arXiv:1009.5059v2 [gr-qc] 22 Aug 2011

Chameleonic Generalized Brans–Dicke model and late-time acceleration

Hossein Farajollahi,^{1, ∗} Mehrdad Farhoudi,^{2, †} Amin Salehi,^{1, ‡} and Hossein Shojaie^{2, §} 1Department of Physics, University of Guilan, Rasht, Iran 2Department of Physics, Shahid Beheshti University, G.C., Evin, Tehran 1983963113, Iran (Dated: August 23, 2011)

Abstract

In this paper we consider Chameleonic Generalized Brans–Dicke Cosmology in the framework of FRW universes. The bouncing solution and phantom crossing is investigated for the model. Two independent cosmological tests: Cosmological Redshift Drift (CRD) and distance modulus are applied to test the model with the observation.

PACS numbers: 04.20.Cv; 04.50.-h; 04.60.Ds; 98.80.Qc Keywords: chameleon cosmology; Brans–Dicke Theory; Phantom Crossing; Bouncing Universe; Cosmological Redshift Drift; distance modulus; chi-squared

∗Electronic address: hosseinf@guilan.ac.ir †Electronic address: m-farhoudi@sbu.ac.ir ‡Electronic address: a.salehi@guilan.ac.ir §Electronic address: h-shojaie@sbu.ac.ir

I. INTRODUCTION

Various cosmological observations, mainly Cosmic Microwave Background (CMB) [1, 2], Supernova type Ia (SNIa) [3, 4], Weak Lensing [5], Baryon Acoustic Oscillations (BAO) [6], and redshift surveys such as 2dF Galaxy Redshift Survey (2dFGRS) [7] at low redshift and DEEP2 redshift survey [8] at high redshift, have provided cross-checked data to determine cosmological parameters with high precision. These parameters imply that our approximately 13.72 Gyear-old universe is nearly spatially flat, homogeneous and isotropic at large scale, i.e. a Friedmann-Lemaître-Robertson-Walker (FLRW) universe with zero curvature, and has entered an accelerating phase since z ≈ 0.46 [4]. Moreover, according to this socalled Concordance Model (or ΛCDM model), the universe consists of 4.6% baryonic matter, 22.8% non-relativistic unknown matter, namely dark matter (DM), and a remarkable amount of 72.6% smoothly distributed dominant component, dubbed dark energy (DE) [2].

The equation of state (EoS), w = p/ρ, of DE, is the main parameter which determines the gravitational effect of DE on the evolution of the universe, and can be measured from observations without need to have a definite model of DE. Strong evidences imply that the EoS of DE lies in a narrow range around w ≈ −1 and has a smooth evolution [4, 9]. However, slow variation of w in cosmic time is not excluded. Theoretically, one can classify the EoS of DE with respect to the barrier w = −1 [10], namely the phantom divide line (PDL). That is, DE with the EoS of w = −1 employs the cosmological constant, Λ, with a constant energy density. The case with dynamical EoS where w ≥ −1, is referred to as quintessence [11] and w ≤ −1 corresponds to an odd theoretical matter case, known as phantom energy [12, 13], which potentially has elusive properties. For instance, phantom energy density increases with time as the universe expands, which consequently leads to divergence of the scale factor in finite time [13]. Moreover, sound speed in this kind of matter may be superluminal. In addition to these three subclasses, there is another suggestion for the EoS of DE, the socalled quintom [14], in which w crosses the phantom divide line as time evolves. It behaves like quintessence in some periods of history of the universe, and like phantom in the rest. It is worth noting that a single scalar field with conventional features minimally coupled to gravity cannot cross the barrier according to a corresponding no-go theorem [15]. For a complete discussion about the origin of DE, see for example Refs. [10, 16] and references therein.

In addition to the above classification according to EoS, one can consider different models for DE. Actually, there is a wide variety of models concerning dynamics for DE; for instance, quintessence models which exploit canonical fields with dynamical EoS [11], k-essence models with a non-canonical kinetic term [17], quintom models usually with two scalar fields, one as a quintessence and one as a phantom [14], Chaplygin gas models which unify dark matter and dark energy via a superfluid [18] , tachyon fields motivated by string theory [19], chameleonic fields in which a scalar field is coupled to matter [20, 21], and modified gravity models regarded as modifications to Einstein-Hilbert action [22].

The modified gravity models are obtained in different ways, for example, by replacing Ricci scalar, R, by f(R) as the well-known f(R) modified gravity [23], by adding additional scalar terms like the Gauss-Bonnet term [24], or by non-minimally coupling of a scalar field to the Ricci scalar such as the Brans-Dicke (BD) theory of gravitation [25] or its generalization (GBD) by employing the BD parameter, as a function of cosmic time.

To explain the late time acceleration of the universe as mentioned it is most often the case that the scalar fields interact with matter; directly due to a matter Lagrangian coupling, indirectly through a coupling to the Ricci scalar or as the result of quantum loop corrections [26]–[31]. If the scalar field self-interactions are negligible, then the experimental bounds on such a field are very strong; requiring it to either couple to matter much more weakly than gravity does, or to be very heavy [32]–[35]. Unfortunately, such scalar field is usually very light and its coupling to matter should be tuned to extremely to small values in order not to be conflict with the Equivalence Principal [36].

