PHYSICAL REVIEW D

VOLUME 41, NUMBER 12

15 JUNE 1990

Matter-enhanced spin-flavor precession of solar neutrinos with transition magnetic moments

A. B. Balantekin, P. J. Hatchell, and F. Loreti
Physics Department, University of Wisconsin, Madison, Wisconsin 53706
(Received 31 January 1990; revised manuscript received 7 March 1990)

Experimental and astrophysical limits on the neutrino magnetic moments and the magnetic fields
in the solar interior are briefly reviewed. For the case of simultaneous flavor mixing and nonzero
transition magnetic moments left-handed electron-neutrino survival probability contours are calcu-
lated for Cl and Ga detectors for several possible magnetic-field configurations. A possible explana-
tion of the variation of the solar-neutrino flux with the solar cycle is pointed out. This solution re-
quires a magnetic field in the bottom of the convective zone of the Sun with B~(1-2)X10° G and a

transition magnetic moment of (5-10)X 10~ 2y.

I. INTRODUCTION

After it was experimentally determined' that the mea-
sured solar-neutrino capture rate on Earth is about one-
third of the standard solar-model prediction,2 neutrino
oscillations were proposed as a possible mechanism to
resolve the discrepancy between experiment and theory.
One recently proposed solution to the problem of missing
solar neutrinos is the Mikheyev-Smirnov-Wolfenstein
(MSW) effect.>* 1In this scenario coherent forward
scattering of neutrinos in electronic matter can cause an
almost complete conversion of electron neutrinos to neu-
trinos of a different flavor. This effect does not require a
fine-tuning of mixing angles and mass differences; hence
it provides a possible solution to the solar-neutrino prob-
lem within the current theoretical prejudices. The
elegance and the utility of the MSW effect has been
demonstrated in the existing literature.>¢

If the neutrinos have large magnetic moments there ex-
ists a more speculative solution to the solar-neutrino
problem: transmission through the solar magnetic field
may flip the neutrinos’ spin, changing the left-handed
electron neutrino into a right-handed neutrino’ that is
not detectable by the existing nuclear (i.e., *’Cl) detectors.
More recently it has been observed that there might pos-
sibly be an anticorrelation between the sunspot number
and the capture rate of solar neutrinos.® Motivated by
this observation, Okun, Voloshin, and Vysotsky’ ela-
borated on this scenario, noting that, in addition to the
electric or magnetic dipole moments, it is also conceiv-
able to have flavor transition moments between different
species. Akhmedov!® and Barbieri and Fiorentini'! inves-
tigated further the effects of matter on the resonant
amplification of the flavor-changing neutrino spin rota-
tion. After a careful analysis of the current situation,
Bethe'? concluded that this anticorrelation can probably
not be ascribed to the matter fluctuations in the convec-
tive zone of the Sun caused by localized magnetic fields.

The combined effect of matter and magnetic fields on
neutrino spin and flavor precession was examined by Lim
and Marciano.!® They pointed out that the simultaneous
presence of flavor mixing and magnetic (diagonal or tran-
sition) moments can give rise to two new resonances in
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addition to the MSW one. This possibility was studied by
Minakata and Nunokawa!* who concluded that one
needs a rather large magnetic field and/or magnetic mo-
ment for an emphatic effect.

In this paper we wish to calculate iso-SNU (solar-
neutrino units) figures for the case of simultaneous flavor
mixing and nonzero magnetic moments in order to criti-
cally examine the conclusions of Refs. 12—-14. Our
analysis goes beyond that given by Minakata and
Nunokawa,'* who did not investigate the capture rates on
various detectors. In Sec. II we discuss experimental and
astrophysical limits on the neutrino magnetic moments
and the magnetic fields in the solar interior. Equations
governing the neutrino propagation when both flavor and
chiral components mix are given in Sec. III. We discuss
the numerical solution of those equations to obtain iso-
SNU curves in Sec. IV. Section V contains a discussion
of our results and conclusions.

II. LIMITS ON THE NEUTRINO MAGNETIC MOMENTS
AND THE SOLAR MAGNETIC FIELD

A. Magnetic fields in the solar interior

Some of the earlier attempts to solve the solar-neutrino
problem invoked the possibility of very large magnetic
fields in the interior of the Sun.!> A very large magnetic
field which decreases toward the surface would increase
the pressure gradient. To have a significant effect on the
calculated neutrino fluxes the magnetic field should be
strong enough that B2/87 is a few percent of the gas
pressure, which requires a magnetic field of approximate-
ly 108-10° G. Such a large magnetic contribution to the
pressure is a large deviation from the standard solar mod-
el where the hydrostatic equilibrium is achieved through
the gas pressure gradient.!® Furthermore such an intense
field is not expected to persist over the lifetime of the
Sun.!” It is probably safe to assume that any magnetic
field in the interior of the Sun which exceeds the value
10’ G would be in contradiction with the standard solar
model. Existing observations'® of the depth and latitude
dependence of solar rotation also set an upper limit of
this magnitude [ ~(0.8-2.0)X 10’ G].
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One has a better idea about the magnetic fields in the
convective zone and at the surface of the Sun.!® The con-
vective zone, which is about 0.3R thick, has a large
toroidal magnetic field larger than 10°~10* G. This field
changes its direction every 11 years. The period of
1986—1987 was with minimal solar activity and a small
toroidal magnetic field. The previous period of solar ac-
tivity was 1978—1982 with a magnetic field of ~10° G
near the surface. Davis and collaborators (Cl experiment)
reported a capture rate of ~4.2 SNU in 1977 and ~5.0
SNU in 1986-1987 and, more recently, a smaller value.®

