arXiv:1111.6366v2 [astro-ph.CO] 17 Apr 2012

Nov 2011

Mirror dark matter cosmology -

predictions for N_{eff} [CMB] and N_{eff} [BBN]

R. Foot^1

ARC Centre of Excellence for Particle Physics at the Terascale, School of Physics, University of Melbourne, Victoria 3010 Australia

Mirror dark matter interacting with ordinary matter via photon-mirror photon kinetic mixing can explain the DAMA, CoGeNT and CRESST-II direct detection experiments. This explanation requires kinetic mixing of strength ϵ ∼ 10^{−9}. Such kinetic mixing will have important implications for early Universe cosmology. We calculate the additional relativistic energy density at recombination, δN_{eff} [CMB]. We also calculate the effects for big bang nucleosynthesis, δN_{eff} [BBN]. Current hints that both δN_{eff} [CMB] and δN_{eff} [BBN] are non-zero and positive can be accommodated within this framework if ϵ ≈ few × 10^{−9}. In the near future, measurements from the Planck mission will either confirm these hints or constrain ϵ^<∼ 10^{−9}.

1E-mail address: rfoot@unimelb.edu.au

The long standing DAMA annual modulation signal[1], along with more recent data from the CoGeNT[2] and CRESST-II[3] experiments can be explained within a simple hidden sector framework[4, 5] (see also ref.[6, 7] for earlier studies). The requirement is for a hidden sector with an unbroken U(1)^′ interaction kinetically mixed with the standard U(1)_Y gauge field. Such a framework can explain all of the direct detection results, both positive and negative, provided that the hidden sector contains two or more stable particles. Mirror dark matter[8] appears to be the most well motivated and also constrained example of such a theory (see ref.[9] for reviews and more comprehensive references). In the mirror dark matter theory, the hidden sector is exactly isomorphic to the ordinary sector except the chiralities are interchanged. In this case an exact unbroken mirror symmetry can be defined which interchanges each ordinary particle with a mirror partner, as well as mapping x, t → −x, t[8]. The latter property allows mirror symmetry to be identified with space-time parity which provides an interesting theoretical motivation for such a theory^2.

In this theory dark matter consists of a spectrum of stable mirror particles of known masses (e^′, H^′, He^′, O^′, ...) which interact with the ordinary particles via gravity and renormalizable photon-mirror photon kinetic mixing:[12]^3 L_{mix} = ϵ 2 F^{μν} F^′_{μν} (1)

where F_{μν} is the ordinary photon field strength tensor, and F^′_{μν} is the field strength tensor for the mirror photon. This interaction enables mirror charged particles, such as e^′, p^′, to couple to ordinary photons with electric charge ϵe [14].

Studies have shown[15] that mirror dark matter can provide a successful account of the Large Scale Structure (LSS) of the Universe which can mimic cold dark matter or warm dark matter, depending on initial conditions. Mirror dark matter, though, has quite distinctive properties on smaller scales. Observations suggest that a) In galaxy clusters or at least in some of them, mirror dark matter should be predominately confined within galactic halos to account for the observations of the Bullet cluster[16] (c.f. [17]). b) Within galactic halos, limits on the MACHO fraction[18] suggest that mirror dark matter is mainly (at least ∼ 50%) in gaseous form - i.e. an ionized plasma comprising e^′, H^′, He^′, O^′, .... A substantial MACHO fraction is also possible[19]. Mirror dark matter is dissipative, which indicates that a substantial heat source should exist to replace the energy lost due to radiative cooling. It turns out that ordinary supernova can supply the required energy to stabilize the mirror dark matter halo provided that ϵ ∼ 10^{−9}[20]. This heat source is anisotropic in spiral galaxies (given that the supernova originate predominately from the disk) which might explain the deviations from perfect spherical halos which are necessary to agree with observations. c) The self-interactions of mirror

2There are also interesting models with mirror symmetry spontaneously broken, see e.g.[10, 11]. 3Other interactions are possible including a Higgs-mirror Higgs coupling λϕ^†ϕϕ^{′†}ϕ^′, which can lead to novel effects for Higgs physics that can be probed at the LHC[13].

dark matter within galactic halos might help explain the inferred cored dark matter distribution - a long standing puzzle of the standard cold dark matter paradigm.