An alternative attempt to overcome the problem with light scalar fields has been suggested in chameleon cosmology [21][37]. In the proposed model, a scalar field couples to matter with gravitational strength, in harmony with general expectations from string theory whilst at the same time remaining very light on cosmological scales. The scalar field which is very light on cosmological scales is permitted to couple to matter much more strongly than gravity does, and yet still satisfies the current experimental and observational constraints. The cosmological value of such a field evolves over Hubble time-scales and could potentially cause the late-time acceleration of our Universe [38]. The crucial feature that these models possess are that the mass of the scalar field depends on the local background matter density. While the idea of a density-dependent mass term is not new [39]–[44], the work presented in [21] [38] is novel in that the scalar field can couple directly to matter with gravitational strength.

In this work in addition to the most expectations presented in [21], we investigate an integration of GBD and chameleon models, calling it as chameleonic generalized Brans-Dicke model (CGBD), which allows the scalar field to couple with both gravity and matter and the BD parameter to be a function of the scalar field. Since the scalar field, which treats very lightly on large scales, can couple to matter much more stronger than gravity does, the observational constraints can be satisfied by this model. As mentioned, to construct a model which its EoS can smoothly cross the PDL, it is necessary to add unconditional features to scalar field in order to have extra degrees of freedom. We show that the CGBD model studied in this work is capable to predict not only a PDL crossing scenario but also a bouncing behavior for the universe.

To directly measure the expansion history of the universe, it is necessary to find a probe which is model-independent and is based on fewer assumptions. This can be performed by focusing on dynamics of homogeneous and isotropic large scale features of the universe, that is, the Robertson-Walker (RW) geometry. An example of such a probe is the cosmological redshift drift (CRD) first proposed by Sandage and McVittie [45]. This method [46] measures the drift of redshift of specific absorption lines, specially those arising from the Lyman-α transition in the spectra of high-redshift galaxies and quasars (QSOs) in a time interval of several years [47]. The drift, ż, maps the Hubble parameter, H(z), and consequently determines acceleration or deceleration of the universe, and only vanishes when the expansion rate of the scale factor is constant. However, for varying expansion, it is of order of the Hubble parameter, approximately 10^{−10}, and gives rise to an acceleration of order of few centimeters per second per year, and can be swamped by peculiar acceleration of cosmological objects. A second probe is the observations of the difference between the distance modulus - red-shift relation for SNIa that verifies the late-time accelerated expansion of the universe and will be discussed in here.

The manuscript is arranged as follows. In the next section, we introduce the CGBD model and analytically study conditions for the EoS parameter to pass the PDL. In Section III, by numerical calculation a possible bouncing of the universe and EoS parameter crossing is examined. In Section IV, the inclusion of observational data in our model through CRD and the difference in the Distance Modulus (μ(z)) tests are investigated. Section V represents the results and summary.

II. THE CGBD MODEL

We consider the CGBD gravity in the presence of cold dark matter with the action given by, S = ∫ d^4x √ −g ( ϕR − ω(ϕ) ϕ ϕ_{,μ}ϕ^{,μ} + f(ϕ)L_m ) , (1)

where R is the Ricci scalar and ω(ϕ) is the scalar field dependent BD parameter. The matter Lagrangian is modified as f(ϕ)L_m, where f(ϕ) is an analytic function of the scalar field. This term represents the nonminimal interaction between the matter and the scalar field. Metric variation of action (1) gives, G_{μν} = ω(ϕ) ϕ^2 ( ϕ_{,μ}ϕ_{,ν} − 1 2 g_{μν} ϕ_{,ρ}ϕ^{,ρ} ) + 1 ϕ (ϕ_{,μ;ν} − g_{μν} ⊔⊓ϕ) + f(ϕ) ϕ T_{μν} . (2)

In a flat FLRW cosmology, field equations (2) become 3 ȧ^2 a^2 = ρ_mf(ϕ) ϕ − 3 ȧ a ϕ̇ ϕ + ω(ϕ) 2 ϕ̇2 ϕ^2

, (3) and 2 ä a + ȧ^2 a^2 = − p_mf(ϕ) ϕ − 2 ȧ a ϕ̇ ϕ − ω(ϕ) 2 ϕ̇2 ϕ^2 − ϕ̈ ϕ . (4)

On the other hand, the variation of action (1) with respect to the spatially homogeneous scalar field ϕ(t) yields,

ϕ̈ + 3ȧ a ϕ̇ = 1 3 + 2ω(ϕ) [ (ρ_m − 3p_m) ( f(ϕ) − 1 2 ϕf^′(ϕ) ) − ω^′(ϕ) ϕ̇2 ϕ ] , (5)

where the prime denotes derivative with respect to ϕ. In the above equations, ρ_m and p_m are respectively energy density and isotropic pressure of the barotropic perfect fluid. The EoS of the baryonic and dark matter is p_m = w_mρ_m. From equations (3)–(5) , one can easily derive the modified conservation equation ρ̇_m ρ_m + 3H(1 + w_m) = −3w_m ḟ f , (6)

which readily integrates to yield

ρ_m = M a^{3(1+wm)}f^{3wm} (7) where M is a constant of integration. The equation (7) shows that for f = 1 ,ρ_m =^M_{a3(1+wm )} as expected ρ_m decreases with increasing f(ϕ). In comparison with the standard Friedmann equations one may identify ρ_{eff} and p_{eff} from equations (3) and (4) as

