arXiv:0910.0715v1 [astro-ph.CO] 5 Oct 2009

ICRR-Report-551 RESCEU-26/09

Gravitational Wave Background and Non-Gaussianity as a Probe of the Curvaton Scenario

Kazunori Nakayama^{(a)} and Jun’ichi Yokoyama^{(b,c)}

aInstitute for Cosmic Ray Research (ICRR), University of Tokyo, Kashiwa, Chiba 277-8582, Japan bResearch Center for the Early Universe (RESCEU), Graduate School of Science, The University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan cInstitute for the Physics and Mathematics of the Universe (IPMU), University of Tokyo, Kashiwa 277-8568, Japan

Abstract

We study observational implications of the stochastic gravitational wave background and a non-Gaussian feature of scalar perturbations on the curvaton mechanism of the generation of density/curvature fluctuations, and show that they can determine the properties of the curvaton in a complementary manner to each other. Therefore even if Planck could not detect any non-Gaussianity, future space-based laser interferometers such as DECIGO or BBO could practically exhaust its parameter space.

1 Introduction

The idea of inflation [1] has become a standard paradigm since it was proposed in the early 1980’s. Inflation is an accelerated expansion epoch in the very early Universe, which solves the flatness, the horizon and also the monopole problems naturally. Furthermore quantum fluctuation of the inflaton ϕ, which is a scalar field responsible for the accelerated expansion, can provide the seed of cosmic density/curvature fluctuations [2] observed through the cosmic microwave background (CMB) anisotropy [3], galaxy clustering, etc.

Another prediction of inflation, which is in fact more generic, is the generation of the stochastic gravitational wave background or the tensor perturbation, whose spectrum is nearly scale-invariant [4–34] (see Ref. [35] for a review). The amplitude of the gravitational wave is simply proportional to the Hubble parameter, H_{inf} , during inflation and many inflation models predict detectable amplitude of gravitational waves. In particular, future space-based gravitational wave detectors such as DECIGO [36] and/or BBO have a chance to detect inflationary gravitational wave background. Recently, it was pointed out that thermal history of the early universe is imprinted in the spectral shape of the gravitational wave background [14, 21, 28, 29, 31, 32]. In particular, the reheating temperature of the Universe after inflation can be determined or constrained from future gravitational wave experiments [29, 31, 32]. Thus any detection of primordial gravitational wave background gives useful information on the early Universe.

Traditionally, the spectrum of the comoving curvature perturbation is parametrized as Δ^2_{Rc} (k) = Δ^2_{Rc} (k_∗) ( k k_∗ )_{ns−1} . (1)

Here k_∗ is the pivot scale which we take k_∗ = 0.002 Mpc^{−1} and n_s is the scalar spectral index. Inflation predicts nearly scale-invariant spectrum with n_s ∼= 1, with its precise value determined by the shape of the potential [2], and it agrees well with observations so far [3]. If ϕ has a single component with a canonical kinetic term, the resultant curvature fluctuation is Gaussian distributed, which is again in agreement with the observation today [3].

However, the origin of the density perturbation is not limited to the quantum fluctuation of the inflaton. Another scalar field, called curvaton, may be responsible for the generation of the observed density perturbation [37, 38]. It is undoubtedly an important task to distinguish them in order to understand the physics of the early Universe. One such signature may come from the non-Gaussianity in the CMB anisotropy [39], since the curvaton scenario can produce large enough non-Gaussian feature to be detected [40,41], while standard inflation models predict negligible non-Gaussianity [42–45]. However, the situation where the curvaton generates large non-Gaussianity is somewhat limited and it is possible that the curvaton accounts for the observed density perturbation without generating large non-Gaussianity.

In this paper, we point out that the observation of stochastic gravitational wave background plays a very important role to probe the physics of the curvaton scenario. In the case that the curvaton generates negligible non-Gaussianity, there must be an entropy production process by the curvaton decay itself, and such a non-standard thermal history is imprinted in the spectrum of the inflationary gravitational wave background. Future space-based gravitational wave detectors, such as DECIGO and/or BBO may be able to do this job. This opens up a possibility to find an evidence of the curvaton scenario. Thus measurement of the non-linearity parameter f_{NL} which is a simplified measure of non-Gaussianity and that of tensor perturbations by DECIGO/BBO play complementary roles to each other.

The rest of the paper is organized as follows. In Sec. 2, the gravitational wave background spectrum and non-Gaussianity in the curvaton scenario are summarized. In Sec. 3 the detection possibility is discussed. Sec. 4 is devoted to the conclusion.

2 Features of the Curvaton Scenario

In this section, we summarize the cosmological consequences of the curvaton scenario, namely, the spectra of gravitational wave background and the density/curvature perturbation, and non-Gaussianity. All these ingredients are essential for probing the curvaton scenario and constraining the parameter space, as will be discussed in Sec. 3.

