arXiv:0908.0001v2 [astro-ph.CO] 26 Aug 2009

Preprint typeset in JHEP style - HYPER VERSION

Scalar perturbations in p-nflation: the 3-form case

Cristiano Germani

LUTH, Observatoire de Paris, CNRS UMR 8102, Université Paris Diderot, 5 Place Jules Janssen, 92195 Meudon Cedex, France E-mail: cristiano.germani@obspm.fr

Alex Kehagias

Department of Physics, National Technical University of Athens GR-15773, Zografou, Athens, Greece E-mail: kehagias@central.ntua.gr

Abstract: We calculate the primordial spectrum of scalar perturbations of the 3-form inflation and we find that the curvature perturbations decay at late times. As as result, although a non-minimally coupled massive 3-form field may drive inflation at early times, it should be assisted by other fields in order to reproduce the observed temperature fluctuations of the CMB sky.

Keywords: Cosmic inflation, p-forms, dual theories.

Contents

1. Introduction 1

2. Generating inflation with a 3-form 2

3. The gravitational waves and stability problems 4

4. Small field 3-form inflation: primordial perturbations 5 4.1 Dual Theory 5 4.2 The scalar spectrum 7

5. Conclusions 9

A. Appendix 9

1. Introduction

The latest cosmological data [1] agree impressively with the assumption that our Universe is, at large scales, homogeneous, isotropic and spatially flat, i.e., that it is well described by a Friedmann-Robertson-Walker (FRW) spatially flat geometry. This observation is however a theoretical puzzle. A flat FRW Universe is in fact an extremely fine tuned solution of Einstein equations with normal matter [2]. In the last twenty years or so many attempts have been put forward to solve this puzzle (see for example [3]-[8]). However, the most developed and yet simple idea still remain inflation. Inflation solves the homogeneity, isotropy and flatness problems in one go just by postulating a rapid expansion of the early time Universe post Big Bang. Nevertheless, a fundamental realization of this idea is still eluding us. Originally, the effective theory of inflation has been realized by sourcing General Relativity (GR) with a slow “rolling” massive scalar field [9] with minimal or even non-minimal kinetic term [10]. Fundamental scalar fields are however not yet discovered in nature so in principle an inflating cosmology might well be realized by other, more complex fields. Initiated by the idea that inflation might be driven by 1-form fields [11]-[13]^1, it has been lately showed that an inflationary scenario might be realized by using general p-forms [15] (see also [16] for a slightly different realization of the same idea).

In this realization of inflation, p-forms are always massive and non-minimally coupled to gravity. Although this last property might seems odd, non-minimal coupled fields to gravity has been employed in various physical cases. For example, there are evidences

1Massive vector fields where also used to reproduce the scalar primordial perturbations on scalar field inflating backgrounds in [14].

– 1 – that a non minimal coupling of the Higgs field with gravity [17] might provide a very appealing particle physics scenario for inflation. Exotic fields such as higher spin fields can consistently propagate only if non-minimally coupled to gravity [18],[19]. String theory compactifications always introduce non minimal couplings of geometric extra-dimensional fields and four dimensional gravity [20], [21] and finally, interesting successful models of Dark Energy are based on non minimal couplings [22].

Although we will not here discuss whether p-nflationary models might come from a fundamental theory we will discuss their observational signatures in the Cosmic Microwave Background (CMB). In particular, we will here focus on the 3-form scenario and show that, for the small field inflationary case (for a realization as symmetry breaking scenario see [23] for natural inflation), the spectral index of the primordial perturbations, generated by the 3-form cannot account for the latest astronomical data [1].

2. Generating inflation with a 3-form

A possible 3-form field action able to produce inflation is [15] S = ∫ d^4x √ −g{ 1 2κ^2 R − 1 48 F_{μνρσ} F^{μνρσ} − 1 12 V (A_{μνρ}A^{μνρ}) + 1 8 R A_{μνρ}A^{μνρ}− − 1 2 A_{μνκ} R^{κλ} A_λ^{μν} } (2.1) where F_{μνρσ} = ∇_μA_{νρσ} − ∇_σA_{μνρ} + ∇_ρA_{σμν} − ∇_ν A_{ρσμ} , (2.2) V is a gauge breaking potential and A_{αβγ} is the 3-form field.

