arXiv:0904.0062v1 [hep-th] 1 Apr 2009

Inflation with multiple sound speeds: a model of multiple DBI type actions and non-Gaussianities

Yi-Fu Cai^{a∗} and Hai-Ying Xia^{b,a†} a Institute of High Energy Physics, Chinese Academy of Sciences, P.O.Box 918-4, Beijing 100049, P.R.China and bResearch Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing, 100085, P. R. China

In this letter we study adiabatic and isocurvature perturbations in the frame of inflation with multiple sound speeds involved. We suggest this scenario can be realized by a number of generalized scalar fields with arbitrary kinetic forms. These scalars have their own sound speeds respectively, so the propagations of field fluctuations are individual. Specifically, we study a model constructed by two DBI type actions. We find that the critical length scale for the freezing of perturbations corresponds to the maximum sound horizon. Moreover, if the mass term of one field is much lighter than that of the other, the entropy perturbation could be quite large and so may give rise to a growth outside sound horizon. At cubic order, we find that the non-Gaussianity of local type is possibly large when entropy perturbations are able to convert into curvature perturbations. We also calculate the non-Gaussianity of equilateral type approximately.

I. INTRODUCTION

Inflationary cosmology has become the prevalent paradigm to understand the early stage of our universe, with its advantages of resolving the flatness, homogeneity and monopole problems [1, 2], and predicts a scaleinvariant primordial power spectrum consistent with current cosmological observations [3] very well. However, a single field inflation model often suffers from fine tuning problems on the parameters of its potential, such as the mass and the coupling constant.

In recent years, people has noticed that, when a number of scalar fields are involved, they can relax many limits on the single scalar inflation model[4]. Usually, these fields are able to work cooperatively to give an enough long inflationary stage, even none of them can sustain inflation separately. Models of this type have been considered later in Refs.[5, 6, 7, 8]. The main results show that both the e-folding number N and the curvature perturbation ζ are approximately proportional to the number of the scalars N. Later, the model of N-flation was proposed by Dimopoulos et al.[9], which showed that a number of axions predicted by string theory can give rise to a radiatively stable inflation. This model has explored the possibility for an attractive embedding of multi-field inflation in string theory.

Over the past several years, based on the recent developments in string theory, there have been many studies on its applications to the early universe in inflationary cosmology. However, people still often encounter fine tuning and inconsistency problems when they try to combine string theory with cosmology as reviewed in Ref.[10]. Facing to these embarrassments, it is usually suggested that N-flation is able to relax these troubles and so can let

∗Email: caiyf@ihep.ac.cn †Email: haiyxia@gmail.com

stringy cosmology survive. A good example is that Piao et al. have successfully applied assisted inflation mechanism to amend the problems of tachyon inflation[11]. There are also many works on investigating multi-field inflation models in stringy cosmology, for example see Refs. [12, 13, 14, 15, 16, 17].

Recently, an interesting inflation model, which has a non-canonical kinetic term inspired by string theory, was studied intensively in the literature. Due to a noncanonical kinetic term, the propagation of field fluctuations in this model is characterized by a sound speed parameter and the perturbations get freezed not on Hubble radius, but the sound horizon instead. One specific realization of this type of models can be described by a Dirac-Born-Infeld-like (DBI) action[18, 19]. Based on brane inflation[20], the model with a single DBI field was investigated in detail[21, 22, 23], which has explored a window of inflation models without flat potentials. In this model, a warping factor was applied to provide a speed limit which keeps the inflaton near the top of a potential even if the potential is steep.

In this paper, we study an inflation model involving multiple sound speeds with each sound speed characterizing one field fluctuation. We suggest this scenario can be realized by a number of general scalar fields with arbitrary kinetic forms, and these scalars have their own sound speeds respectively[24]. Therefore, we call this model as “Multi-Speed Inflation”. In this model, the propagations of field fluctuations are individual, and the usual conceptions in multi-field inflation models might be not suitable in this scenario. For example, in a usual generalized N-flation model, the length scale for perturbations being freezed takes the unique sound horizon; however, in our model it corresponds to the maximum sound horizon.

Specifically, we consider a double-field inflation model, with each field being described by a DBI action and the total action is constructed by the sum of they two. It is worth emphasizing that our model is different from the usual DBI N-flation in which only multiple moduli fields are involved in one DBI action[25, 26, 27, 28, 29, 30, 31], but ours is constructed by multiple DBI type actions (“DBIs”), as proposed in Ref. [24]. The model we considered in the paper can be achieved as follows. We consider two D3-branes in a background metric field with negligible covariant derivatives of field strengths and we assume that these branes are decoupled from others. Besides, we also need to neglect the backreaction of those branes on the background geometry as is usually done in brane inflation models. Specifically we are interested in two phenomenological scenarios. The first one is these two scalars work cooperatively like those in usual N-flation models, which gives the predictions on primordial perturbations the similar as those obtained in single field DBI inflation. The second one is the scenario of cascade inflation with one scalar providing first several efolding numbers and then the other finishing the rest. For the second scenario, if the mass term of one field is much lighter than that of the other, the entropy perturbation could be quite large and so may give rise to a growth outside sound horizon. At cubic order, we find that the non-Gaussianity of local type is possibly large if entropy perturbations can be converted into curvature perturbations. We also calculte the non-Gaussianity of equilateral type approximately.

The paper is organized as follows. In Section II, we propose a model of Multi-Speed Inflation, then study its generic background dynamics. In Section III, we study its linear perturbations using Arnowitt-Deser- Misner (ADM) formalism, and show that different field fluctuations are governed by different sound speeds respectively. In this case we provide a new decomposition on adiabatic and isocurvature perturbations. In Section IV, we analyze a specific inflation model constructed by two DBI type actions, first investigate its background evolution, and then give its curvature perturbation and entropy perturbation, and finally its non-Gaussianity is addressed.

In the paper we take the normalization M^2_p = 1/8πG = 1 and the sign of metric is adopted as (−, +, +, +) in the following.

II. THE MODEL

Our starting point is the action as follows, S = ∫ d^4x √ −g [ 1 2 R + ∑ I P_I (X_I , ϕ_I ) ] , (1)

with X_I ≡ − 1 2 g^{μν} ∇_μϕ_I ∇_ν ϕ_I , (2)

defined as the kinetic term of the I-th scalar field ϕ_I . This model involves multiple kessence-type fields. For simplicity, we assume that there are no couplings between scalar fields, so each field evolves independently except for gravity coupling^1.