The gaseous component of the halo is presumed to be composed of an ionized plasma comprising a spectrum of components e^′, H^′, He^′, O^′,..... These components can potentially be detected in direct detection experiments via the kinetic mixing interaction, Eq.(1), which induces spin-independent elastic Rutherford scattering. The H^′, He^′ components, which are naively expected to be dominant, are however very light. In fact these components are so light that they are unable to explain the DAMA, CoGeNT or CRESST-II signals. The experiment most sensitive to the He^′ component turns out to be the earlier CRESST/Sapphire experiment[21]. That experiment can be used to infer the bound:[6] ϵ √ ξ_{He}′^<∼ 3 × 10^{−9}. (2)

The on-going Texono experiment[22] at Jin-Ping underground laboratory is expected to provide a much more sensitive probe of the He^′ component in the near future. The remaining heavier components, are for simplicity assumed to be composed of a ‘dominant’ metal component, A^′. The direct detection experiments, DAMA, CoGeNT and CRESST- II can be explained by the A^′ component if[4, 5]: ϵ √ ξ_A′ ∼ few × 10^{−10}, m_A′ m_p ≈ 16 − 56 (3)

where ξ_A′ ≡ n_A′ m_A′ /(0.3 GeV/cm^3) is the halo mass fraction of the species A^′ and m_p is the proton mass. Combining Eq.(2) and Eq.(3), we obtain a lower limit on the ratio ξ_A′ /ξ_{He}′^>∼ 10^{−2} at the Earth’s location in the halo. This appears to be a relatively high metal component, and might be due to rapid mirror star formation and evolution at an early epoch[23]. It might also be possible to produce the metal component in the early Universe, although this is disfavoured in the simplest scenarios with high reheating temperature[24]. Allowing for possible uncertainties in ξ_A′ , Eq.(3) suggests that ϵ should be in the range:

10^{−10 <}∼ ϵ^<∼ 10^{−8} . (4)

This range of ϵ is consistent with the direct laboratory limits, the most stringent of which arises from invisible decays of orthopositronium[25, 26], ϵ^<∼ 1.5 × 10^{−7}. An important proposal exists[27] for a more sensitive orthopositronium experiment which can cover much of the ϵ range of interest, Eq.(4).^4

In the context of early Universe cosmology, the kinetic mixing can induce processes which transfer energy into the mirror sector. This will lead to various modifications to

4There are a number of other possible implications of kinetic mixing, for example if the solar system contains mirror matter space-bodies[28], see also the review[29].

big bang nucleosynthesis (BBN), Cosmic Microwave Background anisotropies (CMB) and also Large Scale Structure (LSS). This allows values of ϵ^>∼ 10^{−9} to be probed in early Universe cosmology.

Recall that the relativistic energy component at recombination can be parameterized in terms of the effective number of neutrino species, N_{eff} [CMB], by: ρ_{rad} = ( 1 + 7 8 [ 4 11 ]_{4/3} N_{eff} [CMB] ) ρ_γ (5)

where ρ_γ is the energy density of the CMB photons. In the standard electroweak theory, N_{eff} ≃ 3.046 (the difference from 3 being due to slight heating of the neutrinos from ēe annihilation)[30]. Currently there are some interesting hints that δN_{eff} [CMB] ≡ N_{eff} [CMB] − 3.046 is in fact non-zero and positive within the usual ΛCDM framework. For example, the Wilkinson Microwave Anisotropy Probe (WMAP) obtained N_{eff} [CMB] = 4.34 ± 0.87 (1 σ C.L.) [31]. Observations with the Atacama Cosmology Telescope suggest N_{eff} [CMB] = 4.56 ± 0.75 (1 σ C.L)[32]. Also, results of the South Pole Telescope combined with WMAP7 suggest N_{eff} [CMB] = 3.86 ± 0.42 (1 σ C.L.)[33]. A recent analysis[34] combining the data finds that:

