arXiv:hep-ph/0211163 v4 9 Sep 2003

Generation of cosmological large lepton asymmetry from a rolling scalar field

Masahide Yamaguchi

Research Center for the Early Universe, University of Tokyo, Tokyo 113-0033, Japan and Physics Department, Brown University, Providence, Rhode Island 02912, USA (Dated: September 9, 2003)

We propose a new scenario to simultaneously explain a large lepton asymmetry and a small baryon asymmetry. We consider a rolling scalar field and its derivative coupling to the lepton number current. The presence of an effective nonzero time derivative of the scalar field leads to CP T violation so that the lepton asymmetry can be generated even in thermal equilibrium as pointed out by Cohen and Kaplan. In this model, the lepton asymmetry varies with time. In particular, we consider the case where it grows with time. The final lepton asymmetry is determined by the decoupling of the lepton number violating interaction and can be as large as order unity. On the other hand, if the decoupling takes place after the electroweak phase transition, a small baryon asymmetry is obtained from the small lepton asymmetry at that time through sphaleron effects. We construct a model in which a rolling scalar field is identified with a quintessence field.

PACS numbers: 98.80.Cq BROWN-HET-1333

I. INTRODUCTION

The baryon number density dominates over the antibaryon number density in our Universe. The magnitude of the baryon asymmetry is mainly estimated by the two different methods. One is big bang nucleosynthesis (BBN). By comparing predicted primordial abundances of light elements (D,^3He,^4He and^7Li) with those inferred from observations, the baryon-to-entropy ratio n_B/s is estimated as n_B/s ∼ (8 − 10) × 10^{−11} [1, 2]. The other is observations of small scale anisotropies of the cosmic microwave background (CMB) radiation [3, 4, 5, 6, 7, 8, 9]. The baryon-to-entropy ratio inferred from recent results of the Wilkinson Microwave Anisotropy Probe (WMAP) roughly coincides with that inferred from BBN. However, the detailed analysis shows that the best fit value of the effective number of neutrino species N_ν is significantly smaller than 3.0 [10]. Of course, N_ν = 3.0 is consistent at ∼ 2σ and such discrepancies may be completely removed after observations are improved and their errors are reduced. However it is probable that such small discrepancies are genuine and suggest additional physics in BBN and the CMB.

An interesting possibility to eliminate such discrepancies is the presence of a large and positive lepton asymmetry of electron type [11]. Roughly speaking, such an asymmetry causes two effects on the predicted primordial abundance of^4He. The excess of electron neutrinos shifts the chemical equilibrium between protons and neutrons toward protons, which reduces the predicted primordial abundance of^4He. On the other hand, the excess of electron neutrinos also causes increase of the Hubble expansion, which makes the predicted primordial abundance of 4He increase. In practice, the former effect overwhelms the latter so that the presence of a large and positive electron type asymmetry decreases the predicted primordial abundance of^4He, which often solves the discrepancies as mentioned above. Furthermore, large lepton asymmetries are useful to realize the cool dark matter model of the large scale structure formation [12] and the relic neutrino scenario of the extremely high energy cosmic rays [13]. However, it is very difficult for such a large lepton asymmetry to be compatible with a small baryon asymmetry. This is mainly because, if we take the sphaleron effects into account, lepton asymmetry is converted into baryon asymmetry of the same order with the opposite sign [14].

There are several ways to overcome this difficulty. One possibility is to generate the large lepton asymmetry after electroweak phase transition but before BBN, which may be realized through oscillations between active neutrinos and sterile neutrinos [15]. Another is to disable the sphaleron effects. It was pointed out that the presence of a large chemical potential prevents restoration of the electroweak symmetry [16]. Based on this nonrestoration mechanism, the generation of a large lepton asymmetry compatible with the small baryon asymmetry was discussed [17]. March-Russell et al. discussed another possibility [18]. In their model, a positive electron type asymmetry but no total lepton asymmetry, that is, L_e = −L_μ > 0 and L_τ = 0, is generated by the Affleck-Dine mechanism for some flat direction [19]. Then, the small positive baryon asymmetry is produced through thermal mass effects of sphaleron processes. Recently, Kawasaki, Takahashi, and the present author discussed another possibility [20], in which a positive electron type asymmetry but negative total lepton asymmetry is produced by the Affleck-Dine mechanism and almost all the produced lepton numbers are absorbed into L-balls. A small amount of negative lepton charges is evaporated from the L-balls due to thermal effects. These are converted into the observed small baryon asymmetry by virtue of sphaleron effects. However, the remaining lepton charges are protected from sphaleron effects and released into thermal plasmas by the decay of L-balls before BBN.

