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Neutrino spin and spin-flavor oscillations in transversal matter currents
with standard and nonstandard interactions
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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
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magnetic moment nor for an external magnetic field
presence.

For the first time the phenomenon of spin oscillations of
neutrinos due to weak interactions with the transversal matter
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 X < (j, ) = vR engendered
by the transversal matter currents and derive the corre-
sponding neutrino evolution Hamiltonian. In Sec. IV
the probability of the neutrino spin oscillations 1% <
(ji,B.) = v® 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 v£ < (j, ) = v® engendered by the
transversal matter current due to: (1) the longitudinal matter
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currents, and (2) the longitudinal magnetic field. In Sec. V
the neutrino spin-flavor oscillations 1% < (j, ) = v& 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
vt < (ji) = V¥ engendered by the transversal matter
current with the nonstandard interactions are considered
in Sec. VIL

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 v, and v,
were connected with the neutrinos mass states v; and v, by
the unitary mixing matrix U that can be parametrized by the
mixing angle 6 and

v, =v,cos0+u,sinf, v, =-v;sinf+wv,cos6. (1)

"

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 £ < 18
induced by the neutrino magnetic moment interaction with
the transversal magnetic field B, was first considered
in [21]. Then spin-flavor oscillations v% < vf 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 in B | in
the presence of matter was proposed in [24,25], the impact
of the longitudinal magnetic field B) 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 vt < uft 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 F,.
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 7z, vector Vﬂ, axial-vector Aﬂ, tensor 7T w and
pseudotensor IT,, fields was considered in [40]. From
the general neutrino spin evolution equation, obtained in
[40], it follows that neither scalar s nor pseudoscalar 7 nor
vector V, 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 have B | and B 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.

I1I. NEUTRINO SPIN OSCILLATIONS
< (j,) = vX 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 tensor ', = (E, B).
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,

as 2

=1 By M) @

where the magnetic field B, 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,

b (e )) o

y = (1 — )2, B is the neutrino velocity. The matter term
M in Eq. (2) is also composed of the transversal M and

longitudinal M, parts,

MO MOH + MOL ’ (4)

w220
ENWENS

vt

(5)

MO - -

L

n
402 {VeL (ﬂgl) +p(2)

(eve) )
1 -2 Cl+/1-02

+@ﬁ>vw} (6)

Here ny = n,+/1 — v2 is the invariant number density of
matter given in the reference frame for which the total
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speed of matter is zero. The vectors v, and &, (0< ¢, > <1)
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 pﬁll) calculated within the extended

Standard Model supplied with SU(2)-singlet right-handed

neutrino v are, respectively, pgl) = 2672,4 and pf) =- 2?.”,

where G = Gp(1 + 4sin” Oy).

For neutrino evolution between two neutrino states
VL LR in the presence of the magnetic field and moving
matter we get [2] the following equation:

d <y5> LMoy +Boy|  [BL 4+ Mo, <1/g)
l— :ﬂ .
dr \ L& B, +%M0ﬂ —% [Mg) + By 7z

(7)

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

. 5 X
P (x) = sin?20 gsin®> —,

Ve—ve £f
e
E2
102 eff
Sin“204 = ———F——
2 2 0
Eeff + Aeff
VA
Legr = (8)

\% ngf + A(3ff

where

’

1
Eefp = /"‘BJ_ +;MOJ_

U
Acgr = y Mo + By |- )

Thus, it follows that even without the presence of an
electromagnetic field, B, = By = 0, neutrino spin oscil-
lations X < v can be induced in the presence of matter
when the transverse matter term M, is not zero. If we
neglect possible effects of matter polarization then the
neutrino evolution equation (7) simplifies to

d [ E M M, L
() =5 Gt S ) () o
dr \ L& Yy \Mor —M, e
where
(1) o ny
M - e 1_ )
o =1 ( 1 7’_2> V1=22
n
MOL = _pg])vel 0 5 (11)
1 —v;

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

2
Mg, b2

Legr = /t—Moy' (12)