2.1 Gravitational wave background spectrum in the curvaton scenario

In the inflationary era, quantum fluctuations of the RMS amplitude of H_{inf} /(2π) are induced on all massless fields in each Hubble time. Here “massless” means that the mass is much smaller than H_{inf} . The tensor perturbation of the metric consists of two free massless scalar components, which can be quantized in de-Sitter space-time. After a mode left the horizon during inflation, it actually becomes a classical fluctuation which can be viewed as a stochastic gravitational wave. Thus inflation necessarily generates a gravitational wave background from a cosmological scale to a sub-kilometer scale The former is a target of detection by the B-mode polarization of CMB anisotropy and direct detection by space-based laser interferometer experiments.

Tensor perturbation of the metric is defined by the following line element,

ds^2 = a(τ)^2 [ −dτ^2 + (δ_{ij} + h_{ij} )dx^idx^j ] , (2)

where a(τ) is the scale factor and h_{ij} denotes the metric perturbation satisfying the transverse-traceless conditions ∂^ih_{ij} = 0 and h^i = 0. Thus h_{ij} has two physical degrees of freedom, which are denoted as h^λ with λ = +, ×. In the inflationary era, the tensor perturbation has a quantum fluctuation whose spectrum is given by

Δ^{(p)2}_h (k) = 64πG ( H_{inf} 2π )_2 ( k k_∗ )_{nt} , (3) where the tensor spectral index is given by n_t = −2ϵ. Here ϵ is one of the slow-roll parameters during inflation defined by ϵ = M^2_{Pl} 2 ( V^′ V )_2

, η = M^2_{Pl} V^{′′} V , (4)

where V is the inflaton potential and the prime denotes derivative with respective to the inflaton field ϕ, and M_{Pl} = (8πG)^{−1/2} is the reduced Planck scale.

After the production of the gravitational waves during inflation, the amplitude of each Fourier mode remains constant when the corresponding mode lies outside the Hubble radius. However, once it enters the horizon, its amplitude decreases as ∝ a^{−1}. Thus the present energy density of the gravitational wave background per logarithmic frequency interval is written as dρ_{gw} d ln k = k^2 32πGa^2_0

Δ^{(p)2}_h (k) ( a_{in}(k)

a_0

)_2 , (5)

where a_0 is the present scale factor, and a_{in}(k) denotes the scale factor at which the corresponding mode with wave number k enters the horizon. It behaves as ∝ k^{−2}(k^0) for the mode which enters the horizon at matter (radiation) dominated era. Therefore thermal history of the Universe is imprinted in the spectrum of the gravitational wave background, and this is the reason why the observations of the gravitational wave are expected to have great impacts on cosmology [14, 21, 28, 31, 32].

In terms of the density parameter, it can be rewritten as

Ω_{gw}(k) = k^2 12a^2_0H^2_0

Δ^2_h(k), (6)

where H_0 is the present Hubble parameter, and

Δ^2_h(k) = Δ^{(p)2}_h (k)Ω^2_m ( 3j_1(z_k) z_k )_2 ( g_∗(T_{in}) g_{∗0} ) ( g_{∗s0} g_{∗s}(T_{in}) )_{4/3} T^2_1 (x_{eq})T^2_2 (x_R), (7)

where g_∗(T_{in}) denotes the effective relativistic degrees of freedom at the temperature T_{in} when k-mode enters the horizon, and j_1(z) is the spherical Bessel function of the first rank with z_k ≡ 2k/(a_0H_0).^1 The transfer functions T_1(x) and T_2(x) are given by [8, 32]

T^2_1 (x) = 1 + 1.57x + 3.42x^2, (8) T^2_2 (x) = [1 − 0.32x + 0.99x^2]^{−1}. (9)

The former connects the gravitational wave spectrum of the mode entering the horizon before (x_{eq} ≡ k/k_{eq} > 1) and after (x_{eq} < 1) the matter-radiation equality, where k_{eq} ≡ a(t_{eq})H(t_{eq}) = 7.3 × 10^{−2}Ω_mh^2 Mpc^{−1}.^2 The latter transfer function connects the mode

1 There was an error in Eq. (14) of Ref. [32]. Eq. (7) is the correct one.

2 The effect of neutrino free streaming is known to lead a suppression on the gravitational wave background spectrum around the frequency ∼ 10^{−9} Hz [15, 26]. But our concern is around 1 Hz, and hence we simply neglect this effect.

