arXiv:0905.4328v2 [hep-ph] 3 Jul 2009

SIT-HEP/TM-56

Remote Inflation as hybrid-like

sneutrino/MSSM inflation

Tomohiro Matsuda^1

Laboratory of Physics, Saitama Institute of Technology,

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

Abstract A new scenario of hybrid-like inflation is considered for sneutrino and MSSM fields. Contrary to the usual hybrid inflation model, the direct coupling between a trigger field and the sneutrino/MSSM inflaton field is not necessary for the scenario. The dissipation and the radiation from the sneutrino/MSSM inflaton can be written explicitly by using the Yukawa couplings. Remote inflation does not require the shift symmetry or cancellation in solving the η problem.

1matsuda@sit.ac.jp

1 Introduction

According to the recent cosmological observations, inflation has become the paradigm for early cosmology and appears to be the most successful cosmological model giving the primordial large scale structure of the Universe. Considering typical slow-roll inflation, there are at least two scenarios for the velocity damping: the original (supercooled) inflation and warm inflation in which a strong diffusion produces significant friction for the inflaton motion[1]. Recently, hybrid-like extension of warm inflation has been proposed in Ref.[2], in which a new possibility is shown that the radiation produced concurrently during warm inflation may keep symmetry restoration in a remote sector. As a consequence, the false-vacuum energy of the remote sector may dominate the energy density during inflation. The situation is similar to thermal inflation, however in contrast to the standard thermal inflation model, the radiation in remote inflation is sourced by the dissipation of the inflaton field. Remote inflation is a new inflationary model based on thermal inflation[3], hybrid inflation[4] and warm inflation[1] and is expected to solve problems in these classic models. In this paper we consider remote inflation for sneutrino inflation - inflation caused by the scalar supersymmetric partner of a heavy singlet neutrino[5, 44] - and MSSM inflation - inflation caused by the fields in the minimal supersymmetric standard model (MSSM)[6, 7].

Remote inflation is based on warm inflation. Warm inflation for a sneutrino field has been discussed in Ref.[8], in which monomial potentials constructed with only the righthanded sneutrino field realize warm inflationary regime for chaotic inflation. Since the conditions for warm inflation and supercooled inflation are exclusive, the parameter space for successful sneutrino inflation must be complemented by considering warm inflation. With regard to the problems and the benefits of sneutrino/MSSM, hybrid and warm inflation scenarios, remote inflation may give a very attractive situation in which hybridlike inflation is realized in the warm inflationary regime without introducing additional direct coupling between the inflaton and a trigger field. Applying remote inflation to sneutrino and MSSM fields, it may be possible to find a successful scenario in which the baryon asymmetry of the Universe is created by the non-equilibrium decay of the inflaton.^2

Figure 1: Remote inflation resembles hybrid inflation. Remote field plays the role of the trigger field in hybrid inflation, which causes reheating the Universe. The explicit interaction in the conventional hybrid potential is replaced by the thermal background. Also, the remote sector resembles thermal inflation. The source of the radiation is the dissipation in the inflaton sector, where warm inflation occurs.

The idea of remote inflation is very simple. Considering the standard hybrid inflation model, the typical form of the hybrid-type potential is given by V (ϕ, σ) = V (ϕ) + g^2 2 σ^2ϕ^2 + λ 4 ( σ^2 − M^2

)_2 , (1.1)

where the vacuum energy during inflation is V_0 ≃ λM^4/4. The trigger field σ stays in its false-vacuum state defined by σ = 0 for ϕ > ϕ_c. Here the critical point that defines the end of inflation is given by ϕ_c ≡ √ λ g M. (1.2)

Contrary to the usual hybrid inflation scenario, either normal, inverted [9] branemotivated [10, 11, 12], or thermal [13], remote inflation does not have direct couplings between inflaton and trigger fields. The trigger fields σ_i in the remote inflation model are placed in a remote sector and stay in their false vacuum states during inflation due to the thermal effects created by the diffusion of the inflaton field. Namely, the force that keeps

2See Fig.1.

σ_i at their false-vacuum state is not the effective mass m^2_σ ∼ g^2ϕ^2 caused by the direct coupling between the inflaton and the trigger field, but the thermal effect of the radiation concurrently produced during warm inflation.

Remote inflation requires symmetry restoration in the remote sector. To illustrate some typical features of finite temperature effects in the remote sector, here we consider a real scalar field and a potential: L = 1 2 ∂_μσ∂^μσ − V (σ) V (σ) = V_0 − 1 2 m^2_σσ^2 + 1 4 λσ^4, (1.3)

where V_0 is tuned so that the cosmological constant vanishes at the true minimum. The phenomenon of high-temperature symmetry restoration can be understood by the finitetemperature effective potential given by [14]

V_T (σ_c) = V (σ_c) +

T^4 2π^2 ∫_∞ 0 dx ln [ 1 − exp ( − √ x^2 +

−m^2_σ + 3λσ^2_c T^2 )] , (1.4)

where V (σ_c) is the one-loop potential for zero-temperature with the classical field σ_c:

V (σ_c) = − 1 2 m^2_σ σ^2_c + 1 4 λσ^4_c + 1 64π^2 ( −m^2_σ + 3λσ^2_c

)_2 ln ( −m^2_σ + 3λσ^2_c μ^2 ) , (1.5)

where μ is a renormalization mass scale. At high temperatures, V_T can be expanded near the symmetric point (σ_c = 0) as

V_T ≃ V (σ_c) + 1 8 λT^2σ^2_c + O(T^4), (1.6)

which suggests that the temperature-corrected effective mass at σ_c = 0 changes sign at the critical temperature given by T_c ≃ 2m_σ λ^{1/2} . (1.7) More generally, a background thermal bath which couples to σ can be introduced. Then we obtain a typical form of the potential with a thermal correction term, which is given by V = V_0 + ( g^2T^2 − 1 2 m^2_σ ) σ^2 + ..., (1.8) where g denotes the effective coupling of σ to the fields in the thermal bath. In this case, the critical temperature is given by T_c ≃ m_σ 2g . (1.9)

In this paper, we assume that the couplings to the background fields are significant and T_c is given by T_c ≃^{mσ}_{2g} ∼ m_σ. Here λ ≪ 1 is possible for a flat potential in supersymmetric theory, which gives typically the false-vacuum energy V_0 ∼ m^2_σM^2 for the quartic potential, where M^2 ∼ m^2_σ/λ ≫ m^2_σ denotes the vacuum expectation value of the field σ in the true vacuum.

