arXiv:0705.0579v2 [hep-ph] 9 Aug 2007

DESY 07-060

Gravitino Dark Matter from Inflaton Decay

Fuminobu Takahashi Deutsches Elektronen Synchrotron DESY, Notkestrasse 85, 22603 Hamburg, Germany

Abstract

We discuss a scenario that gravitinos produced non-thermally by an inflaton decay constitute dark matter in the present universe. We find that this scenario is realized for wide ranges of the inflaton mass and the vacuum expectation value. What is intriguing about this scenario is that the gravitino dark matter can have a relatively large free streaming length at matter-radiation equality, which can be probed by future observation on QSO-galaxy strong lens system.

In spite of accumulating observational data supporting the presence of the dark matter (DM) in our universe [1], we have not yet identified what DM is made of. Among many candidates proposed thus far, the gravitino, a supersymmetric parter of the graviton, is particularly interesting, and it has been thoroughly investigated in connection with leptogenesis [2] and the collider signatures [3].

The gravitinos are copiously produced by particle scattering in thermal plasma, once the decay of the inflaton reheats the universe. If the gravitino is the lightest supersymmetric particle (LSP), it is stable and can be a good candidate for DM [4, 5, 6, 7, 8]. The gravitino abundance is directly related to the reheating temperature, T_R. In particular, for the gravitino mass m_{3/2} larger than O(10)GeV, the required reheating temperature for the gravitinos to be DM is so high, T_R >∼ 10^9GeV [9, 10], that the thermal leptogenesis scenario may work [11].

However, the detailed studies on the big bang nucleosynthesis (BBN) revealed that the abundance and the lifetime of the next-to-lightest supersymmetric particle (NLSP) are tightly constrained [12]. This drove the above attractive scenario into a corner, since the lifetime of NLSP tends to be longer than the BBN bound especially for m_{3/2} larger than O(10)GeV, signaling the need for some changes. Several solutions has been proposed; e.g., a late-time entropy production [13, 14, 15] and a theory with R-parity violation [16, 17]. Another is to abandon thermal leptogenesis and consider a non-thermal leptogenesis scenario [18, 19] instead, which requires a lower reheating temperature, T_R >∼ 10^6GeV. Then the gravitino can account for the observed relic density even for m_{3/2} lighter than O(10)GeV, making it easier to evade the constraints from the NLSP decay. One drawback of this approach however is that one needs to introduce ad hoc couplings of the inflaton with the right-handed neutrinos.

Furthermore, it has been recently pointed out that the gravitinos are generically produced by an inflaton decay [20, 21, 22, 23, 24, 25, 26]. Since such non-thermal gravitino production generically occurs for the most inflation models, it is worth studying how it affects the conventional picture on the gravitino DM scenario. In this letter, we pursue a possibility that the gravitinos produced by an inflaton decay constitute a dominant component of DM. Generically, the required reheating temperature becomes lower than without the non-thermal production. This makes it difficult to integrate the thermal leptogenesis scenario into this framework. As we will see later, however, the right-handed (s)neutrinos are generated by the inflaton decay, and their subsequent decay may generate a right amount of the baryon asymmetry via leptogenesis for certain values of the inflaton parameters [27]. What is particularly appealing about this scenario is that both the gravitino DM and the nonthermal leptogenesis can be realized without introducing any couplings ad hoc by hand, if the inflaton parameters satisfy certain conditions. In addition, the produced gravitinos can have a large velocity at matter-radiation equality, which affects the growth of density fluctuations of DM^a. Future observations on e.g. QSO-galaxy strong lens system [32] may be able to support or refute this scenario.

