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We investigate effects of nonzero Dirac and Majorana CP-violating phases on neutrino-antineutrino
oscillations in a magnetic field of astrophysical environments. It is shown that in the presence of
strong magnetic fields and dense matter, nonzero CP phases can induce new resonances in the
oscillations channels νe ↔ ν̄e, νe ↔ ν̄μ, and νe ↔ ν̄τ. We also consider all other possible oscillation
channels with νμ and ντ in the initial state. The resonances can potentially lead to significant

phenomena in neutrino oscillations accessible for observation in experiments. In particular, we show
that neutrino-antineutrino oscillations combined with Majorana-type CP violation can affect the ν̄e=νe
ratio for neutrinos coming from the supernovae explosion. This effect is more prominent for the
normal neutrino mass ordering. The detection of supernovae neutrino fluxes in the future experi-
ments, such as JUNO, DUNE, and Hyper-Kamiokande, can give an insight into the nature of CP
violation and, consequently, provides a tool for distinguishing the Dirac or Majorana nature of
neutrinos.
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I. INTRODUCTION

CP symmetry implies that the equations of motion of a
system remain invariant under the CP transformation, that
is a combination of charge conjugation (C) and parity
inversion (P). In 1964, with the discovery of the neutral
kaon decay [1], it was confirmed that CP is not an
underlying symmetry of the electroweak interactions
theory, thus opening a vast field of research inCP violation.
Currently, CP violation is a topic of intense studies in
particle physics that also has important implications in
cosmology. In 1967, Sakharov proved that the existence of
CP violation is a necessary condition for generation of the
baryon asymmetry through baryogenesis in the early
Universe [2]. A review of possible baryogenesis scenarios
can be found in [3].
Today we have solid understanding of CP violation in

the quark sector, that appears due to the complex phase

in the Cabibbo-Kobayashi-Maskawa matrix parametriza-
tion. Its magnitude is expressed by the Jarlskog invariant
J CKM ¼ ð3.18� 0.15Þ × 10−5 [4], which seems to be
excessively small to engender baryogenesis at the electro-
weak phase transition scale [3]. However, in addition to
experimentally confirmed CP violation in the quark
sector, CP violation in the lepton (neutrino) sector
hypothetically exists (see [5] for a review). Leptonic
CP violation is extremely difficult to observe due to
weakness of neutrino interactions. In 2019, a first break-
through happened when NOνA [6] and T2K [7] collab-
orations reported constraints on the Dirac CP-violating
phase in neutrino oscillations. Hopefully, future gigantic
neutrino experiments, such as DUNE [8] and Hyper-
Kamiokande [9], also JUNO [10] with detection of the
atmospheric neutrinos, will have a good chance significantly
improve this results. Note that leptonic CP violation plays
an important role in baryogenesis through leptogenesis
scenarios [11].
The CP-violation pattern in the neutrino sector depends

on whether neutrino is a Dirac or Majorana particle.
The Pontecorvo-Maki-Nakagawa-Sakata (PMNS) neutrino
mixing matrix in the most common parametrization has the
following form
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where δ is the Dirac CP-violating phase, the additional
phases α1 and α2 are the so-called Majorana CP-violating
phases, which can be nonzero only for the case of Majorana
neutrinos, and cik ¼ cos θik and sik ¼ sin θik. As it was
shown in [12,13], it is impossible to observe the Majorana
CP phases in the neutrino flavor oscillations (see also
[14,15] for a recent discussion). Nevertheless, in [16] the
authors stated that in principle it is possible to measure
Majorana CP phases in neutrino-antineutrino oscillations
due to tiny effects of nonzero neutrino masses. However,
the probability of this oscillation process for Majorana
neutrinos is extremely low to be observed in the near future.
Recall that presently the experiments on neutrinoless
double beta-decay are considered to be the most promising
potential way of measuring the Majorana CP-violating
phases.
Thus, to measure the Majorana CP-violating phases is a

challenging task for future physics. In this paper, we study
neutrino-antineutrino oscillations engendered by the inter-
action with a magnetic field in astrophysical environments
and search for possible manifestations of the Majorana
CP-violating phases in neutrino fluxes from supernovae.
We show that the effects of the nonzero Majorana
CP-violating phases indeed can be observed in the neutrino
oscillations. Therefore, the detection of supernovae neu-
trino fluxes can give an insight into the nature of
CP violation and, consequently, provide a tool for distin-
guishing the Dirac or Majorana nature of neutrinos.
The paper is organized as follows. In Sec. II we present a

brief introduction into the theory of Majorana neutrinos
interactions and mixing. In Sec. III we develop the
formalism for description of neutrino oscillations in exter-
nal fields. Section IV presents our numerical results on
effects of the Majorana CP-violating phases in neutrino-
antineutrino oscillations in astrophysical media. Finally,
Sec. V summarizes our results.

