arXiv:1103.1102v2 [astro-ph.CO] 29 Jun 2011

A note on the role of the boundary terms for the non-Gaussianity in general k-inflation

Frederico Arroja^{1∗}and Takahiro Tanaka^{2†} 1Institute for the Early Universe, Ewha Womans University, Seoul 120-750, South Korea 2Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502, Japan (Dated: June 30, 2011)

In this short note we clarify the role of the boundary terms in the calculation of the leading order tree-level bispectrum in a fairly general minimally coupled single field inflationary model, where the inflaton’s Lagrangian is a general function of the scalar field and its first derivatives. This includes k-inflation, DBI-inflation and standard kinetic term inflation as particular cases. These boundary terms appear when simplifying the third order action by using integrations by parts. We perform the calculation in the comoving gauge obtaining explicitly all total time derivative interactions and show that a priori they cannot be neglected. The final result for the bispectrum is equal to the result present in the literature which was obtained using the field redefinition.

I. INTRODUCTION

The inflationary scenario has become the most compelling idea for what really happened in the very early stages of our universe. The main reason for this is that inflation is very successful at explaining the problems of the old Big Bang model and it also provides us with a mechanism to generate the primordial seed perturbations that later evolved into the cosmic microwave background radiation anisotropies and the large-scale structure of galaxies.

The most simple models of inflation predict a nearly Gaussian and nearly scale invariant primordial perturbation in good agreement with recent observations. However, a small amount of non-Gaussianity is still allowed by the data. If such a small contribution were detected and if it were of primordial origin, it would have profound implications for inflationary models and our understanding of the very early universe. Because of this reason, recently there has been a huge effort to try to construct models that predict large (i.e. observable) non-Gaussianity and calculate the higher-order correlation functions like the bispectrum and the trispectrum. This search has been productive. Many possibilities have been found, for example models with non-canonical kinetic terms (like DBI-inflation, k-inflation, ghost-inflation) [1–12], multiple field models of inflation [13–44], temporary violations of the slow-roll conditions and small departures of the initial vacuum state from the standard Bunch-Davies vacuum [45–51]. For recent reviews about these mechanisms to produce non-Gaussian perturbations, see Ref. [52–56].

In this note, we will be interested in the calculation of the bispectrum for quite general models of k-inflation. Our conclusions will apply to all k-inflation, DBI-inflation and standard kinetic term inflation models. Our main goal is to clarify the role of the boundary terms in the calculation of the bispectrum. These boundary interactions appear when one does many integrations by parts to simplify the third order action.

For the standard kinetic term inflation all these boundary terms have been for the first time recently calculated in [57]. However in all calculations of the bispectrum so far these terms have been neglected and a field redefinition was used instead. Maldacena [58] states that these boundary interactions are important and he takes them into account using field redefinitions. We should point out one exception [59], where the authors working in the uniform curvature gauge and considering standard kinetic term inflation show explicitly that the bispectrum can be determined by using the third order action without the need to redefine the field if the contribution from the boundary terms is included.

In this work, we will perform an analogous calculation, but this time for a general k-inflation model and working in the comoving gauge. In this gauge, one works from the beginning with the variable of interest, the comoving curvature perturbation. Naively, the third order action does not seem to be suppressed by the slow-roll parameters contrarily to the expected. However it has been shown [4, 58] that after many integrations by parts this suppression becomes evident. This procedure produces many boundary terms which are the main focus of this work.

This paper is organized as follows. In section II, we will introduce the model, the background spacetime and some useful notation. In section III, we will discuss linear perturbations and present the solution for the mode functions. In section IV, we shall review the usual calculation of the third order action and the bispectrum and obtain the new boundary terms which we argue can be used to calculate the bispectrum without the need to do a field redefinition.

∗ arrojaf@ewha.ac.kr † tanaka@yukawa.kyoto-u.ac.jp

We also present the calculation of the bispectrum produced by these time boundary interactions. Section V is devoted to the conclusions.

