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Abstract. In this paper, we propose a physics-based method of prediction high-energy solar flares (SFs) with the help of
neutrino detectors utilizing coherent elastic neutrino-nucleus scattering (CEVNS). The behavior of neutrino beams passing
through coupled sunspots (CSs) being the sources of future SFs is investigated. We consider the evolution of left-handed elec-
tron neutrino v,; and muon neutrino v,; beams formed in the convective zone after the passage of the Micheev — Smirnov —
Wolfenstein resonance. It is assumed that the neutrinos possess the charge radius, the magnetic and anapole moments while
the CS magnetic field is vortex, nonhomogeneous and has twisting. Estimations of the weakening of the neutrino beams after
traversing the resonant layers are given. It is shown that for SFs this weakening could be registered by neutrino detectors of
the second generation only when neutrinos have the Dirac nature.
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MPEJCKA3AHHUE COJHEYHBIX BCOBIIIEK C MOMOIIBIO HEUTPUHHBIX TETEKTOPOB
BTOPOI'O IIOKOJIEHU A

Annortanus. [Ipennaraercs ¢pusmaeckyn 000CHOBaHHBIN METOJ] TPOrHO3UPOBAHUS CYNEPCOTHEYHBIX BCIIBIIIEK C TOMO-
118:Y10) HeﬁTpHHHbIX JETEKTOPOB, pa60Ta KOTOPBIX OCHOBAaHA Ha UCIOJB30BAHUU KOT€PEHTHOT'O YIIPYTOI'0 pacCesIHUA HeP’ITpI/I—
HO Ha snpax. Mccrenyercs moBeneHne HEHTPUHHBIX MyYKOB, IIPOXOISIINX Yepe3 CIApEHHBIE COMHEUHBIE MSATHA, KOTOPHIE
SBIISIOTCS. UICTOUHUKAMU OyAYHMIMX COJHEUYHBIX BCIbIIEK. PaccMaTpuBaeTCs 3BOJIOIMS MydKa JI€BOCTOPOHHHUX 3JIEKTPOH-
HBIX HEHTPHHO U ITyYKa JIEBOCTOPOHHUX MIOOHHBIX HEHTPHUHO, KOTOpPHIE 00pa30BaIHNCh B KOHBEKTUBHOH 30HE IOCie Mpo-
X0 aeHus peonanca Muxeesa — CMupHoBa — Bonbgenmreiina. [Ipeanonaraercs, 4To HEHTPUHO 00a1aeT TAKUMU MYJIb-
TUIIOJBHBIMY MOMEHTAMU, KaK 3aps0BbII paJuyc, MATHUTHBII U aHANOJIbHBI MOMEHTBL, B TO BpeMsl KaK MarHUTHOE I0JIe
CIIAPEHHBIX COTHEUHBIX MATEH SIBIAETCS BUXPEBBIM, HEOAHOPOAHBIM U 001a1aeT CKpyunBaHueM. JlaloTcs OlleHKH ociabie-
HUS HEUTPUHHBIX IIyYKOB I1OCJIE IIPOX0XKICHUS PE30HAHCHBIX IepexoloB. Iloka3bIBaeTcs, YTO B Cllydae CyNEepPCOIHEUHBIX
BCIIBIIIEK 3TH OCJIA0IEHUS MOTYT OBITh 3apPErUCTPUPOBAHBI HEHTPUHHBIMH JIETEKTOPAMH BTOPOTO MOKOJIEHHUS TOJIBKO TOT/a,
KOIZ1a HEUTPUHO UMEET AUPAKOBCKYIO IIPUPOAY.

KaroueBble ciioBa: COMTHEUHBIE BCMBIIIKH, MPEACKa3aHUs BCIBIIEK, HEHTPUHHBIE OCUUIIIAINN, MATHUTHBI MOMEHT,
QHAIOJIbHBIA MOMEHT, PAJINYC 3apsa, HEUTPUHHBIE I€TEKTOPBL, YIPYToe KOT€pEeHTHOE pacCessHie HEHTPUHO Ha S apax
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poro niokosieHusi / O. M. bosipkun, U. O. Bosipkuna // Bec. Hat. akan. HaByk benapyci. Cep. ¢i3.-mart. HaByk. — 2023. — T. 59,
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Introduction. Solar flares (SFs) are the most striking explosive form of solar activity. They take
place in the solar atmosphere and release a wealth of energy, which could be as large as 10**~10* erg.
Moreover, super SFs with an energy of 10°® erg and more are also possible in the solar conditions [1].
SFs are often (but not always) followed by coronal mass ejections, which represent eruptions of the solar
coronal plasma into the interplanetary space. It is clear that high-energy SFs are very destructive when
they are focussed on the Earth as it was in 1859 (the Carrington event [2]). It might be worth pointing
out that flares may also occur in other Sun-like stars. Flares on these stars are also dangerous for crew
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members of interplanetary spaceships. Therefore, for our ever more technologically dependent society
prediction of SFs is of great practical importance.