It further seems to be possible to link density variations
at the bottom of the convective zone to the solar activi-
ty.2% There is an observed anticorrelation between the so-
lar radius R with the 11-yr cycle of solar activity, i.e.,
overall radius of the quiet Sun is larger than that of active
Sun. The effect is small: ~ARg/Rp=~10"3. A plaus-
able scenerio was suggested by Schatzman and Ribes.?
They conjecture that in the quiet Sun a large magnetic
field is embedded in the bottom of the convective zone in
“ropes” (force tubes) with a radius of about 30 km. If the
field strength is > 10° G, then it is strong enough to expel
most of the matter from the ropes (magnetic pressure be-
ing almost equal to the gas pressure), causing the solar ra-
dius to be larger by the observed amount. They conse-
quently speculate that in the quiet Sun there is about 600
km of space near the bottom of the convective zone,
where the matter density is very small. In the active Sun,
the ropes reach to the surface of the Sun, the density at
the bottom of the convective zone increases, and the solar
radius decreases.

Endal, Sofia, and Twigg,?! using a full hydrostatic
stellar-evolution code, examined further the perturbative
connection between the displacement of matter inside the
convection zone with the displacement of the surface ra-
dius. They found out that the radial length of the inter-
nal region where the matter is excluded is only about 1%
of the change in solar radius. Baltz and Weneser?
presented a heuristic model with essentially the same
conclusion. Their arguments lead to

d <4X107°Rg

for the size of the excluded region. To achieve such a to-
tal exclusion at the bottom of the convective zone re-
quires a very large magnetic field of about ~10® G in the
gap. However, as these authors point out, the perturba-
tions employed in those models are simplifications of the
actual physical mechanisms taking place in the Sun, the
dynamics of which is essentially nonperturbative.

B. Neutrino magnetic moments

A simple extension of the minimal standard elec-
troweak model permits massive Dirac neutrinos to ac-
quire finite magnetic dipole moments through radiative
corrections.”* For the electron neutrino one gets

o | 3eGp
v = ~ mv
Y

v

~3.2X107" —_—
Bs T ev

, (1)

where pp is the Bohr magneton
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pp= ;ﬁ ~5.8X10" 5 MeVG ! .

e

The value of the magnetic moment given in Eq. (1) is
nonzero, but too small to be astrophysically significant.
Introduction of additional physics, such as right-handed
currents® or a charged Higgs extension of the minimal
electroweak model,” could lead to much larger magnetic
moments. Supersymmetric’® and superstring-inspired?’
models naturally incorporate the latter possibility. A
number of models yield not only diagonal magnetic mo-
ments but also off-diagonal (transition) moments which
can transform left-handed neutrinos of one flavor into the
right-handed neutrinos of another flavor in an external
transverse magnetic field. Only Dirac neutrinos can have
diagonal magnetic moments. Transition magnetic mo-
ments are permissible for both Majorana®® and Dirac
neutrinos.

Direct experimental bounds on the magnetic moments
are rather weak. Antineutrino electron scattering data
yield® a bound of

lu, [<4X1071 up .

Astrophysical and cosmological arguments are more re-
strictive. Stellar cooling (energy loss due to neutrino pair
emission) provides*’ a bound of

l'”"JSIXIOWH Ug -

The observation of neutrinos from Supernova 1987A
would also restrict the magnetic moments. Lattimer and
Cooperstein®! and Barbieri and Mohapatra®? considered
the emission of right-handed neutrinos after the bounce.
By imposing a bound on the luminosity of right-handed
neutrinos, they get a limit of

lu, | <1075 pp

Notzold*® considered the emission during the core col-
lapse (before the bounce) and obtained a limit of

|,uvcl <2X107 2 pp .

Validity of such limits from supernova was however ques-
tioned.>* The first two bounds apply to both Majorana
and Dirac moments (diagonal and transition), whereas
the supernova bounds apply to Dirac moments. For
Dirac neutrinos there is an additional cosmological
bound as well. The synthesis of “He in the big bang
would be disrupted by the excitation of additional neutri-
no helicity states unless’*

|/.Lve| <2X107 " pp .

