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After a brief history of two known types of neutrino mixing and oscillations, including neutrino spin and
spin-flavor oscillations in the transversal magnetic field, we perform a systematic study of a new
phenomenon of neutrino spin and spin-flavor oscillations engendered by the transversal matter currents on
the bases of the developed quantum treatment of the phenomenon. Possibilities for the resonance
amplification of these new types of oscillations by the longitudinal matter currents and longitudinal
magnetic fields are analyzed. Neutrino spin-flavor oscillations engendered by the transversal matter
currents in the case of nonstandard interactions of neutrinos with background matter are also considered.
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I. INTRODUCTION

Neutrino mixing and oscillations are no doubt among of
the most exciting and intriguing phenomena of the present
fundamental physics. Being introduced into the physics of
elementary particles on the basis of sufficiently general
theoretical principles more than 60 years ago [1], these
phenomena over the past few decades not only made it
possible to obtain a solution to the problem of solar and
atmospheric neutrinos, but also marked the beginning of a
campaign into a new physics. There are two principal types
of neutrino oscillations: flavor and spin oscillations. The
former arise when there is an initial inherent mixing of the
mass states of the neutrinos, the latter can occur due to
the mixing of neutrinos with different polarizations when
the magnetic moment of the particle interacts with an
external magnetic field.
In this paper, we consider in detail the new possibility

of the appearance of spin and spin-flavor neutrino oscil-
lations engendered by weak interactions of neutrinos with
the medium in the case when there are the transversal
currents of matter. For the neutrino spin oscillations in
this case there is no need neither for a neutrino nonzero

magnetic moment nor for an external magnetic field
presence.
For the first time the phenomenon of spin oscillations of

neutrinos due toweak interactionswith the transversalmatter
currents and/or the transversal polarization of matter was
considered in [2] (this possibility was also mentioned in [3]).
The existence of the discussed effect of neutrino spin
oscillations engendered by the transversal matter current
was confirmed in a series of recent papers [4–8] where its
possible impact in astrophysics was also discussed.
Given these circumstances there is an urgent need for a

systematic and consistent presentation of the theory of
this new phenomenon. Indeed, the discussed neutrino
spin (and spin-flavor) oscillations engendered by the trans-
versal matter current is a new type of oscillations that have
never been discussed before the publication of the paper
[2]. Therefore, it would be useful to recall the main
points of the history of the neutrino oscillation phenomena
studies.
The paper is organized as follows. After a brief history of

neutrino mixing and oscillations, give in Sec. II, we present
in Sec. III the semiclassical and then quantum treatment of
the neutrino spin oscillations νLe ⇐ ðj⊥Þ ⇒ νRe engendered
by the transversal matter currents and derive the corre-
sponding neutrino evolution Hamiltonian. In Sec. IV
the probability of the neutrino spin oscillations νLe ⇐
ðj⊥; B⊥Þ ⇒ νRe in the transversal matter current and the
constant magnetic field is derived. It is shown that there are
possibilities for the resonance amplification of the consid-
ered spin oscillations νLe ⇐ ðj⊥Þ ⇒ νRe engendered by the
transversal matter current due to: (1) the longitudinal matter

*kfrepp@gmail.com
†studenik@srd.sinp.msu.ru

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 98, 113009 (2018)

2470-0010=2018=98(11)=113009(14) 113009-1 Published by the American Physical Society

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.98.113009&domain=pdf&date_stamp=2018-12-21
https://doi.org/10.1103/PhysRevD.98.113009
https://doi.org/10.1103/PhysRevD.98.113009
https://doi.org/10.1103/PhysRevD.98.113009
https://doi.org/10.1103/PhysRevD.98.113009
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


currents, and (2) the longitudinal magnetic field. In Sec. V
the neutrino spin-flavor oscillations νLe ⇐ðj⊥Þ⇒νRμ engen-
dered by the transversal matter current are considered and
the resonance amplification of the corresponding proba-
bility is discussed. The neutrino spin-flavor oscillations
νLe ⇐ ðj⊥Þ ⇒ νRμ engendered by the transversal matter
current with the nonstandard interactions are considered
in Sec. VII.

II. A BRIEF HISTORY OF NEUTRINO
MIXING AND OSCILLATIONS

Neutrino flavor oscillations in vacuum and matter.—The
story of the neutrino mixing and oscillations started with
two papers by Bruno Pontecorvo [1,9] where the above-
mentioned effects have been discussed for the first time.
In [1] Pontecorvo has indicated that if the neutrino charge
were not conserved then the transition between a neutrino
and antineutrino would become possible in vacuum. In [9]
Pontecorvo has even directly introduced a phenomenon of
neutrino mixing. He has written the following.
“Neutrinos in vacuum can transform themselves into

antineutrino and vice versa. This means that neutrino and
antineutrino are particle mixtures. So, e.g., a beam of
neutral leptons from a reactor which at first consists mainly
of antineutrinos will change its composition and at a certain
distance R from the reactor will be composed of neutrino
and antineutrino in equal quantities.”
The paper [9] ends with the following statement.
“Under the above assumptions, effects of transformation

of neutrino into antineutrino and vice versa may be
unobservable in the laboratory because of large value of
R, but will certainly occur, at least, on an astronomic scale.”
A brief history of neutrino mixing and oscillations can be

found in [10]. In 1962, just after the discovery of the second
flavor neutrino, the effect of neutrino mixing was discussed
in [11] where the fields of the weak neutrinos νe and νμ
were connected with the neutrinos mass states ν1 and ν2 by
the unitary mixing matrixU that can be parametrized by the
mixing angle θ and

νe ¼ ν1 cosθþ ν2 sinθ; νμ ¼ −ν1 sinθþ ν2 cosθ: ð1Þ

The theory of neutrino mixing and oscillations was
further developed in [12,13] with actual calculations of
neutrino beam evolution. In [14] the effect of neutrino
interaction with matter of a constant density on neutrino
flavor mixing and oscillations was investigated. The
existence of resonant amplification of neutrino mixing
(the MSW effect) when a neutrino flux propagates through
a medium with varying density was predicted in [15].
The tedious studies, both experimental and theoretical,

over the past 60 years has been honored by the Nobel Prize
of 2015 awarded to Arthur McDonald and Takaaki Kajita
for the discovery of neutrino oscillations, which shows that
neutrinos have mass.

