arXiv:0908.4251v1 [astro-ph.CO] 28 Aug 2009

Cosmological consequences of a possible Λ-dark matter interaction

F. E. M. Costa^∗ and J. S. Alcaniz^† Observatório Nacional, 20921-400, Rio de Janeiro – RJ, Brasil (Dated: August 31, 2009)

We propose a general class of interacting models in which the interaction between the CDM component and Λ is parameterized by an arbitrary function of the cosmic scale factor ϵ(a). Differently from other dynamical Λ scenarios in which the final stage of cosmic expansion is a de Sitter phase, we find solutions of transient acceleration, in which the Λ-dark matter interaction will drive the Universe to a new dark matter-dominated era in the future. We investigate some cosmological consequences of this model and discuss some constraints on its parameters from current SNe Ia, BAO, CMB and H0 data.

PACS numbers: 98.80.Es; 95.35.+d; 95.36.+x; 98.65.Dx

I. INTRODUCTION

According to current observational results, a mysterious field, named dark energy, which accounts for ∼ 70% of the cosmic composition, is governing the late time dynamics of the Universe. However, although fundamental to our understanding of the Universe, several important questions about the nature of this dark energy component and its role in the cosmic dynamics remain unanswered (see, e.g., [1] for some recent reviews).

Among many possible candidates, perhaps the simplest explanation for current observations is that the unclumped form of energy density corresponds to a positive cosmological constant Λ, whose presence modifies the Einstein field equations to

G^{μν} = χT^{μν} + Λg^{μν} , (1)

where G^{μν} is the Einstein tensor, T^{μν} is the energymomentum tensor of matter fields and CDM particles, and χ = 8πG is the Einstein’s constant (throughout this paper we work in units where the speed of light c = 1).

From the observational point of view, it is well known that flat models with a very small cosmological term (ρ_Λ ≲ 10^{−47} GeV^4) are in good agreement with almost all sets of cosmological observations, which makes them an excellent description of the observed Universe. From the theoretical viewpoint, however, at least two problems still remain. First, and possibly the most serious one is the unsettled situation in the particle physics/cosmology interface (the so-called cosmological constant problem (CCP) [2]), in which the cosmological upper bound differs from theoretical expectations (ρ_Λ ∼ 10^{71} GeV^4) by more than 100 orders of magnitude. The second is that, although a very small (but non-zero) value for Λ could conceivably be explained by some unknown physical symmetry being broken by a small amount, one should be able to explain not only why it is so small but also why

∗Electronic address: ernandes@on.br †Electronic address: alcaniz@on.br

it is exactly the right value that is just beginning to dominate the energy density of the Universe now. Since both components (dark matter and dark energy) are usually assumed to be independent and, therefore, scale in different ways, this would require an unbelievable coincidence, the so-called coincidence problem (CP).

A phenomenological attempt at alleviating the CP problem is allowing the dark matter and dark energy to interact (in the case of a Λ-dark matter interaction, Λ is necessarily a time-dependent quantity, which is the basic idea behind the decaying Λ models whose aim is to solve or alleviate the CCP)^1. Cosmological scenarios with a dynamical Λ term were independently proposed about two decades ago in Ref. [3] (see also [4, 5, 6, 7, 8, 9, 10]) whereas models of couped quintessence (in which the dark energy is represented by a scalar field ϕ or by a smooth component parameterized by an equation of state p_{DE} = wρ_{DE} with w < 0) have been investigated more recently [11, 12, 13]. In both cases, however, the absence of a natural guidance from fundamental physics on a possible interacting or coupling term between the two dark components leads most of the current investigations discussed in the literature to a phenomenological level.