3H^2 = ρ_{eff} ≡ ρ_mf ϕ − ϕ̇ ϕ (3H − ω 2 ϕ̇ ϕ ), (8) and − ( 2Ḣ + 3H^2 ) = p_{eff} ≡ p_mf ϕ + 1 − 3w_m 3 + 2ω ρ_m ϕ (f − 1 2 ϕf^′) (9) + ϕ̇ ϕ (−H + ω 2 ϕ̇ ϕ − ω^′ 3 + 2ω ϕ̇ ϕ ). where we have supposed p_{eff} = wρ_{eff} . Consequently conservation equation reads as

ρ̇_{eff} + 3H(1 + w)ρ_{eff} = 0. (10)

From equation (3) we obtain,

H = − ϕ̇ 2ϕ ± √ ρ_mf 3ϕ + 3 + 2ω 12 ϕ̇2 ϕ^2

. (11)

One can rewrite the second Friedmann equation, (4), as

Ḣ = 1 2 [H ϕ̇ ϕ − ω ϕ̇2 ϕ^2 − ϕ̈ ϕ − (1 + 3w_m)ρ_mf ϕ ]. (12)

Differentiating (12) with respect to time gives,

Ḧ = ϕ̇ 2ϕ [3ω 2 ϕ̇2 ϕ^2

− (ω̇ + H 2 ) ϕ̇ ϕ − (2ω − 1 2 ) ϕ̈ ϕ + (1 + 3w_m) 2 ρ_mf ] − ... ϕ 2ϕ − (1 + 3w_m) ˙(ρ_mf) 2ϕ .(13)

To have the PDL crossing, that is ẇ ≠ 0 as w → −1, one should have Ḣ = −^1_2 (1+w)ρ_{eff} = 0 and Ḧ = −^1_2ẇρ_{eff} −^1_2 (1 + w)ρ̇_{eff} ≠ 0 when w = −1. From equation (13), we observe that it is always possible to have non vanishing Ḧ and also vanishing Ḣ when w = −1, if one of the following conditions is satisfied:

1) ϕ̇ ≠ 0, ... ϕ = 0, w_m = −1/3, ˙(ρ_mf) = 0, 2) ... ϕ ≠ 0, ϕ̇ = 0, w_m = −1/3, ˙(ρ_mf) = 0, 3) w_m ≠ −1/3, ϕ̇ = 0, ... ϕ = 0, ˙(ρ_mf) = 0, 4) ˙(ρ_mf) ≠ 0, ϕ̇ = 0, ... ϕ = 0, w_m = −1/3.

In the first case, (1), H(t) is given by equation (11), and

Ḣ = 1 2 [H ϕ̇ ϕ − ω ϕ̇2 ϕ^2 − ϕ̈ ϕ ] = 0. (14)

By imposing the condition Ḣ, we obtain,

Ḧ = ϕ̇2 2ϕ^2 [ ω(1 + 2ω) ϕ̇ ϕ − (ω̇ + 2ωH) ] · (15)

Therefore the conditions for having PDL crossing is that i) ω ≠ 0, ii) ω ≠ −1/2, or iii) ω̇ ≠ 2ωH and also the expression inside the bracket does not vanish. In addition, we need ϕ ≠ 0.

In the second case, (2), H(t) = ± √_{ρmf} 3ϕ , Ḣ =^{−ϕ̈}_{2ϕ} and Ḧ = −

..._ϕ 2ϕ . The conditions for having PDL crossing is that ϕ̈ = 0 and ... ϕ ≠ 0 when w → −1. In addition, we need ϕ ≠ 0.

In case (3), H(t) is the same as case (2), Ḣ =^{−1}_2 [^{ϕ̈} +^{(1+3wm)ρmf}_ϕ ] and Ḧ = 0. In this case since one of the PDL crossing conditions is not satisfied, the crossing does not occur. In case (4) again since Ḧ = 0, the crossing does not occur.

Finally, the Hubble parameter as a function of redshift, H(z), is obtained using (8) and (10) as

H^2(z) = e^3 ∫_z 0 1+w(z′) 1+z′ dz ′ , (16)

which by numerical methods can be used to trace the Hubble parameter versus redshift. Evidently, combination of the result of this model-dependent relation with the model-free observational data such as CRD and distance modulus, can be used for verification of model. With the analytic discussion for the PDL crossing given in this section, a numerical computation will be performed in the following section to illustrate the bouncing and PDL crossing dynamics for the model.