Neutrino spin oscillations in magnetic fields.—The
straightforward consequence of neutrino nonzero mass is
the prediction [16] that neutrinos can have nonzero mag-
netic moments. Studies of neutrino magnetic moments and
the related phenomena attract a reasonable interest in
literature. The values of neutrino magnetic moments are
constrained in the terrestrial laboratory experiments and in
the astrophysical considerations (see, for instance, [17,18]).
Massive neutrinos participate in electromagnetic inter-

actions. The recent review on this topic is given in [19] (the
upgrade can be found in [20]). One of the most important
phenomena of nontrivial neutrino electromagnetic inter-
actions is the neutrino magnetic moment precession and the
corresponding spin oscillations in the presence of external
electromagnetic fields. The later effect has been studied in
numerous papers published during several passed decades.
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 [21]. Then spin-flavor oscillations νLe ⇔ νRμ in B⊥ in
vacuum were discussed in [22], the importance of the
matter effect was emphasized in [23]. The effect of the
resonant amplification of neutrino spin oscillations inB⊥ in
the presence of matter was proposed in [24,25], the impact
of the longitudinal magnetic fieldBjj was discussed in [26].
The neutrino spin oscillations in the presence of constant
twisting magnetic field were considered in [27–32].
Recently a new approach to the description of neutrino

spin and spin-flavor oscillations in the presence of an
arbitrary constant magnetic field have been developed
[32–34]. Within the new approach exact quantum sta-
tionary states are used for classification of neutrino spin
states, rather than the neutrino helicity states that have been
used for this purpose within the customary approach in
many published papers. Recall that the helicity states are
not stationary in the presence of a magnetic field. It has
been shown [34], in particular, that in the presence of the
transversal magnetic field for a given choice of parameters
(the energy and magnetic moments of neutrinos and
strength of the magnetic field) the amplitude of the flavor
oscillations νLe ⇔ νLμ at the vacuum frequency is modulated
by the magnetic field frequency. Similar results on the
important influence of the transversal magnetic field on
amplitudes of various types of neutrino oscillations were
obtained earlier [35] on the basis of the exact solution of the
effective equation for neutrino evolution in the presence of
a magnetic field and matter, which accounts for four
neutrino species corresponding to two different flavor
states with positive and negative helicities.
In [36] neutrino spin oscillations were considered in the

presence of arbitrary constant electromagnetic fields Fμν.
Neutrino spin oscillations in the presence of the field of
circular and linearly polarized electromagnetic waves and
superposition of an electromagnetic wave and constant
magnetic field were considered in [37–39].
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The more general case of neutrino spin evolution in the
case when the neutrino is subjected to general types of
nonderivative interactions with external scalar s, pseudo-
scalar π, vector Vμ, axial-vector Aμ, tensor Tμν and
pseudotensor Πμν fields was considered in [40]. From
the general neutrino spin evolution equation, obtained in
[40], it follows that neither scalar s nor pseudoscalar π nor
vector Vμ fields can induce neutrino spin evolution. On the
contrary, within the general consideration of neutrino spin
evolution it was shown that electromagnetic (tensor) and
weak (axial-vector) interactions can contribute to the
neutrino spin evolution.
Recently we have considered in detail [33,41] neutrino

mixing and oscillations in the arbitrary constant magnetic
field that haveB⊥ andBjj nonzero components and derived
an explicit expressions for the effective neutrino magnetic
moments for the flavor neutrinos in terms of the corre-
sponding magnetic moments introduced in the neutrino
mass basis.

III. NEUTRINO SPIN OSCILLATIONS
νLe ⇐ ð j⊥Þ ⇒ νRe ENGENDERED BY

TRANSVERSAL MATTER CURRENTS

For many years, until 2004, it was believed that a
neutrino helicity precession and the corresponding 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-flavor)
oscillations engendered by the neutrino interaction with
matter background was proposed and investigated for the
first time in [2]. It was shown [2] 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. This new effect has been explicitly high-
lighted in [2].
“The possible emergence of neutrino spin oscillations

owing to neutrino interaction with matter under the con-
dition that there exists a nonzero transverse current com-
ponent or matter polarization is the most important new
effect that follows from the investigation of neutrino-spin
oscillations in Sec. IV. So far, it has been assumed that
neutrino-spin oscillations may arise only in the case where
there exists a nonzero transverse magnetic field in the
neutrino rest frame.”
For historical notes reviewing studies of the discussed

effect, see in [42,43]. It should be noted that the predicted
effect exists regardless of the composition of the back-
ground matter transversal current and the source of its
possible polarization (that can be a background magnetic
field, for instance).

Note that the existence of the discussed effect of neutrino
spin oscillations engendered by the transversal matter
current and its possible impact in astrophysics was con-
firmed in a series of recent papers [4–7]. In the most recent
paper [8] it has been pointed out that the effect of neutrino
spin conversion from left-handed helicity states to right-
handed helicity states in the absence of a magnetic field or a
large magnetic moment (that was first predicted in [2])
would be present in a supernova environment.

A. Semiclassical treatment

Following the discussion in [2] consider, as an example,
an electron neutrino spin precession in the case when
neutrinos with the Standard Model interaction are propagat-
ing through moving and polarized matter composed of
electrons (electron gas) in the presence of an electromagnetic
field given by the electromagnetic-field tensorFμν ¼ ðE;BÞ.
To derive the neutrino spin oscillation probability in the
transversal matter current we use the generalized Bargmann-
Michel-Telegdi equation that describes the evolution of the
three-dimensional neutrino spin vector S,

dS
dt

¼ 2

γ
½S × ðB0 þM0Þ�; ð2Þ

where the magnetic field B0 in the neutrino rest frame is
determined by the transversal and longitudinal (with
respect to the neutrino motion) magnetic and electric field
components in the laboratory frame,

B0 ¼ γ

�
B⊥ þ 1

γ
Bk þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − γ−2

q �
E⊥ ×

β
β

��
; ð3Þ

γ ¼ ð1 − β2Þ−1
2, β is the neutrino velocity. The matter term

M0 in Eq. (2) is also composed of the transversal M0k and
longitudinal M0⊥ parts,

M0 ¼ M0k þM0⊥ ; ð4Þ

M0k ¼ γβ
n0ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − v2e

p �
ρð1Þe

�
1 −

veβ
1 − γ−2

��

−
ρð2Þe

1 − γ−2

�
ζeβ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − v2e

q
þ
�
ζeve

ðβveÞ
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − v2e

p ��
;

ð5Þ

M0⊥ ¼ −
n0ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − v2e

p �
ve⊥ðρð1Þe þ ρð2Þe

ðζeveÞ
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − v2e

p �

þ ζe⊥ρ
ð2Þ
e

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − v2e

q �
: ð6Þ

Here n0 ¼ ne
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − v2e

p
is the invariant number density of

matter given in the reference frame for which the total

NEUTRINO SPIN AND SPIN-FLAVOR OSCILLATIONS IN … PHYS. REV. D 98, 113009 (2018)