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 vy = (v}, v, v}, v;)" in moving matter composed
of neutrons. The neutrino interaction Lagrangian reads

_ 14y
Liy = _fﬂzyl(x)yﬂ ) d
I

v (x)

_ 1 +y
I—fﬂzl/i()‘)n 3 2

= —%n(l,v),

vi(x),

(13)

where [ = e, or p indicates the neutrino flavor, i = 1, 2
indicates the neutrino mass state and the matter potential f#
depends on the neutron number density in the laboratory

reference frame n = \/i"—(’—z and on the velocity of matter
-V

v = (v, v, v3). Each of the flavor neutrinos is a super-
position of the neutrino mass states,

vE = vfcosf+ v5 sind,
g +
v, = =y sin@ + v;5 cos 6. (14)

The neutrino evolution equation in the flavor basis is

d
i—IJf': (H0+AHSM)Df', (15)

dt

where the first term H, of the effective Hamiltonian
determines the neutrino evolution in nonmoving matter.
The second term AHgy; accounts for the effect of matter
motion and it can be expressed as (see also [44,45])
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ALT AL AL AN
N AT AL AL AL (16)
SM = _ 1,
NN A
N A A
where
AW = (Wi |AHsul)),  kil=ep, s.s'=+ (17)
From (13) it follows that
Gr
AH =——n(l —+ vy,
SM 22 ( 7s)VY
VY = 1Yy + V2y2 + V373 (18)

. ! " .
In evaluation of Aj}j we have first introduced the
. / o,
neutrino flavor states v; and vj as superpositions of the
mass states z/fz. Then, using the exact free neutrino mass
states spinors,

E U ,
I/:I = C(l a+ma< o'pxa S>elp(lx, o = 1,2, (19)
2E, —Ea+(ma u,
where the two-component spinors u,
B 1 B 0
() = (O) o

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 A;f; .= (US|AH SM\vi’,), which
by fixing proper values of @, s, & and s’ can reproduce all of
the elements of the neutrino evolution Hamiltonian A H°f

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

GF ny

ASS, = u, —03)V
w =2y e (sl
+ (yaa’ o+ l}/aa’_lo-2)’ul]ui’}5g/’ (21)

where v and v, are the longitudinal and transversal
velocities of the matter current and

1
yaa’_l :z(ygl +7(:/]),
S D R
Yad _5( a —Vy )’
J1="Ta 22
y(l E(l . (

Recalling expressions for the Pauli matrixes,

00 (00 (1) e

we get (see also [44,45])

ss' GF Uun

@22V =12

{55 o

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 v and flavor i states it is possible
to bring our considerations to observational terms and study
neutrino oscillations in the flavor basis v}. The neutrino

flavor and mass states are connected by the neutrino mixing
matrix,

vy = U, (25)
for which in the considered case we have
cos @ 0 sinf 0
0 cos @ 0 sin @
uv=| . (26)
—siné 0 cosd@ 0
0 —sinfd 0  cosd
The corresponding neutrino evolution equation is
.d
lEl/f = H{Uf, (27)
where the effective Hamiltonian is given by H) = UHU'

and can be directly calculated using Eq. (26).

However, it is possible to get a general structure of the
effective evolution Hamiltonian for the flavor neutrino using
results of our previous studies [33,41] of neutrino oscil-
lations in the arbitrary magnetic field B = B + B, . For
evaluation of the flavor neutrino oscillation in an arbitrary
moving matter that is characterized by the current j =
J) +JL we consider results for the flavor neutrino oscilla-
tions in the magnetic field B and account for similarity of the
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correspondence between the neutrino magnetic moment to
magnetic field interaction Hamiltonian Hpg,

o; 0
HB = —ﬂaa/Da/ZBl/a + H.C., Zi = ( >, (28)
0 O;
and the neutrino to moving matter interaction
Hamiltonian H,,
~ ~ G
H, = Gniyvyy,, G = ﬁ (29)

