arXiv:hep-ph/0212393 v3 10 Apr 2003

Spin light of neutrino in matter

and electromagnetic fields

A.Lobanov, A.Studenikin^∗

Department of Theoretical Physics, Moscow State University, 119992, Moscow, Russia

Abstract

A new type of electromagnetic radiation by a neutrino with non-zero magnetic (and/or electric) moment moving in background matter and electromagnetic field is considered. This radiation originates from the quantum spin flip transitions and we have named it as ”spin light of neutrino”(SLν). The neutrino initially unpolarized beam (equal mixture of ν_L and ν_R) can be converted to the totally polarized beam composed of only ν_R by the neutrino spin light in matter and electromagnetic fields. The quasi-classical theory of this radiation is developed on the basis of the generalized Bargmann-Michel-Telegdi equation. The considered radiation is important for environments with high effective densities, n, because the total radiation power is proportional to n^4. The spin light of neutrino, in contrast to the Cherenkov or transition radiation of neutrino in matter, does not vanish in the case of the refractive index of matter is equal to unit. The specific features of this new radiation are: (i) the total power of the radiation is proportional to γ^4, and (ii) the radiation is beamed within a small angle δθ ∼ γ^{−1}, where γ is the neutrino Lorentz factor. Applications of this new type of neutrino radiation to astrophysics, in particular to gamma-ray bursts, and the early universe should be important.

There exist at present convincing evidences in favour of neutrino non-zero mass and mixing, obtained in the solar and atmospheric experiments (see [1] for a review on the status of neutrino oscillations). Apart from masses and mixing non-trivial neutrino

∗E-mail: studenik@srd.sinp.msu.ru

electromagnetic properties such as non-vanishing magnetic, μ, and electric, ϵ, dipole moments are carrying features of new physics. It is believed that non-zero neutrino magnetic moment could have an important impact on astrophysics and cosmology.

It is well known [2] that in the minimally extended Standard Model with SU(2)- singlet right-handed neutrino the one-loop radiative correction generates neutrino magnetic moment which is proportional to neutrino mass

μ_ν = 3 8 √ 2π^2 eG_F m_ν = 3 × 10^{−19}μ_0 ( m_ν 1eV ) , (1)

where μ_0 = e/2m is the Bohr magneton, m_ν and m are the neutrino and electron masses. There are also models [3] in which much large values for magnetic moments of neutrinos are predicted. So far, the most stringent laboratory constraints on the electron neutrino magnetic moment come from elastic neutrino-electron scattering experiments: μ_{νe} ⩽ 1.5 × 10^{−10}μ_0 [4]. More stringent constraints are obtained from astrophysical considerations [5].

In this paper we study a new mechanism for emission of photon by the massive neutrino in presence of matter, assuming that the neutrino has an intrinsic magnetic (and/or electric) dipole moment. This phenomenon can be expressed as a process

ν → ν + γ (2)

that is the transition from a flavour neutrino in the initial state to the same flavour neutrino plus a photon in the final state. The mechanism under consideration can be also effective in the case of neutrino transitions with change of flavour if neutrino transition moment is not zero.

Different other processes characterized by the same signature of Eq.(2) have been considered previously:

i) the photon radiation by massless neutrino (ν_i → ν_j +γ, i = j) due to the vacuum polarization loop diagram in presence of an external magnetic field [6, 7];

ii) the photon radiation by massive neutrino with non-vanishing magnetic moment in constant magnetic and electromagnetic wave fields [8, 9];

iii) the Cherenkov radiation due to the non-vanishing neutrino magnetic moment in homogeneous and infinitely extended medium which is only possible if the speed of neutrino is larger than the speed of light in medium [10, 11];

iv) the transition radiation due to non-vanishing neutrino magnetic moment which would be produced when the neutrino crosses the interface of two media with different refractive indices [12, 13];

v) the Cherenkov radiation by massless neutrino due to its induced charge in medium [14];

vi) the Cherenkov radiation by massive and massless neutrino in magnetized medium [15, 16];

vii) the neutrino radiative decay (ν_i → ν_j + γ, i ≠ j) in external fields and media or in vacuum [17, 18, 19, 20, 21].