113009-3



speed of matter is zero. The vectors ve and ζeð0≤ jζej2≤1Þ
denote, respectively, the speed of the reference frame in
which the mean momentum of matter (electrons) is zero,
and the mean value of the polarization vector of the
background electrons in the above-mentioned reference

frame. The coefficients ρð1;2Þe calculated within the extended
Standard Model supplied with SUð2Þ-singlet right-handed
neutrino νR are, respectively, ρð1Þe ¼ G̃F

2
ffiffi
2

p
μ
and ρð2Þe ¼ − GF

2
ffiffi
2

p
μ
,

where G̃F ¼ GFð1þ 4 sin2 θWÞ.
For neutrino evolution between two neutrino states

νLe ⇔ νRe in the presence of the magnetic field and moving
matter we get [2] the following equation:

i
d
dt

�
νLe

νRe

�
¼ μ

 
1
γ jM0k þB0kj jB⊥ þ 1

γM0⊥j
jB⊥ þ 1

γM0⊥j − 1
γ jM0k þB0kj

!�
νLe

νRe

�
:

ð7Þ

Thus, the probability of the neutrino spin oscillations in the
adiabatic approximation is given by [2]

PνLe→νRe ðxÞ ¼ sin22θeffsin2
πx
Leff

;

sin22θeff ¼
E2
eff

E2
eff þ Δ2

eff

;

Leff ¼
πffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E2
eff þ Δ2

eff

p ; ð8Þ

where

Eeff ¼ μ

				B⊥ þ 1

γ
M0⊥

				;
Δeff ¼

μ

γ
jM0k þ B0kj: ð9Þ

Thus, it follows that even without the presence of an
electromagnetic field, B⊥ ¼ B0k ¼ 0, neutrino spin oscil-
lations νLe ⇔ νRe can be induced in the presence of matter
when the transverse matter term M0⊥ is not zero. If we
neglect possible effects of matter polarization then the
neutrino evolution equation (7) simplifies to

i
d
dt

�
νLe

νRe

�
¼ μ

γ

�
M0k M0⊥
M0⊥ −M0k

��
νLe

νRe

�
; ð10Þ

where

M0k ¼ γβρð1Þe

�
1 −

veβ
1 − γ−2

�
n0ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − v2e

p ;

M0⊥ ¼ −ρð1Þe ve⊥
n0ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − v2e

p : ð11Þ

The effective mixing angle and oscillation length in the
neutrino spin oscillation probability (8) now are given by

sin22θeff ¼
M2

0⊥
M2

0k þM2
0⊥

; Leff ¼
π

μM0

γ: ð12Þ

The above considerations can be applied to other types of
neutrinos and various matter compositions. It is also
obvious that for neutrinos with nonzero transition magnetic
moments a similar effect for spin-flavor oscillations exists
under the same background conditions.

B. Quantum treatment

Here below we continue our studies of the effect of
neutrino spin evolution induced by the transversal matter
currents and develop a consistent derivation (see also
[44,45]) of the effect based on the direct calculation of
the spin evolution effective Hamiltonian in the case when a
neutrino is propagating in the transversal currents of matter.
Consider two flavor neutrinos with two possible hel-

icities νf ¼ ðνþe ; ν−e ; νþμ ; ν−μ ÞT in moving matter composed
of neutrons. The neutrino interaction Lagrangian reads

Lint ¼ −fμ
X
l

ν̄lðxÞγμ
1þ γ5

2
νlðxÞ

¼ −fμ
X
i

ν̄iðxÞγμ
1þ γ5

2
νiðxÞ;

fμ ¼ −
GFffiffiffi
2

p nð1; vÞ; ð13Þ

where l ¼ e, or μ indicates the neutrino flavor, i ¼ 1, 2
indicates the neutrino mass state and the matter potential fμ

depends on the neutron number density in the laboratory
reference frame n ¼ n0ffiffiffiffiffiffiffiffi

1−v2
p and on the velocity of matter

v ¼ ðv1; v2; v3Þ. Each of the flavor neutrinos is a super-
position of the neutrino mass states,

ν�e ¼ ν�1 cos θ þ ν�2 sin θ;

ν�μ ¼ −ν�1 sin θ þ ν�2 cos θ: ð14Þ

The neutrino evolution equation in the flavor basis is

i
d
dt

νf ¼ ðH0 þ ΔHSMÞνf; ð15Þ

where the first term H0 of the effective Hamiltonian
determines the neutrino evolution in nonmoving matter.
The second term ΔHSM accounts for the effect of matter
motion and it can be expressed as (see also [44,45])
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ΔHSM ¼

0
BBB@

Δþþ
ee Δþ−

ee Δþþ
eμ Δþ−

eμ

Δ−þ
ee Δ−−

ee Δ−þ
eμ Δ−−

eμ

Δþþ
μe Δþ−

μe Δþþ
μμ Δþ−

μμ

Δ−þ
μe Δ−−

μe Δ−þ
μμ Δ−−

μμ

1
CCCA; ð16Þ

where

Δss0
kl ¼ hνskjΔHSMjνs0l i; k; l¼ e;μ; s; s0 ¼ �: ð17Þ

From (13) it follows that

ΔHSM ¼ GF

2
ffiffiffi
2

p nð1þ γ5Þvγ;

vγ ¼ v1γ1 þ v2γ2 þ v3γ3: ð18Þ

In evaluation of Δss0
kl we have first introduced the

neutrino flavor states νsk and νs
0
l as superpositions of the

mass states ν�1;2. Then, using the exact free neutrino mass
states spinors,

νsα ¼ Cα

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Eα þmα

2Eα

s � usα
σpα

Eαþmα
usα

�
eipαx; α ¼ 1; 2; ð19Þ

where the two-component spinors usα,

us¼1
α ¼

�
1

0

�
; us¼−1

α ¼
�
0

1

�
; ð20Þ

define neutrino helicity states, we have performed calcu-
lations that are analogous to those performed in [41]. The
difference in calculations is that here we consider not
electromagnetic neutrino interaction with a magnetic field
but the neutrino weak interaction with moving matter given
by (16). For the typical term Δss0

αα0 ¼ hνsαjΔHSMjνs0α0 i, which
by fixing proper values of α, s, α0 and s0 can reproduce all of
the elements of the neutrino evolution Hamiltonian ΔHeff

that accounts for the effect of matter motion, we obtain (see
also [44,45])

Δss0
αα0 ¼

GF

2
ffiffiffi
2

p n0ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − v2

p fusαT ½ð1 − σ3Þvk
þ ðγαα0−1σ1 þ iγ̃αα0−1σ2Þv⊥�us0α0 gδα

0
α ; ð21Þ

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

γαα0
−1 ¼ 1

2
ðγ−1α þ γ−1α0 Þ;