II. INTERACTIONS OF MAJORANA NEUTRINOS

In this section we briefly introduce the theory of
Majorana neutrino and its interactions. An arbitrary spinor
can be represented as the sum of two independent chiral
components

ΨD ¼ ΨL þ ΨR ð2Þ

and has four degrees of freedom (corresponding to particle
and antiparticle with two helicities). The Majorana theory
of fermions implies that the left- and right-handed

components of a field are no longer independent and
satisfy the relation: ΨR ¼ Ψc

L. Thus, a Majorana spinor
has the following form

ΨM ¼ ΨL þ Ψc
L; ð3Þ

and the neutrality relation Ψc
M ¼ ΨM holds. A Majorana

field has only two degrees of freedom.
The Majorana mass term Lmi

is introduced as

Lmi
¼ miνiνi ¼ miðνLi ÞcνLi þmiν

L
i ðνLi Þc; ð4Þ

where νi is the four-component spinor field of a neutrino,
i ¼ 1, 2, 3. The Majorana-type neutrino mass term can be
generated by the seesaw mechanism, which naturally
appears in the low-energy limit of certain beyond
Standard Model theories (see [17] for a review). An
interesting feature of the Majorana mass term is that it
violates the total lepton number by two units, which makes
possible lepton number violating processes, such as the
neutrinoless double beta decay (0νββ). Furthermore, these
experiments are potentially sensitive to the Majorana
CP-violating phases difference α1 − α2 [5].
The Majorana condition νci ¼ νi puts significant con-

straints on the structure of the flavor neutrino fields. Unlike
in the case of Dirac neutrinos, when the mixing matrix for
the right-handed component of the field can be introduced
arbitrarily since right-handed neutrinos are sterile, for
Majorana neutrinos the following relations hold

νLα ¼
X
i

Uαiν
L
i ; ð5Þ

νRα ¼ðνLα Þc ¼
X
i

U�
αiðνLi Þc; ð6Þ

and

να ¼ νLα þ νRα ¼
X
i

Uαiν
L
i þ

X
i

U�
αiðνLi Þc; ð7Þ

where α ¼ e, μ, τ. Obviously, the flavor fields satisfy the
Majorana condition νcα ¼ να.
Now consider the Majorana neutrino interactions. It is

known that massive neutrinos must possess a nonzero
anomalous magnetic moment and therefore interact with a
magnetic field. The Majorana neutrino interaction with a
magnetic field has the following form:
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Lmag ¼
X
i;k

μik½ðνLi ÞcΣBνLk þ νLi ΣBðνLk Þc�

¼
X
α;β

μαβ½ðνLα ÞcΣBνLβ þ νLαΣBðνLβ Þc�: ð8Þ

It is clear from the form of the Lagrangian that the
interaction with a magnetic field can induce neutrino-
antineutrino oscillations να ↔ ν̄β. The Majorana condition
imposes certain constraints on neutrino magnetic moments.
Since a Majorana neutrino is a truly neutral particle, it
cannot posses diagonal electric and magnetic dipole form
factors. However, nondiagonal entries are possible, in
particular the transition magnetic moments. The magnetic
moments matrix of a Majorana neutrino μik is antisym-
metric and Hermitian, and then has only nondiagonal
entries that are purely imaginary quantities: μik ¼ ijμikj ¼
−μki for i ≠ k. Numerical values of the neutrino magnetic
moments are discussed in Sec. IV. For a thorough review of
neutrino electromagnetic properties and spin oscillations,
see [18] and references therein.
Interactions of neutrinos with matter are described by the

Lagrangian

Lmat ¼
X
α

VðfÞ
α ν̄αγ0

ð1 − γ5Þ
2

να; ð9Þ

where

VðfÞ ¼ GFffiffiffi
2

p diagðnn − 2ne; nn; nnÞ ð10Þ

is the Wolfenstein potential. Here we consider a normal
electrically neutral, nonmoving, and unpolarized matter
composed of electrons, protons, and neutrons. Since for a
Majorana field the relation Ψ̄γμΨ ¼ 0 holds, one can
replace ð1 − γ5Þ with γ5. Then, the matter interaction
Lagrangian takes the following forms for Majorana and
Dirac neutrino, respectively:

LM
mat ¼ −

X
α

VðfÞ
α

2
½νLα γ0νLα − ðνLα Þcγ0ðνLα Þc�; ð11Þ

LD
mat ¼ −

X
α

VðfÞ
α

2
νLα γ0ν

L
α : ð12Þ

It is well known [12,13] that it is not possible to
distinguish between Dirac and Majorana neutrinos in
studies of the neutrino flavor oscillations. Our studies
below are initiated by an expectation that the neutrino-
antineutrino oscillations induced by a magnetic field could
provide an appropriate setup to probe the nature of the
neutrino mass term. In particular, we show that under
certain realistic astrophysical conditions the Majorana
CP-violating phases affect neutrino oscillations pattern.