In this paper, we discuss another possibility, in which a spontaneous leptogenesis mechanism proposed by Cohen and Kaplan is used [21]. We consider a real scalar field, which slow rolls like a quintessence field and couples derivatively to the lepton number current. The presence of an effective nonzero time derivative of the scalar field leads to CP T violation so that the lepton asymmetry can be generated even in thermal equilibrium [22]. The produced lepton asymmetry varies with time according to the dynamics of the rolling scalar field. Then, the final lepton asymmetry is determined by the decoupling of the lepton number violating interaction and it can be as large as order unity. On the other hand, in the case that the lepton asymmetry grows with time, it can be small at the electroweak phase transition, which is converted into the observed small baryon asymmetry. In a similar way to [20], we can generate a positive electron type asymmetry but a negative total lepton asymmetry according to the coupling constants. Thus, a large positive electron type asymmetry and the small positive baryon asymmetry are realized simultaneously.

In the next section, after reviewing the spontaneous baryo/leptogenesis mechanism proposed by Cohen and Kaplan, we explain our scenario to produce the desired asymmetries. In Sec. III, we give a model as an example, in which a real rolling scalar field is identified with a quintessence field. Several authors have already discussed similar scenarios, in which only the present small baryon asymmetry is explained by a Nambu-Goldstone boson [23], a quintessence field [24, 25], and an inflaton in warm inflation [26], with their derivative couplings to a baryon current or a lepton current.

II. SPONTANEOUS LEPTOGENESIS AND LARGE LEPTON ASYMMETRY

First of all, we introduce the derivative coupling of a real rolling scalar field ϕ with the lepton number current J^μ_i ,

L_{eff} = ∑ i c_i M f(ϕ) ∂_μϕ J^μ_i , (1)

where i denotes the generation, c_i are coupling constants, f(ϕ) is a function of ϕ, and M is the cutoff scale, which is set to be the reduced Plank mass M_G ∼ 10^{18} GeV in this paper. Assuming that ϕ is homogeneous,

L_{eff} = ∑ i c_i M f(ϕ) ϕ̇ n^i_L = ∑ i μ_i(t) n^i_L, (2) where the effective time-dependent chemical potential μ_i(t) is given by μ_i(t) ≡ c_i M f(ϕ) ϕ̇. (3) As pointed out by Cohen and Kaplan, this interaction induces CP T violation if the time derivative ϕ̇ is effectively nonzero, which generates the lepton asymmetry even in a state of thermal equilibrium. Then, in thermal equilibrium, the lepton asymmetry n^i_L, for μ_i < T , is given by n^i_L = g 6 T^3 { μ_i T + O [( μ_i T )_3]} , (4)

where g represents the number of degrees of freedom of the fields corresponding to n_L. Since the entropy density s is given by s =^{2π}_{45} g_∗T^3 with g_∗ the total number of degrees of freedom for the relativistic particles, the ratio between the lepton number density and the entropy density is given by n^i_L s ≃ 15 4π^2 g g_∗ μ_i T = 15 4π^2 g g_∗ c_i M T f(ϕ) ϕ̇. (5) The above generation mechanism is effective as long as the lepton number violating interaction is in thermal equilibrium. Thus, the final lepton asymmetry is determined by the decoupling temperature T_D of the lepton number violating interaction. Such a lepton number violating interaction with the low decoupling temperature can be obtained in the context of the Zee model [27] or the triplet Higgs boson with its lepton number not equal to two. However, we do not specify the lepton number violating interaction in this paper. Instead, for our purpose, we have only to demand that the decoupling of the lepton number violating interaction takes place after the electroweak phase transition.

If c_1 is positive but the total sum of c_i is negative, positive electron type asymmetry but negative total lepton asymmetry is realized. Depending on the values of the scalar field ϕ and its time derivative ϕ̇, the absolute magnitude of the lepton asymmetry can be as large as order unity. On the other hand, the lepton asymmetry at the electroweak phase transition can be as small as the order of 10^{−10} according to the dynamics of the scalar field. Then, a part of the lepton asymmetry at that time is converted into the baryon asymmetry through the sphaleron processes, which can be estimated as [14] η = n_B s ≃ − 8 23 ∑ i n^i_L s | | | | |_{TEW} = −c 30 23π^2 g g_∗ 1 M T f(ϕ) ϕ̇ | | | |_{TEW} , (6)

where c = ∑ i c_i, T_{EW} represents the temperature at the electroweak phase transition, and we have assumed the standard model with two Higgs doublets and three generations. Thus, the large positive electron type asymmetry and the small positive baryon asymmetry are obtained.