II. THE MODEL

In this note, we will consider the class of models described by the following Lagrangian S = 1 2 ∫ d^4x √ −g [ M^2_{P l}R + 2P (X, ϕ) ] , (1)

where ϕ is the inflaton field, M_{P l} is the reduced Planck mass, R is the Ricci scalar, X = −^1_2 g^{μν} ∂_μϕ∂_ν ϕ is the inflaton’s kinetic energy and g_{μν} is the metric tensor. P (X, ϕ) denotes the inflaton’s Lagrangian and we assume it is a well-behaved function of its two variables. Throughout this work, we use a system of units where the Planck constant ℏ, the speed of light c and the reduced Planck mass M_{P l} are set to unity. This general Lagrangian includes as particular cases the DBI-inflation model [2, 60] and the k-inflation model [61].

We are interested in flat, homogeneous and isotropic Friedmann-Lemaître-Robertson-Walker background universes described by the line element

ds^2 = −dt^2 + a^2(t)δ_{ij} dx^idx^j , (2)

where a(t) is the scale factor. The Friedmann equation and the continuity equation read

3H^2 = ρ, ρ̇ = −3H (ρ + P ) , (3)

where dot denotes derivative with respect to cosmic time, the Hubble rate is H = ȧ/a, ρ is the energy density of the inflaton and it is given by ρ = 2XP_{,X} − P, (4) where P_{,X} denotes the derivative of P with respect to X. It was shown in [62] that for this model the speed of propagation of scalar perturbations (“speed of sound”) is c_s given by

c^2_s = P_{,X} ρ_{,X} = P_{,X} P_{,X} + 2XP_{,XX} . (5)

We define the slow-variation parameters, analogues of the slow-roll parameters, as ϵ = − Ḣ H^2 = XP_{,X} H^2 , η = ϵ̇ ϵH , s = ċ_s c_sH . (6)

We assume that the rate of change of the speed of sound is small (as described by s) but c_s is otherwise free to change between zero and one. It is convenient to introduce the following parameters that describe the non-linear dependence of the Lagrangian on the kinetic energy

Σ = XP_{,X} + 2X^2P_{,XX} =

H^2ϵ c^2_s

, λ = X^2P_{,XX} + 2 3 X^3P_{,XXX} . (7)

These parameters are related to the size of the bispectrum.

III. PERTURBATIONS

In this section we will consider linear perturbations of the background (2). There is a vast amount of works on linear perturbations, see for example [62]. It is convenient to use the Arnowitt, Deser and Misner (ADM) metric formalism [63]. The ADM line element reads

ds^2 = −N^2dt^2 + h_{ij} ( dx^i + N^idt ) ( dx^j + N^j dt ) , (8)

where N is the lapse function, N^i is the shift vector and h_{ij} is the 3D metric.

The action (1) becomes S = 1 2 ∫ dt d^3x √ hN (_{(3)} R + 2P ) + 1 2 ∫ dt d^3x √ hN^{−1} ( E_{ij} E^{ij} − E^2 ) . (9)

The tensor E_{ij} is defined as E_{ij} = 1 2 ( ḣ_{ij} − ∇_iN_j − ∇_j N_i ) , (10)

and it is related to the extrinsic curvature of the spatial slices by K_{ij} = N^{−1}E_{ij} . ∇_i is the covariant differentiation with respect to h_{ij} and all contra-variant indices in this section are raised with h_{ij} unless stated otherwise.

The Hamiltonian and momentum constraints are respectively

(3)R + 2P − 2π^2N^{−2}P_{,X} − N^{−2} ( E_{ij} E^{ij} − E^2 ) = 0, ∇_j ( N^{−1}E^j_i ) − ∇_i ( N^{−1}E ) = πN^{−1}∇_iϕP_{,X} , (11)

where π is defined as π ≡ ϕ̇ − N^j ∇_j ϕ. We decompose the shift vector N^i into scalar and intrinsic vector parts as N_i = Ñ_i + ∂_iψ, where ∂_iÑ^i = 0, here the index is raised with δ_{ij} .

On the comoving time-slices, the scalar field fluctuations vanish, δϕ = 0, and the three-dimensional spatial metric h_{ij} is perturbed as [58]

h_{ij} = a^2e^{2ζ} δ_{ij} , (12)

where ζ denotes the curvature perturbation on comoving slices and tensor perturbations have been neglected because they do not contribute to the tree-level scalar bispectrum.

