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The magnetic field in the convective zone of the Sun has a random small-scale component with the rms
value substantially exceeding the strength of a regular large-scale field. For two Majorana neutrinoXflavors
two helicities in the presence of a neutrino transition magnetic moment and nonzero neutrino mixing we
analyze the displacement of the alloweting®— sir? 26)-parameter region reconciled for the SuperKamio-
kande(SK) and radiochemical GALLEX, SAGE, Homestakeexperiments in dependence on the rms mag-
netic field valueb, or more precisely, on a valugb assuming the transition magnetic momemt
=10ug. In contrast with resonant spin-flavor precession in regular magnetic fields we find an effective
production of electron antineutrinos in the Sun even for small neutrino mixing through the cascade conversions
VeL— ¥, — VeRr: VeL— Vur— Ver IN @ random magnetic field that would be a signature of the Majorana nature
of neutrino if g Will be registered. Based on the present SK bound on electron antineutrinos we also find an
excluded area in the samem?,sirf 26 plane and reveal a strong sensitivity to the random magnetic field
correlation length_,. [S0556-282199)00804-§

PACS numbeps): 96.60.Jw, 13.10:q, 13.15:+g, 14.60.Pq

[. INTRODUCTION field value over the solar disc is of the orddrloG and the
magnetic field strength in the solar spots reaches 1 kG.
Recent results of the SuperKamiokan@K) experiment Because sunspots are considered to be produced from

[1] have already confirmed the solar neutrino deficit at thenagnetic tubes transported to the solar surface due to the
level lessRgk/Rssyi=0.4. Moreover, day/nightld/N) and  boyancy, this figure can be considered as a reasonable
seasonal neutrino flux variations were analyzed in this exerder-of magnitude observational estimate for the mean mag-
periment and ir=4 yr one expects to reach enough statisticsnetic field strength in the region of magnetic field generation.
in order to confirm or refuse these periods predicted in somén solar magnetohydrodynamicsee, e.g., Ref3])) one can
theoretical modelsD/N variations would be a signature of explain such fields in a self-consistent way if these fields are
the Mikheyev-Smirnov-WolfensteiMSW) solution to the generated by a dynamo mechanism at the bottom of the con-
solar neutrino probleniSNP. The signature of the vacuum vective zone(or, more specific, in the overshoot layeBut
oscillations is a seasonal variation of the neutrino flux, inits value seems to be too low for effective neutrino conver-
addition to geometrical seasonal variation?{t). An 11-yr  sions.
variation will be a signature of the resonant spin-flavor pre- The mean magnetic field is, however, followed bgraall
cession(RSFB solution. scale random magnetic field. This random magnetic field is
All three elementary particle physics solutiohgcuum, not directly traced by sunspots or other tracers of solar ac-
MSW, and RSFPsuccessfully describe the results of all four tivity. This field propagates through the convective zone and
solar-neutrino experiments, because the suppression factgshotosphere drastically decreasing in strength with an in-
of neutrino fluxes are energy dependent and helioseismicrease of scale. According to the present-day understanding
data confirm the standard solar mod®5M with high pre-  of solar dynamo, the strength of the random magnetic field
cision at all radial distances of interdsee the recent review inside the convective zone is larger than the mean field
by Berezinsky2]). strength. A direct observational estimation of a ratio between
There exists, however, a problem with large regular solathis strength is not available, however, the ratio of the order
magnetic fields, essential for the RSFP scenario. It is comef 50—100 does not seem impossible. At least, the ratio be-
monly accepted that magnetic fields measured at the surfateeen the mean magnetic field strength and the fluctuation at
of the Sun are weaker than within interior of the convectivethe solar surface is estimated as(See, e.g., Ref4]).
zone where this field is supposed to be generated. The mean This is the main reason why we consider here a scenario
similar to the RSFP, an aperiodic spin-flavor conversion
(ASFO), based on the presence of random magnetic fields in

*Email address: bikov@math380b.phys.msu.su the solar convective zone. It turns out that the ASFC is an
"Email address: popov@math380b.phys.msu.su additional way to describe the solar neutrino deficit in differ-
*Email address: rez@izmiran.rssi.ru ent energy regions, especially if current and future experi-
SEmail address: semikoz@flamenco.ific.uv.es; on leave fromments will detect electron antineutrinos from the Sun. The

IZMIRAN, Troitsk, Moscow region, 142092, Russia. term “aperiodic” reflects the exponential behavior of con-
"Email address: sokoloff@lem.srcc.msu.su version probabilities in noisy medigee Refs[5,6]).
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As well as for the RSFP mechanidm] all arguments in
favor and against the ASFC mechanism with random mag- radiative  convective zone
netic fields remain the same ones that have been recently zone (MSW)

summarized and commented by Akhmedmee Ref.[8], gl 2 ‘:fL S T o e I
and references therginBut contrary to the case of regular g 3 “Js“L’ DRSS *
magnetic fields we find out that one of the signatures of the & % V\Q&L» LIS LN eI L
random magnetic field in the Sun is the prediction of a wider v § wtbs FISFTeIT N
allowed region for neutrino mixing angle in the presence of

the solarv,, including the case admall mixing anglegsee R=0 0.7Rg Ro law
below, Sec. V.

Note that if electron antineutrinos from the Sun were de- FIG. 1. Geometry of neutrino trajectories in random magnetic
tected at the Earth this would lead to the conclusion thafields. The finite radius o, -neutrino source, the solar core radius
neutrinos are Majorana particles. This is a very attractive?-1Ro is shown.
feature of the RSFP in the regular magnetic field or ASFC in
random fields in the Sun. allel neutrino fluxes directed to the Eartballed “rays”

The SK experiment provides a stringent bound on thehere cross the convective zor{see Fig. 1 As a result of
presence of solar electron antineutrinos, at least for the higithe different realizations of random fields along different
energy regio9]. A phenomenological and numerical analy- rays the probabilitie®,,(r,£, ) are random functions built
sis of ve —Peg CONversion in the solar twisting magnetic on randomness of magnetic fields in all three directions. The
fields[10—12 shows that it is possible to obtain a noticeablesame probabilities for left-handed electron neutrinos
amount of.g [11] consistent with the limit given in Ref. Pd(r,&,7) are used in Sec. I B to define neutrino flux mea-
[9]. Twisting magnetic fields themselves are, however, verysured in radiochemical experiment¢Homestake and
specific and it is hard to explain their existence and origin GALLEX + SAGE, in SNU unit.

