arXiv:1209.3245v2 [hep-ph] 28 May 2013

Millicharged neutrino with anomalous magnetic moment in rotating magnetized matter

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

We consider a neutrino with nonzero magnetic moment and electric millicharge in a dense magnetized rotating matter. The exact solution for the corresponding effective Dirac equation for the neutrino wave function in this environment is obtained. It is shown that the neutrino energy spectrum is quantized due to both electromagnetic and weak interactions with the background magnetic field and rotating matter. On this basis we predict that low energy neutrinos are bound in circular orbits inside rotating dense matter. In particular, relic neutrinos can be trapped inside the rotating neutron stars and accretion disks of black holes that acts as absorbtion filters for this type of neutrinos.

The effect of the spatial separation of different types of neutrinos and antineutrinos (different in flavors and energies) moving with rather high energies can appear during propagation of neutrinos composite flux through the dense magnetized rotating matter.

We predict two new phenomena: a new type of the neutrino electromagnetic radiation (termed “Light of (milli)Charged Neutrino”, LCν), and a new mechanism of the rotation frequency shift of an exploding star (termed “Neutrino Star Turning” mechanism, νST ). Applying the νST mechanism to a supernova explosion we obtain a new astrophysical limit on the neutrino millicharge q_ν < 10^{−17}e_0.

Keywords: neutrino magnetic moment, neutrino electric millicharge

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

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

Preprint submitted to Physics Letters B May 29, 2013

1. Introduction

Neutrino electromagnetic properties are among the most intriguing and exciting problems in modern particle physics. Within the Standard Model in the limit of massless neutrinos the particle electromagnetic properties vanish. However, in different extensions of the Standard Model a massive neutrino has nontrivial electromagnetic properties (for a review of the neutrino electromagnetic properties see [1, 2]). That is why it is often claimed that neutrino electromagnetic properties open “a window to the new physics” [3].

A neutrino magnetic moment, as expected in the easiest generalization of the Standard Model, is very small and proportional to the neutrino mass, μ_ν ≈ 3 × 10^{−19}μ_B(m_ν /1 eV) [4]. Much greater values are predicted in other various Standard Model generalizations (for details see [1, 2]).

It is usually believed that the neutrino has no electric charge. This can be attributed to gauge invariance and anomaly cancelation constraints imposed in the Standard Model. However, if the neutrino has a mass, the statement that the neutrino electric charge is zero is not so evident as it may seem to be. In theoretical models with the absence of hypercharge quantization the electric charge gets “dequantized” [5–7] as well and as a result neutrinos may become electrically millicharged particles. Note that only a Dirac neutrino may have the electric charge.

The most severe experimental constraints on the neutrino electric charge [8, 9] and the magnetic moment [10] are given by

q_ν ≤ 10^{−21}e_0, μ_ν ≤ 2.9 × 10^{−11}μ_B, (1)

where q_ν is a module of the neutrino millicharge and μ_B = e_0/(2m_e), e_0 and m_e are the electron charge and mass.

Due to the obvious “smallness” of neutrino electromagnetic properties they manifest themselves most spectacular under the influence of the extreme external conditions, namely in strong electromagnetic fields and dense background matter which are typical for astrophysics and cosmology.

In this paper we consider new phenomena of neutrino electromagnetic properties manifestation originated due to the possible nonzero magnetic moment and electric millicharge of neutrino in the case of the particle motion in dense magnetized and rotating matter. We develop the approach (the “method of exact solutions”) that implies the use of the exact solutions of the modified Dirac equation for a neutrino wave function in the presence of background environment (a dense rotating matter and/or an external electromagnetic field) [11–13]. The considered environment configuration is of interest for applications in astrophysics and cosmology, in particular, for rotating neutron stars and the accretion disks of black holes.

In order to describe the neutrino spin properties we introduce a new type of the spin operator which is a weighted superposition of the operators of the longitudinal and transverse polarizations. We obtain the explicit form for the neutrino energy spectrum and show that it is quantized owing to both electromagnetic and weak interactions of the particle with the background magnetic field and rotating matter. Thus, it is shown, that the energy quantization in the rotating matter overlaps with the well-known Landau quantization of particle’s energy in a constant magnetic field.