III. BOUNCING BEHAVIOR AND PDL CROSSING

We explore the possible bouncing of the universe. To examine this, choose t = 0 to be the bouncing point. Our effective energy density and pressure, equations (8), (9) and consequently derived ω shows that it approaches negative values less than −1 in two periods of time. Also by numerically solving the set of friedmann equations and scalar field equation we obtain H(t) that provides a dynamical universe with contraction for t < 0, bouncing at t = 0 and then expansion for t > 0. The above analysis clearly can be seen in the numerical calculation given in Fig. 1.

Fig. 1: The graphs of the scale factor a and the Hubble parameter H, plotted as functions of time for ω = ω_0ϕ(t)^n, ω_0 = −1000, n = −2, f = f_0e^{bϕ(t)}, f_0 = −2000, and b = −1. Initial values are ϕ(0) = −2 , ϕ̇(0) = 1 and ȧ(0) = 0.1.

Fig. 2: The graphs of EoS parameter w, plotted as functions of time for ω = ω_0ϕ(t)^n, n = −2, f = f_0e^{bϕ(t)}, b = −1. For ω_0 = −1000 and four different values of f_0 (left panel) and for f_0 = −1000 and four different values of ω_0 (right panel). Initial values are ϕ(0) = −2, ϕ̇(0) = 1, ȧ(0) = 0.1.

As Fig. 2 shows, in our model, the EoS parameter crosses PDL with ẇ > 0, at different times, depending on the initial values and model parametrization. In addition, with respect to the bouncing, during the contracting phase, the scale factor a(t) is decreasing, that is, ȧ < 0, and in the expanding phase we have ȧ > 0. At the bouncing point, ȧ = 0, and so around this point ä > 0 for a period of time. Equivalently, in the bouncing cosmology, the Hubble parameter H runs across zero from H < 0 to H > 0, and at bouncing point H = 0. This shows that a successful bounce requires Ḣ > 0 around the bouncing point. According to equation (12), this result is equivalent to Ḣ = −1 2 (1 + w)ρ_{eff} > 0. (17) From Fig. 2, we see that at t → 0, w < −1 and Ḣ > 0 which satisfy the above condition. One of the well known problems in standard cosmology is the big bang singularity where the universe with zero volume has infinite density. We see that in our model at the bouncing point the scale factor a(t) is not zero and thus we avoid singularity faced in the standard cosmology.

We note that Fig. 2 just shows the dynamics of the EoS parameter as a function of time. At early time, crossing from the phantom phase to the non phantom phase towards w = 0 looks like a transition say from inflation era to matter dominated era in early universe. The model does not show otherwise. For a more observationally oriented perspective, in the next section two cosmological tests for observable quantities are performed in terms of the redshift.

IV. THE COSMOLOGICAL TESTS

A. CRD Test

As mentioned in section II, the relation (16) maps the expansion history of the universe for a given EoS. On the other hand, the effective EoS lies in a narrow range around w = −1. Following [48], in Chevallier-Polarski-Linder (CPL) parametrization model one can use linear approximation, w_{cpl} ≈ w_0 − dw_{cpl} da (a − 1) = w_0 + w_1 z 1 + z

, (18) where w_0 is current value of the effective EoS, and w_1 = −^{dwcpl}_{da} is its running factor. Using Eq. (18) we can obtain the following equation for Hubble parameter

H(z)^2 H^2_0

= Ω_m(1 + z)^3 + (1 − Ω_m)(1 + z)^{3(1+w0 +w1)} × exp [ −3w_1( z 1 + z ) ] · (19)

In CPL model the parametrization is fitted for different values of w_0, w_1 and Ω_m. In addition, in FLRW geometry, the CRD can be extracted from

ż = (1 + z)H_0 − H(z), (20)

where immediately leads to velocity drift

v̇ = cH_0 − cH(z) 1 + z

. (21)

The velocity drift with respect to the source for CPL model against redshift is shown in Fig. 3 [49]. A comparison of the model with the observational data shows that the best fit values are for w_0 = −2 and w_1 = 3.5 in the region z > 3.

Fig. 3: The graph of the CPL parameterization model in comparison with the observational data, plotted as functions of z for different values of w_0 and w_1 To draw the left panels of Figs. 4, 5 and 6, we have used the effective EoS parameter w for some plausible functions f(ϕ) and ω(ϕ). The right panel of Fig. 4 shows the velocity drift against z for different values of f_0, with respect to the observational data [47, 49].

Fig. 4: The graphs of the EoS parameter and velocity drift v̇, plotted as functions of z for ω = ω_0ϕ(z)^n, n = −2, f = f_0e^{bϕ(z)}, and b = −1 for four different value of f_0. Initial values are H(0) = 1, ϕ(0) = −10, ϕ̇(0) = 3.

Alternatively, one may take a fixed f_0 and changes ω_0 and numerically calculate the EoS parameter and velocity drift (see Fig. 5).

Fig. 5: The graph of the scale factor a and velocity drift v̇, plotted as function of z for ω = ω_0ϕ(z)^n, n = −2, f = f_0e^{bϕ(z)}, f_0 = −20 and b = −1 for four different values of ω_0. Initial values are H(0) = 1, ϕ(0) = −10, ϕ̇(0) = 3.

In another attempt one may consider a case where both f_0 and ω_0 change similar to w_0 and w_1 in the CPL model.

