arXiv:hep-ph/0703116v1 12 Mar 2007

Sterile neutrinos

Alexander Kusenko

Department of Physics and Astronomy, University of California, Los Angeles, CA 90095-1547

Abstract. Neutrino masses are usually described by adding to the Standard Model some SU(2)- singlet fermions that have the Yukawa couplings, as well as some Majorana mass terms. The number of such fields and the scales of their Majorana masses are not known. Several independent observations point to the possibility that some of these singlets may have masses well below the electroweak scale. A sterile neutrino with mass of a few keV can account for cosmological dark matter. The same particle would be emitted anisotropically from a cooling neutron star born in a supernova explosion. This anisotropy can be large enough to explain the observed velocities of pulsars. A lighter sterile neutrino, with mass of the order of eV, is implied by the LSND results; it can have profound implications for cosmology. We review the physics of sterile neutrinos and the roles they may play in astrophysics and cosmology.

PACS: 14.60.St,13.15.+g,14.60.Pq,95.35.+d UCLA/07/TEP/5

STERILE NEUTRINOS IN PARTICLE PHYSICS

The name sterile neutrino was coined by Bruno Pontecorvo, who hypothesized the existence of the right-handed neutrinos in a seminal paper [1], in which he also considered vacuum neutrino oscillations in the laboratory and in astrophysics, the lepton number violation, the neutrinoless double beta decay, some rare processes, such as μ → eγ, and several other questions that have dominated the neutrino physics for the next four decades. Most models of the neutrino masses introduce sterile (or right-handed) neutrinos to generate the masses of the ordinary neutrinos via the seesaw mechanism [2]. The seesaw lagrangian

L = L_{SM} + N̄_a ( iγ^μ ∂_μ ) N_a − y_{αa}H L̄_α N_a −

M_a 2 N̄^c_aN_a + h.c., (1)

where L_{SM} is the lagrangian of the Standard Model, includes some number n of singlet neutrinos N_a (a = 1,...,n) with Yukawa couplings y_{αa}. Here H is the Higgs doublet and L_α (α = e, μ,τ) are the lepton doublets. Theoretical considerations do not constrain the number n of sterile neutrinos. In particular, there is no constraint based on the anomaly cancellation because the sterile fermions do not couple to the gauge fields. The experimental limits exist only for the larger mixing angles [3]. To explain the neutrino masses inferred from the atmospheric and solar neutrino experiments, n = 2 singlets are sufficient [4], but a greater number is required if the lagrangian (1) is to explain the LSND [5], the r-process nucleosynthesis [6], the pulsar kicks [7, 8, 9], dark matter [10, 11, 12, 13], and the formation of supermassive black holes [14].

The scale of the right-handed Majorana masses M_a is unknown; it can be much greater than the electroweak scale [2], or it may be as low as a few eV [5, 13, 15]. Even if some of the right-handed Majorana masses are much larger than others, for example, if some of the M_a (a = 1,...,n_l) are smaller than 100 GeV, while some others (a = n_l,...,n) are much greater than 100 GeV, both classes can have a non-negligible contribution to the active neutrino masses. Obviously, this does not contradict the usual decoupling theorems, because the heavy states decouple from all the physical processes at low energies, but they can still contribute to the values of the active neutrino masses if the corresponding Yukawa couplings are large enough.

Are they natural?

The seesaw mechanism [2] can explain the smallness of the neutrino masses in the presence of the Yukawa couplings of order one if the Majorana masses M_a are much larger than the electroweak scale. Indeed, in this case the masses of the lightest neutrinos are suppressed by the ratios ⟨H⟩/M_a.

However, the origin of the Yukawa couplings remains unknown, and there is no experimental evidence to suggest that these couplings must be of order 1. In fact, the Yukawa couplings of the charged leptons are much smaller than 1. For example, the Yukawa coupling of the electron is as small as 10^{−6}. One can ask whether some theoretical models are more likely to produce the numbers of order one or much smaller than one. The two possibilities are, in fact, realized in two types of theoretical models. If the Yukawa couplings arise as some topological intersection numbers in string theory, they are generally expected to be of order one [16], although very small couplings are also possible [17]. If the Yukawa couplings arise from the overlap of the wavefunctions of fermions located on different branes in extra dimensions, they can be exponentially suppressed and are expected to be very small [18].