An inflation model constructed with a single kessence was originally proposed by [34] and later its perturbation theory has been studied[35]. In the literature this type of model has been widely studied, and one of the most significant features is that there is an effective sound speed describing the propagation of the perturbations [36, 37, 38, 39]. However, one may already notice that in our model, for each a kessence field there is one sound speed correspondingly. Therefore, the field fluctuations in our model do not propagate synchronously. In the current paper, our main interests focus on the effects of multiple sound speeds in perturbation theory. However, before studying the perturbations, we first take an investigation on the background equations.

By varying the action with respect to the metric, we can obtain the energy-momentum tensor of the form

T^{μν} = ∑ I ( P_I g^{μν} + P_{I ,XI} ∇^μϕ_I ∇^ν ϕ_I ) , (3)

where P_{I ,XI} denotes the partial derivative of P_I with respect to X_I . Moreover, the scalar fields satisfy generalized Klein-Gordon equations, which are given by

∇_μ(P_{I ,XI} ∇^μϕ_I ) + P_{I ,I} = 0 , (4)

where P_{I ,I} is the partial derivative of P_I with respect to the scalar ϕ_I .

Considering a spatially flat Friedmann-Robertson- Walker (FRW) spacetime with its metric

ds^2 = −dt^2 + a^2(t)d⃗x^2 , (5)

we can read the energy density and pressure of a field ϕ_I from the energy-momentum stress

ρ_I = 2X_I P_{I ,XI} − P_I , p_I = P_I . (6)

The equations of motion for the scalar fields reduce to,

ϕ̈_I + (3H + Ṗ_{I ,XI} P_{I ,XI} )ϕ̇_I − P_{I ,I} P_{I ,XI} = 0 , (7)

where we define the Hubble parameter H ≡ ȧ/a. Moreover, we introduce the sound speed parameters, c^2_{sI} ≡ p_{I ,XI} ρ_{I ,XI} = P_{I ,XI} P_{I ,XI} + 2X_I P_{I ,XI XI} , (8)

and also use the dimensionless parameters s_I ≡ ċ_{sI} Hc_{sI} , (9)

for each of which measures the variation of the sound speed c_{sI} in one Hubble time.

1 We refer Refs. [32, 33] for a discussion on initial condition of inflation.

III. LINEAR PERTURBATIONS

Now we start to study the linear perturbations of the model introduced in the previous section. Since we are working in the frame of a cosmological system, the metric perturbations ought to be included as well as the field fluctuations. However, one can eliminate one degree of freedom by taking a suitable gauge. We would like to expand the action to the second order with the ADM formalism[40]. In this formalism, we can eliminate one extra degree of freedom of perturbations at the beginning of the calculation, by choosing the spatially flat gauge with the spatial curvature vanishing as^{(3)}R = 0.

A. ADM formalism and the action at quadratic order

To start, the spacetime metric in the ADM formalism is written as,

ds^2 = −N^2dt^2 + h_{ij} (dx^i + N^idt)(dx^j + N^j dt) , (10)

with N being the lapse function and N_i the shift vector. Substituting this metric into the original expression of the action, we get S = ∫ dtdx^3 √ h [ N ∑ I P_I + 1 2N (E_{ij} E^{ij} − E^2) ] , (11)

where h = det(h_{ij} ), and the tensor E_{ij} is defined as E_{ij} = 1 2 (ḣ_{ij} − ∇_iN_j − ∇_j N_i) , (12)

which is related to the extrinsic curvature of the spatial slice with K_{ij} = N^{−1}E_{ij} . We use the lowercase index i to denote the spatial coordinates.

To vary the action with N, we obtain the Hamiltonian constraint, 2 ∑ I P_I − 1 N^2

(E_{ij} E^{ij} − E^2 + 2 ∑ I P_{I ,XI} v_I v_I ) = 0 ,(13)

where there is

v_I = ϕ̇_I − N^i∂_iϕ_I ; (14)

while the variation of the action with respect to N_i yields the momentum constraint as follows, ∇_j [ N^{−1}(E^j_i − Eδ^j_i ) ] = N^{−1} ∑ I P_{I ,XI} v_I ∂_iϕ_I . (15)

We have already restricted ourselves to the spatially flat gauge of the FRW background with the spatial metric as h_{ij} = a^2(t)δ_{ij} . Therefore, the degrees of freedom merely comes from the field fluctuations as the following decomposition, ϕ_I (t, ⃗x) → ϕ_I (t) + δϕ_I (t, ⃗x) . (16)

Meanwhile, we need to expand the lapse function and shift vector in form of, N = 1 + α , N_i = V_i + ∂_iβ , (17) where the scalar functions α and β can be expressed in terms of the field fluctuations δϕ_I , and V_i belongs to the vector modes and so can be eliminated to second order.

By solving the linearized constraint equations (13) and (15), we have α = 1 2H ∑ I P_{I ,XI} v_I δϕ_I , (18) and ∂^2β = a^2 2H ∑ I [ − P_{I ,XI} c_s^2_I v_I δv_I + (P_{I ,I} − 2X_I P_{I ,IXI} )δϕ_I + P_{I ,XI} H ( X_I P_{I ,XI} c_s^2_I

− 3H^2)v_I δϕ_I ] , (19)

and here δv_I = δϕ̇_I to linear order.

Making use of the above results, now we can expand the action to quadratic order. To do some integrations by parts and regroup the terms, the second order action takes the form

S_2 = ∫ dtdx^3 a^3 2 ∑ I [ P_{I ,XI} c_s^2_I δϕ̇^2_I − P_{I ,XI} a^2 ∂_iδϕ_I ∂_iδϕ_I +2P_{I ,IXI} ϕ̇_I δϕ_I δϕ̇_I − ∑ J M_{IJ} δϕ_I δϕ_J ] , (20)

where the effective mass matrix of the field fluctuations is given by M_{IJ} = 1 2H (ϕ̇^2_I P_{I ,IXI} ϕ̇_J P_{J ,XJ} + ϕ̇_I P_{I ,XI} ϕ̇^2_J P_{J ,JXJ} ) + 1 4H^2 ∑ K (1 − 1 c_s^2_K )ϕ̇^2_K P_{K ,KXK} P_{I ,XI} P_{J ,XJ} − 1 a^3 d dt [ a^3 4H (2 + 1 c_s^2_I + 1 c_s^2_J )ϕ̇_I P_{I ,XI} ϕ̇_J P_{J ,XJ} ] −P_{I ,II} δ_{IJ} , (21) which is strongly suppressed by slow-roll parameters in the frame of usual inflationary cosmology.

One may notice, if there is only one field, the above results are consistent with a model of single kessence field as analyzed in Ref [35]. However, in our case there are multiple sound speeds which govern the propagations of the field fluctuations. For each sound speed, there is a critical length scale which takes the form c_s/H. We would like to call this scale as sound horizon.

