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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 neutrino flavors3

two helicities in the presence of a neutrino transition magnetic moment and nonzero neutrino mixing we
analyze the displacement of the allowed (Dm22sin2 2u)-parameter region reconciled for the SuperKamio-
kande~SK! and radiochemical~GALLEX, SAGE, Homestake! experiments in dependence on the rms mag-
netic field value b, or more precisely, on a valuemb assuming the transition magnetic momentm
510211mB . 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
neL→nmL→ ñeR,neL→ n̄mR→ n̄eR in a random magnetic field that would be a signature of the Majorana nature
of neutrino if ñeR will be registered. Based on the present SK bound on electron antineutrinos we also find an
excluded area in the sameDm2,sin2 2u plane and reveal a strong sensitivity to the random magnetic field
correlation lengthL0 . @S0556-2821~99!00804-8#

PACS number~s!: 96.60.Jw, 13.10.1q, 13.15.1g, 14.60.Pq
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I. INTRODUCTION

Recent results of the SuperKamiokande~SK! experiment
@1# have already confirmed the solar neutrino deficit at
level lessRSK/RSSM&0.4. Moreover, day/night (D/N) and
seasonal neutrino flux variations were analyzed in this
periment and in'4 yr one expects to reach enough statist
in order to confirm or refuse these periods predicted in so
theoretical models.D/N variations would be a signature o
the Mikheyev-Smirnov-Wolfenstein~MSW! solution to the
solar neutrino problem~SNP!. The signature of the vacuum
oscillations is a seasonal variation of the neutrino flux,
addition to geometrical seasonal variation 1/r 2(t). An 11-yr
variation will be a signature of the resonant spin-flavor p
cession~RSFP! solution.

All three elementary particle physics solutions~vacuum,
MSW, and RSFP! successfully describe the results of all fo
solar-neutrino experiments, because the suppression fa
of neutrino fluxes are energy dependent and helioseis
data confirm the standard solar model~SSM! with high pre-
cision at all radial distances of interest~see the recent review
by Berezinsky@2#!.

There exists, however, a problem with large regular so
magnetic fields, essential for the RSFP scenario. It is c
monly accepted that magnetic fields measured at the sur
of the Sun are weaker than within interior of the convect
zone where this field is supposed to be generated. The m
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field value over the solar disc is of the order of 1 G and the
magnetic field strength in the solar spots reaches 1 kG.

Because sunspots are considered to be produced
magnetic tubes transported to the solar surface due to
boyancy, this figure can be considered as a reason
order-of magnitude observational estimate for the mean m
netic field strength in the region of magnetic field generati
In solar magnetohydrodynamics~see, e.g., Ref.@3#!! one can
explain such fields in a self-consistent way if these fields
generated by a dynamo mechanism at the bottom of the
vective zone~or, more specific, in the overshoot layer!. But
its value seems to be too low for effective neutrino conv
sions.

The mean magnetic field is, however, followed by asmall
scale, random magnetic field. This random magnetic field
not directly traced by sunspots or other tracers of solar
tivity. This field propagates through the convective zone a
photosphere drastically decreasing in strength with an
crease of scale. According to the present-day understan
of solar dynamo, the strength of the random magnetic fi
inside the convective zone is larger than the mean fi
strength. A direct observational estimation of a ratio betwe
this strength is not available, however, the ratio of the or
of 50–100 does not seem impossible. At least, the ratio
tween the mean magnetic field strength and the fluctuatio
the solar surface is estimated as 50~see, e.g., Ref.@4#!.

This is the main reason why we consider here a scen
similar to the RSFP, an aperiodic spin-flavor convers
~ASFC!, based on the presence of random magnetic field
the solar convective zone. It turns out that the ASFC is
additional way to describe the solar neutrino deficit in diffe
ent energy regions, especially if current and future exp
ments will detect electron antineutrinos from the Sun. T
term ‘‘aperiodic’’ reflects the exponential behavior of co
version probabilities in noisy media~see Refs.@5,6#!.
©1999 The American Physical Society01-1
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BYKOV, POPOV, REZ, SEMIKOZ, AND SOKOLOFF PHYSICAL REVIEW D59 063001
As well as for the RSFP mechanism@7# all arguments in
favor and against the ASFC mechanism with random m
netic fields remain the same ones that have been rece
summarized and commented by Akhmedov~see Ref.@8#,
and references therein!. But contrary to the case of regula
magnetic fields we find out that one of the signatures of
random magnetic field in the Sun is the prediction of a wid
allowed region for neutrino mixing angle in the presence
the solarn̄e , including the case ofsmall mixing angles~see
below, Sec. IV!.

Note that if electron antineutrinos from the Sun were d
tected at the Earth this would lead to the conclusion t
neutrinos are Majorana particles. This is a very attract
feature of the RSFP in the regular magnetic field or ASFC
random fields in the Sun.

The SK experiment provides a stringent bound on
presence of solar electron antineutrinos, at least for the h
energy region@9#. A phenomenological and numerical anal
sis of neL→ ñeR conversion in the solar twisting magnet
fields @10–12# shows that it is possible to obtain a noticeab
amount ofñeR @11# consistent with the limit given in Ref
@9#. Twisting magnetic fields themselves are, however, v
specific and it is hard to explain their existence and orig
Therefore, more realistic models of magnetic field in the S
are necessary and for a start we treat here both SNP sol
and ñe production applying, as we hope, a more realis
model of random magnetic fields in the convective zone
the Sun.

The random magnetic field is considered to be maxim
somewhere at the bottom of the convective zone and to
cay close to the solar surface. To take into account that
solar dynamo action is possible also just below the bottom
the convective zone~see Ref.@3#!, we accept, rather arbi
trary, that it is distributed at the radial range 0.7R( –1.0R( ,
i.e., it has the same thickness as the convective zone
course, our model of the random magnetic field~see details
below! is a crude simplification of the real situation, how
ever, the results are presumably robust. Evidently, this mo
does not contradict the helioseismological data for acoustp
waves near the solar surface. For each realization of ran
magnetic fields we found a solution of the Cauchi problem
the form of a set of wave functions na(t)
5una(t)uexp@iaa(t)# obeying the unitarity condition for the
probabilitiesPaa(t)5na* (t)na(t)

Pee~ t !1Pēē~ t !1Pmm~ t !1Pm̄m̄~ t !51, ~1!

where the subscripte stands forneL , ē for n̄eR, m for nmL ,
and m̄, for n̄mR correspondingly.

In Sec. II the experimental observables are defin
through the neutrino conversion probabilitiesPaa(E) at the
detectors (r 5REarth) accounting for neutrino propagatio
both in the Sun and on the way from the Sun to the Earth
Sec. II A we give general formulas for the neutrino spectr
in ne scattering. In contrast to the well-known case of reg
lar fields, we need to find the probabilitiesPaa(r 5t) as the
functions of a local position in the transversal planePaa(r )
[Paa(r ,j,h). This is because longitudinal profiles of th
random fields~along r ) are generally different in differen
points in the transversal plane even for an instant when
06300
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allel neutrino fluxes directed to the Earth~called ‘‘rays’’
here! cross the convective zone~see Fig. 1!. As a result of
the different realizations of random fields along differe
rays the probabilitiesPaa(r ,j,h) are random functions buil
on randomness of magnetic fields in all three directions. T
same probabilities for left-handed electron neutrin
Pee(r ,j,h) are used in Sec. II B to define neutrino flux me
sured in radiochemical experiments~Homestake and
GALLEX 1 SAGE, in SNU units!.

