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The study of neutrino electromagnetic in-
teractions provides us a powerful tool to probe
various important phenomena that lie within
the reach of current neutrino experiments. In
the minimally extended SM containing mas-
sive neutrinos, both Dirac and Majorana neu-
trinos acquire non-zero magnetic moment by
contributions from higher order loop diagrams
[1]. This leads to the phenomena of neutrino
spin and spin-flavor oscillations in presence of
sufficiently strong electromagnetic fields which
exhibits interesting quantum mechanical ef-
fects [2]. In addition under CP and CPT both
Dirac and Majorana fields transform differ-
ently, which results in phenomenological dif-
ferences in the spin-flavor oscillations of Dirac
and Majorana neutrinos. Here we analyze one
such situation, where neutrinos undergo spin-
flavor transitions due to magnetic field present
in the radiative zone inside the Sun.

The standard solar model BP(2000) [3]
gives the variation of electron number density
in the Sun, which is usually parametrized us-
ing an exponential function as shown in Fig
1. However, this parametrization does not fit
well near the solar core. So we use a different
parametrization: ne(x) = n0(1− tanh(x/l1)),
where n0 is the electron density near the so-
lar core and l1 is the length scale of den-
sity variation. Also the variation of magnetic
field with distance in the radiative zone of
the Sun [4] can be parametrized as: B(x) =
B0 sech((x−a)/l2), where B0 is the peak mag-
netic field, l2 is the length scale over which the
field varies and a = 0.25R� where R� is the
solar Radius. Various solar models give peak
magnetic field of upto 103 T in the radiative
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zone of the Sun [4].
The neutrino spin-flavor Hamiltonian is the

sum of vacuum term H0, matter term Hm and
magnetic field term Hb and can be written in
dimensionless form as

H = H0 +Hm +Hb = ω · σ. (1)

Employing the basis (νL, νR)T containing left
and right helicity neutrino components, for a
neutrino propagating in a transverse magnetic
field we can write ω = (lv/lb, 0, lv/lm−A(θ)),
where lv(km) = 2.5E(GeV)/∆m2(eV2) is the
neutrino wavelength in vacuum, E is the neu-
trino energy and ∆m2 is the mass squared
difference for the solar neutrinos, lm(km) =

1.6×104/Y eff
e ρ(g/cm

3
) is the refraction length

scale for the medium, Y eff
e is the electron frac-

tion and ρ is the matter density, lb(km) =
1.1 × 1010/B(G) is the neutrino length scale
in magnetic field, B is the magnetic field in
gauss, and A(θ) is a function of vacuum mix-
ing angle. Here we have assumed the neu-
trino magnetic moment µν = 10−11µB , where
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FIG. 1: Electron number density variation vs.
radial distance in the Sun. The solid line repre-
sent the standard solar model BP(2000) and the
dashed curves are analytical parametrization.
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FIG. 2: The electron neutrino survival probability at the surface of the Sun as a function of energy of
8B neutrinos. For a given neutrino energy, Dirac neutrinos undergo resonant transition at lower density
compared to Majorana neutrinos. Since the magnetic field peaks in the radiative zone, Dirac neutrinos
experience stronger magnetic field in the region around resonance and undergo faster depletion with
energy compared to Majorana neutrinos.

µB = 5.78×10−8GeV fm3 is the Bohr magne-
ton, which is consistent with the current ex-
perimental bounds on µν [1].

As the electron neutrinos produced in the
fusion reactions inside the Sun propagate out-
ward, they may undergo resonant spin-flavor
conversion. Numerically the resonance condi-
tion is obtained when the diagonal elements of
the spin-flavor Hamiltonian cross and for our
case is given by

ρ(xR)(g/cm
3
) = 6.577

∆m2
sol(eV2) cos 2θ12

E(MeV)Y eff
e

,

where the location of resonance xR depends on
the Dirac or Majorana nature of the neutrino
viz.

Y eff
e =

{
(3Ye − 1)/2 νeL ↔ νµR,τR

(Dirac)

(2Ye − 1) νeL ↔ ν̄µ,τ (Majorana),

where we have taken the electron fraction Ye =
5/6 for the Sun. Clearly for the low energy
part of the solar spectrum with E ≤ 2 MeV,
the solar density is not sufficient to produce
sizable resonant transitions, so we consider
only the case of 8B neutrinos with maximum
energy Emax ≈ 15 MeV. The magnetic field
strength determines the region around the res-

onance where transition probability is suffi-
cient. Stronger magnetic field extends over
larger regions and hence affects neutrinos over
a broader energy range.

The survival probability for electron neu-
trinos P (νeL → νeL) produced inside the
Sun can be found by numerically solving the
Schrödinger like equation corresponding to
Hamiltonian in Eq. (1). The resulting plot
of P (νeL → νeL) versus energy clearly show
the difference between the Dirac and Majo-
rana cases. Thus a careful measurement of
energy of the 8B solar neutrinos is required
to analyze the effects of magnetic field in the
solar environments and discern the Dirac or
Majorana character of neutrinos. In addition,
these studies may also allow us to put strong
upper bounds on the magnetic fields in solar
radiative zone as well as on the magnetic mo-
ment of neutrinos.
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