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We generalize to three active flavors a previous two-flavor model for the resonant spin flavor conversion

of solar neutrinos to sterile ones, a mechanism which is added to the well-known large mixing angle

(LMA) one. The transition magnetic moments from the muon and tau neutrinos to the sterile play the

dominant role in fixing the amount of active flavor suppression. We also show, through numerical

integration of the evolution equations, that the data from all solar neutrino experiments except Borexino

exhibit a clear preference for a sizable magnetic field either in the convection zone or in the core and

radiation zone. This is possibly related to the fact that the data from the first set are average ones taken

during a period of mostly intense solar activity, whereas in contrast Borexino data were taken during a

period of quiet Sun. We argue that the solar neutrino experiments are capable of tracing the possible

modulation of the solar magnetic field. Those monitoring the high-energy neutrinos, namely, the 8B flux,

appear to be sensitive to a field modulation either in the convection zone or in the core and radiation zone.

Those monitoring the low-energy fluxes will be sensitive to the second type of solar field profiles only. In

this way Borexino alone may play an essential role, since it examines both energy sectors, although

experimental redundancy from other experiments will be most important.

DOI: 10.1103/PhysRevD.79.073010 PACS numbers: 14.60.Pq

I. INTRODUCTION AND MOTIVATION

Although the effort in solar neutrino investigation has
decreased in recent years, several intriguing questions in
this area remain open. Their clarification may lead to a
better knowledge of the neutrino intrinsic properties, the
structure of the inner solar magnetic field, or possibly both.
In fact it is still unclear, for example, whether the active
solar neutrino flux varies in time [1–4] or why the Super-
Kamiokande energy spectrum appears to be flat [5,6]. The
generally acknowledged large mixing angle (LMA) solu-
tion [7] to the neutrino deficit observed by all solar neu-
trino experiments does not explain these facts, while it
further predicts an event rate for the Chlorine experiment
[8], which is 2� above the observed one [9]. These could
be indications of physics beyond LMA.

Based on this motivation and in line with the originally
proposed resonant spin flavor precession of solar neutrinos
[10,11], we were led to develop a model whereby neutrinos
are endowed with a transition magnetic moment converting
active into sterile ones by virtue of their interaction with
the magnetic field of the Sun [12]. In particular we con-
sidered a scenario in which the apparently time-varying
event rate of the Gallium experiments [13,14] was viewed
in connection with the solar magnetic activity [15]. Owing
to the uncertainties involved, such data are however also

consistent with a constant Ga rate, which is the alternative
conventional view we will consider in the present paper. It
is also possible to generate time variations of the active
neutrino flux using the parametric resonance for matter
density perturbations in the presence of a radiation zone
magnetic field without resorting to magnetic moments or
sterile neutrinos [16].
The model expound in Refs. [12,15] considered two

resonances, the LMA one between two oscillating active
neutrinos and the spin flavor precession one determined by
a transition moment between one of the active flavors and
the sterile one. The location of the active-sterile resonance,
near the bottom of the solar convection zone, was fixed by
the corresponding active-sterile mass squared difference
which for this purpose was chosen to be Oð10�8 �
10�9Þ eV2. The survival and transition probabilities were
calculated using the Landau-Zener approximation.
In this paper we extend our previous model with two

active flavors and one sterile to the more realistic case of
three active flavors and a sterile. Whereas the Landau-
Zener approximation works well in the LMA resonance,
this is not so for spin flavor precession, thus we will resort
to the numerical integration of the evolution equations.
However the best-fit parameter values are obtained from
the Landau-Zener approximation, as they are found to
coincide in both methods. We take several values of �13
in the allowed range for both strong and weak solar fields.
The model event rates for all solar neutrino experiments
are evaluated and confronted with the data. Special em-
phasis is given to the Super-Kamiokande energy spectrum

*crdas@cftp.ist.utl.pt
†pulido@cftp.ist.utl.pt
‡Marco.Picariello@le.infn.it

PHYSICAL REVIEW D 79, 073010 (2009)

1550-7998=2009=79(7)=073010(9) 073010-1 � 2009 The American Physical Society

http://dx.doi.org/10.1103/PhysRevD.79.073010


[6] and the recent 8B energy spectrum from the Borexino
experiment [17]. We consider two classes of solar field
profiles, whose field strengths peak in the solar core
(Wood-Saxon potential type) and in the lower convection
zone. Together these span a large number of possibilities.

