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A large magnetic moment or transition moment of the neutrino have been suggested as explanations for the solar neutrino
puzzle. These scenarios have the attractive feature of incorporating an anticorrelation of the solar neutrino flux with sun spot
activity. Recently it has been claimed that the 1987 supernova results put a severe bound on the neutrino magnetic moment,
allowing only values that are too small to account for the solar neutrino flux depletion. Here we show that this bound does not
apply to the transition magnetic moment of Majorana neutrinos. Other laboratory, astrophysical and cosmological bounds are

also discussed.

Two years ago Voloshin, Vysotsky and Okun
(VVO) [1] revived and elaborated on a solution to
the solar neutrino puzzle first suggested by Cisneros
[2]. According to refs. [1,2] the neutrino is of Dirac
type and has a large magnetic moment. The left-
handed neutrino (v.), undergoes spin precession in
the strong magnetic fields present in the sun and so
emerges as a sterile, undetectable (v.)g. VVO were
motivated by the observation [3] that the solar neu-
trino flux seems to be anticorrelated with sun spot
activity. Accordingly, they suggested that spin
precession takes place in the convective zone of the
sun. Assuming the magnetic fields in the convective
zone to be as large as several kilogauss and the width
of the zone to be 2 10° km, VVO required the mag-
netic moment gtobe (1-10) X 10~ " ug (where ug is
the Bohr magneton e/2m.). Such a magnetic mo-
ment is consistent with present laboratory bounds
[4]. The lower VVO value u~ 107!y is consistent
also with a cosmological bound derived by Morgan
[5] and with an astrophysical bound discussed in ref.
[6]. However, as was pointed out by several authors
[71, the observation of the neutrino burst from SN
1987A implies that u< 10~ '?ug. This bound is one
order of magnitude lower than the minimal magnetic
moment required by VVO.

In this note we wish to point out that another pro-
posed solution to the solar neutrino puzzle, which also

incorporates anticorrelation of the flux with sun spot
activity, is consistent with all laboratory, cosmologi-
cal and astrophysical bounds. The solution we refer
to was proposed by Lim and Marciano [8] and by
Akhmedov [9] (LMA). Among other possibilities,
they suggest that neutrinos are Majorana particles
with magnetic transition moments. ( CP7 invariance
forbids diagonal magnetic moments of Majorana
neutrinos but allows off-diagonal, flavour changing,
transition moments). According to LMA, the solar
(v.)L is rotated into a (v, )r In an MSW [10,11]
fashion: The mass squared difference is such that in
vacuum (v, ) is heavier than (v.), but in the core
of the sun (v.)_ is heavier, due to coherent weak in-
teraction with matter. At the resonance region (where
the mass difference changes sign) the interaction of
the magnetic transition moment with the strong solar
magnetic fields serves as the mixing term necessary
to rotate (v.). into (v, )r. The depletion of electron
neutrino flux will be correlated with sun spot activity
if the resonance occurs in the convective zone. To ob-
tain such a correlation, LMA require:

Am*~10"7-10"%eV? and
u=(1-10)x 10~ ug .

The condition on Am? is important for the location
of the resonance (in the convective zone) and the
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condition on the magnetic transition moment u de-
termines the resonance adiabaticity (so that on the
average, the v, flux is suppressed by a factor of 3).

The crucial difference between the VVO and LMA
scenarios, which makes the last withstand the impli-
cations of SN 1987A is that, according to VVO, (v, )
rotates to sterile (v.)gr while LMA propose that (v,.),
rotates to the weakly interacting (v, )r . In the follow-
ing we will review the bounds on the magnetic mo-
ment and discuss which of them apply to the LMA
case. We will also discuss an additional cosmological
bound relevant only to flavour changing magnetic
transition moments. The final result is that the LMA
solution is consistent with all these bounds.

A laboratory bound [4]. Study of the recoiling elec-
tron in elastic ve scattering implies: z< 1.5 10~ 0y,
where u is the magnetic moment of a Dirac electron
neutrino. This bound holds also for a magnetic tran-
sition moment involving Majorana (v.), and (¥, )r
if Am?is as smallas 10~7-10"3 eV?2,

A cosmological bound [ 5]. Morgan pointed out that
if neutrinos were Dirac particles with large magnetic
moments then in the big bang, the additional right-
handed degrees of freedom would be excited down to
low temperatures. Helium synthesis would then be
disrupted unless <2 X 10~ " yg. This bound does not
apply to the magnetic transition moment of Major-
ana neutrinos since no additional degrees of freedom
are excited in this case.

