arXiv:0904.1032v1 [astro-ph.CO] 6 Apr 2009

Tachyon Field in Intermediate Inflation

Sergio del Campo,^∗ Ramón Herrera,^† and Adolfo Toloza^‡ Instituto de Física, Pontificia Universidad Católica de Valparaíso, Casilla 4059, Valparaíso, Chile. (Dated: April 8, 2009)

Abstract

The tachyonic inflationary universe model in the context of intermediate inflation is studied. General conditions for this model to be realizable are discussed. In the slow-roll approximation, we describe in great details the characteristics of this model.

PACS numbers: 98.80.Cq

∗Electronic address: sdelcamp@ucv.cl †Electronic address: ramon.herrera@ucv.cl ‡Electronic address: toloza@ucv.cl

I. INTRODUCTION

Nowadays cosmology presents explosive activity which is principally due to theoretical developments and accurate astronomical data. In this context, cosmology allows to use astrophysics to perform tests of fundamental theories, otherwise inaccessible to terrestrial accelerators. In order to do this task it is necessary to perform a study about how the Universe evolves during its different periods. In fact, this study leads to considering at some stage in the early Universe an inflationary phase, which is to date the most compelling solution to many long-standing problems of the big bang model (horizon, flatness, monopoles, etc.) [1, 2].

The source of inflation is a scalar field (the inflaton field) which plays an important role in providing a causal interpretation of the origin of the observed anisotropy of the cosmic microwave background (CMB) radiation, and also the distribution of large scale structures [3, 4]. The identity of this scalar field may be found by considering one of the extensions of the standard model of particle physics based on grand unified theories, supergravity, or string theory.

In what concerns the scalar inflaton field, its dynamics usually is determined by the Klein- Gordon action. However, more recently, and motivated by string theory, it is extremely natural to consider other nonstandard scalar field action. In this context, the deep interplay between small-scale nonperturbative string theory and large-scale braneworld scenarios has aroused interest in a tachyon field as an inflationary mechanism, especially in the Dirac- Born-Infeld action formulation as a description of the D-brane action[5, 6, 7, 8, 9, 10]. Here, rolling tachyon matter is associated with unstable D-branes. The decay of these Dbranes produces a pressureless gas with finite energy density that resembles classical dust. Cosmological implications of this rolling tachyon were first studied by Gibbons[11], and in this context it is quite natural to consider scenarios in which inflation is driven by the rolling tachyon field. In recent years the possibility of an inflationary phase described by the potential of a tachyon field has been considered in a quite large diversity of topics[12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28].

On the other hand, string/M-theory suggests that in order to have a ghost-free action high order curvature, invariant corrections to the Einstein-Hilbert action must be proportional to the Gauss-Bonnet (GB) term[29]. GB terms arise naturally as the leading order of the α expansion to the low-energy string effective action, where α is the inverse string tension[30]. This kind of theory has been applied to possible resolution of the initial singularity problem[31], to the study of black-hole solutions[32], and accelerated cosmological solutions[33]. In particular, very recently, it has been found that for a dark energy model the GB interaction in four dimensions with a dynamical dilatonic scalar field coupling leads to a solution of the form a(t) = a_0 exp (At^f )[34]. Here, the constant A is given by A =^2_{κn} and f =^1_2 , with κ^2 = 8πG, and n is a constant. Therefore, we may argument that intermediate inflation comes from an effective theory at a low dimension of a more fundamental string theory.

In general, in the context of inflation we have the particular scenario of ”intermediate inflation”, in which the scale factor evolves as a(t) = exp(At^f ). Therefore, the expansion of the Universe is slower than standard de- Sitter inflation (a(t) = exp(Ht)), but faster than power law inflation (a(t) = t^p; p > 1). The intermediate inflationary model was introduced as an exact solution for a particular scalar field potential of the type V (ϕ) ∝ ϕ^{−4(f −1 −1)}, where f is a free parameter[35]. With this sort of potential, and with 1 > f > 0, it is possible in the slow-roll approximation to have a spectrum of density perturbations, which presents a scale-invariant spectral index n_s = 1, i.e., the so-called Harrizon-Zel’dovich spectrum of density perturbations, provided f takes the value of 2/3[36]. Even though this kind of spectrum is disfavored by the current Wilkinson Microwave Anisotropy Probe (WMAP) data[3, 4], the inclusion of tensor perturbations, which could be present at some point by inflation and parametrized by the tensor-to-scalar ratio r, the conclusion that n_s ≥ 1 is allowed providing that the value of r is significantly nonzero[37]. In fact, in Ref. [38] it was shown that the combination n_s = 1, and r > 0 is given by a version of the intermediate inflation in which the scale factor varies as a(t) ∝ e^{t2/3} within the slow-roll approximation.

