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Detailed dependence of resonant spin-flavor (RSF) conversion of supernova neutrinos on electron mole

fraction Ye is investigated. Supernova explosion forms a hot-bubble and neutrino-driven wind region of

which electron mole fraction exceeds 0.5 in several seconds after the core collapse. When a higher

resonance of the RSF conversion is located in the innermost region, flavor change of the neutrinos strongly

depends on the sign of 1� 2Ye. At an adiabatic high RSF resonance the flavor conversion of ��e $ ��;�

occurs in Ye < 0:5 and normal mass hierarchy or in Ye > 0:5 and inverted mass hierarchy. In other cases of

Ye values and mass hierarchies, the conversion of �e $ ���;� occurs. The final ��e spectrum is evaluated in

the cases of Ye < 0:5 and Ye > 0:5 taking account of the RSF conversion. Based on the obtained result,

time variation of the event number ratios of low ��e energy to high ��e energy is discussed. In normal mass

hierarchy, an enhancement of the event ratio should be seen in the period when the electron fraction in the

innermost region exceeds 0.5. In inverted mass hierarchy, on the other hand, a dip of the event ratio should

be observed. Therefore, the time variation of the event number ratio is useful to investigate the effect of the

RSF conversion.
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I. INTRODUCTION

Core-collapse supernovae (SNe) supply a huge amount
of neutrinos (N� � 1058) in a time scale of �10 s. If one
SN explodes in our Galaxy, thousands of neutrinos are
expected to be detected by 10 kton size neutrino detectors.
The energy spectra of SN neutrinos will provide various
information of SN explosion mechanism as well as neu-
trino oscillation parameters. SN neutrinos are emitted from
proto-neutron stars, where the density is much larger than
the density of higher resonance of the Mikheyev-Smirnov-
Wolfstein (MSW) effect. The energy spectra and the de-
pendence on neutrino oscillation parameters are quite dif-
ferent from solar neutrinos (e.g., [1]). Therefore, the
neutrinos released from SNe in our Galaxy will supply
fruitful information on neutrino physics and astrophysics.

Although the magnetic moment of neutrinos is consid-
ered to be ‘‘very small,’’ a finite magnetic moment may
affect astrophysical phenomena with ‘‘very strong’’ mag-
netic fields. The standard model of particle physics sug-
gested that the magnetic moment of neutrinos is smaller
than the order of �10�18�B, where �B ¼ e@=2mec is
Bohr magnetons, e is the charge of an electron, and me is
electron mass (review in [2]). However, particle theories
beyond the standard model have suggested that the upper
limit of the neutrino magnetic moment is up to �10�10�B

(e.g., [3]) and grand unified theory permits such a ‘‘large’’
magnetic moment of neutrinos. Therefore, if evidence for a

neutrino magnetic moment is found, it will become a quite
new trace of particle physics beyond the standard model.
Neutrino experiments also have constrained the upper limit
of neutrino magnetic moment. Recently, the TEXONO
experiment deduced the upper limit � ��e

< 7:4�
10�11�B from ��e detection [4]. The GEMMA experiment
obtained a stronger constraint ��e

< 5:8� 10�11�B at

90% C.L. [5]. Astrophysical limit has been evaluated
from plasmon decays in stars in globular clusters as �� <
3� 10�12�B [6].
If neutrinos are Majorana particles and have a finite

magnetic moment, they have only transition magnetic mo-
ment. In this case, a spin precession between a left-handed
neutrino �L and a right-handed (anti)neutrino ��R with
different flavors occurs in strong magnetic field (e.g.,
[7,8]). This is called resonant spin-flavor (RSF) conver-
sion. The RSF conversions �e $ ���;� or ��e $ ��;� have

been investigated in two-flavor models for solar (e.g., [2,8–
10]) and SN (e.g., [11–14]) neutrinos. The RSF conver-
sions of �e $ ��e were also found [11].
SN neutrinos are most favorable to find evidence for

RSF conversion. Proto-neutron stars that have been formed
at core collapse should have strong magnetic field.
Observations of pulsars indicated that neutron stars have
magnetic field of the order of 1012 G. Some pulsars in-
dicate much stronger magnetic field with �1014–1015 G,
so that they are called magnetars (e.g., [15]). The magnetic
field in the outer region of Fe core of presupernova stars is
evaluated to reach �1010 G [16]. Owing to such a strong
magnetic field and neutrino magnetic moment, spin-flavor*tyoshida@astron.s.u-tokyo.ac.jp
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conversion of neutrinos is expected to occur. Detailed
features of the RSF conversions have been investigated
considering three flavors of neutrinos and antineutrinos
numerically [17–19] and analytically [20,21]. They have
shown that very large flavor conversion can occur between
neutrinos and antineutrinos in SN ejecta.

Continuous efforts of numerical studies on SN explo-
sions revealed detailed conditions in the deep region of SN
ejecta (e.g., [22]). One of the findings is the time evolution
of electron mole fraction Ye. The electron fraction of the
central core of a presupernova is between 0.4 and 0.5 [23].
After the core bounce in a scenario of delayed SN explo-
sion, neutrino heating helps the explosion of a SN. The
neutrino interaction also changes the electron fraction of
the inner region of the exploding materials [24]. The
electron fraction in the neutrino-heated bubbles and the
neutrino-driven winds exceeds 0.5 in several seconds. This
excess in Ye opens a new nucleosynthesis process, which is
called the �p process [25–29]. The �p process is one of the
most promising processes to produce proton-rich nuclei.
The electron fraction is expected to decrease eventually
below 0.5 in several seconds. After electron fraction be-
comes small, r process is expected to occur in neutrino-
driven winds (e.g., [30–32]).

We expect that the change of the electron fraction also
affects the neutrino oscillations, especially RSF conver-
sion. The resonance densities of two RSF conversions
depend on 1=j1� 2Yej, so that the resonance densities
will drastically change in accordance with the change in
Ye. Furthermore, the relation between mass eigenstates and
flavor eigenstates will change at Ye ¼ 0:5. Therefore, we
expect that new neutrino signals will be detected in a SN
explosion in our Galaxy, if neutrinos are Majorana parti-
cles and have finite magnetic moment (� 10�12�B), and
the SN has strong magnetic field. Although there are many
studies on the RSF conversion (e.g., [17–20]), this type of
the RSF conversion effect on SN neutrino signal has not
been studied very well.

In this study, we investigate detailed dependence of RSF
conversion effects of SN neutrinos on the electron fraction
in SN ejecta. In particular, we pay attention to the differ-
ence of RSF conversion at the electron fraction below and
above 0.5. We will discuss the time variation of a SN
neutrino signal along the evolutionary change in Ye and
the dependence on neutrino oscillation parameters, i.e.,
mass hierarchy and the mixing angle �13.

