arXiv:0906.0643v2 [hep-th] 14 Jun 2009

SIT-HEP/TM-54

Evolution of curvature perturbation in generalized gravity theories

Tomohiro Matsuda^1

Laboratory of Physics, Saitama Institute of Technology,

Fusaiji, Okabe-machi, Saitama 369-0293, Japan

Abstract Using the cosmological perturbation theory in terms of the δN formalism, we find the simple formulation of the evolution of the curvature perturbation in generalized gravity theories. Compared with the standard gravity theory, a crucial difference appears in the end-boundary of the inflationary stage, which is due to the non-ideal form of the energy momentum tensor that depends explicitly on the curvature scalar. Recent study shows that ultraviolet-complete quantum theory of gravity may be approximated by using a generalized gravity action. Our paper may give an important step in understanding the evolution of the curvature perturbation during inflation, where the energy momentum tensor may not be given by the ideal form due to the corrections from the fundamental theory.

1matsuda@sit.ac.jp

1 Introduction

The inflationary Universe scenario is the most successful model for explaining the large scale structure of the Universe. The spectrum of the cosmological perturbations created during inflation is expected to be scale-invariant and Gaussian. An inflationary Universe is consistent with current observations of the temperature anisotropy of the cosmic microwave background (CMB), except for some anomalies in the spectrum. These anomalies include a small departure from exact scale-invariance and a certain non-Gaussian character [1, 2], both of which can help reveal the underlying gravitational and field theoretical model as well as the dynamics of the fields during inflation. There are many models of the mechanism for generating curvature perturbations, which can be categorized either in terms of (A) when and (B) how they are created. Focusing on the question of when perturbations are generated, curvature perturbations can be generated (A-1) at the horizon exit [3], (A-2) by the evolution during inflation [4, 5], (A-3) at the inhomogeneous end of inflation [6, 7], (A-4) just after inflation during preheating/reheating[8, 9, 10], or (A-5) late after inflation by curvatons [11, 12] or by an inhomogeneous phase transition[13]. In this paper, we consider the curvature perturbations in generalized gravity theories for (A-1), (A-2) and (A-3): the generation at the horizon crossing, evolution during inflation and the correction at the inhomogeneous end of inflation. Focusing on the mechanism of generating curvature perturbations, curvature perturbations can be created by (B- 1) perturbations at the boundary between different scaling era[13], (B-2) non-adiabatic evolution[4] or (B-3) the inhomogeneities in the fraction of the contents that have different scaling (curvatons)[11]. The case (B-1) includes inhomogeneous end of inflation[6, 7], inhomogeneous reheating[9] or inhomogeneous phase transition[13]. This paper considers the cases (B-1) and (B-2) for the inflationary stage. Although curvatons (B-3) or the creation of the curvature perturbations after inflation (A-4 and A-5) may lead to a significant result in the generalized gravity theory,^2 they usually depend on the specific choice of the inflationary model and the fields in the effective action. Therefore, for simplicity of the argument, we do not consider the creation of curvature perturbations after inflation (A-4 and A-5), which includes inhomogeneous reheating/preheating and the curvatons.

2See Ref.[14] for an example with scalar-tensor gravity.

Considering the discussions of multi-field inflation, there are at least three ways to reach the same result of the cosmological perturbations. One is the straight calculation of Ṙ, which is considered in Ref.[15]. The calculation is based on the field equations and the perturbations. Another is to calculate the evolution of the “perturbed expansion rate” [17, 4] using the equations for the energy momentum and the perturbations, which is considered in this manuscript. The calculation based on this method is very easy and straight compared with the former one. The last method, which is intuitive but may be rather sketchy, is to calculate first the total number of e-foldings, then calculate δN. This method must be complemented by the study of the evolution during inflationary stage[18].

