arXiv:0907.5050v2 [hep-ph] 29 Jan 2010

Gravitino Production after Inflation in No-Scale Supergravity

Kenji Takagi^{(2)}, Yuta Koshimizu^{(1)}, Toyokazu Fukuoka^{(1)}, Takao Sakai^{(3)}, Hikoya Kasari^{(1)} and Mitsuo J. Hayashi^{(1)}

(1)Department of Physics, Tokai University, 1117, Kitakaname, Hiratsuka, 259-1292, Japan (2)Company VSN, Minato, Shibaura, 108-0023, Japan (3)Company Mobile Techno, Saiwa, Horikawa, 212-0013, Japan

E-mail: mhayashi@keyaki.cc.u-tokai.ac.jp

Abstract

By using a No-Scale Supergravity model, which was proved to explain WMAP observations appropriately, a mechanism of supersymmetry breaking and a preheating just after the end of inflation are investigated. Non-thermal production rate of gravitino is estimated as well as supersymmetry breaking mechanism numerically. The supersymmetry breaking is triggered by the inflaton superfield alone and the interchange of supersymmetry breaking fields does not occur in our model. By the instant preheating mechanism, the preheating temperature is calculated through the process where the inflaton decays into right handed sneutrinos, which will decay into Higgs fields and others. The obtained value of the yield variable for gravitino is rather large, however, the primordial gravitinos decay very rapidly and the preheating temperature is lower than the gravitino mass, the effect to the standard Big Bang Nucleosynthesis (BBN) scenario is negligible. Though a tachyonic state seems to appear from modular field T , it will be solved by assuming the spontaneous breaking of modular invariance. Whether or not the fact is a defect, we emphasize that the model still seems phenomenologically effective.

1 Introduction

Following “Five-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations” [1], the theory of inflation are proved to be the most promising theory of the early universe before the big bang.

As a favored scenario to explain the observational data, it is customary to introduce a scalar field called inflaton. What kind of theoretical frameworks are the most appropriate to describe the theory of particle physics, inflation and the recent observations. It seems to require a far richer structure of contents than that of the standard theory of particles. As far as the 4D, N = 1 supergravity can play an elementary role in the theory of the space-time and the particles [2], it can also be essential in the theory of the early universe as an effective field theory. Supergravity, however, has been confronting with the difficulties, such as the η-problem and the supersymmetry breaking mechanism has been studied by many authors [3, 4, 5, 6]. We have investigated to prevail over these difficulties in Refs.[7, 8] by using the modular invariant supergravity induced from superstring [9]. We found that the interplay between the dilaton field S and gauge-singlet scalar Y could give rise to sufficient inflation. The model is free from the the η-problem and realizes appropriate amount of inflation as well as the TT angular power spectrum.

In supergravity, gravitino is a unique object and cosmological meanings of gravitino is one of the most important problem. In this Letter we will investigate the gravitino production just after the end of inflation.

First we will briefly review the model and the former results [7, 8] as follows: It is convenient to introduce the dilaton field S, a chiral superfield Y and the modular field T . Here, all the matter fields are set to zero for simplicity. Then, the effective no-scale type Kähler potential and the effective superpotential that incorporate modular invariance are given by:

K = − ln (S + S^∗) − 3 ln ( T + T^∗ − |Y |^2 ) , W = 3bY^3 ln [ c e^{S/3b} Y η^2(T ) ] , where η(T ) is the Dedekind η-function, defined by: η(T ) = e^{−2πT /24} ∞∏ n=1 (1 − e^{−2πnT} ). (1)

The parameter b and c are treated as free parameters in this letter as discussed in Ref.[8]. The scalar potential is in order: V (S, T, Y ) = 3(S + S^∗)|Y |^4 (T + T^∗ − |Y |^2)^2 ( 3b^2 | | |1 + 3 ln [ c e^{S/3b} Y η^2(T ) ]| |^2 + |Y |^2 T + T^∗ − |Y |^2 | |S + S^∗ − 3b ln [ c e^{S/3b} Y η^2(T ) ]| |^2

+6b^2|Y |^2 [ 2(T + T^∗) | | |η^′(T ) η(T ) | | |^2 + η^′(T ) η(T ) + ( η^′(T ) η(T ) )_∗] ) . (2)

The potential is explicitly modular invariant and can be shown to be stationary at the self-dual points T = 1 and T = e^{iπ/6} [9].