Therefore, more realistic models of magnetic field in the Sun In Sec. Il we give physical arguments supporting the
are necessary and for a start we treat here both SNP solutisaBndom magnetic field model implemented into the master
and 7, production applying, as we hope, a more realisticequation(11) (Sec. Il B 1. After that we describe the math-
model of random magnetic fields in the convective zone ofmatical model of random magnetic fieltBec. llIB 2. In

the Sun. Sec. Il C we analyze asymptotic solution of the master equa-

The random magnetic field is considered to be maximation in the case of small neutrino mixing. We briefly discuss
somewhere at the bottom of the convective zone and to déhere many possible analytic issues, in particular, magnetic
cay close to the solar surface. To take into account that théeld correlations of finite radiugSec. 1l C 2, linked cluster
solar dynamo action is possible also just below the bottom oéxpansion and higher moments of survival probabilBgc.

the convective zonésee Ref[3]), we accept, rather arbi- [lIC3). We give also an interpretation of the random mag-
trary, that it is distributed at the radial rangeR/~1.0R,,,  hetic field influence as a random walk over a cir¢&ec.
i.e., it has the same thickness as the convective zone. O C4).

course, our model of the random magnetic fiedde details In Sec. IlID we describe the algorithm of our numerical

below) is a crude simplification of the real situation, how- approach. The main goal is to calculate the mean arithmetic
ever, the results are presumably robust. Evidently, this modgirobabilities as functions of the mixing parameters
does not contradict the helioseismological data for acopstic Sin? 26,6=An¥/4E,

waves near the solar surface. For each realization of random

magnetic fields we found a solution of the Cauchi problem irf Paa( 8,sir? 26))

the form of a set of wave functions v,(t)
=|v,(t)|exdias(t)] obeying the unitarity condition for the =f J dédyP,,(8,sirf2 915,77)/J’ j dédy, 2
probabilitiesP4(t) = v} (t) va(t)
Ped )+ Pe(t) + P, () + Pa(t) =1, 1
e 7 Pl Pu, (0 Pl @ under the assumptioh(?)(¢,7,E)=®{9(&, )\ (E), where
where the subscript stands forve , € for ver, ufor v, ,  \(E) is the corresponding normalized differential flux
andy, for v, correspondingly. smalD)\ (E)dE=1 and ®{%(¢,7) is the integral flux of
In Sec. Il the experimental observables are demec{ueutrinos of kind ‘I” (i=pp,BepepB) assumed to be

through the neutrino conversion probabilitieg,(E) at the . v -4 uniform®©(¢, 7)=®©=const, at a given

detectors {=Rgzw) accounting for neutrino propagation _ SRR
both in the Sun and on the way from the Sun to the Earth. Irﬂzztaar\]/(;?agitng?? t:]heet(r:aer?;?/re?sfatlh Sls?r:fadgi]ﬁ;r: is simplifies

Sec. Il A we give general formulas for the neutrino spectrum
in ve scattering. In contrast to the well-known case of regu-

lar fields, we need to find the probabiliti€s (r =t) as the fz , , ded 7P O£ 7)Paa(£,7)

functions of a local position in the transversal plang(r) £ 1" <Reore

=P,.(r,&, 7). This is because longitudinal profiles of the —1

random fields(alongr) are generally different in different X f dédn =<I>i(°)<Paa>. 3
points in the transversal plane even for an instant when par- £+ 7" <Ry
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-1
merely reflects the physical properties of neutrino detectorsF= Ne
that respond to the incoherent sum of partial neutrino fluxes
incoming from all visible parts of the Sun. At the same time
it is well known that the most studied statistical characteris- X j ., ., dédn> o
tics in statistical physics and especially in the theory of dis- &4 <Reore '
ordered media are those that are additive functions of dimen- Enmadi) do™)
sions(see Ref[14]). Their main distinctive feature is that, x(g,n)f dEs(E))\i(E)< Weak(E,T||§,77)>,
being divided by corresponding volume, they become certain Emin(T) dTt
in macroscopic limit, i.e., self-averaged. From the definition (5)
given in Eq.(2) it follows that the integral in the numerator
in the right-hand sidéRHS) is indeed an additive function of where N, is the total number of electrons in the fiducial
the area of the convective zone laysee also Fig. )1 There-  volume of the detector,,,(T)=(T/2)(1+ y1+2m./T) is
fore for increasing area one can expect {ff,) should be the minimal neutrino energy obtained from the kinematical
self-averaged. Our results below confirm this propéBigc.  inequality T<T,,=2E2/(2m.+2E) and E,({i) is given
[11C 3 and Sec. IV. in Ref. [13]. For simplicity the efficiencys(E) above the

It should be stressed that the above procedure does ndetector thresholdy, is substituted by (E)=1. Note that
imply any averaging of dynamic equations. We are averagwe have assumed the same core radii for all neutrino sources

ing only the solutions of the dynamic equations. Another(kinds “i"), Rgge= R

It is worth to note that the above averaging procedure dN,
[ 0
&4 p2<R?

core

approach, suggested recently in Réf5], deals with the av- The averaged differential cross section
eraged (Redfield-typé equations for Gaussian random de™) (E T /dT
sources. At least for thé-correlated noise the latter results (doweal E.TI[€,7)/dT)
are consistent with ours. in Eq. (5),

the rms field value/(b?) and argue why electron antineutri- Uweak(E,ﬂg, 77)>

nos are not seen in the SK experiment reconciling availabl art

experimental data for four solar neutrino experiments. In Tinax

Sec. V we discuss our results comparing two mechanisms, :U exq—(T—T’)Z/ZA(T’)Z]dT’}
RSFP and ASFC, for the same strength of regular and rms 0

fields andu=10"ug.

In Sec. IV we analyze how these probabilities depend ong (M)

-1

X

Fmaxexp[—(T—T’)Z/zA(T')Z]dT'
0

Il. EXPERIMENTAL OBSERVABLE VALUES M) =7
% da—weal(T ’E| |§, 7)

a1’

(6)

If neutrinos have a transition magnetic moment, then in
real time experiments such ag scattering in SK[1], the

recoil electron spectrum depends on all four neutrino converg given by the energy resolutiahT=A(T) in the Gaussian

sion probabilitiesP,, (see Sec. Il A while in the case of gigyribution whereT” is thetrue recoil electron energyT is
radiochemical experlmen(Homestgke, Galle>§, SAGET)) the measured energy, and by the scattering cross section
the number of events measured in SNU units depends only,. ¢4+ active Majorana neutrino componeftss]

on charge current contribution with left-handed electron neu- ) ,
trinos, i.e., on the survival probabilit,. that itself is a doyead E. T'[|€,7)
function of the magnetic field parameteB, , as well as of daT

the fundamental mixing parameteksn?, sir? 26 (Sec. I B).

2GZm,

= pm [Pee(Ef-’?)

T 2
.

2 2
OeLTOR E

A. Spectrum and number of neutrino events inve-scattering
experiments m.T’

- ESZ geLgR +P@(E1§177)

AW
. . . g&+g2 l—T—
In a real time experiment one measures the integral spec- R Jel E
trum (the number of neutrino events per gay

Kinae T T
Terr  dN(T m
N= T o )' (4) - 92 OelOr |+ Puu(E, & m) Q,ZLL"‘gé 1_E)
Kmin < Tk dT E
meT” +P(E.&n)| 92+ 9 (1 T,)z
where experimentalists divide the whole allowed recoil elec- E2 JuL IR rird =8| ORT Gt E

tron energy intervall =Ty, into bins AW=T,,,—T, with
Ty =Ty, The energy spectrum of event\, /d T, has the meT’ 9.0 H
min wLIR .

form E?