It is generally accepted that the magnetic field is the basic energy source of the SF [3, 4]. During
the periods of high solar activity, the magnetic flux ~10** G-cm? [5] is erupted from the solar center and
stored on the sunspots. In so doing, big sunspots of opposite polarity could be paired forming so-called
coupled sunspots (CSs). Then the accumulation of the magnetic energy starts. The more energetic the
SF, the more will be the magnetic field strength of the CS. For example, in the case of super SFs B, may
reach the values of 10* G and more. The length of the initial SF stage is extended from several to dozens
of hours. Obviously, the successful SF prediction should be based on the analysis of the phenomena oc-
curring in the CS region at the initial stage of the SF. Previous studies of forecasting the SF were carried
out with the help of y-telescopes which observe the Sun collecting particle measurements related to SFs.
Further, this huge amount of observations is transferred, stored, and handled. To deal with this data,
a new method of Machine Learning (ML) was created. The ML method uses such models as support
vector machines [6], neural networks [7], a regression model [8], extremely randomized trees [9], and
so on. It is proposed to use in the solar orbit satellites with the built-in ML capability that continuously
monitors the Sun. This observatory uses the ML to calculate the probability of solar explosions from the
remote sensing data. Currently the following space-borne instruments are used: Solar and Heliospheric
Observatory, Solar Dynamics Observatory, Advanced Composition Explorer, Atmospheric Imaging
Assembly, Large Angle Spectroscopic Coronagraph on the Solar and Heliospheric Observatory. The ML
can clarify which feature is the most effective for the prediction of SFs. However, to date, it is not known
which of the models used in the ML is the best.

Among the physics-based models that are used for forecasting the SF, the so-called kappa scheme
proposed by a team of Japanese physicists [10] should be noted. Their model forecasts high energy SFs
through a critical condition of magnetohydrodynamic instability, triggered by magnetic reconnection.
The group tested the method using observations of the Sun from 2008 to 2019. In most cases, the method
correctly identifies which regions will produce a high-energy SF within the next 20 hours, The method
also provides the exact location where each SF will begin and limits on how powerful it will be.

The Sun is not the source of only electromagnetic radiation, it also emits a huge stream of electron

neutrinos (Ny,, = 6-10%cm s _1). It is obvious that with the help of sensitive neutrino detectors it
will be possible to obtain information about events occurring in the CS region. It could be done with
detectors of the second generation whose work is based on coherent elastic neutrino-atomic nucleus
scattering (CEVNS). This type of low-energy (anti)neutrino interaction was predicted in 1974 [11, 12]
and it was discovered not long ago by COHERENT Collaboration [13]. It was shown that neutrinos and
antineutrinos of all types can interact by exchanging the Z-boson with the atomic nucleus as a whole,
i.e. coherently. This takes place with the neutrino energy being less than 50 MeV when the De Broglie
wavelength increases to a value of the order of the nucleus charge radius R = 1.12 - (4)"*10™" c¢m (here 4
is the number of nucleons). The cross section of the CEVNS is described by the formula

c= few-10_45N2(Ev)2 cm?,

where N is the number of neutrons, E, is the neutrino energy in MeV. Thanks to the N? factor, the cross
section of this process is large, it is more than two orders of magnitude (for heavy nuclei) larger than the
cross section of the other known processes describing the interactions of low-energy neutrinos. To
satisfy the demands for a coherently enhanced interaction, neutrinos need to be have energies in the
MeV-regime. As of now, the two favored neutrino sources are nuclear reactors (Connie, Conus, Ncc-
1701) and © DAR sources (Coherent, Ccm, Ess). These neutrino sources taken together allow us to
investigate different aspects of CEVNS at various energies and neutrino flavors.

