arXiv:1206.0636v1 [hep-ph] 1 Jun 2012

Flavor neutrino oscillations in matter moving with acceleration

Alexander I. Studenikin^{a,b}, Ilya V. Tokarev^a

aDepartment of Theoretical Physics, Faculty of Physics, Moscow State University, Moscow 119991, Russia bJoint Institute for Nuclear Research, Dubna 141980, Moscow Region, Russia

Abstract

A short review on studies of neutrino flavor oscillations in moving with a constant speed matter is presented. Then neutrino flavor oscillations in matter moving with acceleration are considered. We develop an approach that is valid for both non-relativistic and relativistic matter motion. For both these cases the effective neutrino potentials in accelerating matter are obtained and neutrino flavor oscillation probabilities and the Mikheyev- Smirnov-Wolfenstein resonance conditions are evaluated. The obtained results in the limit of zero matter acceleration reproduce the corresponding expressions for the case of matter at rest. The developed approach is applied for neutrino flavor oscillations in the case of rotating matter. The results obtained might be of interest for astrophysical applications.

Keywords: neutrino, flavor neutrino oscillation

1. Introduction

It is well-known fact that astrophysical neutrino beams cover a great distances from sources of neutrinos through the space before reaching the earth’s surface. But the most interesting changes of neutrino beams occurs during its propagation through the extreme background conditions, for instance, during propagation through the high density matter. This conditions are typical for astrophysical high intensive neutrino sources (solar neutrino,

Email addresses: studenik@srd.sinp.msu.ru (Alexander I. Studenikin),

tokarev.ilya.msu@gmail.com (Ilya V. Tokarev)

Preprint submitted to Physics Letters B June 5, 2012

supernova neutrino and etc.). Thus studies of neutrino behavior and, in particular, studies of flavor neutrino oscillations in high density matter are of interest.

The theory of two-flavor neutrino oscillations in matter at rest has been developed by Wolfenstein [1]. Using the developed approach Mikheev and Smirnov [2] have obtained the most famous result in neutrino oscillation theory that predicts the resonance amplification of neutrino flavor oscillations in matter (the Mikheev-Smirnov-Wolfenstein effect) δm^2 2E cos 2θ = √ 2G_F n_e. (1)

Here n_e is density of electron matter component in the reference frame for which the total speed of matter is zero. Note that neutron and proton matter components due to weak interactions gives symmetric contributions to neutrino energies of different flavors. Thus only electron matter component effects on neutrino oscillations even in the most general case of matter structure (electrons, protons and neutrons). The obtained results are very crucial not only for the solar and atmospheric neutrino puzzles but also have important applications in different astrophysical and cosmology environments (see, for example, [3]).

The study of neutrino oscillations in the case of relativistic matter motion (for instance, relativistic jets of plasma from quasars) was done in [4]. The resonance condition in the case of the relativistic unpolarized matter motion with constant velocity v has the form δm^2 2E cos 2θ = √ 2G_F n_e √ 1 − v^2

(1 − βv), (2)

where β is neutrino velocity. This result predicts increase of the oscillation probability for ultra-relativistic neutrinos in two cases: 1) the relativistic motion of matter directs along the neutrino propagation and the matter density n_e is too high for the resonance appearance in non-moving matter; 2) the relativistic motion of matter directs in opposite direction to the neutrino propagation and the matter density n_e is too low for the resonance appearance in non-moving matter.

The aim of our letter is the development of the theory of neutrino flavor oscillations in matter moving with acceleration. We consider two cases of matter motion both non-relativistic (including rotation) and relativistic. The most significant effects occur in the case of relativistic matter motion. Thus we hope that obtained results are of interest for understanding of neutrino beam evolution during, in particular, supernova explosion.

In next section we develop flavor neutrino oscillations theory in the case of relativistic matter moving with acceleration. Oscillation probability and the resonance condition are obtained. In the limit of matter at rest the results reproduce the solution obtained in [2] (see eq.(1)). The conditions of full transition of electron neutrinos to muon neutrinos are obtained. Particular, the angle ϕ_0 between directions of matter and neutrino beam motion as a function of acceleration is determined. In the case of opposite directions of matter and neutrino beam motion (ϕ = π) this condition fixes matter acceleration.

In conclusions using the developed approach we consider neutrino oscillations in the case of non-relativistic and rotating matter as another examples of accelerating matter. Some aspects and possible applications of obtained results are discussed.

2. Flavor neutrino oscillations in matter moving with acceleration

We consider neutrino propagating through the matter moving with acceleration. For simplicity, we develop the theory of two-flavor neutrino oscillations, e.g. ν_e → ν_μ, in matter moving by a constant force F as a whole. Generalization for the case of other types of neutrino conversions could be done using the standard theory of three-neutrino mixing [5]. It is assumed that neutrino start propagation through the matter simultaneously with the beginning of the acceleration.