Fig. 6: The graph of the scale factor a and velocity drift v̇, plotted as function of z for ω = ω_0ϕ(z)^n, n = −2, f = f_0e^{bϕ(z)} and b = −1 for four different values of ω_0 and f_0. Initial values are H(0) = 1, ϕ(0) = −10, ϕ̇(0) = 3.

B. The difference in the distance modulus, μ(z)

The difference between the absolute and apparent luminosity of a distance object is given by, μ(z) = 25 + 5 log_{10} d_L(z) where the Luminosity distance quantity, d_L(z) is given by d_L(z) = (1 + z) ∫_z 0 dz^′ H(z^′) . (22) In our model, from numerical computation one can obtain H(z) which can be used to evaluate μ(z). To best fit the model for the parameters f_0 , ω_0, H_0, b, n and the initial conditions ϕ(0), and ϕ̇(0) with the most recent observational data, the Type Ia supernovea (SNe Ia), we employe the χ^2 method. We constrain the parameters including the initial conditions by minimizing the χ^2 function given as

χ^2_{SNe}(f_0, ω_0, H_0, b, n, ϕ(0), ϕ̇(0)) =

557∑ i=1 [μ^{the}_i (z_i|f_0, ω_0, H_0, b, n, ϕ(0), ϕ̇(0) − μ^{obs}_i ]^2 σ^2_i

, (23)

where the sum is over the SNe Ia sample. In relation (23), μ^{the}_i and μ^{obs}_i are the distance modulus parameters obtained from our model and from observation, respectively, and σ is the estimated error of the μ^{obs}_i . In our model the best fit values occur at f_0 = −7, ω_0 = 1.2, H_0 = 0.84, b = −.4, n = −2, ϕ(0) = 1.5, ϕ̇(0) = 1, with χ^2_{min} = 804.87232. In Fig. 7, the distance modulus, μ(z), in our model is compared with the observational data for the obtained parameters and initial conditions using χ^2 method. Also in Fig. 8 the two dimensional likelihood distribution for model parameters f_0 , H_0 and ω_0, H_0 are shown.

Fig. 7: The graphs of the distance modulus μ(z) and EoS parameter w plotted as function of the redshift for the best fitted model parameters f_0 = −7, ω_0 = 1.2, H_0 = 0.84, b = −.4, n = −2, and ICs. ϕ(0) = 1.5 ϕ̇(0) = 1.

Fig. 8: The graphs of two dimensional likelihood distribution for parameters f_0, H_0 and ω_0, H_0 with b = −.4, n = −2 and ICs. ϕ(0) = 1.5, ϕ̇(0) = 1 and d_L(0) = 0.

V. RESULTS AND SUMMARY

In this paper, we have studied the evolution of gravitational and scalar fields in CGBD cosmological model in which a light scalar field nonminimally coupled both to the matter Lagrangian (as chameleon field) and the scalar curvature (as brans-Dicke field) in the action. The solution shows that the evolution of the scale factor of the universe is non-singular in a bouncing scenario, with an initial contracting phase which lasts until to a non-vanishing minimal radius is reached and then smoothly transits into an expanding phase. Also the dynamics of the EoS parameter with respect to time in early universe is shown in Fig. 2 with a transition from phantom phase ( say phantom inflation) to non phantom phase towards matter dominated era.

We then analyze the model with the CRD test. The variation of velocity drift for different values of f_0 and ω_0 with redshift z is shown in Figs. 4, 5 and 6. In addition, the evolution of the cosmological EoS parameter in terms of the redshift, with a transition from phantom phase (w < −1) in the past to the non phantom phase (w > −1) in the recent past is favored for values of f_0 and ω_0, in agreement with the current observational data. The PDL crossing occurs for different values of f_0 and ω_0 within the range of observationally accepted redshift z. A comparison between our model with the CPL parametrization model shows that our model is in better agreement with the data for values of redshift z greater than 3. To best fit model parameters to data we need more redshift velocity drift data within the range z < 2.5. The PDL crossing in Figs. 4 and 5 shows that in the former the crossing occurs for −0.06 < z < 0.03 whereas in the latter for 0.03 < z < 0.06. In regards to the drift velocity with respect to the observational data it shows that both velocity drifts are in better agreement compare to the CPL model for z > 3 whereas the velocity drift against z in Fig. 5 is even more satisfactory. Fig. 4 and 6 show that today and in near future the universe experience PDL crossing, in future it will be in phantom phase whereas in near past was in non phantom phase. In comparison, Fig. 5 shows that in future and today it is in phantom phase, whereas PDL crossing occurred in very near past and in the past the universe was in non phantom phase.