III. QUINTESSENTIAL BARYO/LEPTOGENESIS MODEL

In this section, as an example, we consider the case in which the real scalar field is identified with a quintessence field. Though a lot of quintessence models are proposed [28, 29, 30, 31, 32, 33, 34, 35, 36], we take a k-essence model [35, 36], in which the quintessence field can naturally have the derivative coupling to the lepton current.

One of the candidates to realize the k-essence model is the gauge-neutral massless scalar fields present in string theory. The low-energy effective action S_{eff} has the following form [37]:

S_{eff} = 1 6κ^2 ∫ d^4x √ ĝ { −B_g (ϕ)R̂ − B^{(0)}_ϕ (ϕ)( ^∇ϕ)^2 + α^′ [ c_1B^{(1)}_ϕ (ϕ)( ^∇ϕ)^4 + ∑ i c^{(i)}_2 ψ_iD̂ψ_i ] + · · · } ,(7)

where κ = 8πG/3, ϕ is the dilaton or the moduli, and ψ_i are the leptons, respectively. B_j (ϕ) are the coupling functions and could take the complicated forms in the strong coupling regime. In the Einstein frame where g_{μν} = B_g (ϕ)ĝ_{μν}, the effective action becomes

S_{eff} = ∫ d^4x √ g [ − R 6κ^2 + p(ϕ, ∇ϕ) ] (8) with p(ϕ, ∇ϕ) = p_ϕ(ϕ, ∇ϕ) + p_d(ϕ, ∇ϕ). (9) The function p_ϕ(ϕ, ∇ϕ) depends on only ϕ and X ≡ (∇ϕ)^2/2, and is given by

p_ϕ(ϕ, X) = K(ϕ)X + L(ϕ)X^2 (10)

with K(ϕ) = 1 6κ^2 [ 3 B^{′2}_g (ϕ) B^2_g (ϕ) − 2 B^{(0)}_ϕ (ϕ) B_g (ϕ) ] , L(ϕ) = 2α^′ 3κ^2 c_1B^{(1)}_ϕ (ϕ). (11)

On the other hand, the function p_d(ϕ, ∇ϕ) is given by p_d(ϕ, ∇ϕ) = ∑ i M_i(ϕ)∂_μϕJ^μ_i (12)

with

M_i(ϕ) = α^′ 4κ^2 c^{(i)}_2 B^′_g(ϕ) B^{52}_g (ϕ)

. (13)

The above derivative coupling to the lepton current is obtained after integration by parts and the prime denotes d/dϕ.

More phenomenologically, the above Lagrangian can be obtained by imposing a real scalar field ϕ on the shift symmetry as proposed in [38, 39], ϕ → ϕ + CM_G, (14) with C is a dimensionless parameter. Then, the Lagrangian depends on only ∂_μϕ so that ϕ can naturally have the derivative coupling to the lepton current. The functions K(ϕ), L(ϕ), and M_i(ϕ) may be associated with the breaking of such a symmetry.

After redefining the scalar field ϕ such that

ϕ_{new} = ∫_ϕ dϕ L(ϕ)^{1/2} |K(ϕ)|^{1/2} M^2_s , (15)

the function p(ϕ, ∇ϕ) has a simple form, p(ϕ, ∇ϕ) = g(ϕ) ( −X + X^2 M^4_s ) + ∑ i h_i(ϕ)∂_μϕJ^μ_i (16)

with g(ϕ) = K^2(ϕ) L(ϕ) 1 M^4_s

h_i(ϕ) = |K(ϕ)|^{12} L^12 (ϕ) M_i(ϕ) M^2_s

. (17)

Here the subscripts new are omitted and the constant M_s with the dimension one is introduced to give the new field ϕ a correct dimension. Thus, the quintessence field ϕ can have the derivative coupling to the lepton current as given in the previous section after replacing h_i(ϕ) by c_if(ϕ)/M . In [35], it is shown that, during the matter or radiation dominated epoch, the scaling solution exists for the function g(ϕ) with the form of the inverse power law g(ϕ) = (ϕ/M_s)^{−α}M^4_s . So, we adopt such a function as the form of g(ϕ). Then, the scaling solution is given by^1

ϕ = ξM^2_s t, ϕ̇ = ξM^2_s , (18)

where the coefficient ξ = √ 2(1 − w_Q)/(1 − 3w_Q), and w_Q = ρ_Q/p_Q is the equation of state for the quintessence field and is given by

w_Q =

(1 + w_B)α 2 − 1. (19)

Here w_B is the equation of state for the background matter or radiation. Requiring that w_Q < 0 during the matter dominated epoch, the exponent α is constrained as α < 2.