As a phenomenological consequence of this effect it is shown that low energy neutrinos are bound inside the dense magnetized rotating matter, in particular, of a neutron star or an accretion disk of a black hole. On this basis we also predict the existence of a new phenomenon related to low energy relic neutrinos [14]. The rotating neutron stars and accretion disks act as absorbtion filters for the relic neutrinos in the case of their motion in the plane of the matter rotation.

Even in the case of rather high energy neutrinos when neutrinos cannot be trapped inside rotating neutron stars the trajectory of neutrinos propagation will be reasonably disturbed. Therefore we also predict the effect of spatial separation of different types of neutrinos and antineutrinos (different flavors and energies) that appears while the mixed flux of neutrinos propagates through a rotating matter.

Within the quasi-classical interpretation the neutrino curved trajectories can be explained as a result of the effective Lorentz force action. This effective Lorentz force is defined by the values of the matter induced “charge”, “electric” and “magnetic” fields, in addition to the corresponding ordinary values. On this basis a new mechanism of the neutrino electromagnetic radiation in the rotating magnetized nonuniform matter due to the neutrino millicharge (“Light of (milli)Charged Neutrino”, LCν) is considered. It should be stressed, that this electromagnetic radiation phenomenon exists even in the absence of electromagnetic fields when the neutrino acceleration is produced only by the weak interaction. This new phenomenon can have phenomenological applications in light of recently reported hints of ultra-high energy neutrinos ∼ P eV observed by IceCube [15].

The feedback of the effective Lorentz force can modify an astrophysical dense object rotation. A new mechanism of a star rotation frequency shift during the star explosion originating by the escaping neutrinos (termed the “Neutrino Star Turning” mechanism, νST ) is predicted. Due to the νST mechanism acting during the supernova explosion a significant change of the rotation frequency can occur. In order to avoid the contradiction between the possible impact the proposed νST mechanism on pulsar rotation and the existed observational data on pulsars we obtain a new astrophysical limit on the neutrino millicharge q_ν < 10^{−17}e_0.

2. Millicharged neutrino wave function in matter and magnetic field

The millicharged neutrino with nonzero magnetic moment moving in an external magnetic field and dense matter composed of neutrons is described by the modified Dirac equation ( γ_μ(p^μ + q_0A^μ) − 1 2 γ_μ(1 + γ_5)f^μ − i 2 μσ_{μν} F^{μν} − m ) Ψ(x) = 0, (2)

where F^{μν} = ∂^μA^ν −∂^ν A^μ is the electromagnetic field and μ is the neutrino’s anomalous magnetic moment. For definiteness we suppose that the neutrino has a negative charge q_ν = −q_0, and from here below we use the notation

q_0 = εe_0 (3)

where ε is the neutrino electric millicharged in units of the electron charge. The matter effective potential V_m =^1_2 γ_μ(1 + γ_5)f^μ includes both the neutral and charged current interactions of the neutrino with background particles. The explicit form of f^μ depends on the matter composition and background particles densities, velocities and polarizations. In the case of unpolarized matter f^μ = G_F n √ 2 (1, 0, 0, 0), (4)

where G_F is the Fermi constant and n = −n_n (n_n is neutron density).

Eq. (2) can be written in the Hamiltonian form i^∂_{∂t} Ψ(x) = ĤΨ(x) with the Hamilton operator

Ĥ = γ_0γ(p̂ + q_0A(x)) + γ_0m + γ_0Σ_3μB + Gn 2 (1 + γ_5), (5) where A^μ = (0, −^{yB}_2 ,^{xB}_2 , 0) and G =^{GF√}_2 . The exact solution for the neutrino wave function can be found in the form

Ψ(x) = 1 √ L √ q_0B 2π e^{−i(pot−p3z)} C_1L^{l−1}_s (^{q0B}_2 r^2)e^{i(l−1)φ} iC_2L^l_s(^{q0B}_2 r^2)e^{ilφ} C_3L^{l−1}_s (^{q0B}_2 r^2)e^{i(l−1)φ} iC_4L^l_s(^{q0B}_2 r^2)e^{ilφ} , (6)

where L^l_s(^{q0B}_2 r^2) are Laguerre functions (N = l + s = 0, 1, 2...).

