arXiv:hep-ph/0701024v4 11 Jun 2007

SIT-HEP/TM-34

Generating curvature perturbations with or without MSSM flat directions

Tomohiro Matsuda^1

Laboratory of Physics, Saitama Institute of Technology,

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

Abstract We consider instant preheating as the mechanism for generating the curvature perturbation at the end of chaotic inflation. Then we examine if inflation could be driven by a Minimal Supersymmetric Standard Model (MSSM) flat direction or a sneutrino. Our simple mechanism relaxes some serious constraints that appeared in past studies, making inflation driven by a MSSM flat direction or a sneutrino more plausible.

1matsuda@sit.ac.jp

1 Introduction

In the standard scenario of the inflationary Universe, the observed density perturbations are assumed to be produced by a light inflaton rolling down its potential during inflation. This “standard mechanism” of generating the curvature perturbation has been investigated by many authors [1]. Although it may be possible to construct some inflationary scenarios with this mechanism, it is not always easy to find a situation where an inflaton field appears naturally in the Grand Unified Theory (GUT) of particle physics, and at the same time has all the required conditions for inflation satisfied without finetunings or an additional hidden sector for inflation. In this paper we focus our attention on inflationary models in which a MSSM flat direction or a sneutrino plays the role of an inflaton. As will be presented in sec. 2, past studies on MSSM (or sneutrino) inflation were studied on the basis of a conventional mechanism of generating the curvature perturbations related to fluctuations of an inflaton. The conditions required for the coupling constants in the theory were very severe, demanding fine-tunings of the MSSM parameters. Hence, our question in this paper is very simple. Is it possible to solve or relax the above-mentioned conditions with a new mechanism for generating curvature perturbations?

Recently, a new inflationary paradigm has been developed where the conventional slow-roll picture does not play an essential role in generating the curvature perturbation. Along the lines of this new inflationary paradigm, we will consider a scenario where the perturbation of a light field is converted into the curvature perturbation at the time of instant preheating that occurs at the end of inflation, when the inflaton kinetic energy is significant. The most important point is that in this new inflationary paradigm the light field is not identified with the inflaton. The light field is decoupled from the inflationary dynamics during inflation, but it plays a significant role at reheating. The idea related to such a light field has already been investigated by many authors. Although there have been many attempts in this direction, the most famous examples would be the curvaton models [2, 3]. In the curvaton models, the origin of the large-scale curvature perturbation in the Universe is the late-decay of a massive scalar field that is called the “curvaton”. The curvaton paradigm has attracted much attention because it was thought to have obvious advantages. For example, since the curvaton is independent of the inflaton field, there was the hope [4] that the curvaton scenario, especially in models with a low inflationary scale, could cure serious fine-tunings associated with the inflation models.^2 Despite the advantages of the curvaton scenario, Lyth suggested [7] that there is a strong bound for the Hubble parameter during inflation, even when the curvatons are introduced to the model. The bound obtained by Lyth [7] was critical, but it was later suggested by Matsuda [8] that the difficulty could be avoided if an additional inflationary expansion or a phase transition were present [9]. At first this solution seemed quite generic since there could be several phase transitions after inflation, but it was later discovered that this scenario requires many additional components. It is possible to solve the problem [7] with the idea suggested in Ref.[8], but then one cannot escape from uncertainties coming from the additional components. Besides the curvatons, the problem of uncertainties is common in almost all the inflationary scenarios that require fields that cannot appear in the Standard Model(SM). This is one of our motivations to study inflation that occurs on MSSM or sneutrino direction.^3

Another idea in this inflationary paradigm was investigated most recently by Lyth [10], where an argument was presented that the density perturbations can be generated at the end of inflation by the fluctuations of the number of e-foldings induced by the fluctuations related to a light scalar field other than the inflaton.^4 An important advantage in the new mechanism is that there are no such stringent conditions coming from the requirement of

2Many attempts have been made to construct realistic models with low inflationary scale[5], where cosmological defects might play an essential role[6]. In spite of the merits of these low-scale inflationary models, an ultimate solution has not yet been found.

3Our chaotic inflation models can work only if the value of the inflaton is superplanckian. Hence in our scenario we expect that the influence of a multitude of non-renormalizable terms that might appear in the scalar potential is substantial. In our scenario we will consider a tiny Yukawa coupling y ≪ 1 that can be related to the very weak violation of an approximate symmetry. Hence the above expectation would be conceivable if such higher terms appear with the combination of ∼ |W |^n which contains y^n, or more generically each combination of the corresponding operator is accompanied by a suppression factor. However, this clearly pushes the inflationary physics beyond the justification of the MSSM.

4See also Ref.[11], where different models for generating the curvature perturbation were proposed along the lines of this new inflationary paradigm. Although we do not mention these alternative ideas, these ideas are equally important.