In this paper we would like to study intermediate inflationary Universe model in which a tachyon field theory is taken into account. We will solve the Friedmann and tachyon field equations for an intermediate expansion of the scale factor and results will be compared with those obtained in the same situation, but where a standard scalar field is considered. We should note that this sort of problem has been studied in the literature[39]. Here, in this paper we would like to go further and thus constraint the parameters of our model by taking into account the WMAP 3 and 5 yr data.

The outline of the paper is as follows: The next section presents a short review of the tachyonic-intermediate inflationary phase. Section III deals with the calculations of cosmological perturbations in general term. Finally, in Sect.IV we conclude with our finding.

II. TACHYON-INTERMEDIATE INFLATION MODEL

We begin by writing the Friedmann equation for a flat universe and the conservation equation,

H^2 = κ^2 3 ρ, (1) and ρ̇ + 3H(ρ + p) = 0, (2)

where H = ȧ/a denotes the Hubble parameter, κ^2 = 8πG = 8π/m^2_p (m_p represents the Planck mass) and the dots mean derivatives with respect to the cosmological time t. For convenience we will use units in which c = ℏ = 1. For a tachyonic field the energy density and the pressure are given by ρ = V (ϕ) √ 1 − ϕ̇^2

, and p = −V (ϕ) √ 1 − ϕ̇^2 ,

respectively. Here ϕ is the tachyonic scalar field and V (ϕ) its scalar potential, which satisfies dV/dϕ < 0, and V (ϕ → ∞) → 0, characteristic of any tachyon field potential[5].

From Eqs.(1) and (2) we get for the velocity of the tachyonic scalar field, and its evolution equation becomes

ϕ̇ = √ − 2Ḣ 3H^2

, (3) and ϕ̈ 1 − ϕ̇^2

+ 3Hϕ̇ = − V^′ V , (4)

respectively. Here, V^′ = ∂V (ϕ)/∂ϕ.

On the other hand, in intermediate inflation it is assumed that the scale factor follows the law

a(t) = a_0 exp (At^f ) ; 0 < f < 1, (5) where A > 0 has the dimension of m^f_p . Note that this assumption immediately determines the behavior of ϕ̇ and V^′/V , as we can see from Eqs.(3) and (4). Note also that Ḣ < 0, since 0 < f < 1. From Eqs.(3) and (4) we get for the scalar field, ϕ, and the scalar potential V (ϕ)

ϕ = ϕ_0 + [ 8(1 − f) 3Af(2 − f)^2

] 1_2 t^{2−f2} , (6) and

V (ϕ) = α (ϕ − ϕ_0)^{−4(1−f)/(2−f)} √ 1 − B (ϕ − ϕ_0)^{−2f/(2−f)}, (7)

with α = 3 κ^2 [ A f ( 3 (2 − f)^2 8(1 − f) )_{(f−1)}]2/(2−f) , and B = 2 [ (1 − f) 3 A f ]_{2/(2−f)} [ (2 − f)^2 8 ]_{−f/(2−f)} , respectively.

The Hubble parameter as a function of ϕ becomes H(ϕ) = √ α κ^2 3 (ϕ − ϕ_0)^{2(f−1)/(2−f)}. (8)

Without loss of generality ϕ_0 can be taken to be vanished.

During the inflationary epoch the energy density associated to the tachyon field is of the order of the potential, i.e. ρ ∼ V . Assuming the set of slow-roll conditions, i.e. ϕ̇^2 ≪ 1 and ϕ̈ ≪ 3Hϕ̇ [11, 12], Eqs.(1) and (4) become

H^2 ≈ κ^2 3 V, (9) and V^′ V ≈ −3Hϕ̇. (10) In this approximation the scalar field potential, V (ϕ) becomes

V (ϕ) ≈ αϕ^{−2β}, where β ≡ 2(1 − f) 2 − f . Note that this result is also obtained from Eq. (7) by taking 1 ≫ B ϕ^{−2f/(2−f)}.

