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The analysis of the resonant spin-flavour (RSF) solutions to the solar neutrino problem in the frame-
work of simplest analytic solutions to the solar magnetohydrodynamics (MHD) equations is presented.
We performed the global fit of the recent solar neutrino data, including event rates as well as zenith an-
gle distributions and recoil electron spectra induced by solar neutrino interactions in Superkamiokande.
We compare quantitatively our simplest MHD-RSF fit with vacuum oscillation (VAC) and MSW-type
(SMA, LMA and LOW) solutions to the solar neutrino problem using a common well-calibrated theo-
retical calculation and fit procedure and find MHD-RSF fit to be somewhat better than those obtained
for the favored neutrino oscillation solutions. We made the predictions for future experiments (e.g.,
SNO) to disentangle the MHD-RSF scenario from other scenarios.

Mex HU3M PE30H HCHOM CIIMH- POM THOW KOHBEPCHUHM HEUTPUHO JUIS pellleHHs MpoOIeMbl COIHEY-
HBIX HEHTPHUHO IMEPEeCMOTPEH B P MK X H JIMTUYECKOTO pEIIEHHsS yp BHEHHIl COMHEYHOH M THUTHOM
rugpoauH MUKH (MITl). YUuThIB & M T€M THYECKYI0O C MOCOIJI COB HHOCTb Yp BHEHUH M CYIIECTBYIO-
e (pU3NYecKre Orp HUYEHHs, MbI MPemT I' eM MPOCTEHIIyI0 cXeMy KOHBEPCHHM HEUTPUHO B P MK X
pe JUCTUYHBIX CT TUYecKuX perieHuit MIIl-yp BHeHMil. MBI IpOBEIN KOJIUYECTBEHHOE CP BHEHHE I10-
JIyYEHHBIX PEe3yJbT TOB C JIPYTUMU MEX HU3M MH, T KUMH K K B KyyMHble ocumwuranun 1 MCB-addexr,
UCIOJIb3yd €IMHYI0 CXEMY BBIUMCIIEHHWH, W MOK 3 JIM, YTO H LI CLEH PHil I eT Jyullee COINl CHe C KC-
MEepUMEHT JIbHBIMH I HHbIMH. B p 60Te cmen Hbl Ipeack 3 HUS I HEUTpUHHOrO dKcrnepuMeHT B C 1-
Gopu.

INTRODUCTION

The persistent disagreement between solar neutrino data and theoretical expectations has
been a long-standing problem in physics. The most popular solutions of the solar neutrino
anomalies are based on the idea of neutrino oscillations, either in vacuum or in the Sun due to
the enhancement arising from matter effects [1]. In addition there is considerable interest in
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alternative interpretations. Here we will re-analyse the status of resonant spin-flavour (RSF)
solutions [2,3] to the solar neutrino problem in the light of the most recent global set of solar
neutrino data. In contrast to previous attempts [2—4] we will adopt the general framework of
self-consistent magnetohydrodynamic (MHD) models of the Sun [5]. For definiteness we will
concentrate on the recent proposal of Ref. [6]. We perform global fits of solar neutrino data
for realistic solutions to the magnetohydrodynamics equations inside the Sun. This way and
by neglecting neutrino mixing we obtain the simplest MHD-RSF solution to the solar neutrino
problem, characterized by two effective parameters, Am? and Ly Bl max, Blmax being the
maximum magnitude of the magnetic field inside the convective region. We find that our
simplest two-parameter MHD-RSF fits to the solar neutrino data are slightly better than those
for the oscillation solutions. The required best fit points correspond to maximum magnetic
field magnitudes in the convective zone smaller than 100 kG. We briefly discuss the prospects
to distinguish our simplest MHD-RSF scenario from the neutrino oscillation solutions to the
solar neutrino problem.