2 Curvature perturbations in generalized gravity theories

In this paper, the Lagrangian that defines the generalized f(ϕ, R) gravity is given by L = 1 2 f(ϕ^I , R) + P (X, ϕ^I ), (2.1)

where X is defined by X ≡ −^1_2 G_{IJ} ∂_μϕ^I ∂^μϕ^J . Here ϕ^I and R are the scalar fields and the scalar curvature. We consider the separation

P (X, ϕ^I ) = K(X, ϕ^I ) − V (ϕ^I ), (2.2)

and set 8πG = 1 for simplicity. We define the energy-momentum in the standard way[16]. General coordinate invariance suggests that the energy-momentum tensor follows the conservation law, which is true without using the Einstein field equations.

It is possible to characterize cosmological perturbations using the line element with linear scalar perturbations of a Friedman-Lemaitre-Robertson-Walker(FLRW) background, which can be written as

ds^2 = −(1 + 2A)dt^2 + 2a^2(t)[∇_iB]dtdx^i + a^2(t)[(1 − 2ψ)γ_{ij} + 2∇_i∇_jE]dx^idx^j . (2.3)

In FLRW spacetime, which is spatially homogeneous and isotropic, from the variation of the metric g_{μν} we get the gravitational field equation and the energy momentum tensor.

Assuming a simple model of two-field inflation with a standard kinetic term K = X, we obtain an energy density ρ and pressure p given by [16] ρ = 1 F [ X + RF − f 2 + V − 3HḞ ]

p = 1 F [ X − RF − f 2 − V + 2HḞ + F̈ ] , (2.4)

where a dot (˙) above a symbol denotes a derivative with respect to time. In this paper we consider the adiabatic inflaton field ϕ and the so-called entropy field s for two-field inflation. Using the adiabatic inflaton field ϕ, X is redefined as X ≡^1_2ϕ̇^2 in FLRW spacetime. F is defined as F ≡ f_R ≡ ∂f/∂R. Here F̈ can not be neglected even in the slow-rolling phase.^3 We thus find

ρ + p = 1 F [ 2X − HḞ + F̈ ] . (2.5)

Our interest is in the evolution of the curvature perturbation ψ on the constant-time hypersurfaces of the FLRW background. Introducing a normalized four vector field n^μ orthogonal to the constant-time hypersurfaces, the expansion of the spatial hypersurfaces with respect to the proper time dτ ≡ (1 + A)dt is given by

θ ≡ n^μ_{;μ} = 3H(1 − A) − 3ψ̇ + ∇^2σ, (2.6)

where σ is the scalar describing the shear, which is defined by σ ≡ Ė − B. A useful definition of the expansion rate with respect to the coordinate time is[17]

θ̃ = (1 + A)θ = 3H − 3ψ̇ + ∇^2σ, (2.7)

which can be used to define the perturbed expansion δθ̃ ≡ θ̃ − 3H. Without using the gravitational field equations, the energy conservation equation n^ν T^μ_{ν;μ} = 0 for the firstorder density perturbations can be evaluated. The equation is given by [17] δ̇ρ = −3H(δρ + δp) + (ρ + p) [ 3ψ̇ − ∇^2(σ + v + B) ] , (2.8)

3A useful example is given by F = ϕ^2, which leads to F̈ = 2ϕ̇^2 + 2ϕ̈ϕ̇ ≃ 4X for slow-rolling approximation ϕ̈ ≃ 0.

which gives the equation of ψ̇ in terms of the local conservation of energy momentum.^4 The gauge-invariant combinations for the curvature perturbation are usually defined by ζ = −ψ − H δρ ρ̇ R = ψ − H δq ρ + p , (2.9) where δq is the momentum perturbation satisfying ϵ_m = δρ − 3Hδq. (2.10) Here ϵ_m is the perturbation of the comoving density, satisfying the evolution equation ϵ_m = − 1 4πG k^2 a^2