The paper is organized as follows: in Sec. II the deriva-
tion of the (4� 4) Hamiltonian in the mass eigenstate basis
is presented. In Sec. III A the already known fact that the
survival probability is a decreasing function of �13 is
shown to follow from a simple argument. In Sec. III B
the evaluation of the event rates and spectra is presented.
The results are discussed in Sec. III C. Finally in Sec. IV
our conclusions are drawn. Our numerical calculations are
based on the updated central values [18] for�m2

21, �12, �23,
�m2

32 and we use a neutrino transition moment between

flavor states not larger than �� ¼ 1:4� 10�12�B. As for
�13 we chose to investigate three cases: �13 ¼ 0, 0.1, and
the central value, 0.13. The fits to all data, including rates
and spectra (except for Borexino), improve once the mag-
netic field is introduced. As regards Borexino, the fit
worsens in this case. This may be connected to the fact
that all former experiments report time averaged data taken
during times of more or less intense solar magnetic activity,
whereas Borexino data were taken during a period of
minimum activity. In contrast, solar data alone show no
clear preference for a vanishing or sizable �13.

II. THE HAMILTONIAN

The (4� 4) Hamiltonian involving one sterile neutrino
and three active ones will be expressed in the mass eigen-
state basis. This is related to the flavor basis by

�S
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��
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where UPMNS (4� 4) is the straightforward (4� 4) exten-
sion of the usual leptonic mixing matrix [19]. As before
[12,15] no vacuum mixing between the sterile and any of
the active flavors is assumed, so that the free propagating
term of the Hamiltonian is in the mass basis

ðH0ÞM ¼
E0
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E3

0
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and the matter (interaction) term is in the flavor basis

ðHIÞW ¼
0 �esB ��sB ��sB

�esB Vc þ Vn 0 0
��sB 0 Vn 0
��sB 0 0 Vn

0
BBB@

1
CCCA: (3)

Here �ðe;�;�Þs are the transition magnetic moments be-

tween the active flavors and the sterile one and B is the
magnetic field profile. The quantities Vc, Vn are the refrac-

tion indexes for charged and neutral currents, namely Vc ¼
GF

ffiffiffi
2

p
Ne, Vn ¼ �ðGF=

ffiffiffi
2

p ÞNn with Ne (electron density)
and Nn (neutron density). Given Eq. (1), the mass and
flavor Hamiltonian representations are related by

HM ¼ UyPMNSHWU
PMNS (4)

so that the full Hamiltonian in the mass basis is
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Subtracting E1 and denoting by ~�1;2;3 the transition mag-

netic moment between mass eigenstates 0 and 1, 2, 3,
respectively, we have

HM ¼

�m2
01

2E ~�1B ~�2B ~�3B
~�1B 0 0 0

~�2B 0
�m2

21

2E 0

~�3B 0 0
�m2

31

2E

0
BBBBB@

1
CCCCCA

þUyPMNS

0 0 0 0
0 Vc þ Vn 0 0
0 0 Vn 0
0 0 0 Vn

0
BBB@

1
CCCAUPMNS: (6)

Straightforward matrix algebra leads now to

HM ¼

�m2
01

2E ~�1B ~�2B ~�3B
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0
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(7)

where uei denotes the first row entries of the (3� 3)UPMNS matrix. In the following we assume vanishing phases. Equation
(7) is the mass basis Hamiltonian that we use throughout.
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III. PROBABILITYAND RATES

A. 3 Flavor probability and �13

A simple argument shows that the electron neutrino
survival probability for three active flavors [20,21]