Note that this kind of potential does not present a minimum. This characteristic of the potential makes the study of reheating of the Universe in a nonstandard way[40].

At this stage, it is convenient to introduce the slow-roll parameters ε and η, such that ε = − Ḣ H^2 ≈ V^{′2} κ^2V^3 ≈ 4β^2 κ^2α ϕ^{2(β−1)}, (11) and η = − ϕ̈ H ϕ̇ ≈ V^{′2} κ^2V^3 − V^{′′} κ^2V^2 ≈ − 2β κ^2α ϕ^{2(β−1)}, (12)

which will be useful in the study of perturbations of the model.

On the hand, the number of e-folds between two different values ϕ(t = t_1) = ϕ_1 and ϕ(t = t_2) = ϕ_2 > ϕ_1 is given by

N = ∫_{t2} t_1 Hdt = κ^2α 4β(1 − β) [ ϕ^{−2(β−1)} 2 − ϕ^{−2(β−1)} 1 ] . (13)

Here, we have used Eq.(6). This expression allows us to determine the value of ϕ_2 in term of N, A, and f.

Following Refs.[35, 36], ϕ_1 it is obtained from the condition ε = 1 (at the beginning of inflation), that is, at ϕ^{2(β−1)}_1 =^{κ2α}_{4β2} .

III. PERTURBATION

In this section we will study the scalar and tensor perturbations for our model. The general expression for the perturbed metric of the flat Friedmann-Robertson-Walker is

ds^2 = −(1 + 2B)dt^2 + 2a(t)D_{, i}dx^idt + a^2(t)[(1 − 2ψ)δ_{ij} + 2E_{,i,j} + 2h_{ij}]dx^idx^j,

where B, D, ψ, and E are the scalar-type metric perturbations, and h_{ij} characterizes the transverse-traceless tensor perturbation. For a tachyon field in the slow-roll approximation the power spectrum of the curvature perturbation becomes [41]

P_R = ( H 2 2πϕ̇ )_2 1 Z_S ≈ ( H 2 2πϕ̇ )_2 1 V ≈ κ^6 12π^2

V^4 V^{′2} , (14)

where Z_S = V (1 − ϕ̇^2)^{−3/2} ≈ V [42]. From this equation we can derive the spectral index given as n_s − 1 =^{d ln PR}_{d ln k} , where the interval of wave number k is related to the number of e-folds by d ln k ≃ dN. In terms of the slow-roll parameters it is given in first-order approximation by [12] n_s ≈ 1 − 2(ε + η), (15) and from Eqs.(11) and (12) we get n_s ≈ 1 − 4 ακ^2 β(2β − 1)ϕ^{2(β−1)}. Since 1 > f > 0, we clearly see that the Harrison-Zel’dovich model, i.e., n_s = 1 occurs for β = 1/2 or equivalently f = 2/3. For n_s > 1 we have β < 1/2, and n_s < 1 is for β > 1/2 (recall that β = 2(1 − f)/(2 − f)).

One of the interesting features of the 5 yr data set from WMAP is that it hints at a significant running in the scalar spectral index dn_s/d ln k = n_{run} [3, 4]. From Eq.(15) we get that the running of the scalar spectral index becomes

n_{run} = ( 4 V V^′ ) [ε_{, ϕ} + η_{, ϕ}] ε. (16) In models with only scalar fluctuations the marginalized value for the derivative of the spectral index is approximately −0.03 from WMAP 5 yr data only [3].

On the other hand, the generation of tensor perturbations during inflation would produce gravitational waves, and its amplitudes are given by [43]

P_T = 8κ^2 ( H 2π )_2 ≃ 2 κ^4 3π^2

V, (17)

where the spectral index n_g is given by n_g =^{dPT}_{d ln k} = −2 ε.

From Eqs.(14) and (17) we write the tensor-scalar ratio as

r = ( P_T P_R ) ≈ 8V^{′2} κ^2V^3

. (18) From expressions (15) and (18) we write a relation between n_s and r as n_s ≈ 1 − 2 − 3f 16(1 − f) r, (19)

i.e., n_s depends linearly with respect to r.