We had found that the potential V (S, Y ) at T = 1 has a stable minimum at for the values b = 9.4, c = 131 and obtained

S_{min} = 1.51, Y_{min} = 0.00878480, (3) where η(1) = 0.768225, η^2(1) = 0.590170, η^′(1) = −0.192056, η^{′′}(1) = −0.00925929 are used. The inflationary trajectory can be well approximated by

Y_{min}(S) ∼ 0.009268e^{−0.035461S}, (4)

which corresponds to the trajectory of the stable minimum for both S and Y . The slow-roll parameters ε_S and η_{SS} satisfy the slow-roll conditions. The the number of e-folds ∼ 57, by fixing the parameters b = 9.4 and c = 131 and integrating from S_{end} ∼ 4.19 to S_∗ ∼ 11.6, i.e. our potential can produce a cosmologically plausible number of e-folds [1]. Here S_∗ is the value corresponding to the scale k_∗ = 0.05 Mpc^{−1}. We can also compute the scalar spectral index and its running that describe the scale dependence of the spectrum of the primordial density perturbation P_R = (H/Ṡ)^2(H/2π)^2 [10]; these indices are defined by

n_s − 1 = d ln P_R d ln k , (5)

α_s = dn_s d ln k . (6)

These are approximated in the slow-roll paradigm as

n_s(S) ∼ 1 − 6ϵ_S + 2η_{SS} , (7) α_s(S) ∼ 16ϵ_Sη_{SS} − 24ϵ^2_S − 2ξ^2_{(3)}, (8)

where ξ_{(3)} is an extra slow-roll parameter that includes the trivial third derivative of the potential. Substituting S_∗ into these equations, we have n_{s∗} ∼ 0.951 and α_{s∗} ∼ −2.50 × 10^{−4}.

Because n_s is not equal to 1 and α_s is almost negligible, our model suggests a tilted power law spectrum. The value of n_{s∗} is consistent with the recent observations; the best fit of fiveyear WMAP data using the power law ΛCDM model is n_s ∼ 0.951 [1]. Finally, estimating the spectrum P_R in the slow-roll approximation (SRA), P_R ∼ 1 12π^2

V^3 ∂V^2 , (9)

we find P_{R∗} ∼ 2.36 × 10^{−9}. This result matches the measurements as well [1, 7, 8]. Incidentally speaking, the energy scale V ∼ 10^{−10} is also within the constrained range obtained by Liddle and Lyth [11].

In order to study on the angular power spectrum, we need the tensor perturbation (the gravitational wave) spectrum which is given as follows:

P_{grav} = 8 ( H 2π )_2 = 2 3π^2

V. (10)

In SRA, the spectral index of P_{grav} is given by the slow-roll parameters ϵ and η as

n_T = −2ϵ. (11)

Using these parameters T T and T E angular spectrum were well fitted to the WMAP data [8].

However, one of the problems we met is that a tachyonic mode inevitably appear from the mass term of modular field T . Mass squared of the scalars S, Y , T in GeV^2 are obtained by quadratic terms of expansion of potential V as

M^2 = m^2_S m^2_{SY} m^2_{ST} m^2_{SY} m^2_Y m^2_{Y T} m^2_{ST} m^2_{Y T} m^2_T

= 4.80 × 10^{29} 1.54 × 10^{33} −5.88 × 10^{26} 1.54 × 10^{33} 4.95 × 10^{36} −1.19 × 10^{29} −5.88 × 10^{26} −1.19 × 10^{29} 2.86 × 10^{27} . (12)

Then diagonalized mass squared matrix of S, Y , T in GeV^2 is given

U^{−1}M^2U = m^2_S′ 0 0

0 m^2_Y ′ 0

0 0 m^2_T ′

= 2.96 × 10^{27} 0 0

0 4.95 × 10^{36} 0

0 0 −7.85 × 10^{25} . (13)

It seems to give arise a tachyonic state. However, if we see the higher order terms of expansion, then the terms spontaneously break a symmetry. In this case the modular invariance of the model is broken after the end of inflation. The physical effect of this symmetry breaking will be discussed in following works.