Ψ, (2.11) where Ψ is related to the shear perturbation, which is assumed to be finite. The continuity equation ρ̇ = −3H(ρ + p), which can be used to relate these definitions, does not depend on the gravitational equations. The following useful expression can be straightforwardly obtained: N ≡ ∫_{te} t_{ini} Hdt = ∫_{ρ(te )} ρ(t_{ini} ) H δρ ρ̇ . (2.12)

From the definition of ζ, and using Eq.(2.8) to eliminate ψ̇, a simple equation for the evolution of ζ is given by ζ̇ ≃ − δ̇ρ + 3H(δρ + δp) 3(ρ + p) + d dt [ H δρ 3H(ρ + p) ]

= − H ρ + p [ δp − ṗ ρ̇ δρ ]

= − H ρ + p δp_{nad}, (2.13) where ∇^2(σ + v + B), which should vanish at large scales, is neglected in the first line. To compare the above result with the δN formalism[19], it is useful to define the δN formalism in terms of the perturbed expansion rate δθ̃: ζ = 1 3 ∫_t t_{ini} δθ̃dt = δN, (2.14) 4The above equation is written for an ideal fluid, however in the generalized gravity, the fluid is in general not of the ideal form. This does not affect the first order analysis of the current work, since the non-ideal corrections to this equation are either of second order or contain spatial gradients which can be neglected on large scales. We appreciate a reviewer of the journal who sent us the argument related to the second-order perturbations in generalized gravity.

where a hypersurface with a flat slicing at t_{ini} and uniform density at t is chosen. Therefore, the evolution equation for the δN formalism is given by d dt δN ≡ 1 3 δθ̃ | | | |_{δρ=0} ≃ − ψ̇ | |_{δρ=0} = ζ̇ + d dt ( H δρ ρ̇ )| | |_{δρ=0} = − H ρ + p δp_{nad} + d dt ( H δρ ρ̇ )| | |_{δρ=0} . (2.15)

Eqs. (2.13) and (2.15) are consistent as far as the δN formalism is defined for a uniform density slice at t. Our goal in this paper is to find the evolution equation for the curvature perturbation ζ, which can be defined in terms of the δN formalism; ζ̇_N ≡ − ψ̇ | | |_{δρ=0} ≃ −H δρ + δp ρ + p | | | |_{δρ=0} , (2.16)

where ψ̇ is obtained from Eq.(2.8) on uniform density hypersurfaces (δ̇ρ = 0). δρ in the last equation is for the later convenience. In usual inflation for the standard-gravity theory, ζ̇_N is related to the perturbation of the adiabatic inflaton velocity using the relation δ(ρ + P ) ∼ δ(ϕ̇^2) [4]. This result is convincing as the origin of the inhomogeneities of the time elapsed during inflation (δt) is generally given by the inhomogeneities of the “length” (δϕ) and the “velocity” (ϕ̇).^5 This simple result is not true for generalized gravity theories, as we will show in the following. An intuitive argument would be useful for the argument. In the generalized gravity theory, the gravitational constant may not be a homogeneous constant, which may source the inhomogeneities of the expansion rate. The situation is similar to the scalar-tensor gravity theory considered in Ref.[15, 16, 4].

5The perturbation of the kinetic term sources the creation of the curvature perturbations at the “bend” in the trajectory of multi-field inflation.[4, 18]. After submitting this paper to the journal, we find papers[23] in which entropy perturbations are considered for generalized gravity.

The perturbations of the energy density and the pressure are given by[16] δρ ≃ 1 F [ δX + F δR + RδF − f_RδR − f_ϕδϕ − f_sδs 2 + V_ϕδϕ + V_sδs −3Hδ[Ḟ ] − Ḟ δθ ] − δF F ρ (2.17) = 1 F [ δX + (R − 2ρ)δF − f_ϕδϕ − f_sδs 2 +V_ϕδϕ + V_sδs − 3Hδ[Ḟ ] − Ḟ δθ ] (2.18) δp ≃ 1 F [ δX − (R + 2p)δF − f_ϕδϕ − f_sδs 2 −V_ϕδϕ − V_sδs + 2Hδ[Ḟ ] + 2 3 Ḟ δθ + δ[F̈ ] ] , (2.19)

where δX ≡ ϕ̇(δϕ̇ − ϕ̇A) and δ[Ḟ ] ≡ δḞ − Ḟ A are introduced. Here δθ denotes the perturbation of the expansion scalar θ, which follows the perturbed equation given by[16] Hδθ = − 1 2 δρ + k^2 a^2 ψ, (2.20)

which suggests that δθ is negligible at large scales on uniform density hypersurfaces. From the above equations we find