1. STATIC MAGNETIC FIELD PROFILES IN THE SUN

In solar magnetohydrodynamics [7] (MHD) the corresponding magnetic field profiles are
rather complicated and difficult to extract. However, there are stationary solutions which are
known analytically in terms of relatively simple functions [6].

We consider the magnetic field profiles which are only solutions to the equation for a
static MHD plasma configuration in a gravitational field, given by

1
Vp—-jxB+pVe=0. (1)

This static MHD equations correspond to a quiet Sun and they admit axially symmetric
solutions in the spherically symmetric gravitational field which can be simply expressed in
terms of spherical Bessel functions and were first discussed in Ref. [6]. The model magnetic
field depends on zy, the roots of the spherical Bessel function f5/o = \/2.J52(2), to ensure
the boundary condition that B vanishes on the solar surface

, - 3 i
BF(r,0) = 2B*cos6 [1 - (sm (zr) _ cos (zw))} ,
722 sin 2y, 2kT
, Ak 3 sin (zgT) )
k _  _ Rk _ —
By(r,§) = —B%sind {2 + oy < o cos (zxr) — zxrsin (zxr) | |,
Bg(r, 0) = BFz,sing [7" — 3 <sm (zr) _ cos (zkr))} , 2)
T2} sin zj, Zr
where the coefficient Bk(Bcore) is given by
> Bcore

BY = 3)

2(1 — zg/sinzg)’

The distance r has been normalized to Rs = 1. In our calculations we have averaged over
polar angle 6.



Solar Neutrino Problem Accounting for Self-Consistent 73

The parameter Bore is a central magnetic field. In Fig. 1 we display the perpendicular
component of B for various k values, 1, 3 and 10, which correspond to the roots z; = 5.7,
z3 = 12.3 and z;9 = 34.5, respectively.

We now discuss the astrophysical restrictions on the free parameters B.ore and k& charac-
terizing the model. The magnitude of a magnetic field at the center of the Sun is constrained
by the Fermi—Chandrasekhar limit [8] which requires an upper bound on Bgore < 2 MG.

The possible values of k can be constrained by taking into account that, in order to justify
the use of a stationary solution, it is necessary that the diffusion time due to ohmic dissipation
must be less than solar lifetime. The simple estimations give us that reasonable values of k
are less than 10.

It is commonly accepted that magnetic fields measured at the surface of the Sun are weaker
than within the convective zone interior where this field is supposed to be generated. On the
other hand, the general knowledge of the solar magnetic field models is that the magnetic field
increases at the overshoot layer, while being small at the solar interior, a picture rather opposite
to the one we have seen in Fig. 1. The correct way is to use the linear nature of the basic
equilibrium MHD equation in Eq. (1). This implies that any linear combination of solutions
B* (k=1,2,..., ky, for some fixed number kp; < 10) B = ¢1B1 4+ c2Ba + ... + cyyBay is
also a solution. We will require that combined magnetic field is equal to zero in the center of
the Sun and its total energy must be minimal in the region below the bottom of the convective
zone, characterized by a certain value of rg.

BJ_max’ kG BLmax’ kG
100 g
;l \ 1 - ,
80F: r Iy
Er o\ 0.8 R/ Y
Lo [ ! 1
60F . [ S 1
. \ 0.6 — ! !
E o \ F !
B \ 8 . ;
40F ¢ \ r | ;
R 041 i
- AN PN [ oh !
208 el 020~ S
ST s R
PRI S NN N SIIN SR y I i I
0 02 04 0.6 08 1 0 02 04 0.6 08 1

14 7

Fig. 1. The perpendicular component of B for various k values, 1 (solid), 3 (dashed) and 10 (dotted)
Fig. 2. Magnetic field configurations obtained by combining individual modes for different ky; values,
5 (dotted), 6 (dash-dotted) and 10 (solid). Summing up to higher modes achieves better localization of

the field in the convective region

The procedure sketched above provides a consistent method for combining individual
mode solutions By, of the static MHD equation (Fig. 2).