We organize this article as follows. In Sec. II, the SN
explosion model adopted in this study is described. We
adopted the time evolution of the density profile calculated
using the adiabatic explosion model in [33]. The energy
spectra of the neutrinos and the neutrino oscillation pa-
rameters are also written in this section. In Sec. III we
describe the relation of the effective squared mass with the
density and the conversion probabilities due to the RSF
conversion and the MSW effect. Based on the obtained

characteristics, the dependence of the neutrino spectra and
expected neutrino signals on the electron fraction, mag-
netic field, and the neutrino oscillation parameters is
shown. In Sec. IV we discuss the time evolution of the
SN neutrino signal and constraints on the neutrino oscil-
lation parameters and magnetic moment. We also discuss
the relations of assumed magnetic field and the density
profile in the deep region of the SN ejecta. Finally, in
Sec. V we summarize this study.

II. MODEL

A. Supernova explosion model

In order to study the time evolution of the neutrino
signals affected by the RSF conversion and the MSW
effect, we use the time evolution of the density profile
including the shock propagation in the stellar interior
used in [33]. The progenitor model is a 15M� presupernova
of [34]. The core collapse and shock propagation are
calculated taking account of general relativity and assum-
ing spherical symmetry. The neutrino transport is not taken
into account by assuming adiabatic explosion. Details of
the hydrodynamical simulation are written in [33].
The snapshots of the density profile of the SN at t ¼ 0,

0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 s are shown in Fig. 1. A
very wide range of the density from 1010 to 1 g cm�3 is
shown. Therefore, we take account of the shock propaga-
tion effect on the RSF conversion which will occur in a
high density region. On the other hand, this model assumes
adiabatic explosion as mentioned above. The evolution of
electron fraction is not considered. In this study, we assume
that the electron fraction is constant in the innermost hot-
bubble and wind region where the mass coordinate is
smaller than 1:43M�. We consider two cases of the elec-
tron fraction, Ye ¼ 0:49 and 0.51. We also consider the
simple time variation model for Ye in this discussion. The
electron fraction of the outer ejecta is assumed to be the
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FIG. 1. The density distribution of the SN ejecta at t ¼ 0, 0.5,
1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 s. The progenitor is 15 M�
presupernova star [34]. The shock propagation is calculated in
[33].
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same as that of the progenitor model because the electron
fraction does not change by the neutrino irradiation there.

We note that the electron fraction inside the proto-
neutron star should be very small due to neutronization.
However, the density in the region is much larger than the
resonance density of the RSF-H conversion, so that virtu-
ally no conversion is expected there. Thus, we neglect the
change of the electron fraction in this region.

The magnetic field profile of the SN is quite uncertain. In
this study, we assume that the SN magnetic field transverse
to the neutrino propagation changes as / r�3 according to
[17–19]. The magnetic field B? is described as

B? ¼ B0

�
r0
r

�
3
; (1)

where r0 ¼ 108 cm and B0 is the magnetic field at r0. The
value of B0 is used as a parameter. Typical strength is set to
be B0 ¼ 1011 G. We discuss the magnetic field in massive
stars and SNe in Sec. IV.

B. Supernova neutrino model

We use the SN neutrino model adopted in [35–37]. The
neutrinos are assumed to carry the energy of E�;total ¼ 3�
1053 erg [38]. The neutrino luminosity is equally parti-
tioned among three flavors of neutrinos and antineutrinos.
It is assumed to decay exponentially with the decay time of
3 s [35–39]. The energy spectra of neutrinos emitted from a
proto-neutron star are assumed to obey Fermi-Dirac dis-
tributions with zero chemical potential. The temperatures
of �e, ��e, and �x, where �x correspond to ��;� and ���;�, are

set to be ðT�e
; T ��e

; T�x
Þ ¼ ð3:2; 5; 6 Þ MeV [35–37].

Neutrinos change their flavors along the propagation in
the stellar interior. We consider three flavor neutrino oscil-
lations taking account of the MSW effect and the RSF
conversion. The equation of the neutrino flavor change is
written as (e.g., [17,20])

i
d

dr

�
�
��

�
¼

�
H MB?

�MB? H

� �
þ V 0

0 �V

� ���
�
��

�
; (2)

where

� ¼
�e

��

��

0
@

1
A; �� ¼

��e

���

���

0
@

1
A; (3)

H ¼ U

0 0 0
0

�m2
21

2E�
0

0 0
�m2

31

2E�

0
BB@

1
CCAUy; (4)

M ¼
0 �e� �e�

��e� 0 ���

��e� ���� 0

0
B@

1
CA; (5)

V ¼ � �V ¼
V�e

0 0
0 V��

0
0 0 V��

0
B@

1
CA

¼
ffiffiffi
2

p
2

GF

�

mu

3Ye � 1 0 0
0 Ye � 1 0
0 0 Ye � 1

0
@

1
A; (6)

U¼
c12c13 s12c13 s13

�s12c23�c12s23s13 c12c23� s12s23s13 s23c13
s12s23�c12c23s13 �c12s23� s12c23s13 c23c13

0
@

1
A;
(7)

�m2
ij ¼ m2

i �m2
j ,mi is the mass of the ith mass eigenstate

neutrinos, E� is the neutrino energy, GF is the Fermi
constant, � is the density, mu is the atomic mass unit,
��� is the transition neutrino magnetic moment, B? is

the transverse magnetic field, sij ¼ sin�ij, and cij ¼
cos�ij. Here we use the units of @ ¼ c ¼ 1.

As shown in [20], there are two MSW resonances and
three RSF resonances. The resonance densities are written
as

�resðMSW-HÞ ¼ muj�m2
31j cos2�13

2
ffiffiffi
2

p
GFE�

1

Ye

; (8)

�resðMSW-LÞ ¼ mu�m
2
21 cos2�12

2
ffiffiffi
2

p
GFE�

1

Ye

; (9)

�resðRSF-HÞ ¼ muj�m2
31j cos2�13

2
ffiffiffi
2

p
GFE�

1

j1� 2Yej ; (10)

�resðRSF-LÞ ¼ mu�m
2
21 cos2�12

2
ffiffiffi
2

p
GFE�

1

j1� 2Yej ; (11)

�resðRSF-XÞ ¼ muj�m2
31jcos2�13

2
ffiffiffi
2

p
GFE�

1

1� Ye

; (12)

where suffixes ‘‘H’’ and ‘‘L’’ correspond to the high and
low resonance densities deduced using j�m2

31j and �m2
21,

respectively. When sin22�13 is larger than a critical value,
the RSF-X resonance changes to the RSF-E resonance
[20]. The RSF-E resonance appears in place of RSF-X
resonance owing to a nonlinear dependence of the effective
squared masses on the density. We do not distinguish the
RSF-E resonance from the RSF-X and use a common term,
the RSF-X resonance, in this study.
Most of neutrino oscillation parameters have been de-

termined precisely by recent neutrino experiments [40–
42]. We use the squared mass differences �m2

ij as follows:

�m2
21 ¼ 7:6� 10�5 eV2 and

j�m2
31j ¼ 2:5� 10�3 eV2:

(13)

The mixing angles are taken as
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sin 22�12 ¼ 0:87 and sin22�23 ¼ 1: (14)

The mass hierarchy, i.e., the sign of �m2
31, and the mixing

angle sin22�13 are taken as parameters. We consider both
of normal and inverted mass hierarchies. For the mixing
angle sin22�13, we consider sin22�13 ¼ 0:04 (adiabatic
MSW-H case) and 1� 10�6 (nonadiabatic MSW-H
case). The former value corresponds to adiabatic conver-
sion at the MSW-H resonance in the presupernova density
profile. The latter value corresponds to nonadiabatic at the
MSW-H resonance.