The process we are studying in this paper has never been considered before. We discover a mechanism for electromagnetic radiation generated by the neutrino magnetic (and/or electric) moment rotation which occurs due to electroweak interaction with the background environment. It should be noted that generalization to the case of a photon emission by neutrino due to the neutrino transition magnetic moment is straightforward. If neutrino is moving in matter and an external electromagnetic field is also superimposed, the total power of this radiation contains three terms which originate from (i) neutrino interaction with particles of matter, (ii) neutrino interactions with electromagnetic field, (iii) interference of the mentioned above two types of interactions. This radiation can be named as ”spin light of neutrino” (SLν) in matter and electromagnetic field to manifest the correspondence with the magnetic moment dependent term in the radiation of an electron moving in a magnetic field. A review on the spin light of electron can be found in [22]. Whereas the radiation of a neutral particle moving in external electromagnetic field in the absence of matter has been considered previously starting from [23], the mechanism of radiation produced by interaction with matter is considered in this our paper for the first time. It should be emphasize that the neutrino spin light can not be described as the Cherenkov radiation.

The SLν in the background matter ( similar to the radiation by neutrino moving in the magnetic field [8]) originates from the quantum spin flip transitions ν_L → ν_R. Within the quantum approach the corresponding Feynman diagram of the proposed new process is the standard one-photon emission diagram with the initial and final neutrino states described by the ”broad lines” that account for the neutrino interaction with matter (given, for instance, by the effective Lagrangian of Eq.(9) below). In this paper we develop the quasi-classical approach to the radiation process when the neutrino recoil can be neglected. This approach is valid for a wide range of neutrino and photon energies that could be of particular interest for different astrophysical and cosmological applications. For example, if the initial neutrino energy is about 10 MeV the allowed range of the radiated photon energies span up to gamma-rays.

We should like also to emphasize here that the initially unpolarized neutrino beam (equal mixture of active left-handed and sterile right-handed neutrinos) can be converted to the totally polarized beam composed of only ν_R due to the spin light in contrast to the Cherenkov radiation which can not produce the neutrino spin selfpolarization effect.

Our approach is based on the quasi-classical Bargmann-Michel-Telegdi (BMT) equation [24] dS^μ dτ = 2μ { F^{μν} S_ν − u^μ(u_ν F^{νλ}S_λ) } + 2ϵ { F̃^{μν} S_ν − u^μ(u_νF̃^{νλ}S_λ) } , (3)

that describes evolution of the spin S_μ of a neutral particle with non-vanishing magnetic, μ, and electric, ϵ, dipole moments in electromagnetic field, given by its tensor F_{μν}^1. This form of the BMT equation corresponds to the case of the particle moving with constant speed, ⃗β = const, u^μ = (γ, γ ⃗β), in presence of an electromagnetic field F_{μν} . The spin vector satisfies the usual conditions, S^2 = −1 and S^μu_μ = 0. Note that the term proportional to ϵ violates T invariance.

In our previous studies [26,27] (see also [29]) we have shown that the Lorentz invariant generalization of Eq.(3) for the case when effects of neutrino weak interactions are taken into account can be obtained by the following substitution of the electromagnetic field tensor F_{μν} = ( ⃗E, ⃗B):

F_{μν} → E_{μν} = F_{μν} + G_{μν} , (4)

where the tensor G_{μν} accounts for the neutrino interactions with particles of the environment. The derivation of the quasi-classical Lorentz invariant neutrino spin evolution equation taking into account general types of neutrino non-derivative interactions with external fields is given in [28]. Within the quantum approach the neutrino spin flip under the influence of different types of interactions was also considered in [30].

