arXiv:hep-ph/0503071 v2 14 Mar 2005

hep-ph/0503071

D-term inflation in D-brane cosmology

G.Panotopoulos^1

1 Department of Physics, University of Crete,

Heraklion, Crete, Hellas

email: panotop@physics.uoc.gr

Abstract

We consider hybrid inflation in the braneworld scenario. In particular, we consider inflation in global supersymmetry with the D-terms in the scalar potential for the inflaton field to be the dominant ones (D-term inflation). We find that D-term dominated inflation can naturally accomodate all requirements of the successful hybrid inflationary model also in the framework of D-brane cosmology with global supersymmetry. The reheating temperature after inflation can be high enough (∼ 10^{10} GeV ) for successful thermal leptogenesis.

1 Introduction

Recently there has been considerable interest in higher dimensional cosmological models. In those models our four-dimensional world lives on a three-dimensional extended object (brane) which is embedded in a higher dimensionl space (bulk). The models of this kind are string-inspired ones, as it is known that in Type I string theory [1] there are two sectors, the open and the closed ones, and that the theory contains extended objects, called D-branes, where open strings can end. The fields in the closed sector (including gravity) can propagate in the bulk, whereas the fields in the open sector are confined to the brane. In such string-inspired scenarios the extra dimensions need not be small [2] and in fact they can even be non-compact [3]. It is important to note that in the context of extra dimensions and the braneworld idea one discovers a generalized Friedmann equation, which is different from the usual Friedmann equation in conventional cosmology. This means that the rate of expansion of the universe in this novel cosmology is altered and accordingly the physics in the early universe can be different from what we know already. So it would be very interesting to study the cosmological implications of these new ideas about extra dimensions and braneworlds. Perhaps the best laboratory for such a study is inflation [4], which has become the standard paradigm in the Big-Bang cosmology and which is in favour after the recent discovery from WMAP satellite (see e.g [5]) that the universe is almost flat. It is known that there is not a theory for inflation yet. All we have is a big collection of inflationary models. The single-field models for inflation, such as ’new’ [6] or ’chaotic’ [7], are characterized by the disadvantage that they require ’tiny’ coupling constants in order to reproduce the observational data. This difficulty was overcome by Linde who proposed, in the context of non-supersymmetric GUTS, the hybrid inflationary scenario [8]. It turns out that one can consider hybrid inflation in supersymmetric theories (for a review on supersymmetry and supergravity see [9]) too. In fact, inflation looks more natural in supersymmetric theories rather in non-supersymmetric ones [10]. In a supersymmetric theory, the tree-level potential is the sum of an F-term and a D-term. These two terms have rather different properties and in all inflationary models only one of them dominates [11]. The case of F-term inflation (where F-terms dominate) was considered for the first time in [12], while the case of D-term inflation (where D-terms dominate) was considered in [13]. In fact, if one considers supergravity then D-term inflation looks more promising, since it avoids the problem associated with the inflaton mass [13]. F-term inflation in braneworld was studied in [14]. In the present note we discuss the implications of D-term inflation.

Before proceeding our discussion, let us specify our setup. The braneworld modelthat we shall consider is the supersymmetric version of the RS II model (see e.g[15]). However,the cosmological solution of this extended model is the same as that in the non-supersymmetric model, since Einstein’s equations belong to the bosonic part. The only sourse in the bulk is a five-dimensional cosmological constant. There is matter confined to the brane and during inflation, which is the cosmological era we shall be interested in, this matter is dominated by ascalar field, called the inflaton field ϕ.

The paper consists of six sections of which this introduction is the first. We present D-term inflation in the second section and brane cosmology in the third. Our results for the inflationary dynamics on the brane are discussed in the fourth section. We discuss reheating after inflation in the fifth section and finally we conclude in the fifth section.