2 Remote inflation with dissipative sneutrino

The interaction of the sneutrino inflaton field with other fields is very important in sneutrino inflation, since Yukawa couplings are always needed for the seesaw mechanism[15] that gives the tiny masses to the light neutrinos. The heavy singlet neutrinos usually have masses 10^{10} to 10^{15} GeV, but one may consider a smaller mass for a singlet neutrino. For our scenario the simplest and sufficient model is only one sneutrino acting as the inflaton whose dissipation sources radiation during inflation. The interaction relevant for the model is extracted from the supersymmetric version of the seesaw model as

L_I ∼ −|h_N |^2|ϕ_N |^2|H_u|^2 + h_tH_ut̄_Rt_L + h.c., (2.1)

where ϕ_N is the sneutrino inflaton, H_u is the Higgs doublet giving masses to the up quarks and t_R, t_L are the top quarks. Dissipative effects are caused by the coherent excitation of the H_u field, which then decays into fermions (standard-model quarks) with the decay rate Γ_t =

3h^2_t 16π m_{Hu} ∼ 3h^2_t 16π h_N ϕ_N . (2.2) The condition for the thermalization of the decay product is given by

Γ_t > H, (2.3)

which puts a natural upper bound for the energy scale of warm inflation. Following Ref.[1] and [8], the typical form of the dissipative coefficient Γ for warm inflation is given by Γ ≃ √ π 20 h^2_N h^2_t (4π)^2 ϕ_N ≡ A_N ϕ_N . (2.4)

The strength of the thermal damping is measured by the rate r_Γ given by

r_Γ ≡ Γ 3H , (2.5) which can be used to rewrite the field equation as

ϕ̈ + 3H(1 + r_Γ)ϕ̇_N + V (ϕ_N , T )_{ϕN} = 0, (2.6)

where the subscript denotes the derivative with respect to the field. Considering a typical quadratic potential for the singlet neutrino, a simple form can be used for the potential;

V (ϕ_N , T )_{ϕN} ≃ M^2_N ϕ_N , (2.7)

where M_N is the mass of the sneutrino. From the above equations the slow-roll velocity of the sneutrino inflaton for the strongly dissipating regime (r_Γ > 1) is given by

ϕ̇_N ≃ M^{2N} ϕ^N Γ ≃ M^2_N A_N , (2.8)

which does not depend on the temperature. Note that the slow-roll velocity is independent of the temperature of the Universe. The conventional slow-roll parameters are given by ϵ ≡ M^2_p 2 ( V_ϕ V )_2

< (1 + r_Γ) η ≡ M^2_p ( V_{ϕϕ} V ) < (1 + r_Γ). (2.9)

In addition to the standard slow-roll conditions for the inflaton motion, slow-roll approximation for warm inflation requires slow-variation of Γ, which leads to an additional slow-roll parameter β ≡ M^2_p ( Γ_{ϕN} V_{ϕN} ΓV ) ≃ M^2_N H^2

∼ η < (1 + r_Γ). (2.10)

This equation gives a trivial condition for the present model. Similarly, T -dependence of Γ leads to a condition for the radiation[1] c ≡ | | | | d ln Γ d ln T | | | | = | | | | d ln Γ d ln ϕ_N d ln ϕ_N d ln T | | | | = 4, (2.11)

which does not satisfy the required condition c < 4. Here c = 4 is the direct consequence of the quadratic potential, namely V ∝ ϕ^n_N with n = 2. However, in more general situations the effective potential may have other higher terms with n > 2, although they may be small compared with the quadratic term. Therefore, the effective n would be n = 2 + ϵ_N > 2, where ϵ_N ≪ 1. A small shift from n = 2 is trivial and it can be disregarded in other scenarios, but in hybrid-type warm inflation the shift is crucial for warm inflation[16]. Moreover, if initially the scalar field gets a value as large as the Planck (or the fundamental) scale, the potential at that time may have significant higher corrections with large n. Therefore, in this paper we consider the quadratic potential, but the effective value of n is slightly larger than n = 2. Other possibilities, the potential characterized by higher terms with n > 2, or a flat potential characterized by ∼ log ϕ are discussed in section 2.4.

During inflation, the energy conservation of the radiation energy density gives the equation ρ̇_r + 4Hρ_r = Γϕ̇^2, (2.12) which leads to the temperature during inflation given by

T^4 = 45 2π^2g_∗ r_Γϕ̇^2, (2.13)

where g_∗ ∼ O(10^2) is the effective number of the light degrees of freedom at the temperature. A useful expression can be found from the above equation, which is given by

T^4 ≃ M^4_N ϕ_N A_N H , (2.14)

or equivalently; r^4_T ≡ ( T H )_4 ≃ η^2 ϕ_N A_N H . (2.15) Since the inflationary expansion is not viable when the radiation dominates the Universe, we also consider the obvious condition for the radiation density ρ_r, which is given by

ρ_r < V_0. (2.16)

In contrast with standard sneutrino-warm inflation[8], in which the above condition determines the end of inflation, this equation leads to the mild condition for remote inflation;

ϕ_N < ϕ^{(r)}_N ≡ A_N H ( V_0 M^4_N ) . (2.17)

If the inflaton reaches the breaking-point of the slow-roll condition (ϕ^{(e)}_N ) ahead of the critical temperature (T = T_c), the temperature at the end of inflation (T = T_e) is still higher than the critical temperature (T_e > T_c). The number of e-foldings is given by N_e ≃ − ∫_ϕ(i)_N ϕ^{(e)}_N 3H^2 ϕ̇ dϕ + N^{th} ≃ 1 + r_Γ η ln ϕ^{(i)}_N ϕ^{(e)}_N + N_{th}, (2.18) where the additional expansion of the Universe, denoted by N_{th}, is caused by thermal inflation that starts at T = T_e and ends at T = T_c. Thermal inflation is defined for an inflationary expansion due to the vacuum energy of a false-vacuum state, but in contrast to remote inflation there is no significant source that supplies radiation during this epoch.^3 The e-foldings of the expansion due to thermal inflation is given by N_{th} ∼ ln(T_e/T_c). On the other hand, if inflation ends when the temperature reaches T = T_c ahead of ϕ = ϕ^{(e)}_N , symmetry breaking in the remote sector occurs just at the end of remote inflation. In the latter case there is no thermal inflation after remote inflation [2].