entering the horizon before (x_R ≡ k/k_R > 1) and after (x_R < 1) the reheating subsequent to inflation. Here k_R is the comoving wavenumber corresponding to the horizon scale at the reheating epoch when the Universe became radiation dominant. Without any significant entropy production after the reheating, it is given by

k_R a_0

= 1.7 × 10^{13} Mpc^{−1} ( g_{∗s}(T_R) 106.75

)_{1/6} ( T_R 10^6 GeV ) , T_R = ( 10 π^2g_∗(T_R)

)_{1/4} √ Γ_ϕM_{Pl},

(10)

with T_R and Γ_ϕ being the reheating temperature after inflation and the decay rate of the inflaton, respectively. This corresponds to the frequency f =0.026Hz for T_R = 10^6GeV, which is close to the most sensitive frequency range of the planned future space-based laser interferometer experiments, DECIGO or BBO. Thus by observing the spectral shape of the gravitational wave background, the reheating temperature of the Universe can be determined or constrained.

As mentioned above, the above correspondence assumes the standard thermal history with no significant entropy production after reheating. In the curvaton scenario, however, its coherent oscillation may once dominate the Universe, which introduces an additional matter-dominated era, and then decays releasing huge amount of entropy. In this case the gravitational wave spectrum receives an additional suppression [14, 31, 32] which can be quantified by the dilution factor, F , defined by

F = s(T_σ)a^3(T_σ) s(T_R)a^3(T_R) = σ^2_i 6M^2_{Pl}

T_R T_σ for m_σ > Γ_ϕ

σ^2_i 6M^2_{Pl}

T_{osc} T_σ for m_σ < Γ_ϕ

, (11)

where Γ_ϕ is the decay rate of the inflaton, T_σ is the radiation temperature just after the curvaton decay, and T_{osc} is the temperature at which the curvaton begins to oscillate. This expression is valid for F ≫ 1. The resultant gravitational wave spectrum is given by

Δ^2_h(k) =Δ^{(p)2}_h (k)Ω^2_m ( 3j_1(z_k) z_k )_2 (

g_∗(T_{in}) g_{∗0} ) ( g_{∗s0} g_{∗s}(T_{in}) )_{4/3}

× T^2_1 (x_{eq})T^2_2 (x_σ)T^2_1 (x_{σR})T^2_2 (x_R(F )),

(12)

where x_σ = k/k_σ with k_σ given in an analogous way with (10) after replacing T_R with T_σ, and x_{σR} = k/k_{σR} with k_{σR} = k_σF^{2/3} and x_R(F ) = k/k_R(F ) with k_R(F ) = k_RF^{−1/3}.

In Fig. 1 we show spectra of the gravitational wave background as a function of its present frequency. In the top panel, the spectra for H_{inf} = 10^{14} GeV and 10^{13} GeV with the reheating temperature T_R = 10^6 GeV are shown. Also plotted are sensitivities of DECIGO with a correlation analysis (blue dashed line), ultimate-DECIGO (red dotted line), and correlation of analysis of ultimate-DECIGO (purple dot-dashed line) [20]. In the bottom panel, the gravitational wave background spectra in the presence of entropy production is shown, for F = 10 and T_σ=10 GeV and T_R = 10^7 GeV.

Figure 1: (Top) Spectra of the gravitational wave background for inflationary scale H_{inf} = 10^{14} GeV and 10^{13} GeV. Here we have taken T_R = 10^7 GeV. Also shown are sensitivities of planned space-based gravitational wave detectors, DECIGO with a correlation analysis (blue dashed line), ultimate-DECIGO (purple dotted line), and correlation of analysis of ultimate-DECIGO (red dot-dashed line). (Bottom) Same as the top panel for the dilution factor F = 10 for T_σ=10 GeV and T_R = 10^7 GeV.

2.2 Scalar perturbation in the curvaton scenario

The curvaton is a scalar field other than the inflaton, which remains light during inflation and has a quantum fluctuation δσ ∼ H_{inf} /(2π). Then, according to the δN-formalism [46], the comoving curvature perturbation R_c is given by

R_c = N_σδσ + 1 2 N_{σσ}(δσ)^2, (13)

up to the second order in δσ, where N is the local number of e-folds, given by the integral of the local expansion from an initial spatially flat hypersurface to a final uniform density hypersurface, and N_σ is its derivative with respective to σ. Note that we assume the curvaton behaves as free scalar field and hence δσ can be regarded as a random Gaussian variable. Then we obtain [47]

R_c = 2R 3 ( δσ σ_i ) + ( R 3 − 4R^2 9 − 2R^3 9 ) ( δσ σ_i )_2

, (14)

where σ_i is the initial amplitude of the curvaton during inflation, and R = 3ρ_σ 4ρ_r + 3ρ_σ | | | σ decay