N_{eff} [CMB] = 4.08^{+0.71}_{−0.68} at 95% C.L. (6)

An effective neutrino number can also be defined for BBN, and it is worth noting that two recent measurements[35, 36] of Y_p suggest N_{eff} [BBN] > 3. These results have motivated a number of proposals for new physics, including models with sterile neutrinos[37]. Importantly, high precision results from the Planck mission should be able to confirm a non-zero δN_{eff} [CMB] to within a precision of around 0.2[38] in the near future. In the meantime, it is timely to work out the predictions for N_{eff} [CMB] and N_{eff} [BBN] in the mirror dark matter model.

In the ϵ → 0 limit, the ordinary and mirror particles decouple from each other, and in general they may have different temperatures, T, T^′. It will be useful to define the temperatures: T_γ [T^′_γ ] for the temperature of the ordinary [mirror] photons and T_ν [T^′_ν ] is the temperature of the ordinary [mirror] neutrinos. In this study, we assume the initial conditions T^′_γ , T^′_ν ≪ T_γ = T_ν due to some physics at early times. Asymmetric reheating within inflationary scenarios is one possibility[39]. If we assume that only the ordinary matter is reheated after inflation, then we have the initial condition T^′_γ , T^′_ν ≃ 0 and T_γ = T_ν = T_{RH} . With these initial conditions it is always safe to ignore T^′_ν since T^′_ν ≪ T^′_γ in the period of interest. This is because T^′_γ /T_γ generation occurs mainly in the low temperature region, T^<∼ few MeV, where the mirror weak interaction rate is always much less than the expansion rate: G^2_F T^{′5} ≪ T^2/m_{pl}.

For T_γ < 100 MeV, ēe → ē^′e^′ is the dominant process which transfers energy into the mirror sector. This process will not only generate T^′_γ but will also slightly reduce T_γ . This energy transfer happens predominately after the kinetic decoupling of the neutrinos (i.e.

for T_γ^<∼ 3 MeV), so the effect is to slightly decrease T_γ /T_ν . Therefore, at recombination the energy density of neutrinos will be larger than it would otherwise have been if there were no kinetic mixing. This effect will contribute to δN_{eff} [CMB] along with the more obvious contribution to δN_{eff} [CMB] from the increase in energy density due to the production of the mirror photons. We will see that these two contributions are numerically similar in magnitude.

The cross-section for the process ēe → ē^′e^′ is: σ = 4π 3 α^2ϵ^2 1 s^3

(s + 2m^2_e)^2 (7)

where s is the usual Mandelstam variable and m_e is the electron mass. The energy transfer to the mirror sector within a co-moving volume, R^3, per unit time is: dQ dt = R^3n_e+ n_e− ⟨σv_{Møl}E⟩ (8)

where E is the energy transferred in the process ēe → ē^′e^′, v_{møl} is the Møller velocity (see e.g. ref.[40]), and n_e− ≃ n_e+ is the number density of electrons: n_e− = 1 π^2 ∫_∞ m_e √ E^2 − m^2_eE 1 + exp(E/T_γ ) dE . (9) The quantity ⟨σv_{Møl}E⟩ is given by[41] (see also ref.[40]): ⟨σv_{Møl}E⟩ = ω 8m^4_eT^2_γ [K_2(m_e/T_γ )]^2 ∫_∞ 4m^2_e dsσ(s − 4m^2_e) √ s ∫_∞ √ s dE_+e^{−E+/Tγ} E_+ √ E^2_+ s − 1 (10)

where K_2 is the modified Bessel function of order 2. The quantity ω ≈ 0.8 takes into account various approximations in deriving Eq.(10) such as replacing the exact Fermi- Dirac distribution of ē, e with the simpler Maxwellian one[41].