2.1 Slow-roll conditions and the sources of the cosmological perturbations

In standard warm inflation, the effective potential depends on the temperature T , which can be expressed as V (ϕ_N , T ). The damping rate Γ of the inflaton field may also depend on T and ϕ_i. Therefore, the trajectory of warm inflation is generally given by the inflaton and the temperature. Contrary to the standard warm inflation scenario, Γ in sneutrino inflation is independent of T . We thus find immediately that the damping of the inflaton ϕ_N is determined independent of the radiation. In contrast to the above argument, which suggests that the temperature is not important for the inflaton dynamics of dissipating (not necessarily warm) sneutrino inflation, the temperature is important for determining the end of inflation. As will be shown in this section, in sneutrino-remote inflation the phase transition in the remote sector triggers reheating and determines the end of inflation. Therefore, there are two sources of the curvature perturbations in remote inflation; the curvature perturbations created near the horizon exit and the one created at the inhomogeneous phase transition. In this paper we consider these two sources and compare the magnitude of the curvature perturbations.^4 Although the conditions for remote inflation

3Breaking of the slow-roll condition does not always mean the end of dissipation. Here we assumed for simplicity that Γ ∝ ϕ_N decreases rapidly after the critical point at ϕ_N = ϕ^{(e)}_N , and as a consequence, the dissipation caused by the inflaton oscillation is small during this period. Numerical studies are required in order to understand more details of the final stage of remote inflation, where oscillating inflaton may source radiation by dissipation, evapolation or decay.

4In addition to these sources, inhomogeneities of the diffusion rate δΓ may be important and it may lead to a significant non-gaussian spectrum[18]. δΓ causes inhomogeneities of the inflaton velocity, which

are highly model-dependent, we can find simple result at least for sneutrino inflation. Here the slow-roll conditions are defined by ϵ < r_Γ(SDWI) and ϵ < 1(WDWI), which determines ϕ^{(e)}_N as ϕ_N < ϕ^{(e)}_N ≃ A_N H^3M^2_p M^4_N ∼ A_N M_p × ( M_p M_N ) η^{−3/2} (SDW I) (2.20) ϕ_N < ϕ^{(e)}_N ≃ M_pη^{−1} (W DW I). (2.21)

Sneutrino-remote inflation uses SDWI conditions. Note that the slow-roll condition is violated in the outer region of the field space, which becomes trivial for η < 1. Considering the critical temperature T_c, remote inflation is possible for the region given by ϕ > ϕ^{(c)}_N ≃ A_N HT^4_c M^4_N ≃ A_N H η^2 ( T_c H )_4

≃ A_N η^{−2}r^3_{Tc} × T_c, (2.22)

where r_{Tc} denotes the ratio r_T ≡ T/H at the critical temperature. Considering the ratio between ϕ^{(e)}_N and ϕ^{(c)}_N , we find R_{e/c} ≡ ϕ^{(e)}_N ϕ^{(c)}_N ≃ H^2M^2_p T^4_c ∼ V_0 T^4_c

≫ 1. (2.23)

The equation shows that for sneutrino inflaton field, remote inflation is possible during ϕ^{(c)}_N < ϕ < ϕ^{(e)}_N . Namely, we find in this model the phase transition in the remote sector determines the end of inflation.^5

The spectrum of the cosmological perturbations created during inflation has been expected to be scale-invariant and Gaussian, but recent observations may suggest small anomalies. A small departure from exact scale-invariance and a certain non-Gaussian character [19, 20] can help reveal the dynamics of the inflation model. In particular, a tiny shift in the spectrum index n − 1 ≠ 0 is a useful example[21] of scale invariance violation. The spectral index is used to determine the form of the inflaton potential.

leads to inhomogeneities of the number of e-foldings[22]. Namely, considering the explicit form of the number of e-foldings given by Eq. (2.18), the perturbations δN[23] caused by δΓ is given by δN ∼ N_e δΓ Γ ∼ N_e ( δA_N A_N + δϕ_N ϕ_N ) , (2.19)

which may be as large as the conventional curvature perturbations. See Ref.[18] for more details on this topic.

5In contrast with remote inflation, the end of standard sneutrino-warm inflation is determined by the condition ρ_r < V ∼ M^2_N ϕ^2_N [8].

Observation of non-Gaussian character in the spectrum may lead to a significant bound for the mechanism of generating curvature perturbations. In order to explain how these anomalies are explained, many models of inflation and the generating mechanism of the curvature perturbations are proposed, in which the time when the perturbations are generated is very important. With regard to the strongly dissipating warm inflation, the curvature perturbations generated at the horizon exit are given by R^{(ini)}_{warm} = −H δq ρ + P = H ϕ̇δϕ ϕ̇2 + T s ≃ H ϕ̇δϕ T s , (2.24)

which is not consistent with the expectation that the number of e-foldings in warm inflation is determined exclusively by the inflaton field ϕ. If the expectation is correct, the perturbation δN should be given by ∼ Hδϕ/ϕ̇. The solution to this problem has been discussed in [18]. Considering evolution during inflation[18] based on the δN calculation given in Ref.[22, 23], the correction from the evolution is found to be given by R ∼ H δϕ ϕ̇ , (2.25) which is consistent with the expectation. Creation (evolution) of the curvature perturbations during inflation is considered by many authors[22, 24, 25, 26, 27].^6 Besides the standard scenario in which the curvature perturbations are created at the horizon exit or during inflation, there is an alternative in which the curvature perturbations are created at the end of inflation[28, 29, 30, 31]. There are many other possibilities for the creation of the curvature perturbations. For example, creation of the curvature perturbations is possible at preheating[7, 32, 33, 34, 35], reheating[36, 37], or even at much later than the reheating period[17, 38, 39, 40]. They may be important for remote inflation, however for simplicity most of these alternatives are not discussed in this paper.

Below we first consider the creation of the curvature perturbations at the beginning of inflation, then we examine the inhomogeneous phase transition. Inhomogeneities of the diffusion rate δΓ may lead to a significant creation of the curvature perturbations, however for the simplicity of the argument, they are not considered in this paper. The baryon number of the Universe caused by the decay of the sneutrino inflaton[5, 44] (leptogenesis) is discussed in section 2.3.