2 D-term inflation

In this section we explain what D-term inflation is, following essentially [10]. Inflation, by definition, breaks global supersymmetry since it requires a non-zero cosmological constant V (false vacuum energy of the inflaton). For a D-term spontaneous breaking of supersymmetry a term linear in the auxiliary field D is needed (Fayet-Iliopoulos mechanism [16]). If the theory contains an abelian U (1) gauge symmetry (anomalous or not), the Fayet-Iliopoulos D-term ξ ∫ d^4θV = ξD (1)

where V is the vector superfield, is supersymmetric and gauge invariant and therefore allowed by the symmetries. We remark that an anomalous U (1) symmetry is usually present in string theories and the anomaly is cancelled by the Green-Schwarz mechanism. However, here we will consider a non-anomalous U (1) gauge symmetry. In the context of global supersymmetry, D-term inflation is derived from the superpotential W = λΦΦ_+Φ_− (2) where Φ, Φ_−, Φ_+ are three chiral superfields and λ is the superpotential coupling. Under the U (1) gauge symmetry the three chiral superfields have sharges Q_Φ = 0, Q_{Φ+} = +1 and Q_{Φ−} = −1, respectively. The superpotential given above leads to the following expression for the scalar potential

V (ϕ_+, ϕ_−, |ϕ|) = λ^2(|ϕ|^2(|ϕ_+|^2 + |ϕ_−|^2) + |ϕ_+ϕ_−|^2) + g^2 2 (|ϕ_+|^2 − |ϕ_−|^2 + ξ)^2 (3)

where ϕ is the scalar component of the superfield Φ, ϕ_± are the scalar components of the superfields Φ_±, g is the gauge coupling of the U (1) symmetry and ξ is a Fayet-Iliopoulos term, chosen to be positive. The global minimum is supersymmetry conserving, but the gauge group U (1) is spontaneously broken < ϕ >=< ϕ_+ >= 0, < ϕ_− >= √ ξ (4)

However, if we minimize the potential, for fixed values of ϕ, with respect to other fields, we find that for ϕ > ϕ_c =^g_λ √ ξ, the minimum is at ϕ_+ = ϕ_− = 0. Thus, for ϕ > ϕ_c and ϕ_+ = ϕ_− = 0 the tree-level potential has a vanishing curvature in the ϕ direction and large positive curvature in the remaining two directions m^2_± = λ^2|ϕ|^2 ± g^2ξ.

For arbitrary large ϕ the tree-level value of the potential remains constant and equal to V_0 = (g^2/2)ξ^2, thus ϕ plays naturally the role of an inflaton field. Along the inlationary trajectory the F-term vanishes and the universe is dominated by the D-term, which splits the masses in the Φ_+ and Φ_− superfields, resulting to the one-loop effective potential for the inflaton field. The radiative corrections are given by the Coleman-Weinberg formula [17] ΔV_{1−loop} = 1 64π ∑ i (−1)^{Fi} m^4_i ln m^2_i Λ^2 (5) where Λ stands for a renormalization scale which does not affect physical quantities and the sum extends over all helicity states i, with fermion number F_i and mass squared m^2_i . The radiative corrections given by the above formula lead to the following effective potential for D-term inflation

V (ϕ) = g^2ξ^2 2 ( 1 + g^2 16π^2 ln |ϕ|^2λ^2 Λ^2 ) (6) The end of inflation is determined either by the failure of the slow-roll conditions or when ϕ approaches ϕ_c.

3 Effective gravitational equations on the brane

Here we review the basic equations of brane cosmology. We work essentially in the context of Randall- Sundrum II model [3]. In the bulk there is just a cosmological constant Λ_5, whereas on the brane there is matter with energy-momentum tensor τ_{μν} . Also, the brane has a tension T . The five dimensional Planck mass is denoted by M_5. If Einstein’s equations hold in the five dimensional bulk, then it has been shown in [18] that the effective four-dimensionl Einstein’s equations induced on the brane can be written as

G_{μν} + Λ_4g_{μν} = 8π M^2_p τ_{μν} + ( 8π M^3_5

)^2π_{μν} − E_{μν} (7)

where g_{μν} is the induced metric on the brane, π_{μν} =^1_{12} τ τ_{μν} +^1_8 g_{μν} τ_{αβ} τ^{αβ} −^1_4 τ_{μα} τ^α_ν −^1_{24} τ^2 g_{μν}, Λ_4 is the effective four-dimensional cosmological constant, M_p is the usual four-dimensional Planck mass and E_{μν} ≡ C^α_{βρσ} n_α n^ρ g^β_μ g^σ_ν is a projection of the five-dimensional Weyl tensor C_{αβρσ}, where n^α is the unit vector normal to the brane. The tensors π_{μν} and E_{μν} describe the influense of the bulk in brane dynamics. The five-dimensional quantities are related to the corresponding four-dimensional ones through the relations