In Sec. III we give physical arguments supporting t
random magnetic field model implemented into the mas
equation~11! ~Sec. III B 1!. After that we describe the math
ematical model of random magnetic fields~Sec. III B 2!. In
Sec. III C we analyze asymptotic solution of the master eq
tion in the case of small neutrino mixing. We briefly discu
there many possible analytic issues, in particular, magn
field correlations of finite radius~Sec. III C 2!, linked cluster
expansion and higher moments of survival probability~Sec.
III C 3!. We give also an interpretation of the random ma
netic field influence as a random walk over a circle~Sec.
III C 4!.

In Sec. III D we describe the algorithm of our numeric
approach. The main goal is to calculate the mean arithm
probabilities as functions of the mixing paramete
sin2 2u,d5Dm2/4E,

^Paa~d,sin2 2u!&

5E E djdhPaa~d,sin22 u,j,h!YE E djdh, ~2!

under the assumptionF i
(0)(j,h,E)5F i

(0)(j,h)l i(E), where
l i(E) is the corresponding normalized differential flu
*0

Emax( i )l i(E)dE51 and F i
(0)(j,h) is the integral flux of

neutrinos of kind ‘‘i ’’ ( i 5pp,Be,pep,B) assumed to be
constant and uniform,F i

(0)(j,h)5F i
(0)5const, at a given

distancer 5t from the center of the Sun@13#. This simplifies
the averaging in the transversal plane since

E
j21h2,Rcore

2
djdhF i

~0!~j,h!Paa~j,h!

3F E
j21h2,Rcore

2
djdhG21

5F i
~0!^Paa&. ~3!

FIG. 1. Geometry of neutrino trajectories in random magne
fields. The finite radius ofneL-neutrino source, the solar core radiu
0.1R( is shown.
1-2



ur
to
xe
e

ris
is
e

t,
ta
on
r
f

n
ag
e

m
ts

o
i-
b
I

m
rm

i

e

on
eu

pe

ec

al

cal

rces

n

NEUTRINO CONVERSIONS IN RANDOM MAGNETIC . . . PHYSICAL REVIEW D59 063001
It is worth to note that the above averaging proced
merely reflects the physical properties of neutrino detec
that respond to the incoherent sum of partial neutrino flu
incoming from all visible parts of the Sun. At the same tim
it is well known that the most studied statistical characte
tics in statistical physics and especially in the theory of d
ordered media are those that are additive functions of dim
sions ~see Ref.@14#!. Their main distinctive feature is tha
being divided by corresponding volume, they become cer
in macroscopic limit, i.e., self-averaged. From the definiti
given in Eq.~2! it follows that the integral in the numerato
in the right-hand side~RHS! is indeed an additive function o
the area of the convective zone layer~see also Fig. 1!. There-
fore for increasing area one can expect that^Paa& should be
self-averaged. Our results below confirm this property~Sec.
III C 3 and Sec. IV!.

It should be stressed that the above procedure does
imply any averaging of dynamic equations. We are aver
ing only the solutions of the dynamic equations. Anoth
approach, suggested recently in Ref.@15#, deals with the av-
eraged ~Redfield-type! equations for Gaussian rando
sources. At least for thed-correlated noise the latter resul
are consistent with ours.

In Sec. IV we analyze how these probabilities depend
the rms field valueA^b2& and argue why electron antineutr
nos are not seen in the SK experiment reconciling availa
experimental data for four solar neutrino experiments.
Sec. V we discuss our results comparing two mechanis
RSFP and ASFC, for the same strength of regular and
fields andm510211mB .

II. EXPERIMENTAL OBSERVABLE VALUES

If neutrinos have a transition magnetic moment, then
real time experiments such asne scattering in SK@1#, the
recoil electron spectrum depends on all four neutrino conv
sion probabilitiesPaa ~see Sec. II A!, while in the case of
radiochemical experiments~Homestake, Gallex, SAGE@17#!
the number of events measured in SNU units depends
on charge current contribution with left-handed electron n
trinos, i.e., on the survival probabilityPee that itself is a
function of the magnetic field parametermB' , as well as of
the fundamental mixing parametersDm2,sin2 2u ~Sec. II B!.

A. Spectrum and number of neutrino events inne-scattering
experiments

In a real time experiment one measures the integral s
trum ~the number of neutrino events per day!

Nn5 (
kmin

kmax E
Tk

Tk11
dT

dNn~T!

dT
, ~4!

where experimentalists divide the whole allowed recoil el
tron energy intervalT>Tth into bins DW5Tk112Tk with
Tkmin

5Tth . The energy spectrum of events,dNn /dT, has the
form
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dNn

dT
5NeF E E

j21h2,Rcore
2

djdhG21

3E
j21h2,Rcore

2
djdh(

i
F i

~0!

3~j,h!E
Emin~T!

Emax~ i !
dE«~E!l i~E!K dsweak

~M !

dT
~E,Tuuj,h!L ,

~5!

where Ne is the total number of electrons in the fiduci
volume of the detector;Emin(T)5(T/2)(11A112me /T) is
the minimal neutrino energy obtained from the kinemati
inequality T<Tmax52E2/(2me12E) and Emax( i ) is given
in Ref. @13#. For simplicity the efficiency«(E) above the
detector thresholdTth is substituted by«(E)51. Note that
we have assumed the same core radii for all neutrino sou
~kinds ‘‘i ’’ !, Rcore5Rcore

( i ) .
The averaged differential cross section

^dsweak
~M ! ~E,Tuuj,h!/dT&

in Eq. ~5!,

K dsweak
~M !

dT
~E,Tuj,h!L

5F E
0

Tmax
exp@2~T2T8!2/2D~T8!2#dT8G21

3F E
0

Tmax
exp@2~T2T8!2/2D~T8!2#dT8

3
dsweak

~M ! ~T8,Euuj,h!

dT8
G ~6!

is given by the energy resolutionDT[D(T) in the Gaussian
distribution whereT8 is the true recoil electron energy,T is
the measured energy, and by thene scattering cross sectio
for four active Majorana neutrino components@16#

dsweak
~M ! ~E,T8uuj,h!

dT

5
2GF

2me

p H Pee~E,j,h!FgeL
2 1gR

2 S 12
T8

E D 2

2
meT8

E2
geLgRG1Pēē~E,j,h!FgR

21geL
2 S 12

T8

E D 2

2
meT8

E2
geLgRG1Pmm~E,j,h!FgmL

2 1gR
2 S 12

T8

E D 2

2
meT8

E2
gmLgRG1Pm̄m̄~E,j,h!FgR

21gmL
2 S 12

T8

E D 2

2
meT8

E2
gmLgRG J . ~7!
1-3



s
s
a
r

es
ra

i-
e

h
c

ho
-
th

s
r
in
a

um

te
n

the
e-
r
ical
eri-

the

in
n
7
e

re-
the

n

BYKOV, POPOV, REZ, SEMIKOZ, AND SOKOLOFF PHYSICAL REVIEW D59 063001
Here geL5j10.5, gmL5j20.5, gR5j5sin2 2uW.0.23 are
the coupling constants in the standard model~SM!.