6 Here the “evolution” should be distinguished from the trivial k-dependence of R^{(ini)}.

Due to the thermal effect, the amplitude of the inflaton perturbation is enhanced during strongly dissipating warm inflation. From the Langevin equation, the root-mean square fluctuation amplitude of the inflaton field δϕ after the freeze out is obtained to be[1]

δϕ_{Γ>H} ∼ (ΓH)^{1/4}T^{1/2} ∼ r^{1/4}_Γ r^{1/2}_T H (2.26)

where r_T denotes the ratio between T and H, defined by r_T ≡ T/H, which is assumed to be r_T > 1 due to the definition of warm inflation. We find for the sneutrino-remote scenario characterized by Γ = A_N ϕ_N and V (ϕ_N ) ∼ V_0 + M^2_N ϕ^2_N /2; r_T ≃ M_N ϕ^{1/4}_N A^{1/4}_N H^{5/4} ∼ η^{1/2} ( ϕ_N A_N H )_{1/4} (2.27)

r_Γ ≃ A_N ϕ_N 3H . (2.28)

Therefore, for SDWI, the curvature perturbation created during warm inflation is given by R_{warm} ≃ H δϕ ϕ̇ ≃ r^{3/4}_Γ r^{3/2}_T ∼ η^{−3/4}A^{9/8}_N ( ϕ_N H )_{3/8} . (2.29)

From the equation for the number of e-foldings, it is very natural to expect ϕ^{(i)}_N /ϕ^{(c)}_N ∼ 1 for N_e ∼ 60.^7 We thus find a more concrete estimation of the curvature perturbations given by R_{warm} ≃ A^{3/2}_N ( r_{Tc} η )_{3/2} . (2.30)

Here T_c is the critical temperature defined for the remote sector, which determines the end of inflation. Imposing the normalization given by R ∼ 10^{−5}, we find an estimation of the coefficient given by A_N ∼ 10^{−3.3} ( η r_{Tc} ) . (2.31) Considering the O(H) correction from the Kähler potential in supergravity, natural value of the η-parameter is r_Γ > η ∼ 1. Low-scale inflation may lead to η ≫ 1, which does not ruin the warm-inflationary scenario as far as the slow-roll conditions for warm inflation are satisfied.

7Note that for the present model the end of remote inflation is defined by ϕ^{(c)}_N .

Contrary to the usual scenario of generating curvature perturbations at the end of inflation[28, 29, 31], here a model is considered in which the inhomogeneities may be created by the spatial inhomogeneities of the critical temperature (δT_c).^8 The sources of the inhomogeneities are light fields (moduli), which determines the value of g and m_σ. From the definition of the critical temperature, we find δT_c T_c = δm_σ m_σ − δg g . (2.32)

To find the curvature perturbations we must solve δN_{end} ∼ H δT_c Ṫ (2.33)

at the end of inflation. In the present model, Ṫ is determined by the inflaton motion ϕ̇_N as Ṫ ∼ M^{4N} A_N HT^3 ϕ̇ ∼ η^2 A_N r^3_{Tc} ϕ̇. (2.34)

Therefore, the curvature perturbation created at the inhomogeneous phase transition is estimated as R_{IP} ∼ H δT_c Ṫ ∼ A^N r^{4Tc} η^{−2} ( δm_σ m_σ − δg g ) H^2 ϕ̇ ∼ A^2_N ( r^4_{Tc} η^3 ) ( δm_σ m_σ − δg g ) . (2.35)

The ratio between R_{warm} and R_{IP} is given by r_{I/W} ≡ R_{IP} R_{warm} ∼ η^{−3/2}A^{1/2}_N r^{5/2}_{Tc} ( δT_c T_c ) . (2.36)

The creation of the curvature perturbations by inhomogeneous phase transition requires R_{warm} < 10^{−5}, which leads to a more concrete estimation of the ratio; r_{I/W} ∼ 10^{−5} × A^{−1/2}_N ( δT_c H ) . (2.37)

8Note that the creation of the curvature perturbations at the end of inflation is not general for usual sneutrino inflation, in which inflation is the chaotic-type. Instead, there would be an inhomogeneous preheating[32] at the end of chaotic-type inflation, which may cause significant genation of the curvature perturbations with non-Gaussian character.

2.2 Spectral index

Spectral index of the curvature perturbations in warm inflation has been calculated in Ref.[16] for general form of the dissipative coefficient. The calculation presented in the reference is straight and useful. According to the calculation in Ref.[16], the spectral index for hybrid-like inflation with Γ ∝ T^0 and V_{ϕN} ∝ ϕ^{1+ϵN}_N is given by n_s − 1 ≃ − 3η 4r_Γ ( 1 − 2ϵ_N 1 + ϵ_N ) , (2.38)

which determines the ratio between η and r_Γ from the cosmological observations.

To summarize the results, we find the relation between A_N , r_{Tc} and η from R_{warm}, and the equation for η, r_Γ from the spectral index. There are two equations for the four parameters A_N , T_c, V_0 and M_N , in which T_c and V_0 are the parameters of the remote sector. Non-Gaussianity is not significant when the curvature perturbations are generated by the standard mechanism. Therefore, observation of the non-linear parameter f_{NL} ≫ 1 indicates that the curvature perturbations are not created at (and just after[18]) the horizon exit.

2.3 Leptogenesis

Leptogenesis can proceed through the out-of equilibrium decay of the sneutrino inflaton ϕ_N . Contrary to the usual sneutrino inflation model, reheating in remote inflation is caused by the remote-sector phase transition. Therefore, there is a dilution that leads to a suppression factor ϵ_D ∼ M^2_N (ϕ^{(e)}_N )^2/V_0 for the lepton number density. The lepton asymmetry of the Universe is measured by the lepton to entropy ratio that is given by n_L s ≃ |ϵ_{CP} |ϵ_D T_{RH} M_N , (2.39)

where ϵ_{CP} is the CP asymmetry generated at the decay of the sneutrino inflaton and T_{RH} is the reheating temperature. A typical bound for the CP-asymmetry parameter is given by[41] |ϵ_{CP} | ≤ 2 × 10^{−8} M_N 10^8GeV

, (2.40) which leads to the condition n_L s ≤ 2 × 10^{−8} T_{RH} 10^8GeV ϵ_D. (2.41)

As one would easily understand from the typical potential of the thermal inflation model, the reheating temperature in sneutrino-remote inflation can be lowered to a very small scale, even smaller than the electroweak scale. Such a low-reheating temperature is very interesting, but it obviously ruins the successful scenario of leptogenesis caused by the sneutrino inflaton. Inflation and the creation of the curvature perturbations are natural in this sneutrino-remote model, which may work even if the reheating temperature is very low. This is an interesting result. However, leptogenesis may not be sufficient if the reheating temperature is very low. The simplest way out of this dilemma would be to find a more general inflaton candidate in MSSM fields.^9 We consider this possibility in section 2.4. However, contrary to the sneutrino-remote inflation model that gives very simple results, arguments for MSSM-remote inflation with general inflaton potential are rather diverse. Moreover, the form of Γ may be different depending on the model parameters and the choice of the MSSM fields. Therefore, the purpose of the next paragraph is to show essential equations for MSSM-remote inflation when the diffusion parameter is given by the simplest form Γ ∼ A_M ϕ_M .