This bound does not apply to the Majorana-neutrino
transition moments, since for Majorana neutrinos no ex-
tra degrees of freedom are excited. A good summary of
the current situation together with a list of possible ter-
restrial experiments that might observe a magnetic mo-
ment was given by Vogel and Engel.*
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III. SPIN-FLAVOR PRECESSION IN MATTER

A. Evolution of chiral components

For the electron neutrino the chiral components Ve,
and Veg interact differently with matter. This difference

tends to suppress precession by splitting their degenera-
cy. The equation describing the propagation through
matter of the two helicity components of a Dirac neutri-
no with mass m, and magnetic moment 1, is? 1!

where B is the transverse magnetic field and a, is the con-
tribution of matter to the effective mass. In the standard
model (for an unpolarized neutral medium) one gets

Gr
ae(t):ﬁQNe—-N,,) , (3)
where N, and N, are electron and neutron number densi-
ties, respectively. In the limit m,/p —0, which we con-
sider hereafter, the right-handed neutrino does not in-
teract with matter.
Writing the magnetic moment in terms of Bohr magne-
tons,

Uw=gug , 4)

where g is a small number, it is possible to calculate the
survival probability of the left-handed component (in
moderate magnetic fields) using the logarithmic perturba-
tion theory following Ref. 6 where the same method was
applied to the MSW effect. For the survival probability
at time T we find

P(v, —>v, )
L L

_ iQ, (1)
=exp

2
—gl ‘fOTdtB(t)e +0(g4)] , (5

where
Gr
Qe(t)=7§—f0dt(2Ne—Nn) . 6)

The resonance condition is N, =N, /2. It is unlikely to
achieve this resonance condition in the Sun where the
neutron density is N, ~N,/6~N, /3. It can however be
achieved in a supernova.’*%’

B. Spin-flavor precession in the Sun

In this case we consider two generations. The neutrino
evolution equation is'>!*

Ve, Ve,

PRI H, BM'| |V )

dt |ve, | |BM Hg ||v. |’ a
Vieg Vi
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where the 2 X2 submatrices are
2 2
i sin?0+a, Arg sin20
= Am? sin260 Am? cos’0+a ’ 7
4F ®
M Hee “eu (7¢)
= N 7
Hpe Hup ¢

and Hgr =H;(a,=0=a,). In the above equations € is
the mixing angle, Am? is the difference of the squares of
the masses, and E is the neutrino energy. For a neutral,
unpolarized medium, the matter potentials are

Gr
a,=—=

__Sry 8
=5 a,= = . (8)

(Zlve—_Jvn)’ u Voo

Note that we assume the right-handed components Veg
and Vig mix in the same way as the left-handed com-

ponents do as it was assumed in Ref. 14. This is different
than the convention in Ref. 13, where the right-handed
components are taken to be the same as vacuum mass
eigenstates.

There are four possible crossing resonances. The
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FIG. 1. A comparison of the MSW and the Ve, —>Vy, T€s0-

nances as discussed in the text. The upper panel (where B =0)
exhibits only the MSW resonance and the lower panel (where
B+0) exhibits both resonances for the same electron density
distribution (see text). In the Sun these two resonances coalesce.
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Ve, —> Ve, resonance discussed in the previous subsection:
O (N, ~N,)=0 (%)
‘/5‘ e n ’ a
the MSW resonance
= Am?
V2GpN,= E co0s20 ; (9b)
the v, —v, resonance
L KR
Gr Am?
—_— p— = 2 . 9
\/2(2Ne N,) g % 6; (9c)
and the v, —v, resonance
L R
G 2
1/_52 = A;Z* cos26 . (9d)

For the Sun, where the neutron density is only about

20% of the electron density, the MSW and the Ve, Vg

resonances are very close to each other. In fact they be-
come almost a single resonance.'* On the other hand, for
a supernova, where the neutron density changes very rap-
idly during the collapse, the Ve, —> Ve, resonance (which is

due to a diagonal magnetic moment) and the v, —v
L HR

resonance (which is due to a transition magnetic moment)
are very close to each other, especially for the large ener-

_
Am?
a, 4E sin26 0
Am? . Am? *
AE sin26 £ cos260+a, u*B
HMaJ
0 —uB —a,
B 0 m?
n 4E sin260

IV. NUMERICAL ANALYSIS

In our calculations all densities, fluxes, and cross sec-
tions are in accord with the standard solar model and
were taken from Bahcall.!® We have assumed that the
magnetic field is either nonzero throughout the entire
Sun or localized in a particular region (i.e., throughout
the convective zone). In the former case the magnetic
field profile was taken to be a Wood-Saxon shape of the
form

B,

Birn= 1+exp[10(r—Rg)/Rp] "’ (1D

where B, is the strength of the magnetic field at the
center of the Sun. In the latter case we take the magnetic
field confined to the convective zone of the Sun as we will
discuss in the next section. We also take the diagonal
magnetic moments to be zero, since for the solar neutron

Am
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gies that one expects the supernova neutrinos to carry
(note that Am? is also expected to be quite small). This
feature makes it rather difficult to put separate limits on
diagonal and transition magnetic moments using the su-
pernova data.

