arXiv:1205.0868v3 [astro-ph.CO] 19 Nov 2012

New cosmic accelerating scenario without dark energy

J. A. S. Lima^{1∗}, S. Basilakos^{2†}, and F. E. M. Costa^{1‡} 1Departamento de Astronomia, Universidade de São Paulo, 55080-900, São Paulo, SP, Brazil and 2Academy of Athens, Research Center for Astronomy and Applied Mathematics, Soranou Efesiou 4, 11527, Athens, Greece (Dated: November 20, 2012)

We propose an alternative, nonsingular, cosmic scenario based on gravitationally induced particle production. The model is an attempt to evade the coincidence and cosmological constant problems of the standard model (ΛCDM) and also to connect the early and late time accelerating stages of the Universe. Our space-time emerges from a pure initial de Sitter stage thereby providing a natural solution to the horizon problem. Subsequently, due to an instability provoked by the production of massless particles, the Universe evolves smoothly to the standard radiation dominated era thereby ending the production of radiation as required by the conformal invariance. Next, the radiation becomes subdominant with the Universe entering in the cold dark matter dominated era. Finally, the negative pressure associated with the creation of cold dark matter (CCDM model) particles accelerates the expansion and drives the Universe to a final de Sitter stage. The late time cosmic expansion history of the CCDM model is exactly like in the standard ΛCDM model, however, there is no dark energy. The model evolves between two limiting (early and late time) de Sitter regimes. All the stages are also discussed in terms of a scalar field description. This complete scenario is fully determined by two extreme energy densities, or equivalently, the associated de Sitter Hubble scales connected by ρI /ρ_f = (HI /H_f )^2 ∼ 10^{122} , a result that has no correlation with the cosmological constant problem. We also study the linear growth of matter perturbations at the final accelerating stage. It is found that the CCDM growth index can be written as a function of the Λ growth index, γΛ ≃ 6/11. In this framework, we also compare the observed growth rate of clustering with that predicted by the current CCDM model. Performing a χ^2 statistical test we show that the CCDM model provides growth rates that match sufficiently well with the observed growth rate of structure.

PACS numbers: 98.80.-k, 95.36.+x, 98.80.Es

I. INTRODUCTION

The existence of a cosmological constant Λ which can be used in order to explain the recent cosmic acceleration, has brought the following major theoretical problem: within the framework of the quantum field theory the vacuum energy density is more than 120 orders of magnitude larger than the observed Λ value measured by the current cosmological data. This is the so called “old” cosmological constant problem (CCP) [1, 2]. The “new” problem [3] asks why is the vacuum density so similar to the matter density just now? Many solutions to both theoretical problems have been proposed in the literature [4–6]. An easy way to overpass the above problems is to replace the constant vacuum energy with a dark energy (DE) that evolves with time. However the nature of DE is far from being understood. Indeed a main caveat of this methodology is the fact that the majority of the DE models appeared in the literature are plagued with no physical basis and/or many free parameters.

Nevertheless, there are other possibilities to explain the present accelerating stage. In particular, the inclusion of the backreaction in the Einstein Field Equations (EFE) via an effective pressure (which is negative for an

∗E-mail: limajas@astro.iag.usp.br †E-mail: svasil@Academyofathens.gr ‡E-mail: ernandesmc@usp.br

expanding space-time) opened the way for cosmological applications. In these models, the gravitational production of radiation or cold dark matter provides a mechanism for cosmic acceleration as earlier discussed in [7–9]. As a consequence, several interesting features of cosmologies where the dark sector is reduced due to the creation of CDM matter have been discussed in the last decade [10–12, 15].

In brief, the merits of the particle creation scenario with respect to the usual DE ideology are a) the former has a strong physical basis namely nonequilibrium thermodynamics, while the latter (DE) has not and b) the particle creation mechanism unifies the dark sector (dark energy and dark matter), since a single dark component (the dark matter) needs to be introduced into the cosmic fluid and thus it contains only one free parameter. Interestingly, from the viewpoint of a statistical Bayesian analysis models which include only one free parameter should be preferred along the hierarchy of cosmological models [16]. We would like to emphasize here that the only cosmological models (to our knowledge) which satisfy the above statistical condition are:

i) the concordance ΛCDM which however suffers from the coincidence and fine tuning problems [4–6].

ii) the braneworld cosmology of [17] which however does not fit the SNIa+BAO+CMB(shift-parameter) data (see [18]).

(iii) the current particle creation model which simultaneously fits the observational data and alleviates the coincidence and fine tuning problems [12, 15].

In this paper, we are proposing a new cosmological scenario which is complete in the following sense: all the accelerating stages of the cosmic evolution are powered uniquely by the gravitational creation of massless (at the very early stage) and massive cold dark matter particles (at the late stages).

In our scenario, the Universe starts from an unstable de Sitter dominated phase (a ∝ e^{HI t}) powered by the production of massless particles, and, as such, there is no the horizon problem. Subsequently, it deflates and evolves to the standard radiation phase (a ∝ t^{1/2}) thereby ending the creation of massless particles. Due to expansion, the radiation becomes subdominant with the Universe entering in the cold dark matter (CDM) dominated era, in which the linear growth of matter fluctuations is taking place in a natural way. Finally, the negative pressure associated with the creation of cold dark matter particles accelerates the expansion and drives the Universe to a final de Sitter stage. In addition, the transition from Einstein-de Sitter (a ∝ t^{2/3}) to a de Sitter final stage (a ∝ e^{Hf t}) guarantees the consistence of the model with the supernovae type Ia data and complementary observations, including the growth rate of clustering. A transition redshift of the order of a few (exactly the same value predicted by ΛCDM) is also obtained.

The paper is structured as follows. In Sec. II, we discuss the basic ideas underlying the particle production in an expanding Universe and set up the basic equations whose solutions describe the complete evolution of our model. In Sec. III, we study the linear growth of perturbations, whereas in Sec. IV, we constrain the growth index through a statistical analysis involving the latest observational results. In Sec. V, a possible scalar field description for all stages is discussed, and, finally, in Sec. VI we summarize the basic results.

II. A COMPLETE COSMOLOGICAL SCENARIO WITH GRAVITATIONAL PARTICLE PRODUCTION

The microscopic description for gravitationally induced particle production in an expanding Universe began with Schrödinger’s [19] seminal paper, which referred to it as an alarming phenomenon. In the late 1960s, this issue was rediscussed by Parker and others [20–22] based on the Bogoliubov mode-mixing technique in the context of quantum field theory in a curved space-time described by the general relativity theory [23]. Physically, one may think that the (classical) time varying gravitational field works like a ‘pump’ supplying energy to the quantum fields.