Let us stress that a specific dependence of probabilitie
the transversal coordinatesj,h vanishes for a homogeneou
regular magnetic field which is a function of the longitudin
coordinater 5t only. Therefore for scenarios with regula
fields~for instance, in Ref.@7#! the spectrum Eq.~5! takes the
usual form without dependence on transversal coordinat

If we assume uniform partial neutrino fluxes, the integ
tion over the transversal coordinatesj, h in the integrand of
the event number Eq.~5! leads to the averaging of probabil
ties, see Eq.~3! and Sec. III D. The energy resolution in th
SK experiment is given byD(T)5D10AT/10 MeV and for
the Kamiokande experiment is estimated asDT/T;0.2 at
the energyT510 MeV, or D1052 MeV. This irreducible
systematical error becomes even worse near the thres
(Tth56.5 MeV at the present time and one plans to rea
Tth55 MeV in 1998!.

In BOREXINO ~starts in 1999!, where one has a liquid
scintillator, it is expected to observe approximately 300 p
toelectrons~phe! per MeV of deposited recoil electron en
ergy. This gives an estimate of the energy resolution of
order @18#

DT

T
~BOREXINO!.

1

ANphe

.
0.058

AT/MeV
, ~8!

corresponding to 12% for the threshold (Tth.0.25 MeV)
and 7% for the maximum recoil energy for Be neutrino
Tmax.0.663 MeV. In HELLAZ the multiwire chambe
~MWC! counts the secondary electrons produced by the
tial one in helium. It is expected to count 2500 electrons
the threshold energyTth.0.1 MeV, so in that case@19#

DT

T
~HELLAZ !.

1

ANe

.
0.02

AT/Tth

, ~9!

or the energy resolution of the order 1.5% for the maxim
for pp neutrinosTmax.0.26 MeV.

Other experimental uncertainties must be incorpora
into the differential spectra Eq.~5!. We have neglected a
-

o
-
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unknown statistical error, which we expect to be less than
systematical one after enough exposition time, as it will d
crease asu6DNn /Nnu;t21/2. We have also neglected inne
and external background contributions to the systemat
error considering them as the specifical ones for each exp
ment.

B. Radiochemical experiments

The number of neutrino events in GALLEX~SAGE! and
Homestake experiments measured in SNU~1 SNU 5 10236

captures per atom/per sec! has the form

10236NGa, Cl
n 5(

i
F i

~0!E
Eth~Ga,Cl!

Emax~ i !
l i~E!sGa, Cl~E!

3^Pee~E!&dE, ~10!

where the thresholdsEth(Ga,Cl) for GALLEX ~SAGE! and
Homestake are 0.233 and 0.8 MeV, correspondingly, and
capture cross sectionssGa, Cl(E) for gallium and clorine de-
tectors are shown in Table 8.4 of Ref.@13#. For Pee51 the
SSM predictions for radiochemical experiments are listed
Table 8.2. of Ref.@13#. For updated theoretical fluxes i
BP95 model@20# we find the mean SSM predictions 13
SNU for GALLEX ~SAGE! and 9,3 SNU for the Homestak
experiment. The experimental data@17# reports the electron
neutrino deficit, 69.766.724.5

13.9 SNU for the GALLEX, 69
61027

15 SNU for the SAGE, and 2.5560.1760.18 SNU for
the Homestake experiments.

Note that the ratio of the experimental data to SSM p
dictions do not depend on theoretical uncertainties of
integral neutrino fluxesF i

(0) in Eq. ~10!. Neutrino deficit
expressed through these ratios@2# is 0.50960.059, 0.504
60.085, and 0.27460.027 for GALLEX, SAGE and Home-
stake, correspondingly, where the experimental 1s errors
come fromAsstat

2 1ssys
2 .

III. MASTER EQUATION AND ITS SOLUTION

A. Master equation

We consider conversionsneL,R→naL,R , a5m or t, for
two neutrino flavors obeying the master evolution equatio
iS ṅeL

ṅ̃eR

ṅmL

ṅ̃mR

D 5S Ve2c2d 0 s2d mH1~ t !

0 2Ve2c2d 2mH2~ t ! s2d

s2d 2mH1~ t ! Vm1c2d 0

mH2~ t ! s2d 0 2Vm1c2d

D S neL

ñeR

nmL

ñmR

D , ~11!
ron
wherec25cos 2u, s25sin 2u, d5Dm2/4E are the neutrino
mixing parameters,m5m12 is the neutrino active-active tran
sition magnetic moment,H6(t)5B06(t)1b6(t), H65Hx

6 iH y , are the magnetic field components consisting
regular (B06) and random (b6) parts which are perpendicu
lar to the neutrino trajectory in the Sun,Ve(t)
f

5GFA2@r(t)/mp#(Ye2Yn/2) and Vm(t)5GFA2@r(t)/
mp#(2Yn/2) are the neutrino vector potentials forneL and
nmL in the Sun given by the abundances of the elect
@Ye5mpNe(t)/r(t)# and neutron@Yn5mpNn(t)/r(t)# com-
ponents and by the SSM density profiler(t)
5250 g/cm3 exp(210.54t) @13#. Note that we did not as-
1-4
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NEUTRINO CONVERSIONS IN RANDOM MAGNETIC . . . PHYSICAL REVIEW D59 063001
sume here a twist field model with analogous constructi
B65Bx6 iBy in off-diagonal entries of the Hamiltonian i
Eq. ~11!. These expressions are derived from the initial M
jorana equations in the mass-eigenstate representation w
transversal part of the spin-flip termmsW •BW leads automati-
cally to the ‘‘twist-form’’ in the Schro¨dinger equation above
written in flavor representation~see Ref.@21#!. We have not
performed the phase transform of the Hamiltonian in E
~11! since, in contrast with Ref.@10#, the phaseF(t) in
H65H'(t)e6 iF(t) is the random one that gives uncertain

in the additional termḞ for the resonance condition@10#.
Instead of that we have solved Eq.~11! directly by using a
computer simulation~see below!.

B. Solar magnetic fields

1. Random magnetic fields

The rms random componentb is assumed to be stronge
than the regular oneB, and maybe even much stronger th
B0 ,^b2&@B0

2 , provided the large magnetic Reynolds numb
Rm leads to the effective dynamo enhancement of sm
scale~random! magnetic fields. Let us give simple estimat
of the magnetic Reynolds numberRm5 lv/nm in the convec-
tive zone for fully ionized hydrogen plasma (T@I H
;13.6 eV;105 K). Here l;108 cm is the size of eddy
~of the order of magnitude of a granule size! with the turbu-
lent velocity inside of itv;105 cm/s. Provided an equipar
tition between the turbulent kinetic energy and themean
magnetic field is suggested, we obtainv'vA5B/A4pr,
wherevA is the Alfven velocity for MHD plasma,B is the
mean~large-scale! magnetic field in convective zone, andr
is the matter density. The magnetic diffusion coefficient,
magnetic viscosity,nm5c2/4pscond entering the diffusion
term of the Faradey induction equation

]H¢

]t
5rot@v¢3H¢ #1nmDH¢ , ~12!

whereH¢ 5B¢ 1b¢ is the total magnetic field~mean field plus
fluctuations!, is given by the conductivity of the hydroge
plasmascond5vpl

2 /4pnep . Here c is the light velocity,vpl

5A4pe2ne /me55.653104Ane s21 is the plasma, or Lang
muir frequency,nep550ne /T3/2 s21 is the electron-proton
collision frequency, and the electron densityne5np and the
temperatureT are measured in cm23 and K, respectively.