P3�3ð�e ! �eÞ ¼ cos4�13P2�2ð�e ! �eðNe ! Necos
2�13ÞÞ

þ sin4�13 (8)

where extra terms Oð10�3Þ or smaller have been neglected
[21] is a decreasing function of �13. In Eq. (8) the (2� 2)
probability with the replacement Ne ! Necos

2�13 is given
by [21]

P2�2 ¼ 1

2
þ 1

2
cos2�12

��ðxÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð�m2

21

4E sin2�12Þ2 þ�2
q (9)

where x is the fractional solar radius and

� ¼ GFffiffiffi
2

p Necos
2�13 � �m2

21

4E
cos2�12: (10)

Straightforward calculations show that the derivative of
P3�3ð�e ! �eÞ with respect to �13 is negative for all solar
neutrino energies if

P2�2 �GFNe

4
ffiffiffi
2

p cos2�12cos
2�13

ð�m2
21

4E sin2�12Þ2
½ð�m2

21

4E sin2�12Þ2 þ�2�3=2
� tan2�13 > 0: (11)

In Fig. 1 we plot the quantity on the left-hand side of this
inequality as a function of the neutrino production point
denoted by its fractional radius x, for energies E ¼ 0:1, 8,
18.8 MeV. Ne is evaluated from the data on � and XH given
in [22] with

Ne ¼ �

mp

1þ XH

2
(12)

where �, mp, and XH are the density, the proton mass, and

the hydrogen mass fraction. All neutrino parameters in-
cluding �13 were fixed at their best-fit central values [18].
The minimum of the quantity (11) is clearly seen in Fig. 1
for the three energy values considered and the central value
�13 ¼ 0:13 claimed in Ref. [18]. For x ¼ r=R�, this mini-
mum reaches zero at x ’ 0:2 as the energy is increased up
to Emax ¼ EmaxðhepÞ ¼ 18:8MeV and �13 up to 0.47
which is much above 3� from its central value.1 Thus we
can conclude that for all experimentally allowed values of
the physical quantities involved the condition (11) is sat-
isfied and P3�3ð�e ! �eÞ is a decreasing function of �13.

B. Field profiles and rates

We base our numerical calculations for the rates on the
standard solar model with high metalicity, BPS08(GS)
[25]. As far as the solar field is concerned, solar physics
provides very limited knowledge on its magnitude and
shape. For instance in Ref. [26] upper bounds of 0.5–
1.5 G and 30 G are quoted in the bottom of the convection
zone and in the core, respectively, while in Ref. [27] an
argument is presented favoring an upper bound of 600 G in
the radiation zone. On the other hand, the authors of
Ref. [28] estimate in the bottom of the convection zone
an upper limit of 300 kG and in the midradiation zone and
solar center a magnetic field strength of 0.7 MG and 7 MG,
respectively [29].
Given the above-mentioned uncertainties we consider

the two following plausible profiles which are approxi-
mately complementary to each other (see also Fig. 2)
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FIG. 1. The three lines represent expression (11) as a function
of the neutrino production point for neutrino energies 0.1 MeV,
8 MeV, and 18.8 MeV with sin�13 ¼ 0:13. For all experimentally
allowed values of �13 the quantity plotted in this graph is positive
implying that the survival probability is always a decreasing
function of �13.
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FIG. 2. The two solar field profiles given by Eqs. (13)–(15)
normalized to their peak field values and expressed as a function
of the fractional solar radius.