By varying the action (2.1) with respect to the 3-form one finds the following field equations ∇_κF^{κμνρ} − ∂V ∂A^{μνρ} + 3 2 R A_{μνρ} − 2(R^κ_ρA_{μνκ} + R^κ_ν A_{ρμκ} + R^κ_μA_{νρκ}) = 0 , (2.3)

which may be written as ∇^2A_{μνρ} − ∇_σ∇^μA_{μνρ} + ∇_ρ∇^μA_{μνσ} − ∇_ν ∇^μA_{μρσ} − ∂V ∂A^{μνρ} +R_{μν}^{λσ}A_{ρλσ} + R_{ρμ}^{λσ}A_{νλσ} + R_{νρ}^{λσ}A_{μλσ} −3(R^κ_ρA_{μνκ} + R^κ_ν A_{ρμκ} + R^κ_μA_{νρκ}) = 0 . (2.4)

The Einstein equations take the standard form R_{μν} − 1 2 g_{μν} R = κ^2T_{μν} , (2.5)

– 2 – where T_{μν} = 1 6 F_{μκσρ}F_ν^{κσρ} − 3 4 RA_{μκσ}A_ν^{κσ} + 1 6 δV δg^{μν} + A_{αβγ} R^γ_μA_ν^{αβ} + A_{αβμ}R_{γν} A^{γαβ} +A_{αμγ} R^{γβ}A_β^α_ν + A_{μβγ} R^{γσ}A_{σν}^β − 1 2 [ (δ^ρ_μδ^γ_ν + δ^ρ_ν δ^γ_μ)∇_β∇_ρ − δ^γ_μg_{βν} ∇^2 −g_{μν} ∇_β∇_γ ] A_{κλγ} A^{βκλ} − 1 4 R_{μν} A_{αβγ} A^{αβγ} − 1 4 g_{μν} ∇^2A_{αβγ} A^{αβγ} + 1 4 ∇_μ∇_ν A_{αβγ} A^{αβγ} +g_{μν} (− 1 48 F_{κλρσ}F^{κλρσ} − 1 12 V (A_{κλρ}A^{κλρ}) + 1 8 R A_{κλρ}A^{κλρ} − 1 2 A_{κλσ} R^{σρ} A_ρ^{κλ}) .(2.6) In a FRW background

ds^2 = −dt^2 + a(t)^2δ_{ij} dx^idx^j , (2.7)

where latin indices are for spatial directions and δ_{ij} is the spatial euclidean metric, the 3-form field is only time dependent. The components of this form may be parameterized in terms of a 2-form a_{ij} and a scalar ϕ as A_{tij} = a_{ij}(t) , A_{ijk} = ϕ(t)ϵ_{ikj} , (2.8) where ϵ_{ijk} is the spatial volume element. Then the field equations (2.4) are explicitly written as a_{ij} ( ä a − ȧ^2 a^2 + V^{′′} ) = 0 ,

ϕ̈ + 3ȧ a ϕ̇ + V^′ = 0 , (2.9)

where, in this background, V (A^2) = V (ϕ) and V^′ = dV/dϕ.

Symmetries of the FRW background forces

a_{ij} = 0 , (2.10)

which clearly solves the first of (2.9). In this case then the degrees of freedom of the 3-form are only encoded in the scalar ϕ which satisfies the equation of a potential inflation.