Detectors based on the employment of CEVNS are already being used for monitoring the operation
of a nuclear reactor in the on-line regime. Examples are found in the Russian Emission Detector-100
(RED-100) at a Kalininskaya nuclear power plant [14]. Installed at a distance of 19 meters from a nucle-
ar reactor, where the reactor antineutrino flux reaches a value of 1.35 - 10" cm™ ¢!, RED-100 should
record 3300 antineutrino events per day. Moreover, in the future, it is planned to scale the detector by a
factor of 10 to the mass of the sensitive volume of the order of 1 ton (RED-1000) [15]. This will make it
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possible to register 33,000 events per day. Therefore, for example, when RED-1000 is used for detection
of solar pp-neutrinos, then it could detect about 2000 neutrino events per day.

The aim of our work is to investigate the possibility of prediction of high energy SF with the help
of neutrino detectors utilizing CEvVNS. The work represents a continuation of papers [16—18] in which
the correlation between the SF and the behavior of the electron neutrino beam in the CS magnetic field
during the initial stage of the SF was discussed. In contrast to the previous works, we now take into ac-
count all the neutrino multipole moments and carry out the analysis for Dirac and Majorana neutrinos. In
the next Section constraining by two flavor approximation we obtain the evolution equation and find all
the resonance conversions of both electron neutrinos and muon neutrinos that emerged from the MSW
resonance in the convective zone of the Sun. Further we give estimations of the weakening of the neu-
trino beam after traversing the resonant layers and demonstrate that this quantity could be observed by
the neutrino detector of the second generation. Finally, in Section 3, some conclusions are represented.

Neutrino behavior in solar matter. In the standard model (SM) the neutrino magnetic moment is
determined by the expression

— my,
HVZIO 19“3(;). (1)

It clear that such a small value cannot bring to any observable effects in real magnetic fields. Hence, if
we use the values of neutrino MMs being close to the upper experimental limits (107'°~10"")p 5, then we
should go beyond the SM. As an example of such a SM extension we may employ the left-right symmetric
model which is based on the SU(2)z xSU(2) xU(1) p_r gauge group [19-21].

In the one-photon approximation, the effective interaction Hamiltonian satisfying the demands both of
the Lorentz and of the electromagnetic gauge invariance is determined by the following expression [22, 23]

H‘S’\"’)(x):%;;i(x){icuqu[erfr(qz)+iFg(q2)y5]+(yu —qquYx /qz)x
X[Fg(qz)JrF/lnf(qz)qus]}vf(x)A”(x), )

where ¢, = p, — py is the transferred 4-momentum, while Féf ,F ]ff;,F g , and F/’,f are the charge,
dipole magnetic, dipole electric, and anapole neutrino form factors. The form-factors with i = (i £ f) are
named “diagonal” (“off-diagonal” or “transition”) ones. In the static limit (¢* = 0), F A’f (q*), F g (q%)
and F If{f (¢*) determine the dipole magnetic, dipole electric and anapole moments, respectively. Note,

the second term in the expansion of the F g (qz) in a series of powers of ¢° determines the neutrino
charge radius

ar (¢*)

3
el G)

<r;>=6

We shall be interested in the magnetic moments (MM), the anapole moments (AM) and the neutrino
charge radii (NCR).

The exhibiting of neutrino MMs are being searched in reactors (MUNU, TEXONO and GEMMA),
accelerators (LSND), and solar (Super-Kamiokande and Borexino) experiments. The current best sensi-
tivity limits on diagonal MMs gotten in laboratory experiments are as follows [24, 25]

nSP<29.10"ug, 90 % C.L. [GEMMA],
uoP <6810y, 90 % C.L. [LSND].

For the t-neutrino, the limits on p_ are less limitative (see, for example, [26]), and the current upper
bound on that is 3.9 - 1077 .