In this regard, a still phenomenological but very interesting step toward a more realistic interacting or coupling law was recently discussed in Ref. [7], in which the time dependence of the Λ term is deduced from its effect on the CDM evolution. Such a coupling is similar to the one obtained in Ref. [6] from arguments based on renormalization group and seems to be very general, having many of the previous attempts as a particular case. Thermodynamical considerations for this class of dynamical Λ models [8] showed that the interacting parameter ϵ must be positive, which means that the energy transfer between Λ and the dark matter field is such that the latter always gains energy from the former, and not the other

1 Strictly speaking, in the context of classical general relativity any additional Λ-type term that varies in space or time should be thought of as a new time-varying field and not as a cosmological constant. Here, however, we adopt the usual nomenclature of time-varying or dynamical Λ models.

way around. In Refs. [9], a scalar field description for this class of dynamical Λ models was investigated and found to be well represented by a coupled double exponential potential of the type V (Φ) ∝ exp (λϕ) + exp (−λϕ). In Ref. [12], a coupled quintessence model based on the above arguments (for which the equation-of-state parameter w ≠ −1) as well as some observational constraints on the interacting term were discussed.

An important aspect worth emphasizing is that in the above analyses the interacting parameter ϵ has been considered constant over the cosmic evolution whereas in a more realistic case it must be a time-dependent quantity. Our goal in this paper is therefore to go a step further in the above description and extend the arguments of Refs. [7, 8, 9] to a physically more realistic case in which ϵ is a function of time. We restrict the present analysis to coupled quintessence models in which w_ϕ = −1, which is mathematically equivalent to dynamical Λ scenarios. In terms of the interacting function ϵ(a), we discuss the dynamical behavior of this class of models and find viable cosmological solutions for a subset of values of ϵ(a). The possibility of transient accelerating solutions in which the Universe will experience a future dark matter-dominated phase is also explored. We also carry out a joint statistical analysis with recent observations of SNe Ia, BAO, CMB and H_0 to check the observational viability of this general class of interacting Λ-dark matter models.

II. THE MODEL: BASIC EQUATIONS

From Eq. (1) the Bianchi identities imply that the coupling between a dynamical Λ term and CDM particles must be of the type^2

u_μT^{μν} ;_ν = −u_μ ( Λg^{μν} χ ) ;_ν , (2)

or, equivalently,

ρ̇_{dm} + 3 ȧ a ρ_{dm} = −ρ̇_Λ , (3)

where ρ_{dm} and ρ_Λ are the energy densities of CDM and Λ, respectively, and T^{μν} = ρ_{dm}u^μu^ν stands for the energymomentum tensor of the CDM field. As usual, the dot sign denotes derivative with respect to the time.

The Λ-CDM interaction implies that the energy density of this latter component must dilute at a different rate compared to its standard evolution, ρ_{dm} ∝ a^{−3}, where a is the cosmological scale factor. Thus, the deviation from the standard dilution may be characterized

2 In our analysis, we will consider only interaction between Λ and CDM particles. For a discussion about bounds on the interaction with conventional matter from local gravity experiments, see [14]. For constraints from primordial nucleosynthesis, see also [4].

by the function ϵ(a), such that

ρ_{dm} = ρ_{dm,0}a^{−3+ϵ(a)} , (4)

where we have set the present-day value of the cosmological scale factor a_0 = 1. Since the other matter fields (radiation and baryons) are separately conserved, Eqs. (3) and (4) provide

ρ_Λ = ρ_{dm,0}

∫_1 a ϵ(ã) + ãϵ^′ ln(ã) ã^{4−ϵ(a)} dã + X , (5)

where a prime denotes derivative with respect to the scale factor and X is an integration constant.

Neglecting the radiation contribution, the Friedmann equation for this dynamical Λ cosmology can be rewritten as H = H_0 [ Ω_{b,0}a^{−3} + Ω_{dm,0}φ(a) + Ω_{X,0} ]_{1/2} , (6)

where H(z), Ω_{b,0} and Ω_{dm,0} are, respectively, the Hubble parameter, and the baryons and CDM present-day density parameters. The function φ(a) is written as

φ(a) = a^{−3+ϵ(a)} +

∫_1 a ϵ(ã) + ãϵ^′ ln(ã) ã^{4−ϵ(a)} dã , (7) and Ω_{X,0} stands for the present-day relative contribution of the constant X to the expansion rate.