Plugging (2.8) in the energy-momentum tensor (2.6), we find that

T_{00} = 1 2 ϕ̇^2 + 1 2 V , T_{0i} = 0 T_{ij} = a^2δ_{ij} ( 3 ȧ a ϕ̇ϕ + 1 2 V + 1 2 ϕ̇^2 + ϕϕ̈ ) . (2.11)

Using (2.9) in the Einstein equations we get 3 ȧ^2 a^2 = 1 2 ϕ̇^2 + 1 2 V , (2.12) 2 ä a + ȧ^2 a^2 = − 1 2 ϕ̇^2 + 1 2 V , (2.13)

which are the standard equations for a scalar field. Thus, the action for a 3-form nonminimally coupled to gravity mimics a standard scalar field theory minimally coupled to

– 3 – gravity, at least at the background level. Of course, as we shall see, at the perturbative level, the 3-form inflation might greatly differs from standard inflation.

An inflationary period is, as usual, defined by the period in which slow roll conditions [2]: ϵ ≡ d dt ( 1 H ) ≪ 1 , δ ≡ 1 H ϕ̈ ϕ̇ ≪ 1 , (2.14)

where H = ȧ/a and ḟ = ∂_tf, are satisfied.

3. The gravitational waves and stability problems

It has been argued in [24] that the 1-form inflation, the so-called ”Vector-Inflation” (VI) of [13], might produce ghost instabilities. The same conclusion have also been drawn [15] by realizing that the Stuckelberg field, introduced to restore the U(1) gauge symmetry of the massive non-minimally coupled vector field of VI to gravity, is ghost-like during slow roll on a fixed FRW background. The same issue appears in the 2-form case, while the 3-form, as well as the 0-form inflationary cases are exceptions [15]. Although a ghost-like field on a fixed gravitational background is worrisome, it is still not clear whether a consistent analysis performed by introducing the gravitational degrees of freedom into the perturbed 1 and 2-forms inflationary scenarios, might really produce sub-horizons instabilities on cosmological backgrounds [25].

A second issue about the stability of p-nflation has been raised by looking at the gravitational wave spectrum [26]. In [26], by assuming the decomposition theorem for linear perturbations, it has been argued that large field inflationary models suffer from gravitational waves instabilities. This conclusion however, can only be drawn for the 3- form inflation. In fact, only in the 3-form case, dual to a scalar field theory as we shall see later, the decomposition theorem may be used. For example, in [25] it has been shown that in the VI case, vector scalar and tensor perturbations are generically coupled. The same can be shown for the 2-form case. This of course invalidates the results of [26] for the 1 and 2-form inflationary scenarios.

It is instructive to see however, why large field 3-nflationary scenarios are gravitationally unstable. Following closely [26], the perturbed metric in conformal time is

ds^2 = a^2(η) [ −dη^2 + (δ_{ij} + γ_{ij} ) dx^idx^j ] , (3.1)

where γ_{ij} is a tensor perturbation, i.e. γ^i = 0 = ∂_iγ^i_j. By using the decomposition (2.8) and expanding at first order in the gravitational perturbations the action (2.1) one finds δS = ∫ a^2 8κ^2

Ω^2 [ (γ^′_{ij} )^2 − c^2_s(∂_kγ_{ij} )^2 ] dηd^3x , (3.2)

where^′ = ∂_η, Ω^2 = 1 + 3/2κ^2ϕ^2 and

c^2_s =

2 − κ^2ϕ^2 2 + 3κ^2ϕ^2

, (3.3)

– 4 – is the sound speed of the perturbation. From the definition (3.3) we automatically see that for large field inflationary scenarios, i.e. for κ^2ϕ^2 ≫ 1, the gravitational perturbations become tachyonic by acquiring an imaginary sound speed. Of course in the small field case this does not happen and in fact gravitational perturbations behaves, at lowest order in κ^2ϕ^2, as in the usual scalar field (0-form) inflation.

4. Small field 3-form inflation: primordial perturbations

In the previous section we realized that the 3-form inflation might only be consistent in the small field formulation. For this reason we specialize our analysis to a potential inspired by a symmetry breaking process as in natural inflation [23]

V (A^2) = 6V_0 ± m^2A^2 . (4.1)

This potential indeed reminds an expansion of a mexican hat Higgs-like potential around the unstable point. Slow roll conditions for the potential (4.1) are satisfied whenever V_0 ≫^{m2A2}_6 , also note that during slow roll H/m ≫ 1. This last property will be crucial to show that the produced spectrum of primordial scalar perturbations cannot be flat.