The limits on NCRs could be received from studying the elastic neutrino-electron scattering. For
example, investigation of this process in the TEXONO experiment results in the following bounds on the
NCR [27]
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The AM of the 1/2-spin Dirac particle was introduced in paper [28] for a 7-invariant interaction which
violates P-parity and C-parity, individually. Later in order to describe this kind of interaction a more
general characteristic, the toroid dipole moment (TM) [29], was entered. It was shown that the TM is
a general case of the AM and at the mass-shell of the viewed particle both moments coincide. The
neutrino toroid interaction is manifested in the scattering of neutrinos with charged particles. In so doing,
the interaction saves the neutrino helicity and gives an extra contribution, as part of radiative corrections.
In this regard, the AM is similar to the NCR. Both quantities preserve the helicity in coherent neutrino
collisions, but have a different nature. They define the axial-vector (AM) and the vector (NCR) contact
interactions with an external electromagnetic field, respectively. From the viewpoint of determining the
NCR and the AM low-energy scattering processes are of special interest (see, for example, Refs. [30, 31]).
Both neutrino interactions may have very interesting consequences in different media. The possible role
of the AM in studying neutrino oscillations was first specified in Ref. [32]. A point that should be also
mentioned is Ref. [33] in which the existence of the AM led to changing the flux of the solar electron
neutrino during the initial stage of the SF. Since the phenomenology of the AM is analogous to that of the
NCR, the linkage between these quantities must exist. In the SM for a zero-mass neutrino, the value of
the AM a, is connected with the NCR through a simple relation (see, for example, [34])

0

(the dimensionality of the AM in the CGS system is “length? x charge”, that is to say, a, =ea) [28]).
However, in the SM with massive neutrinos and in the case of SM extensions this relationship is violated [35].

As for CS magnetic fields, we shall assume that they are nonhomogeneous, vortex and have the geo-
metrical phase ®(z) (twisting)

B, +iB, =B, e, (©)

where ®(z) = arctan(B,, / B, ). We notice that both for the Sun and for Sun-like stars the reason of twisting
is differential rotation rates of their components and the global convection of the plasma fluid. It should be
recorded that configurations of the solar magnetic field implying a twisting nature have already been
discussed in the astrophysical literature for a long time (see, for example [36]). In Ref. [37] the phase ®
was introduced for the solar neutrino description for the first time. Subsequently, in Ref. [38] an account of
this phase was demonstrated. It should be remarked that works [39—41] were devoted to the effects on the
neutrino behavior in twisting magnetic fields. For example, in Ref. [41] a neutrino beam traveling in the
twisting magnetic field of the solar convective zone was considered and some new effects (change in the
energy level scheme, change in the resonance location, emergence of new resonances, merger of resonances
and so on) were predicted. Assuming that the magnitude of the twist frequency @ is determined by the
curvature radius r, of the magnetic field lines, ® ~ 1/ ry, while r, has the order of 10 % of the solar radius,
the authors came to the following conclusion. To ensure that these new effects will be observed, the value
of @ in the convective zone should have the order of 10" eV.

Inasmuch as we take into account the interaction of neutrinos with the electromagnetic field, the
neutrino system under study must contain both left-handed and right-handed neutrinos. By virtue of the
fact that right-handed Majorana neutrinos are not sterile and interact as right-handed Dirac antineutri-
nos, we shall denote them as V;z. In order to stress the sterility of right-handed Dirac neutrinos we shall
use for them the notation vz. So, in the two-flavor approximation the Majorana neutrino system will be
described by the function (\|1M )T =(VeL,VkL>Ver,Vir) While for the Dirac neutrinos we shall deal with
the function (W)’ = (Ver,Viz,Ver,Vir). In what follows to be specific, we shall reason k = .

To facilitate the evolution equation for the solar neutrinos we transfer to the reference frame (RF)
which rotates with the same angular velocity as the transverse magnetic field. The matrix of the transi-
tion to the new RF has the view
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eiCD/Z 0 0 0
0 ei(D/Z 0 0
0 0 e—iCD/Z 0
0 0 0 e—i(l)/Z

In this RF the evolution equation for the Dirac neutrinos is given by the expression

VeL Vel
d|Vv %
S = (HE HR) M, ®)
dz| Ver Ver

V“R VuR

where
VeL =V +VE, Ve =\2Gp(ne—n, 12), Vi =—2Ggn, /2,

2
<r
Am*  mi—m3 VILV,'
AP = ==L 2 APt =le—IL _1q,,,, i[rotH(2)].,
4F 4F /i 6 /'L

cos20=cap, sSIn20=1s29, my =my, Cc0s0— my, sin®, my =-m,,sin0+ my,, cos 0,
Voo V) 1s t?e matter potential caused by the interaction of the v,; (v,,) neutrinos with the gauge bosons

Wand Z, V2 is the contribution to the matter potential produced by the singly charged Higgs boson &,
0 is the neutrino mixing angle in a vacuum, m, and m, are the mass eigenstates, ® is the twisting
frequency, n,, (n,) is the neutron (electron) density, and the free Hamiltonian