γ̃αα0
−1 ¼ 1

2
ðγ−1α − γ−1α0 Þ;

γ−1α ¼ mα

Eα
: ð22Þ

Recalling expressions for the Pauli matrixes,

σ3¼
�
1 0

0 −1

�
; σ1¼

�
0 1

1 0

�
; σ2¼ i

�
0 −1
1 0

�
; ð23Þ

we get (see also [44,45])

Δss0
αα0 ¼

GF

2
ffiffiffi
2

p n0ffiffiffiffiffiffiffiffiffiffiffiffi
1−v2

p

×

�
usαT
��

0 0

0 2

�
vkþ

�
0 γ−1α

γ−1α0 0

�
v⊥
�
us

0
α0

�
δα

0
α : ð24Þ

The obtained general expression (24) can be used
for investigations of various types of neutrino spin
oscillations in the transversal matter currents considered
in the neutrino mass basis. It confirms our prediction [2]
that there are the effect of the neutrino spin conversion
and corresponding spin oscillations engendered by the
interaction with the transversal current of matter. It is also
clear that the corresponding effect engendered by the
transversal polarization of matter can be treated in much
the same way.
On the basis of Eq. (24) and using the relation (14)

between neutrino mass ν�α and flavor ν�l states it is possible
to bring our considerations to observational terms and study
neutrino oscillations in the flavor basis νsf. The neutrino
flavor and mass states are connected by the neutrino mixing
matrix,

νf ¼ Uνα; ð25Þ

for which in the considered case we have

U ¼

0
BBB@

cos θ 0 sin θ 0

0 cos θ 0 sin θ

− sin θ 0 cos θ 0

0 − sin θ 0 cos θ

1
CCCA: ð26Þ

The corresponding neutrino evolution equation is

i
d
dt

νf ¼ Hf
vνf; ð27Þ

where the effective Hamiltonian is given by Hf
v ¼ UHU†

and can be directly calculated using Eq. (26).
However, it is possible to get a general structure of the

effective evolutionHamiltonian for the flavor neutrino using
results of our previous studies [33,41] of neutrino oscil-
lations in the arbitrary magnetic field B ¼ Bk þ B⊥. For
evaluation of the flavor neutrino oscillation in an arbitrary
moving matter that is characterized by the current j ¼
jk þ j⊥ we consider results for the flavor neutrino oscilla-
tions in themagnetic fieldB and account for similarity of the
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correspondence between the neutrino magnetic moment to
magnetic field interaction Hamiltonian HB,

HB ¼ −μαα0 ν̄α0ΣBνα þ H:c:; Σi ¼
�
σi 0

0 σi

�
; ð28Þ

and the neutrino to moving matter interaction
Hamiltonian Hv,

Hv ¼ G̃nν̄α0vγνα; G̃ ¼ GF

2
ffiffiffi
2

p : ð29Þ

Here n ¼ n0ffiffiffiffiffiffiffiffi
1−v2

p ¼ n0γn, n0 is the invariant density of

matter composed of neutrons. For the flavor neutrino
evolution Hamiltonian in the magnetic field Hf

B¼UHBU†

we have [33,41,46]

Hf
B ¼

0
BBBBB@

−ðμγÞeeBjj μeeB⊥ −ðμγÞeμBjj μeμB⊥
μeeB⊥ ðμγÞeeBjj μeμB⊥ ðμγÞeμBjj

−ðμγÞeμBjj μeμB⊥ −ðμγÞμμBjj μμμB⊥
μeμB⊥ ðμγÞeμBjj μμμB⊥ ðμγÞμμBjj

1
CCCCCA; ð30Þ

where the following notations are used:

�
μ

γ

�
ee

¼ μ11
γ11

cos2θ þ μ22
γ22

sin2θ þ μ12
γ12

sin 2θ;�
μ

γ

�
eμ

¼ μ12
γ12

cos 2θ þ 1

2

�
μ22
γ22

−
μ11
γ11

�
sin 2θ;

�
μ

γ

�
μμ

¼ μ11
γ11

sin2θ þ μ22
γ22

cos2θ −
μ12
γ12

sin 2θ; ð31Þ

μee ¼ μ11cos2θ þ μ22sin2θ þ μ12 sin 2θ;

μeμ ¼ μ12 cos 2θ þ
1

2
ðμ22 − μ11Þ sin 2θ;

μμμ ¼ μ11sin2θ þ μ22cos2θ − μ12 sin 2θ: ð32Þ

For the flavor neutrino evolution Hamiltonian in moving
matter Hf

v ¼ UHvU† we get

Hf
v ¼ nG̃

0
BBBBB@

0 ðηγÞeev⊥ 0 ðηγÞeμv⊥
ðηγÞeev⊥ 2ηeeð1−vkÞ ðηγÞeμv⊥ ηeμ

0 ðηγÞeμv⊥ 0 ðηγÞμμv⊥
ðηγÞeμv⊥ ηeμ ðηγÞμμv⊥ 2ημμð1−vkÞ

1
CCCCCA;

ð33Þ

where η
γ and η are given by

�
η

γ

�
ee

¼
�
μ

γ

�
eejμ11¼μ22¼1; μ12¼0

¼ cos2θ
γ11

þ sin2θ
γ22

; ð34Þ

�
η

γ

�
μμ

¼
�
μ

γ

�
μμjμ11¼μ22¼1; μ12¼0

¼ sin2θ
γ11

þ cos2θ
γ22

; ð35Þ

�
η

γ

�
eμ

¼
�
μ

γ

�
eμjμ11¼μ22¼1; μ12¼0

¼ sin 2θ
γ̃21

; ð36Þ

ηee ¼ μeejμ11¼μ22¼1; μ12¼0
¼ 1; ð37Þ

ημμ ¼ μμμjμ11¼μ22¼1; μ12¼0
¼ 1; ð38Þ

ηeμ ¼ μeμjμ11¼μ22¼1; μ12¼0
¼ 0 ð39Þ

if one sets μ11 ¼ μ22 ¼ 1, μ12 ¼ 0 in Eqs. (31) and (32).
From the above consideration it follows that neutrino

spin oscillations can be engendered by the magnetic
moment interactions with the transversal magnetic field
B⊥ as well as by the neutrino weak interactions with the
transversal matter current j⊥.