(15)

roughly denotes the fraction of the curvaton energy density to the total energy density at the epoch of curvaton decay. Here ρ_σ and ρ_r are the energy densities of the curvaton and that of radiation, respectively. In order to reproduce the observed density perturbation of the Universe, we must have √ Δ^2_{Rc} (k_∗) = R 3 ( H_{inf} πσ_i ) = 5 × 10^{−5}. (16)

Notice that the inflaton also generates curvature perturbation whose magnitude is Δ^2_{Rcϕ} = H^2_{inf} /(8π^2ϵM^2_{Pl}). It is much smaller than curvaton’s contribution (16) by assumption. This leads to a constraint ϵ > 9 8R^2 ( σ_i M_{Pl}

)_2 = 9 × 10^{−3} ( H_{inf} 10^{14} GeV

)_2 , (17)

where we have used the WMAP normalization (16). We can calculate the tensor-to-scalar ratio r in the curvaton scenario, as r ≡ Δ^2_h(k_∗) Δ^2_{Rc} (k_∗) = 18 R^2 ( σ_i M_{Pl}

)_2

= 0.14 ( H_{inf} 10^{14}GeV

)_2

. (18)

It can be checked that this is smaller than 16ϵ using Eq. (17), which is the prediction of the standard inflation scenario, once we assume that the curvature perturbation from the inflaton should be smaller than that from the curvaton.

The scalar spectral index is given by [38]

n_s = 1 − 2ϵ +

2m^2_σ 3H^2_{inf}

, (19)

where m_σ is the curvaton mass. We can determine it through the relation

m^2_σ = 3 2 (n_s − n_t − 1)H^2_{inf} = 11(n_s − n_t − 1)r × (10^{14}GeV)^2, (20)

in principle. But it is generically much smaller than H^2_{inf} , so that it would be more practical to use the above equality as a consistency relation,

n_s − n_t ∼= 1, (21)

for the curvaton scenario.

Thus in the curvaton scenario, both the scalar and tensor spectral tilt are predicted to be −2ϵ, and hence a measurement of the tensor spectral index by future space-based gravitational wave detectors [19] will give an evidence of the curvaton scenario.

2.3 Non-Gaussianity in the curvaton scenario

Statistics of the observed CMB anisotropy is currently consistent with Gaussian distribution. The deviation from Gaussianity is parameterized by the non-linearity parameter f_{NL}, whose definition is given by

R_c = R_c^{(g)} + 3 5 f_{NL}R_c^{(g)2}, (22)

where R_c^{(g)} denotes the Gaussian part of the curvature perturbation. WMAP5 result gives a constraint on it as −9 < f_{NL} < 111 at 95% C.L. [3]. From Eq. (14), we can estimate the non-linearity parameter as^3

f_{NL} = 5 4R ( 1 − 4 3 R − 2 3 R^2 ) . (23)

Thus f_{NL} can be significantly large for small R, and this may provide an observational hint of the curvaton scenario if large f_{NL} is detected, because standard inflation models predict a small non-linearity parameter, f_{NL} ∼ O(ϵ, η). Here we have assumed that the curvaton potential is quadratic, V = (1/2)m^2_σσ^2. If it deviates from the quadratic one, the prediction of f_{NL} changes [41] and in this case the coefficient of the trispectrum, g_{NL}, may be useful to distinguish curvaton models. We do not go into the detail on this point.

Notice that in the case where a large non-Gaussianity (f_{NL} ≳ 10) is obtained, the curvaton decay does not increase entropy because it must be a subdominant component

3 Here we assume that there are no CDM/baryonic isocurvature perturbations, which might cause other types of non-Gaussianity [48–50].

at the instance of its decay (i.e., R ≪ 1), so that the gravitational wave background spectrum is not modified. In this sense, the detections of f_{NL} by the CMB observation and entropy production process by the gravitational wave background as a probe of the curvaton scenario are complementary to each other.

To summarize, we have five possible observable quantities: scalar spectral index n_s, tensor-to-scalar ratio r, tensor spectral index n_t, the dilution factor F and non-linearity parameter f_{NL}. Among them, r will be accurately determined by future B-mode polarization measurements. Direct detection of gravitational waves will observe n_t, and comparing it with n_s will confirm the curvaton scenario. Then, either large enough F or f_{NL} will be observed depending on whether the curvaton once dominated the Universe or not. In the former case, F can be determined by comparing r and directly observed magnitude of the gravitational waves. In the latter case, f_{NL} will be determined by CMB measurements such as Planck. Then these observables may be used to pin down a curvaton model.

In the next section we investigate the possibility to detect either signature of the curvaton scenario and how they can fix properties of the curvaton.

3 Probing the Curvaton Scenario

We have seen that a curvaton scenario may leave distinct signatures on either a shape of the gravitational wave background or primordial non-Gaussianity. Here we show parameter regions where a curvaton scenario has characteristic features on either of them.