We assume that the transition magnetic moment of
neutrinos ��� does not depend on flavors. We set ��� ¼
1� 10�12�B commonly. This value is the same as that
adopted in [17–19]. Since the effect of neutrino magnetic
moment appears in the form of ���B, small magnetic

moment with strong magnetic field may bring about a
similar effect to the case of large magnetic moment with
weak magnetic field.

C. Detection of neutrino signals

We evaluate the event rate of the neutrino signals emit-
ted from a SN using a water-Čerenkov detector of Super-
Kamiokande (SK). The positron energy spectrum of the
rate of neutrino event i is evaluated to be

d2Ni

dEedt
¼ Ntarget;i

4�d2
	ðEeÞ

X
�

Z 1

0

d2N��

dE�dt
P��!��

ðE�Þ
��iðE�Þ

�
�
dE�

dE0
e

�
i
RðEe; E

0
eÞdE0

e; (15)

where Ntarget;i is the number of the target for reaction i, d is

the distance from a SN, 	ðEeÞ is the detection efficiency,
d2N��

=dE�dt is the �� number rate per neutrino energy

per time, P��!��
ðE�Þ is the transition probability from ��

to �� with the energy E� through neutrino oscillations,

��iðE�Þ is the cross section of �� neutrino reaction i,

ðdE�=dE
0
eÞi is the derivative of the incident neutrino en-

ergy on the emitted positron energy for reaction i,
RðEe; E

0
eÞ is the energy resolution function in the

Gaussian form with the width of �ðEeÞ ¼ 0:2468þ
0:1492

ffiffiffiffiffiffi
Ee

p þ 0:0690Ee MeV [43]. The rate of the neu-
trino event i is evaluated as

dNi

dt
¼

Z 1

Eth

d2Ni

dEedt
dEe; (16)

where Eth is the lowest detectable energy. We suppose a
water-Čerenkov detector of 22.5 kton fiducial volume cor-
responding to SK detector. We consider that the distance
from a SN is 10 kpc, which is close to the distance from the
Galactic center. The event rate for other distances is easily
transformed using the relation d2Ni=dEedt / d�2. We as-
sumed that the detection efficiency is unity when Ee is
larger than Eth ¼ 5 MeV and otherwise zero supposing the

third phase of the SK experiment (SK-III) [44]. We con-
sider the antineutrino-proton reaction

pþ ��e ! nþ eþ: (17)

The reaction rate is adopted from [45].

III. RESULTS

A. Effective squared masses

It should be useful to know the dependence of effective
squared masses on the density when one evaluates the
conversion probabilities of neutrinos and antineutrinos
through the RSF and MSW resonances. We will compare
the results between the cases of Ye ¼ 0:49 and 0.51. We
used the density profile of the 15M� presupernova and the
magnetic field of B0 ¼ 1� 1010 G. The mixing angle
sin22�13 is assumed to be 0.04, corresponding to the adia-
batic MSW-H resonance. The effective squared masses are
different between neutrinos and antineutrinos in a finite
density. The relation of the effective squared masses is as
follows: ~m2

��1
� ~m2

�1
, ~m2

�2
� ~m2

��2
, and ~m2

�3
� ~m2

��3
, indepen-

dent of mass hierarchy, and the equalities are satisfied in
vacuum.
Figure 2 shows the density dependence of the effective

squared masses in normal mass hierarchy. In the case of
Ye ¼ 0:49, the dependence of the squared masses is well
explained in [20]. We see five resonances, the MSW-H, L,
and the RSF-H, L, and X. In the high density limit, �e and
��e correspond to ��2 and �2, respectively. At the same time,
both �� and �� are the mixed states of �1 and ��1.

Therefore, the conversion of ��e and ��;� occurs at the

RSF-H resonance. The conversion of �e and ���;� occurs

at the RSF-X resonance.
In the case of the normal mass hierarchy and Ye ¼ 0:51,

the dependence of the effective squared masses is different
from the case of Ye ¼ 0:49. The effective squared mass of
�e is the largest at high density limit. That of ��e is the
smallest. The flavor conversion between �e ( ��3) and ���;�

(�3) occurs at RSF-H resonance. We see MSW-H and
MSW-L resonances similar to the case of Ye ¼ 0:49.
There is no resonance corresponding to RSF-L or RSF-X
resonance. This is due to a nonlinear dependence of the
squared masses on the density.
The correspondence between flavor and mass eigen-

states at the high density limit is recognized using the
effective potentials. The effective potential of �e is

V�e
¼

ffiffiffi
2

p
2

GF

�

mu

ð3Ye � 1Þ: (18)

That of ���;� is

V ���;�
¼

ffiffiffi
2

p
2

GF

�

mu

ð1� YeÞ: (19)

The satisfying inequalities hold: V�e
< V ���;�

for Ye < 0:5
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and V�e
> V ���;�

for Ye > 0:5. Therefore, the effective

squared mass of �e is the largest at the high density limit
in Ye > 0:5. In the case of Ye ¼ 0:5, the equality V�e

¼
V ���;�

is satisfied and there are no RSF-H and RSF-L

resonances.
Figure 3 shows the density dependence of the effective

squared masses in the inverted mass hierarchy. In the case
of Ye ¼ 0:49, �e and ��e correspond to the mass eigen-
states �1 and ��1, respectively, at high density limit. Flavor
eigenstates ��;� and ���;� are the mixed states of �2 and

��2, and �3 and ��3, respectively. There are the RSF-H, RSF-
L, and RSF-X resonances as seen in the case of
the normal mass hierarchy. The conversion between �e

and ���;� occurs at the RSF-H resonance. The conver-

sion between ��e and ��;� occurs at the RSF-L reso-

nance. The RSF-X resonance converts ��1 and ��3. The
converting flavors depend on the adiabaticity of the RSF-
H resonance.