The effects of nonzero Majorana CP-violating phases in
neutrino-antineutrino oscillations have been studied before
in [16]. The authors considered neutrino-antineutrino
oscillations in a vacuum induced by the Majorana mass
term mαβν̄

c
ανβ. Despite the fact that the probabilities of

such oscillations are strongly suppressed by the factor of
order m2=E2, they still can be possibly used to determine
the magnitudes of both Dirac and Majorana CP-violating
phases in future terrestrial experiments, provided that
neutrino is a Majorana fermion. In [19,20] effects of
nonzero Dirac CP-violating phase were studied without
accounting for the interaction with a magnetic field. It was
shown that the magnitude of the Dirac CP phase can affect
supernovae νe and ν̄e fluxes only if muon and tau (anti)
neutrino fluxes differ at the neutrinosphere.
In turn, here below we show that supernovae neutrino

fluxes can carry significant information aboutCP violation,
given that neutrino magnetic moments are large enough to
enable substantial ν ↔ ν̄ oscillations in the supernova
envelope. In what follows we develop a consistent
approach to the description of neutrino spin (or neutrino-
antineutrino in the Majorana case) oscillations in astro-
physical environments in the three neutrino framework.

III. FORMALISM

In this section we extend the formalism developed in [21]
to account for the transition magnetic moments and
neutrino interactions with matter. We derive the following
system of Dirac equations for the massive neutrino states

ðiγμ∂μ −mi − VðmÞ
ii γ0γ5Þνiðt; x⃗Þ

−
X
k≠i

ðμikΣBþ VðmÞ
ik γ0γ5Þνkðt; x⃗Þ ¼ 0; ð13Þ

where VðmÞ ¼ U†VðfÞU is the matter potential in the mass
basis, i; k ¼ f1; 2; 3g. In the presence of electron matter
component ne and/or interaction of the transition magnetic
moments with a magnetic field these three equations are
coupled. As a result, the neutrino mass states under these
conditions are nonstationary. Equation (13) can be rewrit-
ten in the Hamiltonian form:

i
∂
∂t νðt; x⃗Þ ¼

0
B@

H11 H12 H13

H21 H22 H23

H31 H32 H33

1
CAνðt; x⃗Þ; ð14Þ

where ν ¼ ðν1; ν2; ν3ÞT and

Hik ¼ δikγ0γpþmiδikγ0 þ μikγ0ΣBþ VðmÞ
ik γ5; ð15Þ

here νi are the neutrino mass states.
Our goal is to calculate the probabilities of the neu-

trino spin-flavor oscillations between different neutrino
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and antineutrino flavor states. The probabilities are
expressed as

Pðνsα → νs
0
β Þ ¼ jhνs0β ð0ÞjνsαðxÞij2

¼
����
X
i;k

ðUs0
βkÞ�Us

αihνs0k ð0Þjνsi ðxÞi
����
2

; ð16Þ

where να and νβ are the flavor neutrino states, and Us are
the mixing matrices for left-handed (s ¼ L) and right-
handed (s ¼ R) neutrinos. Here the relativistic neutrino
moving along x direction is considered. Note that in the
Majorana case right-handed neutrino is an antineutrino:
νRi ¼ ðνLi Þc and then UL ¼ U, UR ¼ U�.
Now we focus on the calculation of the amplitudes

hνs0k ð0Þjνsi ðxÞi using Eq. (13). Consider the neutrino mass
states with a definite helicity

jψL
1 ð0Þi ¼

0
B@

jLi
0

0

1
CA; jψR

1 ð0Þi ¼

0
B@

jRi
0

0

1
CA;

jψL
2 ð0Þi ¼

0
B@

0

jLi
0

1
CA; jψR

2 ð0Þi ¼

0
B@

0

jRi
0

1
CA;

jψL
3 ð0Þi ¼

0
B@

0

0

jLi

1
CA; jψR

3 ð0Þi ¼

0
B@

0

0

jRi

1
CA; ð17Þ

where jLi and jRi are the eigenvectors of the helicity
operator Σp=p, the eigenvalues are −1 and þ1, respec-
tively. We consider astrophysical neutrinos with energies of
order 10 MeV [22] and mass to be 1.1 eV, which is equal to
the upper-bound reported by the KATRIN collaboration
[23]. Thus, ultrarelativistic assumption is justified, and we
can write out

jLi ¼ 1ffiffiffi
2

p

0
BBB@

0

−1
0

1

1
CCCA; jRi ¼ 1ffiffiffi

2
p

0
BBB@

1

0

1

0

1
CCCA: ð18Þ

The formal solution of the evolution equation with the
initial states (17) is

jψL
i ðxÞi ¼ e−iHxjψL

i ð0Þi: ð19Þ

Indices i and L refer only to the initial conditions (17), and,
since the massive neutrino state with a definite helicity is
generally not a stationary quantum state, for x > 0 the state
jψL

i ðxÞi is, strictly speaking, no longer a massive neutrino
state with a certain polarization. This state rather accounts
for possible transitions between neutrino mass states and

helicity states due to interactions with matter and the
magnetic field. The amplitudes of the transitions in
Eq. (16) are

hνs0k ð0Þjνsi ðxÞi ¼ hψ s0
k ð0Þjψ s

i ðxÞi: ð20Þ

The easiest way to compute the amplitudes of interest
(20) is to follow the prescription used in [21] and to
introduce the eigendecomposition of the Hamiltonian from
Eq. (14) following to

