Cosmological Dynamics from Modified f(R) Gravity in Einstein Frame

Daris Samart^1 Fundamental Physics & Cosmology Research Unit The Tah Poe Academia Institute (TPTP), Department of Physics Naresuan University, Phitsanulok 65000, Thailand

Abstract

In this paper, we investigate and analyze the cosmological dynamics of the universe, with an effect of modified f(R) gravity emerging at cosmological scale. We choose the Einstein frame as a physical frame. We consider phase portraits of the universe at the late time from modified f(R) gravity model. This result gives our universe an acceleration phase expansion without introducing existence of dark energy dominating our universe.

PACS numbers: 04.50.+h, 98.80.-k Keywords: alternative theory of gravity, accelerating universe, cosmological dynamics, conformal transformation, Einstein frame.

1 Introduction

One of the greatest problems in cosmology today is the problem of accelerated expansion of the universe. Fortunately, we can directly obtain various data parameters of the universe from observations. The highly precise observational data from both high presifted supernovae type Ia [1] and the anisotropy power spectrum of CMB [2] exactly tell us that our universe is increasing its rate of expansion to more than that in the past. Almost every cosmologist believes that the universe must be dominated by some mysterious field called dark energy (for interesting recent review see [3]), which drives the accelerated expansion of the universe. An alternative explanation that solves this problem modifies Einstein’s gravity theory (i.e. general relativity, or GR for short) to account for the accelerated expansion (for general review see [4]). Carroll et al. [5] proposed a modified model of gravity by adding an inverse power of Ricci scalar into the Einstein-Hilbert action. It resulted in a number of deviations from GR at small curvature and cosmological scale, in which the universe is observed to be expanding with acceleration. The model gives us a de Sitter- and an anti-de Sitter-space solutions in vacuum case, which provide us with a purely gravitation-driven universe, whose expansion is accelerated. It is therefore in good agreement with current observational data. This model is approached by standard variational principle [5], i.e. the action is varied with respect to the metric only. The result of which is the fourth order differential equation. Unfortunately, the model suffers instabilities problem [6],

1E-mail address: jod daris@yahoo.com

and has been ruled out, despite its equivalence to scalar-tensor theory [7], by a solar system experiment considering a gravitational bound state. The problem seemed to be resolved after Vollick [8] used Palatini variational approach that treated the metic and affine connection as independent variables in order to derive the field equation, which is a second order differential equation [11] ; and later, Nojiri and Odintsov [29] solved the same problem by using metric formalisms in which R^2 is added into the action of the 1/R model. However, Ref. [12] commented that this model should have a conflict in itself, because it was also suitable for a particle experiment at small energy scale. But Ref. [13] pointed out that the method which was discussed by Ref. [12] was just a mathematical equivalence, not a physical one (for extended discussion see [10, 11]). After all, the interesting of this model is strengthened by the fact that it can be derived from string/M-theory, as shown by Ref. [14]. Several authors have worked on various aspects of the model and extended it [16, 21, 22, 29]. However, almost all of these works used the model to find modified versions of Friedmann equation [8, 21, 24, 29] to fit with or be constrained by such observational data as SNa Type Ia, CMB anisotropy. Only a handful of works [18, 19] did investigate or analyze the dynamical system of this model. Ref. [18] considered the phase portraits of Ḣ vs H (time derivative of Hubble parameter and itself) in Jordan frame, whereas [19] considered between Ṙ vs R (time derivative of Ricci scalar and itself). We will consider cosmological dynamics of modified gravity with variables identical to that of Ref. [19], but the metric variation formalism in phase portrait of Einstein frame is used instead. In our scenario, the Einstein frame is the physical frame, which gives us self-gravity of the scalar field’s effective potential V (ϕ) (i.e. ϕ in Einstein frame representative form of Ricci curvature in Jordan frame) [17, 23, 26]. This paper is organized as follows: the conformal transformation between Jordan frame and Einstein frame is briefly reviewed in section 2, plus the use of Einstein frame to consider f(R) model of gravity, in which the modified Friedmann equation is found by following the process of [30]; next the f(R) gravity model is investigated and analyzed in section 3 by using cosmological variables obtained from the Friedmann equation. Finally we conclude with problems and the future direction for this paper.