In the case of Ye ¼ 0:51, the dependence of the effective
squared masses is different from other cases for the RSF-X
and the RSF-L resonances. At the high density limit, �e
and ��e correspond to mass eigenstates ��2 and �3, respec-
tively. Flavor eigenstates ��;� and ���;� are the mixed states

of ��1 and ��3, and �1 and �2, respectively. The conversion
between ��e and ��;� occurs at the RSF-H resonance. RSF-

L resonance appears at �� 600 g cm�3 and corresponds
to the conversion of �e and ���;�. The RSF-X resonance is
found at �� 1300 g cm�3. This resonance leads to the
conversion of �1 and ��1. Since the corresponding mass
eigenstates are different between the RSF-L and the RSF-
X, these two resonances appear separately. The densities
and corresponding squared masses strongly depend on
mass hierarchy as well as Ye.
In order to find flavor transition at the RSF-H resonance,

it is useful to consider the two-flavor approximation. First,
we consider the transition between ��e and ��. The flavor
change by the RSF-H is solved using the following equa-
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FIG. 2. Effective squared masses of mass eigenstates with the relation to the density in the case of normal mass hierarchy. Electron
fraction is assumed to be 0.49 for (a)–(c) and 0.51 for (d)–(f). Solid lines and dotted lines show the effective squared masses of
neutrinos and antineutrinos, respectively. For each line type, mass eigenstates 1, 2, and 3 correspond in ascending order of squared
mass. At the RSF-H and MSW-H resonances, ð�res; rresÞ ¼ ð3:9� 104 g cm�3; 8:0� 108 cmÞ and (1:6� 103 g cm�3, 4:8� 109 cm),
respectively, in the cases of Ye ¼ 0:49 and 0.51 commonly.
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tion:

i
d

dr

��e

��

� �
¼

�m2
31

2E�
s13 � Ve �e�B?

�e�B?
�m2

31

2E�
c13 þ V�

0
@

1
A ��e

��

� �
:

(20)

After calculating the eigenvalues of this equation, we
derive the resonance density of the transition between ��e

and �� as

�resð ��e $ ��Þ ¼ mu�m
2
31 cos2�13

2
ffiffiffi
2

p
GFE�

1

1� 2Ye

: (21)

The resonance of the transition between ��e and �� exists
when the resonance density is larger than zero. This con-
dition holds in the case of normal mass hierarchy and Ye <
0:5 [see Figs. 2(c) and 4] or the case of inverted mass
hierarchy and Ye > 0:5 [see Figs. 3(f) and 7].

We can also discuss the condition of the transition
between �e and ��� by changing the sign of Ve and V� in

Eq. (20). The obtained resonance density is

�resð�e $ ���Þ ¼ mu�m
2
31 cos2�13

2
ffiffiffi
2

p
GFE�

1

2Ye � 1
: (22)

This equation shows that the resonance of the transition
between �e and ��� exists in the case of normal mass
hierarchy and Ye > 0:5 [see Figs. 2(f) and 5] or in the
case of inverted mass hierarchy and Ye < 0:5 [see
Figs. 3(c) and 6].

B. Conversion probabilities

We show the conversion probabilities of SN neutrinos
passing through the SN ejecta at 4 s after the core bounce.
We set the neutrino energy of 20 MeV, the mixing angle
sin22�13 ¼ 0:04 corresponding to adiabatic MSW-H reso-
nance, and B0 ¼ 1� 1011 G. The shock effect at the RSF-
H resonance is quite small at that time and with the
neutrino energy. We assume that Ye ¼ 0:49 or 0.51 inside
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FIG. 3. Effective squared masses of mass eigenstates with the relation to the density in the case of inverted mass hierarchy. Electron
fraction is assumed to be 0.49 for (a)–(c) and 0.51 for (d)–(f). Solid lines and dotted lines show the effective squared masses of
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the mass coordinate of Mr ¼ 1:43M�, of which the radius
is r ¼ 1:6� 109 cm at that time.

First, Fig. 4 shows the conversion probabilities from
��e [4(a)] and ��;� [4(b)]. The obtained result is similar to

that in [17–20]. Almost all ��e change to ��;� at the RSF-H

resonance and convert to �e at MSW-H resonance. Finally,
30% and 70% of the ��e become �e and ���;�, respectively.

On the other hand, a half of ��;� changes to ��e at the RSF-

H resonance. In vacuum, 30% and 70% of the ��;� become

��;� and �e, and 30% and 70% of the ��e become ���;� and

��e. The conversion probabilities from �e and ���;� are the

same as in the case that the RSF conversions are not
considered.

When we consider mass eigenstates, this conversion is
explained more easily. At high density limit, ��e corre-
sponds to �2. The �2 relates to the RSF-H, MSW-H, and
MSW-L, and these resonances are adiabatic. Therefore, all
��e in high density are �2 independent of the density. The �2

corresponds to the mixed states of 70% of ��;� and 30% of

�e in vacuum. The conversion of ��;� is explained simi-

larly. The ��;� in high density correspond to the mixed

states of �1 and ��1. The �1 and ��1 convert each other at
RSF-L resonance. However, we do not see any effects at
the resonance. MSW-L resonance may convert �1 and �2.
However, this resonance is adiabatic in this case. In vac-

uum, �1 is the mixed state of 70% of �e and 30% of ��;�.

The mass eigenstate ��1 is the mixed state of 70% of ��e and
30% of ���;�.

Second, Fig. 5 shows the conversion probabilities from
�e [5(a)] and ���;� [5(b)] in the case of the normal mass

hierarchy and Ye ¼ 0:51 in the inner region. We see that
the conversion between �e and ���;� occurs at RSF-H

resonance. The conversions at MSW-H and MSW-L reso-
nances are also shown. However, no flavor conversion
occurs at RSF-L resonance. In this case, all �e corresponds
to ��3 at the high density limit. When Ye changes from Ye >
0:5 to Ye < 0:5, no conversion of mass eigenstates occurs
for ��3. In the density region lower than MSW-H resonance,
��3 corresponds to ���;� and a small fraction of ��e. Thus, �e

changes to ���;�. On the other hand, ���;� are the mixed

states of ��2 and �3. The conversion between ��2 and �3

occurs at the location where the Ye changes. Then the two
eigenstates convert again at nonadiabatic RSF-X reso-
nance. Thus, we see no effects in the conversions between
��2 and �3. The �3 corresponds to ��;� and a small fraction

of �e. The �2 is the mixed flavor eigenstates of 70% of ���;�

and 30% of ��e in vacuum.
Third, we consider the case of the inverted mass hier-

archy and Ye ¼ 0:49 in the inner region. Figure 6 shows the
conversion probabilities from �e [6(a)] and ���;� [6(b)].

 0

 0.2

 0.4

 0.6

 0.8

 1

108 109 1010

C
on

ve
rs

io
n 

P
ro

ba
bi

lit
y

r (cm)

(a)

ν–e→νe

ν–e→ν–e

ν–e→νµ+ντ

RSF-H MSW-H

 0

 0.2

 0.4

 0.6

 0.8

 1

108 109 1010

C
on

ve
rs

io
n 

P
ro

ba
bi

lit
y

r (cm)

(b)
νµ,τ→νe

νµ,τ→ν–e

νµ,τ→νµ+ντ

RSF-H

FIG. 4. Conversion probabilities from ��e (a) and ��;� (b). Mass hierarchy is normal. Electron fraction of the inner region is set to be
0.49. Solid lines, dotted lines, dashed lines, and dash-dotted lines correspond to the conversion probabilities to �e, ��e, �� þ ��, and

��� þ ���.