In evaluation of the tensor G_{μν} we demand that the neutrino evolution equation must be linear over the neutrino spin, electromagnetic field and such characteristics of matter (which is composed of different fermions, f = e, n, p...) as fermions currents

j^μ_f = (n_f , n_f ⃗v_f ), (5)

1Within this approach neutrino spin relaxation in stochastic electromagnetic fields without account for matter effects was considered in [25].

and fermions polarizations

λ^μ_f = ( n_f (⃗ζ_f ⃗v_f ), n_f ⃗ζ_f √ 1 − v^2_f + n_f ⃗v_f (⃗ζ_f ⃗v_f ) 1 + √ 1 − v^2_f ) . (6)

Here n_f , ⃗v_f , and ⃗ζ_f (0 ⩽ |⃗ζ_f |^2 ⩽ 1) denote, respectively, the number densities of the background fermions f, the speeds of the reference frames in which the mean momenta of fermions f are zero, and the mean values of the polarization vectors of the background fermions f in the above mentioned reference frames. The mean value of the background fermion f polarization vector, ⃗ζ_f , is determined by the two-step averaging of the fermion relativistic spin operator over the fermion quantum state in a given electromagnetic field and over the fermion statistical distribution density function. Thus, in general case of neutrino interaction with different background fermions f we introduce for description of matter effects antisymmetric tensor

G^{μν} = ϵ^{μνρλ}g^{(1)}_ρ u_λ − (g^{(2)μ}u^ν − u^μg^{(2)ν}), (7)

where g^{(1)μ} = ∑ f ρ^{(1)}_f j^μ_f + ρ^{(2)}_f λ^μ_f , g^{(2)μ} = ∑ f ξ^{(1)}_f j^μ_f + ξ^{(2)}_f λ^μ_f , (8)

(summation is performed over the fermions f of the background). The explicit expressions for the coefficients ρ^{(1),(2)}_f and ξ^{(1),(2)}_f could be found if the particular model of neutrino interaction is chosen. For example, if one consider the electron neutrino propagation in moving and polarized gas of electrons within the extended standard model supplied with SU(2)-singlet right-handed neutrino ν_R, then the neutrino effective interaction Lagrangian reads L_{ef f} = −f^μ ( ν̄γ_μ 1 + γ^5 2 ν ) , (9)

where f^μ = G_F √ 2 ( (1 + 4 sin^2 θ_W )j^μ_e − λ^μ_e ) . (10)

In this case the coefficients ρ^{(1),(2)}_e are

ρ^{(1)}_e = G̃_F 2 √ 2μ , ρ^{(2)}_e = − G_F 2 √ 2μ , (11)

where G̃_F = G_F (1 + 4 sin^2 θ_W ).

In the usual notations the antisymmetric tensor G_{μν} can be written in the form, G_{μν} = ( − ⃗P , ⃗M), (12) where

⃗M = γ{(g^{(1)}_0 ⃗β − ⃗g^{(1)}) − [⃗β × ⃗g^{(2)}]}, ⃗P = −γ{(g^{(2)}_0 ⃗β − ⃗g^{(2)}) + [⃗β × ⃗g^{(1)}]}. (13)

It worth to note that the substitution (4) implies that the magnetic ⃗B and electric ⃗E fields are shifted by the vectors ⃗M and ⃗P , respectively: ⃗B → ⃗B + ⃗M, ⃗E → ⃗E − ⃗P . (14) We should like to emphasize here that precession of the neutrino spin can originate not only due to neutrino magnetic moment interaction with external electromagnetic fields but also due to the neutrino weak interaction with particles of the background matter. This is a very important point for understanding of the nature of the neutrino spin light in non-magnetized matter. In order to demonstrate how the neutrino spin procession appears in the background matter we consider below the neutrino spin evolution in matter in the absence of electromagnetic fields. We start with Eq.(3) and for simplicity neglect the neutrino electric dipole moment, ϵ = 0. Then, in the absence of external electromagnetic field, we get the neutrino spin evolution equation in non-moving matter: dS^μ dτ = 2μ { G^{μν} S_ν − u^μ(u_ν G^{νλ}S_λ) } . (15)

The tensor G_{μν} is given by Eqs.(7),(8) and (11). For the further simplifications we consider unpolarized (λ^μ_f = 0) matter composed of only one type of fermions, so that there is now summation over f in definition of g^{(1)μ} and we shall omit the index f. Then we get

