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MSW and NSFP Resonant transition effects for three flavour Majorana neutrinos in supernova are considered
and the deformed neutrino distributions are obtained for different choices of the electron-tau mixing angle.

1. Introduction

The mechanisms proposed to explain the deficit
in the observed number of solar neutrinos with
respect to the theoretical predictions of the Stan-
dard Solar Model (SSM) are basically three. The
pure oscillation in vacuum is strongly disfavoured
by the experimental evidence for a quite strong
energy dependence of the flux depletion mecha-
nism. Certainly, the most promising solution is
provided by the resonant oscillation mechanism,
the Mikheyev-Smirnov-Wolfenstein effect (MSW)
[1]. which has the correct energy dependence.
Nevertheless, one can imagine the superposition
of a Neutrino Spin-Flavour Precession (NSFP)
mechanism too [2]. This effect is relevant when
a strong transverse magnetic field is present and
if the magnetic dipole moments of neutrinos are
large enough.

In this paper we will consider MSW and NSFP
processes for three-flavour Majorana in supernova
[3], [4], where the conditions of large density and
strong magnetic field are likely to be obtained.

2. Resonant transitions of Majorana neu-
trinos

For three flavour Majorana neutrinos the in-
dependent degrees of freedom, which are coupled
with weak interaction, can be denoted by v, ,
vur , vy and for antineutrinos by ¥er , Vur ,
Vg . For simplicity, hereafter we will omit the
indication of chirality being clear that it is left-
handed for neutrinos and right-handed for an-
tineutrinos.

In presence of a transverse magnetic dipole mo-
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ment a neutrino can flip its spin and thus change
its chirality. However, CPT invariance forbids
these transitions for Majorana neutrinos, unless
they change flavour at the same time, namely
VoL —> Vgr, With o, f = ¢, u, 7 and a # §.

This kind of transitions are called Neutrino Spin-
Flavour Precessions (NSFP), and their probabil-
ity can be large if the amplitudes of the transverse
magnetic field and of the off-diagonal dipole mag-
netic moment are large enough. As neutrino os-
cillations in matter (MSW), even the NSFP can
receive a resonant enhancement from the presence
of a dense medium. This is for example the case
of stellar matter or the extreme condition of a

Supernova.
Let us denote with v the vector in the flavour
space v = (v, ,v, ,v; ), and analogously ¥ =

(Ve ,U, .7, ). The evolution equation for neu-
trino wave functions travelling along the radial
coordinate r 2= ct is

li v ) _ ]‘1() BJ__AI v ) 1
dr 2 ) - -B, M FO v , ( )

where the symmetric matrix Hg 1s the 3 x 3 her-
mitian effective Hamiltonian ruling the resonant
flavour transition in the flavour basis

1 Nv](T‘) 0 0
Ho = ﬁUMUM 0 No(r) 0 |2
0 0 Na(r)
where U is the mixing matrix, M the diagonal
squared mass matrix, M = diag(m? m3 m2),
Ni(r) = V2Gp(Ne — N,./2), No(r) =

—~GFpN,/\V2, Ne and N, being the electron and
neutron number density, respectively. The cor-
responding Hamiltonian for antineutrinos, de-
noted with Ho, is obtained from (2) by replacing
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Ni(r), Na(r) &> —Ni(r), —Na(r). Finally, M is
the matrix of magnetic dipole moments

0 Hep Her
A{ = —lley 0 /l;n (3)
—Her —Hur 0

The resonant conditions for transformations
Ve &>V, , vy and forv, &V, , U, can be ob-
tained by requiring the approaching of two differ-
ent eigenvalues of H in Eq.(1). For small mixing
angles this essentially coincides with the condi-
tion of having coincident diagonal elements.

In the following we will assume, as in [5], that
ve ¢ P, transitions account for the solar neu-
trino problem, though it should be mentioned
that in this case the predictions strongly depend
on the magnetic field configurations. Typical
values of neutrino parameters able to reproduce
the data are Am2, ~ (107 +10"7) eV? and
sin (26.,) < 0.2+ 0.3.

3. Effects on thermal neutrino spectra

To get predictions on supernova neutrino spec-
tra it is necessary to specify density and magnetic
field profiles. In a supernova the mass density
ranges from ~ 107°g/cm® in the external enve-
lope up to ~ 10*®g/cm3 in the dense core. We
will assume, hereafter, the following density pro-
file [6]

3
o () "

with po =~ 3.5 x 10 /em®, and Ry ~ 1.02 x
107em. The quantity Rgp denotes the radius of
the so-called neutrinosphere, which represents the
bounding surface of the region in which neutri-
nos of a given flavour are in thermal equilibrium.
Note that, the electron fraction number Y, out-
side the neutrinosphere can be assumed almost
constant and fixed at the value Y, = 0.42. For the
transverse magnetic field, one can instead con-
sider the simple expression (7]

By ()= Bo (R—B) 5)

r

where r denotes the radial coordinate, and the

constant By R% ~ 10%*Gauss cm?.

We will assume that inside the neutrinosphere
the resonance conditions are not satisfied, as sug-
gested by predictions on neutrino mass spectrum
of a wide range of unified gauge models. In
first approximation neutrinos are therefore emit-
ted from this surface with a Fermi-Dirac distri-
bution

0.5546 EN17?
0 ~ 2
n, (E) ~ 73 E [1 + exp (T_a)] (6)

with the different flavours equally populated. The
index « in Eq.(6) denotes the particular neu-
trino species. Since the production and scatter-
ing cross-sections for electron-neutrinos are larger
than for the other flavours, v, are produced a bit
more copiously with respect to the other ones.
Thus, their neutrinosphere is larger than that for
vy , v . This implies that the temperature T,
in (6) for the v, -sphere is lower than the one
of v, , v, . Furthermore, since v, and v, are
produced and scatter on the surrounding matter
only through neutral currents, they have identi-
cal spectra. Obviously, since v, , v, , v, and 7, ,
v, , V7 are produced in pairs, the magnitude of
neutrino and antineutrino distributions are equal
for each flavour. For the temperature of v, and
v,-, vy neutrinosphere we adopt the typical val-
ues T, > 3 MeV and T, = T =~ 6 MeV. As
far as the U, distribution is concerned, it is char-
acterized by Tz ~ 4 MeV, whereas for ¥, and
U, we have T, = T ~ 6 MeV.

It can be easily seen that in a supernova (for
Y. = 0.42 outside the neutrinosphere) four res-
onance conditions can be fulfilled [3]. With de-
creasing density, and for 7 neutrinos more mas-
sive than p ones, we first encounter the region for
e—T resonance transitions, and then that for e~y
ones. In order we have: U, > v, , ve < vy,
Ve vy and ve v, .

To deduce the total transition probabilities, it
i1s important to establish if the different reso-
nance regions overlap, namely if the resonance
widths are larger than their separation in r. In
many grandunified models it is natural to expect
my, << myp, . In this paper we make this as-
sumption, so that the resonance regions involv-
ing e-7 flavours and those involving e~u flavours
are well separated between them. For example,
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for 10 MeV neutrinos with my, =~ 102 ¢V and
my, =~ 10 eV we have the e-7 resonances around
the region of density ~ 108 g/cm® (deep in the su-
pernova); on the contrary, the resonances e~y is in
the external envelope of supernova (& 1 g/cm?).
Further, the MSW-NSFP resonance region non-
overlapping condition is given by

2/1aﬁBJ. (7‘1)

L, |tan 20,5] + | og—rer| L
f T\ (Am2,/2E)

pSra—r (7)

where r; i1s the radial position of the NSFP res-
onance, while 75 is that of the MSW one, and
L,=- [(l/p)d,o/a'r]-1 is assumed to vary slowly
between r; and r;. In Eq.(7) @ and £ label
the flavours involved in the resonance («,8 =
e, 1, T), Bop denote the mixing angles, and Am?
is the squared mass differences of the relevant
mass eigenstates. For supernova neutrinos (F =
0 + 50 MeV), assuming (4) and (5), it is easy to
see that for all cases considered below, the non-
overlapping condition (7) is well satisfied for both
Ve ,Ue ¢ Vy and V. ,V. 4> v, transitions.

For the MSW and NSFP resonances we have
a simple semi—analytical formula for the survival
probability

1 1 T
Pop (Vo = Vo) = §+ (5 - exp{—g'y(,gFaﬁ}) .

- €08 2045 cos 205 (8)

where a, [ refer to the neutrino or antineutrino
states involved in the transition, y,5 are the adi-
abaticity parameters, 67 is the effective mixing
angle in matter and F,p is the non adiabatic cor-
rection factor. For the explicit expressions of all
these parameters see for example [3].

The outcoming neutrino distributions can be
stmply written in terms of initial distribution and
probabilities (8) as follows

n,, = P(ve = v, )nd +

3 Ve

(1—Pve > ve)In) + P(Ve o ve)nd (9)

Ve

ny, +n, =[l1—P(ve v )]nd

Ve

+1-P@. >V, )~ P W —+ v )]nd

Ve

+[P(ve 2 ve Y+ P(T. 2 Ve )]ngr (10)

np, =P (U >V )nd +

1—P@ =7 )ng, (11)
where n) = n) = n) . Note that to obtain

the above expression we have only used the uni-
tarity and the observation that P (v, - T, ) is
vanishing (up to the first order in the mixing an-
gle).

Finally, the survival probabilities P (ve — v, )
and P (V. — ¥, ) can be written as products of
the single survival probabilities at the resonances,
namely

Pwe = Ve ) 2 Pey (Ve = Ve ) Pey (Ve = ve ) (12)
P(_lje“‘)ﬁe )zpér(ye — Ve )PEu(Fe_)ve)(l3)

while the transition probability P (v. — v, )
takes the expression

P(We = ve )~ Per (Ve >V, )-

1= Pep (Ve 5 e )][1 = Pep (Ve = ve )]+

Pepy (Ve = ve ) [1 — Ps, (_175 — Ve )] .

[1 = Per (Ve — ve )] (14)

All the expressions (12)-(14) rely on the fact that
all single resonances are well separated.

From Eq.s{9)-(11), the deformed thermal neu-
trino spectra are obtained once the neutrino pa-
rameters are fixed. For the electron—-muon sec-
tor, the relevant parameters can be fixed accord-
ing to the explanation assumed for the solar neu-
trino problem. In this paper, since we are in-
terested in a possible scenario in which the neu-
trino electromagnetic properties play the essen-
tial role we will choose the NSFP explanation [5].
and Am?, ~ 107® eV? and sin(26,,) ~ 0.2 and
fley = 107 pp.

Concerning the parameters for the electron-tau
sector, they are less constrained. However, we can
fix Am?, ~mZ =~ 25 eV? in order to be able to
identify v, has the hot component of dark mat-
ter, whereas, for the transition magnetic moment
we can assume k., to be of the same order of
ftey, since, typically, the enhancement to the elec-
tromagnetic properties is due to physics beyond
the electroweak interactions, which hardly distin-
guishes between 7—leptons and u-leptons. Hence,
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Fig. 1
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Figure 1. The energy spectra for v.. The solid
line represents the initial distribution. Dashed,
dotted and dashed-dotted lines corresponds to
fer = 1071,1074, 1078 respectively.

Fig. 2
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Figure 2. The energy spectra for muon and tau
neutrinos, with the same notation of Figure 1.
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Figure 3. The energy spectra for 7., with the
same notation of Figure 1.

the only remaining parameters is f,, for which
we will choose three indicative values, namely,
1071, 1074 and 1078,

In Figures 1-3, we show the deformed neutrino
distributions for ve, v, + vy, and U, , respec-
tively, versus their initial distributions.
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