In the absence of the fundamental theory, one may hope to gain some insight about the size of the Yukawa couplings using ’t Hooft’s naturalness criterion [19], which states essentially that a number can be naturally small if setting it to zero increases the symmetry of the lagrangian. A small breaking of the symmetry is then associated with the small non-zero value of the parameter. This naturalness criterion has been applied to a variety of theories; it is, for example, one of the main arguments in favor of supersymmetry. (Setting the Higgs mass to zero does not increase the symmetry of the Standard Model. Supersymmetry relates the Higgs mass to the Higgsino mass, which is protected by the chiral symmetry. Therefore, the light Higgs boson, which is not natural in the Standard Model, becomes natural in theories with softly broken supersymmetry.) In view of ’t Hooft’s criterion, the small Majorana mass is natural because setting M_a to zero increases the symmetry of the lagrangian (1) [20, 5].

One can ask whether cosmology can provide any clues as to whether the mass scale of sterile neutrinos should be above or below the electroweak scale. It is desirable to have a theory that could generate the matter–antimatter asymmetry of the universe. In both limits of large and small M_a one can have a successful leptogenesis: in the case of the high-scale seesaw, the baryon asymmetry can be generated from the out-of-equilibrium decays of heavy neutrinos [21], while in the case of the low-energy seesaw, the matterantimatter asymmetry can be produced by the neutrino oscillations [22]. The Big-Bang nucleosynthesis (BBN) can provide a constraint on the number of light relativistic species in equilibrium [23, 24], but the sterile neutrinos with the small mixing angles may never be in equilibrium in the early universe, even at the highest temperatures [10]. Indeed, the effective mixing angle of neutrinos at high temperature is suppressed due to the interactions with plasma [26], and, therefore, the sterile neutrinos may never thermalize. High-precision measurements of the primordial abundances may probe the existence of sterile neutrinos and the lepton asymmetry of the universe in the future [51].

While many seesaw models assume that the sterile neutrinos have very large masses, which makes them unobservable, it is worthwhile to consider light sterile neutrinos in view of the above arguments, and also because they can explain several experimental results. In particular, sterile neutrinos can account for cosmological dark matter [10], they can explain the observed velocities of pulsars [7, 8, 9], the x-ray photons from their decays can affect the star formation [28]. Finally, sterile neutrinos can explain the LSND result [5, 30, 31], which is currently being tested by the MiniBooNE experiment.

EXPERIMENTAL STATUS

Laboratory experiments are able to set limits or discover sterile neutrinos with a large enough mixing angle. Depending on the mass, they can be searched in different experiments.

The light sterile neutrinos, with masses below 10^2 eV, can be discovered in one of the neutrino oscillations experiments [32]. In fact, LSND has reported a result [33], which, in combination with the other experiments, implies the existence of at least one sterile neutrino, more likely, two sterile neutrinos [5, 30]. It is also possible that sterile neutrino decays, rather than oscillations, are the explanation of the LSND result [31].

In the eV to MeV mass range, the “kinks” in the spectra of beta-decay electrons can be used to set limits on sterile neutrinos mixed with the electron neutrinos [34]. Neutrinoless double beta decays can probe the Majorana neutrino masses [35]. An interesting proposal is to search for sterile neutrinos in beta decays using a complete kinematic reconstruction of the final state [36].

For masses in the MeV–GeV range, peak searches in production of neutrinos provide the limits. The massive neutrinos ν_i, if they exist, can be produced in meson decays, e.g. π^± → μ^±ν_i, with probabilities that depend on the mixing in the charged current. The energy spectrum of muons in such decays should contain monochromatic lines [34] at T_i = (m^2_π + m^2_μ − 2m_π m_μ − m^2_{νi} )/2m_π . Also, for the MeV–GeV masses one can set a number of constraints based on the decays of the heavy neutrinos into the “visible” particles, which would be observable by various detectors. These limits are discussed in Ref. [3].