(1) late-time curvaton dominance, and (2) successful reheating. Using this new idea, we studied, in Ref.[12, 13], the generation of curvature perturbations in fast-roll inflationary models. Since the hybrid-type potential appears naturally in brane-antibrane inflation and a light field may generically appear in brane inflationary models, the new mechanism is very useful in brane inflationary models. The most obvious example along these lines would be throat inflation, where a light field related to an enhanced isometry appears at a distance from the moving brane as we have proposed in Ref.[12] and [13].^5 On the other hand, if the brane motion is relativistic, or the kinetic energy of the inflaton is significant, the so-called “instant preheating” should be significant in such analysis. In order to solve this problem, we proposed in Ref.[15] an alternative mechanism along the lines of this new inflationary paradigm. This is a generic mechanism for generating the curvature perturbation that works with an instant preheating at the end of inflaton. The instant preheating should be equipped with a light field, whose expectation value plays the role of an impact parameter. This alternative mechanism of generating curvature perturbation at the end of inflaton will be quite useful in MSSM inflationary models, since in such models instant preheating is a natural mechanism of reheating and at the same time there are many flat directions that can play the role of the light field.

In this paper we will examine whether the serious conditions that have been required in past studies can be relaxed by introducing the new mechanism we presented in Ref.[15]. It will be helpful to conduct a short review of previous attempts in this direction showing why it was difficult to make an inflationary model on a MSSM (or sneutrino) direction. Conclusions are given in sec. 3. We will show that one can solve or relax the serious conditions that were found in past studies, by introducing this new mechanism to the theory.

5Riotto and Lyth made another useful discussions on this point[14].

2 New mechanism and fine-tunings

2.1 New mechanism

Generically a multi-field inflationary model is described by the background inflaton fields ϕ_i(t) which evolve according to the system of coupled differential equations

ϕ̈_i + 3Hϕ̇_i + ∂V ∂ϕ_i = 0, i = 1, ..., n (2.1) and H^2 = 8π 3M^2_p [ ∑ i ϕ̇2_i 2 + V ] . (2.2)

Without loosing general applicability, we can discuss our mechanism with two orthogonal fields, ϕ_1 and ϕ_2, where ϕ_1 is a conventional inflaton field and ϕ_2 is the light field. The potential V (ϕ_1, ϕ_2) is characterized by a hierarchy between the masses of the fields, and can be modeled by V (ϕ_1, ϕ_2) = m^2_1 2 ϕ^2_1 + m^2 2 ϕ^2, (2.3) where m_1 ≃ O(H) and m_2 ≪ m_1.^6 We consider the instant preheating model[17] as the process through which the inflaton decays into lighter particles. The typical coupling to the preheat field χ is written as L = g 2 (ϕ^2_1 + ϕ^2)χ^2, (2.4)

which gives a mass to the preheat field. Applying the result obtained in Ref.[17], the comoving number density n_χ of the preheat field χ produced during the first half-oscillation of ϕ_1 becomes n_χ ≃ (g|ϕ̇_1(t_∗)|)^{3/2} 8π^3 exp [ − πg|ϕ_2(t_∗)|^2 |ϕ̇_1(t_∗)| ] , (2.5) where t_∗ is the time when the inflaton ϕ_1 reaches its minimum potential at ϕ_1 = 0 and where the light field ϕ_2 may still have an expectation value ϕ_2(t_∗) ≠ 0. We used ϕ̇_2 = 0 and δϕ̇_2 = 0 to derive Eq.(2.5). To obtain an estimate of the curvature perturbation through Eq.(2.5), we need to write down an expression for δn_χ/n_χ; δn_χ n_χ = 2πg|ϕ_2(t_∗)|^2 |ϕ̇_1(t_∗)| |δϕ_2(t_∗)| |ϕ_2(t_∗)|

, (2.6)

6A different approach has been given by Kolb et.al.[16], who assumed m_2 ≃ m_1

where it is assumed that |δϕ_2(t_∗)| ≪ |ϕ_2(t_∗)| so that we can neglect higher terms. To determine the curvature perturbation produced during the decay process of the preheat field χ, it is sufficient to note that the generated energy density is proportional to the comoving number density n_χ. Assuming a smooth decay process of the preheat field, the curvature perturbation ζ generated during the instant preheating is ζ ≃ α δn_χ n_χ , (2.7)

where α is a constant whose numerical value depends on how the density of the produced particle redshifts with the Universe expansion. Since the field ϕ_2 is approximately massless during inflation, the value of the fluctuation is given by δϕ_2 ≃ H_I /2π ≃ V^{1/2}_I /(2 √ 3πM_p).

In the simplest case of a single-stage inflationary model, the curvature perturbation ζ is approximately ζ ≃ α2πg|ϕ_2(t_∗)|^2 |ϕ̇_1(t_∗)| |δϕ_2(t_∗)| |ϕ_2(t_∗)|

. (2.8)

Since the field ϕ_2 is very light, it is possible to have ϕ_2(t_i) ≃ ϕ_2(t_∗), where t_i is the time when the inflaton ϕ_2 starts fast-rolling. As we are considering a case where the kinetic energy of the inflaton field ϕ_1 is significant at the time of preheating,

ϕ̇_1(t_∗)^2 ≃ m^2|ϕ_1(t_i)|^2 ≃ H^2_I M^2_p (2.9)

is a natural consequence. We must also consider the condition for the efficient production of the preheat field χ, which is written as

m^2_χ ≃ g|ϕ_2(t_∗)|^2 < ϕ̇_1(t_∗). (2.10)