—Alzcze A12S29 0 0
12 12
H()D _ A S20 A C29 0 0 (9)
0 0 -A"cp A5y
0 0 A12S29 A12029
describes oscillations in a vacuum, while the interaction Hamiltonian
VeL + AeDeL - CD /2 AglL MeeBJ_ HeuBJ_
D~ A Var + At =12 pauBr puBl (10)
ueeBJ_ HepBJ_ D/2 0
“euBi “HHBL 0 /2

covers the interaction with the medium. When writing H B we take into consideration that the toroid
interaction does not equal to zero in the external inhomogeneous vortex magnetic field. In a concrete
experimental situation this field may be realized according to Maxwell’s equations as the displacement
and conduction currents. The universally adopted model of the SF is the magnetic reconnection model
[4]. Owing to it, a variable electric field induced by variation of the CS magnetic field appears at the SF
initial phase. This field causes the conduction current which takes on the appearance of a current layer
aimed at the limiting strength line which is common for both CSs. So, in this case the neutrinos are
influenced by both the displacement current and the conduction current.
For the Majorana neutrino case the evolution equation will look like the following

Vel Vel

A% A%
AR :(H{,” +H%) e 1)
dz| Ver VeR

VuR ;pR
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where
Hy' = Hg,
Vi + Al —d /2 AL, 0 HenB.
v Al Vi + Apy —® /2 B 0 =
Hint - , R . R s ( )
0 _MeuBJ_ —Ver + Aee +d/2 AeP-
HenBL 0 AL Vi + AR D2
}’2
VILY)'y,

Ay =1e1-81] +ayyy o (lot H(2)l:,

2

<rs _
Ay = el1=8u 1= — = avup lrot H):.

In order to find the exact expressions for the resonance conversion probabilities we should specify the
coordinate dependence of the quantities n,, n,, B, ® and solve the evolution equation. Then, with the
help of the found functions v,(z), we could determine all resonance conversion probabilities. Of course
we shall be dealing with a numerical solution and, as a result, the physical meaning will be far from
transparent. Moreover, in the most general case some of the resonance transitions may be forbidden.
Therefore, first we must establish which of these transitions are allowed and which of them are forbidden.
Remember that for the resonance transition to occur, the following requirements must be met: (i) the
resonance condition must be carried out; (ii) the width of the resonance transition must be nonzero; (iii)
the neutrinos must pass a distance comparable with the oscillation length.

So, we shall follow the generally accepted scheme (see, for example, [41]), namely, we shall believe
that all resonance regions are well separated, which allows us to put these resonances independent. As
far as the twisting is concerned, amongst the existing twisting models we choose the simple model

O(z) = iZ, (13)
Luns
where a is a constant and L, is the distance on which the magnetic field exists.
We begin with the resonant transitions of the v,; neutrinos in the Dirac neutrino case. Here the
v,, may experience three resonance transitions. The first one is the v,, — v,; (Micheev — Smirnov —
Wolfenstein — MSW) resonance transition. The requirement of the resonance existence, the width of the
transition and the oscillation length are given by the expressions

Zvepvr, = 2N coq + Vi~V + ARE — ARE =0, (14)
\/E(AUSQ@ +AeDHL)
A Gr , (15)
27
Lyepvy = - - - (16)
\/ZVeLVp,LL +(A N +A£L)

From Eqgs. (14) and (15) it follows that the oscillation length reaches its maximum value at the resonance

242

GF [LVeLV},LL ]max '

(rveLvuL)max = 17)

By virtue of the fact that (I'y eLVyL )max = 3.5- 107 cm, this resonance transition is realized before the
convective zone. Therefore, it is unrelated to the SFs which occur in the solar atmosphere. That, in turn,
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means that under the MSW resonance the quantities ADE A,ﬁf and Aé’ﬂL play no part. Estimation of the

transition probability at the MSW resonance could be fulfilled with the help of the Landau — Zener
formulae which in the case of the linear dependence of density on distance is given by the expression

—nAmZSmZZG }

Pr7; =ex
Lz p{4Ecosze|ar(lnne)/arr|res

Then using P, , it can be shown that the neutrino flux passing through the region of this resonance must
be reduced by about a factor of two, as it was verified by the experiments.