δ(ρ + p) = 1 F [ 2δX − (ρ + p)δF − Hδ[Ḟ ] − 1 3 Ḟ δθ + δ[F̈ ] ] . (2.21)

For the momentum perturbation it is found that[16] δq = 1 F [ −ϕ̇δϕ − δ[Ḟ ] + HδF ] . (2.22)

Considering the evolution of ϵ_m in the standard gravity theory, where F = 1 is assumed, it is found that δq vanishes at large scales on uniform density hypersurfaces. In terms of the δN formalism, δq ≃ 0 leads to a natural condition ϕ ≃const. at large scales, which can be interpreted as a flat boundary (δϕ_e = 0) at the end of inflation appearing in the standard inflationary scenario. On the other hand, in generalized gravity theories the uniform density hypersurfaces does not always lead to a flat (δϕ = 0) boundary at t. This result shows that in contrast to the standard gravity theory the generation of the curvature perturbation at the end of inflation, which is usually evaluated using the δN formalism[6], is not trivial in generalized gravity theories.^6 Namely, considering the curvature perturbation defined by R, the δN formula can lead to the boundary perturbations

6See also the discussions in Ref.[16].

δN_{ini} and δN_e defined by δN_{ini} ≡ H δq_{ini} ρ + p δN_e ≡ −H δq_e ρ + p . (2.23)

In standard gravity theory, the perturbation at the end-boundary (δN_e) vanishes if δq_e = 0, which directly leads to the flat boundary condition ϕ_e=const. However, in generalized gravity theories, the flat boundary at ϕ = ϕ_e does not always lead to δq_e = 0, but rather to the perturbation δq_e ≃^1_F [ −δ[Ḟ ] + HδF ] , which leads to δN_e = − H ρ + p 1 F [ −δ[Ḟ ] + HδF ] δϕ=0 ≠ 0. (2.24)

Here δN_e is defined for the expansion between a hypersurface with a uniform density slicing (δq = 0) and uniform field (δϕ = 0) at t = t_e. The above correction does not appear in the standard gravity theory. The perturbation δN_{ini} on the initial boundary is given by δN_{ini} = H ρ + p 1 F [ −ϕ̇δϕ − δ[Ḟ ] + HδF ] ψ=0 . (2.25)

For two-field inflation at first-order expansion, δF is given by δF ≃ F_ϕδϕ + F_sδs, where ϕ and s denote the adiabatic component of the multi-field inflaton and the entropy field. On the uniform-field(δϕ = 0) hypersurfaces, the expansion is given by δF ≃ F_sδs. Assuming that in the slow-rolling phase, the rate of variation of cosmological quantities is much smaller than unity, the sum of the boundary perturbations leads to^7 δN_{ini} + δN_e ≃ H ρ + p 1 F [ −ϕ̇ − ∂[Ḟ ] ∂ϕ + HF_ϕ ] δϕ, (2.26)

where only the perturbations caused by the adiabatic field ϕ can survive because of the uniform field condition at the end (t = t_e) boundary.