M_p = √ 3 4π M^3_5 √ T (8) and Λ_4 = 4π M^3_5 ( Λ_5 +

4πT^2 3M^3_5 ) (9) In a cosmological model in which the induced metric on the brane g_{μν} has the form of a spatially flat Friedmann-Robertson-Walker model, with scale factor a(t), the Friedmann-like equation on the brane has the generalized form [19] H^2 =

Λ_4 3 + 8π 3M^2_p ρ + ( 4π 3M^3_5

)^2ρ^2 + C a^4

(10)

where C is an integration constant arising from E_{μν} . The cosmological constant term and the term linear in ρ are familiar from the four-dimensional convensional cosmology. The extra terms, i.e the “dark radiation” term and the term quadratic in ρ, are there because of the presense of the extra dimension. Adopting the Randall-Sundrum fine-tuning

Λ_5 = −

4πT^2 3M^3_5

(11)

the four-dimensional cosmological constant vanishes. Furthermore, the term with the integration constant C will be rapidly diluted during inflation and can be ignored. So the generalized Friedmann equation takes the final form H^2 = 8π 3M^2_p ρ ( 1 + ρ 2T ) (12)

We notice that in the low density regime ρ ≪ T we recover the usual Friedmann equation. However, in the high energy regime ρ ≫ T the unity can be neglected and then the Friedmann-like equation becomes

H^2 = 4πρ^2 3T M^2_4

(13)

Note that in this regime the Hubble parameter is linear in ρ, while in conventional cosmology it goes with the square root of ρ.

4 Inflationary dynamics on the brane

As already mentioned, we will consider the case in which the energy momentum on the brane is dominated by a scalar field ϕ confined on the brane with a self-interaction potential V (ϕ) given in (6). The field ϕ is a function of time only, as dictated by the isotropy and homogeneity of the observed four-dimensional universe. A homogeneous scalar field behaves like a perfect fluid with pressure p = (1/2)ϕ̇^2 − V and energy density ρ = (1/2)ϕ̇^2 + V . There is no energy exchange between the brane and the bulk, so the energy-momentum tensor T_{μν} of the scalar field is conserved, that is ∇^νT_{μν} = 0. This is equivalent to the continuity equation for the pressure p and the energy density ρ

ρ̇ + 3H(p + ρ) = 0 (14)

where H is the Hubble parameter H = ȧ/a. Therefore we get the equation of motion for the scalar field ϕ, which is the following ϕ̈ + 3Hϕ̇ + V^′(ϕ) = 0 (15)

This is of course the Klein-Gordon equation for a scalar field in a Robertson-Walker background. The equation that governs the dynamics of the expansion of the universe is the Friedmann-like equation of the previous section. Inflation takes place in the early stages of the evolution of the universe, so in the Friedmann equation the extra term dominates and therefore the equation for the scale factor is

H^2 = 4πρ^2 3T M^2_p

(16)

In the slow-roll approximation the slope and the curvature of the potential must satisfy the two constraints ϵ ≪ 1 and |η| ≪ 1, where ϵ and η are the two slow-roll parameters which are defined by ϵ ≡ − Ḣ H^2

(17) η ≡ V^{′′} 3H^2

(18)

In this approximation the equation of motion for the scalar field takes the form ϕ̇ ≃ − V^′ 3H (19)

while the generalized Friedmann equation becomes (V ≫ ϕ̇^2)

H^2 ≃

4πV^2 3T M^2_p

(20)

The number of e-folds during inflation is given by N ≡ ln a_f a_i = ∫_{tf} t_i Hdt (21) For a strong enough inflation we take N = 60. In the slow-roll approximation the number of e-folds and the slow-roll parameters are given by the formulae [20] ϵ ≃ M^2_p 16π ( V^′ V )_2 4T V (22)

η ≃ M^2_p 8π ( V^{′′} V )_2 2T V (23) N ≃ − 8π M^2_p ∫_{ϕf} ϕ_i V V^′ V 2T dϕ (24)

The main cosmological constraint comes from the amplitude of the scalar perturbations which is given in this new context by [20]

A^2_s =

512π 75M^6_p

V^3 V^{′2} ( V 2T )_2 (25) where the right-hand side is evaluated at the horizon-crossing when the comoving scale equals the Hubble radius during inflation. Finally, the spectral index for the scalar perturbations is given in terms of the slow-roll parameters n_s − 1 ≡ d lnA^2_s d lnk = 2η − 6ϵ (26)

and the tensor-to-scalar ratio is given by A^2_t A^2_s = ϵ T V (27)