Further we cross to treating the resonances of the v,; neutrinos traversing the CS magnetic field. In
that case the v,; neutrinos may experience the following resonance transitions

VeL = VeR, Vel _>VHR-
The quantities characterizing the v,; — v,, resonance transition are the following

»P =V, + A2 —d =0, (18)

VeLVeR
21
“eeBJ_

(19)

(LveLveR )max =

The case when the term AZ2L is negligible compared to @ and the resonance condition amounts to
Ver = @, (20)

is unreal. Genuinely, in order for Eq. (18) to be satisfied, it is necessary that the twisting magnetic field
exists at a distance greater than the solar radius. On the other hand, the currents producing the
inhomogeneous vortex magnetic field could reach the value of 10" A/cm?. Then, for the CSs the quantity
(@v v,y rot H(z)]. will have the order of 107" ¢V and being negative it could compensate the term of
V., in Eq. (18). In doing so, the v,; — v, resonance may take place only in the corona.

We are coming now to the v,, — v, resonance. The pertinent expressions for this resonance will
look like

zﬁ’em = 2APcoq + Vo + AR D=0, (e2))
2n
(Lyorvyp ) max = Bl (22)

In the solar atmosphere, the term V,, in Eq. (21) is much less than A'2¢,q and plays no role. Analogously

the quantity (ay,, v, )[rot H(z)]. appears to be also small compared with A'¢,4. Hence, the Vor, = Vg
resonance may take place only owing to the twisting, that is, when the relation

Zvervir = 202000 + D ~0 (23)
is realized.
Let us determine the values of the parameter a which provide the fulfilment of Eq. (23) for different

solar neutrinos. ASsSuming o, = e, By = 10° G and using for W, its upper limit 2.9 - 10" 1, we obtain

4 _ _ .
o {10 , for £, =0.1 MeV (pp —neutrinos), (24)

102, for £, =10MeV (8B—neutrinos).

If the CS magnetic field increases to the value of 10° G (as it may be for the super flare case [1]), the
above mentioned values of || are decreased by a factor of 10°. Thus it becomes obvious that under
certain conditions the v,;, — v, resonance transition may be observed. The resonance condition (23)
does not contain n, and n, and, as a consequence, the v,; — v, resonance may occur both in the corona
and in the chromosphere.
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Now we introduce the quantity which characterizes the weakening of the electron neutrino beam
after traversing the resonant layer
_Ni-Ny
Mvervur = T,

where N; and N, are the numbers of the v,; neutrinos before and after the passage of the v,, — v,z
resonance, respectlvely Again, to find the exact value of 1y, v, Wwe should concretize the dependence
on distance of the quantities n,, n,, B, and solve Eq. (8). However, to roughly estimate this quantity, it
will suffice to compare the resonance widths FVeLV“L and FVeLV“R , while taking into account the value
of Nvervur - Calculations result in

2-107%, if Py = (Ree)upper =2.9-10 g, By =10° G,

(25)
0.12, if pey = (Upp)upper = 6.8-107u5, B, =107 G.

nveLvuR =

It should be noted that all the magnetic-induced resonances have the resonance widths which are
completely determined by the quantity py, v ,B 1. So, the foregoing estimations remain valid for such
resonance conversions. Then it becomes evident that the second generatlon detectors utilizing the

CEVNS could display the weakening of the v,, beam already at B > 107 G.

Let us assume that the v,; beam passes through the MSW resonance before entering the CS mag-
netic field. To put it another way, we shall deal with the beam which has been weakened at the cost of
the v,, — v, resonance. Therefore, the oscillations picture will be incomplete, if we do not take into
consideration the oscillation transitions of the v, neutrinos produced due to the MSW resonance. In the
CS magnetic field these neutrinos may experience v,; — Vv, and v,; — v, . resonance conversions. The
corresponding resonance conditions will look like as follows

S0 pver = 2720 + Vi + Ay —D =0, (26)
zf}mw =V + Apt —d=0. 27)

From Eq. (27) it follows that the v, — v, resonance appears to be allowed when
D <V Ll 450 1, Var + Ajt ~0. (28)

Note that in the conditions of the v,; — v, and v,; — v,z resonances a large value of A'%ca9 could be
compensated only by &. However, the fulfillment of condition (26) requires that @ is positive, while
condition (21) will be satisfied only if @ is negative.

So, the survival probabilities of the electron and muon neutrinos are defined by the expressions

PVeLVeL :1_(PVeLVeR +PVeLV;1R )7 PVHLVHL :1_(PVHLV6R +PVuLVuR )7 (29)

where the contribution of the MSW-resonance was eliminated for the reasons expounded above. From
the foregoing expressions it follows that the AM and/or the NCR must be taken into account for the
Dirac neutrino case.