In the second cosmological test, the difference in the distance modulus μ(z) is calculated for the model in comparison with the most recent observational data, the Type Ia supernovea (SNe Ia). To best fit our model with the data we use the χ^2 and likelihood fitting test. The χ^2 fitting in the model depends on the parameters f_0, ω_0, H_0, b, n and the initial conditions ϕ(0), and ϕ̇(0). The multi-dimensional fitting analysis allows us to constrain the parameters that result in a minimum χ^2. From Fig. 7 left), we observe that both our model best fitted distance modulus and ΛCDM model are compared with the observational data. Although both models best fitted with the data for z ≤ 0.5, our model better fitted for larger redshifts. In the Fig. 7 right) which the distance modulus is fitted with the most recent observational data by using χ^2 method, we have a more observationally reliable EoS parameter. The graph shows that the current value of the EoS parameter is about ∼ 1.1. In future the universe approaches phantom phase but later transit to the non phantom phase. In the near past the universe EoS parameter crossed the PDL, and approaches the non phantom phase in larger redshift. In Fig. 8, the two dimensional likelihood distribution for model parameters are given. The graphs show that, the model parameters are bounded in the regions −8 < f_0 < 05, 0.6 < ω_0 < 1.8 and 0.6 < H_0 < 1.2 with the best fit values are −7, 1.2 and .84, respectively.

In figures 1-6 as can be seen, using different initial values for the model parameters, the trajectories eventually converge. So different initial values for the model parameters may initially cause divergence among the trajectories but eventually do not effect the dynamics. With respect to the initial conditions, comparing the graphs of EoS parameter in Figs. 4, 5 and 6 (with ICs. ϕ(0) = −10, ϕ̇(0) = 3), with the best fitted EoS parameter in graph 7 (with ICs. ϕ(0) = 1.5, ϕ̇(0) = 1), one concludes that since the EoS parameters in different scenarios show similar behavior, the model is not sensitive to the initial conditions.

In summary, we may conclude that the CGBD model can predict the PDL crossing and fit the observational data for velocity drift and distance modulus better that the CPL and ΛCDM models respectively, subject to constraints on the model parameters.

[1] Dunkley J. et al., Astrophys. J. 701, 1804 (2009); Dunkley J. et al., Astrophys. J. Suppl. 180, 306 (2009); Gold B. et al., Astrophys. J. Suppl. 180, 265 (2009); Hill R.S. et al., Astrophys. J. Suppl. 180, 246 (2009); Hinshaw G. et al., Astrophys. J. Suppl. 180, 225 (2009); Nolta M.R. et al., Astrophys. J. Suppl. 180, 296 (2009).

[2] Komatsu E. et al., Astrophys. J. Suppl. 180, 330 (2009).

[3] Knop R.A. et al., Astrophys. J. 598 102 (2003); Garnavish P.M. et al., Astrophys. J. 493, L53 (1998); Perlmutter S. et al., Astrophys. J. 483, 565 (1997); Frieman J.A. et al., The Astronomical Journal 135, 338 (2008); Sako M. et al., The Astronomical Journal 135, 348 (2008).

[4] Riess A.G. et al., Astrophys. J. 607, 665 (2004).

[5] Leauthand A. et al., Astrophys. J. 709, 97 (2010); Kubo J.M. et al. , Astrophys. J. 702, L110 (2009); Sato M. et al., Astrophys. J. 701, 945 (2009); Takada M. and Jain B., Mon. Not. Roy. Astron. Soc. 395, 2065 (2009); Bergé J. et al., Mon. Not. Roy. Astron. Soc. 358, 695 (2008); Benjamin J. et al., Mon. Not. Roy. Astron. Soc. 381, 702 (2007).

[6] Parkinson D. et al., Mon. Not. Roy. Astron. Soc. 401, 2169 (2010); Percival W. et al., Mon.

Not. Roy. Astron. Soc. 401, 2148 (2010); Wang X. et al., Mon. Not. Roy. Astron. Soc. 394, 1775 (2009); Benitez N. et al., Astrophys. J. 691, 241 (2009).

[7] Cole S. et al., Mon. Not. Roy. Astron. Soc. 362, 505 (2005); Croton D.J. et al., Mon. Not.

Roy. Astron. Soc. 356, 1155 (2005); Wild V. et al., Mon. Not. Roy. Astron. Soc. 356, 247

[8] Yan R. et al., Mon. Not. Roy. Astron. Soc. 398, 735 (2009); Sawicki M. et al., Astrophys. J.

687, 884 (2008); Schiavon R.P. et al., Astrophys. J. 651, L93. (2006). [9] Amanullah R. et al., arXiv:1004.1711v1, to appear in Astrophys. J. (2010). [10] Cai Y.-F. et al., Phys. Rept., in press, doi:10.1016/j.physrep.2010.04.001 (2010). [11] Gonzalez T., Leon G, and Quiros I., Class. Quant. Grav. 23, 165 (2006); Johri V.B., Class.

Quant. Grav. 19, 5959 (2002); Brax P. and Martin J., Phys. Rev. D 61, 103502 (2000); Zlatev I., Wang L., and Steinhardt P.J., Phys. Rev. Lett. 82, 896 (1999); Carroll S.M., Phys. Rev. Lett. 81, 3067 (1998); Chiba T., Sugiyama N., and Nakamura T., Mon. Not. Roy. Astron. Soc. 301, 72 (1998); 289, L5 (1997); Ratra B. and Peebles P.J.E., Phys. Rev. D37, 3406 (1988); Wetterich C., Nucl. Phys. B 302, 668 (1988).

