arXiv:1302.0493v2 [hep-th] 22 Feb 2013

Cosmological perturbations in warm-tachyon inflationary universe model with viscous pressure on the brane

M. R. Setare^{a1} , V. Kamali^{a2} a Department of Science, University of Kurdistan Sanandaj, IRAN.

Abstract We study warm-viscous inflationary universe model on the brane, in a tachyon field theory.

We obtain the general conditions which are required for this model to be realizable. In longitudinal gauge, the primoradial perturbation parameters are found in great details, using slow-roll and quasi-stable approximations. The general expressions of the tensor-to-scalar ratio, scalar spectral index and its running are found. We derive the characteristics of the inflationary universe model by using an effective exponential potential in two cases: 1- Dissipative parameter Γ and bulk viscous parameter ζ are constant parameters. 2- Dissipative parameter as a function of tachyon field ϕ and bulk viscous parameter as a function of radiation-matter mixture energy density ρ. The parameters of the model are restricted by recent observational data from the seven-year Wilkinson microwave anisotropy probe (WMAP7).

1 E-mail: rezakord@ipm.ir 2 E-mail: vkamali1362@gmail.com

I. INTRODUCTION

As is well-known, the Big Bang model have many long-standing problems (horizon, flatness,...). These problems may be solved in the framework of the inflationary universe models [1]. The causal interpretation of the origin of the distribution of Large-Scale Structure (LSS) and observed anisotropy of cosmological microwave background (CMB) [2] are provided by the scalar field as a source of inflation. For standard models of inflationary universe (cool inflation models), the inflation period may be divided into two regimes, slow-roll and reheating epochs. Firstly, in slow-roll period kinetic energy remains small compared to the potential energy term. In this period, all interactions between scalar fields (inflatons) and other fields are neglected and the universe inflates. Subsequently, in reheating epoch, the kinetic segment of energy is comparable to the potential energy and the inflaton field starts an oscillation around the minimum of the potential by losing their energy to other fields which are present in the theory. Therefore, the reheating epoch is the end period of inflation. In cool inflation models the quantum fluctuations may be responsible for Large-Scale Structures formation.

Radiation production in warm inflation models occurs during inflationary period and reheating period may be avoided [3]. Thermal fluctuations are obtained during warm inflation. Thermal fluctuations instead of quantum fluctuations could play a dominant role to produce initial fluctuations which are necessary for Large-Scale Structure (LSS) formation. Therefore the density fluctuations arise from thermal rather than quantum fluctuations [4]. Finally, warm inflationary period ends when the universe stops inflating. After the warm inflation period the universe enters in radiation phase smoothly [3]. Remaining inflatons or dominant radiation fields could create the matter components of the universe. Some extensions of this model are found in Ref.[5].

In warm inflation models, for simplicity, the particles which are created by the inflaton decay are considered as massless particles (or radiation). The existence of massive particles in the inflationary fluid model as a new model of inflation have considered in Ref.[6]. The perturbation parameters of this model have obtained in Ref.[7]. In this scenario the existence of massive particles may altere the dynamics of the inflationary universe model by modification the fluid pressure. Decay of the massive particles whitin the fluid is an entropy-producing scalar phenomenon and in other hand ”bulk viscous pressure” have entropy-producing property.

Therefore the decay of particles may be considered by a bulk viscous pressure Π = −3ζH [8] where H is Hubble parameter and ζ is phenomenological coefficient of bulk viscosity. This coefficient is positive-definite by the second law of thermodynamics and in general depends on the energy density of the fluid.

In higher dimensional theories, Friedmann-Robertson-Walker (FRW) cosmological models in the context of string/M-theory have related to brane-antibrane configurations [9]. It was shown that the tachyon fields associated with unstable D-branes may be responsible for inflation in early time [10]. Tachyonic inflationary universe model is a k-inflation model [11], for the scalar field ϕ with a positive potential V (ϕ). Tachyonic form of effective potential has two special properties, firstly the maximum of this potential is found where ϕ → 0 and second property is the minimum of the potential is obtained where ϕ → ∞. In cool inflation models, if the tachyonic field starts to roll down the potential, then universe which is dominated by a new form of matter will smoothly evolve from inflationary universe to an era dominated by a non-relativistic fluid [12]. We will explain the phase of acceleration expansion (inflation) in term of tachyon field in the context of warm inflation theory. We may live on a brane which is embedded in a higher dimensional universe. This realization has significant implications to cosmology [13]. In this scenario, which is motivated by string theory, gravity (closed string modes) can propagates in the bulk, while the standard model of particles (matter fields which are related to open string modes) is confined to the lowerdimensional brane [14]. 4d Einstein’s equation projected onto the brane have been found in Ref.[15]. Friedmann equation and the equations of linear perturbation theory [16] may be modified by these projections. We would like to study the warm tachyon inflation model in the brane scenario. Therefore we will consider the linear cosmological perturbations theory for warm tachyon inflation model on the brane. Einstein’s equations which are projected onto the brane with cosmological constant and matter fields which are confined to 3d-brane, have the following form [15]

G_{μν} = −Λ_4g_{μν} + ( 8π M^2_4

)T_{μν} + ( 8π M^2_5

)^2π_{μν} − E_{μν} (1)

where E_{μν} is a projection of 5d Weyl tensor, T_{μν} is energy density tensor on the brane, π_{μν} is a tensor quadratic in T_{μν} , M_4 and M_5 are Planck scales in 4 and 5 dimensions, respectively. Cosmological constant Λ_4 on the brane in term of 3-brane tension λ and 5d cosmological constant Λ is given by Λ_4 = 4π M^3_5

(Λ + 4π 3M^3_5 λ^2) 4d Planck scale is determined by 5d Planck scale as

M_4 = √ 3 4π ( M^2_5 √ λ )M_5

In spatially flat FRW model Friedmann equation, by using Einstein’s equation (1), has the form [15]

H^2 =

Λ_4 3 + ( 8π 3M^2_4

)ρ_T + ( 4π 3M^3_5

)ρ^2_T + ε a^4 (2) where a is scale factor of the model and H is Hubble parameter ε is an integration constant and ρ_T is the total energy density on the brane. During inflation we could neglect Λ_4 and ε constants. Therefore the Friedmann equation reduced to

H^2 = 8π 3M^2_4 ρ_T (1 + ρ_T 2λ ) In warm-viscous inflationary models where, the total energy density ρ_T = ρ_ϕ + ρ is found on the brane [17], the Friedmann equation have the form

H^2 = 8π 3M^2_4

(ρ_ϕ + ρ)(1 + ρ_ϕ + ρ 2λ ) Cosmological perturbations of warm inflation model (with viscous pressure) have been studied in Ref.[18] ([7]). Warm tachyon inflationary universe model (on the brane) have been studied in Ref.[19] ([20]). Warm inflation on the brane (with viscous pressure) have been studied in Ref [21]. As far as, we know, a model in which warm tachyon inflation with viscous pressure on the brane has not been yet considered. Therefor, in the present work we will study warm-tachyon inspired inflation with viscous pressure on the brane, using the above modified Friedmann equation. The paper organized as: In the next section we will describe warm-tachyon inflationary universe model with viscous pressure on the brane. In section (3) we obtain the perturbation parameters for our model. In section (4) we study our model using the exponential potential in high dissipative regime and high energy limit for two cases: 1- Dissipative parameter Γ and bulk viscous parameter ζ are constant parameters. 2- Dissipative parameter as a function of tachyon field ϕ and bulk viscous parameter as a function of radiation-matter mixture energy density ρ. Finally in section (5) we close by some concluding remarks.