 0

 0.2

 0.4

 0.6

 0.8

 1

108 109 1010

C
on

ve
rs

io
n 

P
ro

ba
bi

lit
y

r (cm)

(a)

νe→νe

νe→ν–e

νe→ν–µ+ν–τ

RSF-H

MSW-H

 0

 0.2

 0.4

 0.6

 0.8

 1

108 109 1010

C
on

ve
rs

io
n 

P
ro

ba
bi

lit
y

r (cm)

(b)

ν–µ,τ→νe

ν–µ,τ→ν–e

ν–µ,τ→νµ+ντ

ν–µ,τ→ν–µ+ν–τ

RSF-H

MSW-H

FIG. 5. Conversion probabilities from �e (a) and ���;� (b). Mass hierarchy is normal. Electron fraction of the inner region is set to be
0.51. Solid lines, dotted lines, dashed lines, and dash-dotted lines correspond to the conversion probabilities to �e, ��e, �� þ ��, and

��� þ ���.

RESONANT SPIN-FLAVOR CONVERSION OF SUPERNOVA . . . PHYSICAL REVIEW D 80, 125032 (2009)

125032-7



RSF-H conversion occurs between �e and ���;� similarly to

the second case. Flavor conversion occurs at RSF-H and
MSW-H resonances for the original �e. It occurs at RSF-H
and MSW-L resonances for the original ���;�.

The flavor eigenstate �e corresponds to �1 at the high
density limit. The mass eigenstate �1 does not convert at
RSF-H resonance. It converts to ��1 at RSF-L resonance
because of nonadiabaticity of this resonance. Therefore,
the neutrinos originally produced as �e appear as ��1,
corresponding to the mixtures of 70% of ��e and 30% of
���;� in vacuum. The flavor eigenstate ���;� is a mixed state

of �2 and ��2. There are no resonances for ��2. The �2 has
RSF-H and MSW-L resonances. Since both of the reso-
nances are adiabatic, the mixed state of �2 and ��2 does not
change the mass eigenstate throughout the spectra. The �2

( ��2) corresponds to 70% of ��;� ( ���;�) in vacuum.

Finally, we show the case of the inverted mass hierarchy
and Ye ¼ 0:51 in the inner region. Figure 7 shows the
conversion probabilities from ��e [7(a)] and ��;� [7(b)].

The conversion between ��e and ��;� occurs at RSF-H

resonance in this case. This is similar to the first case.
Almost all ��e convert to ��;� at the RSF-H. The ��e corre-

sponds to �3 at the high density limit and there is no
resonance after the RSF-H resonance. On the other hand,
��;� changes flavors three times. The ��;� is a mixed state

of ��1 and ��3 at high density limit. About a half of ��;�,

corresponding to ��3, converts to ��e at RSF-H resonance.
The mass eigenstate ��3 changes the flavors at MSW-H
resonance. It appears as the mixed state of ���;� and a small

fraction of ��e in vacuum. The mass eigenstate ��1 converts
to �1 at RSF-X resonance, so that it appears as 70% of �e

and 30% of ��;� in vacuum.

C. Neutrino signal

SN neutrinos change their flavors by the RSF conversion
and the MSW effect in SN ejecta. The flavor changes
depend on the distributions of the density and electron
fraction. Here we investigate the dependence of neutrino
energy spectra and the neutrino signals on the neutrino
oscillation parameters and the electron fraction.
In this section, we consider the dependence on the mass

hierarchies, electron fraction in the inner region, and the
adiabaticity of the MSW resonance. We consider the two
cases of Ye value equal to 0.49 and 0.51. First, we show the
energy spectra of the ��e signals at t ¼ 4 s with a 22.5 kton
water-Čerenkov detector. Figure 8 shows the positron en-
ergy spectra of the neutrino event rate by pð ��e; e

þÞn at t ¼
4 s. In the case of Ye ¼ 0:49, the energy spectra are clas-
sified into three patterns. The lowest ��e energy spectrum is
seen in the case of the inverted mass hierarchy and adia-
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batic MSW-H resonance. The intermediate energy spec-
trum is obtained in the inverted mass hierarchy and non-
adiabatic MSW-H resonance. In the normal mass
hierarchy, the ��e energy spectra indicate the highest aver-
age energy independent of the adiabaticity of MSW-H
resonance. The energy spectra are almost identical to those
of ��;� without neutrino oscillations.

On the other hand, in the case of Ye ¼ 0:51, the energy
spectra are classified into two patterns. In the normal mass
hierarchy, the energy spectra are almost identical to the
intermediate one in the case of Ye ¼ 0:49. In the inverted
mass hierarchy, they are almost identical to that of ��;�

without neutrino oscillations. We do not see the depen-
dence on sin22�13.
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TABLE I. The final energy spectra of ��e [� ��e
ðfinÞ] with the relation of the original neutrino

flux ���
. The event ratios rL=H are classified into three patterns: (A) large ratio, (B) intermediate

ratio, and (C) small ratio.

� ��e
ðfinÞ Pattern

MSW effect

NH-A jUe1j2� ��e
þ ð1� jUe1j2Þ� ��x

(B)

IH-A jUe3j2� ��e
þ ð1� jUe3j2Þ� ��x

(C)

NA-NA and IA-NA jUe1j2� ��e
þ ð1� jUe1j2Þ� ��x

(B)

RSF conversion (Ye < 0:5) and MSW effect

NH-A jUe1j2��x
þ jUe2j2� ��x þ jUe3j2� ��x

(C)

NH-NA jUe1j2��x
þ jUe2j2� ��x þ jUe3j2� ��x

(C)

IH-A jUe1j2��e
þ jUe2j2� ��x þ jUe3j2� ��e

(A)

IH-NA jUe1j2� ��e
þ jUe2j2� ��x þ jUe3j2��e

(B)

RSF conversion (Ye > 0:5) and MSW effect

NH-A jUe1j2� ��e
þ jUe2j2� ��x þ jUe3j2��e

(B)

NH-NA jUe1j2� ��e
þ jUe2j2� ��x þ jUe3j2��e

(B)

IH-A jUe1j2� ��x
þ jUe2j2� ��x þ jUe3j2��x

(C)

IH-NA jUe1j2��x
þ jUe2j2� ��x þ jUe3j2� ��x

(C)
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The final neutrino signal can be calculated using tran-
sition probabilities of antineutrinos. Table I shows the
relation of the final neutrino spectra to the original ones.
The final ��e spectrum � ��e

ðfinÞ does not depend on the

adiabaticity of MSW-H resonance except in the case of
inverted mass hierarchy and Ye ¼ 0:49. In the case of the
inverted mass hierarchy, adiabatic MSW-H resonance, and
Ye ¼ 0:51, the flavor change between ��;� and ���;� occurs

but their energy spectra are identical.
We briefly discuss the event number rate of pð ��e; e

þÞn.
The event number rate decreases with time exponentially.
This reflects the assumption that the neutrino luminosity
exponentially decreases with time. In t� 0:5–2 s the
shock effect also exhibits in the event number rate. The
dependence of the event rate at a given time on neutrino
oscillation parameters and the electron fraction is similar to
the dependence of the energy spectra.