To compare the MSW and the Ve, ™ Vy, Tesonances we

present a rather distorted situation in Fig. 1, where we
used an artificial matter density and rather large (~20
kG) magnetic field for the purpose of separating the reso-
nances. In this figure the electron density is taken to be
50 cm ™ 3/N , at r /R =0, where N , is Avogadro’s num-
ber. It has a Wood-Saxon shape and levels off to 40
cm /N, at r/R5=0.3. It then remains approximately
constant until r/R;=0.6 where another Wood-Saxon
function takes it to 33 cm /N, at /R =1. The mag-
netic resonance was selected to occur at an electron den-
sity 43 cm_3/NA, chosen to be at r /Ry =0.25, and the
MSW resonance at an electron density ~39.5 cm™3/N 4
at r /Ry =0.75. The separation of the resonances in this
figure is due to our choice of the density (the flatness of
the region inbetween). As was discused above, they do
not separate in the Sun for a wide range of parameters.
We illustrated that to separate them requires a rather
drastic change in the solar electron density.

In the case of Majorana neutrinos, it is not possible to
have a diagonal magnetic moment and the Hamiltonian
takes the form

2 . (10

4E sin26

2
cos20— a,

density they cannot induce a resonant transition [cf. the
discussion following Egs. (9)]. Note that in Eq. (7), which
describes the motion of a neutrino through the Sun, the
transition magnetic moment and the magnetic field ap-
pear only in the combination ., B.

The numerical calculation was performed by diagonal-
izing the Hamiltonian numerically in the dimensionless
variable p=(Am?/E)r:

H(p)=S(p)D(p)STip), (12)

where S and ST are the orthogonal diagonalization ma-
trices, and D is the diagonal matrix of the eigenvalues.
Since, for a sufficiently small step size, the density and the
magnetic field vary slowly with p, the p dependence of
the Hamiltonian in each step can be neglected giving

W(p+Ap)=Se ~PrsTY(p) (13)



41 MATTER-ENHANCED SPIN-FLAVOR PRECESSION OF SOLAR ...

as the algorithm for calculating ¥ from one step to the
next. Here W is the column vector in Eq. (7a). The radial
dependence of the flux of neutrinos from each reaction
was taken into account by stepping backward from the
edge of the magnetic field toward the center of the Sun.
The probabilities are first averaged over distance in the
vacuum giving

P, =(1—1sin*20)P,,(pegg.) + +5in°20P; (pegqe)

—5in26 c0s26 Re[ Vi, (Degge Vi Pedge)] » (14)

where P;(p.q,e) and v;(p.qo.) are the probability and the
amplitude, respectively, that an electron neutrino which
started life at p; has become, at the edge of the magnetic
field, an electron neutrino or a muon neutrino. The aver-
aged probability at the edge of the magnetic field for the
left-handed electron neutrinos from reaction j is then

P

&~

i 2
,8In°20, P g4

Am?
E

,8in’20,pgee | > (15)

=3 ¢’(p; )P,

where ¢/(p;) is the fraction of electron neutrinos of type j
produced at p;.

The probabilities for the iso-SNU contour plots are ob-
tained by averaging over neutrino energy for a fixed mass
difference and mixing angle:

P(Am?,sin?20)

S [dE o(E)®(E)Pi(Am?,E,sin26)

= , (16)

3 [dE o(E)®(E)
J

where o(E) is the cross section for a given detector at en-
ergy E, and ®;(E) is the flux at energy E of neutrinos
from reaction j. Since the probabilities are a function of
the ratio of mass difference to energy, the probabilities as
a function of energy were obtained by fixing 6 and Am?
such that P(Am?*/E,0)=P(Am?*,E,0).

V. DISCUSSION AND CONCLUSIONS

In Figs. 2 and 3 we plot the left-handed electron neutri-
no survival probability contours, in the parameter space
of Am? and sin?26, for the Cl and Ga detectors, respec-
tively. In calculating these contours we assumed that the
magnetic field extends over the entire Sun and used the
profile in Eq. (11). For each figure, u,, B, is taken to be
(@ 0.0, (b) 20X1077, (¢) 5.0X1077, and (d) 10.0
X107 7up G. The survival probability contours plotted
range from 0.1 (the dotted line), to 0.9 (the dashed line),
with a step size of 0.1.

An examination of Figs. 2 and 3 reveals that introduc-
tion of a magnetic field and a transition magnetic mo-
ment can alter the iso-SNU plots rather substantially.
Comparing the B =0 case with B#0 cases, we see that
for large values of Am? (=107 > eV?) and small values of
the mixing angle, solar magnetic field plays no role. The
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reason for this is the relative locations of the MSW and
the Ve, —>Vy, Tesonances in the Sun. The latter reso-

nance occurs at a higher density than the former [cf. Egs.
(9b) and (9¢)]. For large Am? and small 6, even the cen-
tral density of the Sun is not large enough for the
Ve, =V, Tesonance to occur. Hence in this region of the

ﬁvlvrvnl T T T

(a)

AL BVAR A

TTTTm
1) L1

10—4

Am® (eV®)
o
&
Ak ML R B

—
o

Am* (eV®)

10~4 0~ 109

1
sin®26

T

(c)

T

T lllllﬂ']

T IIVIIIII T

T
/

TTTTm

—

1074

Lk B

1078 |

Am® (eV®)

............................................................

