arXiv:astro-ph/0108341 21 Aug 2001

CERN-TH/2001-020

Big Bang Nucleosynthesis and Cosmological Constraints on Neutrino Oscillation Parameters

Daniela Kirilova^{a,c} and Mihail Chizhov^{b,c}

aInstitute of Astronomy,Bulgarian Academy of Sciences, Sofia, Bulgaria bCentre of Space Research and Technologies, Sofia University, Sofia, Bulgaria cTheory Division, CERN, Geneva, Switzerland

Abstract

We present a review of cosmological nucleosynthesis (CN) with neutrino oscillations, discussing the different effects of oscillations on CN, namely: increase of the effective degrees of freedom during CN, spectrum distortion of the oscillating neutrinos, neutrino number density depletion, and growth of neutrino–antineutrino asymmetry due to active–sterile oscillations. We discuss the importance of these effects for the primordial yield of helium-4.

Primordially produced^4He value is obtained in a selfconsistent study of the nucleons and the oscillating neutrinos. The effects of spectrum distortion, depletion and neutrino–antineutrino asymmetry growth on helium-4 production are explicitly calculated.

An update of the cosmological constraints on active–sterile neutrino oscillations parameters is presented, giving the values: δm^2(sin^2 2ϑ)^4 ≤ 1.5 × 10^{−9} eV^2 for

δm2 > 0, and |δm2| < 8.2×10^−10 eV2 at large mixing angles for δm2 < 0. According

to these constraints, besides the active–sterile LMA solution, also the active–sterile LOW solution to the solar neutrino problem is almost totally excluded.

1 Introduction

Cosmological nucleosynthesis is traditionally used as a probe of the conditions of the early Universe at the nucleosynthesis epoch (T ∼ MeV). Concerning neutrino physics, the requirement for a concordance between the theoretically predicted and the extracted from observations primordial abundances of light elements, constrains neutrino characteristics: mass, number of light species, degeneracy, decay width and mass of eventual heavy decaying neutrinos, neutrino oscillation parameters, possible new interactions, etc.

On the other hand, the topic of neutrino oscillations is with us since Pontecorvo’s hypothesis for these [1] i.e. more than 40 years. Neutrino oscillations imply non-zero neutrino masses and mixings, therefore presenting an indication of physics beyond the electroweak standard model. Recently the positive indications of oscillations obtained from the greatest neutrino experiments (SuperKamiokande, SNO, Soudan 2, LSND, etc.)^1 turned the subject of neutrino oscillations into one of the hottest points of astrophysics and neutrino physics. Hence, it looks like appropriate to provide an updated review of the influence of neutrino oscillations on CN and present the most recent cosmological constraints on neutrino oscillations parameters.

In case neutrino oscillations are present in the primordial plasma of the early Universe, they may lead to changes in CN, depending on the oscillation channels and the way they proceed. Namely, the oscillations effect depends on the kind of oscillations (they can be resonant or nonresonant) and also differs for the equilibrium and nonequilibrium cases. Oscillations may influence nucleosynthesis through their effects on: neutrino and antineutrino number densities, spectrum, neutrino-antineutrino asymmetry and the number of neutrino species.

In the next section we will provide a review of CN with neutrino oscillations, discussing mainly oscillations influence on CN. In the last section we will present an update of the cosmological constraints on ν_e ↔ ν_s neutrino oscillation parameters and discuss how they concern the solutions to the solar neutrino problem.

1 All recent data of the solar neutrino experiments namely Gallium, Chlorine, SuperKamiokande, SNO, sensitive to different neutrino energy, point to a well pronounced deficit of solar neutrinos in contrast with the theoretical predictions of the Standard Solar Model fluxes.

The measured ratio of the muon over electron neutrino flux by Kamiokande, SuperKamiokande, IMB and Soudan 2 is considerably lower than the predicted one for the atmospheric neutrinos, resultant from the primary cosmic rays collisions with the nuclei in the upper atmosphere. Moreover, a zenith-angle-dependent deficit of muon neutrinos was observed.

The LSND experiment has observed electron antineutrino appearance in a flux of muon antineutrinos and electron neutrinos in a flux of muon neutrinos.

These three neutrino anomalies are preferably explained in terms of neutrino oscillations, which are able to provide a natural mechanism for energy dependent and neutrino type dependent suppression of neutrino fluxes. There exist several solutions to the solar neutrino problem: Small Mixing Angle (SMA), Large Mixing Angle (LMA), LOW and Vacuum Oscillations (VO) solutions, which imply neutrino mass differences in the range: 10�^{10} � 10�^4 eV^2. The atmospheric neutrino anomaly can be resolved by oscillations with mass differences 10�^3 � 10�^2 eV^2. While for the LSND neutrino experiment, much bigger mass difference, of the order of eV is necessary.

2 Historical overview of CN with neutrino oscillations

2.1 Standard Big Bang Nucleosynthesis

For a precise analysis of the oscillations effect on CN, the element that is used traditionally is helium-4, as far as the most reliable and abundant data now available are for that element. According to the standard Big Bang Nucleosynthesis (SBBN) theory^4He is a result of a complex network of nuclear reactions, which proceed after the freezing of the neutron-to-proton ratio n/p.