To advance the evaluation of the exact solution of Eq. (2) one should determine the coefficients C_i that describe spin properties of the solution. Note that spin properties of a particle in simultaneous presence of matter and magnetic field have never been described before. Therefore, we introduce a new type of the spin operator Ŝ = cos α Ŝ_{long} − sin α Ŝ_{tr}, sin α = Gn√ (Gn)^2 + (2μB)^2

, (7)

which is the weighted superposition of the operators of longitudinal and transverse polarizations

Ŝ_{tr} = Σ P̂ m , Ŝ_{long} = Σ_3 + i m ( 0 −σ_0 σ_0 0 ) [σ × P̂]_3, (8)

where σ_μ are the Pauli matrixes. The value of the angle α is determined by the effective matter density n and the magnetic field B. The spin operator (7) commutes with the Hamiltonian (5) and, thereby, has the same eigenvectors: ŜΨ(x) = SΨ(x). The Hamiltonian and spin operator eigenvalue equations yield the eigenvalues of the spin operator (7) S = ζ 1 m √ (m cos α − p_3 sin α)^2 + 2Nq_0B, (9)

and the energy spectrum

p_0 = ε p_{23} + 2Nq_0B + m_2 + ( Gn 2 )_2 + (μB)^2 + 2mS √( Gn 2 )_2

+ (μB)^2+ Gn 2 , (10) where ζ = ±1 and ε = ±1. The exact expressions for the spin coefficients are given by

C_1 = 1 2 √ 1 + m cos α − p_3 sin α mS √ 1 + sin(α + β),

C_2 = 1 2 δ_1ζ √ 1 − m cos α − p_3 sin α mS √ 1 + sin(α − β),

C_3 = 1 2 δ_2 √ 1 + m cos α − p_3 sin α mS √ 1 − sin(α + β),

C_4 = 1 2 δ_3ζ √ 1 − m cos α − p_3 sin α mS √ 1 − sin(α − β).

(11)

where we use the notations δ_1 = −sgn[sin α+cos β], δ_2 = sgn[cos(α+β)], δ_3 = sgn[cos α + sin β] and introduce a new angle β,

cos β = m sin α + p_3 cos α p_0 −^{Gn}_2

. (12)

It is easy to show that sin β introduced in Eq. (11) is given by

sin β = √(_{Gn} 2 )_2

+ (μB)^2 + mS p_0 −^{Gn}_2

. (13)

It is worth stressing that Eqs. (6), (9), (10) and (11) represent the exact solution of the modified Dirac equation (2) [16, 17] which describes the millicharged neutrino with anomalous magnetic moment in the dense magnetized matter.

3. Millicharged neutrino in rotating matter and magnetic field

Consider the case of the rotating matter where the matter potential f^μ in Eq. (2) is given by f^μ = −Gn_n(1, −ϵyω, ϵxω, 0). (14) Here ω is an angular frequency, ϵ = ±1 corresponds to parallel and antiparallel directions of vectors ω and B. The Hamiltonian (5) has the form

Ĥ = γ_0γP̂ + γ_0m + γ_0Σ_3μB − Gn^n 2 (1 + γ_5)(1 + ϵγ_0γ_1ωy − ϵγ_0γ_2ωx). (15)

The Hamiltonian eigenvalue equation yields the system

(p_0 + Gn_n + p_3)ψ_1 − (P̂_1 − iP̂_2 + iϵGn_nωre^{−iφ})ψ_2 = (m + μB)ψ_3, (p_0 + Gn_n − p_3)ψ_2 − (P̂_1 + iP̂_2 − iϵGn_nωre^{iφ})ψ_1 = (m − μB)ψ_4, (p_0 + p_3)ψ_3 − (P̂_1 − iP̂_2)ψ_4 = (m + μB)ψ_1, (p_0 − p_3)ψ_4 − (P̂_1 + iP̂_2)ψ_3 = (m − μB)ψ_2,