Curvaton models are characterized by two parameters, the initial amplitude of the curvaton σ_i and its decay temperature T_σ. The relevant quantity is the abundance of the curvaton coherent oscillation at the time of its decay, which depends on these two parameters and the reheating temperature after inflation, T_R, but does not depend on the curvaton mass.^4 Once these parameters are fixed, we can estimate the inflation scale H_{inf} in order to reproduce the observed magnitude of the density perturbation (see Eq. (16)). The inflation scale H_{inf} also gives overall normalization of the gravitational wave background spectrum, which can be directly measured independently using B-mode polarization of CMB. The spectral shape is determined by T_R and the curvaton abundance at its decay. Thus we can uniquely predict the gravitational wave signal at an arbitrary frequency for each parameter set (T_R, T_σ, σ_i). Similarly, the level of non-Gaussianity depends only on the curvaton abundance at its decay, as given in Eq. (23), and hence is also uniquely predicted.

Figures 2 depict the parameter region of the curvaton which can be probed by observation of DECIGO/BBO. The upper panel represents the region accesible with a single ultimate-DECIGO and B-mode experiments such as EPIC [51], CMBPol [52], and Lite- BIRD [53] which are expected to reach down to r ≃ 10^{−3}. The lower panel shows the ideal case of correlation analysis of ultimate-DECIGO together with low-noise delensed

4 If the curvaton begins to oscillate after the inflaton decays, the mass dependence appears. In this case, however, it is sufficient to replace T_R with T_{osc}, the temperature at which the curvaton begins to oscillate, as in Eq. (11).

CMB map which would hopefully reach r ∼ 2 × 10^{−6} [54] (see also [55]).

Sensitivities of these direct detection experiments for the low frequency are limited by stochastic noise from white dwarf binaries [56], and hence we have cut the sensitivities below 0.1 Hz. We have set ϵ to satisfy the constraint (17), but the precise value of ϵ does not affect the results as long as it is sufficiently small. The region above the purple wedge corresponds to r > 0.2 which is excluded by WMAP.

Also plotted there are contours of the non-linearity parameter f_{NL} and the dilution factor F . The region with f_{NL} > 100 is also disfavored by WMAP. On the other hand, Planck can measure it if it lies in the range 10 < f_{NL}. As argued before, it occupies a detached domain from the region with F > 1. Therefore below we study how the curvaton parameters are determined in each domain separately.

First let us consider the case f_{NL} ≫ 1 is confirmed by, say, Planck experiment. Then from (23) we find R ∼= 5/(4f_{NL}) and therefore (18) determines the initial amplitude of the curvaton in terms of the observable quantities alone as σ_i M_{Pl} = 5 12f_{NL} ( r 2 )_{1/2} . (24)

In this case the curvaton decays before dominating the cosmic energy density. Hence we find ρ_σ ρ_r | | | |_{σ decay} = 1 6 ( σ_i M_{Pl}

)_2

a(T_σ ) a(T_R) = 1 6 ( σ_i M_{Pl}

)_2 T_R T_σ ∼= 4 3 R. (25)

These two equalities lead to T_σ T_R = 5r 576f_{NL}

. (26)

Thus both of the curvaton parameters are fixed by the observable quantities in this case. Finally we note that in this case there is a simple relation between T_σ/T_R and σ_i/M_{Pl} as T_σ T_R = f_{NL} 10 ( σ_i M_{Pl}

)_2

, (27)

which was used to draw the contours of f_{NL} in Figures 2.

Next we consider the case the curvaton dominates the energy density of the universe when it decays releasing significant amount of entropy with R = 1 and F > 1. Then from (18) we find σ_i M_{Pl} = ( r 18 )_{1/2} (28)

and from (11) we obtain T_σ T_R = r 108F

, (29)

for T_{osc} > T_R. We can determine F if we can measure tensor perturbations both by the B-mode polarization of CMB and DECIGO/BBO, provided there is no other source of entropy production mechanism after reheating besides the curvaton. Then all the relevant parameters are again fixed by the observable quantities. The corresponding parameter space is shown by the orange regions in Figs. 2. In case there is other entropy production besides curvaton, the right-hand-side of (29) will give a lower bound on T_σ/T_R. Finally, if B-mode polarization measurements fail to find the tensor mode and if it is detected only by DECIGO/BBO, which is shown by the yellow regions in Figs. 2, the values of F and r cannot be determined independently. Only the combination rF^{−4/3} is determined in this case.