With (4.1), the action (2.1) reduces to S = ∫ d^4x √ −g{ 1 2κ^2 R − 1 48 F_{μνρσ} F^{μνρσ} ∓ 1 12 m^2A_{μνρ}A^{μνρ} + 1 8 R A_{μνρ}A^{μνρ}− − 1 2 A_{μνκ} R^{κλ} A_λ^{μν} − 2V_0} . (4.2)

4.1 Dual Theory

To study the scalar perturbations of (4.2), it easier to work on the dual scalar formulation of the 3-form inflation [15].

The action (4.2) may be equivalently written as S = ∫ d^4x √ −g ( 1 2κ^2 R + 1 48 F_{μνρσ} F^{μνρσ} + 1 6 A_{μνρ}∇_σF^{μνρσ} − 1 2 A_{μνκ}M^{κλ}A_λ^{μν} − 2V_0 ) , (4.3)

where M^{κλ} = g^{κλ} ( s m^2 6 − R 4 ) + R^{κλ} , (4.4)

and s = ±1.

Integrating out F_{μνρσ} we get back the original action (4.2). The dual theory is now obtained by expressing the field strength and the 3-form potential in dual fields, i.e., F_{μνρσ} = mϵ_{μνρσ}Φ , (4.5) and A_{μνρ} = ϵ_{μνρα}B^α . (4.6)

– 5 –

The dual action then reads S = ∫ d^4x √ −g ( 1 2κ^2 R − 1 2 m^2Φ^2 − mB^α∂_αΦ + m^2 2 Δ^{αβ}B_αB_β ) , (4.7)

with

Δ^{αβ} = ( s + R 2m^2 ) g^{αβ} − 2 m^2

R^{αβ} . (4.8)

The effective theory for the scalar field Φ is then obtained by integrating out B_α. By defining

Λ^{αμ}Δ_{αν} = δ^μ_ν , (4.9)

we have S = ∫ d^4x √ −g ( 1 2κ^2 R − 1 2 Λ^{αβ} ∂_αΦ∂_β Φ − 1 2 m^2Φ^2 − 2V_0 ) . (4.10)

Variation of the above action with respect the metric produce the following Einstein equations R_{μν} − 1 2 g_{μν} R = κ^2T_{μν} (4.11)

where T_{μν} = ( 1 + R 2m^2 ) ξ_μξ_ν − ξ^2 2m^2 R_{μν} − 1 2 g_{μν} ( m^2Φ^2 + ξ^κ∂_κΦ )

− 1 m^2 ( ∇^κ∇_μS_{νκ} + ∇^κ∇_ν S_{μκ} − g_{μν} ∇^κ∇^λS_{κλ} − □S_{μν} ) , (4.12)

with

ξ^μ = Λ^{μν} ∂_ν Φ , S^{μν} = ξ^μξ^ν − 1 4 g_{μν} ξ^2 . (4.13)

In addition, the scalar field equation may be written as

∇_μξ^μ = m^2Φ . (4.14)

At slow roll level, i.e. by neglecting higher time derivatives of Φ into the scalar field equation (4.14), we have Φ̇ ≃ −sm^2 3H Φ . (4.15)

Substituting (4.15) into the energy momentum tensor (4.12) one obtains, considering H/m ≫ 1, in a FRW background

−T^t_t + 1 3 T^i_i ≃ 2m^2 9H^2

Φ̇^2 . (4.16)

– 6 –

Let us now compare the same result in the variable ϕ. By looking at the equations (2.12) we get,

−T^t_t + 1 3 T^i_i ≃ 2ϕ̇^2 , (4.17)

therefore, at slow roll level, we have

Φ̇^2 ≃ 9H^2 m^2 ϕ̇^2 . (4.18)