(16)

that can be solved in the limit of small values m and μB, which, in fact, give a negligible contribution to the energy of a relativistic neutrino. In this case two pairs of the neutrino wave function components ψ_i decouple one from another, and neutrino chiral states Ψ_{L,R} ≡^1_2 (1 ± γ_5)Ψ evolve independently. The second pair of Eqs. (16) does not contain the matter terms. Thus, right-handed chiral neutrino state, Ψ_R, is attributed to the sterile neutrino and describes well known case of a charged particle motion in an external magnetic field in vacuum.

The first pair of Eqs. (16) describes the active left-handed neutrino Ψ_L with the components

ψ_1 = 1 2 √ |2Gn_nω − ϵq_0B| 2πL √ 1 − p_3 p^L_0 + Gn_n L^{l−1}_s ( |2Gn_nω − ϵq_0B| 2 r^2 ) e^{i(l−1)φ}, ψ_2 = i 2 √ |2Gn_nω − ϵq_0B| 2πL √ 1 + p_3 p^L_0 + Gn_n L^l_s ( |2Gn_nω − ϵq_0B| 2 r^2 ) e^{ilφ}, (17) and the energy spectrum

p_0 = √ p^2_3 + 2N|2Gn_nω − ϵq_0B| + m^2 − Gn_n. (18)

The solution (17) and (18) describes a charged particle motion in the external magnetic field and the rotating matter. The energy spectrum (18) represents the modified Landau levels that accounts for both weak and electromagnetic interactions. Note, that in the limit of vanishing electric charge the solution (17) reproduces the result obtained in [13, 18].

4. Quasi-classical treatment

In a more general case of the millicharged neutrino motion in the considered external environment with a superimposed constant electric field, for the neutrino energy spectrum we obtain

p_0 = √ p^2_3 + 2N|2Gn_nω − q_0B| + m^2 − Gn_n − q_0ϕ, (19)

where ϕ is the scalar potential of the electric field.

Using the explicit form of the obtained solution we predict the effect of neutrinos and antineutrinos trapping inside uniform rotating matter. This new mechanism of the neutrino trapping, in addition to random scattering processes and to the effect of a nonzero gradient of matter density [19, 20], is significant, in particular, for neutrinos and antineutrinos propagating inside neutron stars and the accretion disks of black holes. The radius of a (anti)neutrino quasi-classical circular orbit (p_3 = 0, N ≫ 1, E_{eff} = 0) R = ∫_∞ 0 Ψ^†_L r Ψ_L dr = √ 2N |2Gn_nω − ϵq_0B| (20)

exhibits different behaviors accordingly to the orientation of vectors ω and B. In the case of opposite directions of ω and B (ϵ = −1) the radius (20) decreases due to overlapping of weak interactions with rotating matter and the interaction of neutrino millicharge with magnetic field.

The effect of trapping occurs for (anti)neutrino energies up to 1 eV when the radii of circular orbits (20) are less than the radius of a neutron star (R_{NS} ∼ 10 km) or the accretion disk of a black hole (R_{AD} ∼ 100 km). The estimation is given for ω ∼ 2π × 10^3 s^{−1} and for the densities of the neutron star and the accretion disk ρ_{NS} ∼ 10^{14} g·cm^{−3} and ρ_{AD} ∼ 10^{12} g·cm^{−3} correspondingly (see [21]).

In the case of the same directions of ω and B (ϵ = +1) the effects of weak and electromagnetic interactions suppress each other and even totally disappear when 2Gn_nω = q_0B. The radius (20) tends to infinity, i.e. neutrino propagates along a straight line like in the case of a free motion.