STERILE NEUTRINOS IN ASTROPHYSICS AND COSMOLOGY

Sterile neutrinos can be produced in the early universe, as well as in supernova explosions. The light sterile neutrino, consistent with the LSND result, is consistent with the existing bounds on the big-bang nucleosynthesis [23, 24] and large-scale structure, especially if the mixing lepton asymmetry of the universe is larger than the baryon asym-

FIGURE 1. Sterile neutrinos with masses 2–25 keV can explain the pulsar kicks if the mixing angles are large enough (as shown). In the region marked excluded (x-rays), the relic sterile neutrinos produced in neutrino oscillations via the Dodelson–Widrow (DW) mechanism would have a density inconsistent with the existing x-ray bounds. If the sterile neutrinos constitute all the dark matter, their masses and mixings should fall below the dashed line. Note that DW mechanism is not sufficient to produce enough dark matter for points on the dashed line: a large lepton asymmetry [12] or a new production mechanism [44, 38] is required. The Lyman-α bound for dark-matter sterile neutrinos produced at temperatures T > 100 GeV is m_s > 2.7 keV (see text or Ref. [38] for discussion). The cosmological and the x-ray bounds do not apply if the universe was never reheated above T ∼ MeV [37].

metry [25]. A heavier sterile neutrino, with mass in the keV range is an appealing darkmatter candidate, as discussed below.

Dark matter in the form of sterile neutrinos

The sterile neutrinos can be the cosmological dark matter [10, 11, 12, 13]. The interactions already present in the lagrangian (1) allow for the production of relic sterile neutrinos via the Dodelson-Widrow (DW) mechanism [10] in the right amount to account for all dark matter, i.e. Ω_s ≈ 0.2, if one of the Majorana masses is of the order of a keV. We will denote the dark-matter sterile neutrino ν_s and its mass m_s. By assumption, the mixing angles are small, and

m_s ≈ M_1 (2) sinθ ≈ y⟨H⟩ M_1

. (3)

The mass and mixing angle are subject to the x-ray limits on the photons from the decays of the relic sterile neutrinos [39], as well as the Lyman-α bound [40] discussed below (see Fig. 1).

As was mentioned above, the relic sterile neutrinos can decay into the lighter neutrinos and an the x-ray photons [41], which can be detected by the x-ray telescopes [39]. The flux of x-rays depends on the sterile neutrino abundance. If all the dark matter is made up of sterile neutrinos, Ω_s ≈ 0.2, then the limit on the mass and the mixing angle is given by the dashed line in Fig. 1. However, the interactions in the lagrangian (1) cannot produce such an Ω_s = 0.2 population of the sterile neutrinos for the masses and mixing angles along this dashed line, unless the universe has a relatively large lepton asymmetry [12]. If the lepton asymmetry is small, the interactions in eq. (1) can produce the relic sterile neutrinos via the neutrino oscillations off-resonance at some sub-GeV temperature [10]. This mechanism provides the lowest possible abundance (except for the low-temperature cosmologies, in which the universe is never reheated above a few MeV after inflation [37]). The model-independent bound [38] based on this scenario is shown as a solid (purple) region in Fig. 1. It is based on the flux limit from Ref. [39] and the analytical fit to the numerical calculation of the sterile neutrino production by Abazajian [42]. This calculation may have some hadronic uncertainties [43], but they appear to be under control for the mass and mixing angle in the range of interest [27].

If the lepton asymmetry of the universe is relatively large, the resonant oscillations can produce the requisite amount of dark matter even for smaller mixing angles [12], for which the x-ray limits are weak. (The x-ray flux is proportional to the square of the mixing angle.) It is also possible that some additional interactions, not present in eq. (1) can be responsible for the production of dark-matter sterile neutrinos [44, 38]. We will discuss this possibility in more detail below.

The x-ray photons from sterile neutrino decays in the early universe could have affected the star formation. Although these x-rays alone are not sufficient to reionize the universe, they can catalyze the production of molecular hydrogen and speed up the star formation [28], which, in turn, could cause the reionization. Molecular hydrogen is a very important cooling agent necessary for the collapse of primordial gas clouds that gave birth to the first stars. The fraction of molecular hydrogen must exceed a certain minimal value for the star formation to begin [46]. The reaction H+H→H_2 + γ is very slow in comparison with the combination of reactions

H^+ + H → H^+_2 + γ, (4) H^+_2 + H → H_2 + H^+, (5)

which are possible if the hydrogen is ionized. Therefore, the ionization fraction determines the rate of molecular hydrogen production. If dark matter is made up of sterile neutrinos, their decays produce a sufficient flux of photons to increase the ionization fraction by as much as two orders of magnitude [28]. This has a dramatic effect on the production of molecular hydrogen and the subsequent star formation.