1It has been recently pointed out [23,24] that the hint for a
nonvanishing �13 is at most a 1� effect on the basis of present
data.
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Profile 1

B ¼ B0

cosh½6ðx� 0:71Þ� 0< x < 0:71 (13)

B ¼ B0

cosh½15ðx� 0:71Þ� 0:71< x< 1 (14)

Profile 2

B ¼ B0

1þ exp½10ð2x� 1Þ� 0< x< 1: (15)

Profile 1 has a peak B0 at the bottom of the convection
zone, for fractional solar radius x ’ 0:71, its physical

motivation being the large gradient of angular velocity
over this range [30]. It should not exceed 300 kG at this
depth and 20 kG at 4–5% depth, hence its fast decrease
along the convection zone [28]. Profile 2 is of the Wood-
Saxon type, being maximal at the solar center. In this case
the peak field B0 could be as large as a few MG [31].
The survival probability was obtained from the numeri-

cal integration of the Schrödinger-like equation with
Hamiltonian (7) using the Runge-Kutta method. All event
rates (total and spectral) were evaluated as described in
Refs. [32,33]. The expression for the 8B spectral rate as
applied to the Super-Kamiokande and Borexino experi-
ments with three active neutrinos is now

Rth
SK;BorðEeÞ ¼

R
E0
emax

me
dE0

efSK;BorðE0
e; EeÞ

REM

Em
dE�ðEÞ½PeeðEÞ d�e

dT0 þ ðPe�ðEÞ þ Pe�ðEÞÞ d��;�

dT0 �R
E0
emax

me
dE0

efSK;BorðE0
e; EeÞ

REM

Em
dE�ðEÞ d�e

dT0
(16)

where �e is the charged and neutral current cross section
and ��;� is the neutral current one. The energy resolution
functions are given in [34,35] and the threshold energies
Ee ¼ 5 MeV, Ee ¼ 2:8 MeV for Super-Kamiokande and
Borexino, respectively. For the statistical analysis of all
solar data (except Borexino) we used the standard �2

definition [32,33]

�2 ¼ X
j1;j2

ðRth
j1
� Rj1

expÞ½�2ðtotÞ��1
j1j2

ðRth
j2
� Rj2

expÞ (17)

where indices j1, j2 run over solar neutrino experiments
and the error matrix includes the cross section, the astro-
physical, and the experimental uncertainties.

The rates we obtained were confronted with the data
from the Cl experiment [8], the Ga ones [13], the Super-
Kamiokande spectrum [6], the SNO rates and spectra [36],
the Borexino spectra for 8B neutrinos [17], and for the
remaining fluxes [37].2 Starting with profile 1 (Fig. 2)
which peaks at the bottom of the convection zone, we
considered the case of a relatively strong field and a
vanishing one, and likewise for profile 2 (Fig. 2).
Numerical results are insensitive to field values below
50 kG. In order to provide a feeling of the rates variation
with �13, we also run this parameter from zero to 0.13. The
values of the active sterile mass squared difference, which
determines the location of the spin flavor resonance, were
�m2

01 ¼ m2
0 �m2

1 ¼ 1:25� 10�7 eV2 and �m2
01 ¼ 2:7�

10�6 eV2 obtained by fitting with profile 1 and profile 2,
respectively, using the Landau-Zener approximation for
the spin flavor precession resonance. For the 8B flux nor-
malization we used fB ¼ 0:95 [17] and the remaining
neutrino parameters were [18]

�m2
21 ¼ 7:67� 10�5 eV2; �m2

23 ¼ 2:39� 10�3 eV2;

sin�12 ¼ 0:559; sin�23 ¼ 0:683: (18)

Since, as explained below, our predictions refer to the
average magnetic activity in the solar cycle, they should
be evaluated for an intermediate field strength. Therefore
we take B0 ¼ 140 kG for profile 1, while for profile 2 the
peak value will be obtained from fitting. Regarding the
mass basis magnetic moments ~�1;2;3, we found that the

numerical results are independent of which moment is
chosen to be the largest. For the assumed peak field
strength, the fits require this largest value to be 2�
10�12�B. To this end the two-flavor (transition) moments
�ð�;�Þs must be of order 1:4� 10�12�B with �es equal or

arbitrarily smaller. A value 1:7� 10�12�B is also possible
for the largest of the mass basis magnetic moments,3

provided either ��s or ��s is as large as 1:4� 10�12�B

with the other two no smaller than 1:0� 10�12�B. In other
words, �ð�;�Þs are the dominant moments that fix the

amount of the active neutrino flavor suppression. In the
following we will consider �ð�;�Þs ’ 1:4� 10�12�B with

�es arbitrarily equal or smaller, thus ensuring that the
largest of the ~�’s is ’ 2� 10�12�B.