Note, that there is a rather interesting application of the discussed phenomenon of the neutrino energy quantization in the rotating dense matter. As it has been just shown above, neutrinos with energies that does not exceed the range of about 1 eV can be trapped inside the rotating matter. This conditions can be realized for the low energy (T_ν ∼ 10^{−4} eV [14]) relic neutrinos moving in the rotation plane of neutron stars or accretion disks of black holes. Thus, the rotating neutron stars or accretion disk of black holes act as absorbtion filters for relic neutrinos.

The obtained quasi-classical neutrino circular orbits can be explained as a result of the generalized effective Lorentz force action (see also [13]). This force accounts for the neutrino interaction with the background matter and the external electromagnetic field

F_{eff} = q_{eff} E_{eff} + q_{eff} [β × B_{eff} ] . (21)

Here β is the neutrino speed and

q_{eff} E_{eff} = q_mE_m + q_0E, q_{eff} B_{eff} = |q_mB_m + q_0B|e_z, (22)

where q_m, B_m, E_m are the matter induced “charge”, “electric” and “magnetic” fields correspondingly,

q_m = −G, E_m = −∇n_n, B_m = 2n_nω. (23)

These relations directly follow from the exact form of the obtained energy spectrum (19) and are in agreement with the most general form of the “matter induced Lorentz force” [13]. Note that the effective Lorentz force (21) is generated by both weak and electromagnetic interactions. The electric E and magnetic B fields reproduce the ordinary electrodynamical Lorentz force and the “matter induced Lorentz force” is due to E_m and B_m.

As it follows from Eqs. (21), (22) and (23), there are forces of two types acting on the millicharged neutrino moving in the background matter with nonvanishing gradient of density. The first one is the effective electric force which is produced by the effective electric field E_{eff} and by the gradient of matter density ∇n_n. The possibility of particle acceleration due to the gradient of the matter density was also discussed in [19, 20]. Note that under the equal external conditions there will be whether attractive or repulsive force for neutrinos or antineutrinos, respectively.

The effective magnetic field B_{eff} contains the magnetic field B itself and the additional term originating from the matter rotation effect which is determined by B_m = 2n_nω. As it follows from (21), the force F_{eff} is orthogonal to the neutrino speed β.

Note that it is possible to rewrite Eq. (20) for the orbit radius in the completely classical form,

R = Ω^{−1}, Ω = |ω_m − ω_c| (24) where ω_c =^{q0B}_{mγ} is a classical cyclotron frequency, ω_m =^{2Gnn}_{mγ} ω is an effective matter induced frequency and γ = (1 − β)^{−1/2}.

There are other interesting phenomenological consequences of the rotating matter influence on neutrino propagation. In particular, even in the case of rather high energy neutrinos (for instance, E ≥ 1 MeV) that cannot be trapped inside the rotating dense matter the trajectory of the neutrinos propagation will be reasonably disturbed. As a consequence of this effect, we predict that after passing through the rotating dense matter a phenomenon of different types of neutrinos separation can occur. A gravitational field of very massive objects also curves the trajectory of massive particles and leads to gravitational lensing. In turn, a new effect is produced due to weak forces, exceeds the influence of a gravitational field and leads to the spatial separation of different types of neutrinos (neutrinos and antineutrinos, and/or different flavor neutrinos, and/or neutrinos with different energies).

5. Light of millicharged neutrino (LCν)

The accelerated electrically millicharged neutrino should emit the electromagnetic radiation. In the most general case of the neutrino motion in nonuniform magnetized rotating matter the effective Lorentz force (22) generates the neutrino acceleration a = 1 m (G∇n_n + q_0∇ϕ + |2Gn_nω − q_0B| [β × e_z]) , (25)

where e_z is a unit vector in the direction of the magnetic field and matter rotation. The radiation power of the induced electromagnetic radiation is given by I_{LCν} = 2q^2_0 3 ( β̇2 (1 − β^2)^2 + (ββ̇)^2 (1 − β^2)^3 ) . (26)

We term the considered mechanism of the neutrino electromagnetic radiation due to the neutrino millicharge, that can be emitted in the presence of the nonuniform rotating matter and electromagnetic fields, the “Light of (milli)Charged Neutrino” (LCν). It should be stressed, that the phenomenon exist even in the absence of the electromagnetic fields, when the acceleration (25) is produced only due to the weak interactions of neutrinos with the background particles. So that the proposed new mechanism is of different nature that one of the cyclotron radiation of charged particles in magnetic fields.

