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Resonant spin-flavor conversion of supernova neutrinos: Dependence on presupernova model
and future prospects
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We study the resonant spin-flavor~RSF! conversion of supernova neutrinos, which is induced by the inter-
action between the nonzero neutrino magnetic moment and the supernova magnetic fields, and its dependence
on presupernova models. As the presupernova models, we adopt the latest ones by Woosley, Heger, and
Weaver, and, further, models with both solar and zero metallicity are investigated. Since the (122Ye) profile
of the new presupernova models, which is responsible for the RSF conversion, suddenly drops at the resonance
region, the completely adiabatic RSF conversion is not realized, even ifmnB05(10212mB)(1010 G), whereB0

is the strength of the magnetic field at the surface of the iron core. In particular for the model with zero
metallicity, the conversion is highly nonadiabatic in the high energy region, reflecting the (122Ye) profile of
the model. In calculating the flavor conversion, we find that the shock wave propagation, which changes
density profiles drastically, is a much more severe problem than it is for the pure Mikheyev-Smirnov-
Wolfenstein~MSW! conversion case. This is because the RSF effect occurs at a far deeper region than the
MSW effect. To avoid the uncertainty concerning the shock propagation, we restrict our discussion to 0.5 s
after the core bounce~and for more conservative discussion, 0.25 s!, during which the shock wave is not
expected to affect the RSF region. We also evaluate the energy spectrum at the Super-Kamiokande detector for
various models using the calculated conversion probabilities, and find that it is very difficult to obtain useful
information on the supernova metallicities and magnetic fields or on the neutrino magnetic moment from the
supernova neutrino observation. Future prospects are also discussed.

DOI: 10.1103/PhysRevD.68.023003 PACS number~s!: 95.85.Ry, 13.40.Em, 14.60.Pq, 97.60.Bw
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I. INTRODUCTION

A core-collapse supernova explosion is one of the m
spectacular events in astrophysics; 99% of its gravitatio
binding energy is released as neutrinos, and only 1% as
kinetic energy of the explosion. Therefore, neutrinos play
essential role in supernovae, and their detection by grou
based large water Cˇ erenkov detectors, such as Sup
Kamiokande ~SK! and Sudbury Neutrino Observator
~SNO!, would provide valuable information not only on su
pernova physics but also on the nature of neutrinos. Wha
can learn from the next galactic supernova has been con
ered in many articles~for a review, see Ref.@1#!. For ex-
ample, we can constrain the properties of neutrino osc
tions, such as the mixing angle between the first and th
mass eigenstates (u13), and the mass hierarchy@normal
(m1!m3) or inverted (m1@m3)# @2,3#.

In addition to the nonzero neutrino masses and mix
angles, the nonzero magnetic moment is of a different na
for neutrinos beyond the standard model of particle phys
and has attracted a great deal of attention from many th
retical and experimental physicists. If neutrinos have a n
zero magnetic moment, it leads to precession between
and right-handed neutrinos in sufficiently strong magne
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fields@4,5#. In general, nondiagonal elements of the magne
moment matrix are possible and neutrinos can be chan
into different flavors and chiralities@6,7#. Furthermore, with
the additional effect of coherent forward scattering by mat
neutrinos can be resonantly converted into those with dif
ent chiralities@8–10# by a mechanism similar to the well
known Mikheyev-Smirnov-Wolfenstein~MSW! effect @11–
13#. This resonant spin-flavor~RSF! conversion induced by
the neutrino magnetic moment in strong magnetic fields w
first introduced to solve the solar neutrino problem, and
tually gave the best fit solution before the KamLAND res
@14#. However, the recent KamLAND experiment@15# has
shown that the large mixing angle MSW solution is the m
favorable one; the RSF mechanism is suppressed at the
dominant level. From the KamLAND negative results for t
solar antineutrino search, an upper bound on the neut
magnetic moment is obtained,mn&1310212mB , wheremB
is the Bohr magneton@16#. This upper bound is comparabl
to the most stringent limit from the stellar cooling argume
mn&(1 –4)310212mB @17#.