The abundance of the primordially produced mass fraction of helium-4 Y_p ∼ 2(n/p)_f / (1 + (n/p)_f ) depends mostly on two compelling processes, determining the neutron-to-proton freezing ratio – (n/p)_f , namely the Universe’s cooling rate, H(t) ∼ √g_{ef f} T^2 and the interaction rates of the weak processes, interchanging neutrons and protons: Γ_w ∼ G^2_F (g^2_V + 3g^2_A)E^2_ν T^3. Hence, the produced helium is a strong function of the effective number of relativistic degrees of freedom at the CN epoch, g_{ef f} , and the neutron mean lifetime τ_n, which parametrizes^2 the weak interactions strength. Besides, primordially produced^4He is a logarithmic function of the baryon-to-photon ratio η, due to the nuclear reactions dependence on nucleon densities, i.e. Y_p(g_{ef f} , τ_n, η). Deuterium measurements in pristine environments towards low metallicity quasar absorption systems at very high z ∼ 3 [2] provide us with the most precision determination of the baryon density, giving the value: η = 5.6 ± 0.5 × 10^{−10}. Recently, the baryon density was also determined from observations of the anisotropy of the cosmic microwave background (CMB) by DASI, BOOMERANG and MAXIMA experiments [3]. The CMB value is in agreement with the one found from deuterium measurements and SBBN.

SBBN assumes three neutrino flavours, zero lepton asymmetry and equilibrium neutrino number densities and spectrum:

n^{eq}_ν = exp(−E/T )/[1 + exp(−E/T )]

The primordial^4He abundance Y_p, predicted from SBBN, is calculated with great precision. In recent years, corrections to SBBN code accounting for different physical effects reduced the theoretical uncertainty to less than 0.1% (|δY_p| < 0.0002) within a wide range of η [4]. The uncertainty of the observational Y_p is few percent. The predicted helium-4 value is in accordance with the contemporary helium values, inferred from observational data: 0.238–0.245 (the systematic errors are supposed to be around 0.007) [5], and is consistent with other light elements abundances.

Given this accuracy, it can be used as a probe of the eventual new neutrino physics – the neutrino oscillations.

2 Where τ �^1_n ¸ G^2_F (g^2_V + 3g^2_A).

2.2 CN with neutrino oscillations

CN with neutrino oscillations was studied in numerous publications [6]–[38]. The basic idea of oscillations is that neutrinos are not degenerate in mass and there is a mixing, so that the mass eigen-states ν_i are distinct from the flavour eigen-states ν_f and are unitary combinations of the latter: ν_i = U_{if} ν_f (f = e, μ, τ ). Then in the simple two-neutrino oscillation case

ν_1 = cν_f + sν_f 0, ν_2 = −sν_f + cν_f 0,

where c = cos(ϑ), s = sin(ϑ), ϑ ≠ 0 is the mixing angle, ν_1 and ν_2 are the mass eigen-states with masses correspondingly m_1 and m_2 and δm^2 ≠ 0.

The probability to find at a distance l a given neutrino type f^′ in an initially homogeneous neutrino beam of another neutrino type f is:

P_{f f} 0 = sin^2 2ϑ sin^2(1.267 δm^2l/E),

where δm^2 is the neutrino mass difference in eV^2, E is the neutrino energy in MeV and l is the distance in meters.

2.2.1 Vacuum oscillations

The oscillations effect on CN was historically first considered for vacuum oscillations between different neutrino flavours [6, 7]. It was shown that since there is a slight deviation from equilibrium in that case (temperatures of different flavour neutrinos are nearly the same), flavour oscillations have a negligible effect on neutrino number densities and on nucleosynthesis [6]. The possibility of generation of neutrino-antineutrino asymmetry in the electron sector due to CP-violating oscillations and its effect on CN was discussed in ref. [7].

Active–sterile neutrino^3 oscillations effect on CN may be noticeably stronger because they can

(a) increase the effective number of light degrees of freedom during nucleosynthesis [6, 8, 9];

(b) lead to a strong distortion of the neutrino spectrum [10];

(c) lead to a considerable decrease of the total number density of active neutrinos [10]; Active-sterile oscillations may keep sterile neutrinos in thermal equilibrium or bring them into equilibrium in case they have already decoupled. CN allows not more than one additional neutrino type, therefore forbidding efficient production of sterile neutrinos due to oscillations (Γ_R < H). First constraints [6] on oscillation parameters were obtained

3SU2 singlet neutrino.

from the requirement that the observed primordial values allow less than one additional light neutrino type. It was shown that the simultaneous presence of Dirac and Majorana neutrino masses would contradict the observed helium-4 abundance if δm^2 > 10^{−6} eV^2.

In ref. [8] CN constraints were estimated for fast oscillations (Γ_{osc} > H) from the condition that sterile neutrinos should not be abundantly produced due to oscillations before nucleosynthesis epoch (Γ_R ∼ Γ_w sin^2 2ϑ < H at 1 MeV): (δm^2)^2 sin^2 2ϑ ≤ 1.6 × 10^{−17}eV^4.

In ref. [9] a condition for an efficient production of sterile neutrinos at about 1 MeV, accounting for the rescattering of neutrinos from the fermions of the plasma, was calculated and constraints on neutrino oscillation parameters were also obtained. These constraints [8, 9] as will be discussed in more detail in the next subsection, are considerably relaxed, when a proper account of the dispersion effects is provided.

In ref. [10] the nonequilibrium case of active–sterile oscillations, effective after the neutrino decoupling, i.e. the oscillation rate exceeding the expansion rate Γ_{osc} ∼ δm^2/(4E) > H, while neutrino weak rates less than expansion rate Γ_w < H, was discussed.

The effect of such active-sterile neutrino oscillations is due mainly to the fact that sterile neutrinos may have decoupled much earlier than the active ones^4 and at the nucleosynthesis epoch their number densities were negligible in comparison with the active neutrinos: N_s ≪ N_f , as far as T_s < T_f and N ∼ T^3.

The accurate kinetic approach of ref. [6] to a description of the oscillating neutrinos in terms of neutrino density matrix in momentum space, was used in ref. [10] to calculate analytically the evolution of the number density of electron neutrinos:

n_{νe} = ρ_{LL} = { 1 − 2c^2s^2 + 2c^2s^2 cos[BT/E(T^{−3} − T^{−3}_0 )] } × n^{eq}_{νe} , where B = 0.1M_{P l}δm^2/√g_{ef f} and T_0 = 3 MeV.