The same result can obviously be obtained by directly using the definition of the field strength F_{αβγδ} in terms of Φ and ϕ. The exact relation between Φ and ϕ is in fact

mΦa^3 = ∂_t(a^3ϕ) . (4.19)

Finally, the slow roll parameter in the Φ variable, at the lowest order in m/H, turns out to be ϵ ≃ κ^2 2 m^2 9H^4

Φ̇^2 . (4.20)

4.2 The scalar spectrum

To calculate the scalar perturbations we follow the ADM method pioneered in [27]. The perturbed metric in the ADM formalism might be written as

ds^2 = −N^2dt^2 + h_{ij} ( dx^i + N^idt ) ( dx^j + N^jdt ) . (4.21)

Since the non minimal coupling of curvatures with the kinetic term of Φ, it is wise here to use the δΦ = 0 gauge for scalar perturbations. In this gauge, scalar perturbations are completely absorbed by the gravitational potentials and can be parameterized as

h_{ij} = a^2 (1 + 2ζ) δ_{ij} , N^i = ∂_iψ = ∂_i(ψ_1 + ϵψ_2 + . . .) , N = 1 + δN = 1 + N_1 + ϵN_2 + . . . , (4.22)

where the expansion in slow roll parameter has been written explicitly for the lapse (N) and the shift (N^i).

At zeroth order in the slow roll parameters, for small fields scenarios, we have that Φ̇ = 0 = Φ. Variation of the action (4.10) with respect to N_1 and ψ gives [27]

N_1 = ζ̇ H , ψ = − ζ a^2H

, where a = e^{Ht} (zeroth order in slow roll) . (4.23)

In principle now, since the scalar field part of the action is already at order ϵ, one should consider the next to leading order expansion in the lapse and shift and vary with respect to N_2, ψ_2. However, only the purely gravitational action contributes in this variation for the chosen gauge. Therefore one readily obtains [27] δN = ζ̇ H , ψ = − ζ a^2H

, (4.24)

– 7 – at first order in slow roll.

For an easy comparison with the standard perturbative analysis, we can now split the action (4.7) into a standard minimally coupled action of a massive scalar field ϕ to gravity (where ϕ = ϕ(t)), and an additional non-minimally coupled action as follows

S = S_a + S_s , (4.25)

where

S_s = ∫ d^4x √ −g ( 1 2κ^2 R − 1 2 g^{αβ} ∂_αϕ∂_β ϕ − 1 2 m^2ϕ^2 − 2V_0 ) , (4.26)

S_a = ∫ d^4x √ −g ( − 1 2 Λ^{αβ} ∂_αΦ∂_βΦ − 1 2 m^2Φ^2 + 1 2 g^{αβ} ∂_αϕ∂_β ϕ + 1 2 m^2ϕ^2 ) . (4.27)

The quadratic action in linear perturbations coming from (4.26) is, at first order in ϵ [27] δS_s = ∫ d^4x ϕ̇2 2H^2 [ a^3ζ̇^2 − a(∂_iζ)^2 ] . (4.28)

We turn now our attention to the additional action (4.27). In the gauge chosen and by using (4.19), at the lowest slow roll order, we have^2, (for s = 1)^3 δS_a = ∫ d^4x ϕ̇2 2H^2

9H^2 m^2 [ a^3ζ̇^2 + a^33H^2ζ^2 ] + O ( 3H m ) − ∫ d^4x ϕ̇2 2H^2 a^3ζ̇^2 . (4.29)

Combining (4.28) with (4.29) we finally have δS ≃ ∫ d^4x

9ϕ̇^2 2m^2 [ a^3ζ̇^2 + a^33H^2ζ^2 − m^2 9H^2 a(∂_iζ)^2 ] . (4.30)

By varying the previous action with respect to ζ, we have, in conformal time adη = dt, and by using the variable v = aζ, v^{′′} + v [ k̃^2 + 1 η^2 ] = 0 , (4.31)

where k̃ = m/3Hk and a = −1/(Hη). At super horizon scales, i.e. k̃ ≪ aH, we then have only decaying modes

ζ ∼ a^{−1/2} . (4.32)

This proves that the curvature perturbation decay at super-horizon scales, i.e., they are diluted during the expansion of the Universe.