It follows that the magnetic diffusion coefficientnm
.1013(T/1 K)23/2 cm2 s21 does not depend on the charg
density ne and it is very small for hot plasmaT>105 K.
From comparison of the first and second terms in the RHS
the Faradey equation~12! we find thatv/ l @nm / l 2, or nm
!v l;1013 cm2 s21 sinceT/1 K@1. This means that mag
netic field in the Sun isfrozen-in. As a result we obtained
Rm5 lvvpl

2 /(c2nep).(10213 lv / cm2 s21)(T/1 K)3/2. A
standard estimation forRm in the solar convective zone i
Rm5108 ~see Ref.@22#!.

The estimation ofb/B for the solar convective zone~and
other cosmic dynamos! is a matter of current scientific dis
cussions. The most conservative estimate, simply base
the equipartition concept, isb5constB. According to direct
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observations of galactic magnetic field presumably driven
a dynamo,b'1.8B @23#. A more developed theory of equi
partition givesb5constB ln Rm ~see Ref.@22#!. For our con-
sideration we can take this constant as 4p.

Note that this estimate is considered now as very con
vative. Based on more detailed theories of MHD turbulen
estimates such asb;ARmB are discussed@24,25#. Such es-
timates give free room for very large values ofb. Let us
stress, however, that if the larger estimate ofb is accepted,
the more difficult it is to refer for a dynamo to be an orig
for B, so the estimates by Vainstein and Cataneo@24,25# are
hardly comparable with the dynamo nature of large-scale
lar magnetic field.

Being interested in neutrino conversions, we need onl
partial information concerning the small-scale magne
fields. In particular, because of the very rapid propagation
neutrino in comparison with MHD timescales, we are inte
ested only in ab distribution at a given instant in a give
direction.

2. The model of the magnetic field

The assumed profile of a random magnetic field is p
sented in Fig. 2. We also show there the profile of the regu
magnetic field used in calculations. We find that RSFP
sults are not sensitive to the profile of a regular field. Ho
ever, switching on a random field, we find out an essen
change of the probabilitiesPaa(t) for the same mixing pa-
rameters sin2 2u, Dm2/2E. This difference in the influence o
the magnetic field model on the solution of Eq.~11! becomes
more significant for larger values of the rmsb.

The numerical implementation for the random magne
field has been chosen as follows. We choose the correla
length for the random field component asL05104 km that
is close to the mesogranule size.

Then we suppose that the entire volume of the convec
zone is covered by a net of rectangular domains where
random magnetic field strength vector is constant. The m

FIG. 2. Profiles of regular and random magnetic fields in
solar convective zone. One realization of the random magnetic fi
componentbx(r ) ~for one neutrino ray! is plotted.by(r ) component
which has a different profile is not shown. 1; regular magnetic fi
profile with Bmax5100 kG, 2; the same withBmax550 kG, 3;
random magnetic field profile withbrms550 kG.
1-5
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netic field strength changes smoothly at the boundaries
tween the neighbor domains obeying the Maxwell equatio
Since one cannot expect the strong influence of small de
in the random magnetic field within and near thin bound
layers between the domains, this oversimplified model lo
applicable.

In agreement with the SSM@13# we suppose that the neu
trino source inside the Sun is located inside the core wit
radius of the order ofRn50.1R(573104 km and neglect,
for the sake of simplicity, the spatial distribution of neutrin
emissivity from a unit of solid angle of the core image. Ho
ever, different parallel trajectories directed to the Earth cr
different magnetic domains because the domain sizeL0 ~in
the plane which is perpendicular to neutrino trajectories! is
much less than the transversal size5Rn of the full set of
parallel rays,L0!Rn . The whole number of trajectorie
~rays! with statistically independent magnetic fields is abo
Rn

2/L0
2;50. Thus, the perpendicular componentsbx,y(r )

along one representative ray are the random functions
the correlation lengthL0 ~see Fig. 2!.

At the stage of the numerical simulation of the rando
magnetic field we generate the set of the random num
with the given rmsA^b2& and suppose that the strength of t
random field is constant inside the rectangular volume w
the radial sizeL0 and with the same diameterL0 in the j,h
plane. We assume thatA^bx

2&5A^by
2&. We generate random

values ofb in different cells both along the neutrino traje
tory and in the transversal planej,h, we solve the Cauchy
problem for 50 rays and calculate the mean probabili
given in Eq.~2!.

Note that we substitute into the integrand of the neutr
event numberdNn /dT the probabilitiesPaa(r 5RE( ,j,h)
at the Earth taking into account also vacuum neutrino os
lation probabilities~for zero magnetic fields and zero dens
in the solar wind! and neglecting the Earth effects for rel
tively small Dm2;1028 eV2( l v52.4831023E(MeV)/
Dm2(eV2) km@ l 053.283104 km/r(g/cm3) for r;4.5
211 g/cm3 in the Earth!. As for MSW regionDm2;1025

eV2 we do not consider here the possible Earth influe
which could result in day-night variations.

C. Asymptotic solution of the master equation

Let us consider how the random magnetic field influen
the small-mixing MSW solution to the SNP with the help
some simplified analytical solutions of the master equat
~11!. Indeed, it turns out that for the SSM exponential de
sity profile, typical boron neutrino energiesE;7 –14 MeV,
and Dm2;1025 eV2, the MSW resonance~i.e., the point
whereVe2Vm52c2d) occurs well below the bottom of th
convective zone. Thus we can divide the neutrino propa
tion problem and consider two successive stages. First,
the generation in the middle of the Sun, neutrinos propag
in the absence of any magnetic fields, undergo the nona
batic ~noncomplete! MSW conversionneL→nmL and acquire
certain nonzero valuesPee endPmm , which can be treated a
initial conditions at the bottom of the convective zone. F
small neutrino mixings2→0 the (434)-master equation~8!
then splits into two pairs of independent equations describ
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correspondingly the spin-flavor dynamicsnel→ ñmR and
nmL→ ñeR in noisy magnetic fields. In addition, once th
MSW resonance point is far away from the convective zo
one can also omitVe and Vm in comparison withc2d. For
neL→ ñmR conversion this results into a two-compone
Schrödinger equation

i S ṅeL

n8 mR
D .S 2d mb1~ t !

mb2~ t ! d D S neL

ñmR
D ~13!

with initial conditions uneLu2(0)5Pee(0), uñmRu25Pm̃m̃(0)
50. As normalized probabilitiesPee(t) andPm̃m̃(t) @satisfy-
ing the conservation lawPee(t)1Pm̃m̃(t)5Pee(0)# are the
only observables, it is convenient to recast the Eq.~13! into
an equivalent integral form

S~ t !5S~0!24m2E
0

t

dt1E
0

t1
dt2S~ t2!3$@bx~ t1!bx~ t2!

1by~ t1!by~ t2!#cos 2d~ t12t2!2@bx~ t1!by~ t2!

2bx~ t2!by~ t1!#sin 2d~ t12t2!%, ~14!

whereS(t)52Pee(t)2Pee(0)[Pee(t)2Pm̃m̃(t) is the third
component of the polarization vectorSW .

1. d correlations

If L0 is the minimal physical scale in the problem, we c
consider random magnetic fields asd correlated:

^bx~ t1!bx~ t2!1by~ t1!by~ t2!&5
2

3
^bW 2&L0d~ t12t2!,

^bxby&50.