In what follows we will assume that g ∼ 0.5 and that inflation ends at ϕ_c = (g/λ) √ ξ. To make sure that the slow-roll conditions are satisfied we impose the constraint

T M^2_p λ^2 16π^3g^2ξ^3

≪ 1 (28)

Also, we have assumed that the potential V is much larger than the brane tension T . Therefore another constraint to be satisfied is g^2ξ^2 4T ≫ 1 (29)

Now that we have written all the necessary formulae, we can proceed to the presentation of our results. For arbitrary λ it is not possible to satisfy both the datum from COBE that A_s = 2 · 10^{−5} and the slow-roll conditions. For this to happen the superpotential coupling λ has to be smaller or equal to 0.0185 (approximately). Then, for a given value for λ, the brane tension cannot become arbitrarily large because in that case the constraint that the potential should be much larger than the brane tension is not satisfied. We find the following upper bound for the brane tension T

T ≤ 5 · 10^{55} GeV^4 (30)

Now that we have set upper bounds for T and λ so that our constraints and the data from COBE are satisfied, we can compute the spectral index n_s and the tensor-to-scalar ratio r. For example, for the values T = 5 · 10^{55} GeV^4 and λ = 0.0185 we find

n_s = 0.99, r = 2 · 10^{−4} (31)

A detailed analysis shows that for a particular value for λ (below the upper bound of course) the spectral index does not depend on T and is always very close to 1. As λ becomes smaller and smaller the spectral index slightly increases and gets even closer to 1. Also, in all cases the tensor perturbations are negligible. Finally, we find that for the maximum value for the brane tension √ ξ ∼ 10^{14} GeV , whereas √ ξ becomes smaller as T decreases. We note that according to our analysis λ a priori can take arbitrarily small values. However, this would be unnatural and for that reason we do not consider values for λ much smaller than 10^{−3}. In that case we find that the values of the inflaton remain safely below Planck mass and therefore global supersymmetry is a good approximation.

5 Reheating

Finally, let us turn to the discussion of reheating after inflation and to the computation of the reheating temperature T_R. After slow-roll the inflaton decays with a decay rate Γ and the decay products quickly thermalize. This is the way the universe re-enters the radiation era of standard Big-Bang cosmology. The reheating temperature T_R is related to two more cosmological topics, namely the gravitino problem [21] and the baryogenesis through leptogenesis. In gravity mediated SUSY breaking models and for an interesting range of the gravitino mass, m_{3/2} ∼ 0.1 − 1T eV , if the gravitino is unstable it has a long lifetime and decays after the BBN. The decay products destroy light elements produced by the BBN and hence the primordial abundance of the gravitino is constrained from above to keep the success of the BBN. This leads to an upper bound on the reheating temperature T_R after inflation, since the abundance of the gravitino is proportional to T_R. A detailed analysis derived a stringent upper bound T_R ⩽ 10^6 − 10^7 GeV when gravitino has hadronic modes [22]. On the other hand, primordial lepton asymetry is converted to baryon asymmetry [23] in the early universe through the “sphaleron” effects of the electroweak gauge theory [24]. This baryogenesis through leptogenesis requires a lower bound on the reheating temperature. Leptogenesis can be thermal or non-thermal. For a thermal leptogenesis T_R ⩾ 2 · 10^9 GeV [25], whereas for non-thermal leptogenesis T_R ⩾ 10^6 GeV [26]. It seems that it is impossible to satisfy both constaints for the reheating temperature coming from leptogenesis and the gravitino problem. However, the authors of [27] have showed that in the brane world scenario, that we discuss here, it is possible to solve the gravitino problem allowing for the reheating temperature to be as high as 10^{10} GeV . According to ref. [27] the gravitino abundance is proportional not to the reheating temperature, as is the case in conventional cosmology, but to a transition temperature T_t between high temperatures (T_R) and low ones (today’s temperature T_0). That way the requirement for not over-production of gravitini leads to an upper bound for this transition temperature and not for the reheating temperature, which can be as high as a satisfactory leptogenesis requires.