2We assumed that H/mζ ≪ 1.

3The case s = −1 produces instabilities at small scales and therefore it is ruled out.

– 8 –

5. Conclusions

The idea that p-forms coupled to gravity might be the source of inflation has been put forward in [15] generalizing vector inflation [11]-[14] to higher order antisymmetric fields. In particular, it has been shown that any p-form conveniently coupled to gravity might produce an inflationary background. In this respect, the scalar and vector fields are only the special 0- and 1-form cases of the general p-nflationary scenario. The mechanism of p-nflation is triggered by a non-minimal coupling of the massive p-form fields to gravity making the p-form able to mimic a slow rolling inflaton at the background level. However, as 1- and 2-nflation break isotropy, special configurations, or randomly distributed large number of fields, are needed for compatibility to an homogeneous and isotropic FRW background. For the standard scalar field inflation (0-nflation) and 3-nflation, this is not necessary, as scalars and 3-forms are compatible with isotropy. Moreover, by studying the gravitational wave perturbations of 3-nflation in [26] it has been shown that only small field 3-nflationary scenarios are gravitationally stable. Large fields lead to imaginary speed of sound and a corresponding instability of the gravitational waves. We therefore studied in this paper small field 3-nflationary scenarios with potentials inspired by symmetry breaking mechanisms, as in natural inflation [23].

The main result of our paper is that scalar curvature perturbations in 3-form inflation are decaying at super-horizon scales. This implies that the 3-form perturbations cannot be responsible for the temperature fluctuations of the CMB sky. This is due to the fact that, the non-minimal couplings of curvatures with the dual scalar of the 3-form inflaton, are non adiabatic components of the linear perturbations. To reproduce the latest astronomical data then, the 3-form inflation should be assisted by other fields, subdominant at the background level, able to produce a growing, almost scale invariant spectrum, of perturbations. This important task if left for future work.

Acknowledgments

CG is in debt with Misao Sasaki for finding out an important mistake in the first version of this manuscript and for decisive discussions. CG wishes to thank David Langlois and Viatcheslav Mukhanov for enlightening discussions on cosmological perturbations and gauge invariance related to p-nflation. CG also wishes to thank Antonio Riotto for comments on the adiabatic properties of p-nflation. Finally CG wishes to thank the LMU in Munich for hospitality during the preparation of the second version of this paper. AK wishes to thank support from the PEVE-NTUA-2007/10079 program. This work is partially supported by the European Research and Training Network MRTPN-CT-2006 035863-1.

A. Appendix

Here we show that the number of scalar degrees of freedom for the coupled dual 3-form inflation and gravity at linear level is only one, i.e. ζ, as in standard GR.

– 9 –

In the gauge δΦ = 0, the only non-minimal term which might contain a dynamics for δN or ψ is L ∝ √ −gδR Φ̇2 N̄ 2 , (A.1)

where N̄ is the background lapse. We can study this term in generality by considering the non-linear action A = ∫ d^4x √ −gRf(t) , (A.2) where f(t) is an external function of time which will be lately taken as Φ̇^2/N̄^2. This action looks very much as the Einstein-Hilbert (EH) action, however, since the presence of the function f(t), the boundary terms of the (EH) action are no longer boundaries here. In ADM variables we in fact have the residual action (after integrating out a boundary term)

A_r = ∫ d^4x √ −g [ ∇_βn^βn^α∇_αf(t) − n^α∇_αn^β∇_βf(t) ] , (A.3)

where n_α = −Nδ^t_α.

Explicit calculation of the above action gives A_r ∼ ∫ d^4x √ hN ([ 1 N^2 ( 2∇_iN_j − ∂_th_{ij} ) h^{ij} − 1 2N^4 ( N^i∂_i(N_kN^k − N^2) − 2N^iN^j∇_iN_j )] ḟ + 1 2N^2 f̈ ) . (A.4)

We see that N, N^i are not dynamical indicating that no extra dynamical degrees of freedom appear at higher orders in the slow roll parameters.