In this case it turns out that averaging of Eq.~14! over ran-
dom magnetic fields is exactly equivalent to averaging of
solution ~see Ref.@6#!. The result reads

^S~ t !&5S~0!e2Gt, ~15!

where^S(t)& is the mean value, and the decay factor is

G5
4

3
m2^bW 2&L0 . ~16!

If time is measured in units ofL0 ~recall thatc51), suppos-
ing that neutrino traversedN correlation cells, i.e.,t5L0
3N, we have

^S~N!&5S~0!expH 2
4

3
m2^bW 2&L0

23NJ , ~17!

so that N plays a role of an extensive variable like the v
umeV in statistical mechanics.

2. Correlations of finite radius

Let us consider Eq.~14! in terms of our numerical
method. Dividing the interval of integration into a set
equal intervals of correlation lengthL0 , for a current celln
we have
1-6
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Sn[S~n•L0!5S~0!24m2(
k51

n

(
l 51

k E
~k21!L0

kL0
dt1

3E
~ l 21!L0

min$t1 ,lL 0%
dt2 $the integrand of Eq.~14!%.

~18!

Assuming now that possible correlations betweenS(t2) and
bi ,bj under the integral are small,S(t) itself varies very
slowly within one correlation cell~see, however, below!, and
making use of statistical properties of random fields,~i! dif-
ferent transversal components within one cell are indep
dent random variables and~ii ! magnetic fields in different
cells do not correlate, we can average Eq.~18! thus obtaining
a finite difference analogue:

Sn5S~0!24m2(
k51

n

^bW'k
2 &Sk

3E
~k21!L0

kL0
dt1E

~k21!L0

t1
dt2 cos 2d~ t12t2!

5S~0!22m2
sin2dL0

d2 (
k51

n

^bW'k
2 &Sk , ~19!

where we retained possible slow space dependence o
rms magnetic field valuêbW'k

2 &5 2
3 ^bW k

2&. Returning to the
continuous version of Eq.~19! we get

S~ t !52
4

3
m2L0

sin2dL0

~dL0!2 E0

t

dt8^bW 2~ t8!&S~ t8!, ~20!

the solution of which has a form

S~ t !5S~0!expH 2
4

3
m2L0

sin2dL0

~dL0!2 E0

t

^bW 2~ t8!&dt8J .

~21!

For d!L0
21 and constant rmŝbW 2& we obtain the simple

d-correlation result Eq.~15!. Otherwise, there remains a
additional stabilizing factor sin2 x/x2, demonstrating to wha
extent the remnants of the vacuum/medium oscillatio
within one correlation cell can suppress the spin-flavor
namics due to the magnetic field only. The last express
also allows to evaluate at what part of the convective z
the ASFC really takes place for a given profile of the rm

^bW 2&.

3. Linked cluster expansion and dispersion

Another important issue is the problem of temporal d
pendence of higher statistical moments ofPaa . As Paa enter
Eq. ~4! for the number of events one should be certain t
the averaging procedure does not input large statistical
rors, otherwise there will be no room for the solar neutri
puzzle itself. In order to investigate generic statistical pro
erties of the model we make an additional assumption
put in Eqs.~13!,~14! d equal to zero. This is not critical a
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least for strong random magnetic fields as it follows that
small d instantaneous eigenvalues of Eq.~13!

E6~ t !56Ad21m2bW'
2 ~ t !'6mubW'~ t !u, ~22!

i.e., for typical realization, the vacuum oscillation parame
should not substantially influence the solution provided a
that d!L0

21 @see Eq.~21!#. The integral equation~14! then
takes the form

S~ t !5S~0!24m2E
0

t

dt1E
0

t1
dt2bW'~ t1!bW'~ t2!S~ t2!,

~23!

especially convenient for perturbative solution in powers
magnetic field or, equally, in powers of coupling consta
4m2.

The nth order is proportional to the product of 2n trans-
versal componentsbW'(t i) integrated over time with descend
ing upper limits of integrationt.t1.t2.•••.t2n21 . After
averaging and some standard combinatorics~see Ref.@26#!
the perturbation series exponentiates providing the lin
cluster expansion

^S~ t !&5S~0!expH (
m51

`
~24m2!m

~2m!!
M2m~ t !J , ~24!

where because of isotropy we retained linked higher m
ments of even order only, which can be evaluated within
spacially piecewise-constant model of random magn
fields as

M2m~ t !.
t

L0
~^bW'

2 &L0
2!ml2m , ~25!

where l2m , some coefficients, 0<l2m<1, l251, defined
by magnetic field statistics within one cell. For Gaussi
distribution alll2m but l2 disappear and Eq.~24! coincides
with the d-correlator result Eq.~15!. Approximately this is

also true whenV[mL0A^bW'
2 &!1 due to fast convergenc

of the sum in Eq.~24!. For chosen values of magnetic field
and correlation scale this parameter does not exceed;0.2,
thus justifying thed-correlation estimates. It is also plausib
~though we have not proved that correctly! that once we
adopted the cell model with random magnetic fields phy
cally constrained from above, the resulting approach
^S(t)& to its asymptotic value should be always exponent
That is^S(t)& is simply decaying with time tending to zero
Here we illustrate such a behavior for a type of statist
differing from Gaussian.

Stochastic twist. Let transversal random magnetic fields
every correlation cell be constantby modulo^bW'k

2 &5^bW'
2 &

5const, differing from each other only by random directio
of vectorbW'k . Then all even orders of the field entering Eq
~24!,~25! are constant too andl2m51. The sum in Eq.~24! is
easily performed and we obtain

^S~ t !&5S~0!expH 2
2t

L0
sin2 VJ , ~26!
1-7



g-

a
r
se

e-

or

-

d

th

ef

ag
u

o
et

e

s

netic

g

us
tic

the
t-

In-

d
ese

ict-

ain

n-

-

ce,

ath
d

see

BYKOV, POPOV, REZ, SEMIKOZ, AND SOKOLOFF PHYSICAL REVIEW D59 063001
whereV5mubW'uL0 . We note by passing that for large ma
netic fields satisfying rather artificial conditionsV5pn, n
51,2, . . . , there should exist an effect of resonance transp
ency, when the polarization vectorSW performs an integer o
half-integer number of turnovers within one cell. Otherwi
the behavior is exponential again.

To estimate thêS2(t)& behavior we use the same proc
dure, write down the iterative solution forS(t), square it and
then average. The final result again has an exponential f
similar to Eq.~24!. As it turns out thatV!1 we confine here
only with the Gaussian statistics~valid in this case!. Then,

^S~ t !&5S~0!e2Gt, ^S2~ t !&5
S2~0!

2
~11e24Gt!,

~27!

whereG is defined in Eq.~16! and we also rewrite the ex
pression ~15! for ^S(t)&. It follows from Eq. ~27! that
^S2(0)&5S2(0), and for t→` the exponent dies out an
^S2(t)& tends to its asymptotic valuêS2(`)&5 1

2 S2(0). For
dispersionsS

2 we then obtain

sS5A^S2~ t !&2^S~ t !&25
S~0!

A2
~12e22Gt!, ~28!

and correspondingly forsP

sP5A^Pee
2 ~ t !&2^Pee~ t !&25

Pee~0!

2A2
~12e22Gt!. ~29!

Taking into account that

^Pee~ t !&5
^Pee~0!&

2
~11e2Gt!, ~30!

we have that relative mean square deviation ofPee from its
mean value tends witht→` to its maximum asymptotic
value

sP~ t !