[12] S. Nojiri, S. D. Odintsov,S. Jhingan,Phys. Lett. B562:147-152 (2003); Y- Cai, T. Qiu, Y.- S. Piao, M. Li, X., JHEP 0710:071 (2007); Zhang; S. Nojiri, S. D. Odintsov, M. Sami, I Thongkool, S. Zerbini, Phys. Lett. B663 :424-428 (2008), E. Elizalde, S. Nojiri, S. D. Odintsov, Phys. Rev. D70:043539 (2004), Carroll S.M., De Felice A., and Trodden M., Phys. Rev. D 71, 023525 (2005); Stefancic H., Phys. Lett. B 586, 5 (2004); Cline J.M., Jeon S., and Moore G.D., Phys. Rev. D 70, 043543 (2004); Melchiorri A., Mersini L.,Odman C.J., and Trodden M., Phys. Rev. D 68, 043509 (2003); Singh P., Sami M., and Dadhich N., Phys. Rev D 68, 023522 (2003); Carroll S.M., Hoffman M., and Trodden M., Phys. Rev. D 68, 023509 (2003).

[13] Caldwell R.R., Kamionkowski M., and Weinberg N.N., Phys. Rev. Lett. 91, 071301 (2003);

Caldwell R.R., Phys. Lett. B 545, 23 (2002).

[14] Cai Y.-F. and Wang J., Class. Quant. Grav. 25, 165014 (2008); ; Guo Z.-K. et al., Phys.

Lett. B 608, 177 (2005); Feng B., Wang X.L., and Zhang X.M., Phys. Lett. B 607, 35 (2005); Y.-F. Cai, T. Qiu, R. Brandenberger, Y..S. Piao, X. Zhang, JCAP 0803:013 (2008); Y. F. Cai, T. Qiu, R. Brandenberger, X. Zhang, Phys. Rev. D80:023511 (2009); Y. F. Cai, W. Xue, R. Brandenberger, X. Zhang, JCAP 0905:011 (2009).

[15] Xia J.Q. et al., Int. J. Mod. Phys. D 17, 1229 (2009); Kunz M. and Sapone D., Phys. Rev. D 74, 123503 (2006); Caldwell R.R. and Doran M., Phys. Rev. D. 71, 23515 (2005).

[16] Copeland E.J., Sami M., and Tsujikawa S., Int. J. Mod. Phys. D 15, 1753 (2006); Peebles P.J.E. and Ratra B., Rev. Mod. Phys. 75, 559 (2003).

[17] Bose N. and Majumdar A.S., Phys. Rev D 79, 103517 (2009); Chimento L.P., Forte M., and Lazkoz R, Mod. Phys. Lett. A 20, 2075 (2005); Bonvin C., Caprini C., and Durrer R., Phys. Rev. Lett. 97, 081303 (2006); Armendáriz-Picón C., Mukhanov V., and Steinhardt P.J., Phys. Rev. D 63, 103510 (2001); Phys. Rev. Lett. 85, 4438 (2000); Chiba T., Okabe T., and Yamaguchi M., Phys. Rev. D 62, 023511 (2001).

[18] S. Nojiri, S. D. Odintsov, Phys. Rev. D72:023003(2005); Popov V.A., Phys. Lett. B 686, 211 (2010); Park C.-G. et al., Phys. Rev. D 81, 063532 (2010); Gorini V. et al., JCAP 0802, 016 (2008); Bento M.C., Bertolami O., and Sen A.A., Phys. Rev. D 66, 043507 (2002); Bilic N., Tupper G.B., and Viollier R.D., Phys. Lett. B 535, 17 (2002); Kamenshchik A.Y., Moschella U., and Pasquier V., Phys. Lett. B 511, 265 (2001).

[19] Calcagni G. and Liddle A.R., Phys. Rev. D 74, 043528 (2006); Copeland E.J. et al., Phys.

Rev. D 71, 043003 (2005); Balga J.S., Jassal H.K., and Padmanabhan T., Phys. Rev. D 67, 063504 (2003); Nojiri S. and Odintsov S.D., Phys. Lett. B 571, 1 (2003); Padmanabhan T., Choudhury T., and Roy T., Phys. Rev. D 66 081301 (2002); Padmanabhan T., Phys. Rev. D 66, 021301 (2002).

[20] Brax P. et al., Phys. Rev. D 81, 103524 (2010); Yusaku I. and Nojiri S., Phys. Rev. D 79, 103008 (2009); Burrage C., Davis A.-C., and Shaw D.J., Phys. Rev. D 79, 044028 (2009); Das S. and Banerjee N., Phys. Rev. D 78, 043512 (2008); H. Farajollahi, A. Salehi, Int. J. Mod. Phys. D, Vol. 19, No. 5 1-13 (2010).

[21] Khoury J. and Weltman A., Phys. Rev. Lett. 93, 171104 (2004); Brax P. et al., Phys. Rev. D 70, 123518 (2004).

[22] S. Nojiri, S.D. Odintsov, Int. J. Geom. Meth. Mod. Phys.4:115-146 (2007), S. Capozziello, S.