In the case of Ye ¼ 0:49, the event rates are classified
into three patterns. The first pattern is the largest event rate
in the normal mass hierarchy. The second pattern is a
smaller event rate in the inverted mass hierarchy and the
nonadiabatic MSW-H resonance. The third pattern is the
smallest event rate in the inverted mass hierarchy and the
adiabatic MSW-H resonance. The event number rate is
about 2200–3500 events s�1 at t ¼ 0 s and decreases to
70–120 events s�1 at t ¼ 10 s. When the shock wave
passes through the region of RSF-H resonance, the event
rates change. The event rates decrease in the normal mass
hierarchy. On the other hand, in the inverted mass hier-
archy and adiabatic RSF-H resonance, the event rates rise.

In the case of Ye ¼ 0:51, the event rates are classified
into two patterns. The event rates are small in the normal
mass hierarchy and large in the inverted mass hierarchy.
The dependence on the adiabaticity of the MSW-H reso-
nance is not seen. The difference in the event rates between
the normal mass hierarchy and the inverted mass hierarchy
is smaller than the difference in Ye ¼ 0:49. The event rates
are about 3000 events s�1 at t ¼ 0 s and about 100
events s�1 at t ¼ 10 s. The shock effect is also seen in t�

0:5–2 s. The event rates increase in the normal mass hier-
archy and decrease in the inverted mass hierarchy.
The event ratio of the low energy component to the high

energy component of the neutrino signal is a useful mea-
sure to see the difference by neutrino oscillation parame-
ters. We investigate the dependence of the ��e event ratio
rL=H on the oscillation parameters and the electron fraction

in the water-Čerenkov detector. Here we define the event
ratio rL=H as

rL=H ¼ event number for Ee < 15 MeV

event number for Ee > 25 MeV
: (23)

We also investigate the time dependence, i.e., the shock
propagation effect. However, we do not take account of the
time evolution of Ye in the inner region. We will discuss
this effect by the Ye evolution in Sec. IV.
We consider the case of Ye ¼ 0:49 (see the left-hand

panel of Fig. 9). We see three patterns of the time evolution
of the event ratios as shown in Table I. First, the large ratio
[pattern (A)], rL=H � 1:0, is seen in the inverted mass

hierarchy and adiabatic MSW-H resonance. In this case
� ��e

ðfinÞ is a mixed spectrum of �70% of ��e
and �30%

of � ��x
. The average energy of �e is about 10 MeV, so that

the large ratio is obtained. As the second pattern
[pattern (B)], the ratio is rL=H � 0:4 in the inverted mass

hierarchy and nonadiabatic MSW-H resonance. The main
component of the ��e flux is originating from 70% of ��e.
The average energy of ��e is about 15 MeV, so that the
lower component is smaller than the former case. The third
pattern [pattern (C)] corresponding to the other two cases
indicates the ratio of about 0.25. The neutrino signal is
almost identical to the original signal of ��;� or ���;�. The

low energy component of the spectrum is smaller than
those of �e and ��e.
We see a dip of the ratios at t� 1–2 s in the case of the

inverted mass hierarchy and the adiabatic MSW-H reso-
nance. This is due to the fact that the shock wave passes
across the density region of RSF-H resonance at that time.
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The density gap produced by the shock propagation
changes the adiabaticity of RSF-H resonance.

We consider the case of Ye ¼ 0:51 (see the right-hand
panel of Fig. 9). We see two patterns of the time evolution
of the ratios, rL=H � 0:4 and 0.25. The large value of the

ratio [pattern (B)] is shown in the normal mass hierarchy.
The neutrino signal has been converted from ��e by about
70% and from ���;� by about 30%. This is the same as in the

case of the inverted mass hierarchy, nonadiabatic MSW-H
resonance, and Ye ¼ 0:49. The small ratio [pattern (C)]
corresponds to the inverted mass hierarchy. Therefore, we
see a clear dependence on mass hierarchy in the event ratio
but do not see the dependence on sin22�13. We also see a
small dip as the shock propagation effect of RSF-H reso-
nance at t� 0:5 s.

Thus, we can classify the event ratios rL=H into three

patterns: (A) large ratios, (B) intermediate ratios, and
(C) small ratios. The classified patterns of rL=H are listed

in Table I.

IV. DISCUSSION

A. Time evolution of neutrino signal

We have shown that the SN neutrino signal strongly
depends on electron fraction in the innermost region of
the SN ejecta taking account of the RSF conversion. Here
we discuss how the neutrino signal changes with timewhen
we consider time evolution of the electron fraction.
Recently, Arcones et al. [24] calculated a long time (�
10 s) evolution of neutrino-driven outflows in SNe. In their
result, the electron fraction exceeds 0.5 just after the core
bounce and reaches the maximum value of 0.52. Then, it
gradually falls off and goes below 0.5 at�2–3 s. After this
time it stays about 0.48 up to �10 s. The electron fraction
is almost homogeneous in the outflow region. They showed
small dependence on the progenitor masses.

We consider the time evolution of the electron fraction
in the innermost region by mimicking their result [24]. We
set the outer edge of the innermost region to be Mr ¼
1:43M� as explained in Sec. II, and the electron fraction

is set to be constant in the innermost region. At t ¼ 0, 0.5,
1, and 2 s, we set the electron fraction to be 0.49, 0.51, 0.52,
and 0.51, respectively. At t ¼ 3 s, we adopt two Ye values
of 0.505 and 0.495. In the case of Ye ¼ 0:5, the RSF-H and
RSF-L resonances disappear as explained in Sec. III below
Eqs. (18) and (19). After 4 s, we set the electron fraction as

Ye ¼ 0:49� 0:005ðt� 4Þ: (24)

First, the time evolution of the ��e event number ratio
rL=H with the water-Čerenkov detector is shown in Fig. 10.

Error bars are evaluated assuming that the event number

rate dNi=dt has an uncertainty of
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dNi=dt

p
. In the normal

mass hierarchy, we see an enhancement of the event ratio
rL=H � 0:4 in t� 1–3 s compared to the event ratio rL=H �
0:25 in the other time. During t� 1–3 s the electron frac-
tion is larger than 0.5 and the flavor conversion at RSF-H
resonance is different from the case in Ye < 0:5. We do not
see a clear dependence of rL=H on the adiabaticity of MSW-

H resonance.
In the inverted mass hierarchy, a dip in the event ratio

rL=H � 0:25 appears in t� 1–3 s. This dip reflects the

adiabatic RSF-H conversion in the case of Ye > 0:5. The
event ratio rL=H does not change with time very much after

t ¼ 4 s. It depends on the adiabaticity of the MSW-H
resonance. In the adiabatic case the event ratio is about
�0:5–0:6. In the nonadiabatic case it is about 0.4. Even
considering an uncertainty of the event rate, the event ratio
would indicate the adiabaticity of the MSW-H resonance.
We note that even if the RSF conversion does not

contribute to flavor changes, the enhancement of rL=H
will be seen. If mass hierarchy is inverted and the MSW-
H resonance is partly adiabatic (sin22�13 � 10�3), the
event ratio rL=H increases by the shock passage of the