We expand N and N^i in powers of the perturbation ζ as

N = 1 + α_1 + α_2 + · · · , Ñ_i = Ñ_i^{(1)} + Ñ_i^{(2)} + · · · , ψ = ψ_1 + ψ_2 + · · · , (13)

where α_n, Ñ_i^{(n)} and ψ_n are of order ζ^n.

Now, the strategy is to solve the constraint equations for the lapse function and shift vector in terms of ζ and then plug in the solutions in the expanded action up to the desired order. It turns out that even for the third order action one does not need to use the explicit solution for the constraints past first order [4, 58].

At first order in ζ, the solution for equations (11) with a particular choice of boundary conditions at spatial infinity is [4, 58, 64]

α_1 = ζ̇ H , Ñ_i^{(1)} = 0, ψ_1 = − ζ H + χ, ∂^2χ = a^2 ϵ c^2_s ζ̇. (14)

The second order action is then

S_2 = ∫ dt d^3x a^3ϵ c^2_s ( ζ̇^2 − a^{−2}c^2_s(∂ζ)^2 ) . (15)

At leading order in slow-roll, H is constant and the scale factor may be approximated by that of a pure de Sitter universe a = −1/(Hτ) and −Ht = ln(−Hτ), where τ denotes conformal time. The solution of the equation of motion derived from the previous action at leading order in the slow-variation parameters and in Fourier space is [4] ζ(τ, k) = iH √ 4ϵc_sk^3 (1 + ikc_sτ)e^{−ikcs τ} . (16) To quantize the curvature perturbation, we follow the standard procedure in quantum field theory. We promote ζ to an operator that is expanded in terms of creation and annihilation operators and mode functions as

ζ̂(τ, k) = ζ(τ, k)a(k) + ζ^∗(τ, −k)a^†(−k), (17)

where a and a^† satisfy the usual commutation relation [a(k), a^†(k^′)] = (2π)^3δ^{(3)}(k − k^′).

IV. THE THIRD ORDER ACTION AND THE BISPECTRUM

In this section, we will present the standard equations needed in the calculation of the bispectrum of the primordial curvature perturbation using the so-called in-in formalism [65, 66]. In subsection IV A we shall consider the calculation using the well-known field redefinition prescription and in subsection IV B we will show that we can obtain the same result if we include the contribution from the boundary terms that appear when we simplify the action to the form (18) by using integrations by parts.

In order to use the machinery of the in-in formalism to compute the tree-level three-point correlation function (or bispectrum) one needs to calculate the cubic-order interaction Hamiltonian, see for example [52] for a review about this procedure.

A. The field redefinition

The third order action, ignoring the many boundary terms, has been known since the seminal work by Maldacena [58] (for the standard kinetic term case) and can be also found in [4, 64] (for the model (1)), it reads

S^{Reduced} 3 = ∫ dt d^3x [ − a^3 ( Σ ( 1 − 1 c^2_s ) + 2λ )˙ ζ^3 H^3 + a^3ϵ c^4_s ( ϵ − 3 + 3c^2_s ) ζζ̇^2 + aϵ c^2_s ( ϵ − 2s + 1 − c^2_s ) ζ(∂ζ)^2 −2a ϵ c^2_s ζ̇(∂ζ)(∂χ) + a^3ϵ 2c^2_s d dt ( η c^2_s ) ζ^2ζ̇ + ϵ 2a (∂ζ)(∂χ)∂^2χ + ϵ 4a (∂^2ζ)(∂χ)^2 + 2f(ζ) δL δζ | | |_1 ] ,(18)

where we should note that no slow-roll approximation has been made and we define χ = a^2ϵ c^2_s ∂^{−2}ζ̇, δL δζ | | | |_1 = a ( d∂^2χ dt + H∂^2χ − ϵ∂^2ζ ) , (19) f(ζ) = η 4c^2_s ζ^2 + 1 c^2_s H ζζ̇ + 1 4a^2H^2 [ −(∂ζ)(∂ζ) + ∂^{−2}(∂_i∂_j (∂_iζ∂_j ζ)) ] + 1 2a^2H [ (∂ζ)(∂χ) − ∂^{−2}(∂_i∂_j (∂_iζ∂_j χ)) ] . (20)