Let us first briefly review the recent development on the gravitino production from the inflaton decay. There are three gravitino production processes; (a) the gravitino pair production [20, 21, 22, 23]; (b) spontaneous decay at tree level [24]; (c) anomaly-induced decay at one-loop level [25]. For the processes listed above, the gravitino production rate can be expressed as Γ_{3/2} = x 32π ( ⟨ϕ⟩ M_P )_2

m^3_ϕ M^2_P

, (1)

where m_ϕ is the inflaton mass, ⟨ϕ⟩ a vacuum expectation value (VEV) of the inflaton, and M_P = 2.4×10^{18}GeV the reduced Planck mass. Here it should be noted that ⟨ϕ⟩ is evaluated at the potential minimum after inflation. The precise value of the numerical coefficient x depends on the production processes, possible non-renormalizable couplings in the Kähler potential, and the detailed structure of the supersymmetry (SUSY) breaking sector [26]. To be concrete, let us assume the minimal Kähler potential and the dynamical SUSY breaking (DSB) [33] with a dynamical scale Λ. In the DSB scenario, the SUSY breaking field z can acquire a large mass m_z, which is assumed to be roughly equal to the dynamical scale Λ ∼ √ m_{3/2}M_P in the following. Such a simplification does not essentially change our arguments. For a low-inflation model with m_ϕ < Λ, the process (a) becomes effective, and x = 1. On the other hand, for the inflaton mass larger than Λ, the processes (b) and (c) become effective instead. The inflaton decays into the hidden quarks in the SUSY breaking sector via Yukawa couplings (process (b)), or into the hidden gauge sector via anomalies (process (c)). Since the hidden quarks and gauge bosons (and gauginos) are energetic when they are produced, they are expected to form jets and produce hidden hadrons through the

a Such a DM candidate with a large velocity and its astrophysical implication was first discussed in Refs .[28, 29, 30], and intensively studied in connection with the so-called superWIMP mechanism [31].

strong gauge interactions. The gravitinos are likely generated by the decays of the hidden hadrons as well as in the cascade decay processes in jets. We denote the averaged number of the gravitinos produced per each jet as N_{3/2}. Then x is given by [26]^b x = N_{3/2} 8π^2 ( 1 2 N_y|Y^2_h | + N_gα^2_h(T^{(h)}_g − T^{(h)}_r )^2 ) , (2)

where Y_h and α_h are the Yukawa coupling and a fine structure constant of the hidden gauge group, respectively, N_y denotes a number of the final states for the process (b), N_g is a number of the generators of the gauge group, and T^{(h)}_g and T^{(h)}_r are the Dynkin indices of the adjoint representation and the matter fields in the representation r. Although x depends on the structure of the SUSY breaking sector, its typical magnitude is O(10^{−3} − 10^{−2}) for m_ϕ > Λ^c. To be concrete we take

x = 1 for m_ϕ < Λ 10^{−3} or 10^{−2} for m_ϕ > Λ

, (3)

in the following.

Using the gravitino production rate given above, we can estimate the abundance of the gravitinos non-thermally produced by an inflaton decay:

Y^{(NT )}_{3/2} = 2

Γ_{3/2} Γ_ϕ 3T_R 4m_ϕ , ≃ 7 × 10^{−11} x ( g_∗ 200 )_− 1_2 ( ⟨ϕ⟩

10^{15}GeV

)_2 ( m_ϕ 10^{12}GeV

)_2 ( T_R

10^6GeV )_{−1} , (4)

where g_∗ counts the relativistic degrees of freedom, and Γ_ϕ denotes the total decay rate of the inflaton that is related to the reheating temperature as

Γ_ϕ ≡ ( π^2g_∗ 10 ) 1_2

T^2_R M_P . (5)

Equivalently, the gravitino density parameter is

Ω^{(NT )}_{3/2} h^2 ≃ 0.02 x ( g_∗ 200 )_− 1_2 ( m_{3/2}

1GeV ) ( ⟨ϕ⟩ 10^{15}GeV

)_2 ( m_ϕ 10^{12}GeV

)_2 ( T_R

10^6GeV )_{−1} , (6)

b If the Kähler potential takes a form of the sequestered type, the spontaneous decay through Yukawa couplings is suppressed [24, 25].

c Roughly, we expect N_{3/2} = O(1 − 10^2), N_g = O(1), α_h = O(0.1), and T^{(h)}_g − T^{(h)}_r = O(1), while Y_h strongly depends on the SUSY breaking models. Note also that the gravitino can be produced through the Yukawa interaction in the messenger sector, if the inflaton mass is larger than the messenger scale.