The LCν mechanism would manifest itself during the neutrino flux propagation from the central part of a rotating neutron star outwards through the crust. The gradient of the matter density (the density variation along the neutrino path) gives the following contribution to the LCν radiation power (see Eq. (25)) I_{LCν} = 2q^2_0 3m^2

(G∇n_n)^2, (27)

and the effect of the matter rotation yields I_{LCν} = 2q^2_0 3 Ω^2γ^4. (28)

However, the numerical estimations for the LCν power for a realistic gradient of a neutron star matter density |G∇n_n| ∼ 1eV/1km and the rotation frequency ω ∼ 2π × 10^3 s^{−1} show that the role of the LCν in the explosion energetics is negligible in respect to the total energy of the collapse for any acceptable values of the neutrino millicharge.

6. Millicharged neutrinos as a pulsar rotation engine

The obtained solution for neutrinos in dense magnetized rotating matter, Eqs. (17) and (18), can be used for description of the neutrino propagation inside the exploding star. We consider the easiest model of the explosion when the spatial distribution of neutrinos escaping the neutrinosphere is symmetrical. During the propagation of the neutrinos inside the exploding supernova, under the influence of the effective Lorentz force (21) the particles’ trajectories are disturbed. It is practically not possible to trace in the terrestrial experiments, such as for instance IceCube, the neutrinos trajectories deviation from the straight lines inside the magnetized rotating star. However, it is very important to note that due to the mentioned above Lorentz force there is also the feedback of neutrinos to the star. Therefore, our prediction is as follows: the neutrinos that move on curved trajectories inside the star should effect the initial rotation of the created star. This new effect we have termed the “Neutrino Star Turning” (νST ) mechanism.

To estimate the predicted effect of the νST mechanism we account for the contribution of escaping neutrinos to the rotation of the star. A single neutrino propagating with the azimuthal angle θ generates a feedback force on the star F = mγΩ sin θ. (29)

The effective value of the corresponding torque is just strightforward,

M_0(t) = √ 1 − r^2(t) 4R^2

F r(t) sin θ, (30)

where r(t) = 2R sin^{Ωt}_2 is the modulus of the neutrino radius vector inside the rotating magnetized star. Accounting for all N_ν ∼ 10^{58} neutrinos contribution to the total star torque we get M(t) = N_ν 4π ∫ M_0(t) sin θdθdϕ = 1 3 mγΩN_ν r(t), (31) where ϕ is the neutrino polar angle. Note that for all realistic acceptable values of the neutrino millicharge the second tern under the square root in Eq. (30) can be safely neglected.

The effective Lorentz force moment originated by the escaping neutrinos shifts the star angular frequency ∫ M(t)dt = I_{NS}|△ω_0|, (32) where △ω_0 = ω − ω_0 (ω_0 is an initial star frequency) and I_{NS} =^2_5 M_{NS} R^3_{NS} is a moment of inertia of the star. Note that depending on the neutrino millicharge sign the star rotation due to the νST mechanism can spin up (△ω_0 > 0 for the negative millicharge) or spin down (△ω_0 < 0 for the positive millicharge). For the relativistic neutrinos from Eq. (32) we obtain |△ω_0| ≃ mγN_ν 3M_⊙ Ω ≃ 0.033 Ω, (33)

where we consider the star mass M_{NS} = 1.4M_⊙ and γ = 10^8 (M_⊙ is the Solar mass).