In order to understand the basic approach, let us consider a real minimally coupled massive scalar field ϕ evolving in a flat expanding Friedman-Robertson-Walker (FRW) geometry. In units where ℏ = k_B = c = 1, the field is described by the following action

S = 1 2 ∫ √ −gd^4x [ g^{αβ}∂_αϕ∂_β ϕ − m^2ϕ^2 ] . (1)

In terms of the conformal time η (dt = a(η)dη), the metric tensor g_{μν} is conformally equivalent to the Minkowski metric η_{μν} , so that the line element is ds^2 = a^2(η)η_{μν} dx^μdx^ν , where a(η) is the cosmological scale factor. Writing the field ϕ(η, x) = a(η)^{−1}χ, one obtains from the above action

χ^{′′} − ∇^2χ + ( m^2a^2 − a^{′′} a ) χ = 0 , (2)

where the prime here denotes derivatives with respect to η. Notice that the field χ obeys the same equation of motion as a massive scalar field in Minkowski space-time, but now with a time dependent effective mass,

m^2_{ef f} (η) ≡ m^2a^2 − a^{′′} a . (3)

This time varying mass accounts for the interaction between the scalar and the gravitational fields. The energy of the field χ is not conserved (its action is explicitly time time dependent), and, more important, its quantization leads to particle creation at the expense of the classical gravitational background [20–22].

On the other hand, in the framework of general relativity theory, the scale factor of a FRW type universe dominated by radiation (a ∝ t^{1/2}) satisfies the following relation [aä + ȧ^2 = 0], or, in the conformal time, a^{′′} = 0. Therefore, for massless fields (m = 0), there is no particle production since Eq. (2) reduces to the same of a massless field in Minkowski space-time, and, as such, its quantization becomes trivial. This is the basis of Parker theorem concerning the absence of massless particle production in the early stages of the Universe. Note that Parker’s result does not forbid the production of massless particles in a very early de Sitter stage (a^{′′} ≠ 0). Potentially, we also see that massive particles can always be produced by a time varying gravitational field. As we shall see, such features are incorporated in the scenario proposed here.

In principle, for applications in cosmology, the above semiclassical results have three basic difficulties, namely:

(i) The scalar field was treated as a test field, and, therefore, the FRW background is not modified by the newly produced particles.

(ii) The particle production is an irreversible process, and, as such, it should be constrained by the second law of thermodynamics.

(iii) There is no a clear prescription of how an irreversible mechanism of quantum origin can be incorporated in the EFE.

Later on, a possible macroscopic solution for these problems was put forward by Prigogine and coworkers [7] using nonequilibrium thermodynamics for open systems, and by Calvão, Lima & Waga [8] through a covariant relativistic treatment for imperfect fluids (see also [9]). The novelty of such an approach is that particle production, at the expense of the gravitational field, is an irreversible process constrained by the usual requirements of nonequilibrium thermodynamics. This irreversible process is described by a negative pressure term in the stress tensor whose form is constrained by the second law of thermodynamics^1. This macroscopic approach has also microscopically been justified by Zimdahl and collaborators through a relativistic kinetic theoretical formulation [24]. In comparison to the standard equilibrium equations, the irreversible creation process is described by two new ingredients: a balance equation for the particle number density and a negative pressure term in the stress tensor. Such quantities are related to each other in a very definite way by the second law of thermodynamics. Since the middle of the nineties, several interesting features of cosmologies with creation of cold dark matter and radiation have been investigated by many authors [10, 25, 26, 28, 30].

In what follows, as theoretically predicted by inflation and observationally indicated the angular power spectrum of the temperature fluctuations, we consider the EFE for a homogeneous, isotropic, spatially flat universe with gravitationally induced particle production: 8πGρ = 3 ȧ^2 a^2

, (4)

8πG(p + p_c) = −2 ä a − ȧ^2 a^2

, (5)

where an overdot means time derivative, ρ and p are the dominant energy density and pressure of the cosmic fluid, respectively, and p_c is a dynamic pressure which depends on the particle production rate. Special attention has been paid to the simpler process termed “adiabatic” particle production. It means that particles and entropy are produced in the space-time, but the specific entropy (per particle), σ = S/N, remains constant [8]. In this case, the creation pressure reads [7–11]

p_c = −

(ρ + p)Γ 3H , (6)

where Γ with dimensions of (time)^{−1} is the particle production rate and H = ȧ/a is the Hubble parameter [13]. In principle, the quantity Γ should be determined from quantum field theory in curved spacetimes by taking into account that particle production is an irreversible process.

But how the evolution of a(t) affected by Γ? By assuming a dominant cosmic fluid satisfying the equation

1 The quantum approach is unable to provide the entropy burst accompanying the particle production since it is adiabatic and reversible.

of state (EoS), p = ωρ, where ω is a constant, the EFE imply that

Ḣ + 3 2 (1 + ω)H^2 ( 1 − Γ 3H ) = 0. (7)

The de Sitter solution (Ḣ = 0, Γ = 3H = constant) is now possible regardless of the EoS defining the cosmic fluid. Since the Universe is evolving, such a solution is unstable, and, as long as Γ ≪ 3H, conventional solutions without particle production are recovered. From the above equation, one may conclude that the main effect of Γ is to provoke a dynamic instability in the spacetime thereby allowing a transition from a de Sitter regime (Γ ∼ 3H) to a conventional solution, and vice versa (see subsections A and B below).

A. From an early de Sitter stage to the standard radiation phase

Let us first discuss the transition from an initial de Sitter stage to the standard radiation phase. The main theoretical constraints are:

• The model must not only solve the horizon problem but also provide a quasiclassical boundary condition to quantum cosmology (a hint on how to solve the initial singularity problem).

• Massless particles cannot be quantum-mechanically produced in the conventional radiation phase (Parker’s Theorem).

To begin with, let us assume a radiation dominated Universe (ω = 1/3, Γ ≡ Γ_r). The dynamics is determined by the ratio Γ_r/3H [see Eq. (7)]. The most natural choice would be a ratio which favors no epoch in the evolution of the Universe (Γ_r/3H = constant). However, the particle production must be strongly suppressed, Γ_r/3H ≪ 1, when the Universe enters the radiation phase. The simplest formula satisfying such a criterion is linear, namely:

Γ_r 3H = H H_I , (8)

where H_I is the inflationary expansion rate associated to the initial de Sitter (H ≤ H_I ). It is worth to notice that such particle creation rates have been previously discussed by several authors (see [7, 9, 27, 28] and references therein). It is also worth noticing that for “adiabatic” photon creation the form of the blackbody spectrum is preserved in the course of the expansion [29].

Now, inserting Eq.(8) into Eq. (7) it becomes:

Ḣ + 2H^2 ( 1 − H H_I ) = 0. (9)

The solution of the above equation can be written as

H(a) = H_I 1 + Da^2

, (10)

where D ≥ 0 is an integration constant. Note that H = H_I is a special solution of Eq. (9) describing the exponentially expanding de Sitter space-time. This solution is unstable with respect to the critical value D = 0. For D > 0, the universe starts without a singularity and evolves continuously towards a radiation stage, a ∼ t^{1/2}, when Da^2 ≫ 1. By integrating Eq. (10), we obtain the scale factor:

H_I t = ln a a_∗ + λ^2 2 ( a a_∗ )_2

, (11)

where λ^2 = Da^2_∗ is an integration constant and a_∗ defines the transition from the de Sitter stage to the beginning of the standard radiation epoch^2. At early times (a ≪ a_∗), when the logarithmic term dominates, one finds a ≃ a_∗e^{HI t}, while at late times, a ≫ a_∗, H ≪ H_I , Eq. (11) reduces to a ≃ a_∗ (_{2HI} λ^2 t )_{1/2} , and the standard radiation phase is reached.