MSW-H resonance (e.g., [33,46,47]). Therefore, it is diffi-
cult to specify the cause of the enhancement of the rL=H
ratio.
We discuss observable effects of the RSF conversion

taking into account uncertainties of the SK detector reso-
lution and efficiency, the initial neutrino spectra, and the
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FIG. 10. The time evolution of positron event number ratio rL=H by pð ��e; e
þÞn with 22.5 kton water-Čerenkov detector for

normal (a) and inverted (b) mass hierarchy. Closed and open circles correspond to the cases of sin22�13 ¼ 0:04 and 1� 10�6,
respectively. Error bars are evaluated from the root of event numbers (see text for details).
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dependence on the distance from a SN. We have consid-
ered the uncertainties by the detector resolution and effi-
ciency of SK-III for the event rate ratio rL=H. First, we

discuss the influence of the difference in the detector
resolution and efficiency of the second phase of the SK
experiment (SK-II). The energy resolution function of SK-
II is represented by RðEe; E

0
eÞ ¼ 0:0536þ 0:52

ffiffiffiffiffiffi
Ee

p þ
0:458Ee. The detection efficiency is considered to be unity
for Ee � 7 MeV and otherwise zero. We do not find a
drastic influence of the different energy resolution and
efficiency. The value of rL=H systematically decreases by

6%–9% throughout the time evolution in the normal mass
hierarchy and in the inverted mass hierarchy with
sin22�13 ¼ 1� 10�6. In the case of the inverted mass
hierarchy with sin22�13 ¼ 0:04, the rL=H value decreases

by about 15%, except for t� 1–3 s where the decrease in
the rL=H is similar to the case in the normal mass hierarchy.

These differences mainly arise from the shift of the energy
threshold in the detection efficiency from 5 to 7 MeV.

We secondly discuss the dependence on the initial neu-
trino spectra using those corresponding to a SN simulation
of the Livermore group [48]. Although we used the neu-
trino temperatures of ðT�e

;T ��e
;T��;�

Þ¼ ð3:2 ;5;6ÞMeV and

zero chemical potentials, we here adopt the temperatures
of ðT�e

; T ��e
; T��;�

Þ ¼ ð3:5; 4; 7Þ MeV and the chemical po-

tentials of ð��e
; � ��e

; ���;�
Þ ¼ ð7:4; 10; 0Þ MeV in the

Livermore model. This spectrum set indicates smaller
temperature difference between �e and ��e and larger tem-
perature difference between ��;� and ��e.

Figure 11 shows the time evolution of the event rate ratio
in the Livermore model. In the normal mass hierarchy
[Fig. 11(a)], the enhanced rL=H ratio is 0.49 at t ¼ 2 s,

whereas the ratio is 0:14–0:25 in t ¼ 0–0:5 s and 3–10 s.
The enhancement in this model is seen clearer than in our
model. In the inverted mass hierarchy with sin22�13 ¼
0:04 [adiabatic case in Fig. 11(b)], the rL=H ratio is about

0.6 and decreases to 0.13 at t ¼ 2 s. In the case of
sin22�13 ¼ 1� 10�6 [nonadiabatic case in Fig. 11(b)],
the rL=H ratio decreases from 0.49 (t ¼ 0:5 and 1 s) to

0.18 (t ¼ 3 s, Ye > 0:5). The decrease in rL=H is seen even

in the case of such a small sin22�13 value. This leads to
smaller �13 dependence in the neutrino signal. These
changes seen in Fig. 11 from Fig. 10 are explained by
the fact that the temperature difference between ��;� and

��e is larger in the Livermore model. Thus, the evidence for
the RSF conversion could be observed even taking account
of the uncertainties on detector and the initial neutrino
spectra.
Thirdly, let us discuss the dependence on the distance

from a SN. If a SN explodes at a longer distance than
10 kpc, the signal of the RSF conversion in the event rate
ratio may be weaker for a smaller event rate. We show the
event ratio in the case of a SN at the distance of 30 kpc in
Fig. 12. In the normal mass hierarchy [Fig. 12(a)], it is
difficult to identify the enhancement of rL=H observatio-

nally from t ¼ 0:5 to 3 s because the error bars overlap. In
the case of the inverted mass hierarchy with sin22�13 ¼
0:04 [Fig. 12(b)], on the other hand, the reduction of rL=H
from t ¼ 0 to 2 s is still detectable. Therefore, we could
observe the decrease in the event rate ratio of the neutrinos
from a SN in our Galaxy. A megaton size detector such as
Hyper-Kamiokande could observe the evidence for the
RSF conversion in neutrino signal from a SN at the dis-
tance of �100 kpc which well includes Large Magellanic
Cloud and Small Magellanic Cloud.
We evaluated the time evolution of ��e events by

pð ��e; e
þÞn. Neutrino events also occur through other neu-

trino interactions with e� and 16O. The time variation of �e

events is also useful to investigate the RSF conversion. If
the RSF conversion is effective in a SN, time variations as
their traces should be observed in both �e and ��e spectra. If
the RSF conversion is ineffective and the shock propaga-
tion changes the MSW effect, however, time variation will
be observed in only one of the spectra. Therefore, the
observation of time evolution of both of the �e and ��e

spectra will be a good test for the occurrence of the RSF
conversion. We can consider �e events through
16Oð�e; e

�Þ16F reaction [49].
In the future, a gadolinium trichloride (GdCl3) water-

Čerenkov detector is expected to successfully pick out the
��e events by pð ��e; e

þÞn and 16Oð ��e; e
þnÞ15N from the
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neutrino events owing to neutron detection by Gd [50].
Events by electron-neutrino scattering will also be distin-
guished by forward-peaked angular distribution. After the
reaction distinction, time variations of �e events by the

16O
reaction as well as ��e events by pð ��e; e

þÞn will be success-
fully evaluated. New findings by megaton-size water-
Čerenkov detectors have been discussed in [51]. When
such large neutrino detectors are established, �106 events
of pð ��e; e

þÞn and �104 events of 16O are expected from
the SN. Large events of 16O reactions will clarify �e

spectrum as well as ��e spectrum.

B. Magnetic field strength

In this study, we set the magnetic field of B0 ¼
1� 1011 G. We assumed that the magnetic field decreases
proportional to r�3, so that the magnetic field at the RSF-H
resonance is smaller than B0. The location of the RSF-H
resonance and the corresponding magnetic field are r ¼
5� 108 cm and B ¼ 8� 108 G, respectively, at the pre-
supernova stage. They are r ¼ 8� 108 cm and B ¼ 2�
108 G at t ¼ 4 s after the explosion. Here we discuss the
magnetic field at the RSF-H resonance.