where h is the present Hubble parameter in units of 100km/s/Mpc. Note that the gravitino abundance is inversely proportional to the reheating temperature. Due to this feature, the non-thermal gravitino production tends to require a relatively low T_R to realize the gravitino DM scenario. Indeed, by solving Ω^{(NT )}_{3/2} h^2 = 0.11 [36] with respect to T_R, we obtain

T_R ≃ 2 × 10^5 GeV x ( g_∗ 200 )_− 1_2 ( m_{3/2}

1GeV ) ( ⟨ϕ⟩ 10^{15}GeV

)_2 ( m_ϕ 10^{12}GeV

)_2

. (7)

So, if T_R is given by the above value, the non-thermally produced gravitino has a right abundance to become a dominant component of DM. Generically, one has to introduce a coupling of the inflaton to the standard-model sector with an appropriate strength, in order to realize T_R given by Eq. (7). However, there is a natural way to induce the reheating, and we will discuss this possibility later.

For the non-thermally produced gravitinos to account for DM, several conditions must be met. First, the gravitino production by thermal scatterings should give only negligible contribution to the DM abundance. The abundance of the gravitinos produced by thermal scatterings is given by [6, 34, 35]

Ω^{(th)}_{3/2} h^2 ≃ 0.14 ( m_{g̃3} 300GeV

)_2 ( m_{3/2}

1GeV

)_{−1} ( T_R

10^8 GeV ) , (8)

where m_{g̃3} is the gluino running mass evaluated at T = T_R. Requiring Ω^{(th)}_{3/2} h^2 to be less than the observed DM abundance, Ω_{DM} h^2 ≃ 0.11, T_R is bounded above:

T_R <∼ 8 × 10^7 GeV ( m_{g̃3} 300GeV

)_{−2} ( m_{3/2}

1GeV ) . (9)

This constraint is valid for m_{3/2} >∼ 100 keV, which is satisfied for the parameter space concerned as shown later.

Another constraint comes from the recent discovery that, once the inflaton acquires a non-vanishing VEV, the inflaton decays into the visible sector through the top Yukawa coupling [24]. Due to the presence of this decay process, T_R cannot be arbitrarily low. Indeed, it is bounded below as

T_R >∼ 1.9 × 10^3 GeV |Y_t| ( g_∗ 200 )_− 1_4 ( ⟨ϕ⟩

10^{15} GeV ) ( m_ϕ 10^{12} GeV

) 3_2

, (10)

where Y_t is the top Yukawa coupling. The inequality is saturated if the inflaton has no direct couplings with any other fields in superpotential^d.

d Note that we assume the minimal Kähler potential in the Einstein frame.

The last constraint arises from the fact that the non-thermally produced gravitinos can have a large velocity at matter-radiation equality, in contrast to the gravitinos produced by thermal scatterings. This not only limits the parameter space, but also provides a possibility that the scenario may be probed by future observation on QSO-galaxy strong lens system. Let us estimate the comoving free streaming length of the gravitino at matter-radiation equality, assuming that it has an initial energy, ϵ m_ϕ/2 when produced. For m_ϕ < Λ, we have ϵ = 1 since a pair of the gravitinos is directly produced by the inflaton decay. On the other hand, for m_ϕ > Λ, multiple gravitinos are indirectly generated by the inflaton decay, and so, its energy tends to be smaller than m_ϕ/2; we expect ϵ <∼ O(N^{−1}_{3/2}) = O(10^{−3} − 0.1). To be concrete we will take ϵ = 10^{−3} or 10^{−2} for m_ϕ > Λ. The comoving free streaming length λ_{F S} at matter-radiation equality is defined by λ_{F S} ≡ ∫_{teq} t_D v_{3/2}(t) a(t) dt, (11) where a(t) is the scale factor, and t_D and t_{eq}(∼ 2 × 10^{12} sec) denote the time at the inflaton decay and at matter-radiation equality, respectively. v_{3/2} is the velocity of the gravitino, given by v_{3/2}(t) =

|p_{3/2}| E_{3/2} ≃ ϵm_ϕ 2 (_{aD} a(t) ) √ m^2_{3/2} +^{ϵ2m2ϕ}_4 (_{aD} a(t) )_2 , (12)

where we have approximated m_ϕ ≫ m_{3/2}, and a_D is the scale factor at the inflaton decay. Integrating (11) yields λ_{F S} ≃ 1 H_0 √ 1 + z_{eq}