In order to proceed further, we must assume an appropriated relation for ϵ(a). Certainly, among many possible functional forms, a very simple choice is

ϵ(a) = ϵ_0a^ξ

= ϵ_0(1 + z)^{−ξ} , (8)

where ϵ_0 and ξ may, in principle, take negative and positive values. With the above expression, Eq. (5) can be rewritten as

ρ_Λ = ρ_{m0}ϵ_0

∫_1 a [1 + ln(ã^ξ)] ã^{4−ξ−ϵ0ãξ} dã + X . (9)

Note that, in the absence of a coupling with the CDM component, i.e., ϵ_0 = 0, we may identify X ≡ ρ_{Λ0} (the current value of the vacuum contribution) and the standard ΛCDM scenario is fully recovered. Note also that, for ξ = 0 and ϵ_0 ≠ 0, the above expressions reduce to the dynamical Λ scenario recently discussed in Refs. [7, 8, 9], whose vacuum energy density is given by

ρ_Λ = ϵ_0ρ_{dm,0} 3 − ϵ_0 a^{−3+ϵ0} + X̄ . (10)

III. COSMIC EVOLUTION

The time evolution of the density parameters Ω_b(a), Ω_{dm}(a) and Ω_Λ(a) (the relative contribution of ρ_Λ [Eq.

FIG. 1: Evolution of the density parameters Ωj (j = b, dm, X) as a function of log(a) for some selected combinations of ϵ0 = ±0.1 and ξ = ±0.2 and A ≃ 17.27, B = 0.17 and D ≃ 3.

FIG. 2: The same as in Fig. 1 for combinations of ϵ0 = ±0.1 and ξ = ±1.0. Note that for ϵ0 > 0 and large positive values of ξ (Panel 1c), the Λ-dark matter interaction will drive the Universe to an eternal deceleration instead of the usual de Sitter phase.

9] to the expansion rate) can be derived by combining Eqs. (4)-(6). They read

Ω_b(a) = a^{−3} A + a^{−3} + B^{−1}φ(a)

, (11a)

Ω_{dm}(a) = a^{−3+ϵ(a)} D + Ba^{−3} + φ(a)

, (11b)

Ω_Λ(a) = D + φ(a) − a^{−3+ϵ(a)} D + Ba^{−3} + φ(a)

, (11c)

where A = Ω_{X,0}/Ω_{b,0}, B = Ω_{b,0}/Ω_{dm,0} and D = Ω_{X,0}/Ω_{dm,0}.

Figures 1 and 2 show the evolution of the density parameters Ω_j (j = b, dm, Λ) with the logarithm of the scale factor log(a) [Eqs. (11a)-(11c)] for values of A ≃ 17.27, B = 0.17 and D ≃ 3 (corresponding to Ω_{b,0} = 0.0416 and Ω_{dm,0} = 0.24) and ϵ_0 = ±0.1. Two symmetric values of ξ, i.e., ξ = ±0.2 (Fig. 1) and ξ = ±1.0 (Fig. 2) are considered. Although currently accelerated (and, therefore, possibly in agreement with SNe Ia data), models with ϵ_0 > 0 and negative values of ξ (Figs. 1a and 2a) fail to reproduce the past dark matter-dominated epoch, whose existence is fundamental for the structure formation process to take place. In both cases, the dark energy and dark matter densities vanish at high-z and the Universe is fully dominated by the baryons. Note that the same is not true when both ξ and ϵ_0 take negative values (Fig. 1c). In this case, the negative signs compensate each other so that the dark matter dominates the past evolution of the Universe while the baryonic and dark energy densities vanish.

Regardless of the sign of ϵ_0, well-behaved scenarios are obtained when ξ takes positive values (Figs. 1b and 2b). Note that in these cases a mix of baryons (≲ 20%) and dark matter (≳ 80%) dominates the past evolution of the Universe whereas the dark energy is always the dominant component from a value of a_∗ ≲ 1 on. A very interesting and completely different future cosmic evolution is obtained when ϵ_0 > 0 and the parameter ξ takes large positive values (≳ 0.8). This is shown in Fig. 2c for ξ = 1.0 and ϵ_0 = 0.1. Note that, besides having a well-behaved past evolution and being currently accel-

FIG. 3: Deceleration parameter as a function of log(a) for some selected values of ϵ0 and ξ. In agreement with the results shown in Figs. 1 and 2, note that for large positive values of ξ the Universe will experience a new matter-dominated era in the future, when a → ∞.

erating, the cosmic acceleration will eventually stop at some value of a >> 1 (when the dark energy becomes sub-dominant) and the Universe will experience a new matter-dominated era in the future, when a → ∞. This kind of dynamic behavior is not found in most of the dynamical Λ or coupled quintessence models discussed in the literature, being essentially a feature of the so-called thawing [15] and hybrid [16] potentials, which in turn seems to be in good agreement with some requirements of String or M theories, as discussed in Ref. [17] (see also [18])^3.