References

[1] E. Komatsu et al. [WMAP Collaboration], arXiv:0803.0547 [astro-ph].

[2] S. Dodelson, Amsterdam, Netherlands: Academic Pr. (2003) 440 p

[3] G. Veneziano, Phys. Lett. B 265, 287 (1991).

[4] J. Khoury, B. A. Ovrut, P. J. Steinhardt and N. Turok, Phys. Rev. D 64, 123522 (2001) [arXiv:hep-th/0103239]; E. I. Buchbinder, J. Khoury and B. A. Ovrut, Phys. Rev. D 76, 123503 (2007) [arXiv:hep-th/0702154].

[5] P. J. Steinhardt and N. Turok, Phys. Rev. D 65, 126003 (2002) [arXiv:hep-th/0111098].

[6] A. Nayeri, R. H. Brandenberger and C. Vafa, Phys. Rev. Lett. 97, 021302 (2006) [arXiv:hep-th/0511140].

[7] C. Germani, N. E. Grandi and A. Kehagias, Class. Quant. Grav. 25, 135004 (2008) [arXiv:hep-th/0611246]; arXiv:0706.0023 [hep-th]; C. Germani and M. Liguori, Gen. Rel. Grav. 41, 191 (2009) [arXiv:0706.0025 [astro-ph]]. C. Germani, N. Grandi and A. Kehagias, arXiv:0706.0023 [hep-th]. C. Germani, N. Grandi and A. Kehagias, AIP Conf. Proc. 1031 (2008) 172 [arXiv:0805.2073 [hep-th]].

– 10 –

[8] P. Peter, E. J. C. Pinho and N. Pinto-Neto, Phys. Rev. D 75, 023516 (2007) [arXiv:hep-th/0610205]; M. Novello and S. E. P. Bergliaffa, Phys. Rept. 463, 127 (2008) [arXiv:0802.1634 [astro-ph]].

[9] A. D. Linde, Phys. Lett. B 129 (1983) 177.

[10] C. Armendariz-Picon, T. Damour and V. F. Mukhanov, Phys. Lett. B 458, 209 (1999) [arXiv:hep-th/9904075].

[11] L. H. Ford, Phys. Rev. D 40, 967 (1989).

[12] V. V. Kiselev, Class. Quant. Grav. 21, 3323 (2004) [arXiv:gr-qc/0402095]; C. G. Boehmer and T. Harko, Eur. Phys. J. C 50, 423 (2007) [arXiv:gr-qc/0701029]; T. S. Koivisto and D. F. Mota, JCAP 0808, 021 (2008) [arXiv:0805.4229 [astro-ph]].

[13] A. Golovnev, V. Mukhanov and V. Vanchurin, JCAP 0806, 009 (2008) [arXiv:0802.2068 [astro-ph]]; JCAP 0811, 018 (2008) [arXiv:0810.4304 [astro-ph]].

[14] K. Dimopoulos, Phys. Rev. D 74, 083502 (2006) [arXiv:hep-ph/0607229]; Phys. Rev. D 76, 063506 (2007) [arXiv:0705.3334 [hep-ph]]; K. Dimopoulos and M. Karciauskas, JHEP 0807 (2008) 119 [arXiv:0803.3041 [hep-th]]; K. Dimopoulos, M. Karciauskas, D. H. Lyth and Y. Rodriguez, JCAP 0905 (2009) 013 [arXiv:0809.1055 [astro-ph]]; M. Karciauskas, K. Dimopoulos and D. H. Lyth, arXiv:0812.0264 [astro-ph]; S. Yokoyama and J. Soda, JCAP 0808, 005 (2008) [arXiv:0805.4265 [astro-ph]]; S. Kanno, M. Kimura, J. Soda and S. Yokoyama, JCAP 0808, 034 (2008) [arXiv:0806.2422 [hep-ph]]; M. a. Watanabe, S. Kanno and J. Soda, arXiv:0902.2833 [hep-th].