Creation of perturbations at the boundaries (and during inflation) depends on the definition of the hypersurfaces for the δN formalism, while the sum for the inflationary period is independent. δN_e ≠ 0 appears because the standard definition of the δN formalism, which has been used in this paper, is for flat hypersurface at t_{ini} and uniform

7This simple assumption is not true if there is a sharp bend in the trajectory.

density at t. In contrast to the above argument, which is for boundary perturbations related to the δN formalism defined by the uniform density hypersurfaces at t, it would be possible to define the δN formalism for flat hypersurfaces at t_{ini} and a uniform “field” (ϕ =const.) at t. In the latter case, no perturbations are generated at the end of inflation (except for a specific case in which the inhomogeneous end of inflation is sourced by the entropy field).

To show the equivalence between the δN formalism defined by different hypersurfaces, it would be useful (although it might be trivial for an expert) to consider an explicit calculation of the time integrel. Considering a separation d dt δN = − H ρ + p δp_{nad} + d dt ( H δρ ρ̇ ) , (2.27) the time-integral of the last term vanishes if the δN formalism is defined for uniform density hypersurfaces. However, it does not vanish for uniform “field” hypersurfaces and gives ∫_{te} t_{ini} [ d dt ( H δρ ρ̇ )] dt = ( H δρ ρ̇ ) t=t_e − ( H δρ ρ̇ ) t=t_{ini} ≃ ( H δq|_{δϕ=0} ρ + p ) t=t_e − ( H δq|_{δϕ=0} ρ + p ) t=t_{ini} , (2.28) where δq is defined for uniform “field” hypersurfaces. The sign of δN defined for the expansion from uniform density hypersurfaces to uniform “field” hypersurfaces is opposite to the one defined for the expansion from uniform “field” hypersurfaces to uniform density hypersurfaces. Obviously, the sum of the perturbations δN ≡ δN_{ini} + δN_e + ∫˙ Ndt gives the identical result for different choices of the hypersurfaces. Equations for the boundary perturbations and the evolution in terms of the δN formalism depend on the definition of the hypersurfaces, while the sum of these quantities gives identical result.

The explicit form of the evolution equation can be evaluated with the help of field equations. For two-field inflation with the standard kinetic term K = X and G_{IJ} = δ_{IJ} , the equation of motion for the adiabatic inflaton field is given by ϕ̈ + 3Hϕ̇ − f^ϕ 2 + V_ϕ = 0. (2.29) From the trace of the gravitational field equation, it is found that[16] F̈ + 3HḞ + 1 3 [2X − RF + 2f − 4V ] = 0 (2.30) R = ρ − 3p. (2.31)

As ϵ_m decays at large scales as ∝ k^2/a^2, the comoving energy density on uniform density hypersurfaces leads to, ϵ_m ≃ 1 F [ δX − 3 2 (ρ + p)δF − f_s 2 δs + V_sδs − ϕ̈δϕ ] ≃ 0, (2.32)

which gives the equation for δX: δX ≃ 3 2 (ρ + p)δF + f_s 2 δs − V_sδs + ϕ̈δϕ. (2.33) At large scales on uniform density hypersurfaces, we thus find δρ + δp ≃ 1 F [ 2δX − (ρ + p)δF − Hδ[Ḟ ] + δ[F̈ ] ]

≃ 1 F [ 2(ρ + p)δF + f_sδs − 2V_sδs − Hδ[Ḟ ] + δ[F̈ ] ] . (2.34)

A useful expression for the evolution of the curvature perturbation obtained from the above equation is given by ζ̇_N ≃ −2H δF F − H F (ρ + p) [ (f_s − 2V_s)δs − Hδ[Ḟ ] + δ[F̈ ] ] . (2.35)

Here δF must be evaluated on uniform density hypersurfaces, which (in contrast to the standard gravity theory) does not lead to δϕ = 0 hypersurfaces, as we discussed for the boundary perturbations. For the standard gravitational theory with F = 1, this equation gives the well-known result[20] ζ̇_N ≃ 2H V^s ϕ̇2 δs, (2.36) which agrees with the evolution of the curvature perturbation during inflation in standard gravity theory.