X^{−1} sinh^{−1} X,

∼ 0.09 Mpc ϵ ln (2X) ( g_∗ 200 )_− 1_4 ( m_{3/2}

1GeV )_{−1} ( m_ϕ 10^{12}GeV ) ( T_R 10^5GeV )_{−1} (13)

with X ≡ 2m_{3/2} ϵm_ϕ a_{eq} a_D , ≃ 8 × 10^2 ϵ^{−1} ( g_∗ 200 )_− 1_4 ( m_{3/2}

1GeV ) ( m_ϕ 10^{12}GeV )_{−1} ( T_R 10^5GeV ) , (14)

where H_0 is the Hubble parameter at present, and z_{eq} and a_{eq} are the red-shift and the scale factor at the matter-radiation equality. In the second equation of (13), we have assumed X ≫ 1 and used H^{−1}_0 ∼ 4 × 10^3 Mpc and z_{eq} ∼ 3000. In Eq. (14), we have used a_D/a_{eq} =

(Γ_ϕ ·t_{eq})^{−1/2}. The constraint from Ly-α clouds, λ_{F S} <∼ 1 Mpc, implies X >∼ 450. We therefore obtain a constraint on T_R as

T_R >∼ 5 × 10^4 GeV ϵ ( g_∗ 200 )_− 1_4 ( m_{3/2}

1GeV )_{−1} ( m_ϕ 10^{12}GeV ) . (15)

The meaning of this constraint is clear: the reheating must occur so early that the velocity of the produced gravitino becomes small enough due to redshift by the matter-radiation equality.

Thus, if the reheating temperature T_R is given by (7) and satisfies the above constraints (9), (10), and (15) in addition to the BBN constraint T_R >∼ 10 MeV [37, 38, 39], the nonthermally produced gravitinos account for DM. As mentioned above, one may have to add appropriate couplings of the inflaton to light degrees of freedom, in order to realize T_R given by (7). However there is one interesting possibility that the reheating is induced by the decay through the top Yukawa coupling. Then the inequality (10) becomes saturated. This is the case if there are no direct couplings of the inflaton with any other fields in the superpotential. The presence of the decay process through the top Yukawa coupling not only constrains the reheating temperature, but also provides an intriguing way to induce the reheating. For the moment let us pursue this possibility. From (7) and (10), we obtain ( ⟨ϕ⟩ 10^{15}GeV ) ( m_ϕ 10^{12}GeV

) 1_2 ≃ 0.01 |Y_t|x^{−1} ( g_∗ 200 ) 1_4 ( m_{3/2}

1GeV )_{−1} . (16)

Thus, if the inflaton parameters, m_ϕ and ⟨ϕ⟩, satisfy the above relation (16), the nonthermally produced gravitino has a just right abundance to be DM. Interestingly, the free streaming length becomes independent of the inflaton parameters and the gravitino mass in this case. Indeed, λ_{F S} is approximately given by

λ_{F S} ≃ 1 × 10^2 kpc ( g_∗ 200 )_− 1_4 ( |Y_t| 0.6 )_{−2} ( ϵ x 10^{−5} ) , (17)

The Ly-α constraint requires ϵ x <∼ 10^{−4}, which is naturally satisfied for a high-scale inflation model with m_ϕ > Λ. It is intriguing that the gravitino DM scenario points to a highscale inflation model with m_ϕ > Λ and predict a relatively large free streaming length, as long as the reheating is induced by the top Yukawa coupling. For x = 10^{−3} ∼ 10^{−2} and ϵ = 10^{−3} ∼ 10^{−1}, the comoving free streaming length takes a value from 10 kpc up to 1 Mpc (limited by the Ly-α constraint).