To better visualize this transient acceleration phenomenon, we derive the deceleration parameter q = −aä/ȧ^2, given by

q(a) = 3 2 Ω_{b,0}a^{−3} + Ω_{dm,0}a^{ϵ(a)−3} Ω_{b,0}a^{−3} + Ω_{dm,0}φ(a) + Ω_{X,0}

− 1, (12)

and shown in Fig. 3 as a function of log(a) for some selected values of ξ and ϵ_0. Note that for large positive values of ξ the Universe was matter-dominated in the past [q(a) → 1/2 for a << 1], switched to a long period of cosmic acceleration at a_{acc} < 1 but will eventually decelerate again at some a_{dec} > 1 (see also [19] for a discussion on quintessence and brane-world models of transient acceleration).

3 The argument presented in Ref. [17] is that an eternally accelerating universe, a rather generic feature of many quintessence scenarios (including the standard ΛCDM model), seems not to be in agreement with String/M-theory predictions, since it is endowed with a cosmological event horizon which prevents the construction of a conventional S-matrix describing particle interactions.

FIG. 4: The effective EoS w_{ef f} (a) ≡ pT (a)/ρT (a) as a function of log(a) for some selected values of ϵ0 and ξ. Depending on the combination of values for ϵ0 and ξ w_{ef f} may bahave as freezing or hybrid.

For the sake of completeness, we also show in Fig. 4 the effective equation-of-state (EoS) parameter [w_{ef f} (a) ≡ p_T (a)/ρ_T (a)]

w_{ef f} (a) = −1 +

Ω_{b,0}a^{−3} + Ω_{dm,0}a^{ϵ(a)−3} Ω_{b,0}a^{−3} + Ω_{dm,0}φ(a) + Ω_{X,0}

, (13)

as a function of log(a) for some combinations of ξ and ϵ_0. Note that, while the value of ξ determines the general behavior of w(a), the interacting parameter ϵ_0 is directly related to the duration of the accelerating phase. Note also that, although presenting many different behaviors, clearly a very interesting one is provided by values of ξ ≃ 1, in which w(a) behaves initially as freezing over all the past cosmic evolution, is approaching −1 today (in agreement with current observations), will become thawing in the near future and will behave as such over the entire future evolution of the Universe. This freezing/thawing or hybrid behavior, originally discussed in Ref. [16], is particularly interesting because, in principle, it could reconcile the slight preference of the SNe Ia and large scale structure data for freezing EoS pointed out in Refs. [20, 21, 22] (which in turn leads to an eternally accelerating Universe) with the String/M-theory requirements discussed in Ref. [17].

IV. OBSERVATIONAL ANALYSIS

From now on we will discuss more quantitatively the observational viability of the class of interacting scenarios discussed above. To this end we perform a joint analysis involving current SNe Ia, BAO, CMB and H_0 data. Since we are particularly interested in bounds on the parameters ϵ_0 and ξ we fix Ω_{b,0} = 0.0416 from WMAP results [23] (which is also in good agreement with the

FIG. 5: The results of our statistical analyses. a) Contours of χ^2 in the plane ϵ0 − ξ. These contours are drawn for Δχ^2 = 2.30 and 6.17. Note that almost the entire interval of negative values of ξ are ruled out at 2σ unless ϵ0 ≃ 0 (ΛCDM model). b) Δχ^2 as a function of the interacting parameter ϵ0. From this analysis, we find ϵ = −0.08^{+0.18+0.33}_{−0.28−0.57} at 1 and 2σ levels. c) Ω_{dm,0} − ϵ0 space for a constant interacting parameter ϵ = ϵ0. At 1σ level ϵ0 is restricted to the interval ϵ0 = −0.03 ± 0.03.

bounds on the baryonic component derived from primordial nucleosynthesis [24]) and consider the recent determination of the Hubble parameter H_0 = 74.2 ± 4.8 [25] in conjunction with the CMB constraint Ω_{dm,0}h^2 = 0.109 ± 0.006 [23].