^Pee~ t !&
→

1

A2
.0.707, t→`, ~31!

irrespectively of the initial valuePee(0). It is interesting that
this asymptotic value is in a qualitative agreement with
result @27#

sP~ t !

^Pee~ t !&
.0.58, t→`, ~32!

that was obtained by numerical simulation of the MSW
fect in a fluctuating matter density.

We can now estimate the influence of the random m
netic field on the process of the neutrino conversion. Let
suppose that the effective thickness of the part of the c
vective zone of the Sun carrying the large random magn
field is aboutDt'0.15R( and m510211mB . Then G'1.6
3b/100 kG s21. Hence, random magnetic field with th
strength about 100 kG is strong, mixing parameterK51
2e2GDt'0.8. Random magnetic fieldb;50 kG is medium,
K'0.33 andb;20 kG is weak,K'0.06. These estimation
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are the reasons to adopt the strength of the random mag
field for the computer simulation,b550 kG and b
5100 kG.

The estimation~31! of the rms deviation ofPee and other
Paa is true, evidently, only for one neutrino ray. Averagin
over N independent rays lowers the value~31! in AN times.
That is for our case ofN'50 rays we get that maximum
relative error should not exceed approximately 10%, th
justifying the validity of our approach. For smaller magne
fields the situation is always better.

To conclude this section, it is neccesary to repeat that
above estimate Eq.~31! indicates possible danger when trea
ing numerically the neutrino propagation in noisy media.
deed, usually adopted one-dimensional~i.e., along one ray
only! approximation for the (434) master equation~11! or
(232) Eq. ~13! can suffer from large dispersion errors an
one should make certain precautions when averaging th
equations over the random noisebefore numerical simula-
tions. Otherwise, the resulting error might be even unpred
able.

4. Interpretation of the influence of random magnetic field as a
random walk over a circle

Here we show that there exists a simple way to expl
the behavior of the mean value and dispersion ofPee(t). To
apparently account the normalizationPee(t)1Pm̃m̃(t)
5Pee(0), we canintroduce a unit circle where a represe
tative point parametrized by the angular variablef(t) per-
forms a motion, while Pee(t)5Pee(0)cos2f(t), Pm̃m̃(t)
5Pee(0)sin2f(t). Then expressions forS and S2 take form
S(t)[Pee(t)2Pm̃m̃(t)5S(0)cos 2f, S2(t)5@S2(0)/2#$1
1cos 4f%. Suppose now thatf(t) is a realization of a Gauss
ian random process with the dispersionDf(t)5bt and prob-
ability density

P~f!5
1

A2pbt
expH 2

f2

2btJ .

Simple calculation shows that

^cosaf&5expH 2
a2bt

2 J . ~33!

From Eq.~33! it follows that

^S~ t !&5S~0!e22bt,

^S2~ t !&5
S2~0!

2
~11e28bt!,

sS5
S~0!

A2
~12e24bt!. ~34!

Comparison of Eqs.~27!, ~28!, with ~34! shows that if we
adopt 2b5G, these expressions become identical. Hen
one can treat the master equation~13! with the random mag-
netic field as a random walkover a circlewith the dispersion
of the angular variable proportional to the product of the p
along the convective zonedt, mean squared magnetic fiel

^bW'
2 & and correlation lengthL0 , coefficient of proportionality

depending on the neutrino magnetic moment squared,
1-8
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NEUTRINO CONVERSIONS IN RANDOM MAGNETIC . . . PHYSICAL REVIEW D59 063001
Eq. ~16!. This provides a simple way to express the mean
of the Eq.~30!. At the starting momentf(0) possess prob
ability density concentrated at pointf50, andPee(0) has
the definite value governed by the initial conditions. Ift
→`, the random walk over a circle provides an asympto
cally uniform probability densityPf(t51`)51/2p and
^Pee(t51`)&5Pee(0)/2 because the average value
cos2 f is equal to 1/2. A more detailed study of possib
interrelation between neutrino conversions and the rand
walk will be reported elsewhere. Here we only add that
explicit computation of the third and fourth moments ofS
corroborates the above identification. Our results also c
roborate the conjecture@5# where taking into account only
one component of the transversal magnetic field~scalar
case!, it was shown that the resulting behavior of^Pee& can
be interpreted as a Brownian motion of an auxiliary angu
variable over a circle.

D. Computer simulation of the master equation

Substituting a random realization of magnetic fields alo
one ray@see curve 3 in Fig. 2 forbx(r )#1 into the master
equation~11! we find the solution for four wave function
na(t)5una(t)uexp@iaa(t)#, from which all dynamical proba-
bibilities Paa obeying the condition Eq.~1! are derived. Then
we have repeated such procedure with the solution of
Cauchy problem for other configurations of random ma
netic fields ~along other neutrino trajectories!. After
that, supposing that due to homogeneity the intensities
partial neutrino fluxes are equal to each other, i
F i

(0)(j,h)5F i
(0)5const, we obtain the numbe

event spectrum Eq.~5! that depends on the produ
@*djdh#21*djdhF i

(0)(j,h)Paa(j,h)5F (0)3^Paa&. Here
F i

(0) is the integral flux of neutrinos of the kind ‘‘i ’’ @13# and
^Paa& are the mean probabilities that are shown in Figs. 3
and in Fig. 7 for particular cases of the maximum rms a
plitudes A^b2&550 kG andA^b2&5100 kG, correspond-
ingly.

For comparison of ASFC with the RSFP case we sub
tuted regular magnetic fieldsB0550,100 kG~with profiles
shown in the same Fig. 2! into Eq. ~11! and calculated four
probabilitiesPaa . The transition probabilities for antineutr
nos Pēē @appearing for large mixing angles in cascade c
versions through the steps~a! neL→ n̄mR within convective
zone and~b! n̄mR→ n̄eR in solar wind via vacuum conver
sions# are shown for the casesB550 kG andB5100 kG in
the Figs. 8,9.

In Figs. 3–9 alongy axis we plotted the dimensionles
parameterd58.813108Dm2(eV2)/E(MeV). For instance,
for boron neutrino energyE;8.8 MeV andDm251028 eV2

we find d;1.
All four probabilities in the cases Figs. 3–7 obey the u

tarity condition Eq.~1! for the same parameters sin2 2u,d

1In general, for any random field realization the componentby(r )
has a different profile~alongr ) shown in Fig. 2 forbx(r ) only. This
difference in profiles was taken into account while equal amplitu
A^bx

2&5A^by
2&5A^b2&/3 were assumed too.
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5Dm2/4E and for a givenbrms. This can be viewed as a
check of our numerical procedure because the unitarity c
dition was not apparently used in simulation.

In Figs. 10,11 we plot allowed parameter regio
Dm2,sin2 2u found from reconcilement of all experimenta
data @1,17# for the ratio DATA/SSM61s in the case of
regular fieldsB'550, 100 kG and in Figs. 12,13 we prese
analogous results for random fieldsA^b2&550,100 kG. In
order to find these regions we have calculated numbe
events in Eq.~4! using corresponding numerical solutions
the evolution equation~11! with varying Dm2, sin2 2u dev-
ided by the number of events derived in SSM forPee(E)
51. In Figs. 10–14 we also showDm2,sin2 2u regions ex-
cluded from nonobservation of antineutrinosn̄eR in SK @9#.