II. THE MODEL

In this section, we will obtain the characteristics of warm tachyon inflation with viscous pressure on the brane in the background level. This model may be described by an effective tachyon fluid and matter-radiation imperfect fluid. The energy-momentum tensor of tachyon fluid in a spatially flat Friedmann Robertson Walker (FRW) is recognized by T^ν_μ = diag(−ρ_ϕ, P_ϕ, P_ϕ, P_ϕ). The pressure and energy density of tachyon field are defined by [12]

P_ϕ = −V (ϕ) √ 1 − ϕ̇^2 (3) and ρ_ϕ = V (ϕ) √ 1 − ϕ̇^2 (4)

respectively, where V (ϕ) is the effective scalar potential associated with tachyon field ϕ. Important characteristics of this potential are^{dV}_{dϕ} < 0 and V (ϕ → ∞) → 0 [22]. The imperfect fluid is a mixture of matter and radiation of adiabatic index γ which have energy density ρ = T s(ϕ, T ) (T is the temperature and s is the entropy density of the imperfect fluid.) and pressure P +Π, where P = (γ −1)ρ. Also, Π = −3ζH is bulk viscous pressure [8], where H is Hubble parameter and ζ is phenomenological coefficient of bulk viscosity. This coefficient is positive-definite by the second law of thermodynamics and in general depends on the energy density ρ of the fluid. The dynamic of warm tachyon inflation with viscous pressure on the brane in spatially flat FRW model is described by Friedmann equation,

3H^2 = ( V (ϕ) √ 1 − ϕ̇^2

+ ρ)(1 + 1 2λ [ V (ϕ) √ 1 − ϕ̇^2

+ ρ]) (5)

conservation equations of tachyon field and imperfect fluid which are connected by the dissipation term Γϕ̇^2

ρ̇_ϕ + 3H(P_ϕ + ρ_ϕ) = −Γϕ̇^2 ⇒ ϕ̈ 1 − ϕ̇^2

+ 3Hϕ̇ + V^′ V = − Γ V √ 1 − ϕ̇^2ϕ̇ (6) and ρ̇ + 3H(ρ + P + Π) = ρ̇ + 3H(γρ + Π) = Γϕ̇^2 (7) where Γ is the dissipative coefficient with the dimension M^5_4 . In the above equations dots ”.” mean derivative with respect to cosmic time, prime denotes derivative with respect to tachyon field ϕ and in Eq.(5) we choose^{8π}_{M 24} = 1. We would like to express the evolution equation (7) in terms of entropy density s(ϕ, T ). This parameter is defined by a thermodynamical relation [23] s(ϕ, T ) = − ∂f ∂T = − ∂V ∂T (8) in terms of the Helmholtz free energy f f = ρ_T − T s = V (ϕ, T ) √ 1 − ϕ̇^2

+ ρ − T s (9)

which is dominated by the thermodynamical potential V (ϕ, T ) in slow-roll limit. The total energy density and total pressure are given by

ρ_T = V √ 1 − ϕ̇^2

+ T s (10)

P_T = − V √ 1 − ϕ̇^2

+ (γ − 1)T s + Π

The viscous pressure for an expanding universe is negative (Π = −3ζH), therefore this term acts to decrease the total pressure. Using Eq.(7), we can find the entropy density evolution for our model as

T ṡ + 3H(γT s + Π) = Γϕ̇^2 (11)

where for a quasi-equilibrium high temperature thermal bath as an inflation fluid, we have γ =^4_3 . The bulk viscosity effects may be read from above equation. Thus bulk viscous pressure Π as a negative quantity, enhances the source of entropy density on the RHS of the evolution equation (11). Therefore, energy density of radiation and entropy density increase by the bulk viscosity pressure Π (see FIG.1 and FIG.2). During inflation epoch the energy density (4) is the order of potential ρ_ϕ ∼ V and dominates over the imperfect fluid energy density ρ_ϕ > ρ, this limit is called stable regime [23]. Using slow-roll approximation when ϕ̇ ≪ 1 and ϕ̈ ≪ (3H +^Γ_V ) [3] the dynamic equations (5) and (6) are reduced to

3H^2 = V (1 + V 2λ ) (12) and 3H(1 + r)ϕ̇ = − V^′ V (13) where r =^Γ_{3HV} . From above equations and Eq.(7), when the decay of the tachyon field to imperfect fluid is quasi-stable i.e. ρ̇ ≪ 3H(γρ + Π) and ρ̇ ≪ Γϕ̇^2, ρ could be written as ρ = 1 γ ( Γ 3H ϕ̇^2 − Π) = 1 γ ( r 3(1 +^V_{2λ} )(1 + r)^2 ( V^′ V )^2 − Π) (14)

In the present work we will restrict our analysis in high dissipative regime i.e. r ≫ 1 where the dissipation coefficient Γ is much greater than 3HV . The reason of this choice is the following. In weak dissipative i.e. r ≪ 1, the expansion of the universe in the inflation era disperses the decay of the inflaton, so there is a little chance for interaction between the sectors of the inflationary fluid and we do not have non-negligible bulk viscosity. Warm inflation in high and weak dissipative regimes for a model without bulk viscous pressure have been studied in Refs. [3] and [24] respectively. Dissipation parameter Γ may be a positive function of inflaton ϕ and temperature T or a constant parameter by the second law of thermodynamics. There are some specific forms for the dissipative coefficient, with the most common which are found in the literatures being the Γ ∼ T^3 form [23],[25],[26],[27]. We like quasi-stable condition in the inflation epoch [23] where the energy density of radiation (which is obtained from dissipation of inflaton field) is smaller than the energy of tachyon field ρ < ρ_ϕ ∼ V (ϕ). In warm-tachyon model of inflation the interesting potential is descending potential in term of tachyon field ϕ (V (ϕ) = V_0 exp(−αϕ)) [19]. Therefore we need a descending form of dissipation in term of tachyon field ϕ. An important choice for dissipation parameter Γ as a function of tachyon field is a descending function Γ(ϕ) ∝ exp(−αϕ) [19],[7]. In some works parameter Γ and potential of the inflaton have the same form [19]. In Ref.[7], perturbation parameters for warm inflationary model with viscous pressure have been obtained where Γ = Γ(ϕ) = α_1V (ϕ) and Γ = Γ_0 = const. In this work we will study the warm-tachyon inflationary universe model with viscous pressure on the brane for these two cases.