In Eqs. (19) and (20), ∂^{−2} denotes the inverse Laplacian and δL/δζ|_1 denotes the variation of the quadratic action with respect to the perturbation ζ. The last term in Eq. (18) can be absorbed by a field redefinition of ζ [4],

ζ → ζ_n + f(ζ_n). (21)

After this redefinition of variables, there appears a contribution to the interaction Hamiltonian at cubic order coming from the originally second-order action (See Eq. (31) below). This term is identical to the symmetric of the last term in Eq. (18) up to a surface term arising from the integration by parts. Neglecting such a surface term, the interaction Hamiltonian in conformal time becomes H_{int}(τ) = − ∫ d^3x [ − ( Σ ( 1 − 1 c^2_s ) + 2λ ) ζ^{′3}_n H^3 + aϵ c^4_s ( ϵ − 3 + 3c^2_s ) ζ_nζ^{′2}_n + aϵ c^2_s ( ϵ − 2s + 1 − c^2_s ) ζ_n(∂ζ_n)^2

−2 ϵ c^2_s ζ^′_n(∂ζ_n)(∂χ_n) + aϵ 2c^2_s ( η c^2_s )_′ ζ^2_nζ^′_n + ϵ 2a (∂ζ_n)(∂χ_n)∂^2χ_n + ϵ 4a (∂^2ζ_n)(∂χ_n)^2 ] , (22)

where prime denotes derivative with respect to conformal time and χ_n = aϵc^{−2}_s ∂^{−2}ζ^′_n.

The field redefinition (21) introduces extra terms in the three-point function as

⟨ζ(x_1)ζ(x_2)ζ(x_3)⟩ = ⟨ζ_n(x_1)ζ_n(x_2)ζ_n(x_3)⟩ + η 2c^2_s

⟨ζ_n(x_1)ζ_n(x_2)⟩⟨ζ_n(x_1)ζ_n(x_3)⟩ + sym + O(η^2c^{−4}_s (P_ζ )^3), (23)

where “sym” denotes two terms that result from the preceding one by symmetrizing with respect to x_1, x_2 and x_3. The field redefinition (21) includes several other terms, however in the previous expression we only displayed the contribution of the first term in (20). This is because the omitted terms involve at least one derivative of ζ and they should vanish when evaluated outside the horizon giving a negligible contribution to (23). For the reason mentioned above, in this paper we approximate the function f(ζ) as f(ζ) ≈ η 4c^2_s ζ^2. (24)

In the expression (23), the slow roll parameter η has to be evaluated at the end of inflation. This means that η might become large depending on how inflation ends which in turn would imply that the expansion in terms of η would cease to make sense. However in most cases one can safely ignore the last term in Eq. (23), which is higher order in η because this is also greatly suppressed by powers of the spectrum P_ζ which is measured to be of order 10^{−10}.

The tree-level three-point correlation function at the time τ_e after horizon exit is

⟨Ω|ζ̂_n(τ_e, k_1)ζ̂_n(τ_e, k_2)ζ̂_n(τ_e, k_3)|Ω⟩ = −i ∫_{τe} −∞ dτ̃a⟨0|[ζ̂_n(τ_e, k_1)ζ̂_n(τ_e, k_2)ζ̂_n(τ_e, k_3), Ĥ_{int}(τ̃ )]|0⟩, (25)

where |Ω⟩ and |0⟩ denotes the interacting vacuum and the free theory vacuum respectively. [, ] denotes the standard commutator and the interaction Hamiltonian Ĥ_{int} is used to evolve the free theory vacuum to the interaction vacuum at the time when the three-point function is evaluated [58].

In Maldacena’s calculation [58] and in the following ones [4, 64] the last three terms in Eq. (22) which are higherorder in the slow-roll expansion were properly neglected because these authors work at leading order in slow-roll. In this work, we are only interested in the bispectrum produced by the field redefinition, i.e. the second line of Eq. (23). In Fourier space it reads [4]

⟨Ω|ζ̂(0, k_1)ζ̂(0, k_2)ζ̂(0, k_3)|Ω⟩ = (2π)^3δ^{(3)}(K)

H^4η 32c^4_sϵ^2 k^3_1 + k^3_2 + k^3 (k_1k_2k_3)^3

, (26)

where K is defined as K ≡ k_1 + k_2 + k_3.