Although the RSF mechanism does not work at a do
nant level in the Sun, it may occur efficiently in a dens
environment with stronger magnetic field, which is actua
expected in the case of core-collapse supernovae. The
conversion mechanism in supernovae has been investig
by many authors@8–10,18–26#. Among them, Ando and
Sato@26# studied the RSF effect using a three-flavor form
lation with the latest oscillation parameters, and pointed
©2003 The American Physical Society03-1
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that the combination of the MSW and RSF effects makes
crossing scheme very interesting to investigate. They sho
that until 0.5 s after the core bounce the RSF-induc

n̄e↔nt transition occurs efficiently, when mn

*10212mB(B0/53109 G)21, whereB0 is the strength of the
magnetic field at the surface of the iron core.

The effective matter potential for the RSF conversion
given in a form proportional to the value of (122Ye), where
Ye is the electron number fraction per nucleon. Thus,
deviation of the value ofYe from 0.5 in the stellar envelope
is quite important, and this value is strongly dependent
the isotopic composition. Since this deviation is determin
by rarely existent nuclei, an accurate estimate of this de
tion is quite difficult. Therefore, the astrophysical uncertain
in (122Ye) should be discussed. This point was first inve
tigated by Totani and Sato@23#. However, their treatmen
was based on a two-flavor formulation with the large unc
tainties concerning the mixing parameters of those da
Therefore, we need definitive investigations using the thr
flavor formulation with the latest presupernova models
well as the recently determined neutrino parameters.

In this paper, we study the RSF conversion mechan
using the three-flavor formulation with the latest neutri
mixing parameters. In particular, we investigate the dep
dence on presupernova models; we use the latest 15M (

model by Woosleyet al. @27#, and compare the results wit
those obtained with the previous progenitor model by Wo
ley and Weaver@28#, which was also adopted in the calcul
tions of Ando and Sato@26#. It is also expected that the valu
of (122Ye) strongly depends on the stellar metallicity, a
hence we use the 15M ( model with two different metallici-
ties, solar and zero metallicity, and the metallicity effect
investigated.

Throughout this paper, we adopt the realistic neutr
mixing parameters inferred from the recent experimental
sults: for the atmospheric neutrino parameters,Dm13

2 52.8
31023 eV2,sin22u2351.0, and for the solar neutrino param
eters,Dm12

2 55.031025 eV2,tan2u1250.42. As for the still
uncertain parameteru13, we assume sin22u1351026,1 and
we also assume a normal mass hierarchy. For the elemen
the neutrino magnetic moment matrixm i j , where i and j
denote the flavor eigenstates of the neutrinos, i.e.,e,m, and
t, we assume that all the values ofm i j are near the curren
upper limit, orm i j 510212mB .

The remainder of this paper is organized as follows.
Sec. II, we give the formulation used in our calculatio
which includes all three-flavor neutrinos and antineutrin
and from the formulation a level crossing diagram, whi
enables us to understand the conversion scheme intuiti
is introduced. In Sec. III, the presupernova model we ad
in our calculations is illustrated, and the results of numeri
calculations are shown in Sec. IV. Finally, detailed disc
sions of the model uncertainties and of whether we can

1As already shown in Ref.@26#, the dependence of the detecte
event on the parameteru13 is very weak, and even if we assume
large value ofu13, the results do not change.
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tain, at present or in the future, useful information on phy
cal and astrophysical quantities are presented in Sec. V.

II. FORMULATION AND LEVEL CROSSING SCHEME

A. Interaction with matter and magnetic fields

The interaction of the magnetic moment of neutrinos a
magnetic fields is described by

^~n i !RuH intu~n j !L&5m i j B' , ~1!

whereB' is the magnetic field transverse to the direction
propagation, and (n)R and (n)L are the right- and left-hande
neutrinos, respectively. If neutrinos are Dirac particles, rig
handed neutrinos and left-handed antineutrinos are unde
able~sterile neutrinos!, since they do not interact with matte
On the other hand, if neutrinos are Majorana particles,nR’s
are identical to antiparticles ofnL’s and interact with matter.
In this paper, we assume that neutrinos are Majorana
ticles. The diagonal magnetic moments are forbidden
Majorana neutrinos, and therefore only conversion betw
different flavors is possible, e.g., (n̄e)R↔(nm,t)L .