It should be noticed that the time scale H_I^{−1} provides the greatest value of the energy density, ρ_I = 3H^2_I /8πG, characterizing the initial de Sitter stage which is supported by the maximal radiation production rate, Γ_r = 3H_I . From Eqs. (4) and (10) we obtain the radiation energy density:

ρ_r = ρ_I [ 1 + λ^2 ( a a_∗ )_2]−2 . (12)

As expected, we see again that the conventional radiation phase, ρ_r ∼ a^{−4}, is attained when a ≫ a_∗.

Now we pose the following question: how does the cosmic temperature evolve at the very early stages? For “adiabatic” production of relativistic particles the energy density scales as ρ_r ∼ T^4 [8, 9], and the above equation implies that

T = T_I [ 1 + λ^2 ( a a_∗ )_2]−1/2 , (13)

where T_I is the temperature of the initial de Sitter phase which must be uniquely determined by the scale H_I . We

2 This kind of evolution was first discussed by G. L. Murphy [31] by studying possible effects of the second viscosity in the very early Universe. Later on, it was also investigated in a more general framework involving cosmic strings by J. D. Barrow [32] who coined the expression “Deflationary Universes”. It has also been discussed in connection with decaying Λ(t)-models [33].

see that the expansion proceeds isothermally during the de Sitter phase (a ≪ a_∗) which means that the supercooling and subsequent reheating that is taking place in several inflationary variants are avoided [34, 35]. In other words, there is no ‘graceful exit’ problem.

After the de Sitter stage, the temperature decreases continuously in the course of the expansion. For a ≫ a_∗ (H ≪ H_I ), we obtain T ∼ a^{−1}. Accordingly, the comoving number of photons becomes constant since n ∝ a^{−3}, as expected for the standard radiation stage.^3 In this context, we also need to answer to the following question: what about the initial temperature T_I ? Since the model starts as a de Sitter space-time, the most natural choice is to define T_I as the Gibbons-Hawking temperature [36] of its event horizon, T_I = H_I /2π. Naively, one may expect T_I of the same order or smaller than the Planck temperature because of the classical description. From EFE we have ρ_I = 3m_{P l}^2H_I^2/8π (where m_{P l} ≃ 1.22 × 10^{19}GeV ), and since the energy density is ρ_I = N_∗(T )T^4_I , one finds T_I ∼ H_I ∼ 10^{19}GeV (where N_∗(T ) = π^2g_∗(T )/30 depends on the number of effectively massless particles).

Naturally, due to the initial de Sitter phase, the model is free of particle horizons. A light pulse beginning at t = −∞ will have traveled by the cosmic time t a physical distance, d_H (t) = a(t) ∫_t −∞ dt̃ a(t̃) , which diverges thereby

implying the absence of particle horizons. The latter feature means that the local interactions may homogenize the whole Universe.

Since photons are not produced in the radiation phase, the Big-Bang Nucleosynthesis (BBN) may work in the conventional way [37]. Subsequently, the Universe enters the cold dark matter [Einstein-de Sitter, a(t) ∝ t^{2/3}] dominated phase. Finally, we have also verified that a large class of Γ_r is capable to overcome the “graceful exit” and fine tuning problem. Indeed we have found that the correct transition from an early de Sitter to the radiation phase is valid even for Γ_r ∝ H^n with n ≥ 2 (work in progress). The details are of course different depending on the power n, but the qualitative fact of the transition is universal, and to our opinion this is very good news because it shows that it can be a clue for a general graceful exit mechanism.

B. From Einstein-de Sitter to a late time de Sitter stage

Due to the conservation of baryon number the remaining question is the production rate of cold dark matter particles and the overall late time evolution. In other words, what is the form of Γ_{dm}? For simplicity, we consider here only the dominant CDM component.

3 Since n_r ∝ T^3, the average photon concentration reads n_r = n_I [ 1 + λ^2(a/a_∗ )^2 ]_{−3/2} .

In principle, Γ_{dm} should be determined from quantum field theory in curved spacetimes. In the absence of a rigorous treatment, we consider (phenomenologically) the following fact [38–40]:

FIG. 1: Overall evolution of the scale factor predicted by the matter creation model (solid line) and the traditional ΛCDM cosmology (open points). In this plot we have adopted the best fit, Ω̃m = 0.273, from WMAP7 [40].

• All available observations are in accordance with the ΛCDM evolution both at the background and perturbative levels.

Now, we recall that a flat ΛCDM model evolves like:

Ḣ + 3 2 H^2 [ 1 − ( H_f H )_2] = 0, (14)

where H_f^2 = Λ/3 sets the Hubble scale of the final de Sitter stage (H ≥ H_f ). Such behavior should be compared to that predicted for a dust filled model (ω = 0, Γ ≡ Γ_{dm}) with particle production [see Eq. (7)]:

Ḣ + 3 2 H^2 ( 1 − Γ_{dm} 3H ) = 0. (15)

By comparing Eqs. (14) and (15), we see that the same background evolution requires that Γ_{dm}/3H = (H_f /H)^2. Thus, in the background solution, the particle creation rate does not depend on a given scale but rather it is considered homogeneous. The limiting value of the creation rate, Γ_{dm} = 3H_f , leads to a late time de Sitter phase (Ḣ = 0, H = H_f ) thereby showing that the de Sitter solution now becomes an attractor at late times. With this proviso, the solution of Eq. (15) reads:

H^2 = H_0^2E(z)^2 = H_0^2 [ Ω̃_m(1 + z)^3 + Ω̃_Λ ] , (16)

where Ω̃_Λ ≡ (H_f /H_0)^2 = 1 − Ω̃_m is smaller than unity and 1 + z = a^{−1}. Such solution mimics the Hubble function H(z) of the traditional flat Λ-cosmology, with Ω̃_Λ playing the dynamical role of Ω_Λ (dark energy appearing in the concordance model)^4. The dark matter parameter (Ω_{dm} = 1) is also replaced by an effective parameter, (Ω_{dm})_{ef f} ≡ 1 − Ω̃_Λ, which quantifies the amount of matter that is clustering. This explains why this model is in agreement with the dynamical determinations related to the amount of the cold dark matter at the cluster scale, and, simultaneously, may also be compatible with the position of the first acoustic peak in the pattern of CMB anisotropies which requires Ω_{total} = 1.

By integrating Eq. (16) we obtain

a(t) = ( Ω̃_m Ω̃_Λ )_{1/3} sinh^{23} ( 3H_0 √ Ω̃_Λ 2 t ) . (17)

Note that the late time dynamics is determined by a single parameter, namely: Ω̃_Λ = 1 − Ω̃_m, and is identical to that predicted by the flat ΛCDM model. Using the current, a joint statistical analysis, involving the latest observational data (SNIa [41], BAO [42] and CMB shift parameter [40]) is implemented. We find that the overall likelihood function peaks at Ω̃_m = 0.274 ± 0.011 with χ^2_{tot}(Ω̃_m) ≃ 543.18 for 557 degrees of freedom. Since the current statistical results are in excellent agreement with those provided by WMAP7 [40], for the rest of the paper we will restrict our present analysis to the choice (Ω̃_m, σ_{8,0}) = (0.273, 0.811), where σ_{8,0} is the rms mass fluctuations on scales of 8h^{−1} Mpc at redshift z = 0.