H ¼
X
n

Enjnihnj; Hjni ¼ Enjni: ð21Þ

To proceed further we use the following relation for the
matrix exponential

e−iHx ¼
X
n

e−iEnxjnihnj ¼
X
n

e−iEnxPn; ð22Þ

where

Pn ¼ jnihnj: ð23Þ

The amplitudes of the transitions between massive neutrino
states with a definite helicity can be represented in the form
of the plane wave decomposition

hνs0k ð0Þjνsi ðxÞi ¼
X
n

hψ s0
k ð0ÞjPnjψ s

i ð0Þie−iEnx

¼
X
n

Css0
nkie

−iEnx; ð24Þ

where the coefficients

Css0
nki ¼ hψ s0

k ð0ÞjPnjψ s
i ð0Þi ð25Þ

are used.
The probabilities of the neutrino spin-flavor oscilla-

tions are

Pðνsα → νs
0
β Þ ¼

����
X
n

X
i;k

ðUs0
βkÞ�Us

αiC
ss0
nkie

−iEnx

����
2

: ð26Þ

They can be expressed in the explicit form

Pðνsα → νs
0
β ; xÞ ¼ δαβδss0 − 4

X
n>m

ReðAss0
αβnmÞsin2

�
πx
Losc
nm

�

þ 2
X
n>m

ImðAss0
αβnmÞ sin

�
2πx
Losc
nm

�
; ð27Þ

where
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Ass0
αβnm ¼

X
i;j;k;l

ðUs0
βkÞ�Us

αiU
s0
βlðUs

αjÞ�ðCss0
nkiÞ�Css0

mlj ð28Þ

and

Losc
nm ¼ 2π=ðEn − EmÞ: ð29Þ

This formula generalizes the well-known expression for
the probabilities of vacuum neutrino oscillations. A similar
expression was obtained in [24] for the case of Dirac
neutrinos with only diagonal magnetic moments. The last
term of (27) is T violating and, provided that CPT
symmetry is conserved, is also CP violating. CPT con-
servation, however, is not true for the case of the neutrino
interaction with particle-antiparticle asymmetric media,
such as a supernova environment, because of the matter-
induced (the extrinsic) CPT violation [25]. Thus, for a
realistic astrophysical environment we can not assume that
the last term of (27) encapsulates the CP-violating effects.
For the further considerations it is useful to introduce

two additional quantities. First, using (26) one can calculate
the amplitudes of oscillations:

Pðνsα → νs
0
β Þmax ¼

�X
n

jIss0
nαβj

�
2

; ð30Þ

where

I ss0
nαβ ¼

X
i;k

ðUs0
βkÞ�Us

αiC
ss0
nki: ð31Þ

Second, from (27) we derive the distance-averaged prob-
abilities:

hPðνsα → νs
0
β Þi ¼ δαβδss0 − 2

X
n>m

ReðAss0
αβnmÞ: ð32Þ

In what follows we apply the developed formalism for
the Majorana neutrino oscillations to study neutrino fluxes
in astrophysical media, peculiar, for instance, for super-
novae. Note that the developed approach with a straightfor-
ward modification can be also applied to the case of Dirac
neutrinos.

IV. ASTROPHYSICAL APPLICATIONS

Here below we present the numerical results on neutrino-
antineutrino oscillations in supernovae neutrino fluxes.
First we analyze possible resonances in the neutrino-
antineutrino oscillations channels. Then we investigate
the effects of these resonances on the flavor composition
of the neutrino fluxes for a certain supernova model.
The magnitudes of the oscillations parameters in the

PMNS matrix (1) are given in Table I (see [4,26]).
The magnetic moments matrix in the case of Majorana

neutrinos is antisymmetric and consists of the purely

imaginary entries (see [14] for a detailed discussion).
In the studies below we use the following representation:

μij ¼

0
B@

0 ijμ12j ijμ13j
−ijμ12j 0 ijμ23j
−ijμ13j −ijμ23j 0

1
CA: ð33Þ

The best terrestrial experiment upper bounds on the
neutrino magnetic moments, obtained by the GEMMA
reactor neutrino experiment [27] and Borexino collabora-
tion [28] by measuring the solar neutrino fluxes, are on the
level μν < 2.8 ÷ 2.9 × 10−11μB. An order of magnitude
more stringent upper bound is provided by the observed
properties of the globular cluster stars [29–31]. For our
further analyses we fix the values of the transition mag-
netic moments in the neutrino mass basis accordingly:
jμ12j ¼ jμ13j ¼ jμ23j ¼ 10−12μB. The particular features of
the neutrino oscillations described below are generally
appropriate for the case of an arbitrary choice of nonzero
transition magnetic moments.