1078

10—4 - (o
E

Am® (ev®)

10—% 100

FIG. 2. Left-handed electron Dirac-neutrino survival proba-
bility contours for the Cl detector based on the standard solar
model as given in Ref. 16. The magnetic field is assumed to ex-
tend over the entire Sun with the profile given in Eq. (11) of the
text. The diagonal neutrino magnetic moments are taken to be
zero (the transition magnetic moment being nonzero). The ton-
tours range from 0.1 (the dotted line) to 0.9 (the dashed line) in
successive steps of 0.1. (a) uB=0, (b) uB=2X10"7 puy G, (c)
uB=5X10""7 py G, (d) uB=10X10"" pu, G.
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parameter space the iso-SNU plot is unchanged.

The behavior for small 6 and small values of Am?
(<1073 eV?) is intriguing. One observes that the iso-
SNU contours are independent of the mixing angle. In

this region the Ve, —>V,,, Tesonance can take place in the
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FIG. 3. Left-handed electron Dirac-neutrino survival proba-
bility contours for the Ga detector based on the standard solar
model as given in Ref. 16. The magnetic field is assumed to ex-
tend over the entire Sun with the profile given in Eq. (11) of the
text. The diagonal neutrino magnetic moments are taken to be
zero (the transition magnetic moment being nonzero). The con-
tours range from 0.1 (the dotted line) to 0.9 (the dashed line) in
successive steps of 0.1. (a) uB=0, (b) uB=2X10"" u; G, (c)
pB=5%10"" pp G, (d) uB=10X10"7 3 G.
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Sun, and, as Am? decreases, its location moves from the
center of the Sun to the surface. Equation (9c) implies
that for a given value of E there is a value of Am? which

places the Ve, —Vy, Tesonance at the center of the Sun.

The lower E is the lower this Am? will be. Since the Ga
detector is sensitive to lower neutrino energies than the
Cl detector, for the former the value of Am? which corre-
sponds to the central density is lower. Indeed, in our
plots, this region is shifted to smaller values of Am? for
the Ga detector.

For each detector, there are two features of this region
(small ) of the plots which can be noted. The first con-
cerns the variation of the contour lines, as Am? is de-
creased, for a fixed value uB. The second concerns the
variation in the contour lines as uB is changed for a fixed
value of Am2. In the first case, one sees that as Am? is
decreased the probability drops to a minimum value and
then rises again as Am? is decreased further [cf. Figs. 2(d)
and 3(d)]. In the second case one sees that as uB is in-
creased the probability, after reaching a minimum, re-
bounds to larger values. For example, for Am?~2
X 107% eV?, the probability is 0.1 for uB,=5%X10""’
wup G and 0.2 for uB,=10X10"" uy G. Both of these
features can be understood by considering only the 2 X2

submatrix for Ve, conversion into Vig? since the MSW

resonance is essentially absent in this region, a fact which
we also verified numerically. We write

Ve
.d L
dt |Vu,
Am?
t)— 20
B a,(t) Fcos 2uB
2 Am?
2uB —a,(t)+ 260
m a,(t) 2E %
Ve
L
X ) (17)
VuR

where everything is defined as in Sec. III B and B is taken
to be a constant over the resonance region. The crucial
point to note is that in this case the width of the reso-
nance region is given by

1 d(2N,—N,)

_ 4uBE
2N,—N, dr

Am?Zcos20

or (18)

Using the approximate electron density given by Bah-
call,!®
N,(r)=245exp(—10.54r /R5)N ,cm * 19)

and assuming N,~N, /6, one can rewrite the width of
the resonance in terms of the solar radius:

_  4uBE Ro
&r= .
Am?cos26 10.54
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We see that if uBE /Am? gets large, not only does the
resonance move toward the edge of the Sun, but also the
width of the resonance could be a significant fraction of
the solar radius. Therefore, as Am? is decreased beyond
a certain value with uB fixed, the survival probability de-
creases by a smaller amount when the neutrino reaches
the edge of the Sun. The same effect occurs if one holds
Am? fixed and increases uB. To illustrate this effect, in
Fig. 4 we plot the survival probability as a function of the
distance from the center of the Sun for a fixed uB [Fig.
4(a)] and for a fixed Am*/E [Fig. 4(b)]. Note that in Fig.
4(a), decreasing Am?/E, or in Fig. 4(b), increasing uB,
gives rise to a larger width and correspondingly a larger
survival probability.