@)
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Herege =£¢+0.5,9, =§-0.5,0r=§= sinf26,~0.23 are  unknown statistical error, which we expect to be less than the
the coupling constants in the standard mo@&1). systematical one after enough exposition time, as it will de-
Let us stress that a specific dependence of probabilities oerease as=AN,/N,|~t~ 2 We have also neglected inner
the transversal coordinatéss vanishes for a homogeneous and external background contributions to the systematical
regular magnetic field which is a function of the longitudinal error considering them as the specifical ones for each experi-

coordinater =t only. Therefore for scenarios with regular ment.
fields (for instance, in Ref[7]) the spectrum Eq5) takes the _ _ _
usual form without dependence on transversal coordinates. B. Radiochemical experiments
If we assume uniform partial neutrino fluxes, the integra- The number of neutrino events in GALLE{SAGE) and
tion over the transversal coordinatgsy in the integrand of  Homestake experiments measured in SNUBNU = 1036
the event number E@5) leads to the averaging of probabili- captures per atom/per $eas the form
ties, see Eq(3) and Sec. IlI D. The energy resolution in the

Emax(i)
SK experiment is given b (T)=A,0/T/10 MeV and for 10 3N, o= d)f‘”f * N(E)oga ofE)
the Kamiokande experiment is estimated &8/ T~0.2 at ! En(GaC
the energyT=10 MeV, orA,;=2 MeV. This irreducible X(Pod E))dE (10)

systematical error becomes even worse near the threshold
(T,=6.5 MeV at the present time and one plans to reachwhere the thresholdg,(Ga,Cl) for GALLEX (SAGE and
Th=5 MeV in 1998. Homestake are 0.233 and 0.8 MeV, correspondingly, and the
In BOREXINO (starts in 1999 where one has a liquid capture cross sectiongs, ¢(E) for gallium and clorine de-
scintillator, it is expected to observe approximately 300 photectors are shown in Table 8.4 of R¢L3]. For P,.=1 the
toelectrons(phe per MeV of deposited recoil electron en- SSM predictions for radiochemical experiments are listed in
ergy. This gives an estimate of the energy resolution of thdable 8.2. of Ref[13]. For updated theoretical fluxes in
order[18] BP95 model[20] we find the mean SSM predictions 137
SNU for GALLEX (SAGE) and 9,3 SNU for the Homestake
1 - 0.058 ®) experiment. The experimental ddth7] reports the electron
Nphe  VT/MeV’ neutrino deficit, 69.76.7°32 SNU for the GALLEX, 69
ilOf? SNU for the SAGE, and 2.550.17+0.18 SNU for
corresponding to 12% for the threshol@=0.25 MeV) the Homestake experiments.
and 7% for the maximum recoil energy for Be neutrinos, Note that the ratio of the experimental data to SSM pre-
Tmax=0.663 MeV. In HELLAZ the multiwire chamber dictions do not depend on theoretical uncertainties of the
(MWC) counts the secondary electrons produced by the inimtegral neutrino fluxesb(”) in Eq. (10). Neutrino deficit
tial one in helium. It is expected to count 2500 electrons afexpressed through these ratif] is 0.509-0.059, 0.504

AT
~ (BOREXINO)=

the threshold energ§y=0.1 MeV, so in that casgl9] +0.085, and 0.2740.027 for GALLEX, SAGE and Home-
1 0.02 stake, correspondingly, where the experimental drrors
T (HELLAZ) N T (99 come from\/asztat Uszys

I1l. MASTER EQUATION AND ITS SOLUTION
or the energy resolution of the order 1.5% for the maximum
for pp neutrinosT,5,=0.26 MeV.

Other experimental uncertainties must be incorporated We consider conversions, g— vy r, a=u or 7, for
into the differential spectra Ed5). We have neglected an two neutrino flavors obeying the master evolution equation

A. Master equation

VeL\  [Ve—cpd O 5,6 pHL (1) | [ veL

i 'TjeR _ 0 _Ve_C25 _/LH_(t) 525 hl}eR (11)
v | | S8 —uHL() V,+cd 0 v |
;IJ,U.R ,UJH,(I) 325 0 _VM+C25 7/,LLR

wherec,=cos ¥, s,=sin 20, 5= Am?/4E are the neutrino =GF\/§[p(t)/mp](Ye— Y,/2) and VM(t)=GF\/§[p(t)/
mixing parametersy = u1, is the neutrino active-active tran- m,](—Y,/2) are the neutrino vector potentials fog, and
sition magnetic momentl . (t) =By (t) +b.(t), H.=H, v, in the Sun given by the abundances of the electron
*iHy, are the magnetic field components consisting of Y.=mgN(t)/p(t)] and neutrod Y, =mN(t)/p(t)] com-
regular By-) and randomlf.) parts which are perpendicu- ponents and by the SSM density profilep(t)

lar to the neutrino trajectory in the SunV(t) =250 glcniexp(—10.54) [13]. Note that we did not as-
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sume here a twist field model with analogous constructions 100
B.=B,*iB, in off-diagonal entries of the Hamiltonian in 90 -
Eqg. (11). These expressions are derived from the initial Ma- 80
jorana equations in the mass-eigenstate representation where 70 -
transversal part of the spin-flip terps- B leads automati- 60 -
cally to the “twist-form” in the Schralinger equation above S0
written in flavor representatiotsee Ref[21]). We have not :40 I
. . . 230 -
performed the phase transform of the Hamiltonian in Eq. 20 L
(11) since, in contrast with Refl10], the phased(t) in 100
H.=H, (t)e*'®® is the random one that gives uncertainty 0
in the additional termd for the resonance conditiofiO]. -10 -
Instead of that we have solved Ed.1) directly by using a 20
computer simulatiorisee below. -30

1 1 1 1 ] | | 1 |
B. Solar magnetic fields 0001020304 025 0.6 0.7 0.8 0.9 1.0
1. Random magnetic fields FIG. 2. Profiles of regular and random magnetic fields in the
The rms random componehtis assumed to be stronger solar convective zone. One realization of the random magnetic field
than the regular onB, and maybe even much stronger thancomponenb,(r) (for one neutrino rayis plotted.b,(r) component
BO,<b2>>BZ, provided the large magnetic Reynolds numberwhich has a different profile is not shown. 1; regular magnetic field
Rmn leads to the effective dynamo enhancement of smallprofile with Bya,=100 kG, 2; the same witlB,,,=50 kG, 3;

scale(random magnetic fields. Let us give simple estimatesrandom magnetic field profile with;,=50 kG.

of the magnetic Reynolds numbBF,=lv/vy, in the convec- oo ations of galactic magnetic field presumably driven by
tive zone for fully ionized hydrogen plasmaT®lny 5 gynamop~1.88 [23]. A more developed theory of equi-
~13.6 eV~10° K). Herel~10° cm is the size of eddy partition givesb=constB In R, (see Ref[22]). For our con-

(of the order of magnitude of a granule sizeith the turbu-  gjqeration we can take this constant as.4

lent velocity inside of iv~10° cm/s. Provided an equipar-  Note that this estimate is considered now as very conser-
tition between the turbulent kinetic energy and timean yative. Based on more detailed theories of MHD turbulence
magnetic field is suggested, we obtairv,=B/V4mp,  estimates such ds~ \R,,B are discussef24,25. Such es-
whereuv , is the Alfven velocity for MHD plasmaB is the  timates give free room for very large values lnf Let us
mean(large-scalg magnetic field in convective zone, apd  stress, however, that if the larger estimatebd accepted,

is the matter density. The magnetic diffusion coefficient, orthe more difficult it is to refer for a dynamo to be an origin
magnetic Vviscosity v,=Cc%/4mo g entering the diffusion for B, so the estimates by Vainstein and Cataf@g25 are

term of the Faradey induction equation hardly comparable with the dynamo nature of large-scale so-
> lar magnetic field.