A. Realistic profiles of matter densities and
magnetic fields

The realistic profiles of supernova density and magnetic
field discussed in literature are (see, for instance, [32])

neðrÞ ¼ n0

�
r0
r

�
3

; ð34Þ

BðrÞ ¼ B0

�
r0
r

�
3

; ð35Þ

where r0 is typically 20 km, and n0 and B0 are density and
magnetic field strength at the neutrinosphere. Consider for
example the case of B0 ¼ 1013 Gauss and n0 ¼ 1033 cm−3.
It is important to estimate the scale Lres of the supernova

region where ν ↔ ν̄ oscillations exhibit the resonance
behavior and compare it to the corresponding oscillations
length Losc. In the case Losc ≪ Lres there is no room for the
resonance behavior of the ν ↔ ν̄ oscillations in the con-
sidered astrophysical environment. The scale of the reso-
nant region is given by

Lres ≈
�
dYe

dr

�
−1
ΔYe; ð36Þ

whereΔYe is the width of the resonant curve PmaxðYeÞ. The
value dYe=dr typically is of order 10−8 cm−1 [22] and it is
natural to modify (36) accordingly

TABLE I. Neutrino oscillation parameters according to [26].

Parameter sin2 θ12 sin2 θ23 sin2 θ13 Δm2
12=eV

2 jΔm2
13j=eV2

Value 0.310 0.558 0.022 7.39 × 10−5 2.52 × 10−3

MANIFESTATIONS OF NONZERO MAJORANA CP-VIOLATING … PHYS. REV. D 103, 115027 (2021)

115027-5



Lres ≈
�

dYe=dr
10−8 cm−1

�
−1
ΔYe × 103 km: ð37Þ

In the evaluation of neutrino fluxes we use the constant
matter density and magnetic field strength approximation.
Here below we justify the applicability of this approxima-
tion. The variation of the matter density and magnetic field
at a distance Δr, as it follows from (34), can be charac-
terized by the following quantities

Δne ¼
neðrÞ − neðrþ ΔrÞ

neðrÞ
¼ 1 −

�
1þ Δr

r

�
−3
; ð38Þ

ΔB ¼ BðrÞ − Bðrþ ΔrÞ
BðrÞ ¼ 1 −

�
1þ Δr

r

�
−3
; ð39Þ

where r ≥ r0. The resonant region scale Lres introduced in
(37) amounts to approximately 2 km, while the oscillations
lengths Losc

nm calculated with (29) are approximately 0.1 km.
For r0 ¼ 20 km and Δr ¼ Lres ¼ 2 km we obtain the
following upper bound on Δne and ΔB

Δne ≤ 25% and ΔB ≤ 25%: ð40Þ
Thus, inside the resonant region the magnetic field strength
and matter density are changing quite slowly.

B. Resonances in neutrino-antineutrino oscillations

Consider the amplitudes (30) of neutrino-antineutrino
oscillations. Since the neutrino magnetic moments are,
generally speaking, small, we are principally interested in
oscillations under the extreme external conditions peculiar
to astrophysical objects, supernovae in particular. A super-
nova inner region is characterized by the baryon number
density nB that is of order 1030 cm−3 and even higher, with
nB ¼ np þ nn, where np and nn are the proton and neutron
number densities, respectively. For a neutral media, as one
of a supernova, the proton density np is equal to the
electron density ne. Magnetic fields during a core collapse
can reach magnitudes up to 1015–1016 G right after ≈9 ms
after bounce (see [33]). In our analysis below we use a more
conservative value for the magnetic field B ∼ 1013 G and
also chose the baryon number density nB ¼ 1033 cm−3.
We are particularly interested in the neutrino-antineu-

trino oscillations engendered by a magnetic field because
the Mikheyev-Smirnov-Wolfenstein (MSW) resonances in
the neutrino flavor oscillations are not possible under
extreme densities in the inner supernova regions.
However, the flavor oscillations dominate in the outer
regions, where the densities are lower and the magnetic
field is excessively weak to engender the spin-flip tran-
sitions. The MSW effect contribution is considered in
Sec. IV. C.
Figure 1 shows the amplitudes (30) of the neutrino-

antineutrino oscillations as functions of the electron frac-
tion Ye ¼ ne=nB for the CP-violating phases given by

δ ¼ 0, α1 ¼ 0, α2 ¼ 0. The resonant curve in Fig. 1
reproduces the well-known resonant behavior of the
spin-flavor conversion studied in [34,35], with the reso-
nance in the νe → ν̄μ channel for Ye ≈ 0.5, described by
[34,35]