B. The boundary terms

In the previous expression for the third order action (18) we omitted both time and spatial boundary terms as in previous calculations. However the total action includes them and in this subsection we will obtain these interactions explicitly. In the following, total spatial derivative terms will be omitted because they do not contribute to the three point function. It is easy to see that the interaction Hamiltonian of these terms is proportional to K ≡ k_1 + k_2 + k_3 which has to vanish because of momentum conservation imposed by the overall Dirac delta function.

The third order action without neglecting the boundary terms is given by S^{T otal} 3 = S^{Reduced} 3 + S^{Boundary} 3 , (27)

and the explicit form of the boundary term is S^{Boundary} 3 = ∫ dt d^3x d dt [ −9a^3Hζ^3 + a H ζ(∂ζ)^2 − 1 4aH^3

(∂ζ)^2∂^2ζ − aϵ c^2_sH ζ(∂ζ)^2 − ϵa^3 c^4_sH ζζ̇^2 + 1 2aH^2 ζ ( ∂_i∂_j ζ∂_i∂_j χ − ∂^2ζ∂^2χ )

− ηa 2c^2_s ζ^2∂^2χ − 1 2aH ζ ( ∂_i∂_j χ∂_i∂_j χ − ∂^2χ∂^2χ ) ] , (28)

where once again total spatial derivative terms were omitted. One can calculate the three point functions coming from the individual terms in this expression, directly using ζ. The difference in the third order action compared with the case of ζ_n is the last term in (18) and S^{Boundary}_3 . The last term in (18), 2f(ζ)(δL/δζ)|_1 does not give any contribution because the factor (δL/δζ)|_1 vanishes after substitution of the mode function. The contributions from the different terms in S^{Boundary} 3 all vanish except for the one coming from the first term in the third line (using the leading order mode function and taking the limit τ_e → 0).

The contribution from the first term in the third line, i.e. ∫ dt d^3x d dt ( − ηϵa^3 2c^4_s ζ^2ζ̇ ) , (29) can be calculated using the in-in formalism to find

⟨Ω|ζ̂(τ_e, k_1)ζ̂(τ_e, k_2)ζ̂(τ_e, k_3)|Ω⟩

= (2π)^3δ^{(3)}(K)ℑ [ ηϵc^{−4}_s a^2ζ(τ_e, k_1)ζ(τ_e, k_2)ζ(τ_e, k_3)ζ^∗(τ_e, k_1)ζ^∗(τ_e, k_2)ζ^{′ ∗}(τ_e, k_3) ]| | |_{τe→0} + 5 perms.

= (2π)^3δ^{(3)}(K)

H^4η 32c^4_sϵ^2 k^3_1 + k^3_2 + k^3 (k_1k_2k_3)^3

, (30)

where we used the mode function solution (16). This bispectrum is of the so-called local type and exactly agrees with Eq. (26). This result shows explicitly that the total time derivative terms cannot a priori be neglected [58, 59]. The total bispectrum is the sum of the expression (30) (or equivalently (26)) with the bispectrum ⟨ζ_n(0, k_1)ζ_n(0, k_2)ζ_n(0, k_3)⟩, which is calculated using Eq. (25). This is the result that Chen et al. [4] got. They performed the calculation by the field redefinition prescription and used Wick’s theorem as described in the preceding subsection.

In the approach of using the field redefinition explained in the preceding section, we did not take into account the boundary action S^{Boundary} 3 . If we perform the change of variables ζ = ζ_n + f(ζ_n) without neglecting the surface term, it generates a third order action from the second order action (15) as

S^{CV}_3 = ∫ dt d^3x(−2)f(ζ_n) δL δζ_n | | | |_1 + ∫ dt d^3x d dt ( 2a^3 ϵ c^2_s f(ζ_n)ζ̇_n )

≈ ∫ dt d^3x(−2)f(ζ_n) δL δζ_n | | | |_1 + ∫ dt d^3x d dt ( a^3ϵη 2c^4_s ζ^2_nζ̇_n ) , (31)

where again total spatial derivative terms were omitted because they do not contribute to the three point function, and the approximate equality “≈” means the truncation given in Eq. (24), e.g. we neglect total time derivatives terms that do not contribute to the leading order three point function. The first and second terms, respectively eliminate the last terms in S^{Reduced}_3 proportional to the linear equations of motion and the boundary term that contributes to the bispectrum.