B. Curvature perturbations and isocurvature perturbations

Having obtained the second order action, we can proceed to study the field fluctuations by solving their perturbation equations in concrete models. However, before doing that, let us take a closer look at the kinetic terms of the field fluctuations. From Equation (20), it is not straightforward how to define the modes of curvature and isocurvature perturbations, since the model involves more than one sound speeds which make the usual decomposition of an orthonormal basis in field spaces invalid. So we need to develop a new decomposition which should includes the information of the sound speeds. To do it, we need to go back to the basic definition of curvature perturbation in perturbed Einstein’s equations.

A widely used quantity characterizing the gauge invariant curvature perturbation is given by R ≡ Φ − H δq ρ + p = Φ_k + H δσ_k σ̇ . (22)

Here Φ being the gravitational potential, δq represents the perturbation of momentum, and σ is the so-called adiabatic field.

One can find that this field takes the form σ̇ = √∑ I ϕ̇2_I in usual cases. However, recall that, in our model the (0i) components of the perturbed energy-momentum stress give the momentum perturbation as follows, δq = − ∑ I P_{I ,XI} ϕ̇_I δϕ_I ; (23)

while, the background energy density and the pressure yield

ρ + p = ∑ I P_{I ,XI} ϕ̇^2_I . (24)

Thus the adiabatic field in our model is given by

σ̇ = √∑ I P_{I ,XI} ϕ̇^2_I , (25)

and its perturbation can be expressed as δσ = ∑ I P_{I ,XI} ϕ̇_I σ̇ δϕ_I , (26)

which characterize the adiabatic fluctuations.

Moreover, we usually define another useful gaugeinvariant variable, curvature perturbation on uniformdensity hypersurface[41], with its expression as follows, ζ ≡ −Φ − H δρ ρ̇ . (27)

On large scales, we have R ≃ −ζ in a spatially flat universe. Thus, both two quantities can be used to describe adiabatic fluctuations. If the matter content of a cosmological system is made of multiple components, we can define the curvature perturbation associated with each individual energy density components, which are given by ζ_I = −Φ − H δρ_I ρ̇_I . (28)

Since in a system with multiple matter components, there are non-vanishing entropic pressure perturbations even with every component being adiabatic. So we can describe the entropy perturbations by using the following expressions,

S_{IJ} = 3(ζ_I − ζ_J ) , (29)

which are so called relative entropy perturbations.

Furthermore, we can define the adiabatic unit vector e^I_σ as follows,

e^I_σ = √ P_{I ,XI} ϕ̇_I σ̇ . (30)

To take a further step, we have δσ = √ P_{I ,XI} δϕ_I e^I_σ , (31) and thus we can see that this decomposition is no longer on an orthonormal basis.

In order to make the analysis more explicitly, we consider an example of two kessence fields. In this case the adiabatic perturbation and entropy perturbation can be given by

δσ = cos θ √ P_{1,X1} δϕ_1 + sin θ √ P_{2,X2} δϕ_2 , (32) δs = − sin θ √ P_{1,X1} δϕ_1 + cos θ √ P_{2,X2} δϕ_2 , (33)

and the angle is defined by

tan θ = √ P_{2,X2}ϕ̇_2 √ P_{1,X1}ϕ̇_1

. (34)

Using the above decomposition, we now obtain the formal expressions of dimensionless curvature and isocurvature perturbation variables, R ≃ H δσ σ̇ , S = H δs σ̇ , (35)

on the spatially flat slices. Note that, as S is not directly observable during inflation, what we are interested in is its spectral index but not the amplitude. Therefore, its normalization is quite arbitrary. We take such a particular choice in Eq. (35) since it has been widely used in usual double-field inflation as shown in Refs. [42, 43, 44, 45].

IV. A MODEL OF TWO DBI TYPE ACTIONS

In this section, we study a specific inflation model involving multiple sound speeds. The model was originally proposed in Ref. [24], where the model is constructed by multiple DBI type actions and its general feature has been studied under certain approximations. Now we focus on a concrete model which only involves two DBI type actions, with

P_I (X_I , ϕ_I ) = 1 f(ϕ_I )

[1 − √ 1 − 2f(ϕ_I )X_I ] − V_I (ϕ_I ) ,(36)

with I = 1, 2. This model might be viewed as an effective description of D-brane dynamics (for example see Refs. [46]). Considering a system constructed by two D3-branes in a background metric field with negligible covariant derivatives of the field strengths and assuming that these two branes are falling into their own throats, this system can be described by the above action which has a stringy origin as shown in Ref. [47].

In this model, the scalar ϕ_I describes the position of the brane. If we consider the branes are falling into the AdS-like throats and neglect the backreaction of the branes upon the background geometry, the warping factor usually takes the form

f(ϕ_I ) = λ_I ϕ^4_I

. (37)

This assumption can be satisfied when the contribution of the background flux is much larger than that from the branes.

A. Background equations

After having introduced the model, now we can study its background dynamics in the frame of FRW metric. For the scalars, the sound speeds are given by c_{sI} = √ 1 − 2f(ϕ_I )X_I , (38)

and there is P_{I ,XI} = 1/c_{sI} . The above equation yields

|ϕ̇_I | = ϕ^2_I (

1 − c_s^2_I λ_I )^{12} . (39)

Since in the current paper we focus our interests on the relativistic limit with small sound speeds, then |ϕ̇_I | ≃ ϕ^2_I / √ λ_I .

Specifically, we consider the case of IR type potential with the form of

V_I = V_{0I} − 1 2 m^2_I ϕ^2_I . (40)

The first part of the potential V_{0I} origins from the antibrane tension from other throats. In IR DBI inflation[23], D-branes roll towards the tip of the throats, thus the potential contains terms like tachyon. Moreover, due to the warping factor f(ϕ_I ), those scalars are able to stay near the top of their potentials, and so we have H^2 ≃ 1 3 ∑ I V_{0I} . In the following, we would like to investigate the background in details.

In order to obtain a semi-analytic solution, we would like to take a useful assumption with s_I ≡^{ċsI}_{HcsI} being small numbers, and consider the relativistic limit of the branes.