The perturbed equation from Eq.(2.30) is given by δ[F̈ ] + 3Ḟ δθ + 3Hδ[Ḟ ] ≃ − 1 3 [2δX − RδF + F δR − 4δV ] , (2.37) which shows that δ[F̈ ] can be expressed by using δ[Ḟ ] and other quantities. Here a reasonable approximation would be F_RṘ ≪ F_ϕϕ̇, which makes it possible to calculate δ[Ḟ ] in terms of Eq.(2.33) for specific models of f(ϕ, R) gravity.

3 Conclusion and discussion

In this paper the curvature perturbations from the boundaries and the evolution of the curvature perturbations are considered for generalized gravity theories in terms of the δN formalism.

Our result shows that the creation of the curvature perturbation may be significant during the evolution. The perturbation δF can be interpreted as a spatial inhomogeneities in the gravitational constant[4]. The second-order perturbations with respect to the field perturbations can be used to estimate the order of the magnitude of the non-Gaussian character of the cosmological perturbations.^8

In this paper, we considered the generalized gravity that is expressed by f(ϕ^I , R). This model is suitable for our present study, as it gives a very clear and intuitive result. However, it would be useful to make some comments for a typical string corrections that may not appear as f(ϕ^I , R). For example, the effective action may appear with the following additional corrections in the action[16] L_{add} = 1 2 ξ(ϕ)R^2_{GB}, (3.1)

where R^2_{GB} ≡ R^{abcd}R_{abcd} −4R^{ab}R_{ab} +R^2. Using the explicit form of the energy momentum tensor given in Ref.[16], it is indeed possible to show the explicit formula of the perturbed expansion rate after a lengthy calculation.^9

Moreover, recent study shows that ultraviolet-complete quantum theory of gravity (Hořava-Lifshitz Gravity[21]) may be given by a (more) generalized gravity action. In the generalized gravity theory considered in this paper, a crucial difference appears in the end-boundary of the inflationary stage, which is due to the non-ideal form of the energy momentum tensor that depends explicitly on the curvature scalar. In this sense, our paper may give an important step in understanding the discrepancy between the ultraviolet-complete theory and the conventional gravity in terms of the evolution of the

8Our equations are not exact in the second-order expansion. They can be used to estimate the order of magnitude of the non-Gaussian character, only when there is no significant source other than the trivial field perturbations.

9The evolution of the curvature perturbations in terms of the perturbed expansion rate and the δN formalism (the formulation used in this paper) is discussed in Ref.[22] for the effective action with generalized kinetic terms. DBI action in string theory is a typical example of this kind[23].

curvature perturbation during inflation, where the energy momentum tensor may not be given by the ideal form due to the ultraviolet corrections from the fundamental theory.

4 Acknowledgment

We wish to thank K.Shima for encouragement, and our colleagues at Tokyo University for their kind hospitality.

References

[1] N. Bartolo, E. Komatsu, S. Matarrese and A. Riotto, “Non-Gaussianity from inflation:

Theory and observations,” Phys. Rept. 402, 103 (2004) [arXiv:astro-ph/0406398].

[2] A. P. S. Yadav and B. D. Wandelt, “Evidence of Primordial Non-Gaussianity (f_{NL}) in the Wilkinson Microwave Anisotropy Probe 3-Year Data at 2.8σ,” Phys. Rev. Lett. 100, 181301 (2008) [arXiv:0712.1148].

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

[4] T. Matsuda, “Modulated Inflation,” Phys. Lett. B 665, 338 (2008) [arXiv:0801.2648 [hep-ph]]; T. Matsuda, “Modulated inflation from kinetic term,” JCAP 0805, 022 (2008) [arXiv:0804.3268 [hep-th]]; T. Matsuda, “Running spectral index from shooting-star moduli,” JHEP 0802, 099 (2008) [arXiv:0802.3573 [hep-th]]; T. Matsuda, “Curvatons and inhomogeneous scenarios with deviation from slow-roll,” JCAP 0812 (2008) 001 [arXiv:0811.1318 [hep-ph]]; T. Matsuda, “Successful D-term inflation with moduli,” Phys. Lett. B 423, 35 (1998) [arXiv:hep-ph/9705448].