Note that Eq.(19) exactly coincides with the expression obtained in Ref.[38], where a standard scalar field was considered. Therefore, it may come as a surprise that, on the basic of the intermediate inflation, the trajectories in the n_s − r plane between standard field and tachyon field can not be distinguished at lowest order. Actually, this coincidence has already been noted in Ref.[44]. However, tachyon inflation leads to a deviation at second order in the consistency relations, i.e., n_s = n_s(r) . From the same reference, the scalar spectral index n_s up to second order in the slow-roll parameter becomes

n_s ≈ 1 − 2(ε + η) − [(2ε^2 + 2(2C + 3 − 2α̃)εη + 2Cηγ], (20)

where C ≃ −0.72 is a numerical constant and ηγ = (9m^4_p/2)(2V^{′′} V^′/V^4 − 10V^{′′}V^{′2}/V^5 + 9V^{′4}/V^6). In the standard case we have α̃ = 0, and α̃ = 1/6 for tachyon inflation. Also, at second order, the expression for the ratio r is given by r = 16ε(1 + 2Cη − 2α̃ε). These calculations show that the difference at second order of the consistency relations, become n^T_s −n^S_s ≃ εη/3, where n^T_s is the spectral index n_s associated to the tachyon field, meanwhile n^S_s is the same parameter for the standard scalar field. At this point, we should notice that the relation between the r and the n_g parameters becomes given by r = −8c_sn_g for a tachyonic field, where the speed of sound c_s results to be c^2_s = 1 − (ϕ̇)^2[45] . However, at first order it becomes r ≃ −8n_g [44]. From now on, we will consider first-order approximation only, so that we will work with this latter consistency relation.

In the following we will study the case in which ε ≪ η [12, 44]. In this case, this condition gives us a constraint for the values of f. To see this we write down the ratio between η and ε and we find for the absolute value | | |η ε | | | ≈ 1 + 3f − 2 4(1 − f) , so, for η > ε we need to have f >^2_3 .

The scalar spectral index n_s, for ε ≪ η, is given by

n_s ≈ 1 − 2η. (21)

From Eq.(12) this expression is equivalent to

n_s ≈ 1 + 4β κ^2α ϕ^{2(β−1)}. (22)

Using that ϕ_1 it is obtained from the condition | η |= 1 (at the beginning of inflation), then Eq.(22) can be re-expressed in terms of the number of e-folding N, resulting in

n_s = 1 + 2 1 + 2 (1 − β) N

= 1 −

2(1 − f/2) (1/2 − N)f − 1 . Note that, does a value does not exist for f in which n_s = 1, in contrast with the standard case [38] (which occurs for f =^2_3 ). This means that it is not possible to have a Harrison- Zel’dovich spectrum in this case.

From Eq.(21) we can obtain for the running scalar spectral index n_{run} ≈ ( 4β κ^2α

)_2

(β − 1)ϕ^{4(β−1)}. (23)

From Eq.(22) we get a relation between n_s and n_{run} which becomes

n_s ≃ 1 + √ 2 − f f √ −n_{run}. On the other hand, from Eq.(18) we write the tensor-scalar ratio as r ≈ 32 κ^2α β^2ϕ^{2(β−1)}, (24)

and in terms of the e-folding parameter N, we write r = 16β 1 + 2(1 − β)N

. (25)

Also, from Eqs.(22) and (24) we obtain a relation between n_s and r which is

n_s ≈ 1 + 2 − f 16(1 − f) r. (26)

In Fig.(1) we show the dependence of the tensor-scalar ratio on the spectral index for different values of the parameter f for the tachyon lowest order (shown in black line) and the regimen where ε ≪ η (shown by the blue line). In this plot we have used Eqs.(19), and (26).

The two contour in the plot show the 68% and 95% levels of confidence, for the r − n_s plane, which are defined at k_0 = 0.002 Mpc^{−1} [3]. The five-year WMAP data places stronger

FIG. 1: The plot shows n_s versus r for our models and they are compared with the WMAP data (three year and five year). The curves in black represent the case ε ≪ η and the blue one specify the tachyon lowest order case for different values of f. The two contours correspond to the 68% and 95% levels of confidence[3]. The small black dots and squares represent the number of e-folds for the values N = 60 and N = 200, respectively.

limits on r (blue) than three-year data (grey)[46]. For tachyon lowest order case any value the parameter f, (restricted to the range 1 > f > 0), is well supported by the data, as can be seen from Fig.(1).