The appearance of the tachyonic state is, however, rather a general feature of superstring inspired supergravity model [12]. The problem is investigated radically to consider all angles of situations of No-Scale supergravity, including whether or not the fact is a defect. However, in order to emphasize that the model is still phenomenologically effective, we choose the case of the modular superfield T is trivial and only is put to T = 1, ImT = 0 in K, W and V , since the modular superfield T did not play any roles in our former papers. We should be satisfied in our achievements, at this moment, that our model can well explain the inflation and just after the inflation (preheating stage) at phenomenological level.

2 Gravitino mass and Evolution of inflaton after the end of inflation

Now we will investigate the properties of gravitino and other fields. First, gravitino mass is given in this case m_{3/2} = M_P e^{K/2}|W | = 3.16 × 10^{12} GeV, (14)

where ℏ = 6.58211915 × 10^{−25} GeV·sec and M_p = 2.435327 × 10^{18} GeV are used. Now we will concentrate only on the model to investigate the gravitino production after inflation. If the chaotic potential V = 1 2 m^2_ϕϕ^2, (15)

is considered, the equation of motion of the scalar field is given by

ϕ̈ + 2 t ϕ̇ + m^2_ϕϕ = 0. (16)

Then the general solution of this differential equation is obtained as ϕ(t) = c_1 m_ϕt sin(m_ϕt) + c_2 m_ϕt cos(m_ϕt). (17)

Here, by taking limit t → 0, c_2 = 0 follows, and if the amplitude ϕ̄(t) is defined ϕ̄(t) ≡ c^1 m_ϕt , (18)

then solution is damping oscillation

ϕ(t) = ϕ̄(t) sin(m_ϕt). (19)

In our model, by expanding V around the minimum of S(t), Y (t) and fixed T = 1, and by providing S(t) and Y (t) are real, then we obtained S(t), Y (t) as follows:

S(t) = S_{min} + √ 8 3 sin[m_S t] m_S t , (20)

Y (t) = 1 η^2(1)e^{1/3}c e^{− S(t)3b} . (21)

These formula are frequently used in the following calculations.

3 F-term supersymmetry breaking mechanism

It is proved that the evolutions of S breaks supersymmetry after the end of inflation.

In order to argue on the evolution of F −terms, the supersymmetry breaking scale α is defined by Kallosh et al. [13] as follows: α = | |ϕ̇ | |^2 + m^iG^{−1j}_i mj + VD

= 3M_p^2(H^2 + m_{3/2}^2), (22)

where V_D is contribution of D−term to the potential, and m^i is m^i ≡ D^im = e^{K/2} [ ∂^iW + (∂^iK)W ] , m ≡ e^{K/2}W. (23) The F −term supersymmetry breaking scale is also given by Nilles et al. [14, 15, 16]

f_{ϕi}^2 ≡ m_i^2 + 1 2 ( dϕ_i dt )_2

, (24)

f_{ϕi}^2 give a ”measure” of the size of the supersymmetry breaking provided by the F −term associated with the i-th scalar field, which is the same as α. The factor^1_2 in front of ϕ̇_i shows ϕ̇_i are real. In our model these quantities are estimated by calculating m^S G^{−1S} m_S , m^Y G^{−1Y} m_Y and time derivatives of these fields, finally f_{ϕi}^2 are given by

f^2_S = 1.74 × 10^{25}, f^2_Y = 1.15 × 10^{21}, (25)

where numerical values are estimated at the stationary points S_{min}, Y_{min} which are also asymptotic values.

By inserting the stationary values of S, Y and define α_S = f^′_S^2, α_Y = f^′_Y^2, we obtain the ratios r_S , r_Y

r_S = α_S α_S + α_Y

= 0.999, (26)

r_Y = α_Y α_S + α_Y

= 6.63 × 10^{−5}, (27)

Thus, supersymmetry is overwhelmingly broken by superfield S. Contrary to the fact pointed out by Nilles et al. [14, 15, 16], that the interchange of supersymmetry breaking fields occurs, it does not occur in our model. The evolution of the ratios is shown at Fig.1.