ﬁzrot[Qx A+ v, AR, (12) Being interested in neutrino conversions, we need only a

t partial information concerning the small-scale magnetic

W s o Lo , fields. In particular, because of the very rapid propagation of
whereH=B+b is the total magnetic fieldmean field plus  neytring in comparison with MHD timescales, we are inter-
fluctuations, is given by the conductivity of the hydrogen egteqd only in a distribution at a given instant in a given
plasmaoconi— w§|/4wvep. Herec is the light velocity,wy  direction.

= J4me’n,/m,=5.65< 10*\n, st is the plasma, or Lang-

muir frequency,ve,=50n,/T¥? s™* is the electron-proton 2. The model of the magnetic field
collision frequency, and the electron densily=n, and the The assumed profile of a random magnetic field is pre-
temperaturel are measured in cif and K, respectively.  sented in Fig. 2. We also show there the profile of the regular

It follows that the magnetic diffusion coefficient,,  magnetic field used in calculations. We find that RSFP re-
=10"(T/1 K)~*? cn?s™* does not depend on the charge sults are not sensitive to the profile of a regular field. How-
densityn, and it is very small for hot plasm@=10° K.  ever, switching on a random field, we find out an essential
From comparison of the first and second terms in the RHS ofhange of the probabilitieB,,(t) for the same mixing pa-
the Faradey equatiofl2) we find thatv/I> v /1%, of vy rameters sifi2d, Am?/2E. This difference in the influence of
<vl~10" cn?s ! sinceT/1 K>1. This means that mag- the magnetic field model on the solution of Egjl) becomes
netic field in the Sun idrozen-in As a result we obtained more significant for larger values of the rrhs

Rn=lvwj/(c?ve) =(10722 Iv/ecm?s 1)(T/1 K)¥2 A The numerical implementation for the random magnetic
standard estimation foR, in the solar convective zone is field has been chosen as follows. We choose the correlation
Rn=10® (see Ref[22]). length for the random field component bg=10* km that

The estimation ob/B for the solar convective zon@nd s close to the mesogranule size.
other cosmic dynamgss a matter of current scientific dis- Then we suppose that the entire volume of the convective
cussions. The most conservative estimate, simply based @one is covered by a net of rectangular domains where the
the equipartition concept, is=constB. According to direct random magnetic field strength vector is constant. The mag-
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netic field strength changes smoothly at the boundaries beorrespondingly the spin-flavor dynamicg,—7,z and
tween the neighbor domains obeying the Maxwell equationsy,,| —7g in noisy magnetic fields. In addition, once the
Since one cannot expect the strong influence of small detailsISW resonance point is far away from the convective zone,
in the random magnetic field within and near thin boundaryone can also omiv, andV, in comparison withc,8. For
layers between the domains, this oversimplified model looks,, -7, conversion this results into a two-component

applicable. Schralinger equation

In agreement with the SSIM.3] we suppose that the neu- VoL —5  ubi(0)\/ veL
trino source inside the Sun is located inside the core with a |< L z( )(f ) 13
radius of the order oR,=0.1R,=7x10* km and neglect, VuR pb_(t) g VuR

for the sake of simplicity, the spatial distribution of neutrino = . 5 - 12
emissivity from a unit of solid angle of the core image. How- With initial conditions [761|“(0)=Pee(0), [¥,.r]°=P7z(0)
ever, different parallel trajectories directed to the Earth crosg™ 0- AS normalized probabilitieBed(t) andPy(t) [satisfy-
different magnetic domains because the domain kigéin ~ INg the conservation lawed(t) + Pzz(t) =Ped0)] are the
the plane which is perpendicular to neutrino trajectories ~ ONly observables, it is convenient to recast the @) into
much less than the transversal iR, of the full set of ~an equivalent integral form

parallel rays,L,<R,. The whole number of trajectories t ty

(ray9 with statistically independent magnetic fields is about S(I):S(O)—4M2f0dt1fo dtaS(t2) X {[by(t1)by(t2)
R%/L§~50. Thus, the perpendicular componeritg,(r)

along one representative ray are the random functions with +by(ty)by(tz)]cos 25(t; —ty) —[by(t)by(ty)
the correlation length., (see Fig. 2 )
At the stage of the numerical simulation of the random —by(t2)by(ty)]sin25(t, )}, (14)

magnetic field we generate the set of the random numbers ) )
with the given rmsy(b?) and suppose that the strength of the WNE€S(1) =2Pe(t) = Pe(0)=Peg(t) — Pz(1) is the third
random field is constant inside the rectangular volume witffomponent of the polarization vect6r

the radial sizd_y and with the same diametég, in the &, » .

plane. We assume thal(b3) = \(b?). We generate random 1. & correlations

values ofb in different cells both along the neutrino trajec-  If L is the minimal physical scale in the problem, we can
tory and in the transversal plardg», we solve the Cauchy consider random magnetic fields dorrelated:

problem for 50 rays and calculate the mean probabilities

) X 2
given in EqQ.(2). by (t1)by(ty) +by(ty)by(ts)) == (B2 Lod(t;—t,),
Note that we substitute into the integrand of the neutrino (B(t)by(tz y(12)0y(12)) 3< Lodltytz
event numbedN,/dT the probabilitiesP,(r =Rgo , €, 7) (byb,)=0
xMy. .

at the Earth taking into account also vacuum neutrino oscil-
lation probabilities(for zero magnetic fields and zero density In this case it turns out that averaging of E#4) over ran-

in the solar wind and neglecting the Earth effects for rela- 4,m magnetic fields is exactly equivalent to averaging of its
tively small Am"~10"" eV*(l,=2.48<10 "E(MeV)/  gq|ytion (see Ref[6]). The result reads
Am?(eV?) km>1,=3.28<10" km/p(glcn?) for p~4.5

—11 g/ent in the Earth. As for MSW regionAm?~10~° (S(t))=s(0)e™ ", (15
eV? we do not consider here the possible Earth influence ) )
which could result in day-night variations. where(S(t)) is the mean value, and the decay factor is
r—f 2(b?)L (16)
C. Asymptotic solution of the master equation 3 K 0-

Let us consider how the random magnetic field influences
the small-mixing MSW solution to the SNP with the help of If time is measured in units df, (recall thatc=1), suppos-
some simplified analytical solutions of the master equationg that neutrino traversedll correlation cells, i.e.t=L,
(12). Indeed, it turns out that for the SSM exponential den-XN, we have
sity profile, typical boron neutrino energi€s~7-14 MeV, 4 R
and Am?~10° eV?, the MSW resonancé.e., the point (S(N))=S(0)exp[ —§,u2<b2>L§><N :
whereV,—V,=2c,8) occurs well below the bottom of the
convective zone. Thus we can divide the neutrino propaga- . . .
tion problem and consider two successive stages. First, aftéP that' N pla_yg a role of an extensive variable like the vol-
the generation in the middle of the Sun, neutrinos propagatgmev in statistical mechanics.
in the absence of any magnetic fields, undergo the nonadia-
batic (noncompletgMSW conversiorve — v, and acquire
certain nonzero valueB.. endP,, , which can be treated as Let us consider Eq(14) in terms of our numerical
initial conditions at the bottom of the convective zone. Formethod. Dividing the interval of integration into a set of
small neutrino mixings,— 0 the (4X4)-master equatio(B) equal intervals of correlation length,, for a current celin
then splits into two pairs of independent equations describingve have