We use one of the most recent SNe Ia compilation, the so-called Union sample compiled in Ref. [26] which includes recent large samples from SNLS [27] and ESSENCE [28] surveys, older data sets and the recently extended data set of distant supernovae observed with the Hubble Space Telescope. The total compilation amounts to 414 SNe Ia events, which was reduced to 307 data points after selection cuts.

We also use the distance ratio from z_{BAO} = 0.35 to z_{LS} = 1089, as measured by the Sloan Digital Sky Survey (SDSS), R_{BAO/LS} = 0.0979 ± 0.0036 [29]. Here this quantity is given by

R_{BAO/LS} =

[_{zBAO}

E(z_{BAO}) ]_{1/3} r^{2/3}(z_{BAO})

r(z_{LS})

, (14)

where r(z) = ∫_z 0 dz^′/E(z^′) is the comoving distance.

Note that, although dark energy does not dominate early (see Figs. 1 and 2), we do not use in our analysis either the BAO (A) or the CMB shift (R) parameters since these quantities use the approximation that the sound travel distance is ∝ 1/ √ Ω_m, which is not always true for interacting dark matter/energy models due to the process of energy transfer (dark matter creation/annihilation [30] or varying mass particles [31]) between these components (see, e.g., [10] for a discussion). Note also that the above quantity seems to be slightly more precise than the A parameter since the scatter induced by uncertainties on Ω_mh^2 cancels out in the ratio. In our analysis, therefore, we minimize the function χ^2 = χ^2_{SNe} + χ^2_{RBAO/LS} , which takes into account both the SNe Ia and BAO/CMB data discussed above (we refer the reader to Refs. [32] for more on analyses involving different data sets).

The results of our statistical analyses are displayed in Fig. 5. Figure 5a shows confidence contours at 68.3% and 95.4% in the parametric space ϵ_0 − ξ that arise from the joint analysis described above. As expected, we note that the current observational bounds on ξ are quite weak since it appears as a power of the scale factor in the energy density [Eqs. (4) and (9)]. Note also that very large values of the interaction parameter ϵ_0 are completely excluded regardless the value of ξ, and that the same is also true for almost the entire interval of negative values of ξ unless ϵ_0 ≃ 0 which, irrespective of the dimensionless parameter ξ, behaves very similarly to the standard ΛCDM model.

To better visualize the constraints on ϵ_0, in Fig. 5b we plot the plane ϵ_0 − Δχ^2. From this analysis we find ϵ_0 = −0.08^{+0.18}_{−0.28} at 1σ level (χ^2_{min}/ν = 1.02), which means that both negative and positive values for the interacting parameter are allowed. Physically, this amounts to saying that not only is an energy flow from dark energy to dark matter (ϵ_0 > 0) observationally allowed, but so is a flow from dark matter to dark energy (ϵ_0 < 0) [see Eq. (4)]. If we take in account the thermodynamical constraint derived in Ref. [8], i.e., ϵ_0 ≥ 0, we find ϵ_0 = 0.0^{+0.2}_{−0.0} at 1σ level.

For the sake of completeness, we also show in Fig. 5c the space Ω_{dm,0} − ϵ_0 for the case in which the interacting term is constant (i.e., ξ = 0) [7, 8, 9]. Although physically more realistic and producing viable cosmic histories as shown in Figs. 1 and 2, clearly the introduction of a time-dependence on ϵ(a) (quantified by the parameter ξ) weakens the constraining power of the analysis. For the case ϵ = const., the interacting parameter ϵ_0 is more tightly bounded, i.e., ϵ_0 = −0.03 ± 0.06 at 95.4% (C.L.). If we consider the constraint ϵ_0 ≥ 0 [8], we find ϵ_0 = 0.00^{+0.03+0.06}

−0.00−0.00 (68.3% and 95.4% C.L.).