Pmax ¼ μ2B2=ððμBÞ2 þ ΔH2Þ;
ΔH ¼

ffiffiffi
2

p
GFnBð1 − 2YeÞ − Δm2 cos 2θ=2p: ð41Þ

However, the CP-conserving values δ ¼ 0 and δ ¼ π are
disfavored at the 95% confidence level by the T2K
collaboration [7], and the data shows a preference for near
maximal CP violation δ ¼ π=2. Therefore, it is worth to
proceed with consideration of the CP-violating effects in
neutrino spin oscillations.
The amplitudes of the neutrino-antineutrino oscillations

for the case of nonzero Dirac CP-violating phase are shown
in Fig. 2. The resonance in the channel νe → ν̄μ is persistent
for all values of δ. There is also a new resonance in the
channel νe → ν̄e that appears at Ye ≈ 0.35. The location of
the resonance does not depend either on the magnetic field
strength B or the baryon density nB and the neutrino energy
p. This resonance occurs even for values of the Dirac
CP-violating phase which are only slightly different from
the CP-conserving values, i.e., δ ¼ 0 or π. Thus we can
expect significant νe → ν̄e conversions at a certain point of
a supernova if neutrinos are Majorana particles, Dirac
CP-violating phase δ is nonzero and the interaction with the
stellar magnetic field is strong enough (B ∼ 1012 ÷ 1013 G).
Note that in [19,20] it has been shown that effects from

the Dirac CP-violating phase on the electron neutrino
fluxes are expected to be small. As a result of our
considerations that accounts for the possible presence of
a magnetic field we conclude that under influence of a
magnetic field these effects can be strengthened.

FIG. 1. The amplitudes of neutrino-antineutrino oscillations as
functions of the electron fraction Ye for the case of CP
conservation.
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We focus below on manifestations of the Majorana
CP-violating phases. The amplitudes (30) of neutrino-
antineutrino oscillations for the cases δ ¼ 0 and δ ¼ π=2
correspondingly as functions of the electron fraction for the
particular values of Majorana CP-violating phases α1 and
α2 are shown in Figs. 3 and 4. A particular feature is that
now the resonant peak in the νe ↔ ν̄τ oscillations can
appear at Ye ≈ 0.5 for certain magnitudes of the Majorana
phases in addition to the resonances in the νe ↔ ν̄e and
νe ↔ ν̄μ conversions.
In Figs. 3 and 4 there is a remarkable similarity in the

dependence of different neutrino oscillations probabilities
on the electron fraction Ye for different CP-violating
phases α1, α2, δ. It can be seen that each of the plots in
Figs. 3 and 4 has its own double. This symmetry is
probably not random. However, the general complexity
of the structure of the mixing matrix in the mass basis (1)
and the need to switch to the flavor basis prevent from a
simple analytically explanation of these similarities.

Figure 5 illustrates the resonances in νμ → ν̄α and ντ →
ν̄α channels. We find that for particular choices of α1 and
α2, the resonances in νμ → ν̄e and ντ → ν̄e appear for both
Ye ¼ 0.35 and Ye ¼ 0.5, while νμ → ν̄μ, νμ → ν̄τ, ντ → ν̄μ,
and ντ → ν̄τ oscillations demonstrate resonant behavior
only for Ye ¼ 0.5. Figures 6 and 7 present the amplitudes of
ν ↔ ν̄ oscillations as functions of both α1 and α2.
It follows from (30) that the amplitudes of νe ↔ ν̄μ and

νe ↔ ν̄τ conversions do not depend on δ. However, the
appearance of a nonzero δ breaks the central symmetry of
Pðνe → ν̄eÞmax shown in Fig. 6.
The resonant values of the electron fraction Ye ¼ 0.35

and Ye ¼ 0.5 found above are robust and do not depend on
the magnetic field strength, neutrino energy or baryon
number density. However, the width of the resonant curves
PmaxðYeÞ varies with the field-density ratio μB=GFnB: the
resonances become wider as it increases. Additionally, the
νe ↔ ν̄e resonance peak is inherently narrower than two
others.

FIG. 2. Left: the amplitudes of neutrino-antineutrino oscillations as functions of the electron fraction Ye for the case of δ ¼ π=2,
α1 ¼ 0 and α2 ¼ 0. Right: the amplitudes of neutrino-antineutrino oscillations as functions of the Dirac CP-violating phase δ for the
case Ye ¼ 0.35, α1 ¼ 0 and α2 ¼ 0.

FIG. 3. The amplitudes of neutrino-antineutrino oscillations as functions of the electron fraction Ye for the case of δ ¼ 0. Left:
α1 ¼ α2 ¼ π=2. Right: α1 ¼ α2 ¼ π.
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FIG. 4. The amplitudes of neutrino-antineutrino oscillations as functions of the electron fraction Ye for the case of δ ¼ π=2. Left:
α1 ¼ α2 ¼ π=2. Right: α1 ¼ α2 ¼ π.

FIG. 5. The amplitudes of neutrino-antineutrino oscillations as functions of the electron fraction Ye for the case of δ ¼ 0. Left:
α1 ¼ α2 ¼ π=2. Right: α1 ¼ α2 ¼ π.