In Figure 1, we show the overall evolution (radiation, matter and dark energy dominated eras) of our complete cosmological scenario which coincides exactly with the one recently discussed in Refs. [12, 15] following a slightly different approach. Note also that by replacing the value of Γ_{dm} into the definition of the creation pressure [see Eq. (6)] one obtains that it is negative and constant (p_c = −3H^2_f /8πG = −3Ω̃_ΛH^2_0 /8πG).

III. THE EVOLUTION OF THE LINEAR GROWTH FACTOR

In this section, we briefly discuss the basic equation which governs the behavior of the linear matter pertur-

4 Observationally there is no reason to distinguish between Ω̃_Λ which appears in Eq. (16) and that of the cosmological constant term parametrized by Ω_Λ.

bations δ_m ≡ δρ_m/ρ_m on subhorizon scales in the CCDM model, assuming that the particle creation rate remains homogeneous and only the corresponding effective dark matter forms structures. The reason for introducing the growth analysis here is to give the reader the opportunity to appreciate also at the perturbative level, the relative strength and similarities of the CCDM and ΛCDM models used to constrain the growth index. As discussed by Jesus et al. [43] based on the Neo-Newtonian approach [44], the evolution equation of the matter fluctuations of a CCDM cosmology reads:

d^2δ_m dη^2 + F (η) dδ_m dη + G(η)δ_m = 0, (18)

whose solution is δ_m(η) ∝ D(η), with D(η) denoting the linear growing mode (usually scaled to unity at the present time). The functions appearing in (18) are defined by:

F (η) =

Ω̃_m(1 + 6c_p) + 2Ω̃_Λe3η(8 + 3c_p) 2(Ω̃_m + Ω̃_Λe^{3η})

, (19)

G(η) = 9Ω̃^2_m 2(Ω̃_m + Ω̃_Λe^{3η} )^2 + 15Ω̃_Λe^{3η}(1 + c_p) − 3Ω̃_m(2 + c_p) Ω̃_m + Ω̃_Λe3η , (20)

where η = lna(t) and Ω̃_m = 1 − Ω̃_Λ. The quantity c_p can be viewed as the “effective adiabatic” sound speed c_p ≡ c^2_{ef f,ad} = δp_c δρ_m , (21)

where δp_c is the perturbation of creation pressure. Obviously using the above equation and Eq.(6) we find that the corresponding “effective adiabatic” sound speed must be negative c_p = c^2_{ef f,ad} < 0. Note that the latter restriction is valid also for the interacting dark energy models (see [45])^5. We would like to stress that for simplicity we are using a constant c_p (for more discussions see [43]). In this context, the functions F (η) and G(η) defined above can be written in terms of Ω_m(η) as

F (Ω_m) =

1 + c_p + 15(1 − Ω_m) 2 , (22)

5 Based on a scalar field description (in our case see section V) one can show that the sound speed c^2_{sϕ} = δp_ϕ/δρ_ϕ is exactly unity. Indeed using similar arguments to those of [45] we also prove that δρ_ϕ = δ(^{ϕ̇2}_2 + V ) = ϕ̇δϕ̇ = δ(^{ϕ̇2}_2 − V ) = δp_ϕ which implies c^2_{sϕ} = 1. Valiviita et al. [45] proposed that in order to avoid instabilities in the dark energy we have to have c^2_{sϕ} = 1 and c^2_{ef f,ad} < 0. Obviously both conditions are full-filled here.

and G(Ω_m) = 9 2 Ω^2_m +15(1+c_p)(1−Ω_m)−3(2+c_p)Ω_m , (23)

where the definition

Ω_m(η) = 1 − Ω_Λ(η) =

Ω̃_m Ω̃_m + Ω̃_Λe3η , (24)

has been adopted. At this point, we remind the reader that solving Eq.(18) for the ΛCDM cosmology^6, we derive the well-known perturbation growth factor (see [46]):

D_Λ(z) =

5Ω̃_mE(z) 2 ∫_{+∞} z (1 + u)du E^3(u)

. (25)

Obviously, for E(z) ≃ Ω̃^{1/2}_m (1+z)^{3/2} it gives the standard result D(z) ≃ a = e^η = (1 + z)^{−1}, which corresponds to the matter dominated epoch, as expected.

Now, for any type of DE, an efficient parametrization of the matter perturbations is based on the growth rate of clustering originally introduced by Peebles [46]. This is f(η) = d ln δ_m dη ≃ Ω^γ_m(η), (26)

which implies

D(a) = exp [∫_a 1 Ω^γ_m(x) x dx ] , (27)

where γ is the so called growth index (see Refs. [47– 52]) which plays a key role in cosmological studies, especially in the light of recent large redshift surveys (like the WiggleZ and SDSS (DR9); see [53–55] and references therein). As an example, it was theoretically shown that for DE models which adhere to general relativity the growth index γ is well approximated in terms of the equation of state parameter γ_{DE} ≃^{3(w−1)}_{6w−5} (see [47, 48, 51, 52]), which boils down to γ_Λ ≈ 6/11 for the ΛCDM cosmology w(z) = −1. Notice, that in the case of the braneworld model of Dvali, Gabadadze & Porrati [56] we have γ_{DGP} ≈ 11/16 (see also [51, 57]), while for the f(R) gravity models we have γ_R ≃ 0.41 − 0.43 [58] at the present time.

Differentiating Eq. (26) with respect to η we have df dη + f^2 = 1 δ_m d^2δ_m dη^2 . (28)

Using Eqs. (18), (26) and (28), we find after some algebra df dΩ_m dΩ_m dη + f^2 + F (η)f + G(η) = 0 , (29)

6 For the usual ΛCDM cosmological model we have^{df}_{dΩm}^{dΩm}_{dη} + f^2 + X(η)f + G(η) = 0 where X(η) =^1_2 +^3_2 [1 − Ω_m(η)] and G(η) = −^3_2 Ω_m(η).

TABLE I: Summary of the observed growth rate and references.