Now let us consider the inflaton decay into the right-handed (s)neutrinos thorough large Majorana mass terms: W = M_i 2 N_iN_i, (18) where i = 1, 2, 3 is the family index. We consider the inflaton decay into the lightest righthanded (s)neutrino N_1 for simplicity, assuming that the decay into the heavier ones, N_2 and N_3, are kinematically forbidden. We drop the family index in the following. The partial decay rate of the inflaton into the right-handed (s)neutrinos is [cf. [24]]

Γ_N ≃ 1 16π ( ⟨ϕ⟩ M_P )_2

m_ϕM^2 M^2_P 1 − 4M^2 m^2_ϕ

, (19)

where we have taken account of both the decay into the right-handed neutrinos and that into the right-handed sneutrinos. Note that one does not have to introduce any direct couplings of the inflaton with the right–handed neutrinos to induce the decay. The decay proceeds as long as the inflaton acquires a nonzero VEV.

The lepton asymmetry can be produced by the decay of the right-handed (s)neutrinos, if CP is violated in the neutrino Yukawa matrix [2]. The resultant lepton asymmetry is given by n_L s ≃ 3 2 ϵ_1 B_N T_R m_ϕ , (20) where B_N ≡ Γ_N /Γ_ϕ denotes the branching ratio of the inflaton decay into the (s)neutrinos. The asymmetry parameter ϵ_1 is given by [2, 40]

ϵ_1 ≃ 2.0 × 10^{−10} ( M 10^6GeV ) ( m_{ν3} 0.05eV ) δ_{eff} , (21)

where m_{ν3} is the heaviest neutrino mass and δ_{eff} ≤ 1 represents the effective CP -violating phase. The baryon asymmetry is obtained via the sphaleron effect: [41] n_B s = − 8 23 n_L s . (22)

Using the above relations, we obtain the right amount of baryon asymmetry, n_B s ≃ 1 × 10^{−9} ( g_∗ 200 )_− 1_2 ( M

10^{13}GeV )_3 ( ⟨ϕ⟩ 10^{16}GeV

)_2 ( T_R 10^6GeV )_{−1} ( m_{ν3} 0.05eV ) δ_{eff} ,

≃ 5 × 10^{−11} ( g_∗ 200 )_− 1_4 ( M

10^{13}GeV )_3 ( ⟨ϕ⟩ 10^{16}GeV ) ( m_ϕ 10^{14}GeV

)_− 3_2 ( m_{ν3}

0.05eV ) δ_{eff} , (23) where we have assumed that the inequality (10) is saturated in the second equality. Note that M cannot exceed m_ϕ/2. Therefore, the baryon asymmetry is proportional to positive powers of m_ϕ, if M is set to be a value that maximizes the asymmetry.

In Figs. 1 and 2, we show the parameter space where the reheating temperature (7) satisfies the above constraints (9), (10), and (15), in addition to the BBN constraint T_R >∼ 10 MeV. In the shaded (blue) regions, the baryon asymmetry can be explained by the nonthermal leptogenesis scenario discussed above, if an appropriate value of M(<∼ 10^{15}GeV) is chosen (we set m_{ν3} = 0.05 eV and δ_{eff} = 1). We have chosen several values of the gravitino mass: m_{3/2} = 100 MeV, 1 GeV, and 10 GeV^e. For smaller m_{3/2}, one needs to generate more gravitinos, due to which the allowed region shifts upward. At the same time, the constraints from (9) and (15) become severer for smaller m_{3/2}, reducing the allowed space. Thus, if x = 10^{−3}(10^{−2}) for m_ϕ > Λ, the gravitino mass should be larger than 1 MeV (100 keV) for the non-thermally produced gravitinos to account for DM, since otherwise there is no allowed region for ⟨ϕ⟩ <∼ M_P . If x becomes larger for m_ϕ > Λ, the allowed region shifts downward, and a smaller value of the gravitinos mass becomes allowed. On the other hand, if x becomes smaller due to e.g. conformal sequestering [26], we have more parameter space for the non-thermal leptogenesis to work successfully.

The dotted (red) lines correspond to the special case that the reheating is solely induced by the decay through the top Yukawa coupling and the non-thermally produced gravitinos become DM. Therefore the inflaton parameters on the dotted (red) lines are particularly interesting in a sense that one does not have to introduce any couplings ad hoc by hand; the decay spontaneous proceeds through the top Yukawa coupling, and the gravitino has just a right abundance to become DM. Note that the free streaming length is constant along the dotted (red) lines and independent of m_{3/2}, m_ϕ and ⟨ϕ⟩, as mentioned before.