It was explicitly shown, that for large interval of oscillation parameters of the discussed model, oscillations may cause considerable spectrum distortion and/or depletion of the electron neutrino.

At great δm^2, cos[BT/E(T^{−3} − T^{−3}_0 )] is frequently oscillating and can be averaged. Then ρ_{LL} = (1 − 2c^2s^2)n^{eq}_{νe} , and active neutrinos number densities are depleted by oscillations. However, for smaller δm^2, the energy distribution of the active neutrinos may be also considerably changed.

Both the electron neutrino depletion and the decrease of the electron neutrino energy due to oscillations into less energetic sterile neutrinos decrease the weak rates Γ_w ∼ E^2_ν N_ν , leading to higher freezing temperature of the nucleons. The total effect is an overproduction of He-4.

Helium production was numerically calculated for the full range of parameters of this oscillation model. It was shown that, the effect of depletion and spectrum distortion due to oscillations on He-4 may be much stronger than the effect due to excitation of an additional degree of freedom. Assuming that allowed overproduction should be less than

4Therefore, they were not heated by the following after their decoupling processes leading to entropy increase.

5%, the following constraints on the oscillation parameters were obtained: δm^2 < 10^{−9} at ϑ > π/15 The overproduction of helium due to sterile neutrino species excited by oscillations was calculated.

2.2.2 Matter oscillations

In the following years, it was realized that for a large interval of masses and mixing angles the thermal background in the pre-nucleosynthesis epoch may strongly affect the propagation of neutrinos and, has to be taken into account. Differences in the interactions with the particles from the plasma lead to different average potentials for different neutrino types [11]. In the adiabatic case the effect of the medium can be formally hidden in the oscillation parameters, by introducing matter oscillation parameters that are expressed through the vacuum ones and through the characteristics of the medium. The matter mixing angle is then [11, 39]

sin^2 ϑ_m = sin^2 ϑ/[sin^2 ϑ + (Q ∓ L − cos 2ϑ)^2],

where Q = −bE^2T^4/(δm^2M^2_W ), L = −aET^3L^α/(δm^2), L^α is expressed through the fermion asymmetries of the plasma, a and b are positive constants different for the different neutrino types, −L corresponds to the neutrino and +L to the antineutrino case.

It was realized that although most often the medium suppresses oscillations (by decreasing their amplitude), there also exists a possibility of enhanced oscillation transfer in case a resonant condition between the parameters of the medium and the oscillation parameters holds: Q ∓ L = cos 2ϑ. Then the mixing in matter becomes maximal, independently of the value of the vacuum mixing angle. Besides, as can be easily judged from the resonant condition, at high temperatures, when |Q| > |L|, δm^2 > 0 corresponds to a nonresonant case, while δm^2 < 0 corresponds to a resonant case, and the resonance holds in both neutrino and antineutrino sectors. At low temperatures, when |Q| < |L|, the resonance is possible either for neutrinos in the case δm^2 > 0 or for antineutrinos in the case δm^2 < 0.

Matter oscillations of ordinary flavour neutrinos, occurring before the freeze-out of n/p - ratio were considered first [15]. Two different effects of oscillations were taken into account: the generation of ν_e − ν̄_e asymmetry in ν_τ ↔ ν_e oscillations resonant conversion and the change in the neutrino freeze-out temperature. The effect on primordial production of He-4 was estimated to be very low: δY_p < 1.3 × 10^{−3}.

The effect of matter active–sterile oscillations on CN, taking into account the essential processes of neutrino forward scattering of the background particles, was considered first in refs. [16],[17]-[20],[24]. Active–sterile oscillations that are efficient before the nucleosynthesis epoch (corresponding to high mass differences) were discussed there. The production of sterile neutrino states due to oscillations and interactions of the active neutrino with the medium was calculated.

It was shown that matter oscillations, proceeding before the active neutrinos decoupling, are capable of exciting additional degrees of freedom into the plasma. The increase in the expansion rate H ∼ √g_{ef f} and the corresponding overproduction of helium were calculated.

The exclusion regions for the neutrino-mixing parameters were obtained from the requirement that the number of neutrino species is less than a certain value (usually N_ν < 3.4 in the pioneer publications), up to which there is an agreement between the values for light element abundances obtained from theoretical predictions and those extracted from observations. The excluded region of oscillation parameters values was found much smaller than in the case not accounting for the neutrino coherent interactions.

In these works the kinetic evolution of the neutrino ensembles was studied in terms of particle densities, and it was assumed that oscillations slightly shift neutrino density matrix from its diagonal form. First estimates of an eventual depletion of electron neutrinos, due to ν_e ↔ ν_s oscillations, and its corresponding influence on helium-4 were made in [17, 20]. Numerical calculations of the discussed oscillations effects on helium-4 production were made in [24].

The idea that active-sterile oscillations will produce considerable ν_e − ν̄_e asymmetry during resonant transfer, which may influence CN was discussed in ref. [16].

2.2.3 CN constraints on active-sterile oscillations

The pioneer works discussing ν_e ↔ ν_s at δm^2 > 0 excluded the Large Mixing Angle solution (LMA) of the solar neutrino problem.

In the ν_μ ↔ ν_s oscillations case, the solution to the atmospheric anomaly was found to lie in the cosmologically excluded region. This can be regarded as an indication that the atmospheric neutrino anomaly should be solved by oscillations in the ν_μ ↔ ν_τ sector (which is also the experimentally preferred recent solution)^5.

Recently [36] the constraints on active–sterile neutrino oscillations were discussed in connection with the controversy in literature concerning the sterile neutrino production rate: in some works annihilation rate was used when calculating it, while in others the total reaction rate was employed. The problem is still under discussion.

