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1. Introduction

For many years, until 2004, it was believed that a neutrino helicity precession and the corre-
sponding spin oscillations can be induced by the neutrino magnetic interactions with an external
electromagnetic field that provided the existence of the transversal magnetic field component 𝐵⊥ in
the particles rest frame. A new and very interesting possibility for neutrino spin (and spin-flavour)
oscillations engendered by the neutrino interaction with matter background was proposed and in-
vestigated for first time in [3]. It was shown [3] that neutrino spin oscillations can be induced not
only by the neutrino interaction with a magnetic field, as it was believed before, but also by neutrino
interactions with matter in the case when there is a transversal matter current or matter polarization.

For historical notes reviewing studies of the discussed effect see in [4–6]. Note that the
existence of the discussed effect of neutrino spin oscillations engendered by the transversal matter
current and matter polarization and its possible impact in astrophysics have been confirmed in a
series of papers [7–10].

In our recent papers [1, 2] we have developed a consistent quantum treatment of the neutrino
spin and spinflavor oscillations engendered by the transversal matter currents. The presence of the
transversal and longitudinal magnetic fields as well as the longitudinal matter currents are accounted
for. Here below [11] we consider the quantum treatment to take into account the matter polarization
in neutrino oscillations. Also [12] we consider the case of Majorana neutrino.

2. Neutrino spin oscillations 𝜈𝐿𝑒 ⇐ ( 𝑗⊥, 𝜁⊥) ⇒ 𝜈𝑅𝑒 engendered by transversal
matter currents and transversal matter polarization: quantum treatment

Consider two flavour Dirac neutrinos with two possible helicities 𝜈 𝑓 =

(
𝜈+𝑒 , 𝜈

−
𝑒 , 𝜈

+
𝜇, 𝜈

−
𝜇

)𝑇
in

moving matter composed of electrons. Also we consider that neutrino moves along electron current
and the polarization of the neutrino directed against the magnetic field direction. The neutrino
interaction Hamiltonian reads

𝐻𝑖𝑛𝑡 = Δ𝐻
𝑒 𝑓 𝑓

weak + Δ𝐻
𝑒 𝑓 𝑓

𝜁
= 𝑓 𝜇

∑︁
𝑙

𝜈𝑙 (𝑥)𝛾𝜇
1 − 𝛾5

2
𝜈𝑙 (𝑥) = 𝑓 𝜇

∑︁
𝑖

𝜈𝑖 (𝑥)𝛾𝜇
1 − 𝛾5

2
𝜈𝑖 (𝑥), (1)

where 𝑓 𝜇 =
𝐺𝐹

2
√

2
((1+4 sin2 𝜃𝑊 ) 𝑗 𝜇𝑒 −𝜆𝜇

𝑒 ), 𝑗 𝜇𝑒 = 𝑛0(1, v) – matter current,𝜆𝜇
𝑒 = 𝑛((𝜻𝑒, v𝑒), 𝜻𝑒

√︁
1 − 𝑣2

𝑒+
ve

(𝜻eve)
1+
√

1−v2
e

)
– polarization vector, 𝑙 = 𝑒, 𝜇 indicates the neutrino flavour and 𝑖 = 1, 2 indicates the

neutrino mass state. Each of the flavour neutrinos is a superposition of the neutrino mass states,

𝜈±𝑒 = 𝜈±1 cos 𝜃 + 𝜈±2 sin 𝜃, 𝜈±𝜇 = −𝜈±1 sin 𝜃 + 𝜈±2 cos 𝜃. (2)

Using the exact free neutrino mass states spinors,

𝜈𝑠𝛼 = 𝐶𝛼

(
𝑢𝑠𝛼

𝜎𝑝𝛼

𝐸𝛼+𝑚𝛼
𝑢𝑠𝛼

) √︄
(𝐸𝛼 + 𝑚𝛼)

2𝐸𝛼

exp (𝑖 𝒑𝜶𝒙) (3)

where the two-component spinors define neutrino helicity states, and are given by 𝑢+𝛼 = (1 0)𝑇 ,

𝑢−𝛼 = (0 1)𝑇 , for the typical term Δ𝑠𝑠′
𝛼𝛼′ =

〈
𝜈𝑠𝛼

���Δ𝐻𝑒 𝑓 𝑓

𝜁

��� 𝜈𝑠′𝛼′

〉
, which by fixing proper values of
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𝛼, 𝑠, 𝛼′ and 𝑠′ can reproduce all of the elements of the neutrino evolution Hamiltonian Δ𝐻
𝑒 𝑓 𝑓

𝜁
that

accounts for the effect of matter polarization, we obtain,

Δ𝑠𝑠′
𝛼𝛼′ = 𝐺𝑛

{
𝑢𝑠𝛼

𝑇

[(
0 0
0 2

)
𝜁 ‖ +

(
0 𝛾−1

𝛼

𝛾−1
𝛼′ 0

)
𝜁⊥

]
𝑢𝑠

′
𝛼′

}
𝛿𝛼

′
𝛼 , (4)

where 𝜁 | | and 𝜁⊥ are the longitudinal and transversal polarization of the matter, 𝐺 =
𝐺𝐹