IV. PROBABILITY OF NEUTRINO SPIN
OSCILLATIONS νLe ⇐ ð j⊥;B⊥Þ ⇒ νRe

ENGENDERED BY TRANSVERSAL MATTER
CURRENT AND MAGNETIC FIELD

Consider the initial neutrino state νLe moving in the
background with the magnetic field B ¼ Bk þ B⊥ and
nonzero matter current j ¼ jk þ j⊥. One of the possible
modes of neutrino transitions with the change of helicity is
νLe ⇐ ðj⊥; B⊥Þ ⇒ νRe . The corresponding oscillations are
governed by the evolution equation

i
d
dt

�
νLe

νRe

�
¼
� ðμγÞeeBjj þ ηeeG̃nð1 − vβÞ

μeeB⊥ þ ðηγÞeeG̃nv⊥
μeeB⊥ þ ðηγÞeeG̃nv⊥

−ðμγÞeeBjj − ηeeG̃nð1 − vβÞ

��
νLe

νRe

�
: ð40Þ
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For the oscillation νLe ⇐ðj⊥;B⊥Þ⇒νRe probability we get

PνLe→νRe ðxÞ ¼
E2
eff

E2
eff þ Δ2

eff

sin2
πx
Leff

;

Leff ¼
πffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E2
eff þ Δ2

eff

p ; ð41Þ

where

Eeff ¼
				μeeB⊥ þ

�
η

γ

�
ee
G̃nv⊥

				;
Δeff ¼

				
�
μ

γ

�
ee
Bjj þ ηeeG̃nð1 − vβÞβ

				: ð42Þ

In the next section we estimate values of the correspond-
ing parameters that characterize the properties of neutrinos,
the background matter and the magnetic field for which
neutrino spin oscillations νLe ⇐ ðj⊥Þ ⇒ νRe , engendered by
neutrino weak interactions with the transversal matter
current, can proceed with significant probability.

A. Resonance amplification of neutrino
spin oscillations νLe ⇐ ð j⊥Þ ⇒ νRe by

longitudinal matter current

We are interested in the situation when the amplitude of
oscillations sin2 2θeff in (41) is not small and we use the
criterion based on the demand that

sin22θeff ¼
E2
eff

E2
eff þ Δ2

eff

≥
1

2
; ð43Þ

which is provided by the condition Eeff ≥ Δeff .
At first we consider the case when the effect of magnetic

field is negligible and thus we have

Eeff ¼
				
�
η

γ

�
ee
G̃nv⊥

				; Δeff ¼ jG̃nð1 − vβÞβj ð44Þ

and the oscillation length is given by

Leff ¼
π

ðηγÞeeG̃nv⊥
: ð45Þ

From the condition Eeff ≥ Δeff it follows that�
η

γ

�
ee
v⊥ ≥ ð1 − vβÞ: ð46Þ

In the further evaluations we suppose that Δm ¼
m2 −m1 ≪ m1, m2, and introduce the neutrino effective
gamma-factor γν:

1

γν
¼ 1

γ11
∼

1

γ22
: ð47Þ

Then the condition (46) reduces to

v⊥
γν

≥ ð1 − vβÞ: ð48Þ

Assuming neutrino masses m1, m2 ∼ 0.1 eV, for a typical
neutrino energy pν

0 ∼ 10 MeV we find γν ∼ 107. Consider
the case when neutrinos are more relativistic particles than
the background matter neutrons (γν ≫ γn), then from (48)
we get

1

γν
≥

1

γ2n
: ð49Þ

The latter condition can be valid for ultrarelativistic
background matter with γn ≥ γν

1=2 ∼ 3 × 103. At the same
time the oscillation length Leff given by (45) can be
Leff ∼ 50 km in the case n ∼ 1037 cm3 and γn ∼ 3 × 103.

B. Resonance amplification of neutrino
spin oscillations νLe ⇐ ð j⊥Þ ⇒ νRe by

longitudinal magnetic field

The presence of the longitudinal magnetic field Bjj can
also have an important impact on the criterion (90). In the
previous consideration the diminishing value of Δeff is
attained by the vanishing value of ð1 − vβÞ. Now we
consider reduction of the term G̃nð1 − vβÞ in Δeff given
by (42) due to the contribution of ðμγÞeeBjj. This possibility
can be realized when Bjjβ ¼ −1. An environment we are
considering can be realized by models of short gamma-ray
bursts (sGRB) (see [47,48]). Consider the neutrino νe
escaping the central neutron star with inclination given
by an angle α from the plane of the accretion disk. Then this
neutrino propagates through the toroidal bulk of very dense
matter that rotates with the angular velocity of about
ω ¼ 103 s−1 around the axis that is perpendicular to the
accretion disk. The diameter of the perpendicular cut of the
toroidal bulk of matter is about d ∼ 20 km and the distance
from the center of this cut to the center of the neutron star is
also about D ∼ 20 km. The transversal velocity of matter
can be estimated accordingly v⊥ ¼ ωD ¼ 0.067 that cor-
responds to γn ¼ 1.002.
Suppose that the direction of the neutrino propagation is

characterized by sin α ∼ 1
2
. If there is a magnetic field B

perpendicular to the accretion disk then there is the
longitudinal field in respect to the neutrino propaga-
tion Bjj ¼ B sin α ∼ 1

2
B.

In the straightforward analysis we are particularly
interested in the conversion νLe ⇐ ðj⊥Þ ⇒ νRe engendered
by interactions with the transversal matter current j⊥.
Therefore we omit the possible effect of the neutrino
magnetic moment interaction with the transversal magnetic
field μeeB⊥ in (42) and get
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Eeff ¼
�
η

γ

�
ee
G̃nv⊥ ¼ cos2θ

γ11
G̃nv⊥ ≈ G̃n0

γn
γν

v⊥: ð50Þ

In the considered geometry vβ ¼ 0 and for Δeff we use the
relation

Δeff ¼
				
�
μ

γ

�
ee
Bjj þ ηeeG̃nβ

				
¼
				Bjj

�
μ11
γ11

cos2θ þ μ22
γ22

sin2θ

�
þ G̃nβ

				
≈
				 μ11γν Bjj − G̃n0γn

				: ð51Þ

From the demand Eeff > Δeff we get

j μ11Bjj
G̃n0γn

− γνj ≤ 1: ð52Þ

Thus, the criterion (90) is fulfilled if the longitudinal
magnetic field is

Bjj ¼ Bcr
jj ∼ γnγν

G̃n0
μ11

: ð53Þ

From theobtained estimationof the critical strengthBcr
jj of the

longitudinal magnetic fieldBjj follows its important depend-
ence on the matter density n0. If one takes an estimation
for the neutrino magnetic moment μ11 ∼ 3 × 10−11 μB and
γν ¼ 2 × 107 then in the case of very low matter density
n0 ∼ 1023 cm−3 the critical field is Bcr

jj ∼ 8 × 10−3 B0,

where B0 ¼ m2
e

e0
¼ 4.41 × 1013 Gauss. For higher densities

n0 ∼ 1036 cm−3 we get Bcr
jj ∼ 1024 Gauss that is of the order

of the critical field strength BW ¼ m2
W
e0

where a component of
the W-field becomes tachyonic (see [49] and references
therein).
From these estimations it would seem that in order to get

a reasonable reduction of the term G̃nð1 − vβÞ in Δeff given
by (42) due to the contribution of ðμγÞeeBjj the matter density
should not be too high to avoid a demand for extremely
strong magnetic fields. However, one should also consider
the scale of the effective oscillation length whose value in
the case of the resonance Δeff → 0 is given by (45). Even
for the case n0 ∼ 1036 cm−3 the effective length is still
extremely large Leff ∼ 300 km, which makes a hypotheti-
cally interesting possibility of the resonant amplification of
spin oscillations due to the longitudinal component of the
magnetic field unattainable.