In ref. [25] (see also ref. [26]) a rough estimation of the spectrum distortion by shifting the effective temperature of the neutrino and considering its spectrum equilibrium was provided. However, as was shown in refs. [29, 30, 31, 33] this way the real distortion of the neutrino spectrum cannot be described. Besides, the exclusion plots of refs. [25, 26] for the resonant case are not compatible with the ones for the nonresonant case, they do not coincide at maximal mixing, as they should. Hence, it is preferable to use the results of ref. [24] for the cosmological constraints in the ν_μ ↔ ν_s and ν_τ ↔ ν_s as more reliable.

It should be kept in mind also that the constraints on ν_{μ,τ} ↔ ν_s have not been updated: they do not take into account the spectrum distortion of the oscillating neutrinos and the growth of the neutrino–antineutrino asymmetry.

5With this in mind, and also the fact that the asymmetry growth due to resonant oscillations still needs some clarification and precision calculations, we will not discuss the numerous works aiming to save the active–sterile solution, by weakening the cosmological constraints due to the large asymmetry production in active–sterile oscillations in the muon or the tau-neutrino sector.

In the resonant case we expect the bounds to become less restrictive in the small mixing angles area, when the estimation of the asymmetry growth due to oscillations is made, because oscillations generated asymmetry at small mixing angles leads to a suppression of oscillations and consequently to a relaxation of the bound on oscillation parameters at small mixings [34]. In both resonant and nonresonant cases we expect less restrictive bounds at large mixings due to spectrum distortion effect.

2.3 Update of oscillations effects on CN

In the last years the oscillations effects on CN were updated [29]–[33],[37], by providing a precise numerical account for the neutrino spectrum distortion, depletion and growth of neutrino-antineutrino asymmetry due to neutrino oscillations.

2.3.1 Spectral distortion.

In refs. [29]–[33],[37] exact kinetic equations for the neutrino density matrix in momentum space, accounting simultaneously for Universe expansion, neutrino oscillations and neutrino forward scattering, were numerically solved for oscillations with small mass differences. The equations for the neutrino density matrix were solved selfconsistently with the kinetic equations of the nucleons during the n/p - freezing (see detail description in the next section), which allowed to provide a precise analysis of neutrino depletion and spectrum distortion effect on CN due to oscillations. The spectrum distortion effect was shown to be considerable [29]. In Fig. 1 the net effect of spectrum distortion is given by the difference between the short-dashed curve from ref. [24] and the long-dashed curve from ref. [33]. In the nonequilibrium case of electron-sterile oscillations, it cannot be estimated simply by shifting the effective temperature or introducing chemical potentials.

On the other hand the precise numerical analysis of the spectrum distortion is technically very difficult. It has been provided only for oscillations with small mass differences [29, 30, 33]. For the adequate description of the spectrum distortion in that case 1000 bins in the nonresonant case and up to 5000 bins for the resonant case were needed. Hence, thousands times larger system of coupled integro-differential equations had to be accurately solved, in contrast to the case of momentum averaged calculations when a set of 8 ordinary differential equations are solved. The computational time was strongly increased.

Recently a successful analytical description of the spectrum distortion of neutrino spectrum due to oscillations was proposed in ref. [45] for small mixing angles and large mass differences. It may be very useful in precision calculations of the oscillations effect on CN at large mass differences, which have not been done.

2.3.2 Neutrino-antineutrino asymmetry growth

The idea of generating neutrino-antineutrino asymmetry due to resonant transfer of neutrinos in active-sterile neutrino oscillations was first proposed in ref. [16]. Alas, it was not developed further by the authors and remained unnoticed.

Figure 1: Comparison between the results on primordial helium-4 production obtained in our works [32, 33] and in previous work [24]. The long-dashed curve shows our results when the asymmetry effect is neglected. The short-dashed curve shows the results of Enqvist et al., where both asymmetry and spectrum distortion effects were neglected. The difference between the two curves shows the effect of the proper account of the spectrum distortion of the neutrino. On the other hand, the difference between our curves, the solid and the dashed one, presents the net asymmetry effect.

Estimations of the effect of asymmetry, generated in flavor oscillations, on CN of helium-4 were provided in ref. [15]. The effect was shown to be negligible.

Oscillations generated asymmetry was discussed in more detail for active-sterile oscillations with large mass differences in refs. [17]-[20], where it was estimated to have negligible effect on CN, and in ref. [27], where asymmetry growth was found possible in case δm^2 > 10^{−5} eV^2. In the numerical study, exploring oscillations with small mass differences δm^2 < 10^{−7} eV^2 [29], a growth of asymmetry was registered.

The revealment of the asymmetry growth at small mass differences became possible thanks to the exact kinetic approach, namely work with selfconsistent kinetic equations for neutrinos in momentum space. This approach allows to take into account the neutrino spectrum distortion and describe the asymmetry behaviour at each momentum.

In ref. [32] the evolution of the asymmetry was studied selfconsistently with the neutrino and nucleon evolution, which allowed to take into account the effect of the asymmetry on CN during the full evolution of the asymmetry. It was shown that besides the wellknown kinetic effect of the asymmetry on CN, after it has grown up to high values of the order of ±0.01, very small asymmetries L < 0.01 exert a considerable indirect effect on CN through oscillations. This is due to the fact that even very small asymmetries change the medium-induced neutrino potential energy and may have a considerable back reaction on the oscillating neutrinos. It has been shown [32, 37], that the results obtained when the indirect asymmetry effect was taken into account differ by many orders of magnitude from results neglecting small asymmetries.

For the case of small mass differences exact kinetic calculations of the asymmetry effect were provided in refs. [29]–[34]. The asymmetry growth up to 5 orders of magnitude was registered in these studies. Hence, these lepton asymmetries experienced indirect effect on CN through changing neutrino number densities and the oscillation pattern, which on its turn effected the kinetics of nucleons during n/p - freezing.