Energy is transferred from the ordinary particles to the mirror particles. The second law of thermodynamics can be used to work out the change in entropy of the ordinary particles: dS = −dQ T_γ . (11)

To a very good approximation, we can neglect the contribution of the neutrinos to dS since energy is mostly transferred to the mirror sector after neutrino kinetic decoupling (i.e. for T_γ^<∼ 3 MeV). Thus, R ∝ 1/T_ν , and the above equation has the form: d dt [ (ρ_γ + p_γ + ρ_e + p_e)R^3 T_γ ] = − n_e− n_e+ ⟨σv_{mol}E⟩R^3 T_γ (12) where

ρ_γ = π^2 15 T^4_γ

p_γ = ρ_γ 3 ρ_e =

2T^4_γ π^2 ∫_∞ x (u^2 − x^2)^{1/2}u^2 1 + e^u du p_e =

2T^4_γ 3π^2 ∫_∞ x (u^2 − x^2)^{3/2} 1 + e^u du (13)

and x = m_e/T_γ . The entropy gained by the mirror particles is: dS = dQ T^′_γ . (14)

This equation implies that d dt [ (ρ^′_γ + p^′_γ + ρ^′_e + p^′_e)R^3 T^′_γ ] = n_e− n_e+ ⟨σv_{mol}E⟩R^3 T^′_γ (15)

where

ρ^′_γ = π^2 15 T^′_γ^4

p^′_γ = ρ^′_γ 3 ρ^′_e =

2T^′_γ^4 π^2 ∫_∞ x^′ (u^2 − x^{′2})^{1/2}u^2 1 + e^u du p^′_e =

2T^′_γ^4 3π^2 ∫_∞ x^′ (u^2 − x^{′2})^{3/2} 1 + e^u du (16)

and x^′ = m_e/T^′_γ . The Friedmann equation reads: ( . R R )_2 = 8π 3m^2_{pl} [ ρ_γ + ρ_e + ρ_ν + ρ^′_γ + ρ^′_e ] (17)

where m_{pl} ≃ 1.22 × 10^{22} MeV is the Planck mass. The energy density of the neutrinos is given by the standard value, ρ_ν =^{7π2}_{40} T^4_ν . Eq.(12,15) and Eq.(17) form a closed system which can be solved to give the evolution of T_γ , T_ν and T^′_γ . By way of example, the result for ϵ = 10^{−9} is shown in figure 1.

Figure 1: Evolution of T_γ (solid line), T_ν (dashed line) and T^′_γ (dotted line) for ϵ = 10^{−9}.

We find numerically that T^′_γ /T_γ evolves to a constant which satisfies: T^′_γ T_γ ≃ 0.31 ( ϵ 10^{−9} )_{1/2} (18)

which is consistent with the results of the earlier study[41].

The energy density of the relativistic components at recombination can be expressed in terms of an effective neutrino number, Eq.(5). The change in this effective neutrino number due to the kinetic mixing effect, δN_{eff} [CMB], can be computed as follows: δN_{eff} [CMB] = 3 [ T_ν (ϵ) T_ν (ϵ = 0)

]_4 − 1 + 8 7 ( T^′_γ (ϵ) T_ν (ϵ = 0)

)_4

(19)

where the temperatures are evaluated at the time when photon decoupling occurs, i.e. when T_γ = T_{dec} = 0.26 eV. The first term on the right-hand side, δN^a_{eff} , is the contribution due to the photon cooling, which increases the relative energy density of the neutrinos. The second term, δN^b_{eff} , is the contribution to the energy density from the mirror photons. In figure 2 we plot δN_{eff} [CMB] versus ϵ, showing also the separate contributions δN^a_{eff} and δN^b_{eff} . As remarked earlier [see the discussion around Eq.(6)] there are current hints that δN_{eff} [CMB] is non-zero and positive. Indeed, the result of the combined analysis[34], Eq.(6), provides an interesting hint that ϵ ≈ few × 10^{−9}.

Figure 2: δN_{eff} [CMB] versus ϵ (solid line). The separate contributions, discussed in the text, δN^a_{eff} (dashed line) and δN^b_{eff} (dotted line) are also shown.