G^{μν} = γρ^{(1)}n

0 0 0 0 0 0 −β_3 β_2 0 β_3 0 −β_1 0 −β_2 β_1 0

, (16)

where ⃗β = (β_1, β_2, β_3) is the neutrino three-dimensional speed. It is easy to show that

u_ν G^{νμ} = 0, (17) and from (15) we get the equation for the neutrino spin evolution in unpolarized and non-moving matter: dS^μ dτ = 2μG^{μν} S_ν . (18) In the laboratory reference frame the corresponding equation for the three-dimensional neutrino spin is d⃗S dt = 2μρ^{(1)}n[⃗S × ⃗β]. (19)

If neutrino is propagating along the OZ axis, ⃗β = (0, 0, β), then solutions of these equations for the neutrino spin components are given by

S^1 = S^⊥_0 cos ωt, S^2 = S^⊥_0 sin ωt, S^3 = S^3_0 , S^0 = S^0_0 , (20)

where ω = 2μρ^{(1)}nβ, (21) S^⊥_0 and S^{3,0}_0 are constants determined by the initial conditions.

From the above consideration it follows that if the initial neutrino state is not polarized longitudinally in respect to the neutrino momentum then the neutrino spin precession in the background matter always occurs. In its turn, a neutrino with processing magnetic momentum have to emit electromagnetic radiation. This is just the radiation which we have called the spin light of neutrino.

Recently we have derived the total radiation power of a neutral unpolarized fermion with anomalous magnetic moment [31]^2. In that derivation we have supposed that the spin dynamics of a neutral particle is governed by the Bargmann-Michel-Telegdi equation and that the energy of the radiated photons is much less than the particle energy. Now in order to treat the electromagnetic radiation by the neutrino moving in background matter and electromagnetic field we use the substitution prescription of Eq.(4) and for the total radiation power get (for simplicity the case of T -invariant model of neutrino interaction is considered hereafter) I = 16 3 μ^2 [ 4(μ^2u_ρẼ^{ρλ}Ẽ_{λσ}u^σ)^2 + μ^2u_ρ ˙Ẽ^{ρλ} ˙Ẽ_{λσ} u^σ ] . (22)

2The generalization to the case of neutrino with non-zero electric dipole moment in electromagnetic field can be found in [32]

We also get for the solid angle distribution of the radiation power : dI dΩ = μ^2 πγ(ul)^5 {[ 4(μ^2u_ρẼ^{ρλ}Ẽ_{λσ}u^σ)^2 + (μ^2u_ρ ˙Ẽ^{ρλ} ˙Ẽ_{λσ}u^σ ) ] (ul)^2+

+4(μ^2u_ρẼ^{ρλ}Ẽ_{λσ} u^σ)(μu_ρẼ^{ρλ}l_λ)^2 + (μu_ρ ˙Ẽ^{ρλ}l_λ)^2+ +4μ^2(μu_ρẼ^{ρλ}l_λ)e^{μνρλ}u_μ ˙Ẽ_{νσ} u^σẼ_{ρδ}u^δl_λ } , (23)

here Ẽ_{μν} = −^1/_2ϵ_{μναβ} E^{αβ} is the dual tensor E_{μν} , l^μ = (1,⃗l) and ⃗l is the unit vector pointing the direction of radiation. The derivatives in the right-hand side of Eqs.(22) and (23) are taken with respect of proper time τ in the rest frame of the neutrino.

Using Eqs. (14) and (22) we find the total radiation power as a function of the magnetic field strength in the rest frame of the neutrino, ⃗B_0, and the vector ⃗M_0 which accounts for effects of the neutrino interaction with moving and polarized matter: I = 16 3 μ^4 [( 2μ( ⃗B_0 + ⃗M_0

)_2)_2

+ ( ˙⃗_0B + ˙⃗_0M)^2 ] , (24)

where ⃗B_0 = γ ( ⃗B_⊥ + 1 γ ⃗B_‖ + √ 1 − γ^{−2} [ ⃗E_⊥ × ⃗n ]) , (25)