We introduce the slow-roll parameters for our model as ϵ = − Ḣ H^2 ≃ 1 2(1 + r)V ( V^′ V )^2

1 +^V_λ (1 +^V_{2λ} )^2

(15) and η = − Ḧ HḢ ≃ V^′ V^2(1 + r)[1 +^V_{2λ} ]

(16) ×[ 2V^{′′} V^′ − V^′ V − r^′ (1 + r) + V^′ λ + V ] − 2ϵ A relation between two energy densities ρ_ϕ and ρ is obtained from Eqs. (14) and (15) ρ = 1 γ ( 2 3 r(1 +^V_{2λ} ) (1 + r)(1 +^V_λ ) ϵρ_ϕ − Π) (17)

The condition of inflation epoch ä > 1 could be obtained by inequality ϵ < 1. Therefore from above equation, warm-tachyon inflation with viscous pressure could take place when 1 +^{ρϕ}_{2λ} 1 +^{ρϕ}_λ ρ_ϕ > 3(1 + r) 2r [γρ + Π] (18)

Inflation period ends when ϵ ≃ 1 which implies 1 +^{ρϕ}_{2λ} 1 +^{ρϕ}_λ ρ_ϕ ≃ 3(1 + r) 2r [γρ + Π] (19)

or equivalently 1 +^{Vf}_λ 1 +^{Vf}_{2λ} [ V^′_f V_f ]^2 1 V_f ≃ 2(1 + r_f )

where the subscript f denotes the end of inflation. The number of e-folds is given by N = ∫_{ϕf} ϕ_∗ Hdt = ∫_{ϕf} ϕ_∗ H ϕ̇ dϕ = − ∫_{ϕf} ϕ_∗ V^2 V^′ (1 + r)(1 + V 2λ )dϕ (20)

where the subscript ∗ denotes the epoch when the cosmological scale exits the horizon.

III. PERTURBATION

In this section we will study inhomogeneous perturbations of the FRW background. These perturbations in the longitudinal gauge, may be described by the perturbed FRW metric

ds^2 = (1 + 2Φ)dt^2 − a^2(t)(1 − 2Ψ)δ_{ij} dx^idx^j (21)

where Φ and Ψ are gauge-invariant metric perturbation variables [28]. All perturbed quantities have a spatial sector of the form e^{ikx}, where k is the wave number. Perturbed Einstein field equations in momentum space have only the temporal parts

Φ = Ψ

Φ̇ + HΦ = 1 2 [− (γρ + Π)av k + V ϕ̇ √ 1 − ϕ̇^2 δϕ](1 + V λ ) (22)

δ̈ϕ 1 − ϕ̇^2

+ [3H + Γ V ]δ̇ϕ + [ k^2 a^2

+ (ln V )^{′′} + ϕ̇( Γ V )^′]δϕ (23) −[ 1 1 − ϕ̇^2

+ 3]ϕ̇Φ̇ − [ϕ̇ Γ V − 2(ln V )^′]Φ = 0

(δ̇ρ) + 3γHδρ + ka(γρ + Π)v + 3(γρ + Π)Φ̇ (24) −ϕ̇^2Γ^′δϕ − Γϕ̇[2(δ̇ϕ) + ϕ̇Φ] = 0 and v̇ + 4Hv + k a [Φ + δP ρ + P + Γϕ̇ ρ + P δϕ] = 0 (25)

where δP = (γ − 1)δρ + δΠ δΠ = Π[ ζ_{,ρ} ζ δρ + Φ + Φ̇ H ] The above equations are obtained for Fourier components e^{ikx}, where the subscript k is omitted. v in the above set of equations is found from the decomposition of the velocity field (δu_j = −^{iakJ}_k ve^{ikx}, j = 1, 2, 3) [21]. Warm inflation model may be considered as a hybrid-like inflationary model where the inflaton field interacts with radiation field [18], [29]. Entropy perturbation may be related to dissipation term [30]. During inflationary phase with slow-roll approximation, for non-decreasing adiabatic modes on large scale limit k ≪ aH, we assume that the perturbed quantities could not vary strongly. So we have HΦ ≫ Φ̇, (δ̈ϕ) ≪ (Γ + 3H)(δ̇ϕ), (δ̇ρ) ≪ δρ and v̇ ≪ 4Hv. In slow-roll limit and by using the above limitations, the set of perturbed equations are reduced to Φ ≃ 1 2H [− 4(γρ + Π)av k + V ϕ̇δϕ][1 + V λ ] (26)

[3H + Γ V ]δ̇ϕ + [(ln V )^{′′} + ϕ̇( Γ V )^′]δϕ ≃ [ϕ̇ Γ V − 2(ln V )^′]Φ (27)

δρ ≃ ϕ̇2 3γH [Γ^′δϕ + ΓΦ] (28) and v ≃ − k 4aH (Φ + (γ − 1)δρ + δΠ γρ + Π + Γϕ̇ γρ + Π δϕ) (29)

Using Eqs.(26), (28) and (29) perturbation variable Φ is determined Φ ≃ ϕ̇V 2H δϕ G(ϕ) [1 + Γ 4HV + ([γ − 1] + Π ζ_{,ρ} ζ ) ϕ̇Γ′ 12γH^2V

][1 + V λ ] (30)

where

G(ϕ) = 1 − 1 8H^2

[2γρ + 3Π + γρ + Π γ (Π ζ_{,ρ} ζ − 1)][1 + V λ ] In the above equations, for Π → 0 and γ =^4_3 case, we obtain warm tachyon inflation model without viscous pressure on the brane [20] (In this case, we find G(ϕ) → 1 because of the inequality^ρ_V ≪ 1.).