Flavor neutrino interacts with matter through coherent forward elastic weak charge current and neutral current scatterings. The corresponding part of the neutrino effective Lagrangian describing flavor (electron or muon) neutrino interaction with matter could be written in the form L_{eff} = −ν̄_f ( γ_μf^μ 1 + γ^5 2 ) ν_f . (3)

Matter parameter f^μ in the case of unpolarized matter is connected with the matter potential V_f

f^μ = V_f (1, v), V_f = G_F √ 2 n_{νf} . (4)

In the eqs. (4) v is matter velocity, and matter densities n_{νf} correspondingly for electron and muon neutrinos are given by

n_{νe,μ} = n_e(4 sin^2 θ_W ± 1) + n_p(1 − 4 sin^2 θ_W ) − n_n. (5)

The presence of matter modifies Dirac equation

(γ_0E − γp − m)ψ = V_f (γ_0 − γv )ψ. (6)

The solution of the eq. (6) introduces neutrino energy spectrum in matter E = √ m^2 + (p − vV_f )^2 + V_f . (7)

Energy spectrum (7) in the case of relativistic neutrino can be represented as the sum of a free motion energy with potential energy W_f arising from flavor neutrino interaction with moving matter

W_f = V_f ( 1 − pv p + v^2V_f 2p ) . (8)

Here we use notations p = |p| and v = |v|. Note that the last term in the potential energy W_f even in the case of high density relativistic matter gives a negligible contribution to the neutrino energy. Thus one can use indeed (8) the following expression

W_f ≃ V_f (1 − v cos ϕ), (9)

where ϕ is angle between neutrino and matter directions of propagations.

It is worse to stress that one should use the potential energy in full form (8) when ϕ =^π_2 (e.g., when pv = 0). This situation is considered it the end of our letter during discussion of neutrino propagation through the rotating matter.

The evolution equation of flavor states in the case of relativistic neutrinos can be written in the form (see also [6]) i d dx ν(x) = ( Δ sin 2θ 2 σ_1 −

Δ cos 2θ 2 σ_3 + W ) ν(x), ν(x) = ( ν_e(x) ν_μ(x) ) . (10)

Here we use notation Δ = δm^2/2E, where δm^2 = m^2 − m^2_1 is the difference of the neutrino masses squired (m_{1,2} are masses of physical neutrino states),

E is neutrino energy, θ is vacuum mixing angle. Potential energy matrix W is connected with flavor neutrino basis ν_f = δ_{fe} ( 1 0 ) + δ_{fμ} ( 0 1 ) , W = ( W_e 0 0 W_μ ) . (11)

In the case of relativistic motion matrix (11) is given by W = G_F √ 2 n_e √ 1 − v^2

(1 − v cos ϕ)σ_3, (12)

where electron density n_e is given in the reference frame for which the total speed of electrons is zero and γ = (1 − v^2)^{− 12} occurs to account for relativistic matter motion.

Let us underline that in eqs. (10) and (12) terms proportional to unity matrix (including contributions from proton and neutron matter components) were neglected because they do not effect the oscillation probability.

Under a constant force F matter moves as whole with velocity

v(x) = ax √ 1 + (ax)^2 , a = F m_e , (13)

where x is distance traveled.

Following the standard procedure for flavor neutrino oscillations we use eqs. (12) and (13) to find the solution of the eq. (10), describing evolution of electron and muon flavor neutrinos

ν(x) = exp { − i 2 [Δ sin 2θσ_1 + (Δ cos 2θ − A) σ_3] x } , (14)

where theory parameter A has the form

A = G_F n_e √ 2 √ 1 + (ax)^2 − ax cos ϕ + ln ( ax + √ 1 + (ax)^2 ) ax . (15)

The oscillations probability of ν_e → ν_μ transition can be written in the form P_{νe→νμ} (x) = |ν^†_μ × ν_e(x)|^2, (16) and in the case of relativistic matter motion is given by

P_{νe→νμ} (x) = sin^2 2θ_{eff} sin^2 πx L_{eff} , (17) where effective mixing angle θ_{eff} and effective oscillations length L_{eff} are given by

sin^2 2θ_{eff} =

Δ^2 sin^2 2θ (Δ cos 2θ − A)^2 + Δ^2 sin^2 2θ

, (18) L_{eff} = 2π √ (Δ cos 2θ − A)^2 + Δ^2 sin^2 2θ

, (19)

For certain matter density n_e and neutrino energy E we obtain the condition of the resonance amplification of neutrino flavor oscillations in relativistic matter moving with acceleration δm^2 2E cos 2θ = G_F n_e √ 2 √ 1 + (ax)^2 − ax cos ϕ + ln ( ax + √ 1 + (ax)^2 ) ax . (20) The condition (20) in the limit of zero matter acceleration reproduces the result obtained before ((1), the MSW effect) but nevertheless has the distinguishing difference from the result above. Due to dynamic changes of matter motion the oscillations amplitude explicitly depends on neutrino traveled distance x. The resonance condition can be represented in terms of matter velocity δm^2 2E cos 2θ = G_F n_e √ 2 ( 1 − v cos ϕ √ 1 − v^2 + √ 1 − v^2 v ln √ 1 + v 1 − v ) , v = v(x). (21)

It should be stressed that matter density value which is not satisfied the resonance condition for matter at rest (1) can produce resonance amplification of oscillations due to matter accelerating motion. Further we shall discuss two important cases of relativistic matter motion.