C. Discussion

Starting with profile 1, the results for all solar neutrino
experiments except Borexino, which is discussed below,
are displayed in Table I (total rates and fluxes) and Fig. 3
(Super-Kamiokande spectral rate). They show a clear pref-
erence for a sizable magnetic field. We note that not only
the flatness of the spectrum is enhanced thus providing a
better fit to the data (see Fig. 3), but also the total rate
predictions for the Cl, SK, and SNO experiments strongly

2We recall that, as mentioned in the Introduction, we neglect
any possible time variation in the Ga rate and perform fits to its
average value, see Ref. [13]. 3This would however require B0 ’ ð160–170Þ kG.
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improve (Table I). A strictly constant spectrum could on
the other hand be obtained by varying the solar parameters
�m2

21 and sin�12 within a 2� range. As for the Ga rate,

vanishing and sizable fields are equivalent, as both classes
of predictions lie within 1� of the central value [13].
Moreover as to the magnitude of �13, the predictions do
not show any clear preference. Altogether the results are
more sensitive to changes in the solar parameters than in
the atmospheric ones.

The Borexino spectral rate for 8B is shown in Fig. 4. The
top curve is the central value of the ratio between the best-
fit recoil spectrum due to oscillated neutrinos and the
spectrum due to nonoscillated ones evaluated from Fig. 3
of Ref. [17]. The next group of three curves represents the
predicted spectra for vanishing field with �13 ¼ 0, 0.1, 0.13
from top to bottom, respectively, and the bottom three
curves represent the same but for a field (B0 ¼ 140 kG).
The result of a �2 analysis with 4 degrees of freedom for
vanishing field and profile 1 with B0 ¼ 140 kG is pre-

sented in the first three columns of Table II. Owing to the
magnitude of the experimental errors, it is not possible to
conclude whether the data shows any preference for a
vanishing or a finite �13, although a sizable magnetic field
appears to be disfavored. From Fig. 4 and Table II our
predictions look more sensitive to the magnetic field varia-
tion than to the �13 one within their respective allowed
ranges. An improved significance can be obtained if
Borexino are able to reduce their errors to 1=3 of the
present ones (see the fourth column of Table II).
From the data and the model predictions presented, it is

unclear whether Borexino can favor either a negligible or a
sizable solar magnetic field. The available data from the
remaining experiments appear to favor on the other hand a
sizable field, possibly connected to a more intense solar
activity in the convection zone. Hence it might be appro-
priate to examine the period in which the data were taken.
In particular the Super-Kamiokande spectrum refers to the
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FIG. 4. The Borexino 8B spectrum normalized to BPS08(GS)
[25]. The top curve is extracted from Fig. 3 of Ref. [17] as
explained in the main text. The lower two groups are from top to
bottom the model predictions with sin�13 ¼ 0, 0.1, 0.13, B ¼ 0
and sin�13 ¼ 0, 0.1, 0.13, B ¼ 140 kG at the peak (profile 1).
There is a preference in this case for a vanishing field possibly
related to a quiet Sun. Notice that the theoretical curves coincide
for Ee > 5 MeV with the corresponding ones in the previous
figure apart from a minor difference due to the energy resolution
functions.

TABLE I. Peak field values (profile 1), sin�13, total rates (in SNU for Ga and Cl experiments, in 106 cm�2 s�1 for SK and SNO), and
the corresponding �2’s. The total number of degrees of freedom is 82 ¼ 84 experiments (Gaþ Clþ 44 SKþ 38 SNO data points)—
2 parameters, (see Ref. [15]). It is seen that for a sizable field (B0 ¼ 140 kG) all fits improve.

