moss and C. Xiong, arXiv:0808.0261 [astro-ph]; L. M. H. Hall, I. G. Moss and A. Berera, Phys. Lett. B 589, 1 (2004) [arXiv:astro-ph/0402299]; I. G. Moss and C. Xiong, JCAP 0704, 007 (2007) [arXiv:astro-ph/0701302]; L. M. H. Hall, I. G. Moss and A. Berera, Phys. Rev. D 69 (2004) 083525 [arXiv:astro-ph/0305015]; A. Berera, Nucl. Phys. B 585, 666 (2000) [arXiv:hep-ph/9904409]; J. C. Bueno Sanchez, M. Bastero-Gil, A. Berera and K. Dimopoulos, Phys. Rev. D 77, 123527 (2008) [arXiv:0802.4354 [hep-ph]]; M. Bastero-Gil and A. Berera, Phys. Rev. D 71, 063515 (2005) [arXiv:hep-ph/0411144]; J. M. Romero and M. Bellini, Nuovo Cim. B 124, 861 (2009) [arXiv:0909.5694 [gr-qc]]; S. del Campo, R. Herrera, D. Pavon and J. R. Villanueva, JCAP 1008, 002 (2010) [arXiv:1007.0103 [astro-ph.CO]]; Y. F. Cai, J. B. Dent and D. A. Easson, arXiv:1011.4074 [hep-th]; K. Nozari and B. Fazlpour, arXiv:0906.5047 [hep-th]. P. Das and A. Deshamukhya, Indian J. Phys. 84 (2010) 617; R. Herrera, Phys. Rev. D 81, 123511 (2010) [arXiv:1006.1299 [astro-ph.CO]]; T. Matsuda, Nucl. Phys. B 822, 88 (2009) [arXiv:0905.4328 [hep-ph]]; I. G. Moss, Phys. Lett. B 154 (1985) 120.

[13] Y. Zhang, JCAP 0903, 023 (2009) [arXiv:0903.0685 [hep-ph]].

[14] L. M. H. Hall, I. G. Moss and A. Berera, Phys. Rev. D 69, 083525 (2004) [arXiv:astro-ph/0305015]; M. Bastero-Gil, A. Berera and R. O. Ramos, arXiv:1008.1929 [hepph];

[15] The early universe by Edward Kolb, Michael Turner (1994, Westview Press); D. H. Lyth and A. Riotto, Phys. Rept. 314, 1 (1999) [arXiv:hep-ph/9807278].

[16] T. Damour and A. M. Polyakov, Gen. Rel. Grav. 26, 1171 (1994) [arXiv:gr-qc/9411069];

T. Damour and A. M. Polyakov, Nucl. Phys. B 423 (1994) 532 [arXiv:hep-th/9401069]; C. Wetterich, Astron. Astrophys. 301, 321 (1995) [arXiv:hep-th/9408025]; G. W. Anderson and S. M. Carroll, arXiv:astro-ph/9711288; C. T. Hill and G. G. Ross, Nucl. Phys. B 311, 253 (1988).

[17] A. G. Riess et al. [Supernova Search Team Collaboration], Astrophys. J. 607, 665 (2004) [arXiv:astro-ph/0402512].

[18] M. B. Green, J. H. Schwarz and E. Witten, Superstring Theory, Cambridge University Press (1987); K. A. Olive, Phys. Rep. 190, 308 (1990); E. Bergshoeff, M. de Roo, M. B. Green, G. Papadopoulos and P. K. Townsend, Nucl. Phys. B 470, 113 (1996); P. Kanti and K. A. Olive, Phys. Rev. D 60, 043502 (1999). E. J. Copeland, N. J. Nunes and F. Rosati, Phys. Rev. D

62, 123503 (2000).

[19] P. G. Ferreira and M. Joyce, Phys. Rev. D 58, 023503 (1998) [arXiv:astro-ph/9711102].

P. G. Ferreira and M. Joyce, Phys. Rev. Lett. 79, 4740 (1997) [arXiv:astro-ph/9707286]. E. J. Copeland, A. R. Liddle and D. Wands, Phys. Rev. D 57, 4686 (1998) [gr-qc/9711068].

[20] R. G. Cai and A. Wang, JCAP 0503, 002 (2005) [hep-th/0411025]; Z. K. Guo, R. G. Cai and Y. Z. Zhang, JCAP 0505, 002 (2005) [astro-ph/0412624]; E. Majerotto, D. Sapone and L. Amendola, astro-ph/0410543; Y.G. Gong and A. Wang, Class. Quantum Grav. 23, 3419 (2006); Y.G. Gong, A. Wang and Y.Z. Zhang, Phys. Lett. B 636, 286 (2006); X.M. Chen and Y.G. Gong, Phys. Lett. B 675, 9 (2006); S. Z. W. Lip, Phys. Rev. D 83, 023528 (2011) [arXiv:1009.4942 [gr-qc]].