Decays of the relic sterile neutrinos during the dark ages could produce an observable signature in the 21-cm background [29]. It can be detected and studied by such instruments as the Low Frequency Array (LOFAR), the 21 Centimeter Array (21CMA), the Mileura Wide-field Array (MWA) and the Square Kilometer Array (SKA).

New physics at the electroweak scale, and the Lyman-α bounds

One can ask whether the mass M ∼ keV in equation (1) is a fundamental constant of nature, or whether it could arise from some symmetry breaking via the Higgs mechanism. For example, let us consider the following modification of the lagrangian (1) following Ref. [38]:

L = L_0 + N̄_a ( iγ^μ ∂_μ ) N_a − y_{αa}H L̄_α N_a − h_a 2 S N̄^c_aN_a +V (H,S) + h.c., (6)

where L_0 includes the gauge and kinetic terms of the Standard Model, H is the Higgs doublet, S is the real boson, which is SU(2)-singlet, L_α (α = e, μ,τ) are the lepton doublets, and N_a (a = 1,...,n) are the additional singlet neutrinos. Let us consider the following scalar potential:

V (H,S) = m^2_1|H|^2 + m^2S^2 + λ_3S^3 + λ_{HS} |H|^2S^2 + λ_S S^4 + λ_H |H|^4. (7)

After the symmetry breaking, the Higgs doublet and singlet fields each develop a VEV, ⟨H⟩ = v_0 = 247 GeV, ⟨S⟩ = v_1, and the singlet neutrinos acquire the Majorana masses M_a = h_av_1. The mass of the S boson in after the symmetry breaking is m̃_S ∼ v_1. The presence of the singlet in the Higgs sector can be tested at the LHC [47].

This modification makes no difference in the low-energy theory, for example, in its application to the masses of active neutrinos. However, the new coupling opens a new channel for production of sterile neutrinos in the early universe. Indeed, if the couplings of S to H are large enough, while h < 10^{−6}, the S boson can be in equilibrium at temperatures above its mass, while the sterile neutrino with a small mixing angle can be out of equilibrium at all times. This is the case, as long as the annihilations NN → NN, NN → scalars, etc. are not fast enough to keep the sterile neutrinos in equilibrium. Now, since S is in thermal equilibrium at high temperatures, some amount of sterile neutrinos can be produced through decays S → NN. The amount of sterile neutrinos produced this way is determined by the h coupling (and is independent of the active-sterile neutrino mixing angle):

Ω_s = 0.2 ( 33 ξ )( h 1.4 × 10^{−8}

)_3 ( ⟨S⟩ m̃_S ) , (8)

where ξ is the change in the number density of sterile neutrinos relative to T^3 due to the dilution taking place as the universe cools. For example, in the Standard Model, the reduction in the number of effective degrees of freedom that occurs during the cooling from the temperature T ∼ 100 GeV to a temperature below 1 MeV causes the entropy increase and the dilution of any species out of equilibrium by factor ξ ≈ 33.

At the same time, the sterile neutrino mass is determined by the VEV of S: h⟨S⟩ ∼ keV =⇒ ⟨S⟩ ∼ keV h ∼ 10^2GeV (9)

Based on the required values of Ω_s and the mass, we conclude that the Higgs singlet should have a VEV at the electroweak scale. In this case most of the dark matter is produced at temperature above 100 GeV.

At a lower temperature, some sterile neutrinos are also produced via the Dodelson– Widrow mechanism. This mechanism cannot be turned off. However, for small mixing angles, left of the yellow line in Fig. 1, the dominant contribution comes from the Sboson decays.