17

2. Correlations of finite radius

063001-6



NEUTRINO CONVERSIONS IN RANDOM MAGNETIC ... PHYSICAL REVIEW 39 063001

ok ek, least for strong random magnetic fields as it follows that for
S,=S(n-Lg)=S(0)—4u2>, > dt, small § instantaneous eigenvalues of Ej3)
k=11=1 J(k-1)Lg _ _
. E.(0)=*V&?+u?2()~*ulb ()], (22
min{ty,ILg}
xf dt, {the integrand of Eq(14)}. i ) o o
(1-1)Lg i.e., for typical realization, the vacuum oscillation parameter

(19) should not substantially influence the solution provided also
that < Lgl [see Eq.21)]. The integral equatiol4) then

Assuming now that possible correlations betw&ty) and  takes the form

bi,b; under the integral are smal§(t) itself varies very t t, L _

slowly within one correlation cellsee, however, belowand S(t)=3(0)—4,u2J dt1J dtyb, (t)b, (t2)S(ty),
making use of statistical properties of random fiel@sdif- 0 0

ferent transversal components within one cell are indepen-

dent random variables an@) magnetic fields in different
cells do not correlate, we can average Bd) thus obtaining
a finite difference analogue:

(23

especially convenient for perturbative solution in powers of
magnetic field or, equally, in powers of coupling constant

4.
5 i -y The nth order is proportional to the product ohZrans-
Sh=S(0)—4u ,;1 (b0S versal componenﬂi(ti) integrated over time with descend-
ing upper limits of integration>t;>t,>--->t,,_ ;. After
kLo t averaging and some standard combinatotsee Ref[26])
XJ(k_l),_odtlj(k_l),_odtz €0s 25(t; ~ tp) the perturbation series exponentiates providing the linked
cluster expansion
SifoLge - oo 2ym
= —2,2 —4
S(O) 2,“ 52 kgl <bj_k>sk! (19) (S(t))=S(0)exp| mE:l %Mzm(t) , (24)

where we retained possible slow space dependence of tr\]/vehere because of isotropy we retained linked higher mo-

. - "2 \ _2/R2 H . "
rms magnetic field valugb?,)=3(bj). Returning to the ments of even order only, which can be evaluated within our

continuous version of Eq19) we get spacially piecewise-constant model of random magnetic
Sit)= 4 2 Sin25L0Jtdt’<52(t’)>S(t’) 0 fields as
31“’ 0(5L0)2 0 ’

Man(®)= (- (B ™o, 29
the solution of which has a form

SirfsLg
(6Lo)?

. where\,,,, some coefficients, € ,,<1, \,=1, defined

f(Bz(t’))dt’]. by magnetic field statistics within one cell. For Gaussian
0 distribution all\,,, but \, disappear and Ed24) coincides
(2)  with the S-correlator result Eq(15). Approximately this is

1 -5 ) ] also true wherml=pul 4V 5f)<1 due to fast convergence
For <L, " and constant rmgb<) we obtain the simple of the sum in Eq(24). For chosen values of magnetic fields
o-correlation result Eq(15). Otherwise, there remains an and correlation scale this parameter does not exce@®,
additional stabilizing factor sfx/x?, demonstrating to what - thys justifying thes-correlation estimates. It is also plausible
extent the remnants of the vacuum/medium oscillationqthough we have not proved that corregtipat once we
within one correlation cell can suppress the spin-flavor dY"adOpted the cell model with random magnetic fields physi-
namics due to the magnetic field only. The last expressiogally constrained from above, the resulting approach of
also allows to evaluate at what part of the convective ZoNgs(t)) to its asymptotic value should be always exponential.
the ASFC really takes place for a given profile of the rmsTpat is(S(t)) is simply decaying with time tending to zero.

4
S(t)zS(O)exp{ ~3#Lo

(52). Here we illustrate such a behavior for a type of statistics
differing from Gaussian.
3. Linked cluster expansion and dispersion Stochastic twistl et transversal random magnetic fields in
Another important issue is the problem of temporal de-every correlation cell be constaby m0dU|0<bfk>:<_bf _
pendence of higher statistical momentsRgf,. As P,, enter ~ =const, differing from each other only by random direction

Eqg. (4) for the number of events one should be certain thabf vectorb, ,. Then all even orders of the field entering Egs.
the averaging procedure does not input large statistical ef24),(25) are constant too and,,,= 1. The sum in Eq(24) is
rors, otherwise there will be no room for the solar neutrinoeasily performed and we obtain
puzzle itself. In order to investigate generic statistical prop-

‘ o . 2t
erties of the model we make an additional assumption and <S(t)>=S(O)exp[ — g Q] (26)
put in Egs.(13),(14) & equal to zero. This is not critical at Lo ’
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whereQ = u|b, |L,. We note by passing that for large mag- are the reasons to adopt the strength of the random magnetic
netic fields satisfying rather artificial conditiof==n, n  field for the computer simulationb=50 kG and b
=1,2,...,there should exist an effect of resonance transpar=100 kG.

ency, when the polarization vectérperforms an integer or p The est|mat_|gr(3|1) of t?efrms deV|at|or_1 OPee arxj othe_r
half-integer number of turnovers within one cell. Otherwise' aa IS t_rue, evidently, only for one neutnno_ray. \_/eraglng
the behavior is exponential again. over N independent rays lowers the val(&l) in N times.

To estimate théS(t)) behavior we use the same proce- That is for our case oN~50 rays we get that maximum
dure, write down the iterative solution f&(t), square it and relative error should not exceed approximately 10%, thus
then average. The final result again has an exponential foryStifying the validity of our approach. For smaller magnetic

similar to Eq.(24). As it turns out thaf)<1 we confine here 11€lds the situation is always better.
only with the Gaussian statisti¢galid in this casg Then, To conclude this section, it is neccesary to repeat that the
above estimate E@31) indicates possible danger when treat-

_ I't 20\ _ 4Tt ing numerically the neutrino propagation in noisy media. In
(S(m)=8(0)e", (S(1)= 2 (1+e "0, deed, usually adopted one-dimensiofiat., along one ray
27 only) approximation for the (X4) master equatiofll) or
i i _ _ (2X2) Eg. (13 can suffer from large dispersion errors and
wherel" is defined in Eq(16) and we also rewrite the ex- one should make certain precautions when averaging these
prgssmn(125) for (S(t)). It follows from Eq. (27) that  equations over the random noibefore numerical simula-
(S7(0))=S%(0), and fort—c the exponent dies out and tjons. Otherwise, the resulting error might be even unpredict-
(S%(t)) tends to its asymptotic valugs?*(=))=3S*0). For  gple.
dispersiona3 we then obtain