2 Conformal Transformation Approach to the Einstein Frame and Friedman Equation

In this section, we review the conformal transformation method following [24, 25, 26] ; see [20] for the standard derivation. The action of f(R) gravity in Jordan frame with matter field can be written in the form

S_J [g_{ab}] = 1 2κ^2 ∫ f(R) √ −g d^4x + S_M , (1) where κ^2 = 8πG, and S_M is the action of matter field. Ricci scalar is defined by R = g^{ab}R_{ab} , R_{ab} = R^c_{acb}, and the curvature tensor is defined by

R^d_{abc} = ∂_cΓ^d_{ab} − ∂_bΓ^d_{ac} + Γ^e_{ab}Γ^d_{ce} − Γ^e_{ac}Γ^d_{be} . (2)

Varying this action with respect to the metric tensor g^{ab}, we get

δS_J δg^{ab}

= f(R)^′R_{ab} − 1 2 g_{ab}f(R) − ∇_a∇_bf^′(R) + g_{ab}∇_c∇^cf^′(R) = κ^2T_{ab} , (3)

where f^′(R) ≡ df(R)/dR, and T_{ab} ≡ δS_M /δg^{ab} is the energy-momentum tensor. Note that the field equation derived from (3) in Jordan frame gives us a fourth order differential equation, which is too complicated to solve [5, 18]. Magnano and Sokolowski [26] was argued the f(R) theories in vacuum case. There are is the existence of the Einstein frame that ϕ (we will define it below) is minimally coupling to the metric of the physical frame. We will analyze the late time universe where we assume universe is vacuum. So we choose the Einstein frame as a physical frame. The metric formalisms seem to be equivalent to Palatini formalisms, i.e. g_{ab} is compatible with ∇_a, therefore an affine connection is necessarily equal to the Christoffel symbol in general relativity (f(R) = R) [20]. But both variation methods are obviously different in the nonlinear function of the Ricci scalar (f(R) is a higher term which metric formalisms give rise to a fourth order equation but Palatini formalisms give rise to a second order equation [9, 11] ), and we obtain the conformal transformation between two frames as^2_E g_{ab} = e^ϕg_{ab} , (4)

where we introduce ϕ as a new scalar field defined by ϕ ≡ ln f^′(R) [15, 23]. We can rewrite the action in (1), which is dynamically equivalent to the Jordan-Helmholtz action without matter field [14, 26, 27, 28], as

S_{JH} = 1 2κ^2 ∫ ( f(σ) + χ ( R − σ

)) √ −g d^4x , (5)

where χ and σ are auxiliary fields. After varying (5) with respect to χ, we get

σ = R , (6)

and after varying (5) with respect to σ again,

χ = f^′(σ) . (7)

χ is eliminated by using (7), hence

S_{JH} = 1 2κ^2 ∫ ( f(σ) + f^′(σ) ( R − σ

)) √ −g d^4x . (8)

2 It’s convenient to obtain the conformal factor e^ϕ by using Palatini formalisms where the action is varied with respect to Γ^c_{ab} .

Note that (8) is in the form of the scalar-tensor gravitational action for f(R) gravity (1) in Jordan frame [28] . We can rewrite the action (1) in Einstein frame by applying conformal transformation to (4), (i.e. g_{ab} → e^ϕg_{ab}) [14, 26],

S_E[^Eg_{ab}] = 1 2κ^2

∫ (_E R − 3 2 Eg^{ab} ~∇_aϕ ~∇_bϕ − V (ϕ) ) √ −^Eg d^4x , (9)

where ~∇_a is the covariant derivative compatible with^Eg_{ab}, and V (ϕ) is the effective potential which depends on a choice of f(R) models. The effective potential is defined by^3 V = Rf^′(R) − f(R) f^′(R)^2

. (10)

Varying the action (9) with respect to^Eg^{ab} , we get

ER_{ab} − 1 2 Eg_{ab}^ER = 3 ~∇_aϕ ~∇_bϕ − 1 2 Eg_{ab} ( 3 2 Eg^{ab} ~∇_aϕ ~∇_bϕ + V (ϕ) ) , (11)

whilst varying it with respect to ϕ , we obtian

~∇_a ~∇aϕ + V^ϕ 3 = 0 , (12)

where V_ϕ ≡ dV/dϕ . Now the present universe is considered based on FRW metric, which, in spatially flat space, has the form

ds^2 = −dt^2 + a^2(t)(dx^2 + dy^2 + dz^2) , (13)

where a(t) is a scale factor of the universe.