Previous studies[15] based on successful LSS have suggested that T^′_γ /T_γ should obey an upper limit of around 0.3. As pointed out previously[41], Eq.(18) then suggests an upper limit on ϵ of around ϵ^<∼ 10^{−9}. However due to the complexity of modeling the effects of mirror dark matter for LSS there is a significant uncertainty (maybe even a factor of two or so) in the limit on T^′_γ /T_γ from the existing studies based on LSS considerations, and thus a more conservative upper limit on ϵ is likely to be around ϵ^<∼ 4 × 10^{−9}. Obviously if the Planck mission confirms the current hints that δN_{eff} [CMB] > 0, then this would warrant a careful re-analysis of the LSS implications of the mirror dark matter theory.

The transfer of energy into the mirror sector also affects BBN as first pointed out in ref.[42]. The effect on the primordial Helium abundance can easily be obtained by computing Y_p in the usual way, but with the T_γ , T_ν dependent rates: n + ē ↔ p + ν̄_e, n + ν_e ↔ p + e, n ↔ p + e + ν̄_e evolved down to the deuterium ‘bottle neck’ temperature T_γ = 0.07 MeV obtained by utilizing the solution of Eq.(12,15) and Eq.(17)^5. In this way we can compute the helium mass fraction for a particular value of ϵ, Y_p(ϵ). For ϵ = 0, the

5BBN implications of mirror dark matter without kinetic mixing, but with non-zero T^′/T arising from assumed initial conditions was studied in ref.[43].

result is the standard value, Y_p(0) ≃ 0.24. We define δN_{eff} [BBN] in the usual way: δN_{eff} [BBN] = Y_p(ϵ) − Y_p(0) 0.013

. (20)

Thus δN_{eff} [BBN] = 1 corresponds to an increase of Y_p of 0.013 which is equivalent to having 4 neutrinos instead of 3 contributing to the energy density. In figure 3 we plot our results for δN_{eff} [BBN] versus ϵ. Comparison of figure 3 with figure 2 shows that we expect δN_{eff} [CMB] > δN_{eff} [BBN]. The diminished effect for BBN is simply because a significant part of the generation of T^′_γ and reduction of T_γ /T_ν occurs below the freeze out temperature of weak interactions T_w ≈ 0.8 MeV.

Figure 3: δN_{eff} [BBN] versus ϵ.

In conclusion, we have computed the additional radiation content of the Universe at the recombination epoch due to the effects of photon-mirror photon kinetic mixing, δN_{eff} [CMB]. We have also calculated the effects for big bang nucleosynthesis, δN_{eff} [BBN]. There are some interesting hints that both δN_{eff} [CMB] and δN_{eff} [BBN] are non-zero and positive, which if confirmed by e.g. the anticipated high precision measurements of the CMB from the Planck mission, will ultimately allow ϵ to be determined.

Acknowledgments

This work was supported by the Australian Research Council.

References

[1] R. Bernabei et al. (DAMA Collaboration), Riv. Nuovo Cimento. 26, 1 (2003) [astro-ph/0307403]; Phys. Lett. B480, 23 (2000); Eur. Phys. J. C56: 333 (2008) [arXiv:0804.2741]; Eur. Phys. J. C67, 39 (2010) [arXiv: 1002.1028].

[2] C. E. Aalseth et al. (CoGeNT Collaboration), Phys. Rev. Lett. 106: 131301 (2011) [arXiv:1002.4703]; C. E. Aalseth et al. (CoGeNT Collaboration), Phys. Rev. Lett. 107: 141301 (2001) [arXiv: 1106.0650].

[3] G. Angloher et al., (CRESST Collaboration), arXiv:1109.0702.

[4] R. Foot, Phys. Lett. B703, 7 (2011) [arXiv: 1106.2688]; Phys. Lett. B692, 65 (2010) [arXiv: 1004.1424]; Phys. Rev. D82, 095001 (2010) [arXiv: 1008.0685].

[5] R. Foot, arXiv: 1203.2387.

[6] R. Foot, Phys. Rev. D69, 036001 (2004) [hep-ph/0308254].

[7] R. Foot, Mod. Phys. Lett. A19, 1841 (2004) [astro-ph/0405362]; Phys. Rev.