A similar case of a single field has been studied in [23]. However, in our model the total lagrangian is constructed by two DBI fields, where each one field contribute one lagrangian and has its own sound speed respectively. Therefore, we actually have two sound speeds. Recall the generalized Klein-Gordon equations (7), they can be reexpressed as follows, d dt ( ϕ̇_I c_{sI} ) + 3H ϕ̇_I c_{sI} + f_{,I} f^2

(1 − c_{sI} ) − f_{,I}ϕ̇^2_I 2fc_{sI} + V_{,I} = 0 .(41)

Under the relativistic limit of the scalars we can have an ansatz, which takes the following form,

ϕ_I = − √ λ_I t (1 − α_I (−t)^{pI} + ...) , (42)

where we set t → −∞ at the beginning of inflation^2. Therefore, to insert the ansatz into the above equation, then we find the leading terms in Eq.(41) come from the second term 3H √ λ_I √ 2α_I (p_I − 1)(−t)^{2− pI}2

(43)

and the potential term which is equal to √ λ_I m^2_I t . (44)

The others are suppressed by^1_{Ht} which is negligible in inflation (where |Ht| ≫ 1 or equivalently ϕ_I ≪ √ λ_I H), and this requirement is consistent with the assumption that the scalars lie on the top of potential during inflation. Finally, by matching the leading terms, we get p_I = 2 and α_I =^{9H2}_{2m4I} , and so the solutions of the scalars are given by ϕ_I ≃ − √ λ_I t (1 −

9H^2 2m^4_I t^2

+ ...) . (45)

Making use of the solutions, we have the sound speeds c_{sI} ≃ 3H m^2_I t

, (46)

to the leading order, and so can check that the approximations with s_I ≪ 1 are consistent with the equations of motion when t → −∞.

2 In stringy configuration, the flux-antibrane annihilation in the multiple throats naturally provides an attractive point for small field inflation with the branes generating at the tips of the throats through tunneling from an eternal inflation[22, 48].

B. Quantum fluctuations and power spectrum

Now let us study the dynamics of quantum fluctuations in this model. To do so, we go back to the second order action (20) directly and define the new variables which are canonically normalized with conformal time. These variables are defined as

v_I = a √ P_{I ,XI} c_{sI} δϕ_I , (47)

for the two scalars. Thus the dominant terms of second order action can be given as follows,

S_2 ⊇ ∫ dτdx^3 2∑ I=1 [ v_I^{′2} − c_s^2_I ∂_iv_I ∂_iv_I + z^{′′}_I z_I v_I^2 ] , (48)

under an assumption of weakly coupling between two fields. In the above action, we have introduced some background dependent functions

z_I = a ϕ̇_I √P_{I ,XI} c_{sI} H . (49)

In the inflationary background, the equations of motion describing these two canonical perturbation variables in Fourier space are given by

v_I^{′′}_k + (c_s^2_I k^2 − z^{′′}_I z_I )v_{I k} = 0 , z^{′′}_I z_I ≃ 2 τ^2

. (50)

One can see that, for each field fluctuation, there is a corresponding sound horizon respectively. This scenario is quite different from the case considered in Ref [29] where there is only sound speed characterize the propagation of the adiabatic mode.

To complete the quantization of the field fluctuations, we can decompose the variables as v_I (τ, ⃗x) = ∫ dk^3 (2π)^32 [ a_{I⃗k}v_{I k} + a_I^†_{−⃗k}v_I^∗_{−k} ] e^{i⃗k⃗x} , (51)

where the operators a_I and a^†_I are annihilation and creation operators, which satisfy the following commutation relation [a_{I⃗k}, a_I^†_{⃗k′} ] = δ(⃗k − ⃗k^′) . (52) Moreover, the normalization conditions require

v_{I k}v_I^∗_k^′ − v_I^∗_kv_I^′_k = i . (53)

Eventually, we choose that all the modes of perturbations behave as in the adiabatic Minkowski vacuum initially, and thus obtain the solutions

v_{I k} = e^{−icsI kτ} √ 2c_{sI} k (1 − i c_{sI} kτ ) . (54)

These solutions imply that the power spectrum of the field fluctuations are of the value, δϕ_I = √ P_{δϕI} ≃ H_{∗I} 2π , (55)

after they escape out of their own sound horizons[49]. The subscript ‘∗I’ denotes the sound horizon crossing time for the field perturbation δϕ_I .

Since in inflation the Hubble parameter is almost unchanged, and the amplitudes of field perturbations are also nearly conserved due to the feature of nearly scaleinvariance, we can conclude that the amplitudes of all field fluctuations take almost the same value outside of their sound horizons. Due to this quantity, we can take the maximum of those sound horizons as the final freezing scale for all the field fluctuations, which corresponds to the perturbation mode with the largest sound speed. For example, if we take m_1 < m_2 in our model which gives c_{s1} > c_{s2} according to Eq. (46), then the critical sound horizon takes^{cs1}_H .

Based on the above analysis and making use of Eqs. (35), (55) and the background solutions, one obtains the curvature perturbation at the maximum sound horizon crossing time R ≃ N^2 2π √ λ_I (1 +

27H^4 2m^2_1m^2N^2

) , (56)

where we have considered the next-to-leading correction and introduced the efolding number N ≡ ∫ Hdt. The entropy perturbation can be resolved as well, S ≃ 27H^4(m^2_1 − m^2) 4π √ λ_I m^3_1m^3_2

, (57)

which is proportional to a parameter, relative sound speed Δc_s, at the crossing time, with its definition in form of,

Δc_s = c_{s1} − c_{s2} ≃

3H(m^2 − m^2_1) m^2_1m^2t

. (58)

We can see that, if there is only one single field, the entropy perturbation vanishes. Even for the case of double fields, the entropy perturbation is still not large in usual DBI inflation, since its amplitude is suppressed by the relative sound speed for which we have expanded the detailed formalism in our concrete model. However, one may notice that a relatively small mass term may uplift the entropy perturbations. For example, if we take m_1 ≪ m_2, the amplitude of entropy perturbation takes an approximate form as S ∼^{H4}_{m31m2} which can be very large due to an enough light mass m_1. This feature might be very important and could be applied in a curvaton model with DBI type actions which will be discussed in near future[50].

Moreover, the leading term of the curvature perturbation is consistent with the result obtained in Ref. [23], and the second order contribution is suppressed by a square of the efolding number and so we can neglect it in usual case. One should keep in mind that, if we tune one of the masses to be small enough, the second order term could also dominate over. Furthermore, we give the spectral tilts as follows,

n_R − 1 ≡^{d ln PR}_{d ln k} ≃ −^4_N , (59)

n_S − 1 ≡^{d ln PS}_{d ln k} ≃ −8ϵ , (60)

in which we have the following relation ϵ = − Ḣ H^2 ≃ λ_I (m^2_1 + m^2) 3N^3M^2_p

, (61)

in our model. The dependence of the spectral indices on the e-folding number N for different background values are plotted in Fig. 1.

FIG. 1: The plot of spectral indices as functions of the efolding number N for curvature and entropy perturbations. The red solid line denotes the spectral index of curvature perturbation; the yellow dashed line denotes the spectral index of entropy perturbation. The background parameters are taken as: λ1 = λ2 = 10^{14} , m1 = 10^{−6}, m2 = 5 × 10^{−6}.