[15] C. Germani and A. Kehagias, JCAP 0903 (2009) 028 [arXiv:0902.3667 [astro-ph.CO]].

[16] T. S. Koivisto, D. F. Mota and C. Pitrou, arXiv:0903.4158 [astro-ph.CO].

[17] F. L. Bezrukov and M. Shaposhnikov, Phys. Lett. B 659, 703 (2008) [arXiv:0710.3755 [hep-th]]; F. L. Bezrukov, A. Magnin and M. Shaposhnikov, arXiv:0812.4950 [hep-ph].

[18] C. Fronsdal, Phys. Rev. D 18, 3624 (1978); M. A. Vasiliev, Phys. Lett. B 243, 378 (1990);

Class. Quant. Grav. 8, 1387 (1991); Int. J. Mod. Phys. D 5, 763 (1996) [arXiv:hep-th/9611024];E. Sezgin and P. Sundell, Nucl. Phys. B 644, 303 (2002) [Erratum-ibid. B 660, 403 (2003)] [arXiv:hep-th/0205131].

[19] M. Porrati, Phys. Lett. B 304 (1993) 77 [arXiv:gr-qc/9301012]; A. Cucchieri, M. Porrati and S. Deser, Phys. Rev. D 51 (1995) 4543 [arXiv:hep-th/9408073]; C. Germani and A. Kehagias, Nucl. Phys. B 725, 15 (2005) [arXiv:hep-th/0411269]; C. Germani and A. Schelpe, Phys. Rev. D 78, 036010 (2008) [arXiv:0712.2243 [hep-th]].

[20] D. J. Gross and J. H. Sloan, Nucl. Phys. B 291, 41 (1987);

[21] M. B. Green and M. Gutperle, Nucl. Phys. B 498, 195 (1997) [arXiv:hep-th/9701093];

M. B. Green and P. Vanhove, Phys. Lett. B 408, 122 (1997) [arXiv:hep-th/9704145]; A. Kehagias and H. Partouche, Phys. Lett. B 422, 109 (1998) [arXiv:hep-th/9710023]; Int. J. Mod. Phys. A 13, 5075 (1998) [arXiv:hep-th/9712164]; S. Kachru, R. Kallosh, A. Linde, J. M. Maldacena, L. P. McAllister and S. P. Trivedi, JCAP 0310 (2003) 013 [arXiv:hep-th/0308055]; S. B. Giddings and A. Maharana, Phys. Rev. D 73 (2006) 126003 [arXiv:hep-th/0507158]; K. Koyama, K. Koyama and F. Arroja, Phys. Lett. B 641 (2006) 81 [arXiv:hep-th/0607145].

– 11 –

[22] J. Khoury and A. Weltman, Phys. Rev. Lett. 93 (2004) 171104 [arXiv:astro-ph/0309300];

A. Fuzfa and J. M. Alimi, Phys. Rev. Lett. 97, 061301 (2006) [arXiv:astro-ph/0604517]; Int. J. Mod. Phys. D 16, 2587 (2008) [arXiv:astro-ph/0609099]; arXiv:gr-qc/0702085; JCAP 0809, 014 (2008) [arXiv:0804.4100 [astro-ph]].

[23] K. Freese, J. A. Frieman and A. V. Olinto, Phys. Rev. Lett. 65 (1990) 3233. [24] B. Himmetoglu, C. R. Contaldi and M. Peloso, arXiv:0809.2779 [astro-ph]. [25] A. Golovnev and V. Vanchurin, Phys. Rev. D 79 (2009) 103524 [arXiv:0903.2977 [astro-ph.CO]].

[26] T. Kobayashi and S. Yokoyama, JCAP 0905 (2009) 004 [arXiv:0903.2769 [astro-ph.CO]]. [27] J. M. Maldacena, JHEP 0305 (2003) 013 [arXiv:astro-ph/0210603].

– 12 –