Coherent forward scattering with matter induces an eff
tive potential for neutrinos, which is calculated using we
interaction theory. The effective potential due to scatter
with electrons is given by

V6656A2GFS 6
1

2
12 sin2uWDne , ~2!

where ne is the electron number density,GF is the Fermi
coupling constant, anduW is the Weinberg angle. The6 sign
in front refers ton(1) andn̄ (2) and that in the parenthese
to ne(1) andnm,t (2). The difference betweene andm,t
neutrinos comes from the existence of charged-current in
action. The subscript66 of V refers to the first and the
second6 sign. The ordinary MSW effect betweenne and
nm,t is caused by the potential differenceVe2Vm,t5V11

2V125A2GFne . To include the RSF effect, which cause
conversion between neutrinos and antineutrinos, we sho
take into account the neutral-current scattering by nucleo

V5A2GFS 1

2
22 sin2uWDnp2A2GF

1

2
nn , ~3!

wherenp ,nn are the proton and neutron number density,
spectively. For neutrinos we add1V to the potential and for
antineutrinos2V. Therefore, the RSF conversion betwe
n̄e andnm,t obeys the potential difference

DV[Vē2Vm,t5~V212V!2~V121V!

5A2GF

r

mN
~122Ye!, ~4!

where r is the density,mN is the nucleon mass, andYe
5ne /(ne1nn) is the number of electrons per baryon.@When
we obtained Eq.~4!, we assumed charge neutralityne
5np .]
3-2
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B. Three-flavor formulation

The time evolution of the flavor mixing, which include
all three-flavor neutrinos and antineutrinos, is described
the Schro¨dinger equation
e
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dr S n

n̄
D 5S H0 B'M

2B'M H̄0
D S n

n̄
D , ~5!

where
n5S ne

nm

nt

D , n̄5S n̄e

n̄m

n̄t

D , ~6!

H05
1

2En
US 0 0 0

0 Dm12
2 0

0 0 Dm13
2
D U†1S V111V 0 0

0 V121V 0

0 0 V121V
D , ~7!

H̄05
1

2En
US 0 0 0

0 Dm12
2 0

0 0 Dm13
2
D U†1S V212V 0 0

0 V222V 0

0 0 V222V
D , ~8!

U5S Ue1 Ue2 Ue3

Um1 Um2 Um3

Ut1 Ut2 Ut3

D 5S c12c13 s12c13 s13

2s12c232c12s23s13 c12c232s12s23s13 s23c13

s12s232c12c23s13 2c12s232s12c23s13 c23c13

D , ~9!

M5S 0 mem met

2mem 0 mmt

2met 2mmt 0
D , ~10!
utri-

t

nd
the
s

ne.
and ci j 5cosuij , si j 5sinuij . @We assume theCP phased
50 in Eq. ~9! for simplicity.#

Resonant flavor conversion occurs when two diagonal
ements of the matrix in Eq.~5! have the same value. Ther
are five such resonance points, which are forne↔nm ~MSW-
L!, ne↔nt ~MSW-H!, n̄e↔nm ~RSF-L!, n̄e↔nt ~RSF-H!,
and n̄m↔nt conversions. The suffixes ‘‘-L’’ and ‘‘-H’’ at-
tached to ‘‘MSW’’ and ‘‘RSF’’ indicate whether the densit
at the resonance points is lower or higher. Hereafter, we
glect then̄m↔nt conversion, since it is always nonadiaba
and including it further complicates the discussion.