From the above figure we can read that, both the spectral index of curvature perturbation and that of entropy perturbation are roughly scale-invariant, but with their tilts a little red. Moreover, the deviation of the entropy perturbation from a scale-invariant spectrum is smaller than that of the curvature perturbation at the regime of large efolding numbers, while larger at small efolding numbers. According to the recent cosmological observation, for instance WMAP five year data[3], we have a constraint on the amplitude of the curvature perturbation R ≲ 4.8 × 10^{−5}. So if we choose the background parameters λ_I = 10^{14}, the best fit value for efolding number is N ≃ 55 which satisfies the current cosmological observations very well.

V. NON-GAUSSIANITIES

In the above section we have calculated the primordial fluctuations in linear order. If our model indeed makes sense to the physics of the early universe, it would be necessary to extend the theoretical framework beyond the leading order. In particular, the information of non-Gaussianity provides a potentially powerful discriminant between numerous models describing early universe and have attracted considerable interests. Non- Gaussianities in usual single field inflation models were considered in [51, 52, 53, 54, 55] and in more detail in [56] and it was found that non-Gaussianities would be small. Later, large non-Gaussianity of specific shape[57] which is of equilateral type can be obtained in single DBI inflation[58], but its value of local type is still very small[59]. The non-Gaussianity of local type can be sizable in bounce cosmology as studied by Ref. [60]. We refer Ref. [61] for a comprehensive review on this issue and Refs. [62] for some recent developments.

In this section we use δN formalism [63, 64, 65] to study the non-Gaussianities in details. To start, we define the power spectrum P_R and bispectrum B_R as follows,

⟨R_{k1} R_{k2} ⟩ = (2π)^3δ^3(⃗k_1 + ⃗k_2)P_R(k_1) , (62)

⟨R_{k1} R_{k2} R_{k3} ⟩ = (2π)^3δ^3(⃗k_1 + ⃗k_2 + ⃗k_3) ×B_R(k_1, k_2, k_3) , (63)

and then these two spectra can be related in terms of the nonlinearity parameter f_{NL},

B_R(k_1, k_2, k_3) = 3 10 (2π)^4 ∑ k^3_i ∏ k^3_i

P^2_Rf_{NL}(k_1, k_2, k_3) , (64)

in momentum space.

The concept of δN formalism identifies the curvature perturbation with the perturbation of local expansion R = δN , and so the curvature perturbation can be expanded as follows, R = ∑ I N_{,I} δϕ_I + 1 2 ∑ IJ N_{,IJ} δϕ_I δϕ_J + · · · . (65) If we have calculated the three point correlators of field fluctuations, the non-linearity parameter can obtained by making use of above equations.

A. Equilateral type

Specifically, now we make a rough study on the three point correlator and non-Gaussiantiy of equilateral type. A simple way to investigate the three point correlator is to perturb the second order lagrangian as shown in Eq. (20). With an assumption of weak coupling between the fields, we perturb the sound speeds in the quadratic lagrangian and then obtain the lagrangian with the leading order terms up to cubic parts,

L_3 ⊇ ∑ I a^3 2c_s^5_Iϕ̇_I

[δϕ̇^3_I − c_s^2_I a^2 δϕ̇_I (∇δϕ_I )^2] . (66)

Correspondingly, the dominant terms in the interaction Hamiltonian in Fourier space are given by H_{int} ⊇ ∫ dk^3 [ − ∑ I a^3 2c_s^5_Iϕ̇_I

(δϕ̇^3_I + c_s^2_I a^2 k^2δϕ̇_I δϕ^2_I ) ] .(67)

Then we decompose the field fluctuations in canonical quantization process with creation and annihilation operators defined in Eq. (52), δϕ_{I k}(t) = u_I (⃗k)a_{I k} + u^∗_I (−⃗k)a_I^†_{−k} , u_I (⃗k) = H √ 2k^3 (1 + ic_{sI} kτ)e^{−ics I kτ} . (68) Since we have obtained the interaction Hamiltonian and the modes of the field fluctuations, now we are able to calculate the three point correlator, which takes^3, ⟨δϕ_{I k1} δϕ_{I k2} δϕ_{I k3} ⟩ = −i ∫ dt⟨[δϕ_{I k1} δϕ_{I k2} δϕ_{I k3} , H_{int}]⟩ . (69)

From Eqs. (67) and (68), we can see that H_{int} ∼ ∑ I 1/c_s^2_I . Note that this is consistent with the result in usual single DBI inflation which is proportional to 1/c^2_s[59].

Furthermore, from Eq. (72), we can read the partial derivative of the efolding number with respect to each field. Substituting this equation into Eq. (65) and using the expression (64), we finally obtain an approximate form of f_{NL} of equilateral type as follows, f^{equil}_{NL} ∼ (c_{s1} + c_{s2})(c_s^5_1 + c_s^5_2) c_s^2_1c_s^2(c_s^2_1 + c_s^2)^2

. (70)

This is also consistent with the case of single DBI inflation[59]. Moreover, if we take c_{s1} larger than c_{s2}, then the non-linearity parameter takes f_{NL} ∼ 1/c_s^2. Therefore, we can conclude the non-Gaussianity of equilateral type is sensitive to the smallest sound speed (To make a comparison, the linear curvature perturbation strongly depend on the largest sound speed, which corresponds to the maximum sound horizon).

B. Local type

To take a further step, we consider non-Gaussianity of local type in the model we have studied in previous section.

3 For simplicity, we have assumed there is no coupling between two fields and calculate the three-point function of each field. The studies on N-flation with single DBI action were intensively studied in Refs. [27, 66, 67, 68, 69].

As analyzed previously, for all field fluctuations, their amplitudes take almost the same value δϕ_I ≃^H_{2π} after they exit their own sound horizons. Thus the nonlinearity parameter of local type is given by f_{NL} ≃ 5 6 ∑ JK N_{,J} N_{,K} N_{,JK} ( ∑ I N_{,I} N_{,I} )^2

. (71)

Moreover, from the formula of curvature perturbation (35), we can read the following relations, N_{,1} ≃ √ λ_I Hϕ^2_1 ϕ^4_1 +^{cs1}_{cs2} ϕ^4_2 , N_{,2} ≃ √ λ_I Hϕ^2 ϕ^4_2 +^{cs2}_{cs1} ϕ^4_1

. (72)

Moreover, we define a parameter q ≡ ϕ_2 ϕ_1

, (73)

which represents the ratio between two scalars. Using this parameter we can simply describe two background evolutions. One is q ∼ 1, which denotes that both two fields are rolling down along their potentials synchronously as considered in previous sections; the other is q ≫ 1, which describes that, the heavy field ϕ_2 enters its warping throat and provides first few efolds for inflation and then the light field ϕ_1 starts the second episode of inflation. The latter case provides a specific realization of cascade inflation[70, 71, 72, 73, 74, 75].