We can solve the above equations by taking tachyon field ϕ as the independent variable in place of cosmic time t. Using Eq.(13) we find

(3H + Γ V ) d dt = (3H + Γ V )ϕ̇ d dϕ = − V^′ V d dϕ (31)

From above equation, Eq.(27) and Eq.(30), the expression^{(δϕ)′}_{δϕ} is obtained (δϕ)^′ δϕ = 1 (ln V )^′

[(ln V )^{′′} + ϕ̇( Γ V )^′ + (2(ln V )^′ − ϕ̇ Γ V )( V ϕ̇ 2GH ) (32)

×(1 + Γ 4HV + [(γ − 1) + Π ζ_{,ρ} ζ ] ϕ̇Γ′ 12γH^2V

)(1 + V λ )] We will return to the above relation soon. Following Refs.[19], [21] and [30], we introduce auxiliary function χ as χ = δϕ (ln V )^′ exp[ ∫ 1 3H +^Γ_V ( Γ V )^′dϕ] (33)

From above definition we have χ^′ χ = (δϕ)^′ δϕ − (ln V )^{′′} (ln V )^′ + (^Γ_V )^′ 3H +^Γ_V

(34)

Using above equation and Eq.(32) we find χ^′ χ = (− ϕ̇ (ln V )^′ Γ V + 2)( V ϕ̇ 2H ) (35)

×[1 + Γ 4HV + [(γ − 1) + Π ζ_{,ρ} ζ ] ϕ̇Γ′ 12γH^2V

][1 + V λ ]

We could rewrite this equation, using Eqs. (12) and (13) χ^′ χ = − 9 8G 2H +^Γ_V (3H +^Γ_V )^2

[Γ + 4HV − ([γ − 1] + Π ζ_{,ρ} ζ ) (36) × Γ^′(ln V )^′ 3γH(3H +^Γ_V ) ] (ln V )^′ V 1 +^V_λ 1 +^V_{2λ}

A solution for the above equation is

χ(ϕ) = C exp(− ∫ {− 9 8G 2H +^Γ_V (3H +^Γ_V )^2

[Γ + 4HV − ([γ − 1] + Π ζ_{,ρ} ζ ) (37) × Γ^′(ln V )^′ 3γH(3H +^Γ_V ) ] 1 +^V_λ 1 +^V_{2λ}

(ln V )^′ V }dϕ) where C is integration constant. From above equation and Eq.(34) we find small change of variable δϕ

δϕ = C(ln V )^′ exp(ℑ(ϕ)) (38)

where ℑ(ϕ) = − ∫ [ (^Γ_V )^′ 3H +^Γ_V + ( 9 8G 2H +^Γ_V (3H +^Γ_V )^2

(39)

×[Γ + 4HV − ([γ − 1] + Π ζ_{,ρ} ζ ) Γ^′(ln V )^′ 3γH(3H +^Γ_V ) ] 1 +^V_λ 1 +^V_{2λ}

(ln V )^′ V ]dϕ Perturbed matter fields of our model are inflaton δϕ, radiation δρ and velocity k^{−1}(P + ρ)v_{,i}. We can explain the cosmological perturbations in terms of gauge-invariant variables. These variables are important for development of perturbation after the end of inflation period. The curvature perturbation R and entropy perturbation e are defied by [31, 32]

R = Φ − k^{−1}aHv (40) e = δP − c^2_sδρ where c^2_s =^Ṗ_{ρ̇} , and Φ ≃ C ϕ̇V 2HG(ϕ) [1 + Γ 4HV + ([γ − 1] + Π ζ_{,ρ} ζ ) ϕ̇Γ′ 12γH^2V

][1 + V λ ](ln V )^′ exp(ℑ(ϕ)) (41)

In large scale limit, where k ≪ aH, and with slow roll condition, the curvature perturbation is given by R ∼ C (42) and the entropy perturbation vanishes [32]. We can find the density perturbation amplitude by using the above equation and Eqs.(12), (38) [33]

P^{12}_R ∼ R ∼ C (43)

δ_H = 2 5 P^{12}_R = 16π 5 exp(−ℑ(ϕ)) (ln V )^′ δϕ = 16π 15 exp(−ℑ(ϕ)) Hrϕ̇ δϕ For high or low energy limit (V ≫ λ or V ≪ λ) and by inserting Γ = 0, the above equation reduces to δ_H ≃^H_{ϕ̇} δϕ which agrees with the density perturbation in cool inflation model [1]. In warm inflation model the fluctuations of the scalar field in high dissipative regime (r ≫ 1) may be generated by thermal fluctuation instead of quantum fluctuations [34] as (δϕ)^2 ≃ k_F T_r 2π^2

(44)

where in this limit freeze-out wave number k_F = √_{ΓH} V = H √ 3r ≥ H corresponds to the freeze-out scale at the point when, dissipation damps out to thermally excited fluctuations (^{V ′′}_{V ′} <^{ΓH}_V ) [34]. With the help of the above equation and Eq.(43) in high dissipative regime (r ≫ 1) and high energy limit (λ ≫ 1) we find

δ^2_H = 128 √ 3 75 exp(−2ℑ̃(ϕ)) √ rϵ̃ T_r H (45)

where ℑ̃(ϕ) = − ∫ [ 1 3Hr ( Γ V )^′ + 9 4G̃ (1 − [(γ − 1) + Π ζ_{,ρ} ζ ] (ln Γ)^′(ln V )^′ 9γrH^2 )(ln V )^′]dϕ (46)

G̃(ϕ) = 1 − V 8λH^2

[2γρ + 3Π + γρ + Π γ (Π ζ_{,ρ} ζ − 1)] and ϵ̃ = 2λ rV^2 ( V^′ V )^2 (47)

An important perturbation parameter is scalar index n_s which in high dissipative regime is given by n_s = 1 + d ln δ^2_H d ln k ≈ 1 − 4η̃ + ϵ̃ − ( 8λϵ̃ rV^2 )^{12} (ℑ̃^′(ϕ) + r^′ 4r ) (48)

where η̃ =

M^2_4 λ 4πr V^′ V^3 [ 2V^{′′} V^′ − r^′ r ] − 2ϵ̃ (49)

In Eq.(48) we have used a relation between small change of the number of e-folds and interval in wave number (dN = −d ln k). Running of the scalar spectral index may be found as α_s = dn_s d ln k = − dn_s dN = − dϕ dN dn_s dϕ = 2λV^′ rV^3 n^′_s (50)

This parameter is one of the interesting cosmological perturbation parameters which is approximately −0.038, by using WMAP7 observational results [2].

During inflation epoch, there are two independent components of gravitational waves (h_{×+}) with action of massless scalar field are produced by the generation of tensor perturbations. The amplitude of tensor perturbation is given by

A^2_g = 2( H 2π )^2 coth[ k 2T ] = V^2 12λπ^2 coth[ k 2T ] (51)

where, the temperature T in extra factor coth[^k_{2T} ] denotes, the temperature of the thermal background of gravitational wave [35]. Spectral index n_g may be found as

n_g = d d ln k (ln[

A^2_g coth(^k_{2T} )

]) ≃ −2ϵ̃ (52)

where A_g ∝ k^{ng} coth[^k_{2T} ] [35]. Using Eqs. (45) and (51) we write the tensor-scalar ratio in high dissipative regime

R(k_0) =

A^2_g P_R |_{k=k0} = √ 3 64π^2 r^12 ϵ̃H^3 T_r exp(2ℑ(ϕ)) coth[ k 2T ]|_{k=k0} (53)

where k_0 is referred to pivot point [35] and P_R =^{25}_4 δ^2_H . An upper bound for this parameter is obtained by using WMAP7 data, R < 0.36 [2].