This has dramatic implications for the Lyman-α bounds because the relation between the mass and the average momentum is very different from the Dodelson-Widrow case. The Lyman-α forest [40] constrains the free-streaming length of the dark-matter particles, but the relation between this length and the particle mass depends on the production mechanism. One can approximately relate the free-streaming length to the mass m_s and the average momentum of the sterile neutrino:

λ_{FS} ≈ 1Mpc ( keV m_s ) ( ⟨p_s⟩ 3.15T ) T =1keV

(10)

The sterile neutrinos produced in the S-boson decays have an almost thermal spectrum at the time of production. However, as the universe cools down, the number of effective degrees of freedom decreases from g_∗(T_S ) = 110.5 to g_∗(0.1MeV) = 3.36. Then ξ = g_∗(T_S )/g_∗(0.1MeV) ≈ 33. This causes the redshifting of ⟨p_s⟩ by the factor ξ^{1/3}:

⟨p_s⟩_{(T ≪1MeV)} = 0.76T [ 110.5 g_∗(m̃_S ) ]_{1/3} (11)

Comparing eq. (11) with the DW case, one concludes that, as long as the population of sterile neutrinos is dominated by those produced at a high temperature (large enough h, small θ), the Lyman-α limit changes from 10 keV to

m_s > 2.7keV (12)

This lower bound is shown in Fig. 1.

Sterile neutrinos and the supernova

Sterile neutrinos with masses below several MeV can be produced in the supernova explosion; they can play an important role in the nucleosynthesis, as well as in generating the supernova asymmetries and the pulsar kicks.

The keV masses of sterile neutrinos coinside with the Mikheev-Smirnov- Wolfenstein [48] (MSW) resonance in nuclear matter for typical momenta of the supernova neutrinos [7]. The position of this resonance is affected by the magnetic field due to the D’Olivo-Nieves-Pal-Semikoz effect [49], which plays an important role in generating the pulsar velocities, as discussed below. Since the sterile neutrinos interact with nuclear matter very weakly, they can be very efficient at transporting the heat in the cooling proto-neutron star, altering the dynamics of the supernova [50]. This could lead to an enhancement of the supernova explosion. An additional enhancement can come from the increase in convection in front of the neutron star propelled by the asymmetric emission of sterile neutrinos [52].

In addition to playing an important role in the primordial nucleosynthesis [24, 51], sterile neutrinos can affect the r-process and the synthesis of heavy elements in the supernova [6].

The pulsar kicks

The observations of neutrinos from SN1987A constrain the amount of energy that the sterile neutrinos can take out of the supernova, but they are still consistent with the sterile neutrinos that carry away as much as a half of the total energy of the supernova. A more detailed analysis shows that the emission of sterile neutrinos from a cooling newly born neutron star is anisotropic due to the star’s magnetic field [7, 8]. The anisotropy of this emission can result in a recoil velocity of the neutron star as high as ∼ 10^3km/s. While both the active and the sterile neutrinos are produced with some anisotropy, the asymmetry in the amplitudes of active neutrinos is quickly washed out in multiple scatterings as these neutrinos diffuse out of the star in the approximate thermal equilibrium [53]. In contrast, the sterile neutrinos are emitted from the supernova with the asymmetry equal to their production asymmetry. Hence, they give the recoiling neutron star a momentum, large enough to explain the pulsar kicks for the neutrino emission anisotropy as small as a few per cent [7, 8]. This mechanism can be the explanation of the observed pulsar velocities [9]. The range of masses and mixing angles required to explain the pulsar kicks is shown in Fig. 1.

The pulsar kick mechanism based on the sterile neutrino emission has several additional predictions [9]:

• the kick velocities are expected to correlate with the axis of rotation • the kick should last 10 to 15 seconds, while the protoneutron star is cooling by the emission of neutrinos, but the onset of the kick can be delayed by a few seconds, depending on the mass and mixing angles [8].

• neutrino-driven kicks can deposit additional energy behind the supernova shock [52, 50], and they are expected to produce asymmetric jets with the stronger jet pointing in the same direction as the neutron star velocity [52].

Some of these predictions can already be tested statistically using the pulsar data [54].