4 Conclusion

In this paper we have investigated a possible observable signatures from curvaton scenarios, including non-Gaussianity, detection of tensor modes in CMB and direct detection of gravitational wave background. First the measurement of the tensor power spectrum by CMB is very important to identify the curvaton scenario through the consistency relation (21). If the curvaton once dominates the Universe, an entropy production process by its decay is imprinted in the gravitational wave background spectrum and can be confirmed by future space-based laser interferometer experiments. For the opposite case where the curvaton is a subdominant component before it decays, a large non-Gaussianity is predicted, which may be confirmed by Planck experiment. In this sense, the gravitational wave signal and non-Gaussian signal are complementary to each other. This allows us to probe the curvaton scenario for large parameter spaces, giving information on the properties of the curvaton such as its decay rate and amplitude, etc. It will in turn provide important information on high-energy physics beyond the reach of terrestrial experiments.

Acknowledgements

K.N. would like to thank S. Kuroyanagi for valuable discussion. He would also like to thank the Japan Society for the Promotion of Science for financial support. This work was supported in part by JSPS Grant-in-Aid for Scientific Research No. 19340054(JY) and by Global COE Program “the Physical Sciences Frontier”, MEXT, Japan.

References

[1] A.H. Guth, Phys. Rev. D23, 347 (1981); K. Sato, Mon. Not. Roy. Astron. Soc.

195, 467 (1981); A.A. Starobinsky Phys. Lett. 91B, 99 (1980); For a review, see, for example, A.D. Linde, arXiv:0705.0164 [hep-th].

[2] S.W. Hawking, Phys. Lett. 115B, 295 (1982); A.A. Starobinsky, Phys. Lett. 117B, 175 (1982); A.H. Guth and S-Y. Pi, Phys. Rev. Lett. 49, 1110 (1982).

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

Figure 2: Range of the curvaton parameters σ_i/M_{Pl}- T_σ/T_R which can be probed by spacebased laser interferometers. The upper panel represents the case with single ultimate- DECIGO and B-mode measurements down to r = 10^{−3}, while the lower panel shows an ideal case with correlation analysis of ultimate-DECIGO and B-mode measurements accesible to r = 2 × 10^{−6}. Region above the red wedge is excluded since the tensor mode contribution to the CMB anisotropy becomes too large. Also shown there are contours of the non-linearity parameter f_{NL}. Upper left region above the solid line is disfavored by WMAP. In the green region all the curvaton parameters can be determined in terms of f_{NL} and r, while in the orange region they can be determined by F and r provided other sources of entropy production is absent. In the yellow region, F and r are not determined independently, and only the combination rF^{−4/3} is determined. 11

[4] A.A. Starobinsky, JETP Lett. 30, 682 (1979); V.A. Rubakov, M.V. Sazin, and A.V.

Veryaskin, Phys. Lett. 115B, 189(1982); L.F. Abbott and M.B. Wise, Nucl. Phys. B 244, 541 (1984).

[5] B. Allen, Phys. Rev. D 37, 2078 (1988).

[6] M. S. Turner and F. Wilczek, Phys. Rev. Lett. 65, 3080 (1990). [7] V. Sahni, Phys. Rev. D 42, 453 (1990).

[8] M. S. Turner, M. J. White and J. E. Lidsey, Phys. Rev. D 48, 4613 (1993) [arXiv:astro-ph/9306029].

[9] M. S. Turner, Phys. Rev. D 48, 3502 (1993) [arXiv:astro-ph/9302013]. [10] A. R. Liddle, Phys. Rev. D 49, 3805 (1994) [Erratum-ibid. D 51, 4603 (1995)] [arXiv:gr-qc/9307036].

[11] M. S. Turner and M. J. White, Phys. Rev. D 53, 6822 (1996) [arXiv:astro-ph/9512155].

[12] M. S. Turner, Phys. Rev. D 55, 435 (1997) [arXiv:astro-ph/9607066]. [13] B. Allen and J. D. Romano, Phys. Rev. D 59, 102001 (1999) [arXiv:gr-qc/9710117]. [14] N. Seto and J. Yokoyama, J. Phys. Soc. Jap. 72, 3082 (2003) [arXiv:gr-qc/0305096]. [15] S. Weinberg, Phys. Rev. D 69, 023503 (2004) [arXiv:astro-ph/0306304]. [16] H. Tashiro, T. Chiba and M. Sasaki, Class. Quant. Grav. 21, 1761 (2004) [arXiv:gr-qc/0307068].

[17] C. Ungarelli, P. Corasaniti, R. A. Mercer and A. Vecchio, Class. Quant. Grav. 22, S955 (2005) [arXiv:astro-ph/0504294].

[18] T. L. Smith, M. Kamionkowski and A. Cooray, Phys. Rev. D 73, 023504 (2006) [arXiv:astro-ph/0506422].