IV. EXPONENTIAL POTENTIAL

In this section we consider our model with the tachyonic effective potential

V (ϕ) = V_0 exp(−αϕ) (54)

where parameter α > 0 is related to mass of the tachyon field [36]. The exponential form of potential have characteristics of tachyon field (^{dV}_{dϕ} < 0 and V (ϕ → 0) → V_{max} ). We develop our model in high dissipative regime i.e. r ≫ 1 and high energy limit i.e. V (ϕ) ≫ λ, for two cases: 1- Γ and ζ are constant parameters. 2- Γ as a function of tachyon field ϕ and ζ as a function of energy density ρ of imperfect fluid.

A. Γ = Γ_0, ζ = ζ_0 case

From Eq.(47) slow-roll parameter ϵ̃ in the present case has the form

ϵ̃ = 2λα^2 rV^2_0 exp(2αϕ) (55)

We find the evolution of tachyon field with the help of Eq.(13) ϕ(t) = 1 α ln[ α^2V_0 Γ_0 t + e^{αϕi} ] (56)

where ϕ_i = ϕ(t = 0).

Dissipation parameter r =^Γ_{3HV} in this case is given by r = √ 2λΓ_0 √ 3V^2_0 exp(2αϕ) ≫ 1 (57)

Hubble parameter for our model has the form H = V_0 √ 6λ exp(−αϕ) (58)

Using Eqs.(17) and (55), the energy density of the radiation-matter fluid in high dissipative limit becomes ρ = V_0 exp(−αϕ) γ ( 4 3 √ 6λ Γ_0 α^2 +

3ζ_0 √ 6λ ) (59)

and, in terms of tachyon field energy density ρ_ϕ becomes ρ = ρ_ϕ γ ( 4 3 √ 6λ Γ_0 α^2 +

3ζ_0 √ 6λ ) (60)

For this example, the entropy density in terms of cosmic time may be obtained from Eqs. (56),(59)

T s = ( 4 3 √ 6λ Γ_0 α^2 +

3ζ_0 √ 6λ ) 1 (e^{αϕi} +^{α2V0}_{Γ0} t)γ

(61)

In FIG.1, we plot the entropy density in terms of cosmic time. As one can see the entropy density increases by the bulk viscous effect [23].

From Eq.(20), the number of e-fold at the end of inflation, by using the potential (54), for our inflation model is given by

N_{total} = √ 6λΓ_0 α (ϕ_f − ϕ_i) (62)

FIG. 1: We plot the entropy density s in terms of cosmic time t where, Π = 0 by dashed curve and Π = −3ζ_0H by blue curve (T = 5.47×10^{−5}, Γ = Γ_0 = 8π×10^{−3}, ζ_0 = (8π)^3 ×10^{−6}, α = +8π×10^{−2})

where ϕ_f > ϕ_i. Using Eqs.(45) and (53), we could find the scalar spectrum and scalartensor ratio δ^2_H = 128 25 Γ^{32}_0 T_r α^2(6λ)^14

V (ϕ_0)^92^~G^{−2} (63)

where

G̃ = 1 − 1 4 [2γa_1 −

9ζ_0 √ 6λ − 1 γ (γa_1 −

3ζ_0 √ 6λ )] a_1 = 1 γ ( 4 3 √ 6λ Γ_0 α^2 +

3ζ_0 √ 6λ ) and R = 1 64π^2 α^2 Γ^{32}_0 T_r(6λ)^14

V (ϕ_0)^{4− 9}2^~G coth[ k 2T ] |_{k=k0} (64)

In the above equation we have used the Eq.(46) where

ℑ̃(ϕ) = ln(V^{1−} 9 4G̃ Γ_0

) (65)

These parameters may by restricted by WMAP7 observational data [2].

B. Γ = Γ(ϕ), ζ = ζ(ρ) case

Now we assume ζ = ζ(ρ) = ζ_1ρ and Γ = Γ(ϕ) = α_1V (ϕ) = α_1V_0 exp(−αϕ) (see appendix B), where α_1 and ζ_1 are positive constants. By using exponential potential (54), Hubble parameter, r parameter and slow-roll parameter ϵ̃ have the form H(ϕ) = V_0 √ 6λ exp(−αϕ) r = α_1 √ 2λ √ 3V_0 exp(αϕ) (66)

ϵ̃ = 2λα^2 rV^2_0 exp(2αϕ)

respectively. Using Eq.(13), we find the scalar field ϕ in term of cosmic time ϕ(t) = − α α_1 t + ϕ_i (67)

The energy density of imperfect fluid ρ in term of the inflaton energy density ρ_ϕ is given by the expression ρ = (6λ)^12 α^2 3α_1γ

[1 + √ 3ζ_1 γ √ 2λ ρ_ϕ]^{−1} (68)

We can find the entropy density s in terms of cosmic time T s = (6λ)^12 α^2 3α_1γ

[1 + √ 3ζ_1V_0 γ √ 6λ exp( −α^2 α_1 t + ϕ_it)]^{−1} (69)

The entropy density and energy density of our model in this case increase by the bulk viscosity effect (see FIG.2). From Eq.(66) the scalar field and effective potential at the end

FIG. 2: We plot the entropy density s in terms of cosmic time t where, Π = 0 by dashed line and Π = −3ζ_1ρH by blue curve (T = 5.47 × 10^{−5} , V_0 = 10^{−9}, λ = 1, γ =^4_3 , ϕ_i = 0, α_1 = 6.25 × 10^2, ζ_1 = 3.9 × 10^{−10}, α = 8π)

of inflation where ϵ̃ ≃ 1, becomes

ϕ_f = 1 α ln[ α_1V_0 (6λ)^12 α^2

] V_f =

(6λ)^12 α^2 α_1

(70) so, by using the above equation and Eq.(67) we may find time at which inflation ends

t_f = − α_1 α^2 ln[ αV_0 (6λ)^12 α^2 ] + α_1 α ϕ_i (71)

Number of e-folds in this case is related to V_i and V_f by using Eq.(20)

V_i = (N + 1)V_f (72)

At the begining of the inflation r parameter is given by

r = r_i = α_1 3(N + 1)α

(73)

so, high dissipative condition(r ≫ 1), leads to α_1 ≫ α(N + 1).