Index z growth rate (A_{obs}) Refs. Symbols (in Fig. 3)

1 0.17 0.510 ± 0.060 [59, 60] open circles 2 0.35 0.440 ± 0.050 [59, 61] open circles 3 0.77 0.490 ± 0.180 [59, 62] open circles 4 0.25 0.351 ± 0.058 [53] open triangles 5 0.37 0.460 ± 0.038 [53] open triangles 6 0.22 0.420 ± 0.070 [54] solid circles 7 0.41 0.450 ± 0.040 [54] solid circles 8 0.60 0.430 ± 0.040 [54] solid circles 9 0.78 0.380 ± 0.040 [54] solid circles 10 0.57 0.427 ± 0.066 [55] solid square

where dΩ_m dη = −3Ω_m(η) [1 − Ω_m(η)] . (30)

Inserting the ansatz f ≃ Ω^{γ(Ωm)}_m into Eq. (29), using simultaneously Eqs. (22), (23), (24) and performing a first order Taylor expansion around Ω_m = 1 (for a similar analysis see [51, 52]) we find that the asymptotic value of the growth index to the lowest order is γ ≃ 3(13 + 12c_p) 11 + 6c_p = γ_Λ(13 + 12c_p) 2(1 + γ_Λc_p)

. (31)

Inverting the above equation we have c_p ≃ 13γ_Λ − 2γ 2γ_Λ(γ − 6)

. (32)

We have checked for various values of c_p and Ω̃_m, that using Eq. (31) in Eq. (27) the latter provides an excellent approximation to the numerically obtained form of D(η) appears in Eq. (18). Indeed the difference between the two approaches is less than 0.1−0.2%. Finally, from the above analysis it becomes clear that the possible difference between the CCDM and ΛCDM predictions is quantified only at the perturbative level, via the value of γ, because the two cosmological models share the same Hubble parameter as well as the same number of free parameters, namely the dimensionless matter density at the present epoch Ω̃_m and the growth index. In the case of γ ≡ γ_Λ ≃ 6/11 we find c^⋆_p ≃ −1.008. Hence expanding Eq. (31) around c^⋆_p we can write γ ≈ 6 11 + γ_c⋆_p (c_p − c^⋆_p) , (33)

where

γ_c⋆_p = dγ dc_p (c^⋆_p) = 162 (11 + 6c^⋆_p)^2

. (34)

FIG. 2: Left Panel: The variance Δχ^2 = χ^2 − χ^2_{min} around the best fit γ value for the CCDM cosmology. Note that the cross corresponds to (γΛ, Δχ^2_{1σ} ) = (^6_{11} , 1). Right Panel: The Δχ^2 versus cp. The corresponding cross is (cp, Δχ^2_{1σ} ) = (−1.008, 1).

IV. FITTING THE CCDM GROWTH INDEX TO THE DATA

In the following we briefly present some details of the statistical method and on the observational sample that we adopt in order to constrain either the growth index or the “effective adiabatic” sound speed, presented in the previous section.

A. The growth data

The growth data that we will use in this work based on 2dF, VVDS, SDSS and WiggleZ galaxy surveys, for which their combination parameter of the growth rate of structure, f(z), and the redshift-dependent rms fluctuations of the linear density field, σ_8(z), is available as a function of redshift, f(z)σ_8(z). The fσ_8 ≡ A estimator is almost a model-independent way of expressing the observed growth history of the universe [59]. In particular the data used are based on

• The 2dF (Percival et al. [60]), SDSS-LRG

(Tegmark et al. [61]) and VVDS (Guzzo et al. [62]) based growth results as collected by Song & Percival [59]. This sample contains 3 entries.

• The SDSS (DR7) results (2 entries) of Samushia et al. [53] based on spectroscopic data of ∼106000 Luminous Red Galaxies (LRGs) in the redshift bin 0.16 < z < 0.44.

• The WiggleZ results of Blake et al. [54] based on spectroscopic data of ∼152000 galaxies in the redshift bin 0.1 < z < 0.9. This dataset contains 4 entries.

• The SDSS (DR9) results of Reid et al. [55] based on spectroscopic data of ∼264000 galaxies in the redshift bin 0.43 < z < 0.70. This dataset includes 1 entry.

In Table I we list the precise numerical values of the data points with the corresponding errors bars.

B. Observational constraints

In order to constrain the CCDM growth index (or c_p) we perform a standard χ^2 minimization procedure between the growth data measurements (see previous section), A_{obs} = f_{obs}(z)σ_{8,obs}(z), with the growth values predicted by the CCDM model at the corresponding redshifts, A(p, z) = f(p, z)σ_8(p, z) with σ_8(p, z) = σ_{8,0}D(p, z). The vector p contains the free parameters of the cosmological model. In particular, the essential free parameters entering in the theoretical

FIG. 3: Comparison of the observed and theoretical evolution (see solid line) of the growth rate of clustering A(z) = f(z)σ8(z). The thin-line error bars correspond to 1σ γ uncertainties. The different growth data sets are represented by different symbols (see Table I for definitions).

expectation are: p ≡ (γ, Ω̃_m). The χ^2 function is defined as: χ^2(z_i|p) = N∑ i=1 [ A_{obs}(z_i) − A(p, z_i) σ_i ]_2 , (35) where σ_i is the observed growth rate uncertainty. Note that we sample γ ∈ [0.1, 1.3] in steps of 0.001.

In the left panel of Fig. 2 we show the variation of Δχ^2 = χ^2 − χ^2_{min} around the best γ fit value for the CCDM cosmology. We find that the likelihood function peaks at γ = 0.60 ± 0.072 (or c_p = −1 ± 0.011; see the right panel of Fig. 2) with χ^2_{min} ≃ 7.75 for 8 degrees of freedom. Notice, that for the physically acceptance range 0.22 ≤ Ω̃_m ≤ 0.32, we obtain either 0.50 ≤ γ ≤ 0.70 or −1.016 ≤ c_p ≤ −0.983 with χ^2_{min}/8 ∈ [0.90, 1.03]. Hence the effective sound speed varies very little in function of Ω̃_m. Alternatively, considering the ΛCDM theoretical value of γ (≡ 6/11) and minimizing with respect to Ω_{m0} we find Ω̃_m = 0.243 ± 0.034 (see also [52]) with χ^2_{min}/dof ≃ 7.37/8. Our best-fit γ value is in agreement within 1σ (Δχ^2_{1σ} ≃ 1) uncertainty with the theoretically predicted value of γ_Λ ≃ 6/11 (see the cross in Fig. 2). Finally, in Fig. 3, we plot the measured A_{obs}(z) with the estimated growth rate function, A(z) = f(z)σ_8(z) (see solid line).

We would like to finish this section with the following observation: if the particles are created proportional to the DM density (see, for instance [9, 27, 28]) then at each point the growth of matter density perturbations will speed up with respect to an homogeneous particle creation rate, changing the growth factor and thus it could potentially affect the observational constraints. However, in our case we do not face such a problem because the corresponding particle creation rate term (Γ_{dm}3H = (H_f /H)^2) in the matter dominated era becomes Γ_{dm}/3H ∝ 1/ρ. Notice that in order to obtain the latter relation we use Eq.(4).

V. SCALAR FIELD DESCRIPTION

Matter creation models constitute a possible way to explain the cosmic acceleration without the introduction of a dark energy component. However, it is sometimes desirable to represent the cosmic evolution in a field theoretical language, i.e., in terms of the dynamics of an ordinary scalar field (ϕ). In a point of fact, all the dynamical stages discussed here can be described through a simple scalar field model (for a similar analysis see [28]).