Figure 1 shows the level crossing diagram, which we
troduced in our previous paper@26#, to understand the flavo
conversions described by Eq.~5! intuitively. The figure
clearly includes not only the ordinary MSW resonances
also the RSF effects, and it is expected that the combi
effect of MSW and RSF makes this scheme very interes
to investigate. For instance, when MSW-L and RSF-H
adiabatic and the others are nonadiabatic~this case is actu-
ally expected ifu13 is small and the magnetic field is suffi
ciently strong!, conversions such asne→n2 , nm8 →n1 , nt8

→ n̄1 , n̄e→n3 , n̄m8 → n̄2, and n̄t8→ n̄3 occur. We can easily
predict this sort of conversion scheme from Fig. 1, when
the resonances are either completely adiabatic or comple
l-

e-

-

t
d
g
e

ll
ly

FIG. 1. Schematic illustration of level crossings, wheren1,2,3

andn̄1,2,3 represent the mass eigenstates of neutrinos and antine

nos in matter, respectively, andnm,t8 andn̄m,t8 the mass eigenstates a

production, which are superpositions ofnm and nt or n̄m and n̄t .
There are four resonance points, MSW-L, MSW-H, RSF-L, a
RSF-H. Adiabatic conversion means that the neutrinos trace
solid curve at each resonance point~i.e., the mass eigenstate doe
not flip!, while nonadiabatic conversion is shown by the dotted li
3-3
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nonadiabatic; for the intermediate cases we have no ch
but to trust numerical calculations.

III. PRESUPERNOVA MODELS

A. Density and Ye profiles

In this subsection, we discuss the several presupern
models that we adopt in our transition calculations. In a p
vious paper@26#, we used only the presupernova model
Woosley and Weaver@28#, which is for 15M ( and solar
metallicity ~hereafter W95S, where ‘‘S’’ denotes solar meta
licity !. However, we should investigate the dependence
adopted presupernova models with various metallicities. T
is because the RSF conversion is very sensitive to the de
tion of Ye from 0.5@see Eq.~4!#, which strongly depends on
the metallicities as well as on the weak interaction ra
adopted in the simulation of stellar evolution.

In this study, we adopt the latest presupernova models
Woosley et al. @27# with both solar and zero metallicities
W02S and W02Z~‘‘Z’’ denotes zero metallicity!. Figures 2
and 3 show density profiles~upper panel! or rYe , which is
responsible for MSW, andur(122Ye)u for RSF, and the
composition of each element~lower panel!, for the W02S
and W02Z models, respectively. In the upper panels of b
figures, we also showD12[mNDm12

2 cos 2u12/2A2GFEn and
D13[mNDm13

2 cos 2u13/2A2GFEn as two horizontal bands
~the bandwidth comes from the energy range 5–70 MeV!. At
intersections betweenD12,D13 and r(122Ye),rYe , the
RSF and MSW conversions take place.

For the W02S model, the region where RSF-H occurs
the silicon burning shell, in which (122Ye) suddenly drops,

FIG. 2. Presupernova profiles~W02S! used in our calculations
taken from Ref.@27#. Upper panel: The density andYe combination
that is responsible for the RSF conversions@ ur(122Ye)u, solid
curve#, and that for the MSW conversions (rYe , dashed curve!.
Two horizontal bands representD12 and D13 ~these definitions are
given in the text!; at the intersections between them and the pro
curves, the RSF and MSW conversions occur. Lower panel:
mass fraction of the various elements.
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in contrast with RSF-L, wherer(122Ye) gradually
changes. On the other hand, for the W02Z model,
22Ye) suddenly becomes exactly zero at the boundary
tween Si1 O and O1 Ne 1 Mg layers, and this tendenc
continues to the He layer because of the lack of heavy nuc
which cause the deviation ofYe from 0.5. In consequence
both the RSF-H and RSF-L conversions are expected to
highly nonadiabatic, as discussed in more detail in Sec.
Note that therYe profiles of the two different models agre
well with each other, which clearly indicates that the ord
nary MSW conversions are not