For a chlorine detector, there is a jog to smaller 8
values at Am?~10"° eV? (especially for the survival
probabilities >0.3) for almost all values of the magnetic
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FIG. 4. (a) Left-handed electron-neutrino survival probabili-
ty as a function of the distance from the center of the Sun for a
fixed uB(107° uy G) for Am?/E equal to 1077 eV/MeV (the
solid line), 3X107% eV2/MeV (the dashed line), 6X107°
eV2/MeV (the dotted line), and 2X 10~° eV2/MeV (the dashed-
dotted line). (b) Left-handed electron-neutrino survival proba-
bility as a function of the distance from the center of the Sun for
a fixed Am2/E(10™% eV2/MeV) for uB equal to 4X 1077 uz G
(the solid line), 7X10 7us G (the dotted line), and
10X 1077 ug G (the dashed line).
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field. This effect is due to the monoenergetic (0.862-MeV)
neutrinos coming from electron cagture on "Be. Al-
though the capture cross section on *’Cl is small at this
energy, the flux of these neutrinos is large enough that it
contributes significantly to the energy averaging in Eq.
(16) for larger values of Am2/E. Again for a chlorine
detector for Am2~10"* eV?, the survival probability
seems to be independent of the mixing angle. Higher
values of Am? do not seem to contribute to the reso-
nances. This can be understood by noting that the max-
imum flux of ®B neutrinos occurs at ~10 MeV, which
corresponds to a MSW resonant density [cf. Eq. (9b)]
close the maximum density of the Sun. For larger values
of Am?, the ®Be neutrinos do not undergo resonance.
Similarly, because of the "Be line source a false top of the
MSW triangle is reached at Am 2~ 1077 eV?, since the en-
ergy of the 'Be neutrinos is approximately a factor of 10
smaller then the energy of the maximum flux of ®B.

A comparison of the Dirac and Majorana neutrino sur-
vival probabilities is given in Figs. 5 and 6 for the Cl and
Ga detectors, respectively. One observes that the plots
are very similar except for the large sin’26 and large Am?
region. It is hard to distinguish between the Dirac and
Majorana neutrinos by observing only the left-handed
electron neutrino. Being able to detect the neutral
current would enable us to distinguish between those two
possibilities. The B solar-v experiment (BOREX) detec-
tor, based on the nucleus !'B, could perform such a
task.’® A full analysis, enumerating all the possibilities,
of the capture of both neutrinos and antineutrinos on ''B
will be given elsewhere.>
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FIG. 5. A comparison of the Dirac (a) and Majorana (b)
electron-neutrino survival probabilities for the Cl detector. The
contours range from 0.1 (the dotted line) to 0.9 (the dashed line)
in successive steps of 0.1. The calculation was done as described
in the caption of Fig. 2 using only transition magnetic moments
for the Dirac neutrinos. pB is taken to be 5X 1077 5 G.



3590

T T

(a)

L vuuul

TTTTm

10—4

10~8

Am® (eV®)
T ||m1 T u|u1 IHIII1

108

TTTITTTN

104

10-8

Am? (ev®)

TR T

10~8 -\l

NI BT
10—4 10—2 100
sin®20

FIG. 6. Same as Fig. 5, but for a Ga detector.

Although it describes the wealth of the possibilities,
the magnetic-field profile we have employed so far is not
very realistic; it is very large at the surface of the Sun. A
more realistic magnetic-field profile for the Sun in its ac-
tive period was given by Sofia and his collaborators.?!"*°
Following their analysis, we repeated our calculations for
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FIG. 7. (a) Left-handed Dirac electron-neutrino survival

probability for the Cl detector with the magnetic field localized
in the convective zone as described in the text. pu., is taken to
be 107! uy. The contours range from 0.1 (the dotted line) to
0.9 (the dashed line) in successive steps of 0.1. (b) The same for
the Ga detector.
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FIG. 8. The comparison of the survival probabilities for the
Cl detector in the quiet Sun (the dotted lines) and the active Sun
(the solid lines). For the active Sun the magnetic field is
confined to the convective zone as calculated by Endal, Sofia,
and Twigg (Ref. 21) and the transition magnetic moment is tak-
en to be 107! up. The dotted lines go from a survival probabil-
ity of 0.2 (the innermost one) to 0.6 (the outer one) in steps of
0.2. The solid lines go from a survival probability of 0.1 (the in-
nermost one) to 0.3 (the outer one) in steps of 0.1. The region
below the upper dashed line corresponds to the situation where
the location of the Ve, =V, Tesonance is outside 0.52R@. The

region below the lower-dashed line corresponds to the situation
where the location of the Ve, =V, resonance is outside

MR
0.71R .