1 It can be easily shown that the modification of the equation of motion for ϕ due to the presence of the derivative coupling is negligible in our context.

In order to fix the parameter M_s, we require that the energy density of the quintessence field starts to dominate the energy density of the Universe recently and obeys the scaling solution until recently, which gives [35]

M_s ∼ 10^{43α−484−α} GeV. (20)

Then, the value of the quintessence field at BBN is given by ϕ_{BBN} ∼ 10^{62α4−α} GeV. (21)

Now, we discuss the spontaneous leptogenesis induced by the quintessence field ϕ. To make the discussion concrete, we set α = 0.9 as an example. In this case, M_s ∼ 10^{−3} GeV. The discussion applies to the other cases in the same way except the dependence on the parameters. Then, we assume that f(ϕ) has the following form: f(ϕ) = ( ϕM^5 (ϕ + M )^4M^2_s

) 1_2 . (22)

Such a coupling function may be obtained by the extension of the shift symmetry introduced in [38, 39]. This function f(ϕ) is roughly classified into two regions,

f(ϕ) ≃ (_{ϕM} M^2_s

) 1_2 , for ϕ <∼ M (_{M 5}

ϕ^3M^2_s

) 1_2 , for ϕ >∼ M. (23)

For M = M_G ≃ 10^{18} GeV, we can use the second region for the function f(ϕ) at least until BBN.

Using Eq. (5), the lepton asymmetry is estimated as n^i_L s ∼ c_i M_GT f(ϕ) ϕ̇ ∼ c_i ( M_s T )_2 ∝ T^{−2}. (24)

By inserting T_{EW} ∼ 100 GeV and M_s ∼ 10^{−3} GeV into the above equation, the total lepton asymmetry at the electroweak phase transition is given by n_L s | | |_{T =TEW} ∼ c 10^{−10}. (25)

A part of the lepton asymmetry is changed into the baryon asymmetry through the sphaleron effects [14]. Thus, taking c = ∑ i c_i = −O(1), the present baryon asymmetry is given by n_B s ∼ 10^{−10}. (26)

On the other hand, if the decoupling temperature T_D of the lepton number violating interaction is nearly equal or lower than T_{BBN} ∼ 1 MeV, the lepton asymmetry at BBN is given by n^i_L s | | | |_{T =TBBN} ∼ c^i. (27)

Taking c_1 = O(1), the electron type asymmetry becomes positive and of order unity at BBN.

Finally, we must check the present constraint on the derivative coupling given in Eq. (1) with those from laboratory experiments. For the time component, the coefficient μ(t_0) is constrained as |μ(t_0)| <∼ 10^{−25} GeV [40]. Here t_0 is the present age of the Universe. In our model, μ(t_0) is given by

|μ(t_0)| ∼ |c| M ( M^5 ϕ^3_0M^2_s

)^1_2 ∼ 10^{−32}GeV ≪ 10^{−25}GeV

(28) for |c| = O(1) and M = M_G.

IV. DISCUSSION AND CONCLUSIONS

In this paper, we considered the large lepton asymmetry from a rolling scalar field. Considering the derivative coupling of the scalar field to the lepton number current, the presence of an effective nonzero time derivative of the scalar field leads to CP T violation, which generates the lepton asymmetry even in thermal equilibrium. This lepton asymmetry changes with time. So, depending on the dynamics of the scalar field, it is possible that the lepton asymmetry is small at the electroweak phase transition but large at BBN. A part of the lepton asymmetry is converted into the baryon asymmetry with the opposite sign through sphaleron effects. We pointed out that by choosing the sign of the coupling constants properly, a large positive lepton asymmetry of electron type and a small positive baryon asymmetry can be realized simultaneously.