2
√

2
, 𝑛 =

𝑛0√
1−𝑣2

and
𝛾−1
𝛼𝛼′ =

1
2

(
𝛾−1
𝛼 + 𝛾−1

𝛼′

)
, 𝛾̃−1

𝛼𝛼′ =
1
2

(
𝛾−1
𝛼 − 𝛾−1

𝛼′

)
, 𝛾−1

𝛼 =
𝑚𝛼

𝐸𝛼

. (5)

The effective interaction Hamiltonian in the flavour basis has the following structure,

𝐻
𝑓

𝜁
= 𝑛𝐺

©­­­­­«
0 ( 𝜂

𝛾
)𝑒𝑒𝜁⊥ 0 ( 𝜂

𝛾
)𝑒𝜇𝜁⊥

( 𝜂
𝛾
)𝑒𝑒𝜁⊥ 2𝜁 ‖ ( 𝜂

𝛾
)𝑒𝜇𝜁⊥ 0

0 ( 𝜂
𝛾
)𝑒𝜇𝜁⊥ 0 ( 𝜂

𝛾
)𝜇𝜇𝜁⊥

( 𝜂
𝛾
)𝑒𝜇𝜁⊥ 0 ( 𝜂

𝛾
)𝜇𝜇𝜁⊥ 2𝜁 ‖

ª®®®®®¬
, (6)

where we use the following notations:(
𝜂

𝛾

)
𝑒𝑒

=
cos2 𝜃

𝛾11
+ sin2 𝜃

𝛾22
,

(
𝜂

𝛾

)
𝜇𝜇

=
sin2 𝜃

𝛾11
+ cos2 𝜃

𝛾22
,

(
𝜂

𝛾

)
𝑒𝜇

=
sin 2𝜃
𝛾̃21

. (7)

For the oscillation 𝜈𝐿𝑒 ⇐ ( 𝑗⊥, 𝜁⊥, 𝐵⊥) ⇒ 𝜈𝑅𝑒 probability we get

𝑃𝜈𝐿
𝑒 →𝜈𝑅

𝑒
(𝑥) = sin2 2𝜃eff sin2 𝜋𝑥

𝐿eff
, sin2 2𝜃eff =

𝐸2
eff

𝐸2
eff + Δ2

eff
, 𝐿eff =

𝜋√︃
𝐸2

eff + Δ2
eff

, (8)

where

𝐸eff =

����𝜇𝑒𝑒𝐵⊥ − ( 𝜂
𝛾
)𝑒𝑒𝑛[𝐺𝑣⊥ + 𝐺𝜁⊥]

���� , Δeff =

����( 𝜇𝛾 )
𝑒𝑒

𝐵 ‖ + 𝑛[𝐺 (1 − 𝑣 ‖) + 𝐺𝜁 ‖]
���� , (9)

and 𝐺̃ =
𝐺𝐹

2
√

2
(1+4 sin2 𝜃𝑊 ). Here 𝐵 ‖ , 𝐵⊥, 𝑣 ‖ and 𝑣⊥ are the longitudinal and transversal components

of the external magnetic field 𝑩 and matter velocity 𝒗 and

𝜇𝑒𝑒 = 𝜇11 cos2 𝜃 + 𝜇22 sin2 𝜃 + 𝜇12 sin 2𝜃,
(
𝜇

𝛾

)
𝑒𝑒

=
𝜇11
𝛾11

cos2 𝜃 + 𝜇22
𝛾22

sin2 𝜃 + 𝜇12
𝛾12

sin 2𝜃. (10)

These formulas can be useful in further investigations of neutrino oscillations in extreme astrophys-
ical environments.

3. The case of Majorana neutrino

Now we consider the case of a Majorana neutrino that propagates in a moving media composed
of neutrons in the presence of a magnetic field. In the mass basis for Majorana neutrinos the
magnetic moment has only nondiagonal components, so that 𝜇11 = 𝜇22 = 0, 𝜇12 = 𝜇∗21 ≡ 𝑖𝜇, and 𝜇

is real.
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In the case of unpolarized matter the corresponding oscillation probability 𝑃𝜈𝐿
𝑒 →𝜈𝑅

𝜇
is deter-

mined by (8) with

𝐸eff =

√√√(
𝜇𝐵⊥ sin 𝜙 cos 2𝜃 + 2

(
𝜂

𝛾

)
𝑒𝜇

𝐺̃𝑛𝑣⊥

)2

+ (𝜇𝐵⊥ cos 𝜙 cos 2𝜃)2,

Δeff =

����Δ𝑚2 cos 2𝜃
4𝑝𝜈0

− 2𝐺̃𝑛
(
1 − 𝑣 ‖

) ���� ,
(11)

where Δ𝑀 = Δ𝑚2 cos 2𝜃
4𝑝𝜈

0
, 𝜙 is an angle between B⊥ and v⊥,

(
𝜇

𝛾

)
𝑒𝜇

=
𝜇12
𝛾12

cos 2𝜃+ 1
2

(
𝜇22
𝛾22

− 𝜇11
𝛾11

)
sin 2𝜃.

From the comparison of the oscillation probabilities of Majorana and Dirac neutrinos (see also
[12]) it follows that Majorana and Dirac neutrinos exhibit quite different oscillation patterns. In
particular, the efficiency of mixing is quite different in these two cases, and also the resonance
conditions in these two cases are realized at different densities of the matter.
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