In Figs. 1 and 2, we also show the contours of the free streaming length λ_{F S} = 1 kpc, 10 kpc, 100 kpc, and 1 Mpc. The future submillilensing observations can cover λ_{F S} >∼ 2 kpc [32]. In particular, since the interesting case that the reheating occurs through the top Yukawa coupling (dotted red lines) predicts the gravitino DM with a relatively large free streaming length (>∼ 10 kpc), it can be probed by future observations. Such a large free

e Note that we have not taken account of the constraints on the NSLP decay. Therefore, the figure in the case of m_{3/2} = 10 GeV is valid only if the cosmological problems associated with the NLSP are somehow avoided by e.g. introducing R-parity violating operators with an appropriate magnitude [16, 17].

streaming length may also solve the missing satellite problem [45] and the cusp problem [46].

From the figures, one can see that relatively broad ranges of the inflaton mass and VEV are allowed. In particular, when combined with the non-thermal leptogenesis scenario, we are led to a high-scale inflation model with m_ϕ > Λ. However, studying the parameter spaces of the representative high-scale inflation models (such as the hybrid [42] and smooth hybrid [43], and chaotic [44]^f inflation models) in detail, one finds that only small part of the parameter space actually overlaps with the region where the non-thermal leptogenesis works, especially if x takes a value on the high side ∼ 10^{−2}; those inflation models tend to predict lighter m_ϕ and larger ⟨ϕ⟩ compared to those favored by the non-thermal leptogenesis. See Fig. 3. Such a tension may be ameliorated if one assumes some mechanism (e.g. the conformal sequestering) to suppress x to a smaller value.

In summary, we have considered a scenario that the non-thermally produced gravitinos from the inflaton decay become a dominant component of DM. Interestingly, if the reheating is induced solely by the decay through the top Yukawa coupling, a high-scale inflation model is required for the non-thermally produced gravitinos to account for DM, and the free streaming length λ_{F S} is predicted to be in the range between O(10) kpc and O(0.1) Mpc, independently of the inflaton parameters and the gravitino mass. Such large free streaming length may affect the growth of the density fluctuations in DM. The suppression of the density contrast below the free streaming scale results in the absence of the sub-halos. This feature may be supported or refuted by future observations on the QSO-galaxy strong lens system [32].

Acknowledgements

We thank W. Buchmüller and M. Endo for useful discussion and comments, and T. Takahashi for valuable information on the future submillilensing observations.

[1] See G. Bertone, D. Hooper and J. Silk, Phys. Rept. 405, 279 (2005) and references therein.

f Note that the inflaton can have a large VEV in the chaotic inflation^g, if we do not impose any discrete symmetry on the inflaton [27].

[2] M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45 (1986).

[3] W. Buchmuller, K. Hamaguchi, M. Ratz and T. Yanagida, Phys. Lett. B 588, 90 (2004). [4] T. Moroi, H. Murayama and M. Yamaguchi, Phys. Lett. B 303, 289 (1993). [5] M. Bolz, W. Buchmuller and M. Plumacher, Phys. Lett. B 443, 209 (1998). [6] M. Bolz, A. Brandenburg and W. Buchmuller, Nucl. Phys. B 606, 518 (2001). [7] J. R. Ellis, K. A. Olive, Y. Santoso and V. C. Spanos, Phys. Lett. B 588, 7 (2004);

L. Roszkowski, R. Ruiz de Austri and K. Y. Choi, JHEP 0508, 080 (2005); D. G. Cerdeno, K. Y. Choi, K. Jedamzik, L. Roszkowski and R. Ruiz de Austri, JCAP 0606, 005 (2006).

[8] F. D. Steffen, JCAP 0609, 001 (2006).

[9] S. Davidson and A. Ibarra, Phys. Lett. B 535, 25 (2002).