V. NEUTRINO SPIN-FLAVOR OSCILLATIONS
νLe ⇐ ð j⊥Þ ⇒ νRμ ENGENDERED BY

TRANSVERSAL MATTER CURRENT

Here below we consider another interesting consequence
of neutrino standard interaction with the transversal matter
current that produces the neutrino spin precession and
oscillations accompanying in addition with the change of
the neutrino flavor. These effects are similar to the neutrino
spin-flavor oscillations in the transversal magnetic field
which, as it was shown in [24,25], can be amplified by the
resonance in the presence of matter.
For the considered case of νLe ⇐ ðj⊥B⊥Þ ⇒ νRμ

from (30) and (33) we get the following neutrino evolution
equation:

i
d
dt

�
νLe

νRμ

�
¼
�−ΔM þ ðμγÞeeBjj þ G̃nð1 − vβÞ

μeμB⊥ þ ðηγÞeμG̃nv⊥
μeμB⊥ þ ðηγÞeμG̃nv⊥

ΔM − ðμγÞμμBjj − G̃nð1 − vβÞ

��
νLe

νRμ

�
; ð54Þ

where

ΔM ¼ Δm2 cos 2θ
4pν

0

; ð55Þ

andpν
0 is neutrino energy. For the oscillation ν

L
e ⇐ðj⊥Þ⇒νRμ

probability we get

PνLe→νRμ ðxÞ ¼ sin22θeffsin2
πx
Leff

;

sin22θeff ¼
E2
eff

E2
eff þ Δ2

eff

;

Leff ¼
πffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E2
eff þ Δ2

eff

p ; ð56Þ

where

Eeff ¼
				μeμB⊥ þ

�
η

γ

�
eμ
G̃nv⊥

				;
Δeff ¼

				ΔM −
1

2

�
μ11
γ11

þ μ22
γ22

�
Bk − G̃nð1 − vβÞ

				: ð57Þ

From (57) it follows that the value of Δeff can be
diminished by both the neutrino interaction with the
longitudinal magnetic field and also by the effect of
interaction with matter.
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VI. RESONANCE AMPLIFICATION OF
NEUTRINO SPIN-FLAVOR OSCILLATIONS

νLe ⇐ ð j⊥Þ ⇒ νRμ

We are again interested in the situation when the
amplitude of oscillations sin2 2θeff in (56) is not small
and we use the criterion based on the demand that

sin2 2θeff ¼
E2
eff

E2
eff þ Δ2

eff

≥
1

2
; ð58Þ

which is provided by the condition Eeff ≥ Δeff . Thus we get
the condition				μeμB⊥ þ

�
η

γ

�
eμ
G̃nv⊥

				
≥
				ΔM −

1

2

�
μ11
γ11

þ μ22
γ22

�
Bk − G̃nð1 − vβÞ

				: ð59Þ

Consider the case when the effect of the magnetic field is
negligible, thus we get				

�
η

γ

�
eμ
G̃nv⊥

				 ≥ jΔM − G̃nð1 − vβÞj: ð60Þ

The effective oscillation length reads

Leff ¼
π

ðηγÞeμG̃nv⊥
: ð61Þ

In the further evaluations we use the approximation�
η

γ

�
eμ
≈
sin 2θ
γν

; ð62Þ

and get the resonance condition in the form

G̃nv⊥
γν

sin 2θ þ G̃nð1 − vβÞ ≥ ΔM: ð63Þ

In the case vk ¼ 0 we get

G̃nv⊥
γν

sin 2θ þ G̃n ≈ G̃n: ð64Þ

Finally, the criterion (58) is fulfilled when the following
condition is valid:

G̃n ≥ ΔM: ð65Þ

Consider again an environment peculiar to models of
short gamma-ray bursts discussed in Sec. IV B (see also
[47,48]). The mass squared difference and mixing angle are
taken from the solar neutrino measurements, Δm2 ¼
7.37 × 10−5 eV2, sin2 θ ¼ 0.297 (cos 2θ ¼ 0.406) [50].

Consider neutrino with energy pν
0 ¼ 106 eV and moving

matter characterized by γn ¼ 1.002. Thus, we get

ΔM ¼ 0.75 × 10−11 eV: ð66Þ
Accounting for the estimation

G̃ ¼ GF

2
ffiffiffi
2

p ¼ 0.4 × 10−23 eV−2; ð67Þ

from the criterion (65) we get the quite reasonable con-
dition on the density of neutrons,

n0 ≥
ΔM
G̃

¼ 1012 eV3 ≈ 1026 cm−3: ð68Þ

The corresponding oscillation length is approximately

Leff ¼
π

ðηγÞeμG̃nv⊥
≈ 5 × 1011 km: ð69Þ

The oscillation length can be within the scale of short
gamma-ray bursts discussed in Sec. IV B:

Leff ≈ 10 km ð70Þ

if the matter density equals n0 ≈ 5 × 1036 cm−3.

VII. NEUTRINO SPIN-FLAVOR OSCILLATIONS
νLe ⇐ ð j⊥Þ ⇒ νRμ ENGENDERED BY
NONSTANDARD INTERACTIONS

Quite recently [51] it has been shown that nonstandard
interactions (NSI) of neutrinos with matter [52–54] can
significantly alter neutrino flavor evolution in supernovae
with the potential to impact explosion dynamics, nucleo-
synthesis, and the neutrinos signal.
Obviously, neutrino spin oscillations can be also engen-

dered by NSI of neutrinos with the transversal matter
currents.
The effect of nonstandard interactions is usually para-

metrized by a set of matrices that introduce new contribu-
tions to the matter potential of neutrinos. The strength of
this new potential is dependent on constituent of the matter
and can also contain off-diagonal contributions known as
flavor changing neutral currents. Thus, the neutrino spin-
flavor oscillations, for instance νLe ⇐ ðj⊥Þ ⇒ νRμ , can be
engendered by the nonstandard interactions with the trans-
versal matter current.
From the Lagrangian of NSI [52–54]