4. Interpretation of the influence of random magnetic field as a

%0 (1—e 2y, (29 random walk over a circle

os=V(S* (1)) —(S(1))*= N
Here we show that there exists a simple way to explain
the behavior of the mean value and dispersiofPgf(t). To
apparently account the normalizationPqe(t)+ Py (t)
5 5 Ped0) ort =P.{0), we canintroduce a unit circle where a represen-
op=V(Ped1)) —(Ped1))?= ﬁ(l—e )- (29 tative point parametrized by the angular varialigt) per-
forms a motion, while P.g(t)=P.0)coge(t), Paz(t)
=P.(0)sirf¢(t). Then expressions fdB and S* take form
S(t)=Pedt) — Pru(t)=S(0)cos 2p,  S*(t)=[S*(0)/2]{1
+cos 4p}. Suppose now thap(t) is a realization of a Gauss-
ian random process with the dispersidg(t) = 8t and prob-
ability density

and correspondingly fosp

Taking into account that

(Podt)= Tt 1 4 e, (30

we have that relative mean square deviatiorPgf from its

. i : . 1 ¢?
mean value tends withh—oo to its maximum asymptotic P(¢)= ——ex ——},
value V2Bt 2Bt
op(t) 1 0.707. t (31) Simple calculation shows that
—_—_— — = — 00
Podt 0 ! o’
(Pedt)) 2 <cos(1¢>=exp{ - 2'8 } (33

irrespectively of the initial valu®.40). It is interesting that .
this asymptotic value is in a qualitative agreement with theFrom Eq.(33) it follows that

result[27] (S(t))=S(0)e2~,
ap(t) S%(0)
=058, t—oo, 32 2 = 1+ e 88t ,
(Ped)) (32 (S%(1)) 2 (1+e )
that was obtained by numerical simulation of the MSW ef- _S(0) _ —4pt
. : . os= (1—e~ 4B, (34)
fect in a fluctuating matter density. J2

We can now estimate the influence of the random mag-
netic field on the process of the neutrino conversion. Let u§&omparison of Eqs(27), (28), with (34) shows that if we
suppose that the effective thickness of the part of the conadopt 28=T", these expressions become identical. Hence,
vective zone of the Sun carrying the large random magnetione can treat the master equatids) with the random mag-
field is aboutAt~0.13R, and u=1011yg. Then'~=1.6  netic field as a random walkver a circlewith the dispersion
X b/100 kGs!. Hence, random magnetic field with the of the angular variable proportional to the product of the path
strength about 100 kG is strong, mixing parameier 1 along the convective zonét, mean squared magnetic field
—e 1A'=~ 0.8. Random magnetic fiels~50 kG is medium, (b?) and correlation length,, coefficient of proportionality
K~0.33 andb~20 kG is weakK~0.06. These estimations depending on the neutrino magnetic moment squared, see
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Eq. (16). This provides a simple way to express the meaning
of the Eq.(30). At the starting momen(0) possess prob-

ability density concentrated at poiri=0, andP.0) has 10
the definite value governed by the initial conditions.tIf 3
—oo, the random walk over a circle provides an asymptoti- 10

cally uniform probability densityP ,(t=+c)=1/27 and
(Pe(t=+x))=P.(0)/2 because the average value of
cog ¢ is equal to 1/2. A more detailed study of possible
interrelation between neutrino conversions and the random
walk will be reported elsewhere. Here we only add that an 10
explicit computation of the third and fourth moments $f 1
corroborates the above identification. Our results also cor- 10
roborate the conjecturgs] where taking into account only .
one component of the transversal magnetic fieddalar 10 S5 a4 3 2 1 o
caseg, it was shown that the resulting behavior(@¥..) can 1 10 10 10 10 10
be interpreted as a Brownian motion of an auxiliary angular sin2(26)

variable over a circle.

FIG. 3. The averagedover 50 ray$ survival probability P
=(v¥ve) in dependence on §=Am?4E=8.81x1C°
o o o Am?(eV?)/E(MeV) and sif2 ¢; parameters fob,,=50 kG and
Substituting a random realization of magnetic fields along:orrelation length_,=10* km.

one ray[see curve 3 in Fig. 2 fob,(r)]* into the master
equation(11) we find the solution for four wave functions =Am?4E and for a givenb,,s. This can be viewed as a
vo(t)=|va(t)|exdiay(t)], from which all dynamical proba- check of our numerical procedure because the unitarity con-
bibilities P, obeying the condition Eq1) are derived. Then dition was not apparently used in simulation. _
we have repeated such procedure with the solution of the !N Figs. 10,11 we plot allowed parameter regions
Cauchy problem for other configurations of random magAm ,sir? 26 found from reconcilement of _aII experimental
netic fields (along other neutrino trajectories After ~ data [1,17] for the ratio DATA/SSMt1c in the case of
that, supposing that due to homogeneity the intensities diegular fieldsB, =50, 100 kG and in Figs. 12,13 we present
partial neutrino fluxes are equal to each other, i.e.analogous results for random field§b”)=50,100 kG. In
(I)i(o)(g,n)ZCDi(o):const, we obtain the number order t(_) find thes_e regions we have calcqlated nu_mber of
event spectrum Eq.5) that depends on the product ?ﬁ:gtjollztﬁ)i(‘ngzgg miolgrsvsi‘&ocglr;?ngiﬁnCs’fliln"'-sg;u(tjlgcs of
-1 Q) =) =dOx(P,_.). Her . , L _

gﬁ%fi@]e |{1(tje§ erI fllux(f),f?eua;?i(ng(;;7 )of the kingi "a?>13] aeng ided by the number of events derived in SSM f¢d(E)

i 9 =1. In Figs. 10-14 we also showm?,sir? 26 regions ex-

<Paa>. are the mean probabilities that are ShOV.V” in Figs. 3_6cluded from nonobservation of antineutrinegs in SK [9].
and in Fig. 7 for particular cases of the maximum rms am-

plitudes \(b?)=50 kG and \(b%=100 kG, correspond-
ingly.

For comparison of ASFC with the RSFP case we substi- From Figs. 3—13 it apparently follows that there is a band
tuted regular magnetic field8,=50,100 kG(with profiles  in the parameter regioAm?~10"7—10"° eV? that sepa-
shown in the same Fig.)2nto Eq.(11) and calculated four

D. Computer simulation of the master equation

IV. DISCUSSION OF RESULTS

5

probabilitiesP,,. The transition probabilities for antineutri- 10 . . . 1
nos Pgs [appearing for large mixing angles in cascade con-
versions through the stefia) v, —v,g Within convective 10 T
zone and(b) v,g— veg in solar wind via vacuum conver- 3
siong are shown for the casd&s=50 kG andB=100 kG in 10 - 1
the Figs. 8,9. 102 i 0.05——]
In Figs. 3—9 alongy axis we plotted the dimensionless 0 Q(O;
parameters=8.81x 10Am?(eV?)/E(MeV). For instance, o'k » o'ofg{
for boron neutrino energl~ 8.8 MeV andAm?=10"8 e\? 0 A
we find 6~ 1. 10
All four probabilities in the cases Figs. 3—7 obey the uni- 1
tarity condition Eq.(1) for the same parameters 29,5 10 r .
22 =
10 1 1 1 14

-5 -4 -3 -2 -1 0

o 10 10 10 10 10
YIn general, for any random field realization the comporigiit) sin? 26

has a different profiléalongr) shown in Fig. 2 fob,(r) only. This

difference in profiles was taken into account while equal amplitudes FIG. 4. Same as previous figure for the average probability

b2y = \/<—b§§= V(b?)/3 were assumed too. Pee=(VerVer)-
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10 T T T T
4
10 ¢ b
3
10 | X
2
10 |
w o
10 |
0
10 §
-1
= =R~ 10 i 1
> o= » 3 8%
102 | | |T T? ? 162 | L | ?.I ??
S04 3 2 -1 0 S5 4 3 2 -1 0
10 10 102 10 10 10 100 10 10° 10 10 10
sin" (2 ©) sin2(2 0)
FIG. 5. Same as previous figure for the average probability F|G. 7. Same as previous figure for the average probability
Puu=(ViLvuL) Pse=(VErver) fOr bme=100 kG and correlation length,=10*
km.