IV. DISCUSSION OF RESULTS

From Figs. 3–13 it apparently follows that there is a ba
in the parameter regionDm2;102721026 eV2 that sepa-

s

FIG. 3. The averaged~over 50 rays! survival probabilityPee

5^neL* neL& in dependence on d5Dm2/4E58.813108

Dm2(eV2)/E(MeV) and sin22 u: parameters forbrms550 kG and
correlation lengthL05104 km.

FIG. 4. Same as previous figure for the average probab
Pēē5^n̄eR* n̄eR&.
1-9
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BYKOV, POPOV, REZ, SEMIKOZ, AND SOKOLOFF PHYSICAL REVIEW D59 063001
rates MSW and magnetic field scenarios. In Figs. 12–14
presented the allowed parameter regions to reconcile
solar neutrino experiments along with the SK bound onn̄eR.
One can see that without the latter bound there exist
commonly adopted parameter regions, the small mixing
the large mixing ones, currently allowed~Figs. 12,13! or
excluded~Fig. 14! depending on the values of the rms ma
netic field parameters, see Secs. IV B and IV C. But first
all we would like to discuss a ‘‘strange’’ dependence of t
low mass difference regions (Dm2&1028 eV2), allowed
from the SK experiment, on the strength of the regular m
netic field.

A. ‘‘Paradox’’ of strong regular magnetic fields

We obtain the result that is at first sight surprising: for t
strongest fieldB5100 kG ~i! the probabilityPēē decreases
relative to the caseB550 kG ~compare Figs. 8,9!; more-
over, ~ii ! the well-known parameter regionDm2

;1028 eV2 allowed here from SK data in the case of reg

FIG. 5. Same as previous figure for the average probab
Pmm5^nmL* nmL&.

FIG. 6. Same as previous figure for the average probab
Pm̄m̄5^n̄mR* n̄mR&.
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lar field B550 kG ~shown in Fig. 10! and reconciled with
other experiments in Ref.@8# vanishes in the case of mor
stronger fieldB5100 kG ~see Fig. 11!.

One can easily explain such peculiarity considering
analytic form of neutrino conversion probability in the co
vective zone (neL→ n̄mR),

Pem̄5
~2mB'!2

~V2D cos 2u!21~2mB'!2
sin2

3SA~V2D cos 2u!21~2mB'!2
Dr

2 D . ~35!

This expression is valid for constant profiles and can be u
to qualitatively estimate the effect treated here numerica
for changing profiles. HereDr 50.15R( is the effective half-
width of the convective zone where magnetic field is stro
~see Fig. 2!; V5A2GF@r(r )/mp#(Ye2Yn)<1.6310214(Ye
2Yn) eV is the neutrino vector potential (V5Ve2Vm̄)

y

y

FIG. 7. Same as previous figure for the average probab
Pēē5^n̄eR* n̄eR& for brms5100 kG and correlation lengthL05104

km.

FIG. 8. The probabilityPēē5^n̄eR* n̄eR& in dependence ond
5Dm2/4E and sin2 2u parameters for the regular fieldB0550 kG.
1-10
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above the bottom of convective zoner>0.7R( @see Eq.
~11!#; 2mB'.5310215B50 eV is the magnetic field param
eter form510211mB and magnetic field strength normalize
on 50 kG. The mass parameterD510211Dm5

2/2(E/MeV) eV
is much less than parameters above for SK energiesE>6.5
MeV in the mass parameter regionDm2<1028 eV2, or for
Dm5

2<1023. Since Dm2(eV2)5431029210210 is negli-
gible and the resonance conditionV5D cos 2u, i.e.,

Dm5
2 cos 2u

2E/MeV
51.6~Ye2Yn!exp~210.54r /R(!, ~36!

is not fulfilled for corresponding low mass region, we co
clude and check directly from the analytic formula Eq.~35!
that in the caseB'550 kG thenonresonantlarge conversion
probability Pem̄ reaches a maximum due to accident coin
dence of the phase in propagating factor w

FIG. 9. As previous figure. The average probabilityPēē

5^n̄eR* n̄eR& for the regular fieldB05100 kG.

FIG. 10. Dm2 (eV2),sin2 2u plane for the ratio DATA/SSM in
the regular field B0550 kG. The isoline DATA/SSM50.368
60.026 allowed from the SK experiment is shown by the das
line. The SK bound onn̄eR Eq. ~38! is plotted too separating th
excluded area.
06300
-

-

AV21(2mB')2Dr /2;p/2. This is in contrast to another a
lowed regionDm2;1027 eV2 shown in the same Fig. 10
where really the resonance Eq.~36! and RSFP take place.

Note that the oscillation depth (2mB')2/@(V
2D cos 2u)21(2mB')2# reaches unity in Eq.~35! for extreme

d

FIG. 11. Same as previous figure for the ratio DATA/SSM
the regular fieldB05100 kG.

FIG. 12. The reconcilement of all experiments. The isolin
with dashed bands represent the DATA/SSM ratio equal co
spondingly to 0.36860.026 ~SK!, 0.50960.059, 0.50460.085
~GALLEX1SAGE!, and 0.27460.027 ~Homestake!. The random
field brms550 kG and correlation lengthL05104 km.
1-11
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fields B'→` and the resonanceV5D cos 2u ~36! is almost
irrelevant of the caseB'5100 kG. Similar behavior of RSFP
was studied also in Ref.@28#.

Moreover, for the caseB'5100 kG the phase in propa
gation factor reaches;p for small mass parametersDm5

2

;102321025 resulting in zero ('0) of the conversion
probability Eq. ~35! while the survival one remains at th
level Pee;1. This is the reason why right-handedn̄eR are
produced in a less amount for the caseB'5100 kG than in
the caseB'550 kG.

This is also the reason why the low mass regionDm5
2

;102321025 which is allowed from SK data forB'550
kG ~in Fig. 10! vanishes in the case ofB'5100 kG~see Fig.
11!.

For low magnetic fields~we built but do not present plot
for regular fieldB'520 kG! only resonantneL→ n̄mR con-
versions take place in convective zone forDm2;1027 eV2

as well as MSW conversions for ‘‘large’’ mass paramet
102621025 eV2. We can explain why this happens as fo
lows.

These fields are not too large to suppress a resonanc
oscillation depth as forB;100 kG. On the other hand, fo
low magnetic fields the RSFP occurs as strong nonadiab
conversion forDm2;1028 eV2 in contrast to the adiabati
RSFP in the caseB'550 kG for the same mass parame
region. Therefore, this mass region is excluded from SK d
in the case of low magnetic fields~for B520 kG! and the

FIG. 13. Same as previous figure for the random fieldbrms

5100 kG and correlation lengthL05104 km.
06300
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triangle regionDm2>1027 eV2 which is common for all
cases is allowed only.

To resume the regular field case, we conclude that par
eter regions allowed from SK data are close to analog
ones obtained in Ref.@8# for small mixing angle band,
sin2 2u&0.25. However, in Ref.@8# exclusion of large mixing
angles for smallDm2 relevant to RSFP comes from fit wit
other~radiochemical! experimental data while in our case th
corresponding region in Fig. 10~where Pēē occurs to be
noticeable! is excluded from nonobservation of antineutrin
n̄eR in SK and Kamiokande experiments@9# ~see below!.

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

In order to get antineutrino flux less than the backgrou
in SK we should claim@9#

Fn̄e
~E.8.3 MeV!