2.4 MSSM field as the inflaton

Applying remote inflation scenario to MSSM inflaton field, one finds immediately that significant difference may appear in the inflaton potential and ϵ_{CP} . The difference in the inflaton potential may lead to the difference in the slow-roll conditions, the curvature perturbations and the spectral index, while the difference in ϵ_{CP} may lead to a significant enhancement of the baryon number asymmetry for low-reheating temperature.

When the MSSM inflaton (ϕ_M ) has the (quasi-)flat potential, the typical form of the effective inflaton potential for T > T_c is given by

V (ϕ_M ) = V_0 { 1 + c^′_0 ln ϕ_M M_∗ } ≡ V_0 + m^4λ_0 ln ϕ_M M_∗ (n ≡ 0), (2.42)

or considering non-renormalizable terms the effective potential may be characterized by

V (ϕ_M ) = V_0 { 1 + c_n ( ϕ_M M_∗ )_n} ≡ V_0 + λ_n ϕ^n_M M^{n−4}_∗ (n ≠ 0), (2.43)

9There are many models of baryogenesis that may work with low-scale inflation. See for example Ref.[42] and the references therein.

where c^′_0, c_n and M_∗ are determined by the choice of the MSSM field, while V_0 is determined by the remote-sector potential. Although the potential with n < 0 is unlikely for the MSSM fields, it may appear in a hidden sector of dynamical supersymmetry breaking. In this paper we consider implicitly the potential with n = 0 and n ≥ 4. The potential characterized by n = 2 is the same as the sneutrino-remote model, although the typical mass-scale is utterly different.

For simplicity, we consider only the typical form of the dissipative coefficient that is given by Γ ≡ A_M ϕ_M , (2.44)

where the coefficient A_M is determined by the Yukawa couplings. The slow-roll velocity of the MSSM inflaton for the strongly dissipating regime (r_Γ > 1) is given by

ϕ̇_M ≃ − c^{′0}V^0 Γϕ_M ≃ − c^′_0 A_M V_0 ϕ^2_M ≃ − m^4λ_0 A_M ϕ^2_M

(n = 0) (2.45) ϕ̇_M ≃ −nc^nV^0 Γϕ_M ( ϕ_M M_∗ )_n ≃ − nc_nV_0 A_M ϕ^2_M ( ϕ_M M_∗ )_n

≃ − nλ_nM^2_∗ A_M ( ϕ_M M_∗ )_{n−2} (n ≠ 0). (2.46)

Again, T -dependence of Γ leads to a condition for the radiation[1] c ≡ | | | d ln Γ d ln T | | | < 4, (2.47)

which is satisfied except for 1 ≤ n ≤ 2[16].

In addition to the standard slow-roll conditions for the inflaton motion, slow-roll approximation for warm inflation requires slow-variation of Γ, which leads to the additional slow-roll parameter given by[1] β ≡ M^2_p ( Γ_{ϕN} V_{ϕN} ΓV ) ≃ c^′_0M^2_p ϕ^2_M ∼ m^4λ_0 H^2ϕ^2_M

< 1 + r_Γ (n = 0), (2.48) β ≡ M^2_p ( Γ_{ϕN} V_{ϕN} ΓV ) ≃ nc_nM^2_p ϕ^{n−2}_M M^n_∗ ∼ nλ_nϕ^{n−2}_M H^2M^{n−4}_∗

< 1 + r_Γ (n > 2), (2.49)

which lead to non-trivial conditions for the inflaton field; ϕ_M > M_p √ c^′_0 (1 + r_Γ) ∼ m^2 √ λ_0 H √ 1 + r_Γ

≡ ϕ^β_M (n = 0) (2.50)

ϕ_M < ( (1 + r_Γ)M^n_∗ nc_nM^2_p ) 1_{n−2} ∼ ( (1 + r_Γ)H^2M^{n−4}_∗ nλ_n ) 1_{n−2} ≡ ϕ^β_M (n > 2) (2.51)

The temperature during inflation is given by

T^4 ∼ 1 Hπ^2g_∗ (c^′_0)^2V^2_0 A_M ϕ^3_M ∼ m^8λ^2_0 Hπ^2g_∗A_M ϕ^3_M

(n = 0), (2.52)

T^4 ∼ 1 Hπ^2g_∗ n^2c^2_nV^2_0 A_M ϕ^3_M ( ϕ_M M_∗ )_{2n} ∼ M^4_∗ n^2λ^2_n π^2g_∗A_M ( M_∗ H ) ( ϕ_M M_∗ )_{2n−3} (n > 2). (2.53)

Remote inflation is possible during T > T_c, which defines the critical point given by

ϕ_M < ϕ^{(c)}_M ≡ ( c^′_0V^2_0 Hπ^2g_∗A_M T^4_c )_{1/3}

∼ ( m^8λ^2_0 Hπ^2g_∗A_M T^4_c )_{1/3} (n = 0), (2.54)

ϕ_M > ϕ^{(c)}_M ≡ ( Hπ^2g_∗A_M T^4_c M^{2n}_∗ n^2c^2_nV^2_0 ) 1_{2n−3}

∼ ( Hπ^2g_∗A_M T^4_c M^{2n−8}_∗ n^2λ^2_n ) 1_{2n−3} (n > 2). (2.55)

Here T_c is determined by the remote-sector potential.