B0 (kG) sin�13 Ga Cl SK SNONC SNOCC SNOES �2
rates �2

SKsp
�2
SNO �2

gl

0 0 67.2 2.99 2.51 5.62 1.90 2.49 0.07 42.7 57.2 99.9

0.1 66.0 2.94 2.49 5.62 1.87 2.46 0.30 42.1 55.2 97.6

0.13 65.0 2.90 2.46 5.62 1.84 2.44 0.62 41.7 53.7 96.0

140 0 66.4 2.82 2.32 5.37 1.76 2.31 0.20 37.6 46.0 83.8

0.1 65.3 2.77 2.29 5.37 1.73 2.28 0.53 37.9 44.9 83.3

0.13 64.3 2.72 2.27 5.37 1.70 2.25 0.95 38.4 44.1 83.4
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FIG. 3. The Super-Kamiokande spectrum: theoretical predic-
tions and data points [6] normalized to BPS08(GS) [25]. The top
three curves refer to sin�13 ¼ 0, 0.1, 0.13 from top to bottom in
the case of zero magnetic field, and the lower three curves refer
to the same values of sin�13 for a sizable field (profile 1), with
B ¼ 140 kG at the peak. There is a clear preference for a sizable
field possibly related to solar activity, in comparison to a
vanishing one. Units for the observed electron energy Ee are
in eV.
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period from May 31, 1996 to July 15, 2001 during which
the average sunspot number was 65. On the other hand the
Borexino 8B spectrum refers to a data-taking period from
July 15, 2007 to June 21, 2008 with average sunspot
number 4 [38]. In most of the former period the solar
magnetic activity increased and reached an 11-year peak
in the summer of 2000, whereas in the latter the activity
was continuously at its minimum. Therefore in light of the
present model, one expects the present Borexino spectrum
for 8B to coincide with the LMA prediction and the Super-
Kamiokande one to reflect an active Sun.

We have also tested the model for the remaining fluxes
observed in the first Borexino phase [37], including in
addition the pp and pep neutrinos. In this case E �
1:7 MeV for all fluxes, so that with �m2

01 ¼ 1:25�
10�7 eV2 all neutrino resonances lie below x ¼ 0:5 where
the magnetic field strength is B< 1

2B0 (see Fig. 2).

Furthermore since the matter density is larger in this range,
the variation of the field besides being smaller, becomes
much less important. The maximum variation that is re-
flected in the event rates is no greater than 1%, hence, given
the order of magnitude of the experimental errors which is
about 25% [37], it cannot be expected to be seen in this
case for any flux. We may therefore conclude that it is of
prime importance that Borexino will continue monitoring
both the low-energy and the 8B flux during the present
increasing solar activity period.

While it is generally accepted that the sunspot activity is
interrelated with the possible modulation of the convection
zone magnetic field, no connection appears to exist be-

tween such varying activity and the radiation and core
magnetic field. There is, however, a recent claim in the
literature [2] suggesting the existence of an inner tacho-
cline separating the core from the radiation zone and an
inner dynamo producing a strong magnetic field and a
second solar cycle. Independently of the fact that our
knowledge on this matter that can be obtained from solar
physics is very limited at present, it will be shown in the
following that the solar neutrino data are consistent with a
varying field in these inner regions.

TABLE III. Same as Table I for profile 2 where the vanishing field case is omitted. As for profile 1, with a sizable field (B0 ¼
0:75 MG), all fits improve with relation to the vanishing field (compare with Table I).

B0 (MG) sin�13 Ga Cl SK SNONC SNOCC SNOES �2
rates �2

SKsp
�2
SNO �2

gl

0.75 0 64.7 2.75 2.32 5.38 1.76 2.32 0.76 38.0 46.1 84.8

0.1 63.6 2.70 2.30 5.38 1.73 2.29 1.32 38.4 45.0 84.7

0.13 62.6 2.66 2.28 5.38 1.70 2.26 1.92 38.8 44.2 84.9
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FIG. 5. Same as Fig. 3 with the three bottom curves referring
to profile 2 with B ¼ 0:75 MG at the peak.