Nojiri, S.D. Odintsov, Phys. Lett. B634:93-100 (2006) Briscese F. et al., Phys. Lett. B 646, 105 (2007); Bamba K. et al., Phys. Rev. D 79, 083014 (2009); Farajollahi H. and Milani F., Mod. Phy. lett. A, Vol. 25, No. 27 2349-2362 (2010).

[23] Sáez-Gómez D., Gen. Rel. Grav. 41, 1527 (2009); Bamba K. and Geng C.-Q., Prog. Theor.

Phys. 122, 1267 (2009); Capozziello S., Martin-Moruno P., and Rubano C., Phys. Lett. B 664, 12 (2008).

[24] S. Nojiri, S. D. Odintsov, M. Sasaki, Phys. Rev. D71:123509 (2005), Alimohammadi M. and Ghalee A., Phys. Rev. D 79, 063006 (2009); Elizalde E., Hurtado J.Q., and Arcos H.I., Int. J. Mod. Phys. 17, 2159 (2008); Nojiri S., Odintsov S.D., and Tretyakov P.V., Phys. Lett. B 651, 224 (2007); Amendola L., Charmousis C., and Davis S.C., JCAP 10, 004 (2007).

[25] Banerjee N. and Pavon D., Phys. Lett. B 647, 477 (2007); Setare M.R., Phys. Lett. B 644, 99 (2007); Arik M. and Calik M.C., Mod. Phys. Lett. A 21, 1241 (2006); Kim H., Mon. Not. Roy. Astron. Soc. 364, 813 (20050; Arias O. et al., Class. Quant. Grav. 20, 2563 (2003); H. Farajollahi, N. Mohamadi, Int.J.Theor.Phys.49:72-78 (2010); H. Farajollahi, N. Mohamadi, H. Amiri, Mod. Phys. Let. A Vol. 25, No. 30 25792589 (2010); H. Farajollahi, A. Salehi, JCAP 1011:006,(2010).

[26] T. Damour, G. W. Gibbons and C. Gundlach, Phys. Rev. Lett, 64, 123 (1990) [27] M. R. Setare, Elias C. Vagenas, Int. J. Mod. Phys. D18:147-157 (2009); M. R. Setare, E. N.

Saridakis, Phys. Lett. B671:331-338 (2009) [28] S. M. Carroll, Phys. Rev. Lett. 81 3067(1998) [29] S. M. Carroll, W. H. Press and E. L. Turner, Ann. Rev. Astron. Astrophys, 30, 499 (1992) [30] T. Biswas and A. Mazumdar, arXiv:hep-th/0408026 [31] T. Biswas, R. Brandenberger, A. Mazumdar and T. Multamaki. Phys.Rev. D74 063501, (2006) [32] J. P. Uzan, Rev. Mod. Phys. 75, 403 (2003) [33] B. Bertotti et al. Nature 425, 374 (2003) [34] G. F. Chew and S. C. Frautschi. Phys. Rev. Lett. 7, 394 (1961) [35] T. Damour, F. Piazza and G. Veneziano, Phys. Rev. D 66 , 046007 (2002) [36] S. Nojiri, S. D. Odintsov, Mod. Phys. Lett. A 19:1273-1280 (2004) [37] D. F. Mota, J. D. Barrow, Phys. Lett. B581 141-146(2004); Mon. Not. Roy. Astron. Soc. 349, 291(2004).

[38] Ph. Brax, C. van de Bruck, A. C. Davis, J. Khoury and A. Weltman. Phys. Rev.D70, 123518 (2004) [39] C. Wetterich, Astron. Astrophys. 301, 321 (1995) [40] T. Damour and A.M. Polyakov, Nucl. Phys. B423, 532 (1994); Gen. Rel. Grav. 26, 1171 (1994) [41] G. Huey, P.J. Steinhardt, B. A. Ovrut and D. Waldram. Phys. Lett. B 476, 379 (2000) [42] C.T. Hill and G. C. Ross, Nucl. Phys. B311, 253 (1988) [43] J. Ellis, S. Kalara, K.A. Olive and C. Wetterich, Phys. Lett. B 228, 264 (1989) [44] D. F. Mota and C. van de Bruck, Astron. Astrophys. 421,71 (2004) [45] Sandage A., Astrophys. J. 136, 319 (1962); McVittie G., Astrophys. J. 136, 334 (1962). [46] Killedar M. and Lewis G., Mon. Not. Roy. Astron. Soc. 402, 650 (2010); Uzan J.P., Clarkson C., and Ellis G.F.R., Phys. Rev. Lett. 100, 191303 (2008); Uzan J.P., Bernardeau F., and

Mellier Y., Phys. Rev. D 77, 021301 (2008).

[47] Liske J. et al., Mon. Not. Roy. Astron. Soc. 386, 1192 (2008).

[48] Chevallier M. and Polarski D., Int. J. Mod. Phys. D 10, 213 (2001); Linder E.V., Phys. Rev.

Lett. 90, 091301 (2003).

[49] Kim T.-S. et al., Mon. Not. Roy. Astron. Soc. 335, 555 (2002); Kim T.-S., Cristiani S., and D’Odorico S., A&A 373, 757 (2001); Lu L. et al., Astrophys. J. 472, 509 (1996).