5

FB
SSM~E.8.3!E

8.3

15

lB~E!Pēē~E!sn̄~E!dE

E
8.3

15

lB~E!sn̄~E!dE

,63104 cm22 s21, ~37!

where

FIG. 14. Same as previous figure for the random fieldbrms

5100 kG and correlation lengthL05103 km.
1-12
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sn̄~E!59.2310242 cm2@~E21.3 MeV!/10 MeV#2

is the cross section of the capture reactionn̄ep→ne1;
FB

SSM(E.8.3)5FB
(0)*8.3

15lB(E)dE51.73106 cm22 s21 is
the SSM boron neutrino flux for chosen threshold of sen
tivity E.E058.3 MeV @9#.

Dividing the inequality Eq.~37! by this flux factor we find
the bound on an averaged~over cross section and spectrum!
transition probabilityneL→ n̄eR ~via a cascade!,

Fn̄e
~E.8.3 MeV!

FB
SSM~E.8.3!

5

E
8.3

15

lB~E!Pēē~E!sn̄~E!dE

E
8.3

15

lB~E!sn̄~E!dE

&0.035,

~38!

or Fn̄ /FB
SSM&3.5%. We calculated boundaries in the p

rameter regionsDm2,sin2 2u where the inequality Eq.~38! is
violated in order to exclude these regions from the allow
ones shown in Figs. 10–14.

We do not find any violation of the bound Eq.~38! for
low magnetic fieldsB,b&20 kG, both for regular and ran
dom ones. Thus, we conclude that in the limitB,b→0 ~for
instance for the MSW case! the hole triangle region seen i
Figs. 10–13 is allowed from the SK data.

However, for strong magnetic fields such forbidden p
rameter regions appear indifferent areas overDm2 and
sin2 2u for different kinds of magnetic fields~regular and
random!. Moreover, for strong regular magnetic fields (B
5100 kG) such dangerous parameter regions vanish~see
Sec. IV A above! while the stronger a random field would b
the wider forbidden area arises.

The bound Eq.~38! is not valid for low-energy region
below the threshold of the antineutrino capture by proto
E<1.8 MeV. Therefore we can expect in future BOR
EXINO experiment a large contribution of antineutrinos
neutrino has a large transition magnetic momentm
;10211mB . This is due to rescaling of the mass parame
Dm2 that is not fixed and decrease of neutrino energy t
will be measured in BOREXINO. This prediction will not b
in contradiction with the bound~38! for hard neutrinos@11#.

Really, the higher the neutrino energy~or the smaller the
parameter d5Dm2/4E) the less the probability^Pēē&
5^n̄eR* n̄eR& occurs. One can see from Figs. 8,9 that for
wide region of the mixing angle sin2 2u and, for instance, for
the neutrino mass parameterDm2;1028 eV2 this probabil-
ity is changing by 5–8 times: having maximumPēē;0.25
20.4 at low energiesE&1 MeV for sin2 2u*0.06 and the
minimum (Pēē&0.05) at the energy regionE*5 MeV.

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

For ‘‘large’’ Dm2;43102721025 eV2 the MSW con-
versions without helicity change,neL→nmL , take place un-
der the bottom of the convective zone as one can see f
the resonance condition Eq.~36! where the neutron abun
danceYn ~neutral current contribution! should be omitted.
Then left-handed neutrinos (neL ,nmL) cross the convective
06300
i-

-

d

-

s,

r
t

m

zone with random magnetic fields and can be converted
right-handed components via the ASFC mechanism. Fr
Figs. 4,7 it follows that the more intensive the rms fie
A^b2& in the convective zone the more effective spin-flav
conversions lead to the production of the right-hand
n̄eR,n̄mR antineutrinos. This was also proved analytically
Sec. III C for small mixing angles both ford-correlated
fields, Eq.~15!, and for correlations of finite radius, Eq.~21!.

Only ‘‘large’’ mass region Dm2*331026 eV2

21025 eV2 survives as a pure MSW region without ASF
influencing the left-handed components since our correla
length L05104 km chosen as a mesogranule size cor
sponds rather to finite correlation radius~see Sec. III C 2!.
Really, the dimensionless parameterx5dL0 is too large for
theseDm2 and the ratio sin2 x/x2 ceases in Eq.~21!. There-
fore, there are no ASFC for such mass parameters andL0
5104 km.

Variation of the correlation length L0. To check our ap-
proach we treated numerically a more stronger rms fieldb
5300 kG retaining invariantb2L05const for a granule size
L0;103 km, i.e., we considered small-scaled-correlated
random fields. In this case a lot ofn̄eR appear even for the
typical small-mixing MSW regionDm2;1025 eV2 exclud-
ing this and the whole triangle region at all from nonobs
vation of n̄eR in SK. This immediately follows from analytic
formula Eq. ~21! since for L05103 km limit
(limx→0 sinx/x→1) is fulfilled there and the auxiliary func
tion S ceases enhancingPneL→ n̄mR

. The same situation re
mains even for a more realistic random magnetic fi
strengthb5100 kG with L0;103 km, see Fig. 14 where
we reconciled all solar neutrino experiments with account
the bound Eq.~38!.

V. CONCLUSIONS

If antineutrinosn̄eR are found with the positive signal in
the Borexino experiment@18# or, in other words, a small-
mixing MSW solution to SNP fails, this would be a stron
argument in favor of magnetic field scenario with ASFC
the presence of a large neutrino transition moment,m
;10211mB for the same small mixing angle. There appea
one additional parameter for the ASFC scenario compa
with the RSFP solution@7# to SNP. This is the correlation
length of random magnetic fieldsL0 which varies within the
interval L051032104 km in correspondence with typica
inhomogeneity size~of granules and mesogranules! in the
Sun. The probabilituesPaa sharply depend on the correlatio
lengthL0 that might allow~in the case ofn̄eR registered! to
study the structure of solar magnetic fields. Another regu
magnetic field parametermB' @7# changes tomA^b2& where
the rms magnetic fieldA^b2& was treated here in the sam
interval b5202100 kG as for usual estimates of regul
~toroidal! magnetic field in Refs.@7,8#.

Our main assumption about stronger random field is ba
on modern MHD models for solar magnetic fields whe
random fields are naturally much bigger than large-sc
magnetic fields created and supported continuously from
small-scale random ones@24,25# ~see Sec. III B!. The ratio
b5ARmB @24,25# with large magnetic Reynolds numbe
Rm@1 means that in RSFP scenarios~including twist field
1-13
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model! the value of the regular large-scale fieldB' was
rather overestimated.

Thus, if neutrinos have a large transition magnetic m
ment @29,30# their dynamics in the Sun is governed by ra
dom magnetic fields that, first, lead toaperiodic and rather
nonresonantneutrino spin-flavor conversions, and secon
inevitably lead to production of electron antineutrinos f
low-energy or large mass differenceregion. The search fo
bounds onm at the levelm;10211mB in low-energy ne
scattering, currently planning in laboratory experiments@31#,
will be crucial for the model considered here.

We would like to emphasize the importance of futu
low-energy neutrino experiments~BOREXINO, HELLAZ!
which will be sensitive both to check the MSW scenario a
the n̄eR production through ASFP. As it was shown in
ic
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recent work@11# a different slope of energy spectrum pr
files for different scenarios would be a crucial test in favor
the very mechanism providing the solution to SNP. Fina
we should mention that during preparation of the paper th
appeared a lot of new experimental data, see Refs.@32,33#,
but they do not influence the validity of our general sugg
tion.
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