Substituting the above relations into Eq. (71) and using the definition (73), we can obtain an approximate form of non-Gaussianity of local type directly, f^{local}_{NL} ∼ q N_1

, (74)

where N_1 denotes the efolds contributed by the field ϕ_1. From this result, one can see that the non-Gaussiantiy of local type is suppressed by the efolding number. For example, we consider two fields are rolling down in the same rate and thus there is N ≃ 60, we obtain f^{local}_{NL} ∼ O(10^{−2}). In this case the deviation of curvature perturbation from Gaussian distribution is very small, and also consistent with the result in single DBI inflation. However, if we let the light field only provides the last several efolds during which there is q ≫ 1, it gives f^{local}_{NL} ∝ q which could be very large. We understand its physics in the following. Initially, the heavy field ϕ_2 dominates the background evolution, and so the perturbations from the other field ϕ_1 contribute on iso-curvature modes. Later the first period of inflation ceases with a cutoff ϕ_2 ∼ M_p and then ϕ_1 dominates over, and this process converts entropy perturbations into adiabatic. In this process there is usually a non-linear growth of curvature perturbations outside sound horizon. This mechanism has been widely applied in curvaton [76, 77, 78, 79, 80, 81], and Ekpyrotic models [82, 83, 84, 85].

VI. CONCLUSION AND DISCUSSIONS

In this paper, we have studied an inflation model involving multiple sound speeds. This scenario can be embedded into inflation models with multiple components, for example a model of N-flation, which in usual can avoid some difficulties of single field inflation models, and so is regarded as an attractive implementation of inflation. In recent years, there have been many works around the issue of N-flation, such as Refs. [86, 87, 88, 89, 90, 91, 92], and we refer to Refs. [93, 94] for recent reviews. However, in all these pioneer works, there is only one sound speed involved. In the model we proposed, due to a number of sound speeds, it may lead to plentiful interesting phenomena. In the current paper, we only focus on the curvature and entropy perturbations and has already found that the decomposition on these two modes in usual Nflation models cannot be applied in our model.

Specifically, we have studied a new model in which a collection of two DBI fields drives inflation simultaneously. This model was originally proposed in Ref. [24], which has discovered that some non-perturbative effects are involved when we study background evolution and curvature perturbation. In the current paper, we considered a tachyonic potential and provided detailed calculations on perturbations. To linear order, we find that the perturbations do not get freezed until the modes exit the maximum of all the sound horizons, and so the linear perturbations depend on the largest sound speed. Moreover, both the curvature perturbations and entropy perturbations are nearly scale-invariant with red tilts. However, their spectral indices are different. For curvature perturbations, the tilt is suppressed by the efolding number as 1/N ; while the tilt of the spectral index of entropy perturbations is suppressed by efolding number as 1/N^3.

Furthermore, we have investigated the non- Gaussianities of equilateral type and local type in this model. By calculating the three point correlators, our results show that, for the non-Gaussianity of equilateral type is much sensitive to the smallest sound speed which takes the form f_{NL} ∼ 1/c^2_s. Besides, since our model is constructed by double fields, there is entropy perturbations generated during inflation. Therefore, when the entropy perturbations contribute to curvature perturbations at late times of inflation, they can lead to a sizable non-Gaussiantiy of local type. However, if both two field evolve in the same rate during inflation, the non-Gaussianity of local type is still suppressed by slow roll parameter.

Acknowledgments We are graceful to Niayesh Afshordi, Bruce Bassett, Robert Brandenberger, Bin Chen, Hasson Firouzjahi, Xian Gao, Ghazal Geshnizjani, Bin Hu, Miao Li, Shun-Pei Miao, Shi Pi, Yun-Song Piao, Richard Woodard, Wei Xue, and Xinmin Zhang for useful discussions. We specially thank Xingang Chen and Yi Wang for valuable comments on the manuscript. We wishes to thank the KITPC for hospitality during the program Connecting Fundamental Physics with Cosmological Observations. This work is supported in part by National Natural Science Foundation of China under Grant Nos. 10533010 and 10675136 and by the Chinese Academy of Science under Grant No. KJCX3-SYW-N2.

[1] A. H. Guth, Phys. Rev. D 23, 347 (1981); A. D. Linde, Phys. Lett. B 108, 389 (1982); A. Albrecht and P. J. Steinhardt, Phys. Rev. Lett. 48, 1220 (1982).

[2] For some early attempts we refer to: A. A. Starobinsky, Phys. Lett. B 91, 99 (1980); K. Sato, Mon. Not. Roy. Astron. Soc. 195, 467 (1981).

[3] E. Komatsu et al. [WMAP Collaboration], Astrophys. J.

Suppl. 180, 330 (2009) [arXiv:0803.0547 [astro-ph]]. [4] A. R. Liddle, A. Mazumdar and F. E. Schunck, Phys.

Rev. D 58, 061301 (1998) [arXiv:astro-ph/9804177]. [5] K. A. Malik and D. Wands, Phys. Rev. D 59, 123501 (1999) [arXiv:astro-ph/9812204].

[6] P. Kanti and K. A. Olive, Phys. Rev. D 60, 043502 (1999) [arXiv:hep-ph/9903524].

[7] E. J. Copeland, A. Mazumdar and N. J. Nunes, Phys.

Rev. D 60, 083506 (1999) [arXiv:astro-ph/9904309]. [8] A. M. Green and J. E. Lidsey, Phys. Rev. D 61, 067301 (2000) [arXiv:astro-ph/9907223].

[9] S. Dimopoulos, S. Kachru, J. McGreevy and J. G. Wacker, JCAP 0808, 003 (2008) [arXiv:hep-th/0507205].

[10] J. M. Cline, arXiv:hep-th/0612129.

[11] Y. S. Piao, R. G. Cai, X. M. Zhang and Y. Z. Zhang, Phys. Rev. D 66, 121301 (2002) [arXiv:hep-ph/0207143].

[12] M. Majumdar and A. C. Davis, Phys. Rev. D 69, 103504 (2004) [arXiv:hep-th/0304226].

[13] R. Brandenberger, P. M. Ho and H. C. Kao, JCAP 0411, 011 (2004) [arXiv:hep-th/0312288].

[14] K. Becker, M. Becker and A. Krause, Nucl. Phys. B 715, 349 (2005) [arXiv:hep-th/0501130];

[15] J. M. Cline and H. Stoica, Phys. Rev. D 72, 126004 (2005) [arXiv:hep-th/0508029].