4 Goldstino state and Inflaton decay into Gravitino

Here we will show the value of Fermion masses. The masses of Goldstino S̃ and supersymmetric partners Ỹ are obtained as follows. Using m^{ij} = m^{ji} and χ_iχ_j = −χ_j χ_i (i ≠ j), we obtain:

m^{ij} χ_iχ_j = m^{S̃S̃} χ_{S̃} χ_{S̃} + m^{Ỹ Ỹ} χ_Ỹ χ_Ỹ , (28)

Figure 1: Relative contribution of the two scalar fields S and Y to the supersymmetry breaking during their evolution. That of r_S corresponds to the highest curve, r_Y the lowest.

where we have neglected the Hermite conjugate terms. Then, the values are

m_{S̃} = 0 GeV, m_Ỹ = 3.68 × 10^{17} GeV. (29)

Since S̃ is massless and S breaks supersymmetry, S̃ state is identified with Goldstino, which is absorbed into gravitino by super-Higgs mechanism [2, 17]. Ỹ is the supersymmetric partners of Y . Following Endo et al. [21, 22], the decay rate Γ(S → 2ψ_{3/2}) is calculated in our model:

Γ_{(S→2ψ3/2)} ≃ 1 288π |G_S |^2 G_S¯_S m_S^5 m_{3/2}^2M_p^2

, (30)

because the gravitino production comes only from inflaton S. G_S and G_S¯_S are respectively well defined (by assuming the fields real) at stationary points of three scalars S,Y and T . The mass parameter included in Γ_{(S→2ψ3/2)} is used as:

m_S = 5.44 × 10^{13} GeV. (31)

Now the value of the decay rate Eq.(30) is given by

Γ_{(S→2ψ3/2)} = 1.56 × 10^4 GeV. (32)

The decay time τ_{(S→2ψ3/2 )} is τ_{(S→2ψ3/2)} = ℏ Γ_{(S→2ψ3/2)} ≃ 4.23 × 10^{−29} sec. (33)

This process occurs almost instantly. Thus it is quite possible that primordial gravitino production occurs very rapidly.

5 Instant preheating temperature in NMSSM

Now we should choose a model to determine the preheating temperature by inflaton decay into the Minimal Supersymmetric Standard Model (MSSM) or NMSSM particles. We will assume the instant preheating mechanism [18], because this method is mathematically easier to control than that of parametric resonance [19].

It is not unique to take in the ordinary particles into No-scale supergravity. Therefore we will assume that the effective superpotential during the oscillations of inflaton is given as follows:

W_{NMSSM} = M_S S^2 + M_{Ri} N^c_i N^c_i + λ_iSN^c_i N^c_i + γ^{ij}_ν N^c_i L_j H_u, (34) where S is dilaton (inflaton), N^c_i are the gauge singlet right handed neutrinos, L_i are the lepton doublet superfields and H_u is the Higgs superfield. In this letter, we will apply the instant preheating mechanism [18, 20] in order to estimate the effects of preheating. After single oscillation of inflaton, the number density n_k is given by

n_k = exp ( − π(k^2/a^2 + M_{Ri} ) λ_i|Ṡ_0| ) . (35)

By integrating to obtain the number density n_k of right handed sneutrinos Ñ^c_i :

n_Ñ c_i = 1 2π^2 ∫_∞ 0 dkk^2n_k (36) = (λ_iṠ_0)^{3/2}

8π^3 exp ( − πM^2_{Ri} λ_i|Ṡ_0| ) (37) ≈ (λ_iṠ_0)^{3/2}

8π^3

, (38)

where we concentrated on the case M^2_{Ri} ≲ λ_i|Ṡ|. Thus, the preheating temperature is obtained just after thermal equilibrium:

T_R = ( 30 π^2g_∗

· m_Ñ c_i · n_Ñ c_i )_{1/4}

= ( 15M_{Ri} (λ_iṠ_0)^{3/2} 4g_∗π^5 )_{1/4}

= 2.33 × 10^{12} GeV, (39)

where the constants are chosen as λ_i = 8.44057 × 10^{−6}, Ṡ_0 = 8.77073 × 10^{31}, M_{Ri} =^1_2 m_S and g_∗ = 228.75 in the case of MSSM. By using the formula given in Ref.[23], the yield variable for gravitino Y_{3/2} =^{n3/2}_s , where n_{3/2} is the number density of gravitino and s is the entropy density of matters, is estimated to Y^{(NT )} 3/2 = 2 Γ_{(S→2ψ3/2)} Γ_ϕ 3T_R 4m_S = 2 1 288π |G_S |^2 G_S¯_S m^5_S m^2_{3/2}M^2_P ( 10 π^2g_∗