CONCLUSIONS

The underlying physics responsible for the neutrino masses is likely to involve the additional SU(2)-singlet fermions, or sterile neutrinos. The Majorana masses of these states can range from a few eV to values well above the electroweak scale. Theoretical arguments have been made in favor of both the high-scale and the low-scale seesaw mechanisms: the high-scale seesaw may be favored by the connection with the Grand Unified Theories, while the low-scale seesaw is favored by ’t Hooft’s naturalness criterion. Cosmological considerations are consistent with a vast range of mass scales. The laboratory bounds do not provide significant constraints on the sterile neutrinos, unless they have a large mixing with the active neutrinos. The atmospheric and solar neutrino oscillation results cannot be reconciled with the LSND result, unless sterile neutrinos (or other new physics) exist.

There are several indirect astrophysical hints in favor of sterile neutrinos at the keV scale. Such neutrinos can explain the observed velocities of pulsars, they can be the dark matter, and they can play a role in star formation and reionization of the universe.

The preponderance of indirect astrophysical hints may be a precursor of a major discovery, although it may also be a coincidence. One can hope to discover the sterile neutrinos in the X-ray observations. The mass around 3 keV and the mixing angle sin^2 θ ∼ 3 × 10^{−9} appear to be particularly interesting because the sterile neutrino with such parameters could simultaneously explain the pulsar kicks and dark matter (assuming these sterile neutrinos are produced at the electroweak scale). However, it is worthwhile to search for the signal from sterile dark matter in other parts of the allowed parameter space shown in Fig. 1. The existence of a much lighter sterile neutrino, with a much greater mixing angle can be established experimentally if MiniBooNE confirms the LSND result.

ACKNOWLEDGMENTS

This work was supported in part by the DOE grant DE-FG03-91ER40662 and by the NASA ATP grants NAG 5-10842 and NAG 5-13399.

REFERENCES

1. B. Pontecorvo, JETP, 53, 1717 (1967).

2. P. Minkowski, Phys. lett. B67 , 421 (1977); M. Gell-Mann, P. Ramond, and R. Slansky, Supergravity (P. van Nieuwenhuizen et al. eds.), North Holland, Amsterdam, 1980, p. 315; T. Yanagida, in Proceedings of the Workshop on the Unified Theory and the Baryon Number in the Universe (O. Sawada and A. Sugamoto, eds.), KEK, Tsukuba, Japan, 1979, p. 95; S. L. Glashow, The future of elementary particle physics, in Proceedings of the 1979 Cargèse Summer Institute on Quarks and Leptons (M. Lévy et al. eds.), Plenum Press, New York, 1980, pp. 687; R. N. Mohapatra and G. Senjanović, Phys. Rev. Lett. 44, 912 (1980).

3. A. Kusenko, S. Pascoli and D. Semikoz, JHEP 0511, 028 (2005). 4. P. H. Frampton, S. L. Glashow and T. Yanagida, Phys. Lett. B 548, 119 (2002). 5. A. de Gouvea, Phys. Rev. D 72, 033005 (2005).

6. G. C. McLaughlin, J. M. Fetter, A. B. Balantekin and G. M. Fuller, Phys. Rev. C 59, 2873 (1999); D. O. Caldwell, G. M. Fuller and Y. Z. Qian, Phys. Rev. D 61, 123005 (2000); J. Fetter,

G. C. McLaughlin, A. B. Balantekin and G. M. Fuller, Astropart. Phys. 18, 433 (2003). 7. A. Kusenko and G. Segrè, Phys. Lett. B 396, 197 (1997); A. Kusenko and G. Segre, Phys. Rev. D 59, 061302 (1999).

8. G. M. Fuller, A. Kusenko, I. Mocioiu, and S. Pascoli, Phys. Rev. D 68, 103002 (2003); M. Barkovich, J. C. D’Olivo and R. Montemayor, Phys. Rev. D 70, 043005 (2004);

9. For review, see, e.g., A. Kusenko, Int. J. Mod. Phys. D 13, 2065 (2004). 10. S. Dodelson and L. M. Widrow, Phys. Rev. Lett. 72, 17 (1994).

11. K. Abazajian, G. M. Fuller and M. Patel, Phys. Rev. D 64, 023501 (2001); A. D. Dolgov and S. H. Hansen, Astropart. Phys. 16, 339 (2002).

12. X. d. Shi and G. M. Fuller, Phys. Rev. Lett. 82, 2832 (1999). C. T. Kishimoto, G. M. Fuller and C. J. Smith, arXiv:astro-ph/0607403.