The obtained Eq. (33) shows that the shift of the star rotation frequency due the Neutrinos Star Turning machanism is determined by the magnetic field B and the initial rotation frequency ω_0 of the born star. In the case of zeroth millicharged neutrinos from Eqs. (24) and (33) we obtain |△ω_0| ω_0

≃ 3 × 10^{−7}, (34)

that has the order of magnitude corresponding to a relative glitch size of pulsars. Pulsar timing observations yield the relative glitch size range between

10^{−10} and 10^{−5} with peaks at approximately 10^{−9} and 10^{−6} [22]. Thus, the application of the developed theory of the neutrino motion in the dense rotating matter and, in particular, in pulsars can be used to explain the origin of the pulsar glitches.

Now let us consider the case when the dominant contribution to the νST mechanism is given by the neutrino millicharge interaction with the magnetic field of the star. Note that, as it was shown in [23], [24], [25], in the presence of dense plasma the induced neutrino effective charge can exceed the value ∼ 10^{−21}e_0. Therefore, in this case one can neglect the contribution of weak interaction with background matter and Eq. (33) reduces to |△ω_0| ω_0

≃ 10^{17}ε ( P_0 10 s ) , (35)

where P_0 is the pulsars initial spin period and ε is the neutrino electric millicharged in units of the electron charge (see Eq. (3)).

The current pulsar timing observations [22] show that present-day rotation periods are up to 10 s. However, the rotation during the life of a pulsar spins down due to several various mechanisms and dominantly due to a magnetic dipole braking. All of the estimations of feasible initial pulsars spin periods gives the values that are very close to the present observed periods. Therefore, the possible existence of nonzero negative neutrino millicharge should not significantly speed up the rotation of a born pulsar (or speed down in the case of a positive neutrino millicharge). From the strightforward demand |△ω_0| < ω_0 and Eq. (35) we obtain the bound

ε < 10^{−17} ( 10 s P_0 ) , (36)

that yields the upper bound on the neutrino millicharge

q_ν < 10^{−17}e_0. (37)

That is, in fact, one of the most severer astrophysical bounds on the neutrino millicharge.

Note that in [26] the bound on the neutrino millicharge q ∼ 10^{−17}÷10^{−15}e_0 was obtained from quite different approach based on the consideration of a millicharged neutrino motion in the galactic magnetic field outside SN1987A.

7. Conclusions

We have considered an electrically millicharged neutrino with an anomalous magnetic moment moving in the dense rotating magnetized matter. The exact solution of the corresponding modified Dirac equation for the particle wave function in the external environment has been obtained. It has been shown that the neutrino energy spectrum is quantized owing to both electromagnetic interaction of the neutrino millicharge with the magnetic field and neutrino weak interaction with the rotating background particles. These two phenomena overlap and, depending on the orientation of the matter rotation axis and the direction of magnetic field, the effect of energy quantization can be reinforced or washed out.

We predict that low energy neutrinos are bound in circular orbits inside the rotating dense matter. In particular, the neutron stars and accretion disks of black holes act as absorbtion filters for relic neutrinos in the case of their motion in the plane of matter rotation. When the neutrino energy is high enough it cannot be trapped on a circular orbit inside a given rotating dense object. However, in this case the trajectory of the neutrino propagating inside the object is reasonably disturbed and decline from a straight line. Thus we predict the possibility for the spatial separation of different types of neutrinos (neutrinos and antineutrinos, and/or different flavor neutrinos, and/or neutrinos with different energies) that can occur after passing of mixed flux of neutrinos through the rotating dense matter.

Within the quasi-classical treatment, the curved neutrinos trajectories in matter can be explained as the action of the effective Lorentz force that is produced by the matter rotation and the matter density gradient as well.

We introduce a new possible mechanism of the neutrino electromagnetic radiation due to nonzero neutrino millicharge (“Light of (milli)Charged Neutrino”, LCν) in the magnetized and/or nonuniform, and/or rotating matter. This radiation can be produced when a neutrino is moving in the nonuniform and/or rotating matter even in the absence of the magnetic field. However, for a reasonable astrophysical environments the LCν radiation power is suppressed due to the smallness of the neutrino millicharge passible values.