The net indirect asymmetry effect on CN is illustrated in Fig. 1 by the difference between the solid and the long-dashed curves. The asymmetry growth reduced neutrino oscillations effect and lead up to 10% underproduction of helium in respect to the model of CN with oscillations but neglecting asymmetry. Hence dynamically produced asymmetry leads to a noticeable weakening of the cosmological constraints for small mixing angles [29, 32, 33].

However, the precise numerical description of the asymmetry growth requires more than 5 000 bins for the spectrum distortion, which was found essential for the correct calculation of the asymmetry evolution [33]. This increases enormously the calculational time in the resonant case. Besides, the neutrino evolution equations at resonance have high stiffness and implicit methods should be used to solve the equations numerically. For 5 000 bins of the spectrum a system of 30 000 integro-differential equations describing the neutrino density evolution should be solved simultaneously.

Hopefully, the asymmetry effect on CN for large mass differences may be successfully analytically estimated using the analytical approximations, accounting for the spectrum distortion of neutrino, like the one proposed in [45] for small mixing angles and large mass differences. Such approximations maybe very useful for analyzing oscillations effect on CN, because they simplify the equations and reduce the computational time.

2.3.3 Relic lepton asymmetries.

The case of different initial asymmetries, namely 10^{−10} < L < 10^{−4}, in models of CN with nonresonant oscillations, effective after electron neutrino freeze-out, was precisely studied in [30, 31, 34, 37]. It was found that depending on the concrete values of the relic asymmetry, it may suppress, enhance or not influence oscillations, and hence lead to an under-, overproduction of helium or to not changing its abundance at all.

The possibility of lepton asymmetry to enhance oscillations, besides its well-known ability to suppress them, was revealed thanks to the study of neutrino evolution at each momentum:

For the parameters of the model the local term L dominates over the other terms for the mean neutrino momenta, and hence the resonant condition is not fulfilled: |L| ≫ |Q|, |L| ≫ cos 2ϑ. However, for neutrinos with a given momentum p < p̄ it is fulfilled and these neutrinos suffer a resonant transfer leading to the decrease of their number densities and a decrease of the asymmetry (since the resonance condition is fulfilled only in one sector, either neutrino or neutrino one, the particle densities in the other sector do not change). Then, due to the L decrease, resonant transfer becomes possible for neutrinos with higher momentum, and so on till L changes sign and the running resonance wave similarly passes through the antineutrino ensemble, leading to a rapid increase of L again till the next change of sign of L, etc. i.e. the observed enhancement is “spectrum resonance” effect.

The total effect of the process is enhanced resonance transfer both in neutrino and antineutrino sectors, leading to greater overproduction of helium-4. Oscillation constraints for the case of CN with oscillations and with initial L were obtained [31].

A similar investigation for the resonant case will be more complicated due to technical problems because it will deserve much greater number of bins for the spectrum distortion description because of the asymmetry growth, and hence, longer calculational time. However, this investigation is interesting, as far as such small values of the initial relic asymmetry are not excluded neither from observations nor from some profound theoretical principle.

In conclusion we would like to stress that even a very small asymmetry, either initially present or dynamically generated, thanks to its indirect effect through neutrino oscillations is capable to influence strongly CN. Hence it should be accounted for as precisely as possible.

2.4 Summary of neutrino oscillations effect on CN

In case neutrino oscillations between active and sterile neutrinos proceed in the primordial plasma during the CN epoch, they can effect CN in the following ways:

(a) In case active neutrinos have not decoupled, their oscillations to sterile ones may bring additional degrees of freedom into the primordial heat bath. This will lead to an increase of the Universe expansion rate H(t) and to an earlier freezing of the n/p - ratio, at times when neutrons were more abundant in comparison with the SBBN. Hence, this effect leads to an overproduction of helium-4. This effect was historically the first discussed [8] and on its basis first constraints on the oscillation parameters δm^2, sin^2(2ϑ) were estimated [9, 17, 18, 19, 20, 24].

(b) Oscillations considerably influence CN by distorting the neutrino and antineutrino spectrum. As far as the oscillation rate is energy dependent Γ_{osc} ∼ δm^2/E the low energy neutrinos start to oscillate first, and later the oscillations become noticeable for the more energetic neutrinos. Due to that, the spectrum of the neutrinos (antineutrinos) may become strongly distorted, especially in the case of oscillations into less abundant sterile neutrinos. This effect was shown considerable both in the vacuum oscillations case [10] and matter oscillations case [29]. Spectrum distortion of the electron neutrinos due to oscillations leads to overproduction of helium-4, which may be several times larger than He-4 overproduction due to an additional neutrino type.

(c) Oscillations can lead to a substantial depletion of the number densities (N_ν and N_{ν̃} ) of active neutrinos, in case they proceed between active and less abundant sterile neutrino states. This slows down the weak rates, Γ_w ∼ N_ν E^2_ν , and again leads to an earlier n/p - freezing and a corresponding increase of the helium-4 yield.

This effect was analytically calculated and found to be important for CN first in the vacuum oscillation case [10]. For matter oscillations with great mass differences it was first estimated in ref. [17, 20], where it was described in terms of an effective chemical potential of neutrinos, generated due to active-sterile oscillations. Electron neutrino depletion was numerically calculated, without the account of spectrum distortion and asymmetry growth in ref. [24]. Later these effects were taken into account in ref. [29] for the case of small mass differences (δm^2 ≤ 10^{−7} eV^2).

For oscillations with small mass differences the latter two effects can lead up to 32% overproduction of helium-4 [38].

(d) Oscillations produce neutrino-antineutrino asymmetry, which on its turn influences the evolution of the neutrino and antineutrino ensembles and the oscillation pattern. In the nonresonant case the neutrino-mixing produced asymmetry was shown to have a negligible role on CN. However, in the resonant oscillation case the asymmetry effect on CN was shown to be considerable [29, 33]. For the case of small mass differences it was proven that even very small asymmetries L ≪ 0.01 considerably influence CN through oscillations, and therefore asymmetry effect on CN should be accounted for during asymmetry’s full evolution.