[16] F. Gmeiner and C. D. White, JCAP 0802, 012 (2008) [arXiv:0710.2009 [hep-th]].

[17] A. Ashoorioon, H. Firouzjahi and M. M. Sheikh-Jabbari, arXiv:0903.1481 [hep-th].

[18] O. Aharony, S. S. Gubser, J. M. Maldacena, H. Ooguri and Y. Oz, Phys. Rept. 323, 183 (2000) [arXiv:hep-th/9905111].

[19] R. C. Myers, JHEP 9912, 022 (1999) [arXiv:hep-th/9910053].

[20] G. R. Dvali and S. H. H. Tye, Phys. Lett. B 450, 72 (1999) [arXiv:hep-ph/9812483].

[21] E. Silverstein and D. Tong, Phys. Rev. D 70, 103505 (2004) [arXiv:hep-th/0310221];

[22] X. Chen, Phys. Rev. D 71, 063506 (2005) [arXiv:hep-th/0408084];

[23] X. Chen, JHEP 0508, 045 (2005) [arXiv:hep-th/0501184].

[24] Y. F. Cai and W. Xue, arXiv:0809.4134 [hep-th]. [25] S. Thomas and J. Ward, Phys. Rev. D 76, 023509 (2007) [arXiv:hep-th/0702229].

[26] D. A. Easson, R. Gregory, D. F. Mota, G. Tasinato and I. Zavala, JCAP 0802, 010 (2008) [arXiv:0709.2666 [hepth]].

[27] M. X. Huang, G. Shiu and B. Underwood, Phys. Rev. D

77, 023511 (2008) [arXiv:0709.3299 [hep-th]].

[28] J. Ward, JHEP 0712, 045 (2007) [arXiv:0711.0760 [hepth]].

[29] D. Langlois and S. Renaux-Petel, JCAP 0804, 017 (2008) [arXiv:0801.1085 [hep-th]].

[30] C. R. Contaldi, G. Nicholson and H. Stoica, arXiv:0807.2331 [hep-th].

[31] D. Langlois, S. Renaux-Petel and D. A. Steer, arXiv:0902.2941 [hep-th].

[32] D. S. Goldwirth and T. Piran, Phys. Rept. 214, 223 (1992).

[33] R. Brandenberger, G. Geshnizjani and S. Watson, Phys.

Rev. D 67, 123510 (2003) [arXiv:hep-th/0302222]. [34] C. Armendariz-Picon, T. Damour and V. F. Mukhanov, Phys. Lett. B 458, 209 (1999) [arXiv:hep-th/9904075].

[35] J. Garriga and V. F. Mukhanov, Phys. Lett. B 458, 219 (1999) [arXiv:hep-th/9904176].

[36] C. Armendariz-Picon and E. A. Lim, JCAP 0312, 002 (2003) [arXiv:astro-ph/0307101]; C. Armendariz-Picon, JCAP 0610, 010 (2006) [arXiv:astro-ph/0606168].

[37] Y. S. Piao, arXiv:gr-qc/0702012; Y. S. Piao, arXiv:0807.3226 [gr-qc].

[38] J. Magueijo, Phys. Rev. Lett. 100, 231302 (2008) [arXiv:0803.0859 [astro-ph]].

[39] J. Khoury and F. Piazza, arXiv:0811.3633 [hep-th]. [40] R. L. Arnowitt, S. Deser and C. W. Misner, in Gravitation: an introduction to current research, Louis Witten ed. (Wilew 1962), chapter 7, pp 227-265 arXiv:gr-qc/0405109.

[41] J. M. Bardeen, P. J. Steinhardt and M. S. Turner, Phys.

Rev. D 28, 679 (1983).

[42] D. Langlois, Phys. Rev. D 59, 123512 (1999) [arXiv:astro-ph/9906080].

[43] C. Gordon, D. Wands, B. A. Bassett and R. Maartens, Phys. Rev. D 63, 023506 (2001) [arXiv:astro-ph/0009131].

[44] N. Bartolo, S. Matarrese and A. Riotto, Phys. Rev. D 64, 123504 (2001) [arXiv:astro-ph/0107502].

[45] D. Wands, N. Bartolo, S. Matarrese and A. Riotto, Phys.

Rev. D 66, 043520 (2002) [arXiv:astro-ph/0205253]. [46] J. M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998) [Int. J. Theor. Phys. 38, 1113 (1999)] [arXiv:hep-th/9711200].

[47] W. Taylor and M. Van Raamsdonk, Nucl. Phys. B 573, 703 (2000) [arXiv:hep-th/9910052].

[48] X. Chen, S. Sarangi, S. H. Henry Tye and J. Xu, JCAP 0611, 015 (2006) [arXiv:hep-th/0608082].

[49] A. R. Liddle and D. H. Lyth, “Cosmological inflation and large-scale structure,” Cambridge, UK: Univ. Pr. (2000) 400 p.

[50] S. Pi, Y. F. Cai and H. Xia, in preparation. [51] T. J. Allen, B. Grinstein and M. B. Wise, Phys. Lett. B 197, 66 (1987).

[52] D. S. Salopek and J. R. Bond, Phys. Rev. D 42, 3936 (1990).

[53] T. Falk, R. Rangarajan and M. Srednicki, Astrophys. J.

403, L1 (1993) [arXiv:astro-ph/9208001].

[54] E. Komatsu and D. N. Spergel, Phys. Rev. D 63, 063002 (2001) [arXiv:astro-ph/0005036].

[55] V. Acquaviva, N. Bartolo, S. Matarrese and A. Riotto, Nucl. Phys. B 667, 119 (2003) [arXiv:astro-ph/0209156].

[56] J. M. Maldacena, JHEP 0305, 013 (2003) [arXiv:astro-ph/0210603].

[57] D. Babich, P. Creminelli and M. Zaldarriaga, JCAP

0408, 009 (2004) [arXiv:astro-ph/0405356].

[58] M. Alishahiha, E. Silverstein and D. Tong, Phys. Rev. D 70, 123505 (2004) [arXiv:hep-th/0404084].

[59] X. Chen, M. X. Huang, S. Kachru and G. Shiu, JCAP 0701, 002 (2007) [arXiv:hep-th/0605045].

[60] Y. F. Cai, W. Xue, R. Brandenberger and X. Zhang, arXiv:0903.0631 [astro-ph.CO].

[61] N. Bartolo, E. Komatsu, S. Matarrese and A. Riotto, Phys. Rept. 402, 103 (2004) [arXiv:astro-ph/0406398].