Here n = \/]"“—2: oY, Mo 1s the invariant density of
—v

matter composed of neutrons. For the flavor neutrino

evolution Hamiltonian in the magnetic field HL,=UH sUT
we have [33,41,46]

_(%)eeBH HeeB 1 _(g)eyBH )ueﬂBJ_

H{; _ /"eeBJ_ (%)eeBH ﬂeyBJ_ (%)EﬂBH (30)
_(g)wBH HenB1 —('fMBH HuuB 1
HeuB 1 (g)e#BH HupB 1 (g)wBH
where the following notations are used:
(”) = 1 o520 + B2 gin20 + X2 5in 20,
Ve Y11 Y22 712
1
(4) ="2cos20-4 5 (2110 sin2o.
Vew 712 2\rn ru
<E> =M1 Gin20 +£22 cos?0 - 12 sin 20, (31)
YV u 711 722 712
Upe = J111€0826 + rrSIN>6 + 11y, sin 26,
1 .
Hey = p12€0820 + 5 (22 — p11) sin 20,
My = H118I0%0 + pppc08?0 — 5 sin 26). (32)

For the flavor neutrino evolution Hamiltonian in moving
matter H} = UH,U" we get

A (u5> B ((5)“& + e Gn(1 = vp)
X ﬂeeBL + (g)eeGnUJ_

0 (Deevs 0 (Deuv
HE —nG Deevr 2mee(1=v)) v Nep
0 (Deuvr 0 Oupre |
(Deuvsr Neu (Duuvr 2mu (=)
(33)

where g and 5 are given by

2 L)
cos@  sin“6
0.0
Y/ ee Y CCluyy=upp=1. u1p=0 m Y22
) 2
sin“d  cos-f
(0.,
Y7 v HHy =ppp =1, 112 =0 m 2
sin 260
ERC
Y/ eu Y CHiuyy=up=1. nj3=0 Y21
Nee = ﬂee\f‘n:f‘zz:l»ﬂlzzo =1, (37)
M = ’u”'”\l‘]]:ﬂzz:l-#lz:o =1 (38)
New = ﬂeﬂ\%n:ﬂzz:‘v#lzzo =0 (39)

if one sets 11 = pyp =1, u1p = 0 in Egs. (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 t£ < (j, .B,) = &
ENGENDERED BY TRANSVERSAL MATTER
CURRENT AND MAGNETIC FIELD

Consider the initial neutrino state v% moving in the

background with the magnetic field B =B+ B, and
nonzero matter current j =j; +j,. One of the possible
modes of neutrino transitions with the change of helicity is
vt < (j,B,) = 1R The corresponding oscillations are
governed by the evolution equation

ﬂeeBJ_ + (g) ee GnUJ_

~(€)..B = 1., Gn(1 - ) (i) (40)
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For the oscillation v% < (j | ,B | ) = u® probability we get

2

E
Pvﬁ—»uf(x) = %Sirﬂ = s
Eeff + Aeff LEff
b4
Lyt = —F——=, (41)
VEg + Ak
where
_ m\ ~
Eep =|peeB1 + <—> Gnv |,
y ee
/,{ ~
Aeff :‘ <;) BH + neeGn(l - Vﬂ)ﬂ‘ (42)
ee

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 £ < (j, ) = %, engendered by
neutrino weak interactions with the transversal matter
current, can proceed with significant probability.

A. Resonance amplification of neutrino
spin oscillations v£ < (j,) = 1% by
longitudinal matter current

We are interested in the situation when the amplitude of
oscillations sin? 26, in (41) is not small and we use the
criterion based on the demand that

sin2293ff = (43)

which is provided by the condition E gy > A
At first we consider the case when the effect of magnetic
field is negligible and thus we have

Eeft :‘ (ﬂ) Gnv
}/ ee

and the oscillation length is given by

. Ay = |Gn(1 —vp)p|  (44)

7
L. = 45
TG, )
From the condition E_; > Ay it follows that
n
<—> v, > (1—vp). (46)
y ee

In the further evaluations we suppose that Am =
my — my <K my, My, and introduce the neutrino effective
gamma-factor y,:

- (47)

Then the condition (46) reduces to

UL (1-vp). (48)
Yu

Assuming neutrino masses m;, m, ~ 0.1 eV, for a typical
neutrino energy p} ~ 10 MeV we find y, ~ 107. Consider
the case when neutrinos are more relativistic particles than
the background matter neutrons (y, > y,,), then from (48)
we get

1
Ty

>, (49)

=<
s

The latter condition can be valid for ultrarelativistic
background matter with y, > y,'/? ~ 3 x 10%. At the same
time the oscillation length L.y given by (45) can be
Legs ~ 50 km in the case n ~ 10*7 cm?® and y, ~ 3 x 10°.

B. Resonance amplification of neutrino
spin oscillations % < (j,) = vk by
longitudinal magnetic field

The presence of the longitudinal magnetic field B can
also have an important impact on the criterion (90). In the
previous consideration the diminishing value of A is
attained by the vanishing value of (1 —vf). Now we
consider reduction of the term Gn(1 —vf) in Ay given
by (42) due to the contribution of (g)egBH. This possibility
can be realized when B = —1. An environment we are
considering can be realized by models of short gamma-ray
bursts (sGRB) (see [47,48]). Consider the neutrino v,
escaping the central neutron star with inclination given
by an angle a 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
@ = 10° s7! 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; = @D = 0.067 that cor-
responds to y, = 1.002.

Suppose that the direction of the neutrino propagation is
characterized by sina N%. 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 B = Bsina ~}B.

In the straightforward analysis we are particularly
interested in the conversion v£ < (j,) = v® 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 p..B | in (42) and get
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2
~ cos“0 -~ -
Eg = (Q> Gnv, = Gnv | = Gnoﬁvl. (50)
V) ee 711 Vv

In the considered geometry v = 0 and for A we use the
relation

u -
Acr :‘ (;) B|| +1..Gnp

—‘B <@ cos?6 + @sin@) + Gnp
711 V22

H11 ~
N‘—B| —Gnoyn . (51)
Tv
From the demand E.; > A,y we get
KB
ooy <1 (52)
Gl’lg}’n

Thus, the criterion (90) is fulfilled if the longitudinal
magnetic field is
Gn
B =B ~y,,——. (53)
H11

From the obtained estimation of the critical strength By of the
longitudinal magnetic field B follows its important depend-
ence on the matter density n. If one takes an estimation
for the neutrino magnetic moment y;; ~ 3 x 107! yp and
¥, = 2 x 107 then in the case of very low matter density

ng~ 102 cm™ the critical field is Bff ~ 8 x 1073 By,

where B, = 'Z—E = 4.41 x 10" Gauss. For higher densities
|

ﬂeﬂBJ_ + (g)EMGnUJ_

where

~ Am?cos20

AM
4pg

(55)

and pj is neutrino energy. For the oscillation 5 <= (j, ) = vk
probability we get

P R(_Xf) = sin2296ffsin2 Z[x ,

et eff
E2
fa2 eff
SIN“20p = ————,
¢ ngf + Agff
b4
Leff = (56)

\% ngf + Asz

4 (”L> _ (‘AM+ (D)eeB) + Gn(1 ~vp)

ny ~ 103 cm™ we get Bff ~ 10?* Gauss that is of the order

of the critical field strength By, = YZ:V 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 Gn(1 — vf) in Ay given
by (42) due to the contribution of (), B 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 Ay — 0 is given by (45). Even
for the case ny~ 10°° cm™ the effective length is still
extremely large L.y ~ 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
vt < (j.) = v® 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 vl <= (jip )= vk
from (30) and (33) we get the following neutrino evolution
equation:

peuBL + (D)o, Gnoy ) <y5) 54)
AM - (%),,B = Gn(1-vp) ) \ v
[
where
_ o~
Eeff - ,ue/ABL + (_> Gn”J_ s
Y e
1 3
A :'AM —— <@+@>B“ —-Gn(1 - vﬂ)‘. (57)
2\ru 12