We roughly estimate the adiabaticity of the RSF-H
resonance. The adiabaticity parameter of the RSF-H reso-
nance �RSF-H is described as (e.g., [20])

�RSF-H� 8E�

�m2
31

ð�e�B?Þ2
��������
dlnð�ð1�2YeÞÞ

dr

��������
�1

RSF-H
: (25)

The adiabaticity is proportional to B2
?. We obtained that

the adiabaticity of the RSF-H resonance in this study is
about 10. We evaluate the survival probability of ��e in the
SN ejecta as a function of the transverse magnetic field
strength. Here we assumed the normal mass hierarchy,
sin22�13 ¼ 0:04, and the neutrino energy of 20 MeV. We
used the SN density profile at t ¼ 4 s and set the electron
fraction in the innermost region of 0.49. Figure 13 shows
the survival probability of ��e with the relation to the
magnetic field. The survival probability of ��e should be
0.01 and 0.71 when the RSF-H resonance is adiabatic and
nonadiabatic, respectively. We see that the resonance is
adiabatic in the case of B0 > 5� 1010 G. The adiabatic

condition for the magnetic field at the RSF-H resonance is
B> 4� 108 G at the presupernova stage and B> 1�
108 G at t ¼ 4 s after the explosion.
We note that the adiabatic condition of the neutrino

magnetic moment �e� is derived from the proportionality
of �RSF-H to ð�e�BÞ2. The RSF-H resonance in this study is
adiabatic in the case of ð�e�=�BÞB0 > 5� 10�2 G. Since
we set B0 to be 1� 1011 G, the adiabatic condition of the
RSF-H resonance on the neutrino magnetic moment is
�e� > 5� 10�13�B. Thus, an effect of the RSF conver-
sion could be observable in the neutrino spectra if the
neutrino magnetic moment is larger than 5� 10�13�B.
We should also note that this constraint strongly depends
on the model of the magnetic field in the RSF-H resonance.
The evolution of the magnetic field distribution of mas-

sive stars was estimated in [16]. Azimuthal magnetic mo-
ment B� is dominated in radiative layer. The magnetic field

B� is roughly constant in carbon core at carbon ignition.

The magnetic field becomes larger than B� � 107 G. It

becomes 5� 107 G in the Si depletion stage and 5�
109 G at the presupernova stage. The magnetic field at
the RSF-H resonance in our model is between the two
values of the magnetic field. Therefore, the RSF-H reso-
nance would be adiabatic if the transition magnetic mo-
ment is on the order of 10�12�B.
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We note that small dependence of the azimuthal mag-
netic field in carbon core may make the RSF-X and RSF-L
resonances adiabatic. The resonance densities of the RSF-
X and RSF-L resonances are larger than the resonance
density of the MSW-H resonance, and these resonances
are inside the carbon core. If the magnetic field of the
carbon core is �107 G or more, flavor change by the
RSF-X and/or RSF-L resonances may occur. On the other
hand, if the magnetic field is different among individual
layers, the RSF-X and RSF-L resonances would be non-
adiabatic because of small magnetic field.

We also note that the adiabaticities of the RSF reso-
nances would depend on the neutrino emission angle from
the rotation axis. If azimuthal magnetic field is dominated,
the RSF conversion is insensitive to the neutrino emission
direction. On the other hand, if dipole magnetic field is
dominated and the axes of rotation and dipole magnetic
field are the same, the RSF conversion strongly depends on
the neutrino emission direction. The neutrinos emitting to
the equatorial direction are affected by the RSF conversion
most effectively.

Neutron stars having very strong magnetic field B�
1014 G are called magnetars. Although magnetar forma-
tion is still unsolved, magneto-driven SN is considered to
be a promising formation process. Magnetohydro-
dynamical simulations of such SNe have been performed
(e.g., [52–54]). When a rotating massive star collapses, a
very strong magnetic field is formed along the rotational
axis and a jet is launched. The magnetic field becomes
larger than �1014 G in the jet. If the density in the polar
region becomes low after the jet and the magnetic field is
still strong, the RSF conversion could change neutrino
flavors. However, the flavor change may be different
from our proposition because the structure of the density
and electron fraction can be quite different from our model.

C. Effect of neutrino-neutrino interaction

Neutrino flavor change by neutrino-neutrino interaction
is now one of the hot topics in the study of neutrino
oscillation. Neutrino flux in hot-bubble and wind regions
of a SN is so large that the effect of the neutrino-neutrino
interaction potential becomes larger than that of the
neutrino-electron interaction. The final neutrino energy
spectra changed by this interaction strongly depend on
the initial neutrino energy spectra and neutrino flux (e.g.,
[55–59]). The flavor change occurs in the radius of
�107 cm, i.e., in more inner region than the RSF-H reso-
nance. Thus, the neutrino energy spectra after the neutrino-
neutrino interaction can be treated as the initial neutrino
spectra for the RSF conversion.

The flavor change by neutrino-neutrino interaction is
complicated, so that it would be quite difficult to expect
the final neutrino energy spectra taking into account the
neutrino-neutrino interaction and the RSF conversion.
However, we can expect the final neutrino energy spectra

in the case of classical swap (e.g., [56–58]). In normal mass
hierarchy there is no effect by neutrino-neutrino interac-
tions. In this case our result is used without any modifica-
tions. In inverted mass hierarchy, neutrino energy spectra
split at a definite energy and antineutrino energy spectra
swap or split at a smaller energy. If the RSF-H resonance is
adiabatic, the ��e spectrum shifts to the low energy side in
Ye > 0:5, and the enhancement of rL=H will be seen in the

time variation of the neutrino event. On the other hand, the
shock effect on the MSW effect will be seen as the reduc-
tion of rL=H when the classical swap is taken. Therefore,

the effect of the RSF conversion will be distinguished from
the MSW effect.

V. SUMMARY

The electron fraction Ye becomes larger than 0.5 in
several seconds in the innermost region including the
location of the RSF-H resonance in SN ejecta. We inves-
tigated the RSF conversion effects of SN neutrinos on the
electron fraction in the SN ejecta. The obtained results and
discussions are summarized as follows.
(i) The converting flavors in the RSF-H resonance are

different between Ye < 0:5 and Ye > 0:5 in the RSF-
H resonance region. In a normal (an inverted) mass
hierarchy case, the flavor conversion occurs at the
RSF-H resonance for ��e $ ��;� (�e $ ���;�) in the

case of Ye < 0:5 and for �e $ ���;� ( ��e $ ��;�) in

the case of Ye > 0:5.
(ii) When there is a region of Ye > 0:5 including the

RSF-H resonance, the ratio of low energy compo-
nent to high energy component of the neutrino event
shows a trend opposite to the one in the case of the
RSF-H resonance with Ye > 0:5.

(iii) Detailed simulations of SN explosions have indi-
cated that the electron fraction in the innermost
region becomes larger than 0.5 in a few seconds
and it becomes smaller than 0.5 afterwards. In the
normal mass hierarchy, the energy ratio rL=H slightly

enhances in the period of Ye > 0:5 and it changes to a
small constant value afterwards. In an inverted mass
hierarchy, rL=H becomes small first and it changes to

a large constant value.
(iv) The adiabaticity of the RSF-H resonance is propor-

tional to ð�e�B?Þ2. Azimuthal magnetic field at the
presupernova stage would be large enough to make
the RSF-H resonance adiabatic. The magnetic mo-
ment of �e� > 5� 10�13�B would produce an ob-
servable effect on the RSF conversion when we set
B0 equal to 1� 1011 G.
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