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Introduction

- The problem considered in this paper has originated from
the studies of neutrino electromagnetic properties and
related items [1].
- The studies of flavor conversion in neutrino fluxes give an
evidence of non-zero neutrino mass.
- Massive neutrino has nontrivial electromagnetic properties
(magnetic and electric dipole moments, electric charge).

[1] C. Giunti, A. Studenikin, Phys. Atom. Nucl. 72, 2151 (2009),
arXiv: 0812.3646.



Neutrino electromagnetic processes

1. Neutrino radiative decay ν1 → ν2 + γ.
2. Photon decay γ → νν̄.
3. Neutrino scattering off electrons.
4. Neutrino spin precession in magnetic field.
Quantum theory of such processes [2],[4],[5] has been
developed within the method of exact solutions of the
modified Dirac equations for the neutrino wave function in
matter.
[2] A. Studenikin, A. Ternov Phys. Lett. B,608, 107, 2005;
A. Grigoriev, A. Studenikin, A. Ternov Phys. Lett. B, 622, 199, 2005,
hep-ph/0502231; Grav. & Cosm.11, 132, 2005.
[4] A. Studenikin J. Phys. A: Math. Theor., 41, 164047, 2008.
[5] A. Studenikin J. Phys. A: Math. Gen., 39, 6769, 2006;
A. Grigoriev, A. Studenikin, A. Ternov Phys. Atom. Nucl., 72, 718,
2009.



The modified Dirac equations for the neutrino
wave function in matter

{
iγµ∂

µ − 1

2
γµ(1 + γ5)f

µ −m
}

Ψ(x) = 0

In the case of matter composed of neutrons only

fµ = −G(n, nv), G =
GF√

2



The problem with linear velocity field
distribution

~v = (ωy, 0, 0)



The problem with linear velocity field
distribution

[
i (∂0 − ∂3) +Gn

]
ψ1 +

[
− (i∂1 + ∂2) +Gnωy

]
ψ2 = mψ3,[

(−i∂1 + ∂2) +Gnωy
]
ψ1 +

[
i (∂0 + ∂3) +Gn

]
ψ2 = mψ4,

i (∂0 + ∂3)ψ3 + (i∂1 + ∂2)ψ4 = mψ1,

(i∂1 − ∂2)ψ3 + i (∂0 − ∂3)ψ4 = mψ2.



Limit m→ 0

Right-handed neutrino

ψR ∼ L− 3
2 exp{i(−p0t+ p1x+ p2y + p3z)}ψ

(p0 − p3)ψ3 − (p1 − ip2)ψ4 = 0,
− (p1 + ip2)ψ3 + (p0 + p3)ψ4 = 0.

ψR =
e−ipx

L3/2
√

2p0(p0 − p3)


0
0

−p1 + ip2
p3 − p0





Limit m→ 0

Left-handed neutrino

(
p0 + p3 +Gn

)
ψ1 −

√
ρ
(
∂
∂η
− η
)
ψ2 = 0,

√
ρ
(
∂
∂η

+ η
)
ψ1 +

(
p0 − p3 +Gn

)
ψ2 = 0,

η =
√
ρ

(
x2 +

p1
ρ

)
, ρ = Gnω, G =

GF√
2

n−matter density, ω − angularfrequency.

ψL =
ρ

1
4 e−ip0t+ip1x+ip3z

L
√

(p0 − p3 +Gn)2 + 2ρN


(p0 − p3 +Gn)uN(η)
−
√

2ρNuN−1(η)
0
0


p0 =

√
p23 + 2ρN −Gn, N = 0, 1, 2, ...



Neutrino in rotating medium

v = (−ωy, ωx, 0)



Neutrino in rotating medium

−(p0 + p3 +Gn)ψ1 + ie−iφ
{

∂
∂r
− i

r
∂
∂φ

+ ρr
}
ψ2 = −mψ3,

ieiφ
{

∂
∂r

+ i
r
∂
∂φ
− ρr

}
ψ1 + (p3 − p0 −Gn)ψ2 = −mψ4,

(p0 − p3)ψ3 + ie−iφ
(
∂
∂r
− i

r
∂
∂φ

)
ψ4 = mψ1,

+ieiφ
(
∂
∂r

+ i
r
∂
∂φ

)
ψ3 + (p0 + p3)ψ4 = mψ2.

[H, Jz] = 0⇒ ψ(t, x, y, z) = e−ip0t+ip3z


iχ1(r)e

i(l−1)φ

χ2(r)e
ilφ

iχ3(r)e
i(l−1)φ

χ4(r)e
ilφ





Rising and decreasing operators

−(p0 + p3 +Gn)χ1 +
{
d
dr

+ l
r

+ ρr
}
χ2 = −mχ3,{

d
dr
− l−1

r
− ρr

}
χ1 + (p0 − p3 +Gn)χ2 = mχ4,

(p0 − p3)χ3 +
(
d
dr

+ l
r

)
χ4 = mχ1,(

d
dr
− l−1

r

)
χ3 − (p0 + p3)χ4 = −mχ2.

R+ =
d

dr
− l − 1

r
− ρr, R− =

d

dr
+
l

r
+ ρr.

R−R+χ1 + ((p0 +Gn)2 − p23 −m2)χ1 = m(Gnχ3 + ρrχ4),
R+R−χ2 + ((p0 +Gn)2 − p23 −m2)χ2 = m(Gnχ4 + ρrχ3).



Approximate solution for the neutrino in
rotating medium

R−R+χ1 + ((p0 +Gn)2 − p23 −m2)χ1 = 0,
R+R−χ2 + ((p0 +Gn)2 − p23 −m2)χ2 = 0.

Wave functions(
χ1

χ2

)
=

(
C1Ll−1

s (ρr2)
C2Lls(ρr2)

)
,

R+ Ll−1
s (ρr2) = −2

√
ρ(s+ l)Lls(ρr2),

R− Lls(ρr2) = 2
√
ρ(s+ l)Ll−1

s (ρr2).

The spectrum

p0 =
√
m2 + p23 + 4Nρ−Gn, N = 0, 1, 2, ... .



Neutrino trapping on circular orbits inside of the
neutron star

To make estimation let us take into consideration:
- star radius RNS = 10 km,
- density n = 1037cm−3

- angle velosity ω = 2π × 103 s−1

For this set of parameters the radius of an orbit is less than
the typical star radius if the quantum number

N ≤ Nmax = 1010.

The energy is of the order p̃0 ∼ 1 eV .
To consider the motion of neutrino on circular orbits in
such a case we can use quasiclassical aproach.
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