D74, 023514 (2006) [astro-ph/0510705]; Phys. Rev. D78, 043529 (2008) [arXiv: 0804.4518].

[8] R. Foot, H. Lew and R. R. Volkas, Phys. Lett. B272, 67 (1991). The concept was discussed prior to the advent of the standard model in: T. D. Lee and C. N. Yang, Phys. Rev. 104, 256 (1956); I. Kobzarev, L. Okun and I. Pommeranchuk, Sov. J. Nucl. Phys. 3, 837 (1966); M. Pavsic, Int. J. Theor. Phys. 9, 229 (1974).

[9] R. Foot, Int. J. Mod. Phys. D13, 2161 (2004) [astro-ph/0407623]; P. Ciarcelluti, Int. J. Mod. Phys. D19, 2151 (2010) [arXiv: 1102.5530].

[10] H. An, S. L. Chen, R. N. Mohapatra, S. Nussinov and Y. Zhang, Phys. Rev. D 82 023533 (2010) [arXiv:1004.3296].

[11] J. W. Cui, H. J. He, L. C. Lv and F. R. Yin, arXiv:1110.6893.

[12] R. Foot and X-G. He, Phys. Lett. B267, 509 (1991).

[13] R. Foot, H. Lew and R. R. Volkas, Mod. Phys. Lett. A7, 2567 (1992); A. Yu. Ignatiev and R. R. Volkas, Phys. Lett. B487, 294 (2000) [arXiv: hep-ph/0005238]; R. Barbieri, T. Gregoire, L. J. Hall, hep-ph/0509242; W. Li, P. Yin and S. Zhu,

Phys. RevḊ76, 095012 (2007) [arXiv:0709.1586]; R. Foot, A. Kobakhidze and R. R. Volkas, arXiv:1109.0919.

[14] B. Holdom, Phys. Lett. B166, 196 (1986).

[15] Z. Berezhiani, D. Comelli and F. L. Villante, Phys. Lett. B503, 362 (2001) [hepph/0008105]; A. Yu. Ignatiev and R. R. Volkas, Phys. Rev. D68, 023518 (2003) [hep-ph/0304260]; Z. Berezhiani, P. Ciarcelluti, D. Comelli and F. L. Villante, Int. J. Mod. Phys. D14, 107 (2005) [astro-ph/0312605]; P. Ciarcelluti, Int. J. Mod. Phys. D14, 187 (2005) [astro-ph/0409630]; Int. J. Mod. Phys. D14, 223 (2005) [astroph/0409633]; AIP Conf. Proc. 1038, 202 (2008) [arXiv:0809.0668]. For pioneering work, see: S. I. Blinnikov and M. Yu. Khlopov, Sov. J. Nucl. Phys. 36, 472 (1981); Sov. Astron. 27, 371 (1983).

[16] D. Clowe et al., Astrophys. J. 648, L109 (2006) [arXiv:astro-ph/0608407].

[17] Z. K. Silagadze, ICFAI U. J. Phys. 2, 143 (2009) [arXiv:0808.2595].

[18] See e.g. C. Alcock et al. [MACHO Collaboration], Astrophys. J. 542, 281 (2000) [arXiv:astro-ph/0001272]; P. Tisserand et al. [EROS-2 Collaboration], Astron. Astrophys. 469, 387 (2007) [arXiv:astro-ph/0607207].

[19] R. Foot, Phys. Lett. B 471, 191 (1999) [arXiv:astro-ph/9908276].

[20] R. Foot and R. R. Volkas, Phys. Rev. D70, 123508 (2004) [astro-ph/0407522]; see also R. Foot and Z. K. Silagadze, Int. J. Mod. Phys. D14, 143 (2005) [arXiv:astroph/0404515].

[21] G. Angloher et al., Astropart. Phys. 18 , 43 (2002).

[22] H. Wong, for (CDEX-Texono Collaboration), Talk at TAUP, Munich, Sep 2011.