13. T. Asaka, S. Blanchet and M. Shaposhnikov, Phys. Lett. B 631, 151 (2005) 14. F. Munyaneza, P.L. Biermann, P. L., Astron and Astrophys., 436, 805 (2005) 15. A. de Gouvea, J. Jenkins and N. Vasudevan, arXiv:hep-ph/0608147.

16. P. Candelas and S. Kalara, Nucl. Phys. B 298, 357 (1988). D. Gepner, Nucl. Phys. B 311, 191 (1988);

W. Buchmuller, K. Hamaguchi, O. Lebedev, S. Ramos-Sanchez and M. Ratz, arXiv:hep-ph/0703078. 17. O. J. Eyton-Williams and S. F. King, JHEP 0506, 040 (2005). 18. E. A. Mirabelli and M. Schmaltz, Phys. Rev. D 61, 113011 (2000).

19. G. ’t Hooft, Naturalness, chiral symmetry, and spontaneous chiral symmetry breaking, in Recent Developments in Gauge Theories, Cargese 1979, eds. G. ’t Hooft et al., Plenum Press, New York, 1980.

20. K. Fujikawa, Prog. Theor. Phys. 113, 1065 (2005). 21. M. Fukugita and T. Yanagida, Phys. Lett. B 174 (1986) 45.

22. E. K. Akhmedov, V. A. Rubakov and A. Y. Smirnov, Phys. Rev. Lett. 81, 1359 (1998); T. Asaka and M. Shaposhnikov, Phys. Lett. B 620, 17 (2005).

23. R. Barbieri and A. Dolgov, Phys. Lett. B 237, 440 (1990); K. Kainulainen, Phys. Lett. B 244, 191 (1990); K. Enqvist, K. Kainulainen and M. J. Thomson, Nucl. Phys. B 373, 498 (1992); D. P. Kirilova and M. V. Chizhov, Phys. Rev. D 58, 073004 (1998); A. D. Dolgov, Phys. Lett. B 506, 7 (2001); M. Cirelli, G. Marandella, A. Strumia and F. Vissani, Nucl. Phys. B 708, 215 (2005).

24. C. Y. Cardall and G. M. Fuller, Phys. Rev. D 54, 1260 (1996); X. D. Shi and G. M. Fuller, Phys. Rev.

D 59, 063006 (1999);

25. Y. Z. Chu and M. Cirelli, Phys. Rev. D 74, 085015 (2006).

26. L. Stodolsky, Phys. Rev. D 36, 2273 (1987); R. Barbieri and A. Dolgov, Nucl. Phys. B 349 (1991) 743.

27. T. Asaka, M. Laine and M. Shaposhnikov, JHEP 0701, 091 (2007) [arXiv:hep-ph/0612182]. 28. P. L. Biermann and A. Kusenko, Phys. Rev. Lett. 96, 091301 (2006); M. Mapelli, A. Ferrara and E. Pierpaoli, Mon. Not. Roy. Astron. Soc. 369, 1719 (2006); J. Stasielak, P. L. Biermann and A. Kusenko, Astrophys. J. 654, 290 (2007); E. Ripamonti, M. Mapelli and A. Ferrara, Mon. Not. Roy. Astron. Soc. 375, 1399 (2007) 29. M. Valdes, A. Ferrara, M. Mapelli and E. Ripamonti, arXiv:astro-ph/0701301. 30. M. Sorel, J. M. Conrad and M. Shaevitz, Phys. Rev. D 70, 073004 (2004). 31. S. Palomares-Ruiz, S. Pascoli and T. Schwetz, JHEP 0509, 048 (2005) [arXiv:hep-ph/0505216]. 32. A. Y. Smirnov and R. Zukanovich Funchal, Phys. Rev. D 74, 013001 (2006). 33. C. Athanassopoulos et al. [LSND Collaboration], Phys. Rev. Lett. 77, 3082 (1996); Phys. Rev. C 58, 2489 (1998); Phys. Rev. Lett. 81, 1774 (1998).

34. R. E. Shrock, Phys. Rev. D 24, 1232 (1981).

35. S. R. Elliott and P. Vogel, Ann. Rev. Nucl. Part. Sci. 52, 115 (2002).

36. G. Finocchiaro and R. E. Shrock, Phys. Rev. D 46, 888 (1992); F. Bezrukov and M. Shaposhnikov, Phys. Rev. D 74, 053005 (2007).