⃗M_0 = ⃗M_{0‖} + ⃗M_{0⊥} , (26)

⃗M_{0‖} = γ ⃗β n^0√ 1 − v^2_e { ρ^{(1)} ( 1 − ⃗v_e ⃗β 1 − γ^{−2} ) − −ρ^{(2)} ( ⃗ζ_e ⃗β √ 1 − v^2_e + (⃗ζ_e⃗v_e)(⃗β⃗v_e) 1 + √ 1 − v^2_e ) 1 1 − γ^{−2} } , (27)

⃗M_{0⊥} = − n^0√ 1 − v^2_e { ⃗v_{e⊥} ( ρ^{(1)} + ρ^{(2)} (⃗ζ_e⃗v_e) 1 + √ 1 − v^2_e ) + ⃗ζ_{e⊥} ρ^{(2)} √ 1 − v^2_e } , (28)

and n_0 is the invariant number density of matter given in the reference frame for which the total speed of matter is zero.

It is evident that the total radiation power, Eq.(24), is composed of the three contributions, I = I_F + I_G + I_{F G}, (29)

where I_F is the radiation power due to the neutrino magnetic moment interaction with the external electromagnetic field, I_G is the radiation power due to the neutrino weak interaction with particles of the background matter, and I_{F G} stands for the interference effect of electromagnetic and weak interactions. It should be pointed out that the electromagnetic contribution I_F to the radiation of a neutrino (or a neutral fermion) in different field configurations has been considered in literature (see, for example, ( [23, 8, 9]), whereas the contribution to radiation by neutrino moving in matter, I_G, and also the interference term I_{F G} have never been considered before.

These three types of neutrino radiation have common nature: they originates as effects of the neutrino interactions with the external electromagnetic field and background matter under which the neutrino spin is rotating. As it has been pointed out above, the discussed here radiation cannot be treated as the neutrino Cherenkov [10,11,14,15,16] and transition [12,13] radiations. Contrary to the Cherenkov and transition radiations the considered new type of neutrino radiation is not forbidden when the refractive index of photons in the background environment is equal to n^{ref}_γ = 1. In order to highlight this distinction we consider here the particular case of n^{ref}_γ = 1, however generalization to the case n^{ref}_γ > 1 is straightforward.

One of the most important properties of the SLν in the background matter is the strong dependence of the total radiation power on the density of matter,

I_G ∼ n^4_0. (30)

The total radiation power, Eq.(24), contains different terms in respect to dependence on the neutrino magnetic moment μ. If we consider non-derivative terms and compare contributions to the neutrino spin light radiation power from the interaction with matter and electromagnetic field we come to the conclusion that, as it follows from Eq.(11), the ratio I_G/I_F is proportional to μ^{−4}. From Eq.(24) it is also obvious that the ratios of the radiation power in matter with varying density (in varying electromagnetic fields) to the radiation power in matter with constant density (in constant electromagnetic fields) are proportional to μ^2. Accounting for smallness of the neutrino magnetic moment, it follows that the proposed new mechanism of neutrino spin light radiation could be efficient in the environments with varying densities of matter (with varying electromagnetic fields).

We consider at first the SLν in presence of constant density matter and constant magnetic field. For definiteness we assume that the spin light radiation is produced by the electron neutrino ν_e moving in unpolarized (ζ_e = 0) matter composed of only electrons. Then for the total spin light radiation power we get I = 64 3 μ^6γ^4 [( ⃗B_⊥ + 1 γ ⃗B_‖ + nρ^{(1)} ⃗β(1 − ⃗β⃗v_e) − 1 γ nρ^{(1)}⃗v_{e⊥} )_2]2 , (31)

where the terms proportional to γ^{−2} in the brackets are neglected. Here we use the notation, n = n_0 √ 1 − v^2_e

, (32)

⃗B_{⊥,‖} are the transversal and longitudinal magnetic field components in respect to the neutrino motion, ⃗v_⊥ is the transversal component of the matter speed in the laboratory frame of reference. From Eq.(31) it follows that the correlation term I_{F G} is suppressed in respect to the terms I_F and I_G by the presence of additional neutrino Lorentz factor. That is why there is a reason to compare contributions to the radiation power produced by the neutrino interaction with matter which is moving longitudinally with non-relativistic speed, v ≪ 1,