By using Eqs.(45) and (53) scalar power spectrum and tensor-scalar ratio result to be

δ^2_H = 128 √ α_1 25^4 √ 6λα^2 V^{2A}(ϕ_0) exp(− 2B V (ϕ_0) ) √ V (ϕ_0)T_r (74) and R = α^2 64π^2 √ α_1^4 √ (6λ)^3

V^{−2A}(ϕ_0) exp( 2B V (ϕ_0) ) V (ϕ_0)^32 T_r coth[ k 2T ] (75)

respectively, where A =^9_4^{1+} ζ1α2 √ αλα1γ 1−^3_4^{ζ1α2}_{γ2 α1}

and B =^3_4^{(γ−1)α2} √ 6λ γα_1(1−^3_4^{ζ1α2}_{γ2α1} )

. In the above equation we have used the Eq.(46) where

ℑ̃(ϕ_0) = −A ln(V (ϕ_0)) + B V (ϕ_0)

(76)

We may restrict these parameters, using WMAP7 observational data [2]. Using WMAP7 data, P_R(k_0) =^{25}_4 δ^2_H ≃ 2.28 × 10^{−9}, R(k_0) ≃ 0.21 and the characteristic of warm inflation T > H [3], we may restrict the values of temperature to T_r > 5.47 × 10^{−5}M_4 using Eqs.(45), (53), or the corresponding equations (63), (64), (74), (75) in our coupled examples, (see FIG.3). We have chosen k_0 = 0.002Mpc^{−1} and T ≃ T_r. Note that, because of the bulk viscous pressure, the radiation energy density in our model increases. Therefore the minimum value of temperature for our model (5.47 × 10^{−5}M_4) is bigger than the minimum value of temperature (3.42 × 10^{−6}M_4 ) for the model without the viscous pressure effects [21].

FIG. 3: In this graph we plot the Hubble parameter H in term of the temperature T_r. We can find the minimum amount of temperature T_r = 5.47 × 10^{−5} in order to have the necessary condition for warm inflation model (T_r > H).

V. CONCLUSION

Warm-tachyon inflation model with viscous pressure on the brane, using overlasting form of potential V (ϕ) = V_0 exp(−αϕ) which agrees with tachyon potential properties have been studied. The main problem of the cool inflation theory is how to attach the universe to the end of the inflation epoch. One of the solutions for this problem is the study of inflation epoch in the context of warm inflation theory [3]. In this model of inflation, radiation is produced during inflation period. Production of radiation is phenomenologically recognized by introducing the dissipation term Γ in equations of motion. Warm inflation model with viscous pressure is an extension of warm inflation model where instead of radiation field we have radiation-matter fluid. The study of warm inflation model with viscous pressure on the brane as a mechanism that gives an end for tachyon inflation are motivated us to consider the warm tachyon inflation model on the brane with viscous pressure. In this article we have considered warm-tachyon inflationary universe with viscous pressure on the brane. In slowroll approximation the general relation between the energy density of radiation-matter fluid and the energy density of tachyon field is found. In longitudinal gauge and slow-roll limit the explicit expressions for the tensor-scalar ratio R, scalar spectrum P_R, scalar spectral index n_s and its running α_s have been obtained. We have developed our specific model by exponential potential for two cases: 1- Constant dissipation coefficient Γ_0 and constant bulk viscous pressure coefficient ζ_0. 2- Γ as a function of tachyon field ϕ and ζ as a function of imperfect fluid energy density ρ. In these two cases we have found perturbation parameters and constrained these parameters by WMAP7 observational data.

VI. ACKNOWLEDGEMENTS

We would like to thank I. Antoniadis for bringing our attention to the last references in [13], also we would like to thank Y. Cai and J. Rosa for bringing our attention to the papers in Ref.[5], and their useful comment and suggestions. Also we thank the referee for good observations and kind guidelines.

VII. APPENDIX A

In this article we study our model in natural units where c = ℏ = 1, so we have ([Mass] = M, [T ime] = T, [Length] = L) [c] = LT^{−1} = 1 ⇒ T = L [ℏ] = ML^2T^{−1} ⇒ L = T = M^{−1}

In Eq.(2) (which is obtained from Eq.(1)) we have

[H^2] = [ 8π 3M^2_4 ρ_T ] ⇒

[a]^2 T^2[a]^2 = [ρ_T ] [M^2_4 ] ⇒ [ρ_T ] = [T_{μν} ] = M^4

It is appear that T_{μν} have mass dimension 4.

From Eqs.(3) and (4), we have −ϕ̇^2 plus dimensionless number 1, therefore

[ϕ̇] = [1] ⇒ [ϕ] T = [ϕ]M = 1

It is appear that tachyon field have mass dimension −1 (which is agree with the tachyonic form of potential (54)) In Eq.(7) RHS and LHS have mass dimension 5.

[Γϕ̇^2] = [Γ][ϕ̇]^2 = M^5 [ρ̇] = [ρ] T = M^4 × M = M^5

[3HP ] =

[ȧ] [a] [P ] = [a] [a]T [P ] = M × M^4 = M^5

In Eq.(13) RHS and LHS have mass dimension 1. [ V^′ V ] = [V ] [V ][ϕ] = M [3Hϕ̇] = [H][ϕ̇] = M [3Hrϕ̇] = [H][Γ][ϕ̇] [H][V ] = M^5 M^4 = M

VIII. APPENDIX B

The explicit forms for the dissipation coefficient have been derived from analysing intermediate particle production [37–39](ϕ → χ → yy, where χ is heavy intermediate field and y is light field.). We follow the thermal field theory methods which is found in Ref.[40]. Schwinger-Keldeysh approach will be used here [41–49]. From thermal field theory methods the ensemble of an operator ^A in Heisenberg picture may be written

< Â >= ρ_{ii}′ < ψ_i|Â|ψ_i′ > ρ_{ii}′ < ψ_i|ψ_i′ > = tr(ρÂ) tr(ρ) (77) where ρ is density matrix. Shifted version of Schwinger-Keldysh, or closed approach path formalism may be used, to evaluate ensemble average [50]. The generating functional for the scalar field ϕ is given by

Z[ϕ_1, ϕ_2, J_1, J_2] = ρ_{ii}′ < ψ_i | T^∗ exp(−i ∫ J_2(ϕ̂ − ϕ_2))T exp(i ∫ J_1(ϕ̂ − ϕ_1)) | ψ_i′ > (78) where T (T^∗) denotes time ordering with smallest time on right (left). The index a for pairs J_a = (J_1, J_2) and ϕ_a = (ϕ_1, ϕ_2) raises by a metric c_{ab} = diag(1, −1) [51]. Two-point functions of this model are G_{ab} = − i Z δ^2Z δJ^aδJ^b |_{(J1,J2)=0} (79) or G^>(x, x^′) = G^<(x^′, x) = i < η̂(x)η̂(x^′) > (80) where η̂ = ϕ̂−ϕ_a. The starting point of perturbation theory for a system close to equilibrium is free theory with thermal distribution of states. Feynman diagram expansions may be used for studying the correlation functions of interacting theory. Free theory propagators −iG_{0ab} is represented by lines and vertices are found from an interacting lagrangian [41]. The study of the background fields may be identified with ensemble averages of the field operators. The equation of background field is given by δZ δJ^a = 0 (81)