a magnetic-field spread only over the convective zone of
the Sun. This magnetic field changes from zero at 0.7R
to 10° G at 0.75R. It remains constant until 0.8Rg,
after which point it falls linearly to 2X 10® G at the sur-
face of the Sun. Although this value of the surface field is
realized only at the sunspots, the contribution of the sur-
face region to the reduction in probability is negligible;
hence, the error made is rather small. Such a field is con-
sistent with the observed variations in the solar luminosi-
ty and the solar radius.?"*’ In our calculation the transi-
tion magnetic moment was taken to be 10" up. The re-
sults are presented in Figs. 7(a) and 7(b) for Cl and Ga
detectors, respectively. Such a value of transition mag-
netic moment would be in contradiction with the super-
nova bounds and marginally consistent with the astro-
physical and cosmological bounds presented in Sec. II B.
The validity of supernova bounds were criticized.**
Furthermore it would be prudent to assign at least a fac-
tor of 2 uncertainty to the magnetic field inside the Sun
leading to a magnetic moment of 5X 10~ 2, (Recall that
only the combination uB appears in the Hamiltonian.)
Nevertheless a solution of the solar-neutrino problem
with Dirac neutrinos carrying transition magnetic mo-
ments seems to be only marginally feasible.

There is no consensus about the magnitude and loca-
tion of the magnetic field in the quiet Sun. It is conceiv-
able that this field leaves the convective zone altogether
and moves into the radiative zone during this period. In
such a scenario, even if it were to increase by an order of
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FIG. 9. (a) Majorana electron-neutrino survival probability
for the CI detector with the magnetic field (with a maximum
value of 10° G) localized in the convective zone as described in
the text. u is taken to be 107! up. The contours range from
0.1 (the dotted line) to 0.9 (the dashed line) in successive steps of
0.1 (b) The same for the Ga detector.

magnitude and were confined to a very small region, its
percentage contribution to the pressure, hence its effect
on the matter density, would be negligible. The location

of the Ve, =Yy, Tesonance is given by the value of the so-

lar density, which satisfies the condition exhibited in Eq.
(9c). For sufficiently small values of Am 2, the position of
this resonance is located in the upper radiation zone or
the convective zone. If there is no magnetic field present
at this location then a resonant conversion of the Ve, into

Vig will not occur. We assume that in the quiet Sun this

is the case and the neutrinos go through only the MSW
resonance. As can be seen in Fig. 8, this choice results in
the anticorrelation of the neutrino flux with the solar cy-
cle. In this figure the survival probabilities of the left-
handed electron neutrino for the quiet Sun (the dotted
lines) and the active Sun (the solid lines) are compared for
a Cl detector. The dotted lines go from a survival proba-
bility of 0.2 (the innermost one) to 0.6 (the outer one) in
steps of 0.2. The solid lines go from a survival probabili-
ty of 0.1 (the innermost one) to 0.3 (the outer one) in steps
of 0.1. One observes that for the values of sin?26 around
0.1, the solar-neutrino flux is reduced by a factor of 2 in
the active Sun as compared to the quiet Sun. The dashed
lines indicate the region of the parameter space where the
assumptions mentioned above are realized. The region
below the upper-dashed line corresponds to the situation

where the location of the Ve, —>Vy, Tesonance is outside

0.52R, (i.e., the magnetic field should lie inside this ra-
dius in the quiet Sun). The region below the lower-
dashed line corresponds to the situation where the loca-

tion of the Ve, —V,, Tresonance is outside 0.71Rg.
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FIG. 10. (a) Majorana electron neutrino probability for the
Cl detector with the magnetic field (with a maximum value of
2X10° G) localized in the convective zone as described in the
text. u is taken to be 107" ugz. The contours range from 0.1
(the dotted line) to 0.9 (the dashed line) in successive steps of
0.1. (b) The same for the Ga detector.

Another, independent, test of this explanation to the an-
ticorrelation of the neutrino flux with the solar activity
will be possible when the data from the Ga detectors are
available. One observes that the values of Am? and
sin?26, which give rise to the reduction by a factor of 2 in
the Cl detector, also yield a very small counting rate dur-
ing the solar activity at the Ga detector: A survival prob-
ability of ~0.1 or a capture rate of ~12 SNU. Further-
more, this capture rate varies by much less than a factor
of 2 during the solar cycle. If the observed capture rate
for Ga turns out to be much larger than this value, other
alternatives should be investigated.

As we discussed in Sec. II B the supernova bounds and
the cosmological bound from the He synthesis in the ear-
ly Universe do not apply to the case of Majorana neutri-
nos. Hence a solution of the solar-neutrino problem with
Majorana neutrinos carrying magnetic moments is
perhaps more viable. In Figs. 9(a) and 9(b), the survival
probability contours for the Majorana neutrinos are
shown for Cl and Ga detectors, respectively. In calculat-
ing these probabilities we used the more realistic
magnetic-field profile of Sofia and collaborators?"*® dis-
cussed above and a transition magnetic moment of 10~ !!
wg- If the magnetic field were larger by a factor of 2,
then it would instead mean a magnetic moment of
5X107 ! pp. Indeed it is this range of values of uB
where one starts observing significant changes in the iso-
SNU plot for mass differences below 1076 eV2 To illus-
trate this change we show the survival probability con-
tours in Figs. 10(a) (C1) and 10(b) (Ga) for the value of
the magnetic field twice that used in Fig. 9. From Figs. 9
and 10, one observes that there is a region of the parame-
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FIG. 11. The comparison of the survival probabilities for the
Cl detector in the quiet and active Sun. The contours are the
survival probabilities for the quiet Sun (B =0) and the shaded
area represents the region where a reduction of 40% or more
can be achieved in the active Sun. In the active Sun the magnet-
ic field is confined to the convective zone as calculated by Endal,
Sofia, and Twigg (Ref. 21) (with a maximum value of 10° G).
The transition magnetic moment is taken to be 10™'" up. The
region below the dotted-dashed line corresponds to the situation
where the location of the v, —¥,, resonance is outside 0.7R .