2. FITTING THE SOLAR NEUTRINO DATA

We will neglect neutrino mixing in what follows and consider the case of active-active
neutrino conversions. In this case the v, — I, conversions are described by the master
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Schrédinger evolution equation

e\ [ Ve—=0 By Ve

(%)= (et 5% ) () @
where p, denotes the neutrino transition magnetic moment [9] in units of 10—11 ug, £
denoting either y or 7. Here By = B, +iB, and § = Am?/4E is the neutrino mass
parameter; Ve (t) = Gpv/2(p(t)/myp)(Ye — Y5 /2) and Vi(t) = Gpv2(p(t)/my) (=Y, /2) are
the neutrino vector potentials for v, and v, in the Sun given by the abundances of the electron
(Yo = mpNe(t)/p(t)) and neutron (Y;, = m,Ny(t)/p(t)) components. In our numerical study
of solar neutrino data we adopt the Standard Solar Model density profile of Ref. [10].

We solve Eq. (4) numerically by finding a solution of the Cauchy problem in the form of
a set of wave functions v, (t) =| v4(t) | €'®*(®) from which the neutrino survival probabilities
Pua(t) = vy, are calculated. They obey the unitarity condition ) P,, = 1, where the
subscript a denotes a = e for v, and a = ¢ for 7y, respectively.

The typical neutrino survival probablity P, calculated in the MHD-RSF scheme from Eq.
(4) plotted versus E/Am? in Fig. 3.

To determine the possible values of the parameters we have first used the data on the
total event rates measured at the Chlorine experiment in Homestake [11], at the two Gallium
experiments GALLEX and SAGE [12,13] and the 1117-day Superkamiokande data [14], as
given in Table 1.

Table 1. Solar neutrino rates measured in the Chlorine, Gallium and Superkamiokande experiments

Experiment Rate Ref. Units RBP98
Homestake 2.56 +£0.23 | [11] SNU 78+1.1
GALLEX + SAGE | 74.66 +5.2 | [12,13] | SNU 130 £ 7
Superkamiokande | 2.40 £ 0.08 | [14] 10 cm™2-57! | 52409

We have found that allowed regions of neutrino parameters are pretty stable and do not
depend significantly on the choice of k), and 7y allowed by astrophysics. In Fig. 4 we display
the region of MHD-RSF parameters allowed by the solar neutrino rates for the case M = 6
and 1o = 0.6 R®. We can see that there are several allowed regions for different values of
the magnetic field.

Apart from total event rates the water Cerenkov experiment also measures the zenith angle
distribution of solar neutrino events as well as their electron recoil energy spectrum with their
recent 1117-day data sample [14]. The predicted spectrum is essentially flat except for the
upper part of the Am? region. As an example, we show in Fig.5 the excluded region at
99 % C.L. for the case kj; = 6 and 7y = 0.6. For this reason, the allowed regions are slightly
modified by the inclusion of the zenith angular dependence and the energy spectrum data. In
Fig. 6 we have presented the results of global fit analysis.

We now move to the case of active-sterile MHD-RSF conversions. In the rate only
fit, the x2,.. is worse than for the active-active case, essentially due to the neutral current
contribution in the Superkamiokande experiment.
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Fig. 3. Typical MHD-RSF neutrino survival probability Pe. versus E/Am?