In the case of matter motion along the direction of neutrino beam the theory parameter A tends to zero, e.g. effect of matter vanishes. Thus if ϕ = 0 the probability (17) describes neutrino oscillations in vacuum θ_{eff} = θ, L_{eff} = 2π Δ . (22)

This phenomenon was predicted for relativistic matter motion with constant velocity in [4] and also occurs in the case of relativistic matter motion with acceleration.

If ϕ ≠ 0 the resonance condition (20) reduces for the following expression δm^2 2E cos 2θ = √ 2G_F n_eax sin^2 ϕ 2 . (23)

Using the explicit dependence of the resonance condition (23) on the traveled distance x one can determine the neutrino beam direction of full transition ν_e → ν_μ. This phenomenon can occur only for traveled distance x_0 = L_{eff} /2 (see (16)). The corresponding angle ϕ_0 for certain values of matter acceleration and density we obtain in the form

sin^2 ϕ_0 2 = Δ^2 cos 2θ π √ 2G_F n_ea , a > ( 1 eV^2 G_F n_eE ) m s^2

. (24)

In particular, in the case of opposite direction of matter and neutrino beam motion (ϕ = π) the expression (24) fixes matter acceleration

a_0 = ( 1 eV^2 G_F n_eE ) m s^2

. (25)

It is worse to stress that during neutrino propagation through the uniform layer of matter at the angle ϕ_0 the point of full transition x_0 should be reached inside the matter. Thus, the thickness of accelerated matter layer should satisfy the condition: h > x_0 tan ϕ_0.

3. Conclusions

In our letter we develop the theory of flavor neutrino oscillations in matter moving with acceleration. In the case of relativistic matter motion the conditions of the resonance amplification of neutrino flavor oscillations in matter for different neutrino beam directions are obtained. Particular, for ϕ = 0 the affect of matter vanishes, mixing angle and oscillations length correspond to the vacuum values. For ϕ ≠ 0 the angle ϕ_0 of full transition ν_e → ν_μ is obtained. We predict the absence of electron neutrinos in neutrino beam after passing through the moving matter at the angle ϕ_0.

The obtained results might be of interest in application to supernova evolution [7]. Particular, during supernova core collapse a great amount of neutrinos are produced in central part of the star and escape through the core which collapses in on itself. In this case ϕ = π and condition (25) determines value of matter acceleration when full transition ν_e → ν_μ can occur. Note, that shocks from supernova explosions propagating through the interstellar medium can account for the acceleration of galactic cosmic rays. Similar processes occurring in extragalactic radio sources can lead to acceleration of relativistic electrons [8]. In this case ϕ = 0 and matter influence becomes negligible (see (22)).

The developed theory could be applied to describe flavor neutrino oscillations in non-relativistic matter moving with acceleration and in rotating matter. We obtain the conditions of the resonance amplification of neutrino flavor oscillations in the following forms for non-relativistic matter A = √ 2G_F n_e ( 1 − 2 3 v(x) cos ϕ ) , v(x) = √ 2ax, (26) and for rotating matter A = √ 2G_F n_e ( 1 − G_F (n_n − n_e) 3 √ 2E v^2(r) ) , v(r) = ωr. (27)

Note that in the case of rotating matter ϕ =^π_2 and one can use eq. (8) for potential energy. Also it is supposed that neutrino propagates only in the radial direction from the rotation axis.

Obviously, these two kinds of motion almost no effect on oscillations probability, and one can use results obtained for matter at rest. Only relativistic motion changes the features of the flavor neutrino oscillations in matter.

Acknowledgements

This work was supported by the RFBR grant 11-02-01509.

References

[1] L. Wolfenstein. Neutrino Oscillations in Matter. Phys.Rev., D17:2369– 2374, 1978.

[2] S.P. Mikheev and A. Yu. Smirnov. Resonance Amplification of Oscillations in Matter and Spectroscopy of Solar Neutrinos. Sov.J.Nucl.Phys., 42:913–917, 1985.

[3] G.G. Raffelt. Stars as laboratories for fundamental physics: The astrophysics of neutrinos, axions, and other weakly interacting particles. 1996.

[4] A. Grigoriev, A. Lobanov, and A. Studenikin. Effect of matter motion and polarization in neutrino flavor oscillations. Phys.Lett., B535:187–192, 2002.

[5] Carlo Giunti and Chung W. Kim. Fundamentals of Neutrino Physics and Astrophysics. 2007.

[6] Palash B. Pal. Particle physics confronts the solar neutrino problem.

Int.J.Mod.Phys., A7:5387–5460, 1992.

[7] J. Vink. Supernova remnants: the X-ray perspective. Astronomy and Astrophys. Rev., 20:49, 2012.

[8] R.D. Blandford and J.P. Ostriker. Particle Acceleration by Astrophysical Shocks. Astrophys.J., 221:L29–L32, 1978.