The reheating temperature is given by the formula

T_R = ( 90T Γ^2m^2_p 2π^3g^2ξ^2g^2_{eff} )_{1/4} (32)

where g_{eff} is the effective number of degrees of freedom at the reheating temperature and for the MSSM is g_{eff} =^{915}_4 . Assuming that the inflaton ϕ decays to the lighest of the three heavy right handed neutrinos ψ ϕ → ψ + ψ (33)

the decay rate of the inflaton is [11] Γ = m_{infl} 8π ( M_1 √ ξ )_2 (34)

where m_{infl} is the inflaton mass, M_1 is the smallest of the three neutrino mass eigenvalues and m_{infl} > 2M_1. The mass of the inflaton is given in terms of the coupling constant g and the Fayet-Iliopoulos parameter ξ by m_{infl} = √ 2 g √ ξ (35)

If the value of the mass of the lightest right handed neutrino is M_1 = 10^{10} GeV , which is a representative value, then the reheating temperature T_R turns out to be of the order of the right handed neutrino mass. In fact the reheating temperature is a little bit larger than the neutrino mass. So we see that the reheating temperature is of the right order of magnitude for thermal leptogenesis. When the right handed neutrino mass increases (remaining though smaller than m_{infl}/2), the reheating temperature increases too and is always of the order of the neutrino mass but a little bit larger (see Figure 1). For a given value of M_1 and of the superpotential coupling λ the reheating temperature does not change varying the tension of the brane T . Finally, for a given M_1, when λ increases then T_R decreases, but only slighty so as to remain of the order of magnitude of the mass M_1 (see Figure 2).

6 Conclusions

To summarize, we have reexamined supersymmetric D-term dominated hybrid inflation in brane cosmology. We have found that we can reproduce the observational data provided that each of the brane tension, five-dimensional Planck mass and the superpotential coupling does not exceed a particular value. For a given value for the superpotential coupling, when the brane tension takes the maximum allowed value then the scale of inflation √ ξ is of the order of ∼ 10^{14} GeV . This value of the inflationary scale is lower than the (supersymmetric) GUT scale, but close to it. Also, we have found that for natural values of the superpotential coupling λ the inflaton field cannot take large values and stays well below the four-dimensional Planck mass, consistent with the global supersymmetry approximation adopted here. Furthermore, we have seen that our results are compatible with the corresponding results in the standard four-dimensional cosmology. This means that the advantages of the hybrid model are naturally preserved in the framework of brane cosmology. Finally, our study shows that the reheating temperature after inflation can naturally be of order 10^{10} GeV (or larger) allowing for a successful thermal leptogenesis.

Acknowlegements

The author would like to thank T.N.Tomaras for valuable comments on the manuscript and I.Antoniadis and G.Kofinas for useful discussions. The author would like also to thank CERN theory division (where part of this work was completed) for its warmest hospitality. Work supported by the Greek Ministry of education research program ”Heraklitos” and by the EU grant MRTN-CT-2004-512194.

References

[1] J.Polchinski, “String theory. Vol. 2: Superstring theory and beyond,”

[2] N.Arkani-Hamed, S.Dimopoulos and G.R.Dvali, “The hierarchy problem and new dimensions at a millimeter,” Phys. Lett. B 429 (1998) 263 [arXiv:hep-ph/9803315].

I.Antoniadis, N.Arkani-Hamed, S.Dimopoulos and G.R.Dvali, “New dimensions at a millimeter to a Fermi and superstrings at a TeV,” Phys. Lett. B 436 (1998) 257 [arXiv:hep-ph/9804398].

[3] L.Randall and R.Sundrum, “An alternative to compactification,” Phys. Rev. Lett. 83 (1999) 4690 [arXiv:hep-th/9906064].

[4] A.D.Linde, “Particle Physics And Inflationary Cosmology,”

A.R.Liddle and D.H.Lyth, “Cosmological inflation and large-scale structure,”

[5] D.N.Spergel et al. [WMAP Collaboration], “First Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Determination of Cosmological Parameters,” Astrophys. J. Suppl. 148 (2003) 175 [arXiv:astro-ph/0302209].

[6] A.D.Linde, “A New Inflationary Universe Scenario: A Possible Solution Of The Horizon, Flatness, Homogeneity, Isotropy And Primordial Monopole Problems,” Phys. Lett. B 108 (1982) 389.

[7] A.D.Linde, “Chaotic Inflation,” Phys. Lett. B 129 (1983) 177.

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

[9] H.P.Nilles, “Supersymmetry, Supergravity And Particle Physics,” Phys. Rept. 110 (1984) 1.