Now we will calculate the modified Friedmann equation in Einstein frame from the line element (13) and the (0, 0) component of the field equation (11). The Friedmann equation then becomes H^2 = 1 4 ϕ̇^2 + V (ϕ) 6 , (14)

where H ≡ ȧ/a is the Hubble parameter, ȧ ≡ da/dt, and (15) is used to obtain (14). We also directly obtain the equation of motion for the scalar field ϕ from (12) in Einstein frame metric, i.e. ϕ̈ + 3Hϕ̇ + V^ϕ 3 = 0 . (15)

In the next section, we will consider cosmological dynamics in phase portraits of some particular types of f(R) gravity model.

3Our effective potential form is equivalence to the Palatini formulation [17] .

3 Cosmological Dynamics of f(R) Gravity

In this section, we will consider cosmological evolution in the phase portrait of Einstein frame, with self gravitating scalar field, to investigate and analyze the acceleration phase for some types of f(R) gravity models. We follow the analysis of [30]. Ref. [29, 31] was demonstrated mechanism of inflation start/end and acceleration start via the potential of curvature evolution. Therefore, we can analogue this mechanism by manifest the scalar field dominates the late time universe in the Einstein frame (the curvature is very small). The acceleration can happen if the field at late time is moving very slowly (i.e. the curvature decrease very slow). Therefore, we can use the slow-roll approximation [33] in this phase [30], i.e. ϕ̈ ≈ 0 and ϕ̇^2 ≪ V . We use the slow-roll approximation only to find the late time trajectory in the phase space, both the Friedman equation and and the equation of motion of the scalar field are H^2 ≃ V 6 , (16)

3Hϕ̇ ≃ −

V_ϕ 3 . (17)

By applying the slow-roll approximation condition to both the Friedmann equation in (16), and the equation of motion for the scalar field in (17), then we directly get the late time trajectory in the phase space portrait as

ϕ̇ ≃ V^ϕ 3 √ 6V . (18)

Now we derive the accelerating condition of the universe in f(R) gravity model. The accelerating condition of the expansion is ä a = Ḣ + H^2 > 0 , (19)

which implies that − Ḣ H^2

< 1 . (20)

We obtained Ḣ directly by differentiating H^2 in (16), and together with using (17), we then obtain Ḣ = − 1 18 V^2_ϕ V . (21)

By using (16) and (21) substituting in (20) , it’s becomes ( V_ϕ V )_2 < 3 . (22)

These equations are the accelerating conditions of expansion. In the previous section, we have derived the Friedmann equation in Einstein frame metric. We will derive the dynamical equation of ϕ and ϕ̇ . For obtain new value of Ḣ with out slow-roll approximation by using (14) and (15)

Ḣ = −3 4 ϕ̇^2 . (23)

We define a new variables as

X = ϕ , Y = ϕ̇ . (24)

Using new variables in (24) substitute into (23) and (15) , we obtain autonomous system as

Ḣ(X, Y ) = −3 4 Y^2

Ẋ = Y

Ẏ = −3H(X, Y )Y − 1 3 dV (X) dX . (25)

The function H(X, Y ) is given by

H(X, Y ) = √ 1 4 Y^2 + 1 6 V (X) . (26)

These equations will be used for the analysis in the phase portrait of the f(R) modified gravity. Next, we will investigate and analyze the phase space portraits for some types of the effective potential V (ϕ), which depends on the choice of f(R) models of gravity. By using the autonomous system of equations in (25) . We also show the acceleration condition curve which divides acceleration and non-acceleration regions in the phase space portraits.

3.1 f(R) = R − μ^{2(n+1)}/R^n model

This model was proposed by [5] (for n = 1) at the cosmological scale when curvature is very small at the late-time universe. Our gravitational Lagrangian density (n = 1) in Jordan frame has f(R) = R − μ^4/R , (27)

where μ^4 is a positive-valued parameter. The effective potential V (ϕ) in Einstein frame depends on the choice of f(R) . At the late time, R is very small, we get

e^ϕ ≡ f^′(R) = 1 + μ^4 R^2 ≃ μ^4 R^2

. (28)

Figure 1: The phase portrait of ϕ̇ vs ϕ in the modified 1/R gravity model when μ = 1 . We note that everywhere in phase space portrait is an acceleration region following the condition in (32) .