I_G = 64 3 μ^6γ^4 ( nρ^{(1)}β

)_4

, (33)

and the contribution to the radiation power produced by the interaction with the transversal magnetic field^3, I_F = 64 3 μ^6γ^4B^4_⊥. (34) Note that from Eq.(33) it follows that in the case of the standard model, when the neutrino magnetic moment is proportional to its mass, and constant neutrino speed the radiation power goes with the neutrino mass squared, as one might expect. If we take B_⊥ ∼ 3 × 10^5 G and n ∼ 10^{23} cm^{−3} that corresponds to the case of the solar convective zone and μ_{νe} ∼ 10^{−18}μ_0, then we get that the matter term in the spin light exceeds the transversal magnetic field term by a factor of ∼ 2 × 10^{26}. With increasing of the neutrino magnetic moment due to the inverse proportionality ρ^{(1)} ∼ μ^{−1}_{νe} the ratio I_G/I_F decreases and becomes equal to unit only for μ_{νe} ∼ 3 × 10^{−12}μ_0.

Let us turn to consideration of the contribution to the SLν that is generated by the neutrino interaction with matter of varying density. We again assume that matter is composed of electrons and neutrino interaction with matter is given by Lagrangian of Eq.(9). Since ṅ_e = γ ⃗β ⃗∇n_e, we get for the total power of the neutrino spin light in this case I_G = 2 3 μ^2γ^4 { 1 2 G̃^4_F n_e^4 + G̃^2_F [ (⃗β ⃗∇)n_e ]_2}

. (35)

3This our result is smaller by a factor 1/2 relative to the result of [23] for the radiation power of the polarized neutral particle.

If we consider the case of moving and polarized matter then the effective number density depends on the value of the total mater speed ⃗v_e and polarization ⃗ζ_e, as well as on neutrino speed ⃗β and correlations between these three vectors (see [27, 33]):

n_e = n_0 √ 1 − v^2_e { ( 1 − ( 1 + 4 sin^2 θ_W )_{−1} ⃗ ζ_e⃗v_e )( 1 − ⃗β⃗v_e ) − − ( 1 + 4 sin^2 θ_W )_{−1} √ 1 − v^2_e [ (⃗ζ_e⃗v_e)(⃗β⃗v_e) 1 + √ 1 − v^2_e − ⃗ζ_e ⃗β ] + O ( 1 γ ) } . (36)

Using Eqs. (23) and (35) for the solid angle distribution we get dI_G dΩ = 3 8π I_G { γ^{−4}(1 − β cos ϑ)^{−3} − γ^{−6}(1 − β cos ϑ)^{−4} + 1 2 γ^{−8}(1 − β cos ϑ)^{−5} } . (37)

From the last formula it follows that the SLν is strongly beamed and is confined within the cone given by δθ ∼ γ^{−1}. It should be noted here that this is a common feature of different contributions to the neutrino spin light radiation which is the inherent property of radiation by ultra-relativistic particles.

In conclusion, we have discovered a new mechanism of the electromagnetic radiation emitted by a neutrino with non-vanishing magnetic moment moving in the background matter and external electromagnetic field (”spin light of neutrino”). The generalization to the case of a neutrino with non-zero electric dipole moment is just straightforward. Our general new result is the prediction of a new type of electromagnetic radiation that is emitted by a massive neutral particle with non-vanishing magnetic (and/or electric) moment moving in the background matter. The SLν originates from the quantum spin flip transitions. Therefore, the initially unpolarized neutrino beam can be converted to the totally polarized beam composed of only right-handed neutrinos ν_R in the considered radiation process if the right-handed neutrinos are sterile states, i.e. do not interact with the background environment.

We have also developed the quasi-classical theory of the SLν that is valid in the case when the neutrino recoil can be neglected or when the energy of the radiated photon is less than the neutrino energy.