The feedback of the effective Lorentz force, in turn, can modify an astrophysical dense object rotation. Thereby we predict the effect of the star rotation frequency shift during the star explosion originating by the escaping neutrinos (“Neutrino Star Turning” mechanism, νST ). In particular, during the supernova explosion the neutrino millicharge interaction with the magnetized matter can result in a significant change of the rotation frequency. In order to avoid the contradiction between the possible impact the proposed νST mechanism on pulsar rotation and the existed observational data on pulsars we obtain a new limit on the neutrino millicharge q_ν < 10^{−17}e_0. The obtained limit is one of the strongest astrophysical bounds on a neutrino millicharge know in literature (see, for instance, [27]).

8. Acknowledgments

The authors are thankful to Sandip Pakvasa and Grisha Rubtsov for useful discussions. The work on this paper has been partially supported by the Russian Foundation for Basic Research (grants 11-02-01509 and 12-02- 06833) and the Ministry of Education and Science of Russia (state contract 12.741.11.0180 and projects 2012-1.2.1-12-000-1012-1958 and 2012-1.1-12- 000-1011-6097).

References

[1] C. Giunti, A. Studenikin, Phys. Atom.Nucl. 72 (2009) 2089.

[2] C. Broggini, C. Giunti, A. Studenikin, Adv.High Energy Phys. 2012 (2012) 459526.

[3] A. Studenikin, Nucl. Phys. Proc. Suppl. 188 (2009) 220.

[4] K. Fujikawa, R. Shrock, Phys.Rev.Lett. 45 (1980) 963.

[5] R. Foot, G. C. Joshi, H. Lew, R. Volkas, Mod. Phys. Lett. A 5 (1990) 2721.

[6] R. Foot, Mod. Phys. Lett. A 6 (1991) 527.

[7] R. Foot, H. Lew, R. Volkas, J. Phys. G G 19 (1993) 361.

[8] M. Marinelli, G. Morpurgo, Phys. Lett. B 137 (1984) 439.

[9] J. Baumann, J. Kalus, R. Gahler, W. Mampe, Phys. Rev. D 37 (1988) 3107.

[10] A. Beda, V. Brudanin, V. Egorov, D. Medvedev, V. Pogosov, et al., Adv.High Energy Phys. 2012 (2012) 350150.

[11] A. Studenikin, A. Ternov, Phys.Lett. B608 (2005) 107–114. [12] A. Grigorev, A. Studenikin, A. Ternov, Phys. Lett. B 622 (2005) 199. [13] A. Studenikin, J. Phys. A 41 (2008) 164047. [14] A. Ringwald, Nucl.Phys. A827 (2009) 501C–506C. [15] R. Abbasi, et al., Phys. Rev. D 86 (2012) 022005.

[16] I. Balantsev, A. Studenikin, I. Tokarev, Phys.Part.Nucl. 43 (2012) 727– 741.

[17] I. Balantsev, A. Studenikin, I. Tokarev, Phys.Atom.Nucl. 76 (2013) 489– 503.

[18] A. Grigoriev, A. Savochkin, A. Studenikin, Russ. Phys. J. 50 (2007) 845. [19] L. Oliveira e Silva, et al., Phys. Lett. A 270 (2000) 265. [20] A. Loeb, Phys. Rev. Lett. 64 (1990) 115.

[21] B. Datta, A. Thampan, D. Bhattacharya, J. of Astroph. and Astron. 16 (1995) 375.

[22] R. Rosen, J. Swiggum, M. McLaughlin, D. Lorimer, M. Yun, et al., Astrophys.J. 768 (2013) 85.

[23] V. Oraevsky, V. Semikoz, Y. Smorodinsky, Phys.Part.Nucl. 25 (1994) 129–156.

[24] J. F. Nieves, Phys.Rev. D68 (2003) 113003. [25] H. Duan, Y.-Z. Qian, Phys.Rev. D69 (2004) 123004. [26] G. Barbiellini, G. Cocconi, Nature 329 (1987) 21–22. [27] G. Raffelt, Stars as laboratories for fundamental physics: The astrophysics of neutrinos, axions, and other weakly interacting particles, 1996.