In what follows we shall discuss the oscillation picture for the Majorana neutrinos. Here for v,, we
shall deal with the v, — Vg resonance transition only. The relations being pertinent to this transition
are as follows

Zvovur = 20720 + VL + Vi + Ad — Ay = =0, (30)
I ~ f(“euBl) (31)

VeLVp,LR GF

2n

(32)

LVeLVuR =
VB o + (B
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In the solar atmosphere, the terms Vez, Vyy and (@y,pv,p +av, v, )rot H(z)], appear to be small

compared with A"cq. Therefore, the Ve — Vg resonance may take place only as a consequence of
the twisting, that is, when the relation

Zvevur = 202000+ D=0 (33)

is realized.

We should take into account the resonant transitions of the v, neutrinos produced in the MSW res-
onance. In the CS magnetic field these neutrinos may have the v,; — V.z resonance conversion. The
corresponding resonance condition will look like

) =2A2c00 -0 =0. (34)

VuLVeR
From comparing of the obtained expression with EveLVuR it follows that when the v, — vz resonance
is forbidden then the v,; —V.z resonance is allowed, and vice versa. In that case the survival
probabilities for the v,, and the v,; beams will be given by the expressions

PVeLVeL =1- PVeLVp,R ’ PVuLVuL =1- PVuLVeR : (35)
It should be also noted that from the obtained equations it follows that the contributions coming from the
AM and the CNR can be safely neglected when the neutrino is the Majorana particle.

Conclusion. It was shown that in the Majorana neutrino case the decreasing of the electron neu-
trino numbers is caused by the v, — v,z resonance while decreasing the muon neutrino numbers is
connected with the v ; — Vg resonance. Both these resonances may exist only when the CS magnetic
field possesses twisting. It should be stressed that under the fulfillment of the v, — v,z resonance
condition the appearance of the v,; —> V.z resonance is excluded, and conversely. Also note, that for
the Majorana neutrino the AM and the NCF do not exert any influence on the values of the oscillation
parameters under the conditions of the Sun. In the Majorana theory right-handed neutrinos v,z and
Vg are physical particles whereas detectors based on CEVNC are flavor-blind (at least with the existing
experimental technique). Then, since the total neutrino flux is kept constant after traveling the resonanc-
es, the detectors will not feel the change in the flavor composition of the neutrino beam.

In the Dirac neutrino case the oscillation picture is richer. Here we have the following resonances

Vel => VeR, Vel = VuR

for electron neutrinos, and
VL —> VR, VuL —> VeR

for muon neutrinos. It should be stressed that in this case the v,z and vz are sterile particles and they
cannot be recorded by detectors based on CEVNC. The v,;, — v, and v,; — v, — resonances could be
realized only in the magnetic twisting field, while the existence of the v,;, — v, and v,; — v, —
resonances is possible only if either or both the AM and the NCR have the values close to their
experimental bounds. For all the magnetic-induced resonances the oscillation width depends on the
quantity p;7B; which, in its turn, determines the weakening of the neutrino beams passing the CS
magnetic field. In this time, one should expect that the decrease of the electron neutrino beam will be less
than the decrease of the muon neutrino beam, since the upper bound on p,, is bigger than that on p,,.

Then, for example, using the upper bound on p,,, and assuming B = 103G we shall get the weakening
of the v, beam being equal to 1.2. It is obvious that second-generation detectors could observe such
a weakening of the neutrino flux. Note that the sensitivity of the measurement could be significantly
improved when detectors with different element compositions are employed. Then the systematic errors
associated with the inaccuracy in determining the intensity of the neutrino beam are mutually excluded.

So, the detectors based on CEVNC could be utilized for forecasting high-energy SFs only when the
neutrino has the Dirac nature. This also allows us to state that the observation of the neutrino beams
passing through the magnetic fields of the CSs, which are the sources of the SF, will allow us to deter-
mine the neutrino nature.
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Flares could occur in Sun-like stars too. In that case high-energy flares exhibit a serious danger to
the crew of the spacecraft. Consequently, the problem of forecasting the flare is topical for cosmic flights
as well. Obviously those terrestrial neutrino detectors will be of no avail when flying outside the solar
system. It is hoped that the problem could find its solution with the help of neutrino detectors similar in
design to the RED-100 installed on a spacecraft.
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