The boundary terms (28) are necessary to erase from the action the terms with second order time derivative on ζ contained in the last interaction in Eq. (18). Without these boundary terms, the second order time derivative terms can remain in the action. These problematic interactions from the point of view of the Hamiltonian formalism are not present in the original action Eq. (9), and they are not generated by the procedure of replacing the solution of the constraints back into the action. In fact, these terms are generated by the integrations by parts, and therefore the inclusion of the boundary terms naturally takes care of them.

The calculations presented above clearly show that the boundary terms can affect the result of the computation. However, if the results of the computation depend on the choice of the total derivative terms in the action ∫ dt d^3x dB(ζ, ζ̇)/dt, one might be worried of how one can correctly choose B. The terms in B containing ζ̇ produce the second order time derivatives in the action. As mentioned above, such problematic terms should vanish in total. This condition completely determines the terms containing ζ̇ in B. In contrast, there is no criteria to choose the terms that do not contain ζ̇. However, those terms do not contribute to the equal-time expectation values of ζs. In the path integral expression for the expectation value of an operator O(t), adding such boundary terms given by B(ζ) is equivalent to replacing the operator O with O^′ ≡ e^{−i ∫ d3xB(ζ)}Oe^{i ∫ d3xB(ζ)}. However, since B(ζ) does not contain the conjugate momentum of ζ, B commutes with O. Therefore O^′ reduces to O and hence the results are not affected by such boundary terms.

V. CONCLUSION

We have computed the total time derivative interactions in the third order action for the comoving curvature perturbation in general k-inflation. In previous calculations of the bispectrum these boundary terms have been ignored. In this note we have shown explicitly that a priori they are important and should not be neglected freely. These boundary interactions are necessary to erase the terms with second-order time derivatives on ζ in the action, generated by the integrations by parts. Total spatial derivative terms can be safely ignored because their contribution for the bispectrum is proportional to the sum of the three momentum vectors which has to be zero due to momentum conservation.

From all the boundary terms that appear after many integrations by parts in the action only one of them gives a non-zero bispectrum at leading order in the slow-variation expansion. We have shown that the bispectrum produced by this term is equal to the bispectrum produced in the usual field redefinition prescription, thus our results agree with previous results in the literature.

The main conclusion of this note is that in the calculation of the bispectrum in general k-inflation one can ignore all the boundary terms that appear when one simplifies the action but then one has to perform a field redefinition to eliminate terms in the action that are proportional to the first order equation of motion. On the other hand, one might choose to keep all the boundary terms and calculate the bispectrum using the usual method without the need to do the field redefinition. We have shown that in the end the bispectrum of the curvature perturbation is the same in both procedures.

An important lesson in computing the tree-level bispectrum is that we should basically use the reduced action written in terms of the physical variables that does not contain second order time derivatives in total. If second order time derivatives are contained, they must be eliminated by integration by parts. Only when the action takes the canonical form without second order time derivatives, one can use the expression for the third order action as it is in the path integral expression.

Note added: While we were writing up this work, the paper [67] appeared in the arXiv. They cite a paper in preparation [68] where the authors also argue that the inclusion of the boundary terms accounts for the terms introduced by the field redefinition.

Note added in version 2: Soon after this paper appeared on the arXiv, Ref. [68] appeared as [69]. Their section 3.1.2 contains similar, but independent, arguments on the role of the boundary terms. Some time after that, Ref. [70] appeared on-line and it also discusses the relation between field redefinitions, boundary terms and gauge transformations in the computation of the bispectrum.