V. FINAL REMARKS

We have discussed some cosmological consequences of an alternative mechanism of cosmic acceleration based on a general class of Λ-CDM interacting scenarios whose interaction term ϵ is deduced from the effect of the dark energy on the CDM expansion rate. We have gone a step further in the above description and extended the arguments of Refs. [7, 8, 9] to a more realistic case in which ϵ is a function of time [see Eq. (8)]. The resulting expressions for the model are parameterized by the dimensionless parameters ϵ_0 and ξ and have many of the previous phenomenological approaches as a particular case.

We have also investigated the dynamical behavior of these scenarios and found a number of viable cosmological solutions for a subset of the parameters ϵ_0 and ξ (Figs. 1 and 2). In particular, for large positive values of ξ (≳ 0.8) and ϵ_0 > 0 we have found solutions of transient acceleration, in which the Λ-dark matter interaction will drive the Universe to a new matter-dominated era in the future. As mentioned earlier, this kind of solution seems to be in agreement with theoretical constraints from String/M theories on the quintessence potential V (ϕ) or, equivalently, on the dark energy equation-of-state w, as discussed in Ref. [17].

From the observational point of view, we have investigated the current bounds on the parameterization (8) from recent data of SNe Ia (Union sample), the distance ratio from baryon acoustic oscillation at z_{BAO} = 0.35 and CMB decoupling at z_{LS} = 1089, and H_0 estimates. We have shown that negative and positive values for the interacting parameter ϵ_0 are observationally allowed, which means that both an energy flow from dark energy to dark matter as well as a flow from dark matter to dark energy are possible. For the parameter ξ we have also found that positive values are largely favoured over negative ones. This includes all the well-behaved cases shown in Figs. 1 and 2.

Finally, it is worth emphasizing that we have restricted the present analysis to coupled quintessence models in which w_ϕ = −1 (dynamical Λ models) whereas a full treatment of the dark matter-dark energy interaction must also take into account the role of the dark energy equation-of-state in the process. Some theoretical and observational consequences of a w-CDM interacting scenario with a time-dependent coupling term, as well as a scalar field description for this class of models will appear in a forthcoming communication [33].

Acknowledgments

FEMC acknowledges financial support from CAPES. JSA thank CNPq for the grants under which this work was carried out.

[1] V. Sahni and A. A. Starobinsky, Int. J. Mod. Phys. D 9, 373 (2000); P. J. E. Peebles and B. Ratra Rev. Mod. Phys. 75, 559 (2003); T. Padmanabhan, Phys. Rept. 380, 235 (2003); E. J. Copeland, M. Sami and S. Tsujikawa, Int. J. Mod. Phys. D15, 1753 (2006); J. S. Alcaniz, Braz. J. Phys. 36, 1109 (2006); J. A. Frieman, AIP Conf. Proc. 1057, 87 (2008). arXiv:0904.1832 [astroph.CO].

[2] S. Weinberg, Rev. Mod. Phys. 61, 1 (1989). [3] M. Özer and M. O. Taha, Phys. Lett. B 171, 363 (1986);

Nucl. Phys. B 287, 776 (1987); O. Bertolami, Nuovo Cimento Soc. Ital. Fis., B93, 36 (1986).

[4] K. Freese et al., Nucl. Phys. B287, 797 (1987). [5] W. Chen and Y-S. Wu, Phys. Rev. D 41, 695 (1990);

D. Pavón, Phys. Rev. D 43, 375 (1991); J. C. Carvalho, J. A. S. Lima and I. Waga, Phys. Rev. D 46, 2404 (1992); L. F. Bloomfield Torres and I. Waga, Mon. Not. R. Astron. Soc. 279, 712 (1996); J. M. Overduin and F. I. Cooperstock, Phys. Rev. D 58, 043506 (1998); I. L. Shapiro and J. Sola, Phys. Lett. B 475, 236 (2000); R. G. Vishwakarma, Gen. Rel. Grav. 33, 1973 (2001); J. S. Alcaniz and J. M. F. Maia, Phys. Rev. D67, 043502 (2003); H. A. Borges and S. Carneiro, Gen. Rel. Grav. 37, 1385 (2005); I. L. Shapiro, J. Sola and H. Stefancic, JCAP 0501, 012 (2005); E. Elizalde, S. Nojiri, S.D. Odintsov and P. Wang, Phys. Rev. D 71, 103504 (2005); J. Grande, J. Sola and H. Stefancic, JCAP 0608, 011

(2006); S. Carneiro et al., Phys. Rev. D 74, 023532 (2006); H. A. Borges, S. Carneiro and J. C. Fabris, Phys. Rev. D 78, 123522 (2008).