As an example, we considered the real rolling scalar field, which realizes the k-essence model. By considering the scaling solution, we showed that this model manifests just such asymmetries. However, the coupling function to the lepton number current is a bit complicated. This is mainly because the time derivative of the scaling solution is a constant irrespective of cosmic time. If we abandon the scaling solution, there may be evolution of the quintessence field, in which the magnitude of the time derivative of the quintessence field at BBN is much larger than that at the electroweak phase transition. For such evolution, the model may work, in which the coupling to the lepton number current is simple, that is, f(ϕ) ≡ 1. Such a possibility will be considered in a further publication.

Finally, we comment on the recent discussion of neutrino oscillations around BBN. It was pointed out that complete or partial equilibrium between all active neutrinos may be accomplished through neutrino oscillations in the presence of neutrino chemical potentials, depending on neutrino oscillation parameters [41]. In case of partial equilibrium, we need not change our scenario. Complete equilibrium may spoil our scenario. In that case, if we choose the coupling constants c_i as c_1 = −c_2 = −c_3 for some symmetry reason, our scenario still works. In such a case, no mixing takes place because of the cancellation, as pointed out in [41].

ACKNOWLEDGMENTS

M.Y. is very grateful to W. Kelly for useful comments and correcting the English. M.Y. is also grateful to T.

Chiba and F. Takahashi for useful comments. M.Y. is partially supported by a Japanese Grant-in-Aid for Scientific Research from the Ministry of Education, Culture, Sports, Science, and Technology.

[1] For review, see E. W. Kolb and M. S. Turner, The Early Universe (Addison-Wesley, New York, 1990); K. A. Olive, G. Steigman, and T. P. Walker, Phys. Rep. 333, 389 (2000); D. Tytler, J. M. O’Meara, N. Suzuki, and D. Lubin, Phys. Scr., T85, 12 (2000).

[2] See, for example, J. M. O’Meara et al., Astrophys. J.

552, 718 (2001); M. Pettini and D. V. Bowen, ibid. 560, 41 (2001); S. D’Odorico, M. Dessauges-Zavadsky, and P. Molaro, Astron. Astrophys. 368, L21 (2001); D. Kirkman et al., astro-ph/0302006.

[3] P. de Bernardis et al., Nature (London) 404, 955 (2000);

A. E. Lange et al., Phys. Rev. D 63, 042001 (2001); C. B. Netterfield et al., Astrophys. J. 571, 604 (2002).

[4] S. Hanany et al., Astrophys. J. Lett. 545, L5 (2000); A.

Balbi et al., ibid. 545, L1 (2000).

[5] C. Pryke et al., Astrophys. J. 568, 46 (2002). [6] B. S. Mason et al., Astrophys. J. 591, 540 (2003); J. L.

Sievers et al., ibid. 591, 599 (2003); T. J. Pearson et al., ibid. 591, 556 (2003).

[7] A. Benoit et al., Astron. Astrophys. 399, L19 (2003);

399, L25 (2003).

[8] M. Tegmark and M. Zaldarriaga, Phys. Rev. Lett. 85, 2240 (2000); A. H. Jaffe et al., ibid. 86, 3475 (2001).

[9] D. N. Spergel et al., astro-ph/0302209.

[10] S. Hannestad, astro-ph/0303076; V. Barger et al., Phys.

Lett. B 566, 8 (2003).

[11] H. S. Kang and G. Steigman, Nucl. Phys. B373, 494 (1992); N. Terasawa and K. Sato, Prog. Theor. Phys. 72, 1262 (1984).

[12] X. Shi and G. M. Fuller, Phys. Rev. Lett. 82, 2832 (1999). [13] G. Gelmini and A. Kusenko, Phys. Rev. Lett. 82, 5202 (1999).

[14] V. A. Kuzmin, V. A. Rubakov, and M. E. Shaposhnikov, Phys. Lett. 155B, 36 (1985); S. Y. Khlebnikov and M. E. Shaposhnikov, Nucl. Phys. B308, 885 (1988); J. A. Harvey and M. S. Turner, Phys. Rev. D 42, 3344 (1990).

[15] K. Enqvist, K. Kainulainen, and J. Maalampi, Phys.

Lett. B 244, 186 (1990); R. Foot, M. J. Thomson, and R. R. Volkas, Phys. Rev. D 53, 5349 (1996); X. Shi, ibid. 54, 2753 (1996); For review and further references, see A. D. Dolgov, Phys. Rep. 370, 333 (2002), Sec. 12.5.

[16] A. D. Linde, Phys. Rev. D 14, 3345 (1976); Rep. Prog.