[5] A. C. Vincent and J. M. Cline, “Curvature Spectra and Nongaussianities in the Roulette Inflation Model,” JHEP 0810, 093 (2008) [arXiv:0809.2982 [astro-ph]]. J. R. Bond, L. Kofman, S. Prokushkin and P. M. Vaudrevange, “Roulette inflation with Kaehler moduli and their axions,” Phys. Rev. D 75, 123511 (2007) [arXiv:hep-th/0612197].

[6] F. Bernardeau, L. Kofman and J. P. Uzan, “Modulated fluctuations from hybrid inflation,” Phys. Rev. D 70, 083004 (2004) [arXiv:astro-ph/0403315]; D. H. Lyth, “Generating the curvature perturbation at the end of inflation,” JCAP 0511, 006 (2005) [arXiv:astro-ph/0510443].

[7] T. Matsuda, “Elliptic inflation: Generating the curvature perturbation without slowroll,” JCAP 0609, 003 (2006) [arXiv:hep-ph/0606137]; D. H. Lyth and A. Riotto, “Generating the curvature perturbation at the end of inflation in string theory,” Phys. Rev. Lett. 97, 121301 (2006) [arXiv:astro-ph/0607326].

[8] E. W. Kolb, A. Riotto and A. Vallinotto, “Curvature perturbations from broken symmetries,” Phys. Rev. D 71, 043513 (2005) [arXiv:astro-ph/0410546]; T. Matsuda, “Generating the curvature perturbation with instant preheating,” JCAP 0703, 003 (2007) [arXiv:hep-th/0610232]; T. Matsuda, “Generating curvature perturbations with MSSM flat directions,” JCAP 0706, 029 (2007) [arXiv:hep-ph/0701024]; T. Matsuda, “Brane inflation without slow-roll,” JHEP 0703, 096 (2007) [arXiv:astro-ph/0610402].

[9] G. Dvali, A. Gruzinov and M. Zaldarriaga, “A new mechanism for generating density perturbations from inflation,” Phys. Rev. D 69, 023505 (2004) [arXiv:astro-ph/0303591]; K. Enqvist, A. Mazumdar and M. Postma, “Challenges in generating density perturbations from a fluctuating inflaton coupling,” Phys. Rev. D 67, 121303 (2003) [arXiv:astro-ph/0304187]; F. Vernizzi, “Cosmological perturbations from varying masses and couplings,” Phys. Rev. D 69, 083526 (2004) [arXiv:astro-ph/0311167].

[10] K. Enqvist, A. Jokinen, A. Mazumdar, T. Multamaki and A. Vaihkonen, “Non-Gaussianity from Preheating,” Phys. Rev. Lett. 94, 161301 (2005) [arXiv:astro-ph/0411394]; K. Enqvist, A. Jokinen, A. Mazumdar, T. Multamaki and A. Vaihkonen, “Non-gaussianity from instant and tachyonic preheating,” JCAP 0503, 010 (2005) [arXiv:hep-ph/0501076]; A. Jokinen and A. Mazumdar, “Very Large Primordial Non-Gaussianity from multi-field: Application to Massless Preheating,” JCAP 0604, 003 (2006) [arXiv:astro-ph/0512368].

[11] A. D. Linde and V. F. Mukhanov, “Nongaussian isocurvature perturbations from inflation,” Phys. Rev. D 56, 535 (1997) [arXiv:astro-ph/9610219]; D. H. Lyth and D. Wands, “Generating the curvature perturbation without an inflaton,” Phys. Lett. B 524, 5 (2002) [arXiv:hep-ph/0110002]; T. Moroi and T. Takahashi, “Effects of cosmological moduli fields on cosmic microwave background,” Phys. Lett. B 522, 215 (2001) [Erratum-ibid. B 539, 303 (2002)] [arXiv:hep-ph/0110096].