In addition to these conditions, the conventional slow-roll conditions are the important conditions that determine the cosmological quantities created during inflation. The condition related to the ϵ-parameter is broken when ϵ > 1 + r_Γ, which leads to the conditions for the slow-roll inflation given by ϕ_M > ϕ^ϵ_M ≡ M_p c^′_0 √ 1 + r_Γ ∼ M_p λ_0 √ 1 + r_Γ ( m^4 V_0 ) (n = 0) (2.56) ϕ_M < ϕ^ϵ_M ≡ M_∗ (√ 1 + r_Γ nc_n M_∗ M_p ) 1_{n−1} ∼ (√ 1 + r_ΓV_0M^{n−4}_∗ nλ_nM_p . ) 1_{n−1} (n > 2) (2.57)

For n > 2 and λ_n > 0, slow-roll inflation is possible during ϕ^{(c)}_M < ϕ_M < Min{ϕ^ϵ_M , ϕ^β_M }, while for n = 0 and λ_0 > 0, we find that the condition is given by Max{ϕ^ϵ_M , ϕ^β_M } < ϕ_M < ϕ^{(c)}_M . Remote inflation is not successful if these conditions are not satisfied. To understand the end-boundary of remote inflation, it would be useful to consider the difference between n = 0 and n > 2. In contrast with n > 2, inflation with the potential characterized by n = 0 may terminate with the violation of the slow-roll condition. Namely, for the positive coefficient λ_0 > 0, inflaton motion of the n = 0 potential is roll-in, and the slowroll condition is violated at ϕ_M = Max{ϕ^ϵ_M , ϕ^β_M }. The temperature is increasing during inflation, which means that there is no phase transition during inflation. However, for the negative coefficient λ_0 < 0, inflaton motion is roll-out, and the inflation ends with the phase transition at ϕ_M = ϕ^{(c)}_M . The temperature is decreasing during inflation.

To understand clearly these arguments, it would be useful to consider a simple and concrete example in which some parameters are fixed at typical values. To show an explicit example, we find for the simplest case with n = 6;

T^4 ≃ λ^2_6ϕ^9_M HA_M M^4_∗

, (2.58)

which leads to the critical point defined by the phase transition in the remote sector;

ϕ^{(c)}_M ≃ ( A_M HT^4_c M^4_∗ λ^{−2}_6 )_{1/9} , (2.59)

and the critical points from the slow-roll conditions; ϕ^ϵ_M ≃ (√ 1 + r_ΓV_0M^2_∗ λ_6M_p )_{1/5} (2.60) ϕ^β_M ≃ ( (1 + r_Γ)H^2M^2_∗ λ_6 )_{1/4} . (2.61)

Obviously, remote inflation is possible for MSSM inflaton fields, during ϕ^{(c)}_M < ϕ_M < Min{ϕ^ϵ_M , ϕ^β_M }. Using ϕ^{(c)}_M for the end of remote inflation, and assuming that ϕ^{(i)}_M ∼ ϕ^{(c)}_M for N ∼ 60, we find the curvature perturbations given by R_{MSSM} ≃ r^{3/4}_Γ r^{3/2}_T ∼ r^{−7/6}_{Tc} A^{5/6}_M λ^{−1/6}_6 ( M_∗ H )_{1/3} . (2.62)

An intuitive argument would be useful for understanding the discrepancy between the usual MSSM inflation and MSSM-remote inflation. Standard MSSM inflation[6] realized with tiny Hubble parameter requires tiny slow-roll parameter for the creation of the curvature perturbations. Namely, from the normalization of the curvature perturbations and the standard formula R ∼ H δϕ ϕ̇ , (2.63) it is found that the slow-roll parameter ϵ ∼ 10^{−22}(H/10^2GeV )^2 is required to create the cosmological perturbations.^{10} Since the condition required for the creation of the curvature perturbations (ϵ < 10^{−22}) is much more severe than the slow-roll condition

10 Here the creation of the curvature perturbations at the horizon exit is discussed. Curvatons or inhomogeneous preheating may relax the fine-tuning problem in low-scale inflation scenario [33, 40].

ϵ < 1, there is a dilemma that ϵ at the creation of the curvature perturbations must be far different from the value at the end of inflation. Namely, rapid variation of ϵ is required for the last e-foldings N_e ∼ 60, while the potential must be very flat at the horizon exit. In contrast with supercooled inflation, strong dissipation in warm inflation may cause strong damping of the inflaton motion, even if the Hubble-induced mass leads to η ∼ 1. Moreover, since the end of remote inflation is not defined by ϵ ∼ 1, there is no dilemma related to the variation of ϵ. If the dissipation rate is given by Γ ∼ Aϕ_M , it enhances the curvature perturbation by the huge factor Γ/H ∼ r_Γ ∼ Aϕ_M /H ≫ 1. This factor may cure the fine-tuning problem of the supercooled MSSM inflation model.

2.5 Baryogenesis for MSSM inflaton

Compared with sneutrino-remote inflation, a significant discrepancy may appear in the estimation of the baryon number asymmetry, which is caused by the magnitude of ϵ_{CP} and the mass of the inflaton field. A rough estimation of the baryon asymmetry of the Universe measured by the baryon to entropy ratio is given by n_B s ∼ |ϵ_{CP} |ϵ_D T_{RH} m_{soft} , (2.64)

where T_{RH} can be as small as the scale of the nucleosynthesis[3]. The MSSM direction may have either baryon or lepton number. For high T_R, leptogenesis may work with active sphalerons. The baryon number is conserved if T_R is very low, where there is no active sphaleron after reheating.

3 Conclusions

In this paper we applied a new scenario of hybrid-like inflation to sneutrino and MSSM inflaton fields. In remote inflation, radiation raised continuously by a dissipating inflaton field keeps symmetry restoration in a remote sector, and the false-vacuum energy of the remote sector dominates the energy density during inflation. The situation is similar to hybrid inflation, but the hybrid-type potential is not required in this scenario. Remote inflation ends when the temperature reaches the critical temperature, or when the slowroll condition is violated. Using the scenario of remote inflation, we considered sneutrino and MSSM fields as the inflaton candidate, and found essential conditions for the inflaton potential and the remote sector. The results show that remote inflation may naturally work with sneutrino or MSSM fields. More details of the scenario (i.e., more details of the required parameter space for the curvature perturbations and baryogenesis) must be studied using numerical calculations.