[10] W. Buchmuller, P. Di Bari and M. Plumacher, Annals Phys. 315, 305 (2005). [11] For a review, see W. Buchmuller, R. D. Peccei and T. Yanagida, Ann. Rev. Nucl. Part. Sci.

55, 311 (2005).

[12] M. Pospelov, arXiv:hep-ph/0605215; K. Kohri and F. Takayama, arXiv:hep-ph/0605243;

M. Kaplinghat and A. Rajaraman, Phys. Rev. D 74, 103004 (2006); R. H. Cyburt, J. Ellis, B. D. Fields, K. A. Olive and V. C. Spanos, JCAP 0611, 014 (2006); K. Hamaguchi, T. Hatsuda, M. Kamimura, Y. Kino and T. T. Yanagida, arXiv:hep-ph/0702274; C. Bird, K. Koopmans and M. Pospelov, arXiv:hep-ph/0703096; M. Kawasaki, K. Kohri and T. Moroi, arXiv:hep-ph/0703122; T. Jittoh, K. Kohri, M. Koike, J. Sato, T. Shimomura and M. Yamanaka, arXiv:0704.2914 [hep-ph].

[13] W. Buchmuller, K. Hamaguchi, M. Ibe and T. T. Yanagida, Phys. Lett. B 643, 124 (2006). [14] F. Takayama, arXiv:0704.2785 [hep-ph]. [15] S. Kasuya and F. Takahashi, in preparation.

[16] F. Takayama and M. Yamaguchi, Phys. Lett. B 485, 388 (2000).

[17] W. Buchmuller, L. Covi, K. Hamaguchi, A. Ibarra and T. Yanagida, JHEP 0703, 037 (2007). [18] T. Asaka, K. Hamaguchi, M. Kawasaki and T. Yanagida, Phys. Lett. B 464, 12 (1999); Phys.

Rev. D 61, 083512 (2000); G. F. Giudice, M. Peloso, A. Riotto and I. Tkachev, JHEP 9908, 014 (1999).

[19] See, for early works, G. Lazarides, C. Panagiotakopoulos and Q. Shafi, Phys. Lett. B 315, 325 (1993) [Erratum-ibid. B 317, 661 (1993)]; K. Kumekawa, T. Moroi and T. Yanagida, Prog. Theor. Phys. 92, 437 (1994).

[20] M. Kawasaki, F. Takahashi and T. T. Yanagida, Phys. Lett. B 638, 8 (2006); Phys. Rev. D 74, 043519 (2006).

[21] T. Asaka, S. Nakamura and M. Yamaguchi, Phys. Rev. D 74, 023520 (2006). [22] M. Dine, R. Kitano, A. Morisse and Y. Shirman, Phys. Rev. D 73, 123518 (2006). [23] M. Endo, K. Hamaguchi and F. Takahashi, Phys. Rev. D 74, 023531 (2006). [24] M. Endo, M. Kawasaki, F. Takahashi and T. T. Yanagida, Phys. Lett. B 642, 518 (2006). [25] M. Endo, F. Takahashi and T. T. Yanagida, arXiv:hep-ph/0701042. [26] M. Endo, F. Takahashi and T. T. Yanagida, arXiv:0706.0986 [hep-ph]. [27] M. Endo, F. Takahashi and T. T. Yanagida, Phys. Rev. D 74, 123523 (2006). [28] S. Borgani, A. Masiero and M. Yamaguchi, Phys. Lett. B 386, 189 (1996). [29] W. B. Lin, D. H. Huang, X. Zhang and R. H. Brandenberger, Phys. Rev. Lett. 86, 954 (2001). [30] J. Hisano, K. Kohri and M. M. Nojiri, Phys. Lett. B 505, 169 (2001). [31] J. L. Feng, A. Rajaraman and F. Takayama, Phys. Rev. Lett. 91, 011302 (2003); Phys. Rev.

D 68, 063504 (2003); J. L. Feng, S. f. Su and F. Takayama, Phys. Rev. D 70, 063514 (2004). [32] J. Hisano, K. T. Inoue and T. Takahashi, Phys. Lett. B 643, 141 (2006). [33] E. Witten, Nucl. Phys. B 188, 513 (1981).