rates MSW and magnetic field scenarios. In Figs. 12—14 we

presented the allowed parameter regions to reconcile fousr field B=50 kG (shown in Fig. 10 and reconciled with
solar neutrino experiments along with the SK bound@a.  other experiments in Ref8] vanishes in the case of more
One can see that without the latter bound there exist twatronger fieldB=100 kG (see Fig. 11

commonly adopted parameter regions, the small mixing and One can easily explain such peculiarity considering the
the large mixing ones, currently allowe@igs. 12,13 or  analytic form of neutrino conversion probability in the con-
excluded(Fig. 14 depending on the values of the rms mag-vective zone teL—V,R),

netic field parameters, see Secs. IVB and IV C. But first of (2B, )2
all we would like to discuss a ‘“strange” dependence of the Per= ; 5 si
low mass difference regionsAm?<10°8 eV?), allowed (V—Acos20)°+(2uB,)
from the SK experiment, on the strength of the regular mag- Ar
netic field. x| J(V=A 00820)2+(2/LBL)27 . (35
A. “Paradox” of strong regular magnetic fields This expression is valid for constant profiles and can be used

We obtain the result that is at first sight surprising: for theto qualitatively estimate the effect treated here numerically
strongest fieldB=100 kG (i) the probabilityPs decreases for changing profiles. Herar =0.1R, is the effective half-
relative to the cas®=50 kG (compare Figs. 8)9 more-  Width of the convective zone where magnetic field is strong
over, (i) the well-known parameter regionAm?  (see Fig. 2 V=\2Gg[p(r)/mp](Ye—Y,)<1.6X10 (Y,
~1078 eV? allowed here from SK data in the case of regu-—Y,) €V is the neutrino vector potentialVEVe—Vy)

5
105 T T T T 1() T T
4

10'F 0 . 10

1()3 L 0.001 4
2 :Q;H;QW 2

—_—
(=]
[3%)
T
1

—_
<
T
L

0 o wo
10 - e 33
-1

10t |

. 2 g ZE§
Il Il | L)1)
10 -5 -4 -3 -2 -1 0 10 -5 -4 -3 -2 -1 0
100 10 10 100 10 10 100 10 10 10 10 10

sin” (2 0) sin (2 6)

FIG. 6. Same as previous figure for the average probability FIG. 8. The probabilityPg=(vigver) in dependence ord
Par=(VirVuR)- =Am?/4E and sir 26 parameters for the regular fieR,=50 kG.
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5
10 T T T

(=4
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>
%

FT

0
10 +

10 -

100~
|

-2

T e Y B R
10 10 t0 10 10 10
sin2(29)

FIG. 9. As previous figure. The average probabiliBss
=(Vigver for the regular fieldB,=100 kG.

above the bottom of convective zome=0.7R, [see Eq.
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0
10

-2 -1
10710
sin® (2 0)

-3
10

FIG. 11. Same as previous figure for the ratio DATA/SSM in

the regular fieldBo=100 kG.

W2+ (2uB,)?Ar/2~7/2. This is in contrast to another al-

(1D]; 2uB, =5x10 *B;, eV is the magnetic field param- lowed regionAm?~10"7 eV? shown in the same Fig. 10
eter foru=10" 1z and magnetic field strength normalized where really the resonance E@6) and RSFP take place.

on 50 kG. The mass parameter 10~ *AmZ/2(E/MeV) eV
is much less than parameters above for SK enefge$.5
MeV in the mass parameter regidim?<10"8 eV?, or for
Am2<10"3. Since Am?(eV?)=4x10"°-10"1 is negli-
gible and the resonance conditidi+ A cos 2, i.e.,
AmZcos 26

SEvey ~ 1-8Ye~ Yn)exp(—10.54/Ro),

(36)

is not fulfilled for corresponding low mass region, we con-
clude and check directly from the analytic formula E85)
that in the cas®, =50 kG thenonresonantarge conversion
probability P, reaches a maximum due to accident coinci-
phase

dence of the in propagating factor with

Note that the oscillation depth B,)%/[(V

— A cos ¥)*+(2uB, )?] reaches unity in E¢(35) for extreme

0.4}3

.4

10

(=3

-4 -3 -2
10100 10 1
sin> (2 0)

FIG. 10. Am? (eV?),sir? 26 plane for the ratio DATA/SSM in
the regular fieldBy=50 kG. The isoline DATA/SSM0.368

3
10 .
-4
10 F
10” L Homestake N
FHomestake | 8
~ 10°] \\¥\“§§
j 7 SK boqnd \
10 f onantiy O
8 . N\
10 | GALLEX— — §
SAGE) N
9| N\
10 | ,§
-10
10 ! ! !
5 4 3 2 1 0
10 10 10 10 10 10
sm2(2 0)

FIG. 12. The reconcilement of all experiments. The isolines
with dashed bands represent the DATA/SSM ratio equal corre-

+0.026 allowed from the SK experiment is shown by the dashedpondingly to 0.3680.026 (SK), 0.509-0.059, 0.504:0.085

line. The SK bound ornv.g Eq. (38) is plotted too separating the
excluded area.

(GALLEX +SAGE), and 0.2740.027 (Homestakg The random
field b;ms=50 kG and correlation lengthy=10" km.
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9 (SAGE)
10 }F
-10 \
10 1 ] N
-5 - -3 -2 -1 0
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sin2(29)

FIG. 13. Same as previous figure for the random fielgs
=100 kG and correlation lengthy=10* km.

fields B, —o and the resonancé= A cos 2 (36) is almost
irrelevant of the casB, =100 kG. Similar behavior of RSFP
was studied also in Ref28].

Moreover, for the cas8, =100 kG the phase in propa-
gation factor reaches- 7 for small mass parametemmé
~10 3-107% resulting in zero £0) of the conversion
probability Eqg. (35 while the survival one remains at the
level P.s~1. This is the reason why right-handegdy are
produced in a less amount for the cd&e=100 kG than in
the caseB, =50 kG.

This is also the reason why the low mass regibnn%
~103-10"° which is allowed from SK data foB, =50
kG (in Fig. 10 vanishes in the case &f, =100 kG(see Fig.
11).

For low magnetic fieldgwe built but do not present plots
for regular fieldB, =20 kG only resonantvg — v, CON-
versions take place in convective zone fom?~10 ’ eV?

as well as MSW conversions for “large” mass parameters
10%—10"° eV2. We can explain why this happens as fol-

PHYSICAL REVIEW [39 063001

-3
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10 — _
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-8
10  GALLEX—\
9 (SAGE)
10
-10 v
10 1 1 1 1 .
] 4 3 2 10
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10
| sin® (2 0)

FIG. 14. Same as previous figure for the random fibjg
=100 kG and correlation lengthy=10> km.

triangle regionAm?=10"" eV? which is common for all
cases is allowed only.

To resume the regular field case, we conclude that param-
eter regions allowed from SK data are close to analogous
ones obtained in Ref[8] for small mixing angle band,
sin 26<0.25. However, in Ref.8] exclusion of large mixing
angles for smalihm? relevant to RSFP comes from fit with
other(radiochemicalexperimental data while in our case the
corresponding region in Fig. 10vhere Pg occurs to be
noticeablé is excluded from nonobservation of antineutrinos
ver in SK and Kamiokande experimenig] (see below.