TABLE II. The result of our �2 analysis for Borexino (profile
1): from the first three columns it is seen that no conclusion can
be drawn as for the magnitude of sin�13 and that the significance
is too low for the data to favor a vanishing field. The last column
shows the �2 variation if the experimental error were reduced to
1=3, so a vanishing field would clearly be favored. The result
would still in this case be inconclusive regarding the size of
sin�13.

B0 (kG) sin�13 �2 ��2

0 0 4.55 0

0 0.095 4.55 0

0 0.13 4.56 0

140 0 4.93 2.4

140 0.095 4.98 2.5

140 0.13 5.03 2.6
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FIG. 6. Same as Fig. 4 (8B Borexino spectra) for profile 2.
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Referring to profile 2 [Eq. (15) and Fig. 2] and in order
that a possible time modulation may be detected, all reso-
nances from active to sterile must be located deeper inside
the Sun with relation to profile 1, so that the shift from a
weak to a strong field or vice versa is reflected in the
intensity of the neutrino flux. In this way the best fit to
the data was obtained for �m2

10 ¼ 2:7� 10�6 eV2 and

B0 ¼ 0:75 MG4 with the remaining neutrino parameters
as in Eq. (18). The results for the total rates and fluxes are
now shown in Table III and those for the Super-
Kamiokande and 8B Borexino spectra in Figs. 5 and 6.

Again, as for profile 1, the Super-Kamiokande data show
a clear preference for a large field (Fig. 5), and the quality
of the fits is the same for both profiles. As can be seen from
a comparison between Figs. 3 and 5 or Figs. 4 and 6, the
spectra for a sizable peak field are much alike, and it will
be very hard to experimentally distinguish between them in
this way. The actual difference can be explicitly seen in
Fig. 7 where the Borexino spectrum for both profiles is
shown for �13 ¼ 0 with the remaining parameters as in
Tables I and III. Whereas for profile 1 the spectrum
presents a shallow minimum around E ¼ 8 MeV, it de-
creases monotonically in the case of profile 2. We have also
seen that in the case of profile 2 the results are less stable,
in the sense that small variations either in the neutrino
parameters �m2

21 and �12 or B0 lead to larger variations
in the rates and fits. Similarly to profile 1, the results for a
�2 analysis for profile 2 are shown in Table IVand the case
for a vanishing or a sizable field is again inconclusive.

Finally for profile 2 we have calculated the rates corre-
sponding to the remaining fluxes which were observed in
the first Borexino phase [37]. For all these neutrinos, with
E � 1:7 MeV, the corresponding resonances lie in the
range x < 0:23 where the field is close to maximal. Thus
the event rate modulation is expected to be much stronger
than with profile 1. It is now approximately 9% which we
believe to be within reach of the Borexino experiment in
the future. The results are shown in Fig. 8 where we chose
to represent the modulation of the 7Be, 15O, and 13N fluxes.
Owing to the magnitude of the errors involved ( ’ 25%),

the �2, of order 38 (51 d.o.f.), is extremely flat for both
profiles and it is hard to distinguish any preference of the
data at all either for profile 1 or 2. So it is also of prime
importance to keep Borexino monitoring the low-energy
neutrino fluxes too, namely 7Be and CNO as in the first
phase. Therefore solar neutrino experiments hold the po-
tential to clearly trace a field modulation inside the Sun and
moreover possibly to distinguish whether this modulation
occurs in the convection zone or deeper in the radiation
zone and core.
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FIG. 7. Borexino spectra for 8B neutrinos evaluated for profiles
1 and 2 at the best fit with �13 ¼ 0 (parameter values as in the
main text). The spectrum for profile 1 exhibits a shallow mini-
mum while for profile 2 it is monotonically and smoothly
decreasing with the energy.

TABLE IV. The same as Table II for profile 2. The fourth
column indicates the �2 variations relative to its values for the
vanishing field given in the first three rows of Table II.