Considering the above conditions, we found a relation ζ ≃ α2πg|ϕ_2(t_∗)|^2 |ϕ̇_1(t_∗)| |δϕ_2| |ϕ_2(t_∗)| ≃ αg|ϕ_2(t_∗)| M_p < αg^{1/2} √ mϕ_1(t_i) M_p ≃ αg^{1/2} √ 10m M_p . (2.11)

Here α depends on the redshift of the final product. As we are considering instant preheating in a MSSM direction, the final product is assumed to be massless (α = 1/4). The value of ϕ_2 is not a parameter of the underlying theory, but an initial condition at the beginning of inflation. The value of ϕ_2 is important since it determines the value of ζ. The fate of ϕ_2 is discussed in appendix A.

This is the new mechanism that we will consider in this paper. With this new mechanism for generating curvature perturbations, is it possible to construct a chaotic inflation model with or without MSSM directions and to solve or relax the conditions obtained in past studies on MSSM and sneutrino inflation?

2.2 Quartic potential

There may be a rather peculiar possibility for chaotic inflation with MSSM direction, which is to use a D-flat but not an F-flat direction[19]. In this scenario we consider quartic potential V (ϕ) = λ 4 ϕ^4, (2.12) where λ is a dimensionless coupling constant. The value of the inflaton field when a fluctuation denoted by k exits horizon is related to the number of e-foldings N_k elapsed after the horizon exit as^7 ϕ_k ≃ √ 8N_kM_p. (2.13) Hence, using a standard calculation[1], the COBE normalization is given by √ λ 8 ( ϕ_k M_p )_3 ≃ 5.2 × 10^{−4}. (2.14)

which means that normalization of the primordial density fluctuation requires a tiny value for the coupling constant λ ∼ 10^{−13}[1]. One way to solve this problem is to expect an approximate symmetry, such as the flavor symmetry or R-parity in MSSM.^8 If the inflaton field ϕ is related to a D-flat direction in MSSM, one can obtain the quartic inflaton potential considering the Yukawa interaction that lifts the D-flat direction. Then the coupling constant λ is given by λ ≃ y^2, where the Yukawa coupling constant is denoted by y. In the present case we have to consider an approximate symmetry that protects the tiny Yukawa coupling. Actually, smaller λ is more favorable if it is related to the R-parity violating Yukawa coupling. We will revisit this issue in appendix A for more details.

We think it is important to notice here that instant preheating would be a dominant mechanism for reheating in the MSSM inflationary model. It was discussed by Kasuya

7See appendix A for more details.

8R-parity is exact in MSSM. In this case we are expecting something beyond MSSM.

et al.[19] that instant preheating related to Yukawa couplings is efficient in this model. In this case it was suggested that the effect of a A-term is so small that the inflaton exhibits almost straight-line motion on the complex plane. Hence the disturbance of the homogeneous motion caused by the A-term was neglected. In a brane inflationary scenario of “trapped inflation”[20], it has been discussed that open strings stretched between branes play the role of a preheat field. In terms of the brane worldvolume fields the preheat field was identified with massive gauge boson that becomes massless at enhanced symmetry point(ESP). In the scenario of trapped inflation the W boson was assumed to be a stable excitation, however in a MSSM inflationary model gauge bosons can decay into lighter particles.^9 If there is something like a Heisenberg symmetry that protects flat direction from obtaining O(H) mass during inflation, and also if this direction gives mass to the corresponding preheat field, the impact parameter for the instant preheating |ϕ_2| is nonzero and also it has a Gaussian fluctuation that exits horizon during inflation. This is the required situation of our inflationary model. The curvature perturbation generated with the instant preheating becomes important in our model.

Despite the novelty of the idea, the actual calculation of the new mechanism is straightforward. The fluctuation of the number density of the preheat field takes precisely the same formula as Eq.(2.6), but the kinetic energy ϕ̇_1 is different from Eq.(2.9). Due to the quartic term in the inflaton potential, ϕ̇_1 is given by

ϕ̇^2_1 ≃ λ|ϕ_1(t_i)|^4 ≃ 10^4λM^4_p . (2.15)

This relation changes the curvature perturbation obtained in Eq.(2.11) as ζ ≃ α2πg|ϕ_2(t_∗)|^2 |ϕ̇_1(t_∗)| |δϕ_2| |ϕ_2(t_∗)| ≃ αg|ϕ_2(t_∗)| M_p < αg^{1/2}10λ^{1/4}. (2.16)

Hence, the curvature perturbation generated at the end of inflation can be fitted to WMAP data if λ > 10^{−24}g^{−2}, which gives the lower bound for λ.^{10} On the other hand, the

9In some other cases the amplitude of a oscillation might be much smaller than that in a MSSM chaotic inflation, and the oscillation might be free from efficient reheating induced by instant preheating. Typical example would be found in the analysis of Affleck-Dine baryogenesis[18].

10Notice that there are only upper bounds for the couplings related to the R-parity violating terms, while thre are strict lower bounds for the R-parity conserving Yukawa terms. See appendix A for more details.

