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Massive neutrinos have nonzero magnetic moments. It is known that the neutrino spin oscilla-
tions can be induced by the neutrino magnetic moment interaction with the transversal magnetic
field. We show that the effect of neutrino spin oscillations can be engendered in the absence of the
neutrino magnetic moment and without the transversal magnetic field. From a regions derivation
of the effective neutrino evolution Hamiltonian in moving matter it follows that spin oscillations
can be engendered by the interaction with the transversal current of matter. The obtained general
expression for the neutrino effective evolution Hamiltonian can be used for investigations of vari-
ous types of neutrino spin oscillations in the transversal matter currents considered in the neutrino
mass and flavour basis.
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1. Introduction

It is well known that massive neutrinos participate in electromagnetic interactions (see [1] for
a review). One of the most straightforward consequences of neutrino nonzero mass is the predic-
tion [2] that neutrinos can have nonzero magnetic moments. Studies of neutrino magnetic moments
and the related phenomena attract a reasonable interest in literature. The values of neutrino mag-
netic moments are constrained in the terrestrial laboratory experiments and in the astrophysical
considerations (see, for instance, [3] and [4]).

One of the most important phenomenon of nontrivial neutrino electromagnetic interactions
is the neutrino magnetic moment procession and spin oscillations in presence of external electro-
magnetic fields. Within this scope the neutrino spin oscillations νL ⇔ νR induced by the neutrino
magnetic moment interaction with the transversal magnetic field B⊥ was first considered in [5].
Then spin-flavor oscillations νL

e ⇔ νR
µ in B⊥ in vacuum were discussed in [6], the importance of

the matter effect was emphasized in [7]. The effect of the resonant amplification of neutrino spin
oscillations in B⊥ in the presence of matter was proposed in [8, 9], the impact of the longitudinal
magnetic field B|| was discussed in [10]. Recently, we have considered in details [11] mixing and
oscillations of neutrino mass and flavour states in an arbitrary constant magnetic field that have the
transversal B⊥ and longitudinal B|| nonzero components.

In a series of our papers [12–14] we proposed to use the generalized Bargmann-Michel-Telegdi
Lorentz invariant equation for description of the neutrino spin Sµ evolution in arbitrary constant
electromagnetic fields and moving matter, also accounting for other general types of non-derivative
neutrino interactions with external fields. In [15,16] we used the three-dimensional equation for de-
scription of the neutrino spin vector S procession when the particle is propagating through moving
matter in presence of an electromagnetic field Fµν = (E,B),

dS
dt

=
2µ
γ

[
S× (B0 +M0)

]
, (1.1)

where γ = (1−β 2)−
1
2 , βββ is the neutrino velocity. For definiteness, consider an electron neutrino

with a generic magnetic moment µ and mass m and matter composed of electrons. The magnetic
field in the neutrino rest frame B0 is determined by the transversal and longitudinal (with respect
to the neutrino motion) magnetic and electric field components in the laboratory frame,

B0 = γ
(

B⊥+
1
γ

B∥+
√

1− γ−2
[
E⊥× βββ

β

])
. (1.2)

The matter term M0 in Eq. (1.1) is also composed of the transversal M0∥ and longitudinal M0⊥
parts ,

M0 = M0∥ +M0⊥ , (1.3)

M0∥ = γβββρ(1)
e

(
1− veβββ

1− γ−2

)
n0√
1− v2

e
, M0⊥ =−ρ(1)

e ve⊥
n0√

1− v2
e
, (1.4)

where ρ(1)
e = 1

2
√

2µ GF(1+4sin2 θW ), and n0 = ne
√

1− v2
e is the invariant number density of matter

given in the reference frame for which the total speed of matter ve is zero. In (1.4) we neglect
possible effects of matter polarization. For the evolution between two neutrino spin states νL

e ⇔ νR
e
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under the influence of weak interations with the transversal matter current M0⊥ we get [15,16] (see
also [17]) the following equation

i
d
dt

(
νL

e

νR
e

)
=

µ
γ

(
M0∥ M0⊥
M0⊥ −M0∥

)(
νL

e

νR
e

)
. (1.5)

For the neutrino spin oscillation probability we get

PνL
e →νR

e
(x) = sin2 2θeff sin2 πx

Leff
, sin22θeff =

M2
0⊥

M2
0∥+M2

0⊥
, Leff =

2π
µM0

γ. (1.6)

From (1.6) it follows that neutrino spin oscillations can be induced not only by the neutrino inter-
action with the magnetic field B⊥ but also by neutrino interactions with matter in the case when
there is a transversal matter current (or matter polarization) [15–17]. Note that the dependence on
the neutrino magnetic moment µ cancels out in (1.5), and in (1.6) as well. The existence of the dis-
cussed effect of neutrino spin oscillations engendered by the transversal matter current and matter
polarization and its importance for astrophysical applications have been confirmed in a series of
recent papers [18–21].