) 1_2 M_P T^2_R 3T_R 4m_S = 1 192π |G_S |^2 G_S¯_S m^4_S m^2_{3/2}M_P T_R ( 10 π^2g_∗

) 1_2

= 2.99 × 10^{−5}. (40)

The obtained value seems too large at a first glance. However, the produced gravitinos decay rather very rapid, for instance, the decay time of gravitino to a photon and a photino ψ_{3/2} → γ+γ̃ is calculated for m_{γ̃} ≪ m_{3/2} as:

τ_{3/2}(ψ_{3/2} → γ + γ̃) = 3.9 × 10^8 ( m_{3/2} 100 GeV )_{−3} = 1.2 × 10^{−21} sec, (41)

where we have used the formula derived in Ref.[24]. Because the primordial gravitinos decay very rapidly and the preheating temperature is lower than the gravitino mass, the effect to the standard Big Bang Nucleosynthesis (BBN) scenario [25, 26] (see also Refs.[27, 28]) may be negligible in our model.

6 Conclusion

We have investigated on the gravitino production just after the end of inflation through the inflaton (dilaton) decay. The model we used, cleared the η-problem and appeared to predict successfully the values of observations at inflation era. It predicted for examples, the indices n_{s∗} ∼ 0.951 and α_{s∗} ∼ −2.50×10^{−4}. The value of n_{s∗} is consistent with the recent observations; the best fit of five-year WMAP data using the power law ΛCDM model is n_s ∼ 0.951 [1]. The estimation of the spectrum was as P_{R∗} ∼ 2.36 × 10^{−9}, which result matches the measurements as well [1, 7, 8].

Because the mass of gravitino is calculated as 3.16 × 10^{12}GeV, it is rather heavy and may be unstable, therefore, may not be considered as the lightest supersymmetric particle (LSP) or the next lightest (NLSP) and not a dark matter candidate discussed in Refs.[21, 22, 29]. However the main topic of supergravity at present stage of the theory is whether the gravitino exist or not in nature despite its mass. On the other hand, the supersymmetry breaking is triggered by F −term of the inflaton (dilaton) superfield and the interchange of supersymmetry breaking fields does not occur in our model. Supersymmetry is overwhelmingly broken by superfield S only, contrary to the fact of the interchange of supersymmetry breaking fields pointed out by Nilles et al. [14, 15, 16]. From the masses of inflaton S and gravitino mass m_{3/2}, the decay rate of the inflaton to two gravitinos is estimated to 1.56 × 10^4GeV. The gravitinos are produced almost instantly just after the end of inflation. The preheating temperature is also estimated by assuming the instant preheating mechanism and by using a tentative model among NMSSM models [18] in order to calculate the entropy density. Then the yield variable for gravitino takes rather large value, however the decay time appears very rapid and disappear before the BBN stage of the universe. Therefore we conclude that our present model seems consistent with the present situation of observations for gravitino production and NMSSM matters.

Nonetheless, one of the problems we met is that a tachyonic mode inevitably appear from the mass term of modular field T , though we explained the fact by occurrence of spontaneous breakdown of modular invariance. Whether the fact is a defect or not, we need more deeper studies, however, we emphasize that the model still seems phenomenologically effective. The tachyonic state is rather a general feature of superstring inspired supergravity model [12]. We should find satisfaction in our achievements, at this moment, that our model can well explain the inflation and just after the inflation (preheating stage) at phenomenological level. More detailed analysis will appear soon. Though we have been exclusively restricted our attention to a model of Ref.[9], the other models derived from the other type of compactification seems very interesting. Among them KKLT model [30, 31, 32, 33] attracts our interest, where the moduli superfield T plays an essential roles. We should take all the circumstances into consideration on essential problems confronted in construction of (No-Scale) Supergravity models.