An astrophysical bound [6]. A bound of
u<1.1x10~"'uy was obtained by observing that
larger magnetic moments would lead to rapid cooling
of degenerate dwarf stars through neutrino pair emis-
sion. This bound applies also to LMA magnetic
moments.

The last two bounds allow only the lower u value
in both the VVO and LMA scenarios: ¢~ 10" . In
the LMA case the Am? values are linked to the u val-
ues through the adiabaticity condition and so one
finds that Am? should be ~ 103 eV2,

The supernova bound. We start by a rough and brief
review of the standard model (no magnetic moments
or transition magnetic moments) [12]. v’s and ¥’s
are pair-produced in the hot supernova core (elec-
tron neutrinos are also produced in the neutroniza-
tion process: p+e~—»n+v.). Being trapped in the
core by weak scattering on the highly dense matter,
the v’s and v’s drift out slowly, keeping all the while
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in thermal equilibrium with their immediate neigh-
bourhood. At the neutrino sphere, the density is con-
siderably reduced and matter becomes transparent to
neutrinos. From now on the neutrinos will stream out,
interacting only coherently with matter (that is, the
only matter effect is to change the neutrinos’ effec-
tive mass, as was originally discussed by Wolfenstein
[117). Roughly, these thermal neutrinos carry away
90% of the collapse energy, and the energy flux is
equally distributed [13] among the six species (v.),
(Ve)r, (V)L (Vg (Vo)L (90)r. The v’s (and
V.’s) are trapped for a little longer than the y and t
neutrinos due to their charged current interaction
with electrons. Consequently, the v, sphere is at
somewhat bigger radius and lower temperature than
the v, and v, sphere. It is estimated that the average
v. energy is half the average of v, or v, energy and that
the number of emitted v.’s is twice the number of
emitted v,’s or v,’s. Of the neutrinos emitted by SN
1987A we, on earth, could only expect to see the v,
pulse. Its predicted characteristics are its duration,
spectrum and intensity: Duration should be around
10 s, reflecting the long time the neutrinos need to
drift out of the core. The spectrum is expected to be
concentrated around a few MeV reflecting the tem-
perature of the v, sphere. The intensity should corre-
spond to about 15% of the collapse energy. Within
the theoretical errors and the statistical limitations,
all these features were indeed seen.

Following the authors of ref. [7] we now describe
what would have happened if the v, was of Dirac type
and had a large magnetic moment. In this case an-
other, quicker channel of cooling would open for the
hot collapsing core: An v,, produced in the interior of
the core will not have to go through the slow process
of drifting to the neutrino sphere. Instead, it will scat-
ter electromagnetically on an electron or a proton and
will turn into a sterile (v.)g. The (v.)g, being indif-
ferent to matter, will immediately emerge out of the
core. Unless z< 10~ % ug, most of the collapse energy
will be emitted in this way within 2 s or less. The neu-
trino pulse observed on earth in this case will strongly
differ from the previously described standard model
prediction: Its duration will be much shorter (2 s or
less, instead of 10 s) and, in addition, either the spec-
trum or the intensity will be drastically modified: If
the sterile neutrinos rotate back to weakly interacting
ones then the spectrum of the observed pulse will be
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concentrated around 200 MeV (instead of few MeV),
reflecting the high temperatures of the interior of the
core. If the sterile neutrinos do not rotate back then
the detectable pulse is considerably depleted: The
measured intensity will correspond to far less than
15% of the collapse energy.

Voloshin [ 14] has suggested the possibility that the
spectrum and the intensity will not be effected by
u~10=""uy. He pointed out that the sterile neutri-
nos, on their way out of the core, pass a resonance
region where they rotate back to weakly interacting
neutrinos. This resonance occurs inside the neutrino
sphere. Once the neutrinos have passed the reso-
nance and are weakly interacting again, they find
themselves trapped. The neutrinos are now forced
into thermalizing with their neighbourhood and when
finally they emerge out of the neutrino sphere their
average energy is only a few MeV. Voloshin’s sce-
nario may indeed solve the problems related to the
spectrum and the intensity of the pulse. However,
even in this case, the duration of the pulse is far
shorter than 10 s, since most of their way through the
core the neutrinos were sterile and free.