The considered radiation must be important for environments with high effective densities, n, because the total radiation power is proportional to n^4. It is also shown that the SLν is strongly beamed in the direction of neutrino propagation and is confined within a small cone given by δθ ∼ γ^{−1}. The total power of the SLν is increasing with the neutrino energy increase and is proportional to the fourth power of the neutrino Lorentz factor, I ∼ γ^4. It is also possible to show that the average energy of photons of the spin light in matter is ω_γ ∼ G_F n_eγ^2. (38) Thus, the spin light emission rate in this case is proportional to γ^2,

Γ_{SL} = √ 2 3 γ^2μ^2G^3_F n^3. (39)

From these estimations we predict that the SLν is effectively produced if the neutrino energy and matter density are large. Such a situation can be realized in the dense matter of the early Universe.

It is interesting to compare the rate of the SLν in matter with the rate of the Cherenkov radiation in magnetic field that is widely discussed in literature (see, for example, [16]). First of all, in contrast to the Cherenkov and transition radiations by neutrino, the spin light is produced by neutrino even in the case when the refractive index of photons in the background matter is equal to n^{ref}_γ = 1. Let us compare the rate of the neutrino spin light, Eq.(39), with the rate of the Cherenkov radiation in magnetic field given by formula (25) of Ref. [16]. If the magnetic field is less than the electron critical field, B < B_0 = 4.41 × 10^{13} G, the ratio of the two rates is Γ_{SL} Γ_{Ch} = 3.4 × 10^8 γ^2μ^2G_F n^3

p^5_0 (B_0 B )_6 , (40)

where p_0 is the neutrino energy. This ratio is equal to Γ_{SL} Γ_{Ch} = 13 (41)

for the two sets of neutrino energy, strength of magnetic field and density of matter:

1) p_0 = 10 MeV, B = 10^{−4}B_0, n = 10^{30}cm^{−3},

2) p_0 = 1 MeV, B = 10^{−3}B_0, n = 10^{31}cm^{−3}.

In both cases we take the neutrino mass equal to m_ν = 1 eV and magnetic moment equal to μ = 0.3 × 10^{−10}μ_0 that is near the present experimental limit for the electron neutrino. The neutrino spin light rate also dominates over the Cherenkov radiation rate in strong magnetic field (B ⩾ B_0) if the matter density is increased to the level of n ⩾ 10^{33}cm^{−3}. However, for such densities, neutrino magnetic moment and energies in the range span from 1 MeV to 10 MeV the quantum approach [34] to the SLν has to be used. If we consider the case of much higher density, n = 10^{37}cm^{−3}, and smaller magnetic moment, μ = 0.3 × 10^{−16}μ_0, and neutrino energy p_0 = 1 MeV then the quasi-classical approach to the spin light is valid and the ratio of the two rates is given again by Eq.(41). Thus, we predict that the spin light of neutrino can be more effective than the neutrino Cherenkov radiation if the density of matter is rather large.

The spin light of neutrino together with the synchrotron mechanism of radiation by charged particles, should be important for understanding of astrophysical phenomena where powerful beams of gamma-rays are produced. One of the possible examples could be the gamma-ray bursts.

We would like to thank Leo Stodolsky for helpful discussions.

References

[1] S.M.Bilenky, hep-ph/0205047.

[2] B.Lee,R.Shrock, Phys.Rev.D16 (1977) 1444; K.Fujikawa, R.Shrock, Phys.Rev.Lett.45 (1980) 963.

[3] J.Kim, Phys.Rev.D14 (1976) 3000; M.Beg, W.Marciano, Phys.Rev.D17 (1978) 1395; M.Voloshin, M.Vysotsky, L.Okun, Sov.Phys.JETP 64 (1986) 446, (Zh.Eksp.Teor.Fiz. 91 (1986) 754); M.Fukugita, T.Yanagida, Phys.Rev.Lett.58 (1987) 1807.

[4] D.E.Groom et al, Particle Date Group, EPJ C15 (2000) 1.

[5] G.G.Raffelt, Stars as Laboratories for Fundamental Physics, University of Chicago Press, Chicago, 1996.