References

[1] J. Dunkley, et al., Astrophys. J. Suppl. 180 (2009) 306, arXiv:0803.0586;

E. Komatsu, et al., Astrophys. J. Suppl. 180 (2009) 330, arXiv:0803.0547, and reference therein.

[2] E. Cremmer, S. Ferrara, L. Girardello and A. Van Proeyen, Nucl. Phys. B212 (1983) 413;

T. Kugo and S. Uehara, Nucl. Phys. B222 (1983) 125; H.P. Nilles, Phys. Rep. 110 (1984) 1.

[3] H.P. Nilles, hep-ph/0004064, and references therein.

[4] J. Ellis, C. Kounnas and D.V. Nanopoulos, Nucl. Phys. B247 (1984) 373.

[5] E. Witten, Phys. Lett. B155 (1985) 151;

S. Ferrara, C. Kounnas and M. Porrati, Phys. Lett. B181 (1986) 263;

S. Ferrara and M. Porrati, Phys. Lett. B545 (2002) 411, hep-th/0207135; E.J. Copeland, A.R. Liddle, D.H. Lyth, E.D. Stewart and D. Wands, Phys. Rev. D49 (1994) 6410, astro-ph/9401011.

[6] B. de Carlos, J.A. Casas and C. Muñoz, Phys. Lett. B263 (1991) 248;

B. de Carlos, J.A. Casas and C. Muñoz, Nucl. Phys. B399 (1993) 623; M. Cvetic, A. Font, L.E. Ibáñez, D. Lüst and F. Quevedo, Nucl. Phys. B361 (1991) 194; D. Lüst and T. R. Taylor, Phys. Lett. B253 (1991) 335;

A. Font, L. Ibáñez, D. Lüst and F. Quevedo, Phys. Lett. B245 (1990) 401.

[7] M.J. Hayashi, T. Watanabe, I. Aizawa and K. Aketo, Mod. Phys. Lett. A18 (2003) 2785, hep-ph/0303029;

M.J. Hayashi and T. Watanabe, Proceedings of ICHEP 2004, Beijing, 423, World Scientific, 2005, hep-ph/0409084.

[8] M.J. Hayashi, S. Hirai, T. Takami, Y. Okame, K. Takagi and T. Watanabe, Int. J. Mod.

Phys. A22, (2007) 2223;

M.J. Hayashi, S. Hirai, T. Takami, Y. Okame, K. Takagi and T. Watanabe, FRONTIERS OF FUNDAMENTAL AND COMPUTATIONAL PHYSICS, AMERICAN INSTITUTE OF PHYSICS, 2008, pp.74-79.

[9] S. Ferrara, N. Magnoli, T.R. Taylor and G. Veneziano, Phys. Lett. B245 (1990) 409.

[10] J.M. Bardeen, Phys. Rev. D22 (1980) 1882;

H. Kodama and M. Sasaki, Prog. Theor. Phys. Suppl. 78 (1984) 1; M. Sasaki, Prog. Theor. Phys. 76 (1986) 1036;

V.F. Mukhanov, H. A. Feldman and R.H. Brandenberger, Phys. Rep. 215 (1992) 203.

[11] A.R. Liddle and D.H. Lyth, Phys. Rep. 231 (1993) 1;

A.R. Liddle and D.H. Lyth, Cosmological Inflation and Large-Scale Structure, Cambridge Univ. Press, 2000;

D.H. Lyth and A. Riotto, Phys. Rep. 314 (1999) 1, hep-ph/9807278.

[12] L. Covi, M. Gomez-Reino, C. Gross, J. Louis, G. A. Palma and C.A. Scrucca, JHEP 0806 (2008) 057, arXiv:0804.1073v3;

R. Flauger, S. Paban, D. Robbins and T. Wrase, arXiv:0812.3886v3, and references there in. [13] R. Kallosh, L. Kofman, A.D. Linde, and A. Van Proeyen, Class. Quant. Grav. 17 (2000) 4269, hep-th/0006179v3;

R. Kallosh, L. Kofman, A.D. Linde, and A. Van Proeyen, Erratum-ibid.21 5017 (2004).

[14] H.P. Nilles, M. Peloso and L. Sorbo, Phys. Rev. Lett. 87 (2001) 051302, hep-ph/0102264v1;

H.P. Nilles, M. Peloso and L. Sorbo, JHEP 0104 (2001) 004, hep-th/0103202v3.