[23] Z. Berezhiani, S. Cassisi, P. Ciarcelluti and A. Pietrinferni, Astropart. Phys. 24, 495 (2006) [arXiv:astro-ph/0507153].

[24] P. Ciarcelluti and R. Foot, Phys. Lett. B690, 462 (2010) [arXiv:1003.0880].

[25] S. L. Glashow, Phys. Lett. B167, 35 (1986); R. Foot and S. N. Gninenko, Phys.

Lett. B480, 171 (2000)[arXiv:hep-ph/0003278]; S. V. Demidov, D. S. Gorbunov and A. A. Tokareva, arXiv:1111.1072.

[26] A. Badertscher et al., Phys. Rev. D75, 032004 (2007).

[27] P. Crivelli et al., arXiv: 1005.4802.

[28] R. Foot and S. Mitra, Astropart. Phys. 19, 739 (2003) [astro-ph/0211067]; Phys.

Lett. A315, 178 (2003) [cond-mat/0306561]; Phys. Lett. B558, 9 (2003) [astroph/0301229]; R. Foot and T. L. Yoon, Acta Phys. Polon. B 33, 1979 (2002) [arXiv:astro-ph/0203152]; R. Foot and R. R. Volkas, Phys. Lett. B 517, 13 (2001) [arXiv:hep-ph/0108051].

[29] R. Foot, Int. J. Mod. Phys. A 19, 3807 (2004) [arXiv:astro-ph/0309330]. [30] G. Mangano et al., Nucl. Phys. B729, 221 (2005) [hep-ph/0506164]. [31] E. Komatsu et al., Astrophys. J. Suppl. 192, 18 (2011) [arXiv: 1001.4538]. [32] J. Dunkley et al., Astrophys. J. 739, 52 (2011) [arXiv: 1009.0866]. [33] R. Keisler et al., arXiv: 1105.3182.

[34] M. Archidiacono, E. Calabrese and A. Melchiorri, arXiv: 1109.2767. [35] Y. I. Izotov and T. X. Thuan, Astrophys. J. 710, L67 (2010) [arXiv:1001.4440]. [36] E. Aver, K. A. Olive and E. D. Skillman, JCAP 1005, 003 (2010) [arXiv:1001.5218]. [37] J. Hamann, S. Hannestad, G. G. Raffelt, I. Tamborra and Y. Y. Y. Wong, Phys.

Rev. Lett. 105, 181301 (2010) [arXiv:1006.5276]; K. Nakayama, F. Takahashi and T. T. Yanagida, Phys. Lett. B697, 275 (2011) [arXiv:1010.5693]; W. Fischler and J. Meyers, Phys. Rev. D 83, 063520 (2011) [arXiv:1011.3501]. P. C. de Holanda and A. Yu. Smirnov, Phys. Rev. D83, 113011 (2011) [arXiv: 1012.5627]; J. L. Feng, V. Rentala and Z. Surujon, arXiv: 1108.4689; J. L. Menestrina and R. J. Scherrer, arXiv: 1111.0605.

[38] L. Perotto, J. Lesgourgues, S. Hannestad, H. Tu and Y. Y. Y. Wong, JCAP 0610, 013 (2006) [arXiv:astro-ph/0606227]; J. Hamann, J. Lesgourgues and G. Mangano, JCAP 0803, 004 (2008) [arXiv:0712.2826].

[39] E. W. Kolb, D. Seckel and M. S. Turner, Nature 314, 415 (1985); H. Hodges, Phys.

Rev. D47, 456 (1993); Z. G. Berezhiani, A. D. Dolgov and R. N. Mohapatra, Phys. Lett. B375, 26 (1996) [arXiv: hep-ph/9511221].

[40] P. Gondolo and G. Gelmini, Nucl. Phys. B360, 145 (1991). [41] P. Ciarcelluti and R. Foot, Phys. Lett. B679, 278 (2009) [arXiv: 0809.4438]. [42] E. D. Carlson and S. L. Glashow, Phys. Lett. B193, 168 (1987). [43] P. Ciarcelluti and A. Lepidi, Phys. Rev. D 78 123003 (2008) [arXiv:0809.0677].