B0 (MG) sin�13 �2 ��2

0.75 0 4.93 1.9

0.75 0.095 4.89 1.8

0.75 0.13 4.84 1.7
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FIG. 8. Borexino spectra for 7Be neutrinos (full lines), 15O
(dashed), and 13N (dot-dashed) evaluated for vanishing field and
profile 2 at the best fit with �13 ¼ 0 (parameter values as in the
main text).

4For instance with �m2
10 ¼ 1:25� 10�7 eV2, the neutrinos

with energy E ¼ 5 MeV have their resonance at x ¼ 0:64
whereas for �m2

10 ¼ 2:7� 10�6 eV2 this resonance moves to
x ¼ 0:34.
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IV. SUMMARYAND CONCLUSIONS

We have developed a model with three active neutrino
flavors communicating to a sterile one in matter with
magnetic field through transition magnetic moments. Its
motivation is to provide better fits to the solar neutrino data
than the LMA ones, in particular, a flat Super-Kamiokande
spectrum and a better prediction for the Chlorine rate,
while keeping accurate predictions for all other rates in-
cluding the recent 8B Borexino spectrum. We investigated
two magnetic solar field profiles, one which peaks at the
bottom of the convection zone and another at the solar
center. These represent two classes of plausible possibil-
ities which somehow complement each other.

The starting point was the derivation of the (4� 4)
Hamiltonian followed by a simple and general argument
showing that the survival probability is a decreasing func-
tion of the still unknown mixing angle �13. This fact, which
is reflected more strongly in the charged current data, leads
to a parallel shift of the spectral event rates. This shift is
however not enough to distinguish a clear preference of the
data between a vanishing or a sizable �13.

We found that among the three transition moments, the
ones connecting �� and �� to the sterile are the dominant

ones that fix the amount of active flavor suppression. They
are both required to be of order 1:4� 10�12�B, while �es

may be equal or arbitrarily smaller. Alternatively either ��

or �� separately may be of order 1:4� 10�12�B with the
remaining two of order 1:0� 10�12�B in which case a
slightly stronger field is required.

On the other hand it was found that all experimental
data, with the exclusion of the Borexino ones, favor a
relatively large magnetic field of either class. To this end
it is important to realize that the former data are average
ones and refer to extended periods. In particular the Super-
Kamiokande spectrum refers to a period when the average
solar magnetic activity was relatively intense, and hence it
is sensible to expect it to be flat in a way that it reflects a
large field in accordance with the model predictions. As
regards the Borexino spectrum in a similar energy range, it
is not possible at present to conclude whether it favors the
LMA spectrum or the LMA one with spin flavor preces-
sion, as the data errors are too large.

Whereas the neutrino fluxes observed in the first
Borexino phase were found to be insensitive to field mod-
ulations in the convection zone (profile 1), this is not so if

the field is concentrated in the core and radiation zone
(profile 2). The event rate modulation expected in this case
is of the same magnitude as the one expected for the 8B
flux with any of the profiles. Hence we believe it extremely
important to keep Borexino taking data for all neutrino
fluxes during at least the first half of the present solar cycle
expected to peak in 2011 or 2012.
Our claim is not that there is evidence of variability of

the solar field profile in the convection zone or equivalently
in the core and radiative zone, but rather that the neutrino
data are consistent with the possibility of either
phenomenon.
Our results concerning field profiles and data variability

are qualitatively summarized in Table V: a magnetic field
concentrated around the bottom of the convection zone like
profile 1 can only show its modulation through an experi-
ment monitoring the high-energy 8B flux, whereas a field
concentrated in the core and radiation zone like profile 2
can be detected by experiments monitoring either the high-
energy 8B or the low-energy fluxes.
To conclude, solar neutrino experiments may hold a

non-negligible potential to ascertain whether there is a
varying magnetic field inside the Sun possibly connected
to solar activity, a fact which otherwise may be very
difficult to establish on the basis of solar physics alone.
Moreover, we have shown that it is also possible to trace
whether this varying field is lying mostly at the bottom of
the convection zone or deeper in the core and radiation
zone.
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