[6] D.V.Galtsov, N.S.Nikitina, Sov.Phys.JETP 35 (1972) 1047, (Zh.Eksp.Teor.Fiz. 62 (1972) 2008).

[7] V.V.Skobelev, Sov.Phys.JETP 44 (1976) 660, (Zh.Eksp.Teor.Fiz. 71 (1976) 1263).

[8] A.V.Borisov, V.Ch.Zhukovskii, A.I.Ternov, Sov.Phys.J. 31 (1988) 228 (Izv.Vuzov.Fiz. No. 3 (1988) 64).

[9] V.V.Skobelev, Sov.Phys.JETP 73 (1991) 40, (Zh.Eksp.Teor.Fiz. 100 (1991) 75).

[10] M.Radomski, Phys.Rev.D12 (1975) 2208.

[11] W.Grimus, H.Neufeld, Phys.Lett.B315 (1993) 129.

[12] M.Sakuda, Phys.Rev.Lett.72 (1994) 804, M.Sakuda, Y.Kurihara, Phys.Rev.Lett.74 (1995) 1284 [13] W.Grimus, H.Neufeld, Phys.Lett.B344 (1995) 252. [14] J.C.D’Olivo, J.Nieves, P.B.Pal, Phys.Lett.B365 (1996) 178. [15] S.Mohanty, M.Samal, Phys.Rev.Lett.77 (1996). [16] A.Ioannisian, G.G.Raffelt, Phys.Rev.D55 (1997) 7038.

[17] A.A.Gvozdev, N.V.Mikheev, L.A.Vassilevskaya, Phys.Lett.B289 (1992) 103. [18] V.V.Skobelev, Sov.Phys.JETP 81 (1995) 1,(Zh.Eksp.Teor.Fiz. 108 (1995) 3). [19] V.Ch.Zhukovskii, P.A.Eminov, A.E.Grigoruk, Mod.Phys.Lett.A11 (1996) 3113 . [20] M.Kachelriess, G.Wunner, Phys.Lett.B390 (1997) 263. [21] A.I.Ternov, P.A.Eminov, J.Phys.G29 (2003) 357.

[22] V.A.Bordovitsyn, I.M.Ternov, V.G.Bagrov, Physics – Uspekhi 38 (1995) 1037, (Uspekhi Fiz.Nauk 165 (1995) 1084).

[23] I.M.Ternov, V.G.Bagrov, A.M.Khapaev, Sov.Phys.JETP 21 (1965) 613, (Zh.Eksp.Teor.Fiz. 48 (1965) 921).

[24] V.Bargmann, L.Michel, V.Telegdi, Phys.Rev.Lett. 2 (1959) 453. [25] A.Loeb, L.Stodolsky, Phys.Rev.D 40 (1989) 3520.

[26] A.M.Egorov, A.E.Lobanov, A.I.Studenikin, Phys.Lett.B491 (2000) 137, hep-ph/9902447, hep-ph/9910476.

[27] A.E.Lobanov, A.I.Studenikin, Phys.Lett.B515, (2001) 94, hep-ph/0106101. [28] M.Dvornikov, A.Studenikin, JHEP 09 (2002) 016, hep-ph/0202113. [29] A.Studenikin, in: Electroweak Interactions and Unified Theories, ed. by J.Tran Thanh Van, THE GIOI Publishers, (Proc. of XXXVII Recontres de Moriond, Les Arcs, March 2002) p. 317.

[30] S.Bergmann, Y.Grossman, E.Nardi, Phys.Rev.D60 (1999) 093008, hep-ph/9903517.

[31] A.E.Lobanov, O.S.Pavlova, Phys.Lett.A 275 (2000) 1, hep-ph/0006291. [32] A.E.Lobanov, O.S.Pavlova, Moscow Univ.Phys.Bull. 55(2) (2000) 19, (Vestn.MGU.Fiz.Astr. 41(2) (2000) 18).

[33] A.Grigoriev, A.Lobanov, A.Studenikin, Phys.Lett.B535, 187 (2002), hep-ph/0202276.

[34] A.Studenikin et al, to be published.