Acknowledgments

FA would like to thank Kazuya Koyama, Kyung Kyu Kim and Misao Sasaki for interesting discussions. FA acknowledges the support by the World Class University grant no. R32-10130 through the National Research Foundation, Ministry of Education, Science and Technology of Korea. TT is supported by JSPS Grant-in-Aid for Scientific Research (A) No. 21244033, the Global COE Program “Next Generation of Physics, Spun from Universality and Emergence,” and the Grant-in-Aid for Scientific Research on Innovative Areas Nos. 21111006 and 22111507 from the MEXT.

[1] P. Creminelli, JCAP 0310, 003 (2003), astro-ph/0306122.

[2] M. Alishahiha, E. Silverstein, and D. Tong, Phys. Rev. D70, 123505 (2004), hep-th/0404084. [3] A. Gruzinov, Phys. Rev. D71, 027301 (2005), astro-ph/0406129.

[4] X. Chen, M.-x. Huang, S. Kachru, and G. Shiu, JCAP 0701, 002 (2007), hep-th/0605045. [5] X. Chen, M.-x. Huang, and G. Shiu, Phys. Rev. D74, 121301 (2006), hep-th/0610235. [6] F. Arroja and K. Koyama, Phys. Rev. D77, 083517 (2008), 0802.1167. [7] X. Chen, B. Hu, M.-x. Huang, G. Shiu, and Y. Wang, JCAP 0908, 008 (2009), 0905.3494. [8] F. Arroja, S. Mizuno, K. Koyama, and T. Tanaka, Phys. Rev. D80, 043527 (2009), 0905.3641. [9] Q.-G. Huang, JCAP 1007, 025 (2010), 1004.0808. [10] K. Izumi and S. Mukohyama, JCAP 1006, 016 (2010), 1004.1776. [11] S. Mizuno and K. Koyama, (2010), 1009.0677.

[12] C. Burrage, C. de Rham, D. Seery, and A. J. Tolley, (2010), 1009.2497. [13] G. Dvali, A. Gruzinov, and M. Zaldarriaga, Phys. Rev. D69, 023505 (2004), astro-ph/0303591. [14] K. Enqvist, A. Jokinen, A. Mazumdar, T. Multamaki, and A. Vaihkonen, Phys. Rev. Lett. 94, 161301 (2005), astroph/0411394.

[15] D. H. Lyth, JCAP 0511, 006 (2005), astro-ph/0510443.

[16] D. H. Lyth and Y. Rodriguez, Phys. Rev. Lett. 95, 121302 (2005), astro-ph/0504045. [17] L. Alabidi, JCAP 0610, 015 (2006), astro-ph/0604611.

[18] M. Sasaki, J. Valiviita, and D. Wands, Phys. Rev. D74, 103003 (2006), astro-ph/0607627. [19] J. Valiviita, M. Sasaki, and D. Wands, (2006), astro-ph/0610001. [20] M. Sasaki, Prog. Theor. Phys. 120, 159 (2008), 0805.0974. [21] A. Naruko and M. Sasaki, Prog. Theor. Phys. 121, 193 (2009), 0807.0180. [22] T. Suyama and F. Takahashi, JCAP 0809, 007 (2008), 0804.0425. [23] C. T. Byrnes, K.-Y. Choi, and L. M. H. Hall, JCAP 0810, 008 (2008), 0807.1101. [24] C. T. Byrnes, JCAP 0901, 011 (2009), 0810.3913.

[25] C. T. Byrnes, K.-Y. Choi, and L. M. H. Hall, JCAP 0902, 017 (2009), 0812.0807. [26] H. R. S. Cogollo, Y. Rodriguez, and C. A. Valenzuela-Toledo, JCAP 0808, 029 (2008), 0806.1546. [27] Y. Rodriguez and C. A. Valenzuela-Toledo, Phys. Rev. D81, 023531 (2010), 0811.4092. [28] X. Gao, JCAP 0806, 029 (2008), 0804.1055.

[29] D. Langlois, F. Vernizzi, and D. Wands, JCAP 0812, 004 (2008), 0809.4646.