“standard” curvature perturbation (2.14) generated by an inflaton fluctuation becomes large if λ > 10^{−13}. Hence we still need to consider a fine-tuning 10^{−24} < λ < 10^{−13} for g ∼ 1 to suppress the unwanted contribution from the inflaton. As we have presented above, it is possible to use the new mechanism to generate the curvature perturbation in MSSM inflation. The obstacle in the above attempt was the large curvature perturbation generated by an inflaton when λ > 10^{−13}. In the D-flat inflationary model, we found that this problem is solved if a fine-tuning is introduced to the coupling constant λ. Although a kind of fine-tuning is required for the coupling constant λ, the experimental upper bounds obtained from phenomenological considerations are consistent with 10^{−24} < λ < 10^{−13}[19] if λ is related to a R-parity violating Yukawa coupling. We are expecting that λ is protected by an approximate symmetry, which may (or may not) explain the smallness of λ. As a result, the new mechanism “relaxes” the severe condition for λ if it is related to the weak violation of the approximate R-parity.

2.3 Quadratic potential

Perhaps the straightforward extension of the previous example would be to use a quadratic potential instead of the quartic potential. The known example in this direction is sneutrino inflation. Let us first show the known problems and the required fine-tunings in sneutrino inflation, and then show how one can escape from these problems using the new mechanism. Sneutrino is the scalar supersymmetric partner of a heavy singlet neutrino in the minimal seesaw model of neutrino masses. The possibility that inflation was driven by a sneutrino has been discussed by many authors[21]. Following the past studies, we consider chaotic inflation with a V =^1_2 m^2ϕ^2 potential. The number of e-foldings N_e is given by N_e ≃ 1 4 ϕ^2 M^2_p

≃ 50, (2.17) which gives the value of ϕ at the beginning of inflation, ϕ(t_i) ≃ O(10)M_p. The scale of the inflaton potential is normalized by the WMAP data on density fluctuations ζ ≃ V^{1/2} 2 √ 6πM^2_p ϵ^{1/2}

≃ 10^{−5}, (2.18) where ϵ ≡^1_2 M^2_p (_{dV /dϕ} V )_2 is a slow-roll parameter. From the above equations we can find the required mass as m ≃ 10^{13} GeV, which is within the range of heavy singlet sneutrino masses. The problem in this scenario is that the reheating temperature T_R ≃ 10^{13}GeV is much larger than the bound obtained from the thermal production of gravitinos[22]. It may be possible to make T_R much smaller than the bound, if a neutrino Yukawa coupling Y_ν is much smaller than unity. For example, the reheating temperature becomes as low as T_R ≃ 10^8GeV if the neutrino Yukawa coupling is |Y_νY^†_ν | ≃ 10^{−12}. Otherwise, one should expect an additional late-time entropy production[1, 23, 24], which would be the secondary inflationary expansion that reduces unwanted particles.^{11} However, if there is a late-time entropy production, the baryon number asymmetry of the Universe must be produced after the entropy production, which induces another problem in cosmology that may or may not be solved by introducing additional ingredients to the theory[25].

Let us show how this serious condition can be relaxed when the new mechanism is taken into account. Our idea is very simple. Instead of introducing a tiny Yukawa coupling constant, we consider a smaller mass for the sneutrino inflaton. Then, as we have mentioned above for D-flat inflationary model, we can assume that reheating is induced by instant preheating. Any flat direction that gives a mass for the preheat field can play the role of the impact parameter ϕ_2, provided that the direction is flat. Then the dominant contribution comes from Eq.(2.11) if the inflaton mass is smaller than 10^{13}GeV. On the other hand, from Eq.(2.11) the ratio between m and M_p is bounded from below, which is given by m M_p > 10^{−11}g^{−1}. (2.19) This suggests that the inflaton mass m can be as light as O(10^7GeV) for g ≃ 1. In the present case the bound for the sneutrino mass is 10^7GeV < m ≤ 10^{13}, which is much looser than the condition found in the previous study and is suitable to solve the gravitino problem in sneutrino inflation.

Another important point that we can see from the above analysis is that the inflaton

11Weak inflation[23] is a mechanism for such late-time entropy production and is supposed to have the Hubble parameter not much larger than O(TeV). There are many ideas for weak inflation and other kinds of late-time entropy production, however the most important realization would be the thermal inflation model. The idea of thermal inflation has been given by Lyth and Stewart in Ref.[24].

field ϕ_1 can now be identified with a MSSM flat direction itself. In this case the inflaton field ϕ would be the heaviest direction which is rather heavier than the lightest direction ϕ_2 so that inflation ends before the light field ϕ_2 starts to roll down the potential.^{12} If the dominant part of the curvature perturbation is generated at the end of inflation, which occurs if m < 10^{13}GeV, the scale of the potential is not normalized by Eq.(2.18).