−Leff
NSI ¼ εfPαβ 2

ffiffiffi
2

p
GFðν̄αγρLνβÞðf̄γρPfÞ;

L; R ¼ ð1� γ5Þ=2 ð71Þ

(where f ¼ u, d, e and α, β ¼ e, μ) for the medium with
only neutrons, one gets
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−Leff
NSI ¼ −fμ

X
α;β

ðεuLαβ þ 2εdLαβ Þν̄αðxÞγμ
1þ γ5

2
νβðxÞ

¼ −fμ
X
α;β

εnαβν̄αðxÞγμ
1þ γ5

2
νβðxÞ; ð72Þ

where the notation is introduced:

εnαβ ¼ εuLαβ þ 2εdLαβ : ð73Þ

The neutrino evolution equation with standard and non-
standard interactions in the flavor basis is

i
d
dt

νf ¼ ðH0 þ ΔHSM þ ΔHNSIÞνf: ð74Þ

Accounting for the neutrino mixing, contributions to the
sum (72) can be expressed in terms of the neutrino mass
states. For the characteristic contributions in (72) we get the
following expressions (Γμ ¼ γμ

1þγ5
2
):

εneeν̄
s
eΓλνs

0
e ¼ εnee

�
ν̄s1Γλνs

0
1 cos

2θν̄s2Γλνs
0
2 sin

2θ

þ 1

2
ðν̄s1Γλνs

0
2 þ ν̄s2Γλνs

0
1 Þ sin 2θ

�
; ð75Þ

εnμμν̄
s
μΓλνs

0
μ ¼ εnμμ

�
ν̄s1Γλνs

0
1 sin

2θ þ ν̄s2Γλνs
0
2 cos

2θ

−
1

2
ðν̄s1Γλνs

0
2 þ ν̄s2Γλνs

0
1 Þ sin 2θ

�
; ð76Þ

εneμν̄
s
eΓλνs

0
μ ¼ εneμ

�
−ν̄s2Γλνs

0
1 sin

2θ þ ν̄s1Γλνs
0
2 cos

2θ

−
1

2
ðν̄s1Γλνs

0
1 − ν̄s2Γλνs

0
2 Þ sin 2θ

�
; ð77Þ

εnμeν̄
s
μΓλνs

0
e ¼ εnμe

�
ν̄s2Γλνs

0
1 cos

2 θ − ν̄s1Γλνs
0
2 sin

2 θ

−
1

2
ðν̄s1Γλνs

0
1 − ν̄s2Γλνs

0
2 Þ sin 2θ

�
: ð78Þ

The matrix elements of the NSI contribution to the
evolution Hamiltonian can be calculated accounting for
(75)–(78) and, as it is described in Sec. III B, in the neutrino
mass basis using the vacuum neutrino wave functions given
by (19). Note that the evolution equation in the neutrino
mass basis, accounting only for the NSI, is

i
d
dt

νsα ¼ ðHm
0 þ ΔHm

NSIÞνsα: ð79Þ

HereHm
0 is the neutrino evolution Hamiltonian for the mass

states in vacuum, α ¼ 1, 2 and s ¼ �1, and

ΔHm
NSI¼ G̃n×

0
BBBBB@

0 v⊥
γ11
e11 0 v⊥

γ11
e12

v⊥
γ11
e11 2ð1−vkÞe11 v⊥

γ22
e12 2ð1−vkÞe12

0 v⊥
γ22
e12 0 v⊥

γ22
e22

v⊥
γ11
e12 2ð1−vkÞe12 v⊥

γ22
e22 2ð1−vkÞe22

1
CCCCCA;

ð80Þ

where

e11 ¼ εneecos2θ þ εnμμsin2θ − εneμ sin 2θ; ð81Þ

e12 ¼
1

2
ðεnee − εnμμÞ sin 2θ þ εneμ cos 2θ; ð82Þ

e22 ¼ εnee sin2 θ þ εnμμ cos2 θ þ εneμ sin 2θ: ð83Þ

Summing up three contributions to the neutrino
Hamiltonian in (79) for the neutrino spin-flavor oscillations
νLe ⇐ ðj⊥Þ ⇒ νRμ , we get

i
d
dt

�
νLe

νRμ

�
¼
 
−ΔM þ ðμγÞeeBjj þ 2G̃nð1 − vβÞð1þ ε̃eeÞ μeμB⊥ þ ðηγÞeμG̃nv⊥ð1þ ε̃eμÞ

μeμB⊥ þ ðηγÞeμG̃nv⊥ð1þ ε̃eμÞ ΔM − ðμγÞμμBjj

!�
νLe

νRμ

�
; ð84Þ

where

ε̃ee ¼ h22 cos2 θ þ h44 sin2 θ þ h24 sin 2θ; ð85Þ

ε̃eμ ¼−
h14
γ11

sin2θþh23
γ22

cos2θþ1

2

�
h34
γ22

−
h12
γ11

�
sin2θ: ð86Þ

Note that in the neutrino spin-flavor evolution equation (84)
the standard and nonstandard interactions with matter and

also possible influence of the magnetic field are accounted
for.
For the oscillation νLe ⇐ ðj⊥Þ ⇒ νRμ probability in the

considered case we get

PνLe→νRe ðxÞ ¼ sin22θeffsin2
πx
Leff

; sin22θeff ¼
E2
eff

E2
eff þ Δ2

eff

;

Leff ¼
πffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E2
eff þ Δ2

eff

p ; ð87Þ
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where

Eeff ¼
				μeμB⊥ þ

�
η

γ

�
eμ
G̃nv⊥ð1þ ε̃eμÞ

				; ð88Þ

and

Δeff ¼
				ΔM−

1

2

��
μ

γ

�
ee
þ
�
μ

γ

�
μμ

�
Bk−G̃nð1−vβÞð1þ ε̃eeÞ

				:
ð89Þ

The amplitude of oscillations sin2 2θeff in (87) is not
small, when

sin2 2θeff ¼
E2
eff

E2
eff þ Δ2

eff

≥
1

2
: ð90Þ

Thus, we arrive to the condition

				μeμB⊥þ
�
η

γ

�
eμ
G̃nv⊥ð1þ ε̃eμÞ

				
≥
				ΔM−

1

2

��
μ

γ

�
ee
þ
�
μ

γ

�
μμ

�
Bk− G̃nð1−vβÞð1þ ε̃eeÞ

				:
ð91Þ

We are in particular interested in the effect of the NSI,
thus neglecting the influence of the magnetic field we get

				
�
η

γ

�
eμ
G̃nv⊥ð1þ ε̃eμÞ

				 ≥ jΔM − G̃nð1 − vβÞð1þ ε̃eeÞj:

ð92Þ

Using the approximation

�
η

γ

�
eμ
≈
sin 2θ
γν

; ð93Þ

and for the resonance condition for νLe ⇐ ðj⊥Þ ⇒ νRμ we
get

G̃nv⊥
γν

ð1þ ε̃eμÞsin2θþ G̃nð1− vβÞð1þ ε̃eeÞ≥ΔM: ð94Þ

In the case vk ¼ 0,

G̃nv⊥
γν

ð1þ ε̃eμÞsin2θþ G̃nð1þ ε̃eeÞ≈ G̃nð1þ ε̃eeÞ; ð95Þ

and from (94) we get

n ≥
ΔM

G̃ð1þ ε̃eeÞ
: ð96Þ

For definiteness we use in our estimations the values of
nonstandard parameters from [53]:

εuLee ¼ εdLee ¼ 0.3

εuLμμ ¼ εdLμμ ¼ 0.005

εuLeμ ¼ εdLeμ ¼ 0.023

thus

ε̃ee ¼ 0.6:

Finally, for the mass squared difference and mixing angle
taken from the solar neutrino measurements, Δm2 ¼
7.37 × 10−5 eV2, sin2 θ ¼ 0.297, the neutrino energy pν

0 ¼
106 eV and moving matter characterized by γn ¼ 1.002 for
the matter density we get

n0 ≥ 0.625 × 1026 cm−3: ð97Þ

The conclusion is that the account for the NSI can soften
the demand on the density of the transversal matter current
needed for the resonance amplification of the neutrino spin-
flavor oscillations νLe ⇐ ðj⊥Þ ⇒ νRμ .

VIII. CONCLUSIONS

In this paper we develop the quantum treatment of the
effect of the neutrino spin νLe ⇐ ðj⊥Þ ⇒ νRe and spin-flavor
νLe ⇐ ðj⊥Þ ⇒ νRμ oscillations engendered by the trans-
versal matter current that was predicted in [2] on the basis
of the semiclassical treatment of the neutrino spin evolution
in the background matter. For definiteness, matter com-
posed of neutrons is considered.
Several particular cases of the neutrino spin oscillations

resonance amplifications are considered. It is shown, in
particular, that the resonance in the probability of the
neutrino spin oscillations νLe ⇐ ðj⊥Þ ⇒ νRe can be pro-
duced by the longitudinal component of the ultrarelativistic
background matter current with γn ≥ γν

1=2 ∼ 3 × 103.
The resonance amplification of the probability of the

neutrino spin oscillations νLe ⇐ ðj⊥Þ ⇒ νRe by the longi-
tudinal magnetic field has been also considered for an
astrophysical environment that can be realized by models
of short gamma-ray bursts (sGRB) (see [47,48]).
The novel effect of the neutrino spin-flavor oscillations

νLe ⇐ ðj⊥Þ ⇒ νRμ engendered by the transversal matter
current have been also considered and the resonance
amplification of its probability has been considered for
different values of the matter density n0 ∼ 1026–1037 cm−3.
We also consider for the first time the neutrino spin-

flavor oscillations νLe ⇐ ðj⊥Þ ⇒ νRμ engendered by the
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transversal matter current with the nonstandard inter-
actions. The oscillation probability has been derived and
an estimation for the resonance matter density has been
obtained with use of the realistic strengths of the neutrino
nonstandard interactions.
It is supposed throughout the paper that neutrino

oscillations proceed under the validity of the adiabaticity
condition, i.e., under the influence of constant or slowly
varying magnetic fields and matter current densities. The
opposite case (nonadiabatic regime in neutrino oscillations)
requires special treatment.
For the general neutrino evolution equation,

i
d
dt

�
νi

νj

�
¼
�
Hii Hij

Hji Hjj

��
νi

νj

�
; ð98Þ

the adiabaticity condition can be represented (see [30]) in
the form				ðHjj−HiiÞ

∂
∂xðHijþHjiÞ− ðHijþHjiÞ

∂
∂xðHjj−HiiÞ

				
≪ ½ðHjj−HiiÞ2þðHijþHjiÞ2�32: ð99Þ

This condition can be rewritten in a more compact form,				Δeff
∂Eeff

∂x − Eeff
∂Δeff

∂x
				≪ 4½Δ2

eff þ E2
eff �

3
2; ð100Þ

which, with the appropriate choice of Eeff and Δeff values,
can be used to analyze the situation in several specific cases
discussed above. The Eq. (100) clearly shows that the
adiabaticity condition imposes restrictions on changes in
the strength of a magnetic field, matter density and velocity
along the direction of the neutrino propagation.
Consider, in particular, neutrino spin-flavor oscillations

νLe ⇐ ðj⊥Þ ⇒ νRμ in an environment peculiar to models of
short gamma-ray bursts [47,48] discussed in Sec. IV B. In
accordance with the model in question, the matter density
of a rotating bulk may vary in the range from ∼1038 cm3 to
∼1033 cm3 at the characteristic distance of about 20 km.
Accounting to the linear dependence the matter velocity v
on the neutrino traveled distance in a rotating environment

and following the discussion on validity of the adiabaticity
condition in case of a magnetized neutron star [30], we
conclude that this condition is fulfilled along the most
neutrino travel distance. The adiabaticity condition can
most probably be violated in a quite narrow outer layer of
the rotating bulk δx ≪ d which in turn is much thinner the
oscillation length Leff given by (70). Note that in general
the origin and strengths of compact astrophysical objects
magnetic fields are quite controversial and there are various
models of magnetic fields discussed in the literature (see,
for instance [55–57]).
The developed quantum theory of the neutrino spin

νLe ⇐ ðj⊥Þ ⇒ νRe and spin-flavor νLe ⇐ ðj⊥Þ ⇒ νRμ oscil-
lations engendered by the transversal matter current and the
performed studies of different possibilities for the reso-
nance amplification of the oscillations probabilities provide
the conclusion that these phenomena might have important
consequences for generation and propagation of neutrino
fluxes in extreme astrophysical interments, in particular,
peculiar for supernovae. In the performed above studies we
consider Dirac neutrinos, however the case of Majorana
neutrinos can be treated in a quite similar way. In this
concern, it is interesting to recall the statement [58,59] that
future high-precision observations of supernova fluxes, for
instance, in the JUNO experiment [60], may reveal the
effect of the resonate amplification of Majorana neutrino
spin-flavor oscillations in magnetic fields due to the
neutrino collective effect. From the performed above
studies it follows that the neutrino spin-flavor oscillations
engendered by interactions with the transversal environ-
ment matter current, including possible neutrino self-
interactions, can provide much more important effect on
the observed neutrino currents in future large-volume
scintillator detectors than the corresponding effect from
the neutrino transition moment interaction with magnetic
fields.
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