As the results of SN 1987A [15] have confirmed
the standard model predictions for the neutrino pulse,
one must conclude that g is smaller than 10~ %y,
VVO solution for the solar neutrino puzzle seems
therefore to be excluded. We should note, however,
that in a recent preprint Barbieri, Mohapatra and
Yanagida [16] suggest a way for VVO neutrinos to
go around the supernova bound. They discuss a spe-
cific model [17] and show that the same nonstan-
dard interactions that are responsible for a large mag-
netic moment, also lead to trapping of the right-
handed neutrinos in the supernova core, thereby
avoiding the fatal shortening of the thermal neutrino
pulse.

Consider now the case of LMA Majorana neutri-
nos with a flavour-changing magnetic moment 4. In
the hot dense core of the supernova an electron neu-
trino (v.)_. may scatter electromagnetically into
(v, )r. Nothing much will happen as (v, ) is not
sterile but weakly interacting and trapped in the core.
We do not expect u of the order of 10~ 5 to lead to
any drastic change in the neutrino pulses emerging
from the neutrino spheres. Let us now follow the neu-
trinos on their way from the neutrino sphere to earth.
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The v’s may pass through two LMA resonances
(ve)Le (V)R and they also pass through an MSW #!
resonance (V.);<>(v,);. Note that in the sun v.’s pass
through a single LMA resonance, while in the super-
nova they may pass through two of them, through one
or through none. The reason is that resonance occurs
at a point where the quantity 4=N.— N, reaches a
certain value 4, [8] (V,, N, are the number densities
of electrons and neutrons respectively). In the sun 4
is monotonically decreasing from the center outward
and it therefore passes the resonance value 4, once.
In the supernova 4 starts in the neutron-rich and
dense core at very negative values, it climbs up to
positive values when it approaches the proton-rich
Hydrogen shell and decays to zero as the matter den-
sity fades away out of the star. Depending on the
maximum value of 4 in the supernova, it goes through
the resonance value O, 1 or 2 times. The v.’s of the
supernova pass through an LMA resonance
((Ve)re(v,)L) once, when 4= —4,. In he sun 4 is
positive and no such resonance occurs but, as was
pointed out by Lim and Marciano [8 ], the case of the
supernova is different due to the neutron-rich envi-
ronment of its interior. The adiabaticity of the var-
ious resonances depends on the presently unknown
supernova profiles of electron and neutron number
densities, magnetic field and on the unknown v.-v,
mixing. Out of the supernova star the intergalactic
magnetic field (~107¢ G) is too weak and its in-
duced “spin precession” 1s quenched by the v.-v,
mass difference. The final result of all this 163 000
thousand years of history is that the (V. ) pulse that
finally reaches terrestrial detectors is some mixture
of the original (v, )x and (v,), pulses that came out
of the neutrino sphere. (The arriving (v, ), pulseis a
mixture of the original (v.)y, (V,)R. (v,). and
(Ve ) pulses). The whole effect of the magnetic tran-
sition moment amounts to a very mild modification
in the spectrum and intensity of the detectable
(Ve )r- Only factors of ~2 are involved in the pulse
modification and in view of present theoretical un-
certainties and of the low statistics of Kamiokande
and [BM events we conclude that the LMA scenario
with u~ 10", and Am?~10-* eV2 may not be
excluded.

#1 The MSW resonance is expected to be nonadiabatic for
Am?=10-% unless the mixing angle is large [18].
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We would now like to comment on the “prompt
neutronization neutrino burst” #2, According to the
standard model a prompt (v.), pulse is released
within a few milliseconds after collapse. This pulse
carries ~ 10% of the collapse energy, and its spec-
trum is concentrated around a few MeV (the prompt
and thermal neutrinos carry away almost all of the
collapse energy ). The prompt neutrinos originate in
the “neutronization” process e~ +p—v.+n, and are
trapped for a few milliseconds in the outskirts of the
core, just behind the shock. The prospects for detect-
ing the prompt burst are not bright: The cross section
for (v.), scattering is far lower than for (v.)g scat-
tering. It is however conceivable that ~ 1 such neu-
trino would be detected *. Intriguingly, the first event
in Kamiokande seems to be a (v, ), event, suggesting
therefore that the prompt burst was indeed detected.
(Neutrinos are detected through (v.) +e™ — (v.)L
+e~ scattering and antineutrinos through (v, )g +
p—e* +n scattering. The outgoing electron in the first
process preserves the information about the direc-
tion of motion of the incident particle while the pos-
itron in the second process completely loses it. The
first Kamiokande event is very “directional’ with re-
spect to the Large Magelanic Cloud, hence the incli-
nation to relate it to a (v, ). event). Suppose that the
neutrinos are endowed with an LMA magnetic tran-
sition moment, and let us consider the implications
for the prompt burst: It could be depleted by electro-
magnetic scattering in the core and by passing through
resonances on the way out of the star. As mentioned
before, not much is known about the resonances. We
are therefore free to assume that no drastic (more
than 50%) depletion occurs there. As for electromag-
netic scattering in the core - it induces
(Ve)L— (v, ) conversion at arate [21]

17" =aX10**(u/ ug)*Ye (p/po) (1+ Br)s™',

where Y. is the electron abundance, p is the matter

density, po=2.7x 10'* g/cm? is the inner core den-

sity and By~ 1 is the Pauli blocking factor, due to

#2 The implications of the prompt neutronization burst for the
MSW solution of the solar neutrino puzzle were studied in ref.
[19].

# According to a model by Arnett [20], the prompt neutroniza-
tion burst carries more of the collapse energy and its duration
is longer. It is then possible that the first fwo events in Kamio-
kande were (v.). events.
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electron degeneracy. For p~10~""uy and p~10~!
g/cm? (the density at the region where the prompt
neutrinos are trapped)

t~'<0.1s7 ",

Such a rate is far too slow to effect the prompt neu-
trinos that are trapped for only a few ms. We con-
clude that the LMA scenario is consistent also with
the possibility that Kamiokande detected the prompt
neutrino burst.

Another cosmological bound. Here we will consider
the possibility that the dominant decay mode of v, is
induced by the magnetic transition moment:
v,—V.7. The v, lifetime is then

(v )=[(1/8n)Pm?] '~ 1035,

where m is the v, mass, assumed to be equal to
JAm? ~10-*eV, and pis 10" ug. Cowsik [22] de-
rived a bound on light neutrinos that decay mainly
electromagnetically and live longer than the universe
(Tuniverse~ 10'9 yr). His bound reads

/152107 (m/1eV).

Substituting the lifetime and mass of the electromag-
netically decaying LMA neutrino we find Cowsik’s
bound is easily satisfied.

Finally, we would like to briefly discuss the
Zeldovich-Konopinsky-Mahmoud (ZKM) neu-
trino [23]. The ZKM model has two basic ingredi-
ents: The neutrinos are of Majorana type and L.— L,
is a conserved quantum number. (L., L, are electron
and muon lepton numbers respectively ). There is only
one mass term which involves the v.’s and v,’s:

m(V, )r(ve)r +h.c.

It therefore becomes possible to think of (v.), and
(V. )r as the left- and right-handed components of a
single Dirac neutrino. This neutrino, being of Dirac
type, may have a magnetic moment [24] g~ 107" yg.
It then solves the solar neutrino problem in the VVO
way and avoids the supernova bound in the LMA way:
In the sun, the ZKM neutrino undergoes a VVO-like
spin precession (rather than passing through an LMA
resonance ), so that the original (v.) turns into the
undetectable (v,)R. In the supernova core, electro-
magnetic scatterings on protons and electrons will
convert (v.),’sinto (¥, )r’s. As in the LMA case, the
final (v, )r’s are not sterile but weakly interacting and
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trapped in the core. Consequently, no new bound on
the magnetic moment results from the observation of
the SN 1987A neutrino pulse. Thus, the ZKM neu-
trino provides still another possible solution to the
solar neutrino puzzle which incorporates anticorre-
lation of neutrino flux with sun spot activity and is
consistent with all presently known bounds on the
neutrino magnetic moment.

Summarizing, all bounds discussed here allow an
LMA type solution of the solar neutrino problem with
magnetic transition moment g~ 10~""uz and mass
squared difference Am?*~10"% ¢V, A ZKM neu-
trino with g~ 107" uy is also allowed. In particular,
the observation of the 1987 supernova neutrino pulse,
which seems to put the VVO solution in serious dif-
ficulties comfortably allows the LMA (or ZKM)
scenario.

We would like to thank David Arnett, Josh Frie-
man, Dennis Hegyi and Lincoln Wolfenstein for use-
ful communications.
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