2.4 A-term

We would like to make some comments on other inflationary models of MSSM flat direction. Recently it has been pointed out that a MSSM flat direction might support slow-roll inflation with an initial field value much less than the Planck scale M_p and the tree-level potential V (ϕ) = m^2_ϕϕ^2 + A cos(nθ + θ_0) ϕ^{n+3} M^n (2.20) This potential may have a secondary minimum at ϕ_{2nd} = ϕ_0 ≃ ( m_ϕM^{n−3}_p )_{1/(n−2)} ≪ M_p, provided that the coefficient of the A-term satisfies the condition A ≥ A_c ≡ 2 √ 2(n − 1)m_ϕ. (2.21)

Moreover, if A takes the critical value A_c the first and the second derivatives of V vanishes at ϕ_0. If A = A_c, the potential near the saddle point is now very flat along the real direction, and it becomes a successful inflaton candidate in MSSM potential[27]. On the other hand, one might think the condition A = A_c is a kind of fine-tuning that must be explained by the underlying (GUT) theory, making the above discussion not within MSSM. We may agree with these critical comments, however the motivation to make inflationary scenarios on MSSM direction is still very strong in this scenario. If the inflaton sector belongs to an unknown (hidden) sector, then there would be too many

12When one makes predictions in the framework of MSSM, one encounters parameter freedom which is mainly due to soft SUSY breaking terms. The predictive power of the model may be increased if one restricts this freedom, which is the hypothesis called “universality of the soft terms”. Under this assumption one is left with 5 free parameters. However, MSSM with the universal soft masses might not work in practice. Our inflationary scenario supports non-universal soft masses with at least one parameter appears at O(10^7)GeV. This is an interesting possibility that requires further study. See also Ref.[26] in which models with split supersymmetry have been proposed. Althernatively, one may consider some extension of MSSM to include a heavy scalar field.

uncertainties which really hamper the progress not only in particle cosmology but also in GUT phenomenology. On the other hand, if MSSM flat direction could play the role of inflaton, there will be a chance to prove by some observations the existence of such fine-tunings. If the existence of such fine-tunings may be proved by observations, one will be forced to consider a theory behind MSSM that can explain such fine-tunings.

Let us examine if our mechanism can help A-term inflation. Since V^′ appears in the calculation of the number of e-foldings, the fine-tuning related to V^′ does always remain. On the other hand, another condition for the ϵ-parameter given by the COBE normalization V^{1/4}/ϵ^{1/4} = 0.027M_p does not appear if the curvature perturbation is generated by an alternative. The most significant condition for the A-term inflationary scenario comes from the spectral index n ≃ 1 + 2η[28] which is related to the η-parameter, but it does not matter if the curvature perturbation is generated by an alternative. As we have stated above, our mechanism requires an additional field ϕ_2 that is light (m_2 ≪ H_I ) during inflation. Since A-term inflation starts with ϕ_0 ≪ M_p, the Hubble parameter during inflation is H_I ≪ m_ϕ. For example, for ϕ_0 ≃ 10^{−4}M_p the potential is V (ϕ_0) ∼ m^2_ϕϕ^2_0, and the Hubble constant is H_I ∼ 10^{−4}m_ϕ. Hence our mechanism requires a light field whose mass satisfies the condition m_2 ≪ 10^{−4}m_ϕ, which introduces another kind of problem to the model. Therefore, for successful generation of the spectrum in A-term inflation one can choose either to consider fine-tuning for the shift in the mass^{13} δ^2/m^2_ϕ ∼ 10^{−18}, or to introduce a kind of hierarchy m_2/m_ϕ ≪ 10^{−4}. In the latter case, considering Eq.(2.11) we found that the inflaton mass must be as large as m_ϕ > 10^{10} GeV, and a weak fine-tuning is still required for δ^2/m^2_ϕ to have N_e ∼ 50.

3 Conclusions and Discussions

A new mechanism for generating the curvature perturbation at the end of inflation is discussed in this paper. The dominant contribution to the primordial curvature perturbation may be generated by this new mechanism, which converts the perturbation related to a light field into curvature perturbation during the period of instant preheating. The light

13See figures in Ref.[28]. m_ϕ is the universal soft mass for the components of the inflaton direction. Fine-tunings for the radiative corrections are included.

field is “not” the inflaton field. Based on this new inflationary paradigm, we considered the possibility that chaotic inflation is driven by a MSSM flat direction. We also considered sneutrino inflation as an example for a quadratic inflationary model. Our simple mechanism relaxes some serious constraints that appeared in past studies, making chaotic inflation on a MSSM and a sneutrino direction more plausible than ever before.

4 Acknowledgment

We wish to thank K.Shima for encouragement, and our colleagues at Tokyo University for their kind hospitality. We also appreciate the reviewer for many kind instructions that helped us to clarify many important points.

A Cosmological parameters and MSSM couplings

A.1 Basic cosmological parameters

We consider an arbitrary monomial potential which consists of a single power of ϕ; V = λ_α ϕ^α M^{α−4}_p . (A.1)

Here α is a positive integer. The slow-roll parameters are ϵ = α^2 2 M^2_p ϕ^2 η = α(α − 1) M^2_p ϕ^2

. (A.2)

Assuming that inflation ends when η = 1, we obtain ϕ^2_e = α(α − 1)M^2_p . Then the value of ϕ is given by

ϕ_k = √ ϕ^2_e + 2αN_kM_p = √ α(α − 1 + 2N_k)M_p ≃ √ 2N_kαM_p, (A.3)

when the cosmological scale related to the number of e-foldings N_k exits horizon.^{14}

14Using the exact expression we find ϵ =^α_{2(α−1+Nk )} , which suggests that the approximate expression ϵ ≃ α/2N_k deviates by a few percent from the exact value. The exact value should be used for the spectral index.