FIG. 6. The amplitude of νe → ν̄e oscillations for the case Ye ¼ 0.35 as a function of the Majorana CP-violating phases α1 and α2.
Left: δ ¼ 0. Right: δ ¼ π=2. Black and yellow represent amplitudes equal to 0 and 1, respectively.
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Finally, we conclude that depending on the particular
values of the Dirac andMajoranaCP-violating phases three
resonances may occur: νe ↔ ν̄e resonance (at Ye ¼ 0.35),
νe ↔ ν̄μ resonance and νe ↔ ν̄τ resonance (both at
Ye ¼ 0.5). Note that the amplitudes of oscillations
described above do not significantly vary with the neutrino
energy, provided that it is greater than 0.1 MeV. For
neutrinos with energies far below this threshold the
oscillations patterns become drastically different, but this
is not the case of interest for the neutrinos from supernovae.
The effects of different mass hierarchies have also been
found to be subtle. We qualitatively show below how the
appearance of the new resonances affects observable
neutrino fluxes.

C. Effects of CP violation on supernova neutrino fluxes

Consider the influence of the ν ↔ ν̄ oscillations on the
neutrino fluxes emitted at the later stages of a supernova
evolution. We compute neutrino fluxes as follows

Φνα ¼
X
β

Φ0
νβPðνβ → ναÞ; ð42Þ

where α; β ¼ e; ē; μ; μ̄; τ; τ; and Φ0
νβ are the neutrino fluxes

at the neutrinosphere. As it follows from (37), the resonant
regions scales are much larger then the oscillation length:
Lres ≫ Losc. Thus, the probabilities Pðνβ → ναÞ can be
replaced with the averaged probabilities (32). Besides, both

the ν → ν̄ and MSW resonant regions are smaller than the
distance between them. Thus, in the evaluation of the
neutrino fluxes one can first calculate the neutrino fluxes
within the inner supernova region accounting for the ν ↔ ν̄
oscillations, and then proceed with accounting for the
MSW oscillations.
For our simulation we use the following values of the

initial neutrino fluxes: Φ0
νe ¼ Φ0

ν̄e
¼ 4.1 × 1051 erg= sec,

Φ0
νx ¼ 7.9 × 1051 erg= sec, Φ0

νμ;ντ;ν̄μ;ν̄τ ¼ Φ0
νx [36].

Supernovae models predict that Ye ≈ 0.4 during the later
stages of a supernova explosion [37]. This value lies
between the resonant values Ye ¼ 0.35 and Ye ¼ 0.5.
Since the resonance at Ye ¼ 0.35 is substantially narrower
than the resonance at Ye ¼ 0.5, we expect that the latter
contribution is more significant. Accounting for the prob-
ability conservation relation

P
α Pðνα → νβÞ ¼ 1, one can

simplify (42) as follows

Φνα ¼Φ0
νx þðΦ0

νe −Φ0
νxÞ½Pðνe → ναÞþPðν̄e → ναÞ�: ð43Þ

Since it is impossible to detect the muon and tau neutrino
and antineutrino fluxes separately for the energy range of a
supernova neutrino emission (see in [22]), one have to
construct observables using only Φνe, Φν̄e , and Φνx . From
our analysis it follows that the most pronounced effect of
the Majorana CP-violation phases can appear in the ratio of
ν̄e and νe fluxes that can be written in the following form

Φν̄e

Φνe

¼ 1þ ðΦ0
νe=Φ

0
νx − 1ÞhPðν̄e → ν̄eÞi þ ðΦ0

νe=Φ
0
νx − 1ÞhPðνe → ν̄eÞi

1þ ðΦ0
νe=Φ

0
νx − 1ÞhPðνe → νeÞi þ ðΦ0

νe=Φ
0
νx − 1ÞhPðν̄e → νeÞi

: ð44Þ

FIG. 7. Left: The amplitude of νe → ν̄μ oscillations for the case Ye ¼ 0.5 as a function of the Majorana CP-violating phases α1 and α2.
Right: Same, but for the amplitude of νe → ν̄τ oscillations.
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Note that a deviation from unity of the ratio Φν̄e=Φνe
(Φν̄e=Φνe ≠ 1) indicates for CP-violating effects. Two
types of the CP-violating effects can take place in neutrino
oscillations: the extrinsic (matter induced) and intrinsic
[25]. We are interested only in the intrinsic CP violation,
i.e., the effects of nonzero CP-violating phases. Our
numerical results presented below show that for neutrino
energies above 0.1 MeV the extrinsic contribution to (44) is
negligible.
Figure 8(left) shows the ν̄e=νe ratio, calculated based on

(44), as a function of the Dirac CP phase δ for the case
α1 ¼ 0, α2 ¼ 0. The ν̄e=νe ratio scarcely reaches 12% at
δ ¼ π=2 and 3π=2. The relative insignificance of the
effect follows from the fact that νe ↔ ν̄e oscillations
amplitudes are suppressed at Ye ¼ 0.4. Thus, one can

neglect the effect of the Dirac CP phase in the evaluation
the ν̄e=νe ratio.
Consider now the ν̄e=νe ratio as a function of the

Majorana CP-violating phases for δ ¼ 0. The results are
shown in Fig. 8(right). Except for the regions around
α2 ¼ α1 � π, the neutrino-antineutrino oscillations induce
significant asymmetry between νe and ν̄e fluxes, which
peaks at 50%. From (43) it also follows that the muon and
tau neutrino and antineutrino fluxes are still approximately
equal to each other after oscillations: Φνμ ¼ Φντ ¼
Φν̄μ ¼ Φν̄τ . Thus, neutrino-antineutrino oscillations in a

magnetic field of the inner supernova region can
indeed induce significant asymmetry between the νe and
ν̄e fluxes.