4 Acknowledgment

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

A Thermal Inflation and reheating in the remote sec- tor A generic supersymmetric gauge theory will have a large number of directions which is flat before supersymmetry breaking. The minimal supersymmetric standard model (MSSM) will have the flat directions, but it does not lead to V_0 ≠ 0 during remote inflation. We thus considered for the remote sector a flat direction (flaton) which is not the MSSM flat direction but can be thermalized during remote inflation.^{11} The most obvious example of this kind has already been discussed for thermal inflation[3]. A field with a nonzero VEV is defined either by a Higgs field (which is not necessarily the standard-model Higgs or the conventional-GUT Higgs field) or a gauge singlet. The discussions for the original work of thermal inflation were focused on the latter case, but it was also commented that in some GUT models a Higgs field may play the role. In particular, gauge-mediated models of supersymmetry breaking has a hidden sector which interacts with the standardmodel fields with renormalizable interactions. The crucial difference between remotesector inflation and thermal inflation appears in the source of the radiation. In thermal inflation, there is no source of the radiation during inflation, while in remote inflation dissipation in the inflaton sector sources radiation.

11Note that the remote field must be distinguished from the inflaton field. The remote field plays the role of the trigger field that appears in the conventional hybrid inflation.

With regard to reheating in the remote sector, our scenario is very similar to thermal inflation, which is not similar to the reheating mechanism in MSSM inflation.^{12} Note that in MSSM-remote inflation, MSSM field appears as the inflaton in the inflaton sector, however reheating is caused by the remote-trigger field in the remote sector, which can be identified with the flaton in the conventional thermal inflation scenario. In the remote inflation scenario, reheating is not due to the decay of the MSSM inflaton, but induced by the remote-trigger field in the remote sector. We think there is no confusion on this point, since the scenario is comparable to the well-known scenario of hybrid inflation.

A flaton particle corresponding to oscillations around a VEV of M_0 will couple only weakly to particles with mass less than M_0. The simplest choice of the decay rate is Γ ∼ m^3/M^2_0 , where m is the flaton mass near the VEV. For example, an effective interaction λ|σ|^2||χ|^2 between the remote field σ and a spin-zero particle χ with the mass m_χ will lead to the decay rate[3] Γ ≃ λ^2 8π ( M m )_2 m √ 1 − 4m^2_χ m^2

. (A.1) Maximizing the decay rate with the obvious condition for the decay channel^{13} λ ≤ 1 2 m^2_χ M^2

, (A.2)

it is found that Γ ≤ 10^{−4}m^3/M^2[3]. Note that there are many choices for the remote sector, which are highly model-dependent.

The discussions for the flaton reheat temperature in the remote sector is precisely the same as what has been discussed for thermal inflation. The typical example that has been discussed in the original work of thermal inflation leads to the reheat temperature T_D ∼ ( 10^{11}GeV M_0 ) ( m 300GeV )_{3/2} GeV. (A.3) Of course, there are many choices for the flaton field that lead to many different values of the reheat temperature. It is not important to show the catalog of the flaton candidates in this appendix, since the purpose of this paper is to show a significant possibility of MSSM-remote inflation.

12Note that the oscillation after thermal inflation does not lead to preheating. Some details are discussed for MSSM fields in Ref.[43]. See also Ref.[44].

13This condition must not be applied to the interaction with thermal background during remote inflation.

B On thermal corrections to the MSSM inflaton

If part of the standard-model gauge group (or the extended gauge group in some extended models of the standard model) remains unbroken by the VEV of flat fields, the effective mass of the associated gauge fields (and gauginos) will remain massless. The background thermal bath with a temperature T will affect the flat direction dynamics. A detailed study of such thermal corrections has been presented in Ref.[44] with regard to the scenario in which MSSM directions are identified with curvatons. For the MSSM-remote inflation scenario, the situation is precisely the same as what happens in the conventional warminflation scenario. Namely, for the MSSM-inflaton VEV ϕ that induces a mass yϕ to the field that couples to the MSSM-inflaton, the effective potential that arises from the thermal background are

ΔV_{th} ∼ y^2T^2|ϕ|^2, (yϕ ≤ T ) ΔV_{th} ∼ ±αT^4 ln ( |ϕ|^2 ) , (yϕ > T ) (B.1)

where α is a gauge fine structure constant. The obvious condition, which arises for any kind of warm inflation scenario, is given by yϕ ≫ T . Of course, this condition must be satisfied during MSSM-remote inflation, although it frequently leads to a trivial condition that can be disregarded compared with other conditions[1].

References

[1] A. Berera, “Warm Inflation,” Phys. Rev. Lett. 75, 3218 (1995) [arXiv:astro-ph/9509049]; A. Berera, “The warm inflationary universe,” Contemp. Phys. 47, 33 (2006) [arXiv:0809.4198 [hep-ph]]; M. Bastero-Gil and A. Berera, “Determining the regimes of cold and warm inflation in the SUSY hybrid model,” Phys. Rev. D 71, 063515 (2005) [arXiv:hep-ph/0411144].

[2] T. Matsuda, “Remote Inflation: Hybrid-like inflation without hybrid-type potential,” arXiv:0904.2821 [astro-ph.CO].

[3] D. H. Lyth and E. D. Stewart, “Thermal Inflation And The Moduli Problem,” Phys.

Rev. D 53, 1784 (1996) [arXiv:hep-ph/9510204].

[4] A. D. Linde, “Hybrid inflation,” Phys. Rev. D 49, 748 (1994) [arXiv:astro-ph/9307002].

[5] H. Murayama, H. Suzuki, T. Yanagida and J. Yokoyama, “Chaotic inflation and baryogenesis by right-handed sneutrinos,” Phys. Rev. Lett. 70, 1912 (1993).

[6] R. Allahverdi, K. Enqvist, J. Garcia-Bellido and A. Mazumdar, Gauge invariant MSSM inflaton [hep-ph/0605035]; R. Allahverdi, A. Kusenko and A. Mazumdar, Aterm inflation and the smallness of neutrino masses[hep-ph/0608138]; D. H. Lyth, MSSM inflation [hep-ph/0605283]; J. C. Bueno Sanchez, K. Dimopoulos and D. H. Lyth, A-term inflation and the MSSM [hep-ph/0608299].

[7] T. Matsuda, “Generating curvature perturbations with MSSM flat directions,” JCAP 0706, 029 (2007) [arXiv:hep-ph/0701024].

[8] M. Bastero-Gil and A. Berera, “Sneutrino warm inflation in the minimal supersymmetric model,” Phys. Rev. D 72 (2005) 103526 [arXiv:hep-ph/0507124].

[9] D. H. Lyth and E. D. Stewart, “More varieties of hybrid inflation,” Phys. Rev. D 54, 7186 (1996) [arXiv:hep-ph/9606412].