On the other hand, when we considered the regime where ε ≪ η (given in Ref.[12]), we see that for f = 0.1 the curve r = r(n_s) barely enters the 95% confidence region for r = 0.2, which corresponds to N = 54. From Fig.(1) the best values of f occur for the range 0.5 > f > 0.

IV. CONCLUSIONS

In this paper we have studied the tachyon-intermediate inflationary model. We have found in this model an exact solution of the Friedmann equation for a flat Universe containing a scalar field, ϕ(t), with tachyonic scalar potential, V (ϕ). In the slow-roll approximation we have found a general relation among the scalar potential and its derivatives. We have also obtained explicit expressions for the corresponding, power spectrum of the curvature perturbations P_R, tensor-scalar ratio r, scalar spectrum index n_s, and its running n_{run}. Here, we noted that Eq.(19) exactly coincide at lowest order with the expression obtained in Ref.[38], where a standard scalar field was studied.

In order to bring some explicit results we have taken the constraint in the r − n_s plane to first-order in the tachyon lowest order case and the regime in which ε ≪ η. In the tachyon lowest order case, we noted that the parameter f, which lies in the range 1 > f > 0, the model is well supported by the data as could be seen from Fig.(1) for any value of f. But in the other case i.e. when ε ≪ η, the parameter f lies within range 0.5 > f > 0, in order to be in agreement with the current WMAP astronomical data.

We should mention that we have not addressed the phenomena of reheating and the possible transition to the standard cosmology (see e.g., Refs.[40, 47, 48]). A calculation for the reheating temperature in the high energy scenario would give new constraints on the parameters of the models. We hope to return to this point in the near future.

Acknowledgments

This work was supported by COMISION NACIONAL DE CIENCIAS Y TECNOLOGIA through FONDECYT grants N^0 1070306 (SdC) and N^0 1090613 (RH and SdC).

[1] A. Guth, Phys. Rev. D 23, 347 (1981).

[2] A. Albrecht and P. J. Steinhardt, Phys. Rev. Lett. 48, 1220 (1982); A complete description of inflationary scenarios can be found in the book by A. Linde , Particle physics and inflationary cosmology (Gordon and Breach, New York, 1990).

[3] J. Dunkley et al., arXiv:0803.0586 [astro-ph].

[4] G. Hinshaw et al., arXiv:0803.0732 [astro-ph]; M. R. Nolta et al., arXiv:0803.0593 [astro-ph]. [5] A. Sen, JHEP 9808, 012 (1998). [6] A. Sen, JHEP 9910, 008 (1999).

[7] M.R. Garousi, Nucl. Phys. B 584, 284 (2000).

[8] E.A. Bergshoeff, M. de Roo, T.C. de Wit, E. Eyras, S. Panda, JHEP 0005, 009 (2000).

[9] J. Kluson, Phys. Rev. D 62, 126 003 (2000). [10] D. Kutasov, V. Niarchos, Nucl. Phys. B 666, 56 (2003). [11] G.W. Gibbons, Phys. Lett. B 537, 1 (2002). [12] M. Fairbairn, M.H.G. Tytgat, Phys. Lett. B 546, 1 (2002).

[13] D. Choudhury, D. Ghoshal, D.P. Jatkar, S. Panda, Phys. Lett. B 544, 231 (2002). [14] L. Kofman, A. Linde, JHEP 0207, 004 (2002). [15] X.Z. Li, J.G. Hao, D.J. Liu, Chin. Phys. Lett. 19, 1584 (2002). [16] F. Leblond, A.W. Peet, JHEP 0304, 048 (2003). [17] S. Nojiri, S.D. Odintsov, Phys. Lett. B 571, 1 (2003).

[18] S. Kachru, R. Kallosh, A. Linde, J.M.Maldacena, L.McAllister, S.P. Trivedi, JCAP 0310, 013 (2003).

[19] Z.K. Guo, Y.Z. Zhang, JCAP 0408, 010 (2004). [20] D.J. Liu, X.Z. Li, Phys. Rev. D 70, 123 504 (2004). [21] J.M. Aguirregabiria, R. Lazkoz, Phys. Rev. D 69, 123 502 (2004). [22] J.M. Aguirregabiria, R. Lazkoz, Mod. Phys. Lett. A 19, 927 (2004). [23] G. Calcagni, Phys. Rev. D 69, 103508 (2004). [24] X.H. Meng, P.Wang, Class. Quantum Grav. 21, 2527 (2004). [25] K. Hotta, Prog. Theor. Phys. 112, 653 (2004). [26] K. Hotta, JHEP 0603, 070 (2006).