This equation may be solved for J_a[ϕ_b]. From Eq.(81) the effective field equation is F [ϕ](x) = − δS[ϕ_a] δϕ_b |_{ϕa=ϕ}= 0 (82)

where the effective action is S[ϕ] = −i ln Z[ϕ_a, J_b[ϕ_c]] (83) We consider the tachyonic fluid as an interacting system in thermal equilibrium. We assume the background fields are constant ϕ_1 = ϕ_2 and G_{ab}(x, x^′) ≡ G_{ab}(x − x^′). We define the vacuum polarization or self-energy Π_{ab} as

G^{−1ab}(P ) = (P^2 + m^2)c^{ab} + Π^{ab} (84)

where G_{ab}(P ) = ∫ d^4xG_{ab}(x, x^′)e^{−iP.(x−x′)} (85) and P=( −→ P , ω) is 4-momentum. In FIG.4, we show diagrammatic representation for twopoint function. We define the dissipative part of self-energy as

β = i(Π_{21} − Π_{12}) (86)

where Π_{ab} = −Π^∗_{ab}.

FIG. 4: We plot the diagrams of vacuum energy −iΠ_{ab}, two-point function −iG_{ab} and free twopoint function −iG_{0ab}.

From above definitions and using the methods of Ref.[41], we will study the effective field equation of tachyon field which is interacting with radiation field in slow-roll limit. From Eq.(82) the effective field equation for our model is F (x) = − δS δϕ_1(x)

|_{ϕa=ϕ}= 0 (87) where the homogeneous field ϕ varies slowly slowly about ϕ_t = ϕ(t). An expansion of F is given by F (x) = ∞∑ n=0 F_n(x) (88) where

F_n(x) = − 1 n! ∫ d^4x_1...d^4x_n δ^{n+1}S δϕ_1(x)δϕ_{a1} (x_1)...δϕ_{an} (x_n) |_{ϕa=ϕ1} δϕ_{a1} (x_1)...δϕ_{an} (x_n) (89) and δϕ_a = ϕ_a − ϕ_t. The first term F_0 may be expressed as the derivative of ln(V ). This term represents the part of field equation without time derivative terms. Term F_1 contains the equilibrium self-energy Π^η_{ab}(k, t − t_1) of perturbation η and derivative terms [41].

F_1(x) = ϕ̈ + 3Hϕ̇ − ∫_t −∞ dt_1Π^η_{1a}(0, t − t_1)δϕ^a(t_1) |_{ϕa=ϕ} (90) From Eqs.(88) and (90) we have F ≃ F_0 + F_1 = 0 (91) ⇒ ϕ̈ + 3HV ϕ̇ + V^′ V + − ∫_t −∞ dt_1Π^η_{1a}(0, t − t_1)δϕ^a(t_1) |_{ϕa=ϕ}= 0 In slow-roll limit the tachyon field may be expressed as ϕ(t_1) = ϕ(t) + (t_1 − t)ϕ̇(t) + ... (92)

The tachyon field equation of motion with linear dissipative term is

ϕ̈ + (3HV + Γ)ϕ̇ + V^′ V = 0 (93)

So we obtain Γ = 2 ∫_∞ 0 dt^′Re(Π^η_{21}(0, t^′))t^′ (94) This result may be found from linear response theory [52]. We may represent an adiabatic approximation for massive boson field χ with an interacting Lagrangian [46]

L_I = − 1 2 g^2Φ̂(ϕ)χ^2 (95)

FIG. 5: We plot the diagrams of vertices for interaction between inflaton ϕ and intermediate particle χ.

FIG. 6: The η self-energy diagrams of order g^4 (right) and g^2 (left) are plotted.

In FIG.5, we show the vertices for interactions between η and χ. χ is heavy field with mass m_χ ∼ Φ̂^12 . From left diagram in FIG.6 and Eq.(94), we can derive the contribution to the self energy of the field η at order g^2

Γ = 4g^4Φ̂Im ∫ d^3k (2π)^3 ∫_∞ 0 dt^′(G^χ_{21})^2t^′ (96) where [41] G^χ_{21} = ∫_∞ −∞ dω 2π i(1 + n)ρ_χe^{−iωt′} (97) For Chaotic potential Φ̂ ∼ V (ϕ) ∼ ϕ^2, we have

Γ ∼ ϕ^2 (98)

which is agree with the result of Ref.[41]. In our model for tachyon potential we set Φ̂ ∼ V (ϕ) ∼ exp(−αϕ). Therefore, we have

Γ ∼ exp(−αϕ) ∼ V (ϕ) (99)

In section.4 we have used the Γ = α_1V (ϕ) form for dissipative coefficient.

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

[2] E. Komatsu et al., Astrophys. J. Suppl. 192 (2011) 18 [arXiv:1001.4538]; B. Gold et al., Astrophys. J. Suppl. 192 (2011) 15 [arXiv:1001.4555]; D. Larson et al., Astrophys. J. Suppl. 192 (2011) 16 [arXiv:1001.4635].

[3] A. Berera, Phys. Rev. Lett. 75 (1995) 3218 [astro-ph/9509049]. [4] I.G. Moss, Phys.Lett.B 154, 120 (1985); A. Berera, Nucl.Phys B 585, 666 (2000). [5] Y. -F. Cai, J. B. Dent and D. A. Easson, Phys. Rev. D 83, 101301 (2011) [arXiv:1011.4074 [hep-th]]; R. Cerezo and J. G. Rosa, JHEP 1301, 024 (2013) [arXiv:1210.7975 [hep-ph]]; S. Bartrum, A. Berera and J. G. Rosa, Phys. Rev. D 86, 123525 (2012) [arXiv:1208.4276 [hep-ph]]; M. Bastero-Gil, A. Berera, R. O. Ramos and J. G. Rosa, JCAP 1301, 016 (2013) [arXiv:1207.0445 [hep-ph]]; M. Bastero-Gil, A. Berera, R. O. Ramos and J. G. Rosa, Phys. Lett. B 712, 425 (2012) [arXiv:1110.3971 [hep-ph]]; M. Bastero-Gil, A. Berera and J. G. Rosa, Phys. Rev. D 84, 103503 (2011) [arXiv:1103.5623 [hep-th]].

[6] J.P. Mimoso, A. Nunes, and D. Pavon, Phys. Rev. D 73, 023502 (2006). [7] S. del Campo, R. Herrera and D. Pavon, Phys. Rev. D 75, 083518 (2007) [astro-ph/0703604 [ASTRO-PH]].

[8] L. Landau and E.M. Lifshitz, Mecanique des Fluides (MIR, Moscow, 1971); K. Huang, Statistical Mechanics (J. Wiley, New York, 1987).

[9] A. Sen, JHEP 0204, 048, (2002).