It would be important to note here that the chaotic inflation models can work only if the value of the inflaton is superplanckian. This is evident in our present discussions. At such displacements one expects a multitude of non-renormalizable terms to appear and become important in the scalar potential, whose influence on inflation is substantial. This clearly pushes inflationary physics beyond the justification of the MSSM. Therefore, our present model can be applied to the MSSM field contents while it requires physics beyond the justification of the MSSM.

The COBE normalization is given by √ λ_α α ( ϕ M_p )_{α/2+1} ≃ 5.2 × 10^{−4}. (A.4)

The COBE normalization corresponds to m ≃ 10^{13}GeV for the quadratic potential V = m^2ϕ^2/2, and to λ ≃ 10^{−13} for the quartic potential V = λϕ^4/4 [1].

For the conventional inflationary scenario the spectral index n is given by

n ≃ 1 − 6ϵ + 2η. (A.5)

In our present case the spectral index is given by[3, 29]

n_{P R} ≃ 1 − 2ϵ_H , (A.6)

where the slow-roll parameter ϵ_H is ϵ_H ≡ − Ḣ H^2

. (A.7)

As we are considering a very light field ϕ_2, the corrections from ϕ_2 are negligible. Notice that n_{P R} does depend on the ϵ-parameter of the inflaton potential, but it does not depend on the η-parameter of the inflaton potential. This is very important for the discussion of the fine-tuning in the A-term inflation model. If there is no slow-roll field other than the inflaton, the spectral index is n_{P R} ≃ 1 − α/2N_k. Of course there is an ambiguity in n_{P R} since one cannot simply disregard the corrections to ϵ_H from other fields which might still be rolling down the potential and contribute to ϵ_H at the time not so long after the onset of the inflationary expansion.

A.2 MSSM parameters

We first consider the D-flat direction lifted by the conventional Yukawa terms that conserve R-parity. We denote the MSSM superfields as Q(3, 2,^1_6 ), U(3^∗, 1, −^2_3 ), D(3^∗, 1,^1_3 ), L(1, 2, −^1_2 ), E(1, 1, 1), H_u(1, 2,^1_2 ) and H_d(1, 2, −^1_2 ), where the quantum numbers for the SU(3)_C × SU(2)_L × U(1)_Y gauge group are shown in the parentheses. The relevant terms are given by W = (Y_U )_{ij}Q_iU_jH_u + (Y_D)_{ij}Q_iD_jH_d + (Y_E)_{ij}L_iE_j H_d, (A.8) where the indices i and j denotes the generation. If we consider chaotic inflaton with the quartic potential of the Q_iU_jH_u direction, the coupling constant λ is given by λ ≃ |(Y_U )_{ij} |^2. Since we are expecting small coupling λ ≤ 10^{−13} for the quartic inflaton potential, there is the condition |Y_{ij}| ≤ 10^{−7} that must be satisfied by the corresponding Yukawa coupling. This condition is so severe that naively the above Yukawa couplings cannot satisfy the condition. However, besides the tree-level contributions, there could be radiative corrections coming from off-diagonal (flavor violating) elements. It has been discussed by Kasuya et. al.[19] that these corrections may reduce the expected value of the Yukawa couplings to be within the allowed range of the quartic inflaton scenario.

Besides the R-parity conserving couplings that we have shown above, there could be many kinds of R-parity violating Yukawa terms.^{15}. The experimental bounds suggest that the magnitude of the R-parity violating Yukawa couplings are typically below ∼ O(10^{−7}). Hence, the R-parity violating terms are the possible candidates of the MSSM inflaton potential if the curvature perturbation is generated by instant preheating.

One might think that in the present scenario we expanded the parameter space of chaotic inflation toward the wrong direction, since this work allows λ to be smaller but not larger than λ ∼ 10^{−13}. However, there are strict experimental upper bounds on the Yukawa couplings related to the violation of the approximate R-parity. Hence the smaller value is more favorable if the inflaton is identified with such directions.

15See Ref. [30] for experimental bounds.

A.3 Fate of the light field ϕ_2

In the above analysis we assumed that the expectation value of the light field ϕ_2 is approximately a constant during inflation. Due to the exponential factor in n_χ, there is an upper bound for the expectation value of ϕ_2, ϕ_2 < √ ϕ̇_1 ∼ V^{1/4}_I . (A.9)

Since in the present case the reheating temperature becomes as large as T_R ∼ V^{1/4}_I , the thermal effects from the plasma strongly affects the dynamics of the flat direction ϕ_2 evolution after instant reheating. Hence in the present case ϕ_2 evaporates soon after reheating.