[27] L. Balart, S. del Campo, R. Herrera, P. Labraña, J. Saavedra, Phys. Lett. B 647, 313 (2007). [28] L. Balart, S. del Campo, R. Herrera, P. Labraña, Eur. Phys. J. C 51, 185 (2007). [29] D. G. Boulware and S. Deser, Phys. Rev. Lett. 55, 2656 (1985); Phys. Lett. B 175, 409 (1986).

[30] T. Kolvisto and D. Mota, Phys. Lett. B 644, 104 (2007); Phys. Rev. D. 75, 023518 (2007). [31] I. Antoniadis, J. Rizos and K. Tamvakis, Nucl.Phys. B 415, 497 (1994). [32] S. Mignemi and N. R. Steward, Phys. Rev. D 47, 5259 (1993); P. Kanti, N. E. Mavromatos, J. Rizos, K. Tamvakis and E. Winstanley, Phys. Rev. D 54, 5049 (1996); Ch.-M Chen, D. V. Gal’tsov and D. G. Orlov, Phys. Rev. D 75, 084030 (2007).

[33] S. Nojiri, S. D. Odintsov and M. Sasaki, Phys. Rev. D 71, 123509 (2005); G. Gognola, E.

Eizalde, S. Nojiri, S. D. Odintsov and E. Winstanley, Phys. Rev. D 73, 084007 (2006). [34] A. K. Sanyal, Phys. Lett. B, 645,1 (2007).

[35] J. D Barrow, Phys. Lett. B 235, 40 (1990); J. D Barrow and P. Saich, Phys. Lett. B 249, 406 (1990);A. Muslimov, Class. Quantum Grav. 7, 231 (1990); A. D. Rendall, Class. Quantum Grav. 22, 1655 (2005).

[36] J. D Barrow and A. R. Liddle, Phys. Rev. D 47, R5219 (1993); A. Vallinotto, E. J. Copeland, E. W. Kolb, A. R. Liddle and D. A. Steer, Phys. Rev. D 69, 103519 (2004); A. A. Starobinsky JETP Lett. 82, 169 (2005).

[37] W. H. Kinney, E. W. Kolb, A. Melchiorri and A. Riotto, Phys. Rev. D 74, 023502 (2006);

J. Martin and C. Ringeval JCAP 0608 009 (2006); F. Finelli, M. Rianna and N. Mandolesi, JCAP 12 006 (2006).

[38] J. D. Barrow, A. R. Liddle and C. Pahud, Phys. Rev. D, 74, 127305 (2006). [39] L. R. W. Abramo and F. Finelli, Phys. Lett. B 575, 165 (2003). [40] S. del Campo and R. Herrera, Phys. Rev. D 76, 103503 (2007). [41] J. C. Hwang and H. Noh, Phys. Rev. D 66, 084009 (2002).

[42] M. R. Garousi, M. Sami and S. Tsujikawa, Phys. Rev. D 70, 043536 (2004); S. Panda, M. Sami and S. Tsujikawa, Phys. Rev. D 73, 023515 (2006).

[43] J.M. Bardeen, Phys. Rev. D 22, 1882 (1980); B. A. Bassett, S. Tsujikawa and D. Wands, Rev.

Mod. Phys. 78, 537 (2006).

[44] D. A. Steer and F. Vernizzi, Phys. Rev. D 70, 043527 (2004). [45] J. Garriga and V. F. Mukhanov, Phys. Lett. B 458, 219 (1999). [46] D.N. Spergel et al. Astophys. J. Suppl. 170, 377 (2007).

[47] E. J. Copeland, A. R. Liddle and J. E. Lidsey, Phys. Rev. D 64, 023509 (2001); E. J. Copeland and O. Seto, Phys. Rev. D 72, 023506 (2005).

[48] C. Campuzano, S. del Campo and R. Herrera, JCAP 0606, 017 (2006); C. Campuzano, S. del Campo and R. Herrera, Phys. Lett. B 633, 149 (2006); C. Campuzano, S. del Campo and R. Herrera, Phys. Rev. D 72, 083515 (2005) [Erratum-ibid. D 72, 109902 (2005)].