To begin with, let us replace ρ and p_{tot} = p+p_c in Eqs. (4) and (5) by corresponding scalar field expressions ρ → ρ_ϕ = ϕ̇2 2 + V (ϕ), p_{tot} → p_ϕ = ϕ̇2 2 − V (ϕ) . (36)

Inserting the latter into the Friedmann’s equations we can separate the scalar field contributions and express them in terms of H and Ḣ, i.e.,

ϕ̇^2 = − 1 4πG Ḣ , (37)

V = 3H^2 8πG ( 1 + Ḣ 3H^2 ) = 3H^2 8πG ( 1 + aH^′ 3H ) , (38) where Ḣ = aHH^′ and prime here denotes derivative with respect to the scale factor. Now, considering that dt = da/aH, Eq. (37) can be integrated to give

ϕ = ∫ ( − Ḣ 4πG )_{1/2} dt = 1 √ 4πG ∫ ( − H^′ aH )_{1/2} da . (39)

A. Early de Sitter - radiation: Deflationary stage

In this case the Hubble function is given by Eq. (10). Obviously we can integrate Eq. (39), in the interval [0, a] to obtain ϕ(a) = 1 √ 2πG sinh^{−1} (√ Da ) , = 1 √ 2πG ln (√ Da + √ Da^2 + 1 ) . (40)

Note that at the time of inflation (a = a_∗) the corresponding scalar field is

ϕ_∗ = 1 √ 2πG ln ( λ + √ λ^2 + 1 ) . (41)

Also after some simple algrebra, the potential energy becomes

V (a) =

H^2_I 8πG 3 + Da^2 (1 + Da^2)^2

, (42) or V (ϕ) =

H^2_I 8πG 3 + sinh^2( √ 2πG ϕ) [1 + sinh^2( √ 2πG ϕ)]^2

. (43)

In the context of slow-roll approximation, one can prove that the density fluctuations are of the form δ_H ∼ H^2/ϕ̇^2 ∼ 10^{−5} (see Peacock, Cosmological Physics 1999). Using Eqs. (10) and (37) the function H^2/ϕ̇^2 becomes

H^2 ϕ̇2 = −4πG H^2 Ḣ = −4πG H aH^′ = 2πG (1 + Da^2) Da^2 . (44)

At the epoch of inflation (a = a_∗) we get

H^2 ϕ̇2 (a^∗) = 2πG

(1 + λ^2)

λ^2

. (45)

Inserting the latter into the density fluctuation constrain we obtain 1 λ^2 ∼ δ_H 2πG − 1 ∼ δ_H 2π l^2_{pl} , (46) or λ ∼ √ 2π δ_H l_{pl} , (47)

where l_{pl} ≃ √ G is the Planck length in units ℏ = c ≡ 1.

B. Accelerating dark matter stage

In this case the late evolution of the Hubble function is given by Eq. (16). Now, inserting Eq. (16) as well as its derivative (H^′ ) into Eq. (39) and integrating we obtain:

ϕ(a) = A ln √ 1 − Ω̃_Λ + Ω̃_Λa^3 − √ 1 − Ω̃_Λ √ 1 − Ω̃_Λ + Ω̃_Λa^3 + √ 1 − Ω̃_Λ , (48)

where A = 1/ √ 24πG(1 − Ω̃_Λ). From Eqs. (16) and (38) it is possible to show that

V (a) =

H^2_0 8πG [ Ω̃_Λ − 1 + 2

Ω̃_Λ 2 a^{−3} ] . (49)

Finally, combining Eqs. (48) and (49) we find

V (ϕ) = B + C cosh(ωϕ) , (50)

where B = H^2_0 (5Ω̃_Λ + Ω̃^2_Λ)/32πG(1 − Ω̃_Λ), C = −H^2_0 (1 +

2Ω̃_Λ)Ω̃_Λ/32πG(1 − Ω̃_Λ) and ω = √ 24πG(1 − Ω̃_Λ).

VI. FINAL REMARKS

A new cosmology based on the production of massless particles (in the early de Sitter phase) and CDM particles (in the transition to a late time de Sitter stage) has been discussed. The same mechanism avoids the initial singularity, particle horizon and the late time coincidence problem of the ΛCDM model has been phenomenologically eliminated (Λ ≡ 0) because there is no dark energy in our accelerating scenario. In particular, this means that the dark energy component may be only a “mirage” (an effective description), since it can be mimicked (globally and locally) by the gravitationally induced particle production mechanism acting in the evolving Universe.

In this scenario, the standard cosmic phases - a radiation era followed by an Einstein-de Sitter evolution driven by nonrelativistic matter until redshifts of the order of a few - are not modified. However, the model has two extreme accelerating phases (very early and late time de Sitter phases) powered by the same mechanism (particle creation). Therefore, it sheds some light on a possible connection among the different accelerating stages of the universe. In particular our model, since H^2_f = Ω̃_ΛH^2_0 , where Ω̃_Λ ∼ 0.7 and H_0 ≃ 1.5 × 10^{−42}GeV , it sets the ratio of the primeval and late time de Sitter scales to be ρ_I /ρ_f = (H_I /H_f )^2 ∼ 10^{122}. This large number is ultimately obtained through a combination of thermodynamics and quantum field theory in curved spacetimes in virtue to the association of the Hawking-Gibbons temperature (T = H/2π) to the early de Sitter phase. Due to the maximal radiation production rate, Γ_{r,max} = 3H_I , the model deflates from an unstable de Sitter with initial expansion rate (H = H_I ). It is exactly this Gibbons- Hawking connection (and the present value of H_0) that lead for the given number under the proviso that the Universe starts with the Planck temperature. In principle, such a result in the present context has no correlation with the so-called cosmological constant problem (in this connection see [33]). In a forthcoming communication, it will be shown that the above ratio is preserved even if the initial de Sitter phase is powered by a production rate term proportional to H^n, n ≥ 2.

As it appears, the cosmic history discussed here is semiclassically complete. However, there is no guarantee that the initial de Sitter configuration is not only the boundary condition of a true quantum gravitational effect. In other words, the very early de Sitter phase may be the result of a quantum fluctuation which is further semi-classically supported by the creation of massless particles (in this connection see [63] and Refs. therein).

Naturally, the existence of an early isothermal de Sitter phase suggests that thermal fluctuations (within the de Sitter event horizon) may be the causal origin of the primeval seeds that will form the galaxies. Such a possibility and its consequences for the structure formation problem deserves a closer investigation and is clearly out of the scope of the present paper.

We stress that our model provides a natural solution to the horizon problem and finally it connects smoothly the radiation and the matter dominated eras, respectively. At late times it also mimics perfectly the cosmic expansion history of the concordance ΛCDM model. In this context, we discuss the behavior of the linear matter perturbations δ_m on subhorizon scales for the CCDM model and the main results are shown in Figs. 2 and 3.

For completeness, we have also represented the evolution of our model in terms of the dynamics of an ordinary scalar field (ϕ) and derived analytically the scalar field potential for two regimes: (i) when the Universe evolves from an early de Sitter to a Radiation phase and (ii) when it goes to the CDM phase to a late time de Sitter stage.

At present, we also know that a more complete version of the late time evolution must be filled with CDM (∼ 96%) and baryons (∼ 4%), and, unlike Λ cosmology, the baryon to dark matter ratio is a redshift function [12, 15]. In particular, this means that studies involving the gas mass fraction may provide a crucial test of our scenario, potentially, modifying our present view of the dark sector. Some investigations along the above discussed lines are in progress and will be published elsewhere.