J.Wess and J.Bagger, “Supersymmetry and supergravity,”

[10] D.H.Lyth and A.Riotto, “Comments on D-term inflation,” Phys. Lett. B 412 (1997) 28 [arXiv:hep-ph/9707273].

[11] J.Rocher and M.Sakellariadou, “Supersymmetric grand unified theories and cosmology,” arXiv:hep-ph/0406120.

[12] E.J.Copeland, A.R.Liddle, D.H.Lyth, E.D.Stewart and D.Wands, “False vacuum inflation with Einstein gravity,” Phys. Rev. D 49 (1994) 6410 [arXiv:astro-ph/9401011]. G.R.Dvali, Q.Shafi and R.K.Schaefer, “Large scale structure and supersymmetric inflation without fine tuning,” Phys. Rev. Lett. 73 (1994) 1886 [arXiv:hep-ph/9406319].

[13] P.Binetruy and G.R.Dvali, “D-term inflation,” Phys. Lett. B 388 (1996) 241 [arXiv:hep-ph/9606342].

E.Halyo, “Hybrid inflation from supergravity D-terms,” Phys. Lett. B 387 (1996) 43 [arXiv:hep-ph/9606423].

[14] H.Boutaleb-J, A.Chafik and A.L.Marrakchi, “Supersymmetric hybrid inflation in the braneworld scenario,” Phys. Lett. B 574 (2003) 89 [arXiv:hep-ph/0407105].

[15] R.Altendorfer, J.Bagger and D.Nemeschansky, “Supersymmetric Randall-Sundrum scenario,” Phys.

Rev. D 63 (2001) 125025 [arXiv:hep-th/0003117].

[16] P.Fayet and J.Iliopoulos, “Spontaneously Broken Supergauge Symmetries And Goldstone Spinors,” Phys. Lett. B 51 (1974) 461.

[17] S.R.Coleman and E.Weinberg, “Radiative Corrections As The Origin Of Spontaneous Symmetry Breaking,” Phys. Rev. D 7 (1973) 1888.

[18] T.Shiromizu, K.i.Maeda and M.Sasaki, “The Einstein equations on the 3-brane world,” Phys. Rev.

D 62 (2000) 024012 [arXiv:gr-qc/9910076].

[19] P.Binetruy, C.Deffayet, U.Ellwanger and D.Langlois, “Brane cosmological evolution in a bulk with cosmological constant,” Phys. Lett. B 477 (2000) 285 [arXiv:hep-th/9910219].

[20] R.Maartens, D.Wands, B.A.Bassett and I.Heard, “Chaotic inflation on the brane,” Phys. Rev. D 62 (2000) 041301 [arXiv:hep-ph/9912464].

[21] M.Y.Khlopov and A.D.Linde, “Is It Easy To Save The Gravitino?,” Phys. Lett. B 138 (1984) 265.

[22] R.H.Cyburt, J.R.Ellis, B.D.Fields and K.A.Olive, “Updated nucleosynthesis constraints on unstable relic particles,” Phys. Rev. D 67 (2003) 103521 [arXiv:astro-ph/0211258]. M.Kawasaki, K.Kohri and T.Moroi, “Hadronic decay of late-decaying particles and big-bang nucleosynthesis,” arXiv:astro-ph/0402490.

[23] M.Fukugita and T.Yanagida, “Baryogenesis Without Grand Unification,” Phys. Lett. B 174 (1986) 45. [24] V.A.Kuzmin, V.A.Rubakov and M.E.Shaposhnikov, “On The Anomalous Electroweak Baryon Number Nonconservation In The Early Universe,” Phys. Lett. B 155 (1985) 36.

[25] G.F.Giudice, A.Notari, M.Raidal, A.Riotto and A.Strumia, “Towards a complete theory of thermal leptogenesis in the SM and MSSM,” Nucl. Phys. B 685 (2004) 89 [arXiv:hep-ph/0310123].

[26] T.Asaka, K.Hamaguchi, M.Kawasaki and T.Yanagida, “Leptogenesis in inflaton decay,” Phys. Lett.

B 464 (1999) 12 [arXiv:hep-ph/9906366].

[27] N.Okada and O.Seto, “A brane world cosmological solution to the gravitino problem,” arXiv:hep-ph/0407235.

Figure 1: Reheating temperature T_R versus the right-handed neutrino mass M_1 for superpotential coupling λ = 0.001.

Figure 2: Reheating temperature T_R versus the superpotential coupling λ for M_1 = 10^{10} GeV .