[30] D. Langlois, S. Renaux-Petel, D. A. Steer, and T. Tanaka, Phys. Rev. Lett. 101, 061301 (2008), 0804.3139. [31] D. Langlois, S. Renaux-Petel, D. A. Steer, and T. Tanaka, Phys. Rev. D78, 063523 (2008), 0806.0336. [32] F. Arroja, S. Mizuno, and K. Koyama, JCAP 0808, 015 (2008), 0806.0619. [33] X. Chen and Y. Wang, JCAP 1004, 027 (2010), 0911.3380. [34] Q.-G. Huang, JCAP 0905, 005 (2009), 0903.1542. [35] Q.-G. Huang, JCAP 0906, 035 (2009), 0904.2649. [36] C. T. Byrnes and G. Tasinato, JCAP 0908, 016 (2009), 0906.0767. [37] D. Langlois, S. Renaux-Petel, and D. A. Steer, JCAP 0904, 021 (2009), 0902.2941. [38] S. Mizuno, F. Arroja, K. Koyama, and T. Tanaka, Phys. Rev. D80, 023530 (2009), 0905.4557. [39] S. Mizuno, F. Arroja, and K. Koyama, Phys. Rev. D80, 083517 (2009), 0907.2439. [40] X. Gao, M. Li, and C. Lin, JCAP 0911, 007 (2009), 0906.1345. [41] S. Renaux-Petel, JCAP 0910, 012 (2009), 0907.2476. [42] Y.-F. Cai and H.-Y. Xia, Phys. Lett. B677, 226 (2009), 0904.0062. [43] S. A. Kim, A. R. Liddle, and D. Seery, (2010), 1005.4410. [44] X. Gao and C. Lin, (2010), 1009.1311.

[45] X. Chen, R. Easther, and E. A. Lim, JCAP 0706, 023 (2007), astro-ph/0611645. [46] X. Chen, R. Easther, and E. A. Lim, (2008), arXiv:0801.3295 [astro-ph]. [47] S. Hotchkiss and S. Sarkar, JCAP 1005, 024 (2010), 0910.3373.

[48] S. Hannestad, T. Haugbolle, P. R. Jarnhus, and M. S. Sloth, JCAP 1006, 001 (2010), 0912.3527. [49] R. Flauger and E. Pajer, (2010), 1002.0833. [50] X. Chen, (2010), 1008.2485.

[51] Y.-i. Takamizu, S. Mukohyama, M. Sasaki, and Y. Tanaka, JCAP 1006, 019 (2010), 1004.1870. [52] K. Koyama, Class. Quant. Grav. 27, 124001 (2010), 1002.0600. [53] X. Chen, Adv. Astron. 2010, 638979 (2010), 1002.1416.

[54] T. Tanaka, T. Suyama, and S. Yokoyama, Class. Quant. Grav. 27, 124003 (2010), 1003.5057. [55] C. T. Byrnes and K.-Y. Choi, Adv. Astron. 2010, 724525 (2010), 1002.3110. [56] D. Wands, Class. Quant. Grav. 27, 124002 (2010), 1004.0818. [57] H. Collins, (2011), 1101.1308.

[58] J. M. Maldacena, JHEP 05, 013 (2003), astro-ph/0210603. [59] D. Seery and J. E. Lidsey, JCAP 0606, 001 (2006), astro-ph/0604209. [60] E. Silverstein and D. Tong, Phys. Rev. D70, 103505 (2004), hep-th/0310221.

[61] C. Armendariz-Picon, T. Damour, and V. F. Mukhanov, Phys. Lett. B458, 209 (1999), hep-th/9904075. [62] J. Garriga and V. F. Mukhanov, Phys. Lett. B458, 219 (1999), hep-th/9904176. [63] R. L. Arnowitt, S. Deser, and C. W. Misner, Phys. Rev. 117, 1595 (1960). [64] D. Seery and J. E. Lidsey, JCAP 0506, 003 (2005), astro-ph/0503692. [65] J. S. Schwinger, J. Math. Phys. 2, 407 (1961). [66] S. Weinberg, Phys. Rev. D72, 043514 (2005), hep-th/0506236. [67] P. Adshead, W. Hu, C. Dvorkin, and H. V. Peiris, (2011), 1102.3435. [68] P. Adshead, C. Burrage, R. H. Ribeiro, and D. Seery, (2011), in preparation. [69] C. Burrage, R. H. Ribeiro, and D. Seery, (2011), 1103.4126. [70] G. Rigopoulos, (2011), 1104.0292.