ter space where the survival probabilities vary by a factor
of approximately 2 as compared to the B=0 case. We
exhibit this region in Figs. 11 and 12. In Fig. 11, the con-
tours represent the survival probabilities with no magnet-
ic field (i.e., quiet Sun). The shaded areas show the re-
gions of the parameter space where the survival probabil-
ities are reduced by 40% or more when the magnetic field
(with a maximum value of 10° G used in Fig. 9) is intro-
duced. We again assume that the magnetic field leaves
the convective zone and the neutrinos go through only
the MSW resonance in the quiet Sun. The region below
the dotted-dashed line in Fig. 11 corresponds to the situa-
tion where the location of the v, —%, resonance is out-
side 0.7R. One observes that for the values of sin’26
around 0.1 and Am? around 10~ eV?, the solar-neutrino
flux is reduced by an amount of 40% or more in the ac-
tive Sun as compared to the quiet Sun. A similar calcula-
tion is presented in Fig. 12 for the magnetic field with a
maximum value of 2 X 10° G used in Fig. 10. The shaded
region in Fig. 12 represents the region of the parameter
space where the survival probabilities are reduced by an
amount of 50% or more in the active Sun as compared to
the quiet Sun. In this case all of the parameter space
below Am?~10"7 eV? can be used to achieve a reduction
of by a factor of 2 or more. Note that [cf. Figs. 9(b) and
10(b)] for the region of the parameter space which could
account for the anticorrelation of the solar-neutrino flux
with the solar cycle, the Ga count rate is still small.

In this paper we presented survival probability con-
tours for the solar electron neutrinos for the case of
simultaneous flavor mixing and nonzero transition mag-
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FIG. 12. The comparison of the survival probabilities for the
Cl detector in the quiet and active Sun. The contours are the
survival probabilities for the quiet Sun (B =0) and the shaded
area represents the region where a reduction of 50% or more
can be achieved in the active Sun. In the active Sun the magnet-
ic field is the same as that of Fig. 11, but with a maximum value
of 2X10° G. The region below the dotted-dashed line corre-
sponds to the situation where the location of the v, —¥, reso-
nance is outside 0.7R@.

netic moments and pointed out a possible explanation of
the variation of the solar-neutrino flux with the solar cy-
cle. This solution requires a magnetic field in the bottom
of the convective zone of the Sun with B~1-2X10° G
and a transition magnetic moment of 5-10X 107! .
Because of the existence of more restrictive bounds on
the transition magnetic moments for Dirac neutrinos,
this solution seems to favor the possibility that the neutri-
nos are Majorana particles. In our discussions, following
Sofia et al., we assumed that the deviation from the stan-
dard solar model is perturbative. In order to assess the
validity of our conclusions, it would be desirable to do a
Monte Carlo study incorporating all possible variations
in the solar model, very similar in spirit to the study of
Bahcall and Haxton®*! for the MSW effect. Unfortunate-
ly, since we do not have a simple algorithm, similar to the
finite Landau-Zener approximation used by those au-
thors, for solving the neutrino propagation problem, such
a Monte Carlo study is, at present, not numerically feasi-
ble.
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FIG. 11. The comparison of the survival probabilities for the
Cl detector in the quiet and active Sun. The contours are the
survival probabilities for the quiet Sun (B =0) and the shaded
area represents the region where a reduction of 40% or more
can be achieved in the active Sun. In the active Sun the magnet-
ic field is confined to the convective zone as calculated by Endal,
Sofia, and Twigg (Ref. 21) (with a maximum value of 10° G).
The transition magnetic moment is taken to be 107'! ug. The
region below the dotted-dashed line corresponds to the situation
where the location of the v, — ¥, resonance is outside 0.7R .
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FIG. 12. The comparison of the survival probabilities for the
Cl detector in the quiet and active Sun. The contours are the
survival probabilities for the quiet Sun (B =0) and the shaded
area represents the region where a reduction of 50% or more
can be achieved in the active Sun. In the active Sun the magnet-
ic field is the same as that of Fig. 11, but with a maximum value
of 2X10° G. The region below the dotted-dashed line corre-
sponds to the situation where the location of the v, —¥, reso-
nance is outside 0.7R .