In general, dynamically produced asymmetry at small mixing angles suppresses oscillations, which leads to less overproduction of helium-4 in comparison with the case of CN with oscillations but without the asymmetry account. Hence, the bounds on the oscillation parameters provided without the asymmetry account are alleviated at small mixing angles [33, 34].

Vice versa, the presence of a relic asymmetry in the nonresonant oscillation case leads to an alleviation of the bounds at large mixings due to suppression of oscillations by asymmetry. While at small mixings, due to spectrum resonance enhancement of oscillations caused by the asymmetry, the bounds on oscillation parameters are strengthened [31].

In case of neutrino oscillations, a precise description of the neutrino evolution at each momentum is necessary, inorder to account for the essential effects of spectrum distortion and asymmetry generation due to oscillations. To study the oscillation effects (a)-(d) on the light element production in CN, a selfconsistent study of neutrino and nucleons evolution is to be provided.

3 Updated constraints on oscillation parameters and the solar neutrino problem

Inorder to account for all different effects of oscillations on CN we have made a selfconsistent numerical analysis of the kinetics of the oscillating neutrinos and the nucleons at freeze-out.

3.1 The kinetics

For simplicity we discussed a toy model of oscillations just in the electron sector ν_i = U_{il} ν_l, l = e, s: ν_1 = cν_e + sν_s, ν_2 = −sν_e + cν_s,

where ν_s denotes the sterile electron antineutrino, c = cos(ϑ), s = sin(ϑ) and ϑ is the mixing angle in the electron sector, the mass eigen-states ν_1 and ν_2 are Majorana particles with masses correspondingly m_1 and m_2.

We have solved selfconsistently the set of the following coupled integro differential equations describing the evolution of the neutrino density matrix ρ and neutron number densities n_n: ∂ρ(t) ∂t = Hp_ν ∂ρ(t) ∂p_ν + +i [H_o, ρ(t)] + i √ 2G_F ( ±L − Q/M^2_W ) N_γ [α, ρ(t)] , (1) (∂n_n/∂t) = Hp_n (∂n_n/∂p_n) + + ∫ dΩ(e^−, p, ν)|A(e^−p → νn)|^2 [n_e�n_p(1 − ρ_{LL}) − n_nρ_{LL}(1 − n_e�)] − ∫ dΩ(e^+, p, ν̃)|A(e^+n → pν̃)|^2 [n_e+n_n(1 − ρ̄_{LL}) − n_pρ̄_{LL}(1 − n_e+)] . (2)

where α_{ij} = U^∗_{ie}U_{je}, p_ν is the momentum of electron neutrino, n stands for the number density of the interacting particles, dΩ(i, j, k) is a phase space factor and A is the amplitude of the corresponding process. The sign plus in front of L corresponds to neutrino, while minus – to antineutrino.

The initial condition for the neutrino ensembles in the interaction basis is assumed of the form: ρ = n^{eq}_ν ( 1 0 0 0 )

where n^{eq}_ν = exp(−E_ν /T )/(1 + exp(−E_ν /T )).

H_o is the free neutrino Hamiltonian. The ‘nonlocal’ term Q arises as an W/Z propagator effect, Q ∼ E_ν T . L is proportional to the fermion asymmetry of the plasma and is essentially expressed through the neutrino asymmetries L ∼ 2L_{νe} + L_{νμ} + L_{ντ} , where L_{μ,τ} ∼ (N_{μ,τ} −N_{μ̄,τ̄} )/N_γ and L_{νe} ∼ ∫ d^3p(ρ_{LL} −ρ̄_{LL})/N_γ . Due to the different temperature dependence an interesting interplay between these two terms during the cooling of the Universe is observed.

The neutron and proton number densities, used in the kinetic equations for neutrinos, are substituted from the numerical calculations of eq. (2). On the other hand, ρ_{LL} and ρ̄_{LL} at each integration step of eq. (2) are taken from the simultaneously performed integration of the set of equations (1).

These equations provide simultaneous account of the different competing processes, namely: neutrino oscillations, Hubble expansion and weak interaction processes.

For the nonequilibrium active–sterile oscillations this is the only acceptable way of description of the asymmetry and oscillating neutrinos evolution. Because, in case of strongly distorted by oscillations neutrino and antineutrino spectrum, the asymmetry cannot be described in a degeneracy terms anymore, and the spectrum may strongly differ from an equilibrium spectrum with shifted effective temperature [29].

The first equation results into a set of coupled nonlinear integro-differential equations with time dependent coefficients for the components of the density matrix of neutrinos. The number of these equations can be reduced to 6 equations for each momentum mode of neutrinos and antineutrinos, due to conservation of the total neutrino number density in the discussed model. The spectrum distortion was described by 1000 bins for the nonresonant case and by up to 5000 bins for the resonant case. In case the spectrum was described by N bins, a system of 6N + 1 coupled integro differential equations was numerically solved.

The numerical analysis was provided for the characteristic temperature interval [2 MeV, 0.3 MeV]^6 and the full set of oscillation parameters of the active-sterile oscillation model [29], namely δm^2 ≤ 10^{−7} eV^2 and sin^2 ϑ ≥ 0.001. We calculated precisely the n/p - freezing, which is the essential for the production of helium-4, till temperature 0.3 MeV, and accounted adiabatically for the decays of neutrons till the start of nuclear reactions below 0.1 MeV.

Updated ˚_e $ ˚_s constraints

Spectrum distortion, neutrino depletion and neutrino-antineutrino asymmetry of the oscillating neutrinos, as well as the selfconsistent account of the evolution of neutrinos and nucleons, is essential for estimating oscillations effect on CN. In the last years the constraints in the electron–sterile sector were updated, accounting precisely for these effects [30]–[33],[37].