From (57) it follows that the value of A, 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
ve < (Ji) =

We are again interested in the situation when the
amplitude of oscillations sin?20, in (56) is not small
and we use the criterion based on the demand that

2
E eff

AT (58)
ngf + Agff

Sin2 2¢9€ff = >

1
2 b

which is provided by the condition E¢ > A.s. Thus we get
the condition

HeuBL + <’I> Gnv,
Y/ eu

1 3
AM — - <“”+”22>B, —Gn(1 —vﬂ)‘. (59)
Yir o Y22

2

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

9.

The effective oscillation length reads

> |AM — Gn(1 —vp)|. (60)

T

(g)eﬂénvl ‘ (61)

L =

In the further evaluations we use the approximation

in2
<ﬂ> Nsm 9’ (62)
ep

4 Tu

and get the resonance condition in the form

G N
"L 6in20 + Gn(1 —vB) > AM. (63)

v

In the case v = 0 we get

GnUL
Yv

sin260 + Gn =~ Gn. (64)

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

Gn > AM. (65)

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, Am? =
7.37 x 1073 eV?, sin?@ = 0.297 (cos260 = 0.406) [50].

Consider neutrino with energy p4 = 10° eV and moving
matter characterized by y, = 1.002. Thus, we get

AM = 0.75 x 1071 eV. (66)

Accounting for the estimation

G=——=04x10"28 V2, 67
Wi (67)

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

AM
ny > ? = 1012 CV3 ~ 1026 Cm_3. (68)

The corresponding oscillation length is approximately

Leff = % ~5x 1011 km. (69)
(;)ey nv,

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

Lo ~ 10 km (70)
if the matter density equals ny ~ 5 x 10°® cm™.

VII. NEUTRINO SPIN-FLAVOR OSCILLATIONS
vt < (j,) = v® 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 1% < (j,) = v&, can be
engendered by the nonstandard interactions with the trans-
versal matter current.

From the Lagrangian of NSI [52-54]

—L{, = /) 2V2G (Bar,Luy) (Fr PY),
L,R=(1£p%)/2 (71)

(where f = u, d, e and a, f = e, u) for the medium with
only neutrons, one gets
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1+}/5

Ll = =P+ 2, )
a
= _fﬂzgaﬂya(x 1 + B vp(x), (72)
where the notation is introduced:
ﬁ = gaﬁ + 28 (73)

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

. d
lal/f = (HO + AHSM + AHNSI)I/f' (74)

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 (I', =y, 1+275):

A A 2 A 2
e TS = ¢, (vsl" v 'cos oI5 'sin%0

1 / N
+5 (5Th5 + BT ) sin 29> : (75)
e BTy = e, (1/ 0y 'sin?0 + D3T3 cos?0
1 / N
-3 @ + B sin 29) , (76)
en s = ¢l <—D§F’1v§/sin29 + T3 cos?0
1 _ ﬂ ! _ i ! .
—5 (T} — D305 ) sin 26 |, (77)
|
1)
i\ vy peuBL + (1), Gno (1 + &)
where

Z,, = hyy c08? 0 + hyy sin® O + hy, sin 26, (85)

By N3
Bpy=———sin’0+

h h
y“ 7/2200529—1-2< H_ 12) sin20.  (86)

Y22 711

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

—AM + (5), B +2Gn(1 = v)(1 + &) pouBi + (), Gnoi (1 +,) ) (yé )

en s

A ST
el =g, (UZFZ/ICOS 0 — B3T3 sin® 0

1
— —(PTH — B3T08) sin 20> (78)

2

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

: d ) m m \)
i—uy = (H} + AH g, ),

7 (79)

Here H{} is the neutrino evolution Hamiltonian for the mass
states in vacuum, @ = 1, 2 and s = £1, and