Acknowledgments: The authors are grateful to G. Steigman, A. C. C. Guimarães, J. F. Jesus and F. O. Oliveira for helpful discussions. JASL is partially supported by CNPq and FAPESP under grants 304792/2003-9 and 04/13668-0, respectively. SB wishes to thank the Dept. ECM of the University of Barcelona for their hospitality, and the financial support from the Spanish Ministry of Education, within the program of Estancias de Profesores e Investigadores Extranjeros en Centros Espanoles (SAB2010-0118). And FEMC is supported by FAPESP under grants 2011/13018-0.

[1] S. Weinberg, Rev. Mod. Phys., 61, 1 (1989); A. Zee, in High Energy Physics, Proceedings of the 20th Annual Orbis Scientiae, Edited by B. Korsunoglu and S. L. Mintz, and A. Perlmutter (Plenum, New York 1985); V. Sahni and A. A. Starobinsky, Int. J. Mod. Phys. D. 9, 373 (2000).

[2] M. Özer and M. O. Taha, Phys. Lett. B 171, 363 (1986);

Nucl. Phys. B 287, 776 (1987); 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); I. Waga, 1993, Astrophys. J. 414, 436; J. M. Overduin and F. I. Cooperstock, Phys. Rev. D 58, 043506 (1998); S. Carneiro and J. A. S. Lima, Int. J. Mod. Phys. A 20, 2465 (2005), gr-qc/0405141; I. L. Shapiro, J. Sola and H. Stefancic, JCAP 0501, 012 (2005); H. A. Borges, S. Carneiro and J. C. Fabris, Phys. Rev. D 78, 123522 (2008); S. Basilakos, M. Plionis, and Joan Sola, Phys. Rev. D 82, 083512 (2010); F. E. M. Costa, J. A. S. Lima and F. A. Oliveira, arXiv:1204.1864 [astro-ph.CO] (2012).

[3] T. Padmanabhan, Phys. Rep. 380, 235 (2003); J. A. S.

Lima, Braz. J. Phys. 34, 194 (2004), [astro-ph/0402109]; J. A. Frieman, M. S. Turner and D. Huterer, Ann. Rev. Astron. & Astrophys. 46, 385 (2008).

[4] I. Zlatev, L. Wang, and P. J. Steinhardt, Phys. Rev. Lett.

82, 896 (1999); L. P. Chimento, A. S. Jakubi, D. Pavon, and W. Zimdahl, Phys. Rev. D 67, 083513 (2003); S.

Nojiri and S. D. Odintsov, Phys. Lett. B 637, 139 (2006); M. Quartin, M. O. Calvão, S. E. Joras, R. R. R. Reis, and I. Waga, JCAP 05, 007 (2008).

[5] S. del Campo, R. Herrera, and D. Pavon, Phys. Rev.

D78, 021302 (2008); E. Abdalla, L. R. Abramo, and J. C. C. de Souza, Phys. Rev. D 82, 023508 (2010); S. Z. W. Lip, Phys. Rev. D 83, 023528 (2011).

[6] P. J. Steinhardt, in: Critical Problems in Physics, edited by V. L. Fitch, D. R. Marlow and M. A. E. Dementi (Princeton Univ. Pr., Princeton, 1997); P. J. Steinhardt, Phil. Trans. Roy. Soc. Lond. A361, 2497, (2003).

[7] I. Prigogine et al., Gen. Rel. Grav. 21, 767 (1989) [8] M. O. Calvão, J. A. S. Lima, I. Waga, Phys. Lett.

A 162, 223 (1992). See also, J. A. S. Lima, M. O. Calvão, I. Waga, “Cosmology, Thermodynamics and Matter Creation”, Frontier Physics, Essays in Honor of Jayme Tiomno, World Scientific, Singapore (1990), [arXiv:0708.3397].

[9] J. A. S. Lima and A. S. M. Germano, Phys. Lett. A 170, 373 (1992).

[10] J. A. S. Lima, A. S. M. Germano and L. R. W.

Abramo, Phys. Rev. D 53, 4287 (1996), gr-qc/9511006; L. R. W. Abramo and J. A. S. Lima, Class. Quantum Grav. 13, 2953 (1996), gr-qc/9606064; J. A. S. Lima and J. S. Alcaniz, Astron. Astrophys. 348 1 (1999), arXiv:astro-ph/9902337; W. Zimdahl, D. J. Schwarz, A. B. Balakin, and D. Pavón, Phys. Rev. D 64, 063501

(2001); M. P. Freaza, R. S. de Souza, and I. Waga, Phys. Rev. D 66, 103502 (2002); S. Basilakos and M. Plionis, Astron. & Astrophys. 507, 47 (2009).

[11] J. A. S. Lima, F. E. Silva and R. C. Santos, Class. Quant.

Grav. 25, 205006 (2008); G. Steigman, R. C. Santos and J. A. S. Lima, JCAP 06, 033 (2009), arXiv:0812.3912 [astro-ph].

[12] J. A. S. Lima, J. F. Jesus and F. A. Oliveira, JCAP 11, 027 (2010), arXiv:0911.5727 [astro-ph.CO].

[13] It should be noticed that the expression (6) for the creation pressure (pc) was obtained in the framework of the so-called first-order nonequilibrium relativistic thermodynamics. Several authors have formulated relativistic second-order theories which circumvent some theoretical difficulties of the first order-approach (see, for instance [14, 28]). If one consider this extended approach, the expression for the creation pressure is modified.

[14] W. Israel, Ann. Phys. NY 100, 310 (1976); J. A.

S. Lima, R. Portugal and I. Waga, Phys. Rev. D 37, 2755 (1988); D. Jou, J. Casas-Vazques and G. Lebon, Rep. Prog. Phys. 51, 1105 (1989); O. F. Piattella, J. C. Fabris and W. Zimdahl, JCAP, 05, 029 (2011).

[15] S. Basilakos and J. A. S. Lima, Phys. Rev. D 82, 023504 (2010), [arXiv:1003.5754].

[16] A. C. C. Guimarães, J. V. Cunha and J. A. S. Lima, JCAP 10, 010, (2009) A. C. C. Guimarães and J. A. S. Lima, Class. Quant. Grav. 28, 125026, (2011), arXiv:1005.2986 [astro-ph.CO].

[17] C. Deffayet, G. Dvali, and G. Cabadadze, Phys. Rev. D., 65, 044023 (2002) [18] S. Basilakos, M. Plionis, J A. S. Lima, Phys. Rev. D., 82, 083517 (2010); S. Basilakos, M. Plionis, M. E. S. Alves and J A. S. Lima, Phys. Rev. D., 83, 103506 (2011).

[19] E. Schrödinger, Physica 6, 899 (1939).

[20] L. Parker, Phys. Rev. Lett. 21, 562 (1968); ibdem, Phys.

Rev. 183, 1057 (1969).

[21] N. D. Birrell & P. C. Davies, Quantum Fields in Curved Space, CUP, Cambridge (1982); A. A. Grib, S. G. Mamayev and V. M. Mostepanenko,Vaccum Quantum Effects in Strong Fields, Friedmann Laboratory Publishing, St. Petersburg (1994).