[12] T. Matsuda, “Curvaton paradigm can accommodate multiple low inflation scales,” Class. Quant. Grav. 21, L11 (2004) [arXiv:hep-ph/0312058]; T. Matsuda, “Topological curvatons,” Phys. Rev. D 72, 123508 (2005) [arXiv:hep-ph/0509063]; T. Matsuda, “Hilltop Curvatons,” Phys. Lett. B 659, 783 (2008) [arXiv:0712.2103 [hep-ph]].

[13] T. Matsuda, “Cosmological perturbations from an inhomogeneous phase transition,” arXiv:0902.4283 [hep-ph].

[14] T. Matsuda, “Non-standard kinetic term as a natural source of non-Gaussianity,” arXiv:0810.3291 [hep-ph], JHEP 0810, 089 (2008).

[15] J. Garcia-Bellido and D. Wands, “Constraints from inflation on scalar - tensor gravity theories,” Phys. Rev. D 52, 6739 (1995) [arXiv:gr-qc/9506050].

[16] J. c. Hwang and H. Noh, “Cosmological perturbations in generalized gravity theories,” Phys. Rev. D 54, 1460 (1996); J. c. Hwang and H. Noh, “Classical evolution and quantum generation in generalized gravity theories including string corrections and tachyon: Unified analyses,” Phys. Rev. D 71, 063536 (2005) [arXiv:gr-qc/0412126].

[17] D. Wands, K. A. Malik, D. H. Lyth and A. R. Liddle, “A new approach to the evolution of cosmological perturbations on largescales,” Phys. Rev. D 62, 043527 (2000) [arXiv:astro-ph/0003278]; D. H. Lyth and D. Wands, “Conserved cosmological perturbations,” Phys. Rev. D 68, 103515 (2003) [arXiv:astro-ph/0306498].

[18] T. Matsuda, “Evolution of the curvature perturbations during warm inflation,” arXiv:0905.0308 [astro-ph.CO].

[19] A. A. Starobinsky, “Multicomponent de Sitter (Inflationary) Stages and the Generation of Perturbations,” JETP Lett. 42 (1985) 152 [Pisma Zh. Eksp. Teor. Fiz. 42

(1985) 124]; D. S. Salopek, “Characteristics of cosmic time,” Phys. Rev. D 52, 5563 (1995) [arXiv:astro-ph/9506146]; M. Sasaki and E. D. Stewart, “A General Analytic Formula For The Spectral Index Of The Density Perturbations Produced During Inflation,” Prog. Theor. Phys. 95, 71 (1996) [arXiv:astro-ph/9507001].

[20] C. Gordon, D. Wands, B. A. Bassett and R. Maartens, “Adiabatic and entropy perturbations from inflation,” Phys. Rev. D 63, 023506 (2001) [arXiv:astro-ph/0009131].

[21] P. Horava, “Membranes at Quantum Criticality,” JHEP 0903 (2009) 020 [arXiv:0812.4287 [hep-th]]; P. Horava, “Quantum Gravity at a Lifshitz Point,” Phys. Rev. D 79, 084008 (2009) [arXiv:0901.3775 [hep-th]].

[22] T. Matsuda, “Delta-N formalism for the evolution of the curvature perturbations in generalized multi-field inflation”, to appear.

[23] Y. F. Cai and H. Y. Xia, “Inflation with multiple sound speeds: a model of multiple DBI type actions and non-Gaussianities,” arXiv:0904.0062 [hep-th]; Y. F. Cai and W. Xue, “N-flation from multiple DBI type actions,” arXiv:0809.4134 [hep-th].

[24] X. d. Ji and T. Wang, “Curvature and Entropy Perturbations in Generalized Gravity,” arXiv:0903.0379 [hep-th]; S. Pi and T. Wang, “1/R Correction to Gravity in the Early Universe,” arXiv:0905.3470 [astro-ph.CO].