[62] D. Seery and J. E. Lidsey, JCAP 0506, 003 (2005) [arXiv:astro-ph/0503692]. D. Seery and J. E. Lidsey, JCAP 0509, 011 (2005) [arXiv:astro-ph/0506056]. C. Y. Sun and D. H. Zhang, Int. J. Mod. Phys. D 15, 1259 (2006) [arXiv:astro-ph/0510709]. X. Chen, R. Easther and E. A. Lim, JCAP 0706, 023 (2007) [arXiv:astro-ph/0611645]. B. Chen, Y. Wang and W. Xue, JCAP 0805, 014 (2008) [arXiv:0712.2345 [hepth]]. B. Chen, Y. Wang, W. Xue and R. Brandenberger, arXiv:0712.2477 [hep-th]. M. Li, T. Wang and Y. Wang, JCAP 0803, 028 (2008) [arXiv:0801.0040 [astro-ph]]. X. Chen, R. Easther and E. A. Lim, JCAP 0804, 010 (2008) [arXiv:0801.3295 [astro-ph]]. X. Gao, JCAP 0806, 029 (2008) [arXiv:0804.1055 [astro-ph]]. W. Xue and B. Chen, arXiv:0806.4109 [hep-th]. M. Li and Y. Wang, JCAP 0809, 018 (2008) [arXiv:0807.3058 [hepth]]. Y. S. Piao, arXiv:0807.3813 [gr-qc]. Q. G. Huang and Y. Wang, JCAP 0809, 025 (2008) [arXiv:0808.1168 [hepth]]. Y. F. Cai and X. Zhang, arXiv:0808.2551 [astro-ph]. Y. Ling and J. P. Wu, arXiv:0809.3398 [hep-th]. P. Chingangbam and Q. G. Huang, arXiv:0902.2619 [astroph.CO]. Q. G. Huang, arXiv:0903.1542 [hep-th]. X. Gao and B. Hu, arXiv:0903.1920 [astro-ph.CO]. M. Li and Y. Wang, arXiv:0903.2123 [hep-th]. Y. F. Cai, W. Xue, R. Brandenberger and X. Zhang, arXiv:0903.4938 [hepth].

[63] M. Sasaki and E. D. Stewart, Prog. Theor. Phys. 95, 71 (1996) [arXiv:astro-ph/9507001].

[64] For earlier studies, we refer to: A. A. Starobinsky, JETP Lett. 42 (1985) 152 [Pisma Zh. Eksp. Teor. Fiz. 42 (1985) 124].

[65] D. H. Lyth, K. A. Malik and M. Sasaki, JCAP 0505, 004 (2005) [arXiv:astro-ph/0411220].

[66] D. Langlois, S. Renaux-Petel, D. A. Steer and T. Tanaka, Phys. Rev. Lett. 101, 061301 (2008) [arXiv:0804.3139 [hep-th]].

[67] F. Arroja, S. Mizuno and K. Koyama, JCAP 0808, 015 (2008) [arXiv:0806.0619 [astro-ph]].

[68] D. Langlois, S. Renaux-Petel, D. A. Steer and T. Tanaka, Phys. Rev. D 78, 063523 (2008) [arXiv:0806.0336 [hepth]].

[69] S. Renaux-Petel and G. Tasinato, JCAP 0901, 012 (2009) [arXiv:0810.2405 [hep-th]].

[70] J. Silk and M. S. Turner, Phys. Rev. D 35, 419 (1987). [71] F. C. Adams and K. Freese, Phys. Rev. D 43, 353 (1991) [arXiv:hep-ph/0504135].

[72] D. Polarski and A. A. Starobinsky, Nucl. Phys. B 385, 623 (1992).

[73] B. Feng and X. Zhang, Phys. Lett. B 570, 145 (2003) [arXiv:astro-ph/0305020].

[74] A. Ashoorioon and A. Krause, arXiv:hep-th/0607001. [75] R. Bean, X. Chen, G. Hailu, S. H. Tye and J. Xu, JCAP 0803, 026 (2008) [arXiv:0802.0491 [hep-th]].

[76] D. H. Lyth and D. Wands, Phys. Lett. B 524, 5 (2002) [arXiv:hep-ph/0110002].

[77] S. Mollerach, Phys. Rev. D 42, 313 (1990). [78] A. D. Linde and V. F. Mukhanov, Phys. Rev. D 56, 535 (1997) [arXiv:astro-ph/9610219].

[79] D. H. Lyth and Y. Rodriguez, Phys. Rev. Lett. 95, 121302 (2005) [arXiv:astro-ph/0504045].

[80] Q. G. Huang, Phys. Lett. B 669, 260 (2008) [arXiv:0801.0467 [hep-th]].

[81] S. Li, Y. F. Cai and Y. S. Piao, Phys. Lett. B 671, 423 (2009) [arXiv:0806.2363 [hep-ph]].

[82] J. Khoury, B. A. Ovrut, P. J. Steinhardt and N. Turok, Phys. Rev. D 64, 123522 (2001) [arXiv:hep-th/0103239].

[83] K. Koyama, S. Mizuno, F. Vernizzi and D. Wands, JCAP 0711, 024 (2007) [arXiv:0708.4321 [hep-th]].

[84] E. I. Buchbinder, J. Khoury and B. A. Ovrut, Phys. Rev.

Lett. 100, 171302 (2008) [arXiv:0710.5172 [hep-th]]. [85] J. L. Lehners and P. J. Steinhardt, Phys. Rev. D 77, 063533 (2008) [arXiv:0712.3779 [hep-th]].

[86] S. A. Kim and A. R. Liddle, Phys. Rev. D 74, 023513 (2006) [arXiv:astro-ph/0605604].

[87] Y. S. Piao, Phys. Rev. D 74, 047302 (2006)

[arXiv:gr-qc/0606034]; I. Ahmad, Y. S. Piao and C. F. Qiao, JCAP 0806, 023 (2008) [arXiv:0801.3503 [hep-th]].

[88] M. E. Olsson, JCAP 0704, 019 (2007) [arXiv:hep-th/0702109].

[89] K. Y. Choi and J. O. Gong, JCAP 0706, 007 (2007) [arXiv:0704.2939 [astro-ph]].

[90] G. Panotopoulos, Phys. Rev. D 75, 107302 (2007) [arXiv:0704.3201 [hep-ph]].

[91] D. Battefeld, T. Battefeld and A. C. Davis, arXiv:0806.1953 [hep-th]; D. Battefeld and T. Battefeld, arXiv:0812.0367 [hep-th].

[92] A. Ashoorioon, A. Krause and K. Turzynski, JCAP 0902, 014 (2009) [arXiv:0810.4660 [hep-th]].

[93] D. Wands, Lect. Notes Phys. 738, 275 (2008) [arXiv:astro-ph/0702187].

[94] D. Langlois, J. Phys. Conf. Ser. 140, 012004 (2008) [arXiv:0809.2540 [astro-ph]].