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

[11] T. Matsuda, “Non-tachyonic brane inflation,” Phys. Rev. D 67, 083519 (2003) [arXiv:hep-ph/0302035]; T. Matsuda, “F-term, D-term and hybrid brane inflation,” JCAP 0311, 003 (2003) [arXiv:hep-ph/0302078]

[12] T. Matsuda, “Topological hybrid inflation in brane world,” JCAP 0306, 007 (2003) [arXiv:hep-ph/0302204]; T. Matsuda, “Q ball inflation,” Phys. Rev. D 68, 127302 (2003) [arXiv:hep-ph/0309339].

[13] T. Matsuda, “Thermal hybrid inflation in brane world,” Phys. Rev. D 68, 047702 (2003) [arXiv:hep-ph/0302253]. T. Matsuda, “Kaluza-Klein modes in hybrid inflation,” Phys. Rev. D 66, 107301 (2002) [arXiv:hep-ph/0209214].

[14] E. W. Kolb and M. S. Turner, “The Early universe,” Front. Phys. 69 (1990) 1.

[15] M. Gell-Mann, P. Ramond and R. Slansky, Proceedings of the Supergravity Stony Brook Workshop, New York, 1979, eds. P. Van Nieuwenhuizen and D. Freedman (North-Holland, Amsterdam); T. Yanagida, Proceedings of the Workshop on Unified Theories and Baryon Number in the Universe, Tsukuba, Japan 1979 (eds. A. Sawada and A. Sugamoto, KEK Report No. 79-18, Tsukuba).

[16] Y. Zhang, “Warm Inflation with a General Form of the Dissipative Coefficient,” JCAP 0903, 023 (2009) [arXiv:0903.0685 [hep-ph]].

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

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

[19] 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].

[20] 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].

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

[22] T. Matsuda, “Delta-N formalism for the evolution of the curvature perturbations in generalized multi-field inflation,” arXiv:0906.2525 [hep-th]; T. Matsuda, “Evolution of curvature perturbation in generalized gravity theories,” arXiv:0906.0643 [hep-th]; 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, “Successful D-term inflation with moduli,” Phys. Lett. B 423, 35 (1998) [arXiv:hep-ph/9705448].

[23] 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].

[24] L. Kofman, “Probing string theory with modulated cosmological fluctuations,” arXiv:astro-ph/0303614.

[25] 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]; 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].

[26] T. Matsuda, “Curvatons and inhomogeneous scenarios with deviation from slow-roll,” JCAP 0812 (2008) 001 [arXiv:0811.1318 [hep-ph]].

[27] 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].

[28] F. Bernardeau, L. Kofman and J. P. Uzan, “Modulated fluctuations from hybrid inflation,” Phys. Rev. D 70, 083004 (2004) [arXiv:astro-ph/0403315].

[29] D. H. Lyth, “Generating the curvature perturbation at the end of inflation,” JCAP 0511, 006 (2005) [arXiv:astro-ph/0510443].

[30] T. Matsuda, “Elliptic inflation: Generating the curvature perturbation without slowroll,” JCAP 0609, 003 (2006) [arXiv:hep-ph/0606137].

[31] 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];

[32] 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].

[33] T. Matsuda, “Cosmological perturbations from inhomogeneous preheating and multifield trapping,” JHEP 0707, 035 (2007) [arXiv:0707.0543 [hep-th]]; T. Matsuda, “Hybrid Curvatons from Broken Symmetry,” JHEP 0709, 027 (2007) [arXiv:0708.4098 [hep-ph]].

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

[35] T. Matsuda, “Brane inflation without slow-roll,” JHEP 0703, 096 (2007) [arXiv:astro-ph/0610402].

[36] 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]. G. Dvali, A. Gruzinov and M. Zaldarriaga, “Cosmological perturbations from inhomogeneous reheating, freezeout, and mass domination,” Phys. Rev. D 69, 083505 (2004) [arXiv:astro-ph/0305548]. 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].

[37] 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].

[38] 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].

[39] K. Dimopoulos, G. Lazarides, D. Lyth and R. Ruiz de Austri, “Curvaton dynamics,” Phys. Rev. D 68, 123515 (2003) [arXiv:hep-ph/0308015]; Q. G. Huang, “Curvaton with Polynomial Potential,” arXiv:0808.1793 [hep-th].

[40] 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]].

[41] K. Hamaguchi, H. Murayama and T. Yanagida, “Leptogenesis from sneutrinodominated early universe,” Phys. Rev. D 65, 043512 (2002) [arXiv:hep-ph/0109030].

[42] T. Matsuda, “Affleck-Dine baryogenesis after thermal brane inflation,” Phys. Rev. D 65, 103501 (2002) [arXiv:hep-ph/0202209]; T. Matsuda, “Baryon number violation, baryogenesis and defects with extra dimensions,” Phys. Rev. D 66, 023508 (2002) [arXiv:hep-ph/0204307]; “Affleck-Dine baryogenesis in the local domain,” Phys. Rev. D 65, 103502 (2002) [arXiv:hep-ph/0202211].

[43] R. Allahverdi and A. Mazumdar, “Reheating in supersymmetric high scale inflation,” Phys. Rev. D 76, 103526 (2007) [arXiv:hep-ph/0603244]; R. Allahverdi, K. Enqvist, J. Garcia-Bellido, A. Jokinen and A. Mazumdar, “MSSM flat direction inflation: slow roll, stability, fine tunning and reheating,” JCAP 0706, 019 (2007) [arXiv:hep-ph/0610134].

[44] K. Enqvist and A. Mazumdar, “Cosmological consequences of MSSM flat directions,” Phys. Rept. 380, 99 (2003) [arXiv:hep-ph/0209244]; R. Allahverdi, K. Enqvist, A. Jokinen and A. Mazumdar, “Identifying the curvaton within MSSM,” JCAP 0610, 007 (2006) [arXiv:hep-ph/0603255]; A. Mazumdar, “A model for fluctuating inflaton coupling: (s)neutrino induced adiabatic perturbations and non-thermal leptogenesis,” Phys. Rev. Lett. 92, 241301 (2004) [arXiv:hep-ph/0306026]; A. Mazumdar and A. Perez-Lorenzana, “Sneutrino bangs,” Phys. Rev. Lett. 92, 251301 (2004) [arXiv:hep-ph/0311106]; A. Mazumdar, “CMB constraints on non-thermal leptogenesis,” Phys. Lett. B 580, 7 (2004) [arXiv:hep-ph/0308020].