The combined constraints for the nonresonant and the resonant case of electron–sterile oscillation parameters are shown in Fig. 2 for different values of relative increase of helium- 4, δY_p = (Y_{osc} − Y_p)/Y_p. On the left-hand side of Fig. 2 the results for the nonresonant case are presented. The selfconsistent account of neutrinos and nucleons evolution and the

6At higher temperatures T > 2 MeV the deviations from the standard CN are negligible for the discussed model of oscillations with small mass differences.

precise calculation of neutrino depletion and spectrum distortion, allowed to strengthen the previous constraints by almost an order of magnitude at large mixings.

Figure 2: The iso-helium contours corresponding to 3%, 5% and 7% overproduction of primordial helium abundance. LOW sterile solar solution is given by the closed dashed curves.

The analytical fit to the updated constraints, corresponding to δY_p = 3% is:

δm^2(sin^2 2ϑ)^4 ≤ 1.5 × 10^{−9} eV^2 at δm^2 > 0, δm^2 ≤ 8.2 × 10^{−10} eV^2 at δm^2 < 0 at large mixing.

In Fig. 3 the plot corresponding to Y_p = 0.24 is compared with previous constraints: the pioneer estimates of refs. [17, 20], partially accounting for neutrino depletion; the numerical calculations [24], accounting partially for the neutrino depletion but neglecting the spectrum distortion and the dynamical asymmetry; the results of a recent analytical study [36], estimating the spectrum distortion effect in the approximation of small mixing angles and large mass differences.

In the resonant case, due to the asymmetry growth account, He-4 overproduction is not so strongly expressed, and hence the old bounds on the oscillation parameters [24], provided neglecting the asymmetry, were alleviated at small mixing angles (r.h.s. of

Figure 3: Update of the cosmological constraints for the electron–sterile oscillations. For comparison, the dashed curves show the results from previous studies neglecting the spectrum distortion and the growth of asymmetry [17, 20, 24], as well as the recent analytical constraints[36] in the nonresonant case. The precise analysis, accounting for the spectrum distortion and the asymmetry growth [30, 33] allows an almost complete exclusion of the LOW solution of the solar neutrino puzzle.

Fig. 3). However, the precise account of the spectrum distortion of the oscillating neutrino, and the exact kinetic approach to both the neutrino evolution and to the nucleons freezeout, strengthen the cosmological constraints at large mixing by an order of magnitude.

It will be appropriate to provide similar investigations for large mass differences in the electron–sterile case and also to update the available constraints for the ν_μ ↔ ν_s and ν_τ ↔ ν_s cases by taking into account the energy spectrum distortion and the asymmetry growth. We expect that the constraints on the oscillation parameters for the ν_{μ,τ} ↔ ν_s cases will be more slightly influenced than in the electron–sterile case, since μ and τ neutrinos do not directly participate in the nucleon kinetics.

CN constraints on solar neutrino solutions

These constraints on active–sterile neutrino oscillations exclude the active–sterile LOW solution to the solar neutrino puzzle in addition to the LMA solution, excluded in the pioneer works. LOW electron–sterile solution was obtained from the analysis of the 1258 days SuperKamiokande experimental data on neutrino electron scattering and zenith angle variations of the solar neutrino flux [41, 43]. It is shown in Figs. 2 and 3 by the closed solid line around maximal mixing and δm^2 ∼ 10^{−8} eV^2.

Assumed δY_p < 3%, electron-sterile LOW solution is almost completely excluded for δm^2 < 0 and it is completely excluded for δm^2 < 0 case. It is interesting to note also that even in case of very high primordial helium-4 δY_p/Y_p = 7%, sterile LOW solution still remains partially excluded [37].

According to the global analysis of the solar neutrino data from SuperKamiokande, SAGE, GALLEX + GNO and the Chlorine experiments, the LMA and LOW solutions were found not acceptable for oscillations into sterile neutrinos [40, 41, 42]. The recent global analyses confirmed that LMA and LOW sterile solutions are disfavoured [43, 44].

The conclusions from the global analysis of experimental data in 2000 [40, 42, 41] and in 2001 [43, 44] are in remarkable agreement with the cosmological constraints on LMA (dating from the early 1980’s) and on LOW solutions (obtained in 1999).

We would like to thank Volodja Karamyshev, Prof. Tsvetan Vylov and the Organizing Committee of the International Workshop on “Hot points in Astrophysics”, held at JINR, Dubna, Russia, for the financial support of the participation of D.K. in the Workshop.

We wish to thank A. Dolgov for useful suggestions and criticism. We are grateful to Rozka Atanassova for the overall help during the preparation of this paper.

References

[1] Pontecorvo B., Sov. Phys. JETP 6, 431 (1958); ibid. 7, 172 (1958);

Pontecorvo B., Sov. Phys. JETP 26, 984 (1968). [2] Meara J. et al., Ap.J. 552, 718 (2001) [3] Pryke S. et al. (DASI), astro-ph/0104490; Netterfield C. et al., astr-ph/0104460;

Bernardis P. et al., astro-ph/0105296 (BOOMERANG); Padin S. et al. (CMI), Ap.J.L. 549, L1 (2001); Stompor B. et al. (MAXIMA), astro-ph/0105062; see also Wang X., Tegmark M., Zaldarriaga M., astro-ph/0105091; Douspis M. et al., astroph/0105129.

[4] Lopez R. E., and Turner M. S., Phys. Rev. D 59, 103502 (1999); Esposito S., Mangano G., Miele G., and Pisanti O., Nucl. Phys. B 540, 3 (1999); Nollett K. M., and Burles S., Phys. Rev. D 61, 123505 (2000).

[5] Izotov Yu. I., and Thuan T. X., Ap. J. 500, 188 (1998). [6] Dolgov A. D., Sov. J. Nucl. Phys. 33, 700 (1981).

[7] Khlopov M. Yu., and Petcov S. T., Phys. Lett. 99B, 117 (1981); Erratum: ibid.