B. The SK experiment bound on electron antineutrinos
and allowed parameter region

In order to get antineutrino flux less than the background
in SK we should clainj 9]

@5 (E>8.3 MeV)

15
lows. <I>§SNkE>8.3)f Ag(E)Pse( E)o(E)dE
These fields are not too large to suppress a resonance in _ 8.3
oscillation depth as foB~100 kG. On the other hand, for 15
low magnetic fields the RSFP occurs as strong nonadiabatic LS)‘B(E)‘TV{E)dE

conversion forAm?~10"8 eV? in contrast to the adiabatic

RSFP in the cas8, =50 kG for the same mass parameter
region. Therefore, this mass region is excluded from SK data

in the case of low magnetic fieldfor B=20 kG) and the where

<6x10* cm 2571,

(37
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05(E)=9.2x1042 cn?[(E—1.3 MeV)/10 MeV]?

is the cross section of the capture reactipgp—ne*;
OSME>8.3)=D ) [I\5(E)dE=1.7X10° cm ?s ! is

PHYSICAL REVIEW 39 063001

zone with random magnetic fields and can be converted to
right-handed components via the ASFC mechanism. From
Figs. 4,7 it follows that the more intensive the rms field
V(b?) in the convective zone the more effective spin-flavor

the SSM boron neutrino flux for chosen threshold of sensiconversions lead to the production of the right-handed

tivity E>E(,=8.3 MeV[9].

Dividing the inequality Eq(37) by this flux factor we find
the bound on an averagédver cross section and spectrum
transition probabilityv, — veg (via a cascade

15
®;(E>8.3 MeV) L.g)‘B(E)P@(E)UV%E)dE

= =<0.035,

)

or ®/®5%M<3.5%. We calculated boundaries in the pa-
rameter regiond m?, sir? 20 where the inequality E(38) is

SSM,
PSME>8.3) \o(E) oo E)IE
3

(39

Ver, V4R @Ntineutrinos. This was also proved analytically in
Sec. llIC for small mixing angles both fob-correlated

fields, Eq.(15), and for correlations of finite radius, E@1).

Only “large” mass region Am?=3x10"° eV?
—10"° eV? survives as a pure MSW region without ASFC
influencing the left-handed components since our correlation
length Lo=10* km chosen as a mesogranule size corre-
sponds rather to finite correlation raditsee Sec. IlIC2
Really, the dimensionless paramexer 6L is too large for
theseAm? and the ratio sifix'x? ceases in Eq(21). There-
fore, there are no ASFC for such mass parametersland
=10* km.

Variation of the correlation length §. To check our ap-
proach we treated numerically a more stronger rms field

violated in order to exclude these regions from the allowed=300 kG retaining invariaribL,= const for a granule size

ones shown in Figs. 10-14.
We do not find any violation of the bound E8) for

low magnetic fieldB,b<20 kG, both for regular and ran- t

dom ones. Thus, we conclude that in the lifBitb— 0 (for

instance for the MSW cagd¢he hole triangle region seen in v

Figs. 10—-13 is allowed from the SK data.

However, for strong magnetic fields such forbidden pa-
rameter regions appear idifferent areas overAm? and
sir? 26 for different kinds of magnetic fieldgregular and
randon). Moreover, for strong regular magnetic fieldB (
=100 kG) such dangerous parameter regions vafssie

Sec. IV A above while the stronger a random field would be t

the wider forbidden area arises.

The bound Eq(38) is not valid for low-energy region
below the threshold of the antineutrino capture by protons
E<1.8 MeV. Therefore we can expect in future BOR-
EXINO experiment a large contribution of antineutrinos if
neutrino has a large transition magnetic momemt

Lo~10® km, i.e., we considered small-scalecorrelated
random fields. In this case a lot of appear even for the
ypical small-mixing MSW regioldm?~10° eV? exclud-

ing this and the whole triangle region at all from nonobser-
ation of vg in SK. This immediately follows from analytic
formula Eq. (21) since for Lo=10° km limit
(limy_,q sinx/x—1) is fulfilled there and the auxiliary func-
tion S ceases enhancinayeﬁgm. The same situation re-
mains even for a more realistic random magnetic field
strengthb=100 kG with Lo~10° km, see Fig. 14 where
we reconciled all solar neutrino experiments with account of
he bound Eq(38).

V. CONCLUSIONS

If antineutrinosv.g are found with the positive signal in
the Borexino experimentl8] or, in other words, a small-
mixing MSW solution to SNP fails, this would be a strong

~10"Yug. This is due to rescaling of the mass parametef"rgumem in favor of magnetic field scenario with ASFC in

Am? that is not fixed and decrease of neutrino energy th
will be measured in BOREXINO. This prediction will not be
in contradiction with the boun¢B8) for hard neutrino$11].
Really, the higher the neutrino ener¢gr the smaller the
parameter 5=Am?/4E) the less the probability(Pg)
=(Virver) OCcUrs. One can see from Figs. 8,9 that for a
wide region of the mixing angle si26 and, for instance, for
the neutrino mass parametem?~10"8 eV? this probabil-
ity is changing by 5-8 times: having maximuRis~0.25
—0.4 at low energieE<1 MeV for sirf 26=0.06 and the
minimum (Pg=0.05) at the energy regiodB=5 MeV.

C. The MSW parameter region and correlation length
of random fields

For “large” Am?~4x10 '—10° eV? the MSW con-

versions without helicity change,, — v, , take place un-

al

the presence of a large neutrino transition momeumt,
~10 1y for the same small mixing angle. There appears
one additional parameter for the ASFC scenario comparing
with the RSFP solution7] to SNP. This is the correlation
length of random magnetic fields, which varies within the
interval Lo=10°—10* km in correspondence with typical
inhomogeneity siz€of granules and mesogranules the
Sun. The probabilitueB,, sharply depend on the correlation
lengthL that might allow(in the case oy registered to
study the structure of solar magnetic fields. Another regular
magnetic field parameterB, [7] changes tqu\(b%) where
the rms magnetic field/(b%) was treated here in the same
interval b=20—-100 kG as for usual estimates of regular
(toroidal) magnetic field in Refd.7,8].

Our main assumption about stronger random field is based
on modern MHD models for solar magnetic fields where
random fields are naturally much bigger than large-scale

der the bottom of the convective zone as one can see fromagnetic fields created and supported continuously from the

the resonance condition E¢36) where the neutron abun-
danceY,, (neutral current contributionshould be omitted.
Then left-handed neutrinos{, ,v,,) cross the convective

small-scale random ond&4,25 (see Sec. llIB. The ratio
b=JR,B [24,25 with large magnetic Reynolds number
Rn>1 means that in RSFP scenari@scluding twist field
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mode) the value of the regular large-scale fieB] was recent work[11] a different slope of energy spectrum pro-
rather overestimated. files for different scenarios would be a crucial test in favor of
Thus, if neutrinos have a large transition magnetic mothe very mechanism providing the solution to SNP. Finally,
ment[29,30 their dynamics in the Sun is governed by ran-we should mention that during preparation of the paper there
dom magnetic fields that, first, lead &periodic and rather  appeared a lot of new experimental data, see R8%33,

nonresonantneutrino spin-flavor conversions, and second.pyt they do not influence the validity of our general sugges-
inevitably lead to production of electron antineutrinos fortjgn.

low-energy or large mass differencegion. The search for

bounds onu at the levelu~10ug in low-energy ve

scattering, currently planning in laboratory experimests, ACKNOWLEDGMENTS
will be crucial for the model considered here.
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