[15] H.P. Nilles, K. A. Olive and M. Peloso, Phys. Lett. B522 (2001) 304, hep-ph/0107212.

[16] H.P. Nilles, Nucl. Phys. Proc. Suppl. 101 (2001) 250, hep-ph/0106063; and references therein.

[17] T. Moroi, Ph.D thesis, Tohoku University, 1995, hep-ph/9503210v1.

[18] L. Kofman, A. D. Linde and A. A. Starobinsky, Phys. Rev. D59 (1999) 123523, hep-ph/9812289v2.

[19] L. Kofman, A. D. Linde and A. A. Starobinsky, Phys. Rev. Lett. 73 (1994) 3195, hep-th/9405187v2.

[20] T. Fukuyama, T. Kikuchi and W. Naylor, Phys. Lett. B632 (2006) 349, hep-ph/0510003v2;

T. Fukuyama, T. Kikuchi and W. Naylor, hep-ph/0511105v1.

[21] M. Endo, K. Hamaguchi, and F. Takahashi, Phys. Rev. Lett. 96 (2006) 211301, hep-ph/0602061v2;

M. Endo, K. Kadota, K. A. Olive, F. Takahashi and T.T. Yanagida, JCAP 0702 (2007) 018, hep-ph/0612263v2;

M. Endo, F. Takahashi and T.T. Yanagida, Phys. Rev. D76 (2007) 083509, hepph/0706.0986v2.

[22] S. Nakamura and M. Yamaguchi, Phys. Lett. B638 (2006) 389, hep-ph/0602081;

T. Asaka, S. Nakamura and M. Yamaguchi, Phys. Rev. D74 (2007) 023520, hep-ph/0604132v1.

[23] M. Endo, F. Takahashi and T. T. Yanagida, Phys. Lett. B658 (2008) 236, hep-ph/0701042v3, 2007;

F. Takahashi, Phys. Lett. B660 (2008) 100, arXiv:0705.0579.

[24] M. Kawasaki, T. Moroi, Prog. Theor. Phys. 93 (1995) 879, astro-ph/9403061, 1994.

[25] M. Kawasaki, K. Khori, and T. Moroi, Phys. Rev. D71 (2005) 083502, astro-ph/0408426.

[26] M. Kawasaki, K. Khori, T. Moroi and A. Yotsuyanagi, Phys. Rev. D78 (2008) 065011, arXiv:0804.3745v1;

M. Kawasaki, F. Takahashi and T.T. Yanagida, Phys. Lett. B638 (2006) 8, hep-ph/0603265v3;

M. Kawasaki, F. Takahashi and T.T. Yanagida, Phys. Rev. D74 (2006) 043519, hep-ph/0605297.

[27] G.F Giudice, A. Riotto and I. Tkachev, JHEP 9911 (1999) 036, hep-ph/9911302v2.

[28] M. Bolz, A. Brandenburg and W. Buchmüller, Nucl. Phys. B606 (2001) 518, hep-ph/0012052.

[29] Pradler and F.D. Steffen, Phys. Lett. B648 (2007) 224, hep-ph/0612291v3.

[30] S. Kachru, R. Kallosh, A. Linde and S. P. Trivedi, Phys. Rev. D68 (2003) 046005, hep-th/0301240.

[31] M. Endo, M. Yamaguchi and K. Yoshioka, Phys. Rev. D72 (2005) 015004, hep-ph/0504036.

[32] K. Choi, K. S. Jeong and K. i. Okumura, JHEP 0509 (2005) 039, hep-ph/0504037.

[33] K. Choi, A. Falkowski, H. P. Nilles and M. Olechowski, Nucl. Phys. B718 (2005) 113, hep-th/0503216;

O. Lebedev, H. P. Nilles and M. Ratz, Phys. Lett. B636 (2006) 126, hep-th/0603047; O. Lebedev, V. Lowen, Y. Mambrini, H. P. Nilles and M. Ratz, JHEP 0702 (2007) 063, hep-ph/0612035.