Fig. 4. MHD-RSF 90 % C.L. (light) and 99 % C.L. (dark) regions of Am? versus B max (kG) allowed
by the rates given in Table 1, for ro = 0.6 and ky; = 6
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Fig. 5. MHD-RSF 99 % C.L. regions of Am? versus B L max forbidden by the recoil electron spectrum
data given in Table 2 for 7o = 0.6 and kp = 6
Fig. 6. 90 % C.L. (light) and 99 % C.L. (dark) allowed MHD-RSF regions in Am? and B max from
the measurements of rates combined with the zenith angle distribution and the recoil energy spectrum
in Superkamiokande, for ro = 0.6 and kp = 6

3. DISCUSSION AND CONCLUSIONS

From the results of the previous section it follows that our MHD-RSF solution to the solar
neutrino problem provides a good description of the most recent solar neutrino data, including
event rates as well as zenith angle distributions and recoil electron spectra induced by solar
neutrino interactions in Superkamiokande. We have shown that our procedure is quite robust
in the sense that the magnetic field profile has been determined in an essentially unique way.
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Table 2. Best fit points and the corresponding probabilities for different solutions to the solar

neutrino problem

Solution Am? Blmax | X2, (Prob. %) Ref.
MHD-RSFa 1.1-1078 80 25.7 (32) the present
Am? sin?(209) | X2 (Prob. %) work
SMAA 52-107% | 4.7-1073 29.7 (16) [15,16]
LMA 2.4-107° 0.78 27.0 (26) [15,16]
LOW 1.0-1077 0.93 32.0 (10) [15,16]
SMAs 52-107% | 4.7-1073 32.0 (10) [15,17]
VAC 4.4.1071° 0.9 34.3 (6) [17]
No-0sc. 87.9 (6-1077) [15]

This effectively substitutes the neutrino mixing which characterizes the oscillation solutions by
a single parameter B | 1,ax, characterizing the maximum magnitude of the magnetic field inside
the convective region. The value of kj;, characterizing the maximum number of individual
modes superimposed in order to obtain a realistic profile, and the parameter r(, characterizing
the location of the convective region, are severely restricted. The allowed kj; values are
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Fig. 7. Neutral-to-charged-current event ra-
tio expected at SNO for different solutions
to the solar neutrino problem at 90 % C.L.
and 99 % C.L. The no-oscillation or SM
case is denoted by the horizontal line at

NC/CC =1

restricted by ohmic dissipation arguments to be
lower than 10 or so, while rg is close to 0.6R.
We have found that our solar neutrino fits are pretty
stable as long as kp; exceeds 5 and r( lies in the
relevant narrow range. Therefore our fits are effec-
tively two-parameter fits (Am? and B max) Whose
quality can be meaningfully compared with that of
the fits obtained for the favored neutrino oscillation
solutions to the solar neutrino problem. In Table 2
we compare the various solutions of the solar neu-
trino problem with the MHD-RSF solutions for the
lower magnetic field presented here. Clearly the
MHD-RSF fits seem somewhat better (though not
in a statistically significant way) than those obtained
for the MSW effect [15] as well as just-so solu-
tions [17].

We determined the expected solar neutrino rates
at SNO within the framework of our MHD-RSF so-
lution to the solar neutrino problem. We used the
cross sections of the CC and NC vd reactions given
by Ref. [18] and the best fit points we have deter-
mined in the present paper. For definiteness we have
considered the global best fit points and local min-

ima for B ax < 100 kG for the case kp; = 6 and rg = 0.6 and active-active MHD-RSF

conversions.
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We have calculated the neutral-to-charged-current event ratio (NC/CC) and our results
are presented in Fig.7. It is clear from Fig.7 that there is a substantial overlap between our
MHD-RSF predictions and those found for each of the oscillation solutions (SMA, LMA,
LOW, VAC). The overlap is especially large between the LMA and the MHD-RSF solutions.
Taking into account the present theoretical uncertainties and a reasonable estimate of the
experimental errors attainable, it follows that an unambiguous discrimination between our
MHD-RSEF solution and the neutrino oscillation-type solutions to the solar neutrino problem
on the basis of the averaged event rates seems rather difficult.

Note added: As we finished our paper there appeared the paper by E.K.Akhmedov and
J.Pulido, hep-ph/0005173, which also considers predictions for some SNO observables in the
conventional RSF scheme employing ad hoc magnetic field profiles used in Ref. [4].
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