Then, the effective potential in the Einstein frame of the model f(R) = R − μ^4/R gravity at the late time by using in (28) substituted into (10) in [29]

V (ϕ) ≃ 2 μ^2 e^{− 32 ϕ} . (29)

By plugging the effective potential (29) into (18) , then the late time trajectory is

ϕ̇ = 1 2 √ 3μ e^{− 34 ϕ} . (30)

The effective potential of our late time approximation looks like the power law inflation, which gives scale factor evolution proportional to the power of time, a(t) ∼ t^p. This proportionality comes from the potential^4 V ∼ exp ( −^2_p ϕ ) with p =^4_3 in our case [33, 34] , such that

a ∼ t^{4/3} . (31)

We note that potential increases when curvature is minimum and therefore the universe begins to have the power law expansion and substitute (29) into (22), then accelerating condition is d dϕ (_2

μ^2 e

−^3_2 ϕ ) 2 μ^2 e

−^3_2 ϕ

2 < 3 . (32)

4Our convention compared with standard power law formalisms is ϕ ≡

√_p 2 φ with potential taking the form V ∼ exp(−

√_2 p φ) .

Figure 2: The phase portrait of ϕ̇ vs ϕ in the modified ln R gravity model, when α = 1 , the acceleration region divided by acceleration condition (blue line) where acceleration region is bright region and shaded region is no acceleration region.

The above condition obviously shows that everywhere in the phase space portrait of ϕ̇ vs ϕ in f(R) = R − μ4/R gravity model can be an acceleration region, i.e. wherever any attractor occurs in phase space, it can always generate the accelerated expansion in both present and late time phase and the phase plot will occur attractor along the line of the late time trajectory curve (30) ;See Figure 1.

3.2 f(R) = R + α ln ( R/γ^2 ) model

This model was proposed by [31] to solve the problem of instabilities in the fourth order differential equation from CDTT’s model in metric formalisms [5] . It also provides accelerating phase at late time. (For more detail of Palatini formalisms of this model, see [32]). The gravitational Lagrangian density of this model in Jordan frame is f(R) = R + α ln(R/γ^2) , (33)

where α and γ are positive-valued parameters. As in the previous subsection, at the late time R is very small, we have

e^ϕ ≡ f^′(R) = 1 + α R ≃ α R (34)

then we obtain the effective potential in the Einstein frame of the model f(R) = R + α ln(R/γ^2) gravity at the late time by plugging (34) into (10), as in [31]

V (ϕ) ≃ αe^{−2ϕ}ϕ . (35)

The late time trajectory is

ϕ̇ = αe^{−ϕ}(1 − 2ϕ) 3 √ 6ϕ . (36)

This effective potential of our late time approximations that looks like generalized exponential potential was originally examined by J. D. Barrow [35], and extended investigation was done by [36] , i.e. the potential takes the form V ∼ ϕ^m exp(−λϕ^n) . For our case, m = n = 1 which gives scale factor evolution that is proportional to the power of time as [31] a(t) ∼ t^{34} . (37)

We performed calculations following the previous subsection by plugging (35) into (22), the accelerating condition is then

ϕ^2 − 2ϕ − 1 < 0 . (38)

The above condition manifests itself as a curve (blue line) dividing the acceleration region (bright region) from the no acceleration region (shaded region) . We note that from Figure 2, an attractor occurs in the phase plot in acceleration region, therefore, the universe’s expansion will be accelerated in f(R) = R + α ln (R/γ^2) gravity model, and the attractor occurs in the phase plot along the line of the late time trajectory curve in (36) ; See Figure 2.