[19] N. Seto, Phys. Rev. D 73, 063001 (2006) [arXiv:gr-qc/0510067]. [20] H. Kudoh, A. Taruya, T. Hiramatsu and Y. Himemoto, Phys. Rev. D 73, 064006 (2006) [arXiv:gr-qc/0511145].

[21] L. A. Boyle and P. J. Steinhardt, Phys. Rev. D 77, 063504 (2008) [arXiv:astro-ph/0512014].

[22] T. L. Smith, H. V. Peiris and A. Cooray, Phys. Rev. D 73, 123503 (2006) [arXiv:astro-ph/0602137].

[23] S. Chongchitnan and G. Efstathiou, Phys. Rev. D 73, 083511 (2006) [arXiv:astro-ph/0602594]; G. Efstathiou and S. Chongchitnan, Prog. Theor. Phys. Suppl. 163, 204 (2006) [arXiv:astro-ph/0603118].

[24] B. C. Friedman, A. Cooray and A. Melchiorri, Phys. Rev. D 74, 123509 (2006) [arXiv:astro-ph/0610220].

[25] W. Zhao and Y. Zhang, Phys. Rev. D 74, 043503 (2006).

[26] Y. Watanabe and E. Komatsu, Phys. Rev. D 73, 123515 (2006) [arXiv:astro-ph/0604176].

[27] T. Chiba, Y. Himemoto, M. Yamaguchi and J. Yokoyama, Phys. Rev. D 76, 043516 (2007) [arXiv:0705.2851 [gr-qc]].

[28] L. A. Boyle and A. Buonanno, Phys. Rev. D 78, 043531 (2008) [arXiv:0708.2279 [astro-ph]].

[29] J. Yokoyama, An essay submitted to Gravity Research Foundation and received Honorble Mention (2007).

[30] T. L. Smith, M. Kamionkowski and A. Cooray, Phys. Rev. D 78, 083525 (2008) [arXiv:0802.1530 [astro-ph]].

[31] K. Nakayama, S. Saito, Y. Suwa and J. Yokoyama, Phys. Rev. D 77, 124001 (2008) [arXiv:0802.2452 [hep-ph]].

[32] K. Nakayama, S. Saito, Y. Suwa and J. Yokoyama, JCAP 0806, 020 (2008) [arXiv:0804.1827 [astro-ph]].

[33] S. Kuroyanagi, T. Chiba and N. Sugiyama, Phys. Rev. D 79, 103501 (2009) [arXiv:0804.3249 [astro-ph]].

[34] A. Mangilli, N. Bartolo, S. Matarrese and A. Riotto, arXiv:0805.3234 [astro-ph].

[35] M. Maggiore, Phys. Rept. 331, 283 (2000) [arXiv:gr-qc/9909001].

[36] N. Seto, S. Kawamura and T. Nakamura, Phys. Rev. Lett. 87, 221103 (2001) [arXiv:astro-ph/0108011]; S. Kawamura et al., Class. Quant. Grav. 23 (2006) S125.

[37] S. Mollerach, Phys. Rev. D 42, 313 (1990); A. D. Linde and V. F. Mukhanov, Phys.

Rev. D 56, 535 (1997) [arXiv:astro-ph/9610219].

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

T. Moroi and T. Takahashi, Phys. Lett. B 522, 215 (2001) [Erratum-ibid. B 539, 303 (2002)] [arXiv:hep-ph/0110096]; K. Enqvist and M. S. Sloth, Nucl. Phys. B 626, 395 (2002) [arXiv:hep-ph/0109214].

[39] For a review, see N. Bartolo, E. Komatsu, S. Matarrese and A. Riotto, Phys. Rept.

402, 103 (2004) [arXiv:astro-ph/0406398].

[40] D. H. Lyth, C. Ungarelli and D. Wands, Phys. Rev. D 67, 023503 (2003) [arXiv:astro-ph/0208055]; N. Bartolo, S. Matarrese and A. Riotto, Phys. Rev. D 69, 043503 (2004) [arXiv:hep-ph/0309033]; K. A. Malik and D. H. Lyth, JCAP 0609, 008 (2006) [arXiv:astro-ph/0604387]; M. Sasaki, J. Valiviita and D. Wands, Phys. Rev. D 74, 103003 (2006) [arXiv:astro-ph/0607627]; Q. G. Huang, Phys. Lett. B 669, 260 (2008) [arXiv:0801.0467 [hep-th]]; JCAP 0809, 017 (2008) [arXiv:0807.1567 [hep-th]]; JCAP 0811, 005 (2008) [arXiv:0808.1793 [hep-th]]; K. Ichikawa, T. Suyama, T. Takahashi and M. Yamaguchi, Phys. Rev. D 78, 023513 (2008) [arXiv:0802.4138 [astro-ph]]; M. Beltran, Phys. Rev. D 78, 023530 (2008) [arXiv:0804.1097 [astro-ph]]; T. Takahashi, M. Yamaguchi, J. Yokoyama and S. Yokoyama, Phys. Lett. B 678, 15 (2009) [arXiv:0905.0240 [astro-ph.CO]].