0 l611 0

L sen 2(1—vy)ey
AHY g =Gnx

L
71 €12

%2‘312 2(1—””)912

0 lelz 0

vy
—e
V22 22

V22

%612 2(1-vyer %2622 2(1-v))exn

(80)
where
ey = €l,cos?0 + €l sin*0 — ¢!, sin 20, (81)
1 .
en =5 (b, —€)1,) sin 20 4 €7, cos 20, (82)
ey = €, sin” 0 + &), cos® O + €2, sin20.  (83)

Summing up three contributions to the neutrino
Hamiltonian in (79) for the neutrino spin-flavor oscillations
vk < (ji) = v, we get

84
A - b (84)

<§)MﬂBH

|
also possible influence of the magnetic field are accounted
for.

For the oscillation 1% <= (j) = v probability in the
considered case we get

X E?
Pi_,r(x) = sin?264sin? . sin?20.4 = 76&
vemve ¢ L T Ex+ ALY
T
Leff i — ) (87)
2 2
Eeff + Aeff
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where
Eeff = /'teuBL + <Z> Gnvl(l + Eeu) ’ (88)
ep
and
1 -
=2 () (£) J-ont-min-e|
2\7ee \V/
(89)

The amplitude of oscillations sin® 26, in (87) is not
small, when

2
E eff

1
Sin? 20, = —— > —, 90
B A 2 .

Thus, we arrive to the condition

n = -
HeuB 1 + (—) Gnv, (1+%,,)
4 eu

AM-%((’§>66+ <§>W>B —En(1-vf)(1+2,,)|.
(91)

>

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

2 |AM— Gl’l(l —Vﬂ><1 +Eee)|'

‘(ﬂ) Gm;l_(l—ﬁ—éeﬂ)
4 eu

(92)
Using the approximation
in 20
<11> o Sin ’ (93)
4 ep v

and for the resonance condition for v5 < (j,) = vf we
get

GHUJ_
14%

(142,,)sin20+Gn(1—vB)(1+&,,) > AM. (94)

In the case V| = 0,

G . .
’;“(1+éeﬂ)sin29+c;n(1+éee)zcn(1+:eee), (95)

and from (94) we get

AM
G(1+&,)

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

ul __ odL __
ey =¢ely =023

il = ¢l = 0.005

ul __ .dL __
eul = edl =0.023

thus
£,, = 0.0.

Finally, for the mass squared difference and mixing angle
taken from the solar neutrino measurements, Am? =
7.37 x 107 eV?, sin? @ = 0.297, the neutrino energy p} =
10° eV and moving matter characterized by y,, = 1.002 for
the matter density we get

1y > 0.625 x 102 cm3, (97)

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 1% < (j,) = vX.

VIII. CONCLUSIONS

In this paper we develop the quantum treatment of the
effect of the neutrino spin 4 < (j,) = v& and spin-flavor
e = vff 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 vX < (j,) = v® can be pro-
duced by the longitudinal component of the ultrarelativistic
background matter current with y,, > y,'/2 ~ 3 x 10°.

The resonance amplification of the probability of the
neutrino spin oscillations v£ < (j,) = v 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
Ve ()= y,’f 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 n, ~ 10°°~10%7 cm™3,

We also consider for the first time the neutrino spin-
flavor oscillations v2 < (j) = v 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,

.d(”i) (Hii Hij)(”i)
I— = ,
the adiabaticity condition can be represented (see [30]) in
the form

(98)

0 0
‘(Hjj_Hii)a(Hij"f'Hji)_(Hij+Hji)§(Hjj_Hii)

<|[(H;;—H;)*+(H; +Hji)2]%'

(99)
This condition can be rewritten in a more compact form,

OE, eff
eff I

aAeff

A Ox

— Eof < 4[A% + Eezsz]%v (100)

which, with the appropriate choice of E.; and A 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
vt < (j.) = v 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 ~10*® cm? to
~10% c¢cm? 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 dx < d which in turn is much thinner the
oscillation length L.g 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
vk < (j) = v and spin-flavor vf < (j,) = & 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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