4 Conclusions

We have investigated the modified f(R) gravity models, namely 1/R and ln R gravity models. Both models give the late time attractors. These results mean that our universe has its expansion accelerated. The evolution when scalar field is at some given point on the potential has to be independent of any initial conditions. The attractor of 1/R gravity can drive the universe accelerating its expansion, because the condition of acceleration allows everywhere in phase space portrait to be an acceleration region. In the ln R gravity, an attractor occurs in the acceleration region according to the acceleration condition. The universe can then accelerate its expansion in this model. It is surprising that our analysis in Einstein frame gives similar result as in [37] which chose Jordan frame as a physical frame. They showed that f(R) model gravity has a late time attractor on a phase space portrait of Ḣ vs H. Both Jordan and Einstein frames are analyzed similarly for f(R) gravity model. Our investigation and analysis give well behavior in cosmological dynamics at late time. The f(R) gravity theories also provide inflation at early time by adding higher curvature in the gravitational action [29, 38] . These results are confirmed by observational data in several works that we have discussed above. It also passes the solar system experimental tests, and gives no stabilities problem [29, 31, 39] . Hopefully, the modified f(R) gravity is a viable candidate to dark energy. Although our analysis in Einstein frame gives late time acceleration phase, Carroll et al.[5] originally analyzed universe in Jordan frame. They considered evolution in Einstein frame and transformed it back to Jordan frame as the physical frame. Because, in Einstein frame, the energy density ρ evolution with scale factor ρ ∼ a^{−3} does not hold in the ordinary matter dominated case^5, which is the problem that will be investigated in the future work. However, we cannot tell whether the Jordan frame or Einstein frame is a physical frame. For general consideration and mathematical equivalence (via conformal transformations) between Eintein, Jordan and even ideal fluid frames of f(R) gravity was given in detail in [10] .

Note Added During the preparation of this work. Modified gravity which seems to be quite successful as dark energy was criticized by recent papers from L. Amendola, D. Polarski and S. Tsujikawa appeared on arXiv [40] because some simplest version of it like 1/R^n gravity are not able to describe at once and matter dominated phase, then transition from matter dominated phase to acceleration, then acceleration. However, some counterexamples where such sequence of universe epochs is possible in more complicated class of f(R) gravity ware suggested in S. Capozziello, S. Nojiri, S. D. Odintsov and A. Troisi [41] .

Acknowledgement I would like to thank Burin Gumjudpai, my supervisor, M. Sami and S. Tsujikawa for a useful discussion, critical comments; Prof. S. D. Odintsov for useful discussion and references; Itzadah Thongkool for a helpful discussion; Narit Pidokrajt for critical reading this manuscript; Kiattisak Thepsuriya for English proofreading; Sarayut Pantian for his help and support in numerical results; and Chakkrit Kaeonikhom for nice graphics.

References

[1] A. G. Reiss et al, Astron. J. 116, 1009 (1998); S. Perlmutter et al, Ap. J. 517, 565 (1999); J. L. Tonry et al [astro-ph/0305008].

[2] C. I. Bennet et al [astro-ph/0302207]; C. B. Netterfield et al, Ap. J. 568, 38 (2002).

[3] E. J. Copeland, M. Sami and S. Tsujikawa, submitted to Int. J. Mod. Phys. D, [hep-th/0603057].

[4] S. Nojiri and S. D. Odintsov, [hep-th/0601213].

5 I would like to thank Shinji Tsujikawa for pointing out this problem and for kind discussions.

[5] S. M. Carroll, V. Duvvuri, M. Trodden and M. S. Turner, Phys. Rev. D70, 043528,(2004) [astro-ph/0306438]; S. Capozziello, S. Carloni, A. Troisi, [astroph/0303041].

[6] A. D. Dolgov, M. Kawasaki, Phys. Lett. B573, 1 (2003)[astro-ph/0307285]. [7] T. Chiba, Phys. Lett. B575, 1 (2003)[astro-ph/0307338]. [8] D. N. Vollick, Phys. Rev. D68, 063510, (2003) [astro-ph/0306630]. [9] G. Allemandi, M. Francaviglia, A. Borowiec and S. D. Odintsov, Phys. Rev. D 72, 063505, (2005)[gr-qc/0504057].

[10] S. Capozziello, S. Nojiri and S. D. Odintsov, Phys. Lett. B 634, 93 (2006) [hepth/0512118].

[11] T. P. Sotiriou and S. Liberati, [gr-qc/0604006].