[41] K. Enqvist and S. Nurmi, JCAP 0510, 013 (2005) [arXiv:astro-ph/0508573];

K. Enqvist and T. Takahashi, JCAP 0809, 012 (2008) [arXiv:0807.3069 [astro-ph]]; arXiv:0909.5362 [astro-ph.CO]; Q. G. Huang and Y. Wang, JCAP 0809, 025 (2008) [arXiv:0808.1168 [hep-th]]; M. Kawasaki, K. Nakayama and F. Takahashi, JCAP 0901, 026 (2009) [arXiv:0810.1585 [hep-ph]]; P. Chingangbam and Q. G. Huang, JCAP 0904, 031 (2009) [arXiv:0902.2619 [astro-ph.CO]].

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

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

[44] D. Seery and J. E. Lidsey, JCAP 0506, 003 (2005) [arXiv:astro-ph/0503692]; JCAP 0509, 011 (2005) [arXiv:astro-ph/0506056]; D. Seery, J. E. Lidsey and M. S. Sloth, JCAP 0701, 027 (2007) [arXiv:astro-ph/0610210].

[45] S. Yokoyama, T. Suyama and T. Tanaka, JCAP 0707, 013 (2007) [arXiv:0705.3178 [astro-ph]]; Phys. Rev. D 77, 083511 (2008) [arXiv:0711.2920 [astro-ph]].

[46] A. A. Starobinsky, JETP Lett. 42 (1985) 152 [Pisma Zh. Eksp. Teor. Fiz.

42 (1985) 124]. Y. Nambu and A. Taruya, Class. Quant. Grav. 13, 705 (1996) [arXiv:astro-ph/9411013]. M. Sasaki and E. D. Stewart, Prog. Theor. Phys. 95, 71 (1996) [arXiv:astro-ph/9507001]; M. Sasaki and T. Tanaka, Prog. Theor. Phys. 99, 763 (1998) [arXiv:gr-qc/9801017]. H. Kodama and T. Hamazaki, Phys. Rev. D 57, 7177 (1998) [arXiv:gr-qc/9712045]; D. H. Lyth, K. A. Malik and M. Sasaki, JCAP 0505, 004 (2005) [arXiv:astro-ph/0411220]; T. Hamazaki, Phys. Rev. D 78, 103513 (2008) [arXiv:0811.2366 [astro-ph]].

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

[48] M. Kawasaki, K. Nakayama, T. Sekiguchi, T. Suyama and F. Takahashi, JCAP 0811, 019 (2008) [arXiv:0808.0009 [astro-ph]]; JCAP 0901, 042 (2009) [arXiv:0810.0208 [astro-ph]]; M. Kawasaki, K. Nakayama and F. Takahashi, JCAP 0901, 002 (2009) [arXiv:0809.2242 [hep-ph]]; E. Kawakami, M. Kawasaki, K. Nakayama and F. Takahashi, JCAP 0909, 002 (2009) [arXiv:0905.1552 [astro-ph.CO]]; K. Nakayama and F. Takahashi, Phys. Lett. B 679, 436 (2009) [arXiv:0907.0834 [hep-ph]].

[49] D. Langlois, F. Vernizzi and D. Wands, JCAP 0812, 004 (2008) [arXiv:0809.4646 [astro-ph]].

[50] C. Hikage, K. Koyama, T. Matsubara, T. Takahashi and M. Yamaguchi, arXiv:0812.3500 [astro-ph]; C. Hikage, D. Munshi, A. Heavens and P. Coles, arXiv:0907.0261 [astro-ph.CO].

[51] J. Bock et al., arXiv:0805.4207 [astro-ph].

[52] D. Baumann et al. [CMBPol Study Team Collaboration], AIP Conf. Proc. 1141 (2009) 10 [arXiv:0811.3919 [astro-ph]].

[53] http://cmbpol.kek.jp/litebird/index.html

[54] L. Marian and G. M. Bernstein, Phys. Rev. D 76, 123009 (2007) [arXiv:0710.2538 [astro-ph]].

[55] L. Knox and Y. S. Song, Phys. Rev. Lett. 89, 011303 (2002) [arXiv:astro-ph/0202286]; M. Kesden, A. Cooray and M. Kamionkowski, Phys. Rev. Lett. 89, 011304 (2002) [arXiv:astro-ph/0202434].

[56] A. J. Farmer and E. S. Phinney, Mon. Not. Roy. Astron. Soc. 346, 1197 (2003) [arXiv:astro-ph/0304393].