[10] A. Sen, Mod. Phys. Lett. A 17, 1797, (2002); M. Sami, P. Chingangbam and T. Qureshi, Phys.

Rev. D 66, 043530, (2002).

[11] C. Armendariz-Picon, T. Damour and V. Mukhanov, Phys. Lett. B. 458, 209 (1999). [12] G. W. Gibbons, 2002 Phys. Lett. B 537, 1.

[13] K. Akama, Lect. Notes Phys. 176, 267 (1982); V. A. Rubakov and M. E. Shaposhnikov, Phys.

Lett. B 159, 22 (1985); N. Arkani- Hamed, S. Dimopoulos, and G. Dvali, Phys. Lett. B 429, 263 (1998); M. Gogberashvili, Europhys. Lett. 49, 396 (2000); L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999); 83, 4690 (1999); I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, Phys. Lett. B 436, 257 (1998) [hep-ph/9804398]; I. Antoniadis, Phys. Lett. B 246, 377 (1990).

[14] J. Polchinski, Dirichlet Branes and Ramond-Ramond Charges, Phys. Rev. Lett 75,4724 (1995);

P. Horava and E. Witten, Heterotic and Type I String Dynamics from Eleven Dimensions, Nucl. Phys. B 460, 506 (1996); A, Lukas, B. A. Ovrut and D. Waldram, Phys. Rev. D 60,086001 (1999).

[15] T. Shiromizu, K.-I. Maeda, and M. Sasaki, Phys. Rev. D 62,024012 (2000). [16] D. Langlois, R. Maartens, M. Sasaki, D. Wands, Phys. Rev. D 63,084009 (2001); P. R.

Ashcroft, C. van de Bruck and A.-C. Davis, Phys. Rev. D 66,121302 (2002). [17] S. del Campo and R. Herrera, Phys. Lett. B 653,122 (2007). [18] H. P. de Oliveira, Phys. Lett. B 526, 1 (2002).

[19] R. Herrera, S. del Campo and C. Campuzano, JCAP 10 (2006) 009 [astro-ph/0610339];

M. R. Setare and V. Kamali, JCAP 1208, 034 (2012) [arXiv:1210.0742 [hep-th]]; A. Deshamukhya and S. Panda, Int. J. Mod. Phys. D 18, 2093 (2009) [arXiv:0901.0471 [hep-th]].

[20] M. R. Setare and V. Kamali, ”Cosmological Perturbations in Warm-Tachyon Inflationary Universe Model on the Brane”, to be appeare.

[21] M. Antonella Cid, Sergio del Campo, Ramon Herrera, JCAP 0710:005, (2007). [22] A. Sen, JHEP 08 (1998) 012 [hep-th/9805170].

[23] M. Bastero-Gil, A. Berera, R. Cerezo, R. O. Ramos and G. S. Vicente, JCAP 1211, 042 (2012) [arXiv:1209.0712 [astro-ph.CO]].

[24] A. Berera, M. Gleiser and R.O. Ramos, Phys. Rev. Lett. 83 (1999) 264 [hep-ph/9809583]. [25] M. Bastero-Gil and A. Berera, Int. J. Mod. Phys. A 24, 2207 (2009) [arXiv:0902.0521 [hepph]].

[26] A. Berera, I. G. Moss and R. O. Ramos, Rept. Prog. Phys. 72, 026901 (2009) [arXiv:0808.1855 [hep-ph]].

[27] M. Bastero-Gil, A. Berera and R. O. Ramos, JCAP 1109, 033 (2011) [arXiv:1008.1929 [hepph]].

[28] J. Bardeen, Phys. Rev. D 22, 1882 (1980).

[29] A. Starobinsky and J. Yokoyama, Published in the Proceedings of the Fourth Workshop on General Relativity and Gravitation. Edited by K. Nakao, et al. Kyoto, Kyoto University, 1995. pp. 381, [gr-qc/9502002]; A. Starobinsky and S. Tsujikawa, Nucl.Phys.B 610, 383 (2001); H. P. de Oliveira and S. Joras, Phys. Rev. D 64, 063513 (2001).

[30] H. P. de Oliveira and S. Joras, Phys. Rev. D 64, 063513 (2001) [grqc/0103089]. [31] V. N. Lukash, Sov. Phys. JETP 52, 807 (1980); H. Kodama and M. Sasaki, Prog. Theor. Phys.

Suppl. 78, 1 (1984).

[32] L. M. H. Hall, I. G. Moss and A. Berera, Phys. Rev. D 69, 083525 (2004). [33] E. Kolb and M. S. Turner , The Early Universe (Addison-Wesley, Reading, MA, 1990); A.

Liddle and D. Lyth, Cosmological inflation and large-scale structure, 2000, Cambridge University; J. Linsey , A. Liddle, E. Kolb and E. Copeland, Rev. Mod. Phys 69, 373 (1997); B. Bassett, S. Tsujikawa and D. Wands, Rev. Mod. Phys. 78, 537 (2006).

[34] A. Taylor and A. Berera, Phys. Rev. D 62, 083517 (2000).

[35] K. Bhattacharya, S. Mohanty and A. Nautiyal, Phys. Rev. Lett. 97 251301, (2006) [astro-ph/0607049].

[36] M. Fairbairn and M. Tytgat, 2002 Phys. Lett. B 546, 1. [37] M. Morikawa and M. Sasaki, Prog. Theor. Phys. 72, 782 (1984). [38] L. F. Abbott, E. Farhi, and M. B. Wise, Phys. Lett. B117, 29 (1982). [39] A. Hosoya and M. aki Sakagami, Phys. Rev. D 29, 2228 (1984).

[40] M. L. Bellac, Thermal Field Theory (Cambridge University Press, 1996), 1st ed., section 6.5. [41] I. G. Moss and C. Xiong, hep-ph/0603266. [42] A. Berera, Phys. Rev. D 54, 2519 (1996). [43] A. Berera, Phys. Rev. D 55, 3346 (1997).

[44] A. Berera, M. Gleiser, and R. O. Ramos, Phys. Rev. D 58, 123508 (1998). [45] A. Berera and R. O. Ramos (2003), hep-ph/0308211. [46] I. G. Moss, Nucl. Phys. B 631, 500 (2002).

[47] A. Berera and R. O. Ramos, Phys. Rev. D 63, 103509 (2001). [48] I. D. Lawrie, Phys. Rev. D 66, 041702 (2001). [49] I. D. Lawrie, Phys. Rev. D67, 045006 (2003), hep-ph/0209345.

[50] J. Schwinger, J Math Phys 2, 407 (1961); L. V. Keldysh, Zh. Eksp. Teor. Fiz. 47, 1515 (1964). [51] E. Calzeta and B. L. Hu, Phys. Rev. D 37, 2878 (1988).

[52] J. I. Kapusta, Finite temperature field theory (Cambridge University Press, 1989).