[12] E. E. Flanagan, Phys. Rev. Lett. 92, 071101, (2004)[astro-ph/0308111]. [13] D. N. Vollick, Class. Quant. Grav. 21, 3813, (2004)[gr-qc/0312041]. [14] S. Nojiri, S. D. Odintsov, Phys. Lett. B576, 5,(2003)[hep-th/0307071]. [15] J. D. Barrow and S. Cotsakis, Phys. Lett. B214, 515 (1988). [16] M. E. Soussa, R. P. Woodard, Gen. Rel. Grav. 36, 855 (2004)[astro-ph/0308114];

Y. Ezawa, H. Iwasaki, Y. Ohkuwa, N. Yamada, T. Yano, [gr-qc/0309010]; A. Rajaraman, [astro-ph/0311160]; A. Nunez, S. Solganik, [hep-th/0403159]; G. Allemandi, A. Borowiec, M. Francaviglia, [hep-th/0407090]; M. Amarzguioui and O. Elgaroy and D. F. Mota and T Multamaki, [astro-ph/0510519]; Gilberto M. Kremer, Daniele S. M. Alves, Phys. Rev. D70, 023503 (2004)[gr-qc/0404082]; T. P. Sotiriou, Class. Quant. Grav. 23, 1253 (2006) [gr-qc/0512017].

[17] K. Atazadeh and H. R. Sepangi, [gr-qc/0602028].

[18] S. M. Carroll, A. De Felice, V. Duvvuri, D. A. Easson, M. Trodden, M. S. Turner, Phys. Rev. D71, 063513 (2005)[astro-ph/0410031].

[19] S. Carloni, P. K. S. Dunsby, S. Capozziello, A. Troisi, Class. Quant. Grav.

22,4839 (2005)[gr-qc/0410046].

[20] R. M. Wald, General Relativity, Chicago University Press, (1984); S. W.

Hawking and G. F. R. Ellis, The Large Scale Structure of Spacetime, Cambridge University Press, (1973).

[21] X. Meng and P. Wang, Class. Quant. Grav. 20,4949 (2003)[astro-ph/0307354].

[22] X. Meng and P. Wang, Class. Quant. Grav. 21, 951(2004)[astro-ph/0308031]. [23] A. A. Starobinsky, Phys. Lett. B91, 99 (1980).

[24] N. J. Poplawski, Class. Quant. Grav. 23, 2011 (2006) [gr-qc/0510007]. [25] N. J. Poplawski (2005) [gr-qc/0511071].

[26] G. Magnano, L. M. Sokolowski, Phys. Rev. D50, 5039 (1994) [gr-qc/9312008];

G. Magnano, [gr-qc/9511027].

[27] P. Teyssandier and P. Tourrence, J. Math. Phys. 24, 2793 (1983). [28] T. P. Sotiriou, [gr-qc/0604028].

[29] S. Nojiri and S. D. Odintsov, Phys. Rev. D68, 123512 (2003) [hep-th/0307288]. [30] B. Gumjudpai, Gen. Rel. Grav. 36, 747 (2004) [gr-qc/0308046]. [31] S. Nojiri and S. D. Odintsov, Gen. Rel. Grav. 36, 1765 (2004) [hep-th/0308176]. [32] X. Meng, P. Wang, Phys. Lett. B584 1 (2004) [hep-th/0309062]. [33] For detail of slow-roll approximation and relate topics see: Andrew R. Liddle and David H. Lyth, Cosmological Inflation and Large-Scale Structure, Cambride University Press (2000) and A. Linde, Particle Physics and Inflationary Cosmology, Harwood Academic Publishers (1990).

[34] F. Lucchin and S. Matarrese, Phys. Rev. D32, 1316 (1985). [35] J. D. Barrow, Phys. Rev. D48, 1585 (1993).

[36] P. Parsons, J. D. Barrow, Phys. Rev. D51 6757 (1995)[astro-ph/9501086]. [37] D. A. Easson, F. P. Schuller, M. Trodden and M. N.R. Wohlfarth, Phys. Rev.

D72, 043504 (2005); D. A. Easson, Int. J. Mod. Phys. A19 5343 (2004). [38] T. P. Sotiriou, Phys. Rev. D 73, 063515 (2006) [gr-qc/0509029]. [39] T. P. Sotiriou, Class. Quant. Grav. 23, 1253 (2006) [gr-qc/0512017]; C. G. Shao, R. G. Cai, B. Win and R. K. Su, [gr-qc/0511034].

[40] L. Amendola, D. Polarski and S. Tsujikawa, [astro-ph/0603703]; L. Amendola, D. Polarski and S. Tsujikawa, [astro-ph/0605384].

[41] S. Capozziello, S. Nojiri, S. D. Odintsov and A. Troisi, [astro-ph/0604431].