[6] C. Espana-Bonet, P. Ruiz-Lapuente, I. L. Shapiro and J. Sola, JCAP 0402, 006 (2004).

[7] P. Wang and X. Meng, Class. Quant. Grav. 22, 283 (2005).

[8] J. S. Alcaniz and J. A. S. Lima, Phys. Rev. D 72, 063516 (2005).

[9] F. E. M. Costa, J. S. Alcaniz and J. M. F. Maia, Phys.

Rev. D 77, 083516 (2008).

[10] S. Carneiro, M. A. Dantas, C. Pigozzo and J. S. Alcaniz, Phys. Rev. D 77, 083504 (2008).

[11] D. Wands, E. S. Copeland and A. Liddle, Ann. N. Y.

Acad. Sci. 688, 647 (1993); L. Amendola, Phys. Rev. D62 043511 (2000); A. Nunes and J. P. Mimoso, Phys. Lett. B 488, 423 (2000); W. Zimdahl, D. Pavón and L. Chimento, Phys. Lett. B 521, 133 (2001); L. P. Chimento, A. S. Jakubi, D. Pavón and W. Zimdahl, Phys. Rev. D 67, 083513 (2003); L. Amendola and D. Tocchini-Valentini, Phys. Rev. D 64, 043509 (2001); M. Gasperini, F. Piazza and G. Veneziano, Phys. Rev. D 65, 023508 (2002); W. Zimdahl and D. Pavón, Gen. Rel. Grav. 35, 413 (2003); W. Zimdahl, Int. J. Mod. Phys. D 14, 2319 (2005); W. Zimdahl and D. Pavón, Gen. Rel. Grav. 36, 1483 (2004); T. Koivisto, Phys. Rev. D 72, 043516 (2005); M. Szydlowski, T. Stachowiak and

R. Wojtak, Phys. Rev. D 73, 063516 (2006); J. D. Barrow and T. Clifton, Phys. Rev. D 73, 103520 (2006); Z. K. Guo, N. Ohta and S. Tsujikawa, Phys. Rev. D 76 (2007) 023508; O. Bertolami, F. Gil Pedro and M. Le Delliou, Phys. Lett. B 654, 165 (2007); C. G. Boehmer, G. Caldera-Cabral, R. Lazkoz and R. Maartens, Phys. Rev. D 78, 023505 (2008); Q. Wu, Y. Gong, A. Wang and J. S. Alcaniz, Phys. Lett. B 659, 34 (2008); M. Quartin, M. O. Calvao, S. E. Joras, R. R. R. Reis and I. Waga, JCAP 0805, 007 (2008); G. Caldera-Cabral, R. Maartens and L. A. Urena-Lopez, Phys. Rev. D 79, 063518 (2009).

[12] J. F. Jesus, R. C. Santos, J. S. Alcaniz and J. A. S. Lima, Phys. Rev. D 78, 063514 (2008).

[13] F. E. M. Costa, E. M. Barboza and J. S. Alcaniz, Phys.

Rev. D 79, 127302 (2009).

[14] C. Amsler et al., Phys. Lett. B 667, 1 (2008). [15] R. R. Caldwell and E. V. Linder, Phys. Rev. Lett. 95, 141301 (2005); V. Barger, E. Guarnaccia and D. Marfatia, Phys. Lett. B 635, 61 (2006); R. J. Scherrer, Phys. Rev. D 73, 043502 (2006); T. Chiba, Phys. Rev. D 73, 063501 (2006).

[16] J. S. Alcaniz, R. Silva, F. C. Carvalho, Zong-Hong Zhu, Class. Quantum Grav. 26, 105023 (2009).