Phys. 42, 389 (1979); J. Liu and G. Segre, Phys. Lett. B 338, 259 (1994); S. Davidson, H. Murayama, and K. Olive, ibid. 328, 354 (1994); B. Bajc, A. Riotto and G. Senjanovic, Phys. Rev. Lett. 81, 1355 (1998); B. Bajc and G. Senjanovic, Phys. Lett. B 472, 373 (2000).

[17] J. A. Harvey and E. W. Kolb, Phys. Rev. D 24, 2090 (1981); A. Casas, W. Y. Cheng, and G. Gelmini, Nucl. Phys. B538, 297 (1999); J. McDonald, Phys. Rev. Lett. 84, 4798 (2000).

[18] J. March-Russell, A. Riotto, and H. Murayama, J. High Energy Phys. 11, 015 (1999).

[19] I. Affleck and M. Dine, Nucl. Phys. B249, 361 (1985). [20] M. Kawasaki, F. Takahashi, and M. Yamaguchi, Phys.

Rev. D 66, 043516 (2002).

[21] A. G. Cohen and D. B. Kaplan, Phys. Lett. B 199, 251 (1987).

[22] A. D. Dolgov and Y. B. Zeldovich, Rev. Mod. Phys. 53, 1 (1981).

[23] A. Dolgov and K. Freese, Phys. Rev. D 51, 2693 (1995);

A. Dolgov, K. Freese, R. Rangarajan, and M. Srednicki, ibid. 56, 6155 (1997).

[24] M. Li, X. Wang, B. Feng, and X. Zhang, Phys. Rev. D 65, 103511 (2002); M. Li and X. Zhang, hep-ph/0209093.

[25] A. D. Felice, S. Nasri, and M. Trodden, Phys. Rev. D 67, 043509 (2003).

[26] R. H. Brandenberger and M. Yamaguchi, Phys. Rev. D 65, 02305 (2003).

[27] A. Zee, Phys. Lett. 93B, 389 (1980).

[28] P. J. E. Peebles and B. Ratra, Astrophys. J. Lett. 325, L17 (1988); B. Ratra and P. J. E. Peebles, Phys. Rev. D 37, 3406 (1988).

[29] J. A. Frieman, C. T. HIll, and R. Watkins, Phys. Rev. D 46, 1226 (1992).

[30] T. Chiba, N. Sugiyama, and T. Nakamura, Mon. Not. R.

Astron. Soc. 289, L5 (1997); 301, 72 (1998).

[31] M. S. Turner and M. White, Phys. Rev. D 56, 4439 (1997).

[32] R. R. Caldwell, R. Dave, and P. J. Steinhardt, Phys. Rev.

Lett. 80, 1586 (1998).

[33] M. Bucher and D. Spergel, Phys. Rev. D 60, 043505 (1999).

[34] A. Albrecht and C. Skordis, Phys. Rev. Lett. 84, 2076 (2000); C. Skordis and A. Albrecht, Phys. Rev. D 66, 043523 (2002).

[35] T. Chiba, T. Okabe, and M. Yamaguchi, Phys. Rev. D 62, 023511 (2000); T. Chiba, ibid. 66, 063514 (2002).

[36] C. Armendariz-Picon, V. F. Mukhanov, and P. J. Steinhardt, Phys. Rev. Lett. 85, 4438 (2000); Phys. Rev. D 63, 103510 (2001).

[37] T. Damour and A. M. Polyakov, Nucl. Phys. B423, 532 (1994); Gen. Relativ. Gravit. 26, 1171 (1994).

[38] M. Kawasaki, M. Yamaguchi, and T. Yanagida, Phys.

Rev. Lett. 85, 3572 (2000); Phys. Rev. D 63, 103514 (2001).

[39] M. Yamaguchi and J. Yokoyama, Phys. Rev. D 63, 043506 (2001); M. Yamaguchi ibid. 64, 063502 (2001); 64, 063503 (2001).

[40] D. Colladay and V. A. Kosrelecký, Phys. Rev. D 55, 6760 (1997); 58, 116002 (1998); I. Mocioiu and M. Pospelov, Phys. Lett. B 534, 114 (2002).

[41] A. D. Dolgov et al., Nucl. Phys. B632, 363 (2002); Y.

Y. Y. Wong, Phys. Rev. D 66, 025015 (2002); K. N. Abazajian, J. F. Beacom, and N. F. Bell, ibid. 66, 013008

(2002).