[34] M. Kawasaki, K. Kohri and T. Moroi, Phys. Lett. B 625, 7 (2005); Phys. Rev. D 71, 083502 (2005).

[35] J. Pradler and F. D. Steffen, Phys. Rev. D 75, 023509 (2007); Phys. Lett. B 648, 224 (2007). [36] D. N. Spergel et al., arXiv:astro-ph/0603449.

[37] M. Kawasaki, K. Kohri and N. Sugiyama, Phys. Rev. Lett. 82, 4168 (1999);

M. Kawasaki, K. Kohri and N. Sugiyama, Phys. Rev. D 62, 023506 (2000). [38] S. Hannestad, Phys. Rev. D 70, 043506 (2004).

[39] K. Ichikawa, M. Kawasaki and F. Takahashi, Phys. Rev. D 72, 043522 (2005). [40] L. Covi, E. Roulet and F. Vissani, Phys. Lett. B 384, 169 (1996);

M. Flanz, E. A. Paschos and U. Sarkar, Phys. Lett. B 345, 248 (1995) [Erratum-ibid. B 382, 447 (1996)];

W. Buchmuller and M. Plumacher, Int. J. Mod. Phys. A 15, 5047 (2000). [41] S. Y. Khlebnikov and M. E. Shaposhnikov, Nucl. Phys. B 308, 885 (1988);

J. A. Harvey and M. S. Turner, Phys. Rev. D 42, 3344 (1990).

[42] E. J. Copeland, A. R. Liddle, D. H. Lyth, E. D. Stewart and D. Wands, Phys. Rev. D 49,

6410 (1994); G. R. Dvali, Q. Shafi and R. K. Schaefer, Phys. Rev. Lett. 73, 1886 (1994); A. D. Linde and A. Riotto, Phys. Rev. D 56, 1841 (1997).

[43] G. Lazarides and C. Panagiotakopoulos, Phys. Rev. D 52, 559 (1995). [44] M. Kawasaki, M. Yamaguchi and T. Yanagida, Phys. Rev. Lett. 85, 3572 (2000); Phys. Rev.

D 63, 103514 (2001).

[45] A. A. Klypin, A. V. Kravtsov, O. Valenzuela and F. Prada, Astrophys. J. 522, 82 (1999);

A. R. Zentner and J. S. Bullock, Astrophys. J. 598, 49 (2003).

[46] B. Moore, Nature 370, 629 (1994); R. A. Flores and J. R. Primack, Astrophys. J. 427, L1 (1994); J. J. Binney and N. W. Evans, Mon. Not. Roy. Astron. Soc. 327, L27 (2001); A. R. Zentner and J. S. Bullock, Phys. Rev. D 66, 043003 (2002); J. D. Simon, A. D. Bolatto, A. Leroy, L. Blitz and E. L. Gates, Astrophys. J. 621, 757 (2005).

FIG. 1: In the regions surrounded by the solid (green) lines, the non-thermally produced gravitinos can account for the observed DM density, if T_R is given by (7). We have imposed the constraints from (i) thermal production of the gravitino (see (9)); (ii) decay through the top Yukawa coupling (see (10)); (iii) Ly-α clouds (see (15)). On the dotted (red) line, the reheating is induced solely by the decay via the top Yukawa coupling and the non-thermally produced gravitino explains DM. The thin solid (orange) lines are the contours of the free streaming length λ_{F S} = 1 kpc, 10 kpc, 100 kpc, and 1 Mpc, from top to bottom. In the shaded (blue) regions the present baryon asymmetry can be explained by the non-thermal leptogenesis. We set x = 10^{−3} and ϵ = 10^{−2} for m_ϕ > Λ, respectively.

FIG. 2: Same as Fig. 1 except for x = 10^{−2} and ϵ = 10^{−3} for m_ϕ > Λ.

FIG. 3: We show the representative high-scale inflation models; hybrid [42] (thick long dashed (blue) line), smooth hybrid [43] (thick short dashed (purple) line), and chaotic [44] (long dashed dotted (red)) inflation models, superposed on the panels of m_{3/2} = 1GeV shown in Fig. 1 (left) and Fig. 2 (right).