[22] V. F. Mukhanov and S. Winitzki, Introduction to Quantum Effects in Gravity, Cambridge University Press, Cambridge, (2007).

[23] For particle production in the context of modified gravity theories see: S. H. Pereira, C. H. G. Bessa and J. A. S. Lima, Phys. Lett. B 690, 103, (2010), arXiv:0911.0622 [astro-ph.CO]; M. J. S. Houndjo, A. V. Monwanou and J. B. C. Orou, IJMP D 20, 2449 (2011); S. H. Pereira, J. C. Z. Aguilar and E. C. Romão, arXiv:1108.3346v2 [gr-qc].

[24] W. Zimdahl and D. Pavón, Gen. Relativ. Grav., 12, 1259 (1994); W. Zimdahl, J. Triginer and D. Pavón Phys. Rev. D., 54, 6101 (1996).

[25] W. Zimdahl and D. Pavón, Phys. Lett. A 176, 57 (1993);

R. A. Susmann, Class. Q. Grav. 11, 1445 (1994); J. Gariel and G. Le Denmat, Phys. Lett. A 200 11 (1995); J. Gariel, M. Cissoko, Class. Quant. Grav. 13, 2977 (1996).

[26] V. B. Johri and S. K. Pandey, Int. J. Theor. Phys. 38, 1981 (1999); T. Harko and M. K. Mak, Astrophys. Space Sci. 253, 161 (1997); K. Desinkhan, Gen. Rel. Grav.

29, 435 (1997); Class. Quant. Grav. 16, 2741 (1999); M. K. Mak and T. Harko, Class. Quant. Grav. 16, 4085 (1999); ibdem, IJMP D 8 607 (1999); J. A. S. Lima and U. F. Wichoski, Phys. Lett. A 262, 103 (1999), astro-ph/9708215; J. A. S. Lima, A. I. Silva and S. M. Viegas, Mon. Not. R. Astron. Soc. 312, 747 (2000), astro-ph/9902337.

[27] J. A. S. Lima and L. R. W. Abramo, Phys. Lett A, 257, 123 (1999), gr-qc/9606067 [gr-qc].

[28] W. Zimdahl, Phys. Rev. D 61 083511 (2000). [29] J. A. S. Lima, Phys. Rev. D 54, 2571 (1996), gr-qc/9605055 [gr-qc]; J. A. S. Lima, Gen. Rel. Grav. 29, 805 (1997), gr-qc/9605056 [gr-qc].

[30] J. S. Alcaniz and J. A. S. Lima, Astron. Astrophys. 349, 729 (1999).

[31] G. L. Murphy, Phys. Rev. D., 8, 4231 (1973). [32] J. D. Barrow, Phys. Lett. B 180, 335 (1986); ibdem, Nuclear Physics B 310, 743 (1988).

[33] J. A. S. Lima and J. M. F. Maia, Phys. Rev D 49, 5597 (1994); J. A. S. Lima and M. Trodden, Phys. Rev. D 53, 4280 (1996),[astro-ph/9508049]; J. M. F. Maia and J. A. S. Lima, Phys. Rev D 65, 083513 (2002), astro-ph/0112091.

[34] M. Turner, Phys. Rev. D 28, 1243 (1983). [35] E. W. Kolb and M. Turner, “The Early Universe”, Addison Wesley (1990).

[36] G. Gibbons, & S. W. Hawking, Phys. Rev. D. 15, 2738, (1977).

[37] K. Olive, G. Steigman and T. P. Walker, Phys. Rept.

333, 389 (2000). See also G. Steigman, arXiv:1008.4765 [astro-ph.CO] (2011).

[38] M. Kowalski et al., Astrophys. J. 686, 749 (2008), [arXiv:0804.4142]. (Union data).

[39] P. J. E. Peebles,“Toward a new cosmological paradigm”, in AIP Conf. Proc. 1241, 175, (2010), arXiv:0910.5142 [astro-ph.CO].

[40] E. Komatsu, et al., Astrophys. J. Suplem. 192, 18 (2011). [41] R. Amanullah et al., Astrophys. J., 716 712 (2010). [42] W. J. Percival, Mon. Not. Roy. Astron. Soc., 401 (2010) 2148; E. A. Kazin, Astrophys. J., 710, 1444 (2010); C. Blake et al., Mon. Not. Roy. Astron. Soc., 418 1707, (2011) [43] J. F. Jesus, F. A. Oliveira, S. Basilakos and J. A. S. Lima, Phys. Rev. D 84, 063511 (2011), arXiv:1105.1027 [astroph.CO].

[44] J. A. S. Lima, V. Zanchin, R. Brandenberger, Mon. Not.

Roy. Astron. Soc. 291, L1 (1997) [45] J. Valiviita, E. Majerotto and R. Maartens, JCAP, 07, 020 (2008) [46] P. J. E. Peebles, “Principles of Physical Cosmology”, Princeton University Press, Princeton New Jersey (1993).

[47] V. Silveira and I. Waga I., Phys. Rev. D., 64, 4890 (1994). [48] L. Wang and J. P. Steinhardt, Astrophys. J. 508, 483 (1998).

[49] E. V. Linder and A. Jenkins, Mon. Not. Roy. Astron.

Soc., 346, 573 (2003).

[50] A. Lue, R. Scossimarro, and G. D. Starkman, Phys. Rev.

D., 69, 124015, (2004).

[51] E. V. Linder, Phys. Rev. D, 70, 023511, (2004); E. V.

Linder, and R. N. Cahn, Astrop. Phys., 28, 481 (2007). [52] S. Nesseris and L. Perivolaropoulos, Phys. Rev. D 77, 023504 (2008).

[53] L. Samushia, W. J. Percival and A. Raccanelli, [arXiv:1102.1014], (2012).

[54] C. Blake et al., Mon. Not. Roy. Astron. Soc., 415, 2876 (2011).

[55] B. A. Reid et al., Mon. Not. Roy. Astron. Soc., 426, 2719 (2012).

[56] G. Dvali, G. Gabadadze and M. Porrati, Phys. Lett. B., 485, 208, (2000).

[57] H. Wei, 2008, Phys. Lett. B., 664, 1 (2008); Y.G. Gong, Phys. Rev. D., 78, 123010, (2008);. X.-y Fu, P.-x Wu and H.-w, Phys. Lett. B., 677, 12, (2009).

[58] R. Gannouji, B. Moraes and D. Polarski, JCAP, 02, 034

(2009); S. Tsujikawa, R. Gannouji, B. Moraes and D. Polarski, Phys. Rev. D., 80, 084044 (2009).

[59] Y-S. Song and W.J. Percival, JCAP, 10, 4 (2009). [60] W. J. Percival, et al., Mon. Not. Roy. Astron. Soc., 353, 1201 (2004) [61] M. Tegmark et al., Phys. Rev. D 74, 123507 (2006). [62] L. Guzzo et al., Nature 451, 541 (2008).

[63] E. Gunzig, J. Géhéniau and I. Prigogine, Nature 330, 621 (1987).