[17] W. Fischler, A. Kashani-Poor, R. McNees, and S. Paban, JHEP 3, 0107 (2001); S. Hellerman, N. Kaloper and L. Susskind, JHEP 3, 0106, (2001); J. M. Cline, JHEP 0108, 35 (2001).

[18] E. Halyo, JHEP 0110, 025 (2001).

[19] V. Sahni and Y. Shtanov, JCAP 0311, 014 (2003);

F. C. Carvalho, J. S. Alcaniz, J. A. S. Lima and R. Silva, Phys. Rev. Lett. 97, 081301 (2006).

[20] L. M. Krauss, K. Jones-Smith and D. Huterer, New J.

Phys. 9, 141 (2007).

[21] C. Zunckel and R. Trotta, Mon. Not. Roy. Astron. Soc.

380, 865 (2007).

[22] D. Huterer and H. V. Peiris, Phys. Rev. D 75, 083503 (2007).

[23] E. Komatsu et al., Astrophys. J. Suppl. 180, 330 (2009). [24] G. Steigman, Ann. Rev. Nucl. Part. Sci, 57, 463 (2007). [25] A. G. Riess et al., Astrophys. J. 699, 539 (2009).

[26] M. Kowalski et al., Astrophys. J. 686, 749 (2008). [27] P. Astier et al., Astron. Astrophys. 447, 31 (2006). [28] W. M. Wood-Vasey et al., Astrophys. J. 666, 694 (2007). [29] D.J. Eisenstein et al., Astrophys. J. 633, 560 (2005). [30] I. Prigogine, J. Geheniau, E. Gunzig, and P. Nardone, Gen. Rel. Grav. 21, 767 (1989); M. O. Calvão, J. A. S. Lima and I. Waga, Phys. Lett. A162, 223 (1992); D. Pavon and W. Zimdahl, IJMP D3, 327 (1994); J. A. S. Lima and J. S. Alcaniz, Astron. Astrophys. 348, 1 (1999); J. A. S. Lima and J. S. Alcaniz, Astron. Astrophys. 349, 729 (1999); W. Zimdahl and A. B. Balakin, Phys. Rev. D63, 023507 (2001).

[31] J. A. Casas, J. Garcia-Bellido, and M. Quirós, Class.Quant. Grav. 9, 1371 (1992); G.W. Anderson, S. M. Carroll, astro-ph/9711288; L. Amendola, Mon. Not. R. Astron. Soc. 342, 221 (2003); M. Pietroni, Phys. Rev. D67, 103523 (2003); G. R. Farrar and P. J. E. Peebles, Astrophys. J. 604, 1 (2004); U. França and R. Roselfeld, Phys. Rev. D69, 063517 (2004).

[32] T. Padmanabhan and T. R. Choudhury, Mon. Not. Roy.

Astron. Soc. 344, 823 (2003); P. T. Silva and O. Bertolami, Astrophys. J. 599, 829 (2003); Z.-H. Zhu and M.-K. Fujimoto, Astrophys. J. 585, 52 (2003); S. Nesseris and L. Perivolaropoulos, Phys. Rev. D 70, 043531 (2004); J. S. Alcaniz, Phys. Rev. D 69, 083521 (2004); Y. Wang and M. Tegmark, Phys. Rev. Lett. 92, 241302 (2004); J. S. Alcaniz and N. Pires, Phys. Rev. D 70, 047303 (2004); R. Lazkoz, S. Nesseris and L. Perivolaropoulos, JCAP 0511, 010 (2005); A. Shafieloo, U. Alam, V. Sahni, A. A. Starobinsky, Mon. Not. Roy. Astron. Soc. 366, 1081 (2006); J. Alcaniz and H. Stefancic, Astron. Astrophys. 462, 443 (2007); E. M. Barboza and J. S. Alcaniz, Phys. Lett. B 666, 415 (2008); T. M. Davis et al., Astrophys. J. 666, 716 (2007); E. M. Barboza, J. S. Alcaniz, Z. H. Zhu and R. Silva, Phys. Rev. D80, 043521 (2009). arXiv:0905.4052 [astro-ph.CO]; A. Shafieloo, V. Sahni and A. A. Starobinsky, arXiv:0903.5141 [astro-ph.CO].

[33] F. E. M. Costa, in preparation (2009).