FIG. 8. ν̄e=νe disproportion engendered by neutrino-antineutrino oscillations in a magnetic field. Left: as a function of the Dirac
CP-violating phase δ. Right: as a function of the Majorana phases α1 and α2.

FIG. 9. ν̄e=νe ratio outside supernova as a function of the Majorana CP-violating phases α1 and α2 for NH and IH.
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The next step is to compute the neutrino fluxes outside
the supernova. For this, one has to account for the Mikheev-
Smirnov-Wolfenstein oscillations, which take place in
outer supernova regions with relatively low densities.
The adiabatic solution for the neutrino fluxes in the
discussed case yields [22]:

Φout
νe ¼Φνx ðNHÞ;

Φout
νe ¼ s212Φνe þc212Φνx ðIHÞ;

Φout
ν̄e ¼ c212Φν̄e þ s212Φνx ðNHÞ;

Φout
ν̄e

¼Φνx ðIHÞ; ð45Þ
where NH and IH refer to the normal and inverted mass
hierarchy, respectively, and Φνμ;ντ;ν̄μ;ν̄τ ¼ Φνx .
The final results for ν̄e=νe fluxes ratio in a supernova

emission are shown in Fig. 9. It follows that the magnetic
field induced disproportion in the fluxes (see the above
comments to Fig. 8) becomes smeared after the MSW
oscillations, specially for the case of the inverted mass
hierarchy: the maximal values for the ration are
Φout

ν̄e
=Φout

νe ¼ 0.23 for NH and Φout
ν̄e
=Φout

νe ¼ 0.23 for IH.
Table II shows ν̄e=νe ratio characteristic values (the “No
magnetic field” column stands for the case of B ¼ 0 and the
“No CP” column stands for the case of α1 ¼ 0, α2 ¼ 0).
The minimal and maximal values of the ratio Φout

ν̄e =Φ
out
νe

(depending on the Majorana CP phases) are also shown in
Table II.

V. CONCLUSION

In this paper we study the Majorana neutrinos oscil-
lations in astrophysical media with an emphasis on the
CP-violating effects. The semianalytical expressions for
the neutrino oscillations probabilities are obtained. It is
shown that the appearance of the nonzero CP-violating
phases can give rise to new resonances in the neutrino-
antineutrino oscillations channels, namely the following:
νe ↔ ν̄e resonance at Ye ¼ 0.35 that appears for both cases
of the nonzero Dirac and Majorana phases; and νe ↔ ν̄μ; ντ
resonances at Ye ¼ 0.5 that is possible only for the case of

the nonzero Majorana CP phases. These resonant values of
Ye are persistent and do not depend on the magnetic field
strength B or neutrino energy p.
The results obtained are applied to a particular physical

situation: the oscillations of neutrinos during the cooling
stage of a supernova explosion. It is shown that neutrino-
antineutrino oscillations in the near-neutrinosphere high-
density region of a supernova can significantly modify the
resulting outcoming neutrino fluxes. Particularly, under
certain nonzero values of the Majorana CP phases, the
ν̄e=νe ratio reaches magnitudes up to 1.5 (as is shown in
Fig. 7) within the inner supernova region. After the
consequent MSW oscillations, the effect becomes less
pronounced, specially for the case of the inverted neutrino
mass hierarchy, but it still is present. Our results, however,
only roughly estimate the ν̄e=νe ratio. For a precise
calculation one have to account for several more factors,
particularly a realistic supernova density and the magnetic
field profiles, as well as the collective effects in neutrino
oscillations. Latter can be important, since nonlinear feed-
back due to self-interaction can enhance a small effect. For
now, we point out that the quantity Φν̄e=Φνe can potentially
be an important observable for the supernova neutrino
experiments.
One of the important new results is the conclusion that

observations of the ratio of supernovae fluxes Φν̄e=Φνe in
the future large volume neutrino detectors, such as JUNO
and Hyper-Kamiokande, may provide a tool for distin-
guishing between the Dirac and Majorana nature of
neutrinos.
Future neutrino experiments will hopefully not only

provide us high-statistics measurements of neutrino fluxes
directly from a supernova explosion, but also will be
sensitive to the diffuse supernova neutrino background
(DSNB). One may expect that the DNSB flavor compo-
sition may depend on the CP-violating phases. However,
due to numerous significant astrophysical uncertainties on
the DSNB fluxes it appears to be difficult to get information
on CP violation from such a measurement.
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TABLE II. ν̄e=νe ratio characteristic values.

Φout
ν̄e =Φ

out
νe No magnetic field Min No CP Max

NH 0.67 0.64 0.74 0.87
IH 1.18 0.9 0.97 1.0
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