100B, 520 (1981).

[8] Fargion D. and Shepkin M.,Phys.Lett. B146, 46 (1984).

[9] Langacker P., Pennsylvania preprint UPR 0401T, 1989; Langacker P. G., Sathiapalan B. and Steigman G. , Nucl. Phys. B 266, 669 (1986).

[10] Kirilova D. P., JINR preprint E2-88-301, 1988. [11] Nötzold D., and Raffelt G., Nucl. Phys. B 307, 924 (1988). [12] Kuo T. K., and Panteleone J., Rev. Mod. Phys. 61, 937 (1989). [13] Sigl G., and Raffelt G., Nucl. Phys. B 406, 423 (1993): Harris R. A. and Stodolsky L., Phys. Lett. B 78, 313 (1978);Phys. Lett.B 116, 464 (1982); Stodolsky L., Phys. Rev. D36, 2275 (1987).

[14] Manohar A., Phys. Lett. B196, 370 (1987).

[15] Langacker P., Petcov S., Steigman G., and Toshev S., Nucl. Phys. B 282, 589 (1987). [16] Miheev S., Smirnov A., in VI Moriond Meeting on Massive Neutrinos in Particle Physics and Astrophyisics, Tignes, France, eds. Fackler O. and Tran Thanh Van J., Editors Frontiers,p.355, 1986.

[17] Barbieri R., and Dolgov A., Phys. Lett. B 237, 440 (1990).

[18] Kainulainen K., Phys. Lett. B 244, 191 (1990).

[19] Enqvist K., Kainulainen K., and Maalampi J., Phys. Lett. B 244, 186 (1990). [20] Barbieri R., and Dolgov A., Nucl. Phys. B 349, 743 (1991). [21] Savage M. G. et al., Ap. J. 368, 1 (1991) [22] Cline J. M., Phys. Rev. Lett. 68, 3137 (1992).

[23] Enqvist K., Kainulainen K., and Maalampi J., Phys. Lett. B 249, 531 (1990). [24] Enqvist K., Kainulainen K., and Thomson M., Nucl. Phys. B 373, 498 (1992). [25] Shi X., Schramm D. N., and Fields B. D., Phys. Rev. D 48, 2563 (1993). [26] Shi X., and Fuller G. M., Phys. Rev. D 59, 063006 (1999).

[27] Foot R., Thomson M. J., and Volkas R. R., Phys. Rev. D 53, R5349 (1996); Shi X., Phys. Rev. D 54, 2753 (1996).

[28] Foot R., and Volkas R. R., Phys. Rev. D 55, 5147 (1997); ibid. D 56, 6653 (1997);

Erratum ibid. D 59, 029901 (1999); Bell N., Foot R., and Volkas R. R., Phys. Rev. D 58, 105010 (1998); Foot R., and Volkas R. R., Phys. Rev. D 61, 043507 (2000); astro-ph/9811067; Foot R., Astropart. Phys. 10, 253 (1999); Phys. Rev. D 61, 023516 (2000).

[29] Kirilova D. P., and Chizhov M. V., in Proc. NEUTRINO 96 Conference, Helsinki, 1996, p. 478; Phys. Lett. B 393, 375 (1997).

[30] Kirilova D. P., and Chizhov M. V., Phys. Rev. D 58, 073004 (1998). [31] Kirilova D. P., and Chizhov M. V., Nucl. Phys. B 534, 447 (1998). [32] Kirilova D. P., and Chizhov M. V., ICTP preprint IC/99/112, Trieste, 1999, hepph/9908525.

[33] Kirilova D. P., and Chizhov M. V., Nucl. Phys. B 591, 457 (2000). [34] Kirilova D. P., and Chizhov M., astro-ph/0101083, talk at the Conference on Cosmology and Particle Physics, CAPP 2000, Verbier, 17-28 July, 2000, Switzerland, to be published in AIP “Cosmology and Particle Physics” eds. J. Garcia-Bellido, R. Durrer, and M. Shaposhnikov.

[35] Abazajian K., Shi X., and Fuller G. M., astro-ph/9904052; Shi X., Fuller G. M., and Abazajian K., Phys. Rev. D 62, 093003 (2000); Phys. Rev. D 60, 063002 (1999); Shi X., and Fuller G. M., Phys. Rev. Lett. 83, 3120 (1999).

[36] Dolgov A. D., Phys. Lett. B 506, 7 (2001).

[37] Kirilova D.,Chizhov M., Nucl. Phys. Proc. Suppl. 100, 360 (2001). [38] Kirilova D. P., Primordially Produced Helium-4 in the presence of neutrino oscillations, talk at Joint SOHO-ACE Workshop “Solar and Galactic Composition”, Bern, 6-9 March, 2001.

[39] Wolfenstein L., Phys. Rev. D 17, 2369 (1978); Mikheyev S. P., and Smirnov A. Yu., Sov. J. Nucl. Phys. 42, 913 (1985).

[40] Gonzalez-Garcia M. C., Peña-Garay C., Nucl. Phys. Proc. Suppl. 91, 80 (2000). [41] Suzuki Y., talk at Neutrino 2000, June 2000, Sudbury, Canada, Nucl. Phys. Proc.

Suppl. 91, 29 (2000).

[42] Bahcall J., Krastev P. and Smirnov A., talk at NOW2000, Sept. 2000, Otranto, Italy. [43] Bahcall J., Krastev P. and Smirnov A., JHEP 0105, 015 (2001); Fukuda S. et al., Phys.Rev.Lett. 86, 5656 (2001) [44] Bahcall J., Gonzalez-Garsia M. and Pena-Garay C., JHEP 08, 014 (2001). [45] Dolgov A. D., to be published in Nucl. Phys. B, hep-ph/0102125 (2001);

Dolgov A. D. et al., Astropart. Phys. 14, 79 (2000).