37. G. Gelmini, S. Palomares-Ruiz and S. Pascoli, Phys. Rev. Lett. 93, 081302 (2004). 38. A. Kusenko, Phys. Rev. Lett. 97, 241301 (2006).

39. K. Abazajian, G. M. Fuller and W. H. Tucker, Astrophys. J. 562, 593 (2001); A. Boyarsky, A. Neronov, O. Ruchayskiy and M. Shaposhnikov, arXiv:astro-ph/0512509; A. Boyarsky, A. Neronov, O. Ruchayskiy and M. Shaposhnikov, JETP Lett. 83, 133 (2006); A. Boyarsky, A. Neronov, A. Neronov, O. Ruchayskiy and M. Shaposhnikov, arXiv:astro-ph/0603368; A. Boyarsky, A. Neronov, O. Ruchayskiy, M. Shaposhnikov and I. Tkachev, arXiv:astro-ph/0603660;

S. Riemer-Sorensen, S. H. Hansen and K. Pedersen, arXiv:astro-ph/0603661; K. Abazajian and S. M. Koushiappas, arXiv:astro-ph/0605271; C. R. Watson, J. F. Beacom, H. Yuksel and T. P. Walker, arXiv:astro-ph/0605424; K. N. Abazajian, M. Markevitch, S. M. Koushiappas and R. C. Hickox, arXiv:astro-ph/0611144. S. Riemer-Sorensen, K. Pedersen, S. H. Hansen and H. Dahle, arXiv:astro-ph/0610034. A. Boyarsky, J. W. den Herder, A. Neronov and O. Ruchayskiy, arXiv:astro-ph/0612219.

40. M. Viel, et al., Phys. Rev. D 71, 063534 (2005); U. Seljak, A. Makarov, P. McDonald and H. Trac, arXiv:astro-ph/0602430; M. Viel, J. Lesgourgues, M. G. Haehnelt, S. Matarrese and A. Riotto, Phys. Rev. Lett. 97, 071301 (2006).

41. P. B. Pal and L. Wolfenstein, Phys. Rev. D 25, 766 (1982). 42. K. Abazajian, Phys. Rev. D 73, 063506 (2006).

43. T. Asaka, M. Laine and M. Shaposhnikov, JHEP 0606, 053 (2006). 44. M. Shaposhnikov and I. Tkachev, Phys. Lett. B 639, 414 (2006). 45. Y. Chikashige, R. N. Mohapatra and R. D. Peccei, Phys. Lett. B 98, 265 (1981). 46. M. Tegmark, J. Silk, M. J. Rees, A. Blanchard, T. Abel and F. Palla, Astrophys. J. 474, 1 (1997). 47. H. Davoudiasl, T. Han and H. E. Logan, Phys. Rev. D 71, 115007 (2005); M. J. Strassler and K. M. Zurek, arXiv:hep-ph/0605193; D. O’Connell, M. J. Ramsey-Musolf and M. B. Wise, Phys. Rev. D 75, 037701 (2007).

48. S. P. Mikheev and A. Yu. Smirnov, Yad. Fiz. 42, 1441 (1985) [Sov. J. Nucl. Phys. 42, 913 (1985)];

L. Wolfenstein, Phys. Rev. D 17, 2369 (1978).

49. V. B. Semikoz, Yad. Fiz. 46, 1592 (1987) [Sov. J. Nucl. Phys. 46, 946 (1987)]; J. C. D’Olivo, J. F. Nieves and P. B. Pal, Phys. Rev. D 40, 3679 (1989).

50. J. Hidaka and G. M. Fuller, Phys. Rev. D 74, 125015 (2006).

51. C. J. Smith, G. M. Fuller, C. T. Kishimoto and K. N. Abazajian, arXiv:astro-ph/0608377. 52. C. L. Fryer and A. Kusenko, Astrophys. J. Suppl. 163, 335 (2006). 53. A. Kusenko, G. Segre and A. Vilenkin, Phys. Lett. B 437, 359 (1998). 54. C. Y. Ng and R. W. Romani, arXiv:astro-ph/0702180.