Here below we demonstrate a consistent derivation of the effect of the neutrino spin os-
cillations in the transversal matter currents based on the direct calculation of the spin evolu-
tion effective Hamiltonian. We consider two flavour neutrinos with two possible helicities ν f =

(ν+
e ,ν−

e ,ν+
µ ,ν−

µ )T in moving matter composed of neutrons. The neutrino interaction Lagrangian
reads

Lint =− f µ ν̄(x)γµ
1+γ5

2 ν(x), f µ =−GF√
2
n(1,v), (1.7)

where the matter potential f µ depends on the velocity of matter v = (v1,v2,v3) and on the neutron
number density in the laboratory reference frame n = n0√

1−v2 . Each of the flavour neutrinos is a
superposition of the neutrino mass states,

ν±
e = ν±

1 cosθ +ν±
2 sinθ , ν±

µ =−ν±
1 sinθ +ν±

2 cosθ . (1.8)

The neutrino evolution equation in the flavour basis is

i
d
dt

ν f =
(

He f f
0 +∆He f f

)
ν f , (1.9)

where the first term He f f
0 of effective Hamiltonian determines the neutrino evolution in nonmoving

matter. The second term ∆He f f accounts for the effect of matter motion and it can be expressed as

∆He f f =


∆++

ee ∆+−
ee ∆++

eµ ∆+−
eµ

∆−+
ee ∆−−

ee ∆−+
eµ ∆−−

eµ
∆++

µe ∆+−
µe ∆++

µµ ∆+−
µµ

∆−+
µe ∆−−

µe ∆−+
µµ ∆−−

µµ

 , (1.10)

where
∆ss′

kl = ⟨νs
k |∆HSM|νs′

l ⟩, k, l = e,µ, s,s′ =±. (1.11)
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From (1.7) it follows that

∆HSM = GF
2
√

2
n
(
1+ γ5

)
vγγγ, vγγγ = v1γ1 + v2γ2 + v3γ3. (1.12)

In evaluation of ∆ss′
kl we have first introduced the neutrino flavour states νs

k and νs′
l as superpositions

of the mass states ν±
1,2. Then, using the exact free neutrino mass states spinors,

νs
α =Cα

√
Eα +mα

2Eα

(
us

α
σσσ pppα

Eα+mα
us

α

)
eipppα xxx, α = 1,2, (1.13)

where the two-component spinors us
α

us=1
α =

(
1
0

)
, us=−1

α =

(
0
1

)
, (1.14)

define neutrino helicity states, we have performed calculations that are analogous to those per-
formed in [11]. The difference in calculations is that here we consider not electromagnetic neu-
trino interaction with a magnetic field but the neutrino weak interaction with moving matter given
by (1.12). For the typical term ∆ss′

αα ′ = ⟨νs
α |∆HSM|νs′

α ′⟩, that by fixing proper values of α,s,α ′ and
s′ can reproduces all of the elements of the neutrino evolution Hamiltonian ∆He f f that accounts for
the effect of matter motion, we obtain,

∆ss′
αα ′ =

GF

2
√

2
n0√

1− v2

{
us

α
T
[(

1−σ3
)
v∥+

(
γαα ′−1σ1 + iγ̃−1

αα ′σ2
)
v⊥
]
us′

α ′

}
, (1.15)

where v∥ and v⊥ are the longitudinal and transversal velocities of the matter current and

γαα ′−1 =
1
2
(
γ−1

α + γ−1
α ′
)
, γ̃−1

αα ′ =
1
2
(
γ−1

α − γ−1
α ′
)
, γ−1

α =
mα

Eα
. (1.16)

Recalling expressions for the Pauli matrixes,

σ3 =

(
1 0
0 −1

)
, σ1 =

(
0 1
1 0

)
, σ2 = i

(
0 −1
1 0

)
, (1.17)

we get

∆ss′
αα ′ =

GF

2
√

2
n0√

1− v2

{
us

α
T

[(
0 0
0 2

)
v∥+

(
0 γ−1

α
γ−1

α ′ 0

)
v⊥

]
us′

α ′

}
, (1.18)

The obtained expression (1.18) confirms our previous result [15, 16] (see also [17]) that there is
the effect of the neutrino spin conversion and corresponding spin oscillations engendered by the
interaction with the transversal current of matter. The obtained general expression (1.18) can be
used for investigations of various types of neutrino spin oscillations in the transversal matter cur-
rents considered in the neutrino mass and flavour basis. It is clear that the corresponding effect
engendered by the transversal polarization of matter can be treated in much the same way.

The author is thankful to Paolo Bernardini, Gianluigi Fogli and Eligio Lisi for the invitation
to attend the Neutrino Oscillation Workshop and to all of the organizers for their kind hospitality
in Otranto. This work is supported by the Russian Basic Research Foundation grants No. 16-02-
01023 and 17-52-53133.
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