References

[1] See the following books and the references therein. E. W. Kolb and M. S. Turner, The Early Universe, Addison-Wesley, US, (1990); A. R. Liddle and D. H. Lyth, Cosmological inflation and large-scale structure, Cambridge, UK: Univ. Pr. (2000).

[2] S. Mollerach, Isocurvature baryon perturbations and inflation, Phys.Rev.D42(1990)313; A. D. Linde, V. Mukhanov, Nongaussian Isocurvature Perturbations from Inflation, Phys.Rev.D56(1997)535 [astro-ph/9610219]; K. Enqvist, M. S. Sloth, Adiabatic CMB perturbations in pre-big bang string cosmology, Nucl.Phys.B626(2002)395 [hep-ph/0109214].

[3] T. Moroi, T. Takahashi, Effects of Cosmological Moduli Fields on Cosmic Microwave Background, Phys.Lett.B522(2001)215 [hep-ph/0110096] D. H. Lyth, D. Wands, Generating the curvature perturbation without an inflaton, Phys.Lett.B524(2002)5 [hep-ph/0110002].

[4] K. Dimopoulos, D. H. Lyth, Models of inflation liberated by the curvaton hypothesis, Phys.Rev.D69(2004)123509,2004 [hep-ph/0209180]; M. Giovannini, Tracking curvaton(s)?, Phys.Rev.D67(2003)123512 [hep-ph/0310024].

[5] P. Kanti and K. A. Olive, Assisted chaotic inflation in higher dimensional theories, Phys. Lett. B464(1999)192 [hep-ph/9906331]; N. Arkani-Hamed, S. Dimopoulos, N.

Kaloper, and J. March-Russell, Rapid asymmetric inflation and early cosmology in theories with submillimeter dimensions, Nucl.Phys.B567(2000)189 [hep-ph/9903224]; R. N. Mohapatra, A. Perez-Lorenzana, and C. A. de S. Pires, Inflation in models with large extra dimensions driven by a bulk scalar field, Phys.Rev.D62(2000)105030 [hep-ph/0003089]; A. Mazumdar, S. Panda and A. Perez-Lorenzana, Assisted inflation via tachyon condensation, Nucl.Phys.B614(2001)101 [hep-ph/0107058]; A. Mazumdar, Extra dimensions and inflation, Phys.Lett.B469(1999)55 [hep-ph/9902381]; A. M. Green and A. Mazumdar, Dynamics of a large extra dimension inspired hybrid inflation model, Phys.Rev.D65(2002)105022 [hep-ph/0201209]; T. Matsuda, Nontachyonic brane inflation, Phys.Rev.D67(2003)083519 [hep-ph/0302035]; T. Matsuda, F term, D term and hybrid brane inflation, JCAP 0311(2003)003 [hep-ph/0302078]; T. Matsuda, Successful D term inflation with moduli, Phys.Lett.B423(1998)35 [hep-ph/9705448].

[6] T. Matsuda, Topological hybrid inflation in brane world, JCAP 0306(2003)007 [hep-ph/0302204]; T. Matsuda, Q ball inflation, Phys.Rev.D68(2003)127302 [hep-ph/0309339]; T. Matsuda, Brane Q Ball, branonium and brane Q ball inflation [hep-ph/0402223].

[7] D. H. Lyth, Can the curvaton paradigm accommodate a low inflation scale?, Phys.Lett.B579(2004)239 [hep-th/0308110].

[8] T. Matsuda, Curvaton paradigm can accommodate multiple low inflation scales, Class.Quant.Grav.21(2004)L [hep-ph/0312058].

[9] K. Dimopoulos, D. H. Lyth and Y. Rodriguez, Low scale inflation and the curvaton mechanism, JHEP 0502:055,2005 [hep-ph/0411119]; K. Dimopoulos and G. Lazarides, Modular inflation and the orthogonal axion as curvaton, Phys.Rev.D73(2006)023525 [arXiv:hep-ph/0511310]; K. Dimopoulos and G. Lazarides, Modular inflation and the orthogonal axion as curvaton, Phys.Rev.D73(2006)023525[arXiv:hep-ph/0511310]; K. Dimopoulos, Inflation at the TeV scale with a PNGB curvaton, Phys.Lett.B634(2006)331 [arXiv:hep-th/0511268]; K. Dimopoulos, Inflation at the TeV scale with a PNGB curvaton, Phys.Lett.B634(2006)331[arXiv:hep-th/0511268].

[10] D. H. Lyth, Generating the curvature perturbation at the end of inflation, JCAP 0511:006,2005 [astro-ph/0510443].

[11] F. Bernardeau, L. Kofman and J.P. Uzan, Modulated fluctuations from hybrid inflation, Phys.Rev.D70(2004)083004 [astro-ph/0403315]; K. Enqvist, A. Mazumdar and M. Postma, Challenges in generating density perturbations from a fluctuating inflaton coupling, Phys.Rev.D67(2003)121303 [astro-ph/0304187]; A. Mazumdar and M. Postma, Evolution of primordial perturbations and a fluctuating decay rate, Phys.Lett.B573(2003), [Erratum-ibid. B585(2004)295] [arXiv:astro-ph/0306509]; G. Dvali, A. Gruzinov and M. Zaldarriaga, Cosmological perturbations from inhomogeneous reheating, freezeout, and mass domination, Phys.Rev.D69(2004)083505 [astro-ph/0305548]; S. Tsujikawa, Cosmological density perturbations from perturbed couplings, Phys.Rev.D68(2003)083510 [astro-ph/0305569]; B. A. Bassett, S. Tsujikawa and D. Wands, Inflation dynamics and reheating, Rev.Mod.Phys.78(2006)537 [astro-ph/0507632]; R. Allahverdi, K. Enqvist, A. Jokinen and A. Mazumdar, Identifying the curvaton within MSSM, JCAP 0610:007,2006 [hep-ph/0603255]; R. Allahverdi, Scenarios of modulated perturbations, Phys.Rev.D70(2004)043507 [astro-ph/0403351]; T. Matsuda, Topological curvatons, Phys.Rev.D72(2005)123508 [hep-ph/0509063].

[12] T. Matsuda, Elliptic Inflation: Generating the curvature perturbation without slowroll, JCAP 0609:003,2006 [hep-ph/0606137].

[13] T. Matsuda, Brane inflation without slow-roll [astro-ph/0610402].

[14] D. H. Lyth and A. Riotto, Generating the Curvature Perturbation at the End of Inflation in String Theory [astro-ph/0607326].

[15] T. Matsuda, Generating the curvature perturbation with instant preheating [hep-th/0610232].

[16] W. Kolb, A. Riotto and A. Vallinotto, Curvature perturbations from broken symmetries, Phys.Rev.D71(2005)043513 [astro-ph/0410546]; W. Kolb, A. Riotto and A. Vallinotto, Non-gaussianity from broken symmetries, Phys.Rev.D73(2006)023522 [astro-ph/0511198].

[17] G. N. Felder, L. Kofman and Andrei D. Linde, Instant preheating, Phys.Rev.D59(1999)123523[hep-ph/9812289].

[18] M. Dine, L. Randall and S. D. Thomas, Baryogenesis from flat directions of the supersymmetric standard model, Nucl.Phys.B458(1996)291 [hep-ph/9507453].

[19] S. Kasuya, T. Moroi and F. Takahashi, Can MSSM particle be the inflaton?, Phys.Lett.B593(2004)33 [hep-ph/0312094].

[20] L. Kofman, A. Linde, X. Liu, A. Maloney, L. McAllister and Eva Silverstein, Beauty is attractive: Moduli trapping at enhanced symmetry points, JHEP 0405:030,2004[hep-th/0403001].

[21] H. Murayama, Hiroshi Suzuki, T. Yanagida and Jun’ichi Yokoyama, Chaotic inflation and baryogenesis by right-handed sneutrinos, Phys.Rev.Lett.70(1993)1912, J. R. Ellis, M. Raidal and T. Yanagida, Sneutrino inflation in the light of WMAP: Reheating, leptogenesis and flavor violating lepton decays, Phys.Lett.B581(2004)9 [hep-ph/0303242].

[22] See a review for T. Moroi, Effects of the gravitino on the inflationary universe, Ph.D.

Thesis [hep-ph/9503210] and references therein.

[23] L. Randall, S. D. Thomas, Solving the cosmological moduli problem with weak scale inflation, Nucl.Phys.B449(1995)229 [hep-ph/9407248].

[24] D. H. Lyth and E. D. Stewart, Cosmology with a TeV mass GUT Higgs, Phys.Rev.Lett.75(1995)201 [hep-ph/9502417]; D. H. Lyth and E. D. Stewart, Thermal inflation and the moduli problem, Phy.Rev.D53(1996)1784 [hep-ph/9510204].

[25] E.D. Stewart, M. Kawasaki and T. Yanagida, Affleck-Dine baryogenesis after thermal inflation, Phys.Rev.D54(1996)6032[hep-ph/9603324]; T. Matsuda, Affleck-Dine baryogenesis after thermal brane inflation, Phys.Rev.D65(2002)103501[hep-ph/0202209].

[26] N. Arkani-Hamed and S. Dimopoulos, Supersymmetric unification without low energy supersymmetry and signatures for fine-tuning at the LHC, JHEP0506,073(2005)

[hep-th/0405159]; G. F. Giudice and A. Romanino, Split supersymmetry, Nucl.Phys.B699(2004)65, Erratum-ibid. B706(2005)65 [hep-ph/0406088].

[27] 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].

[28] 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].

[29] D. H. Lyth, C. Ungarelli and D. Wands, The Primordial density perturbation in the curvaton scenario, Phys.Rev.D67(2003)023503[astro-ph/0208055]; G. Lazarides, R. R. de Austri and R. Trotta, Constraints on a mixed inflaton and curvaton scenario for the generation of the curvature perturbation, Phys.Rev.D70(2004)123527 [hep-ph/0409335].

[30] B.C. Allanach, A. Dedes and Herbert K. Dreiner, Bounds on R-parity violating couplings at the weak scale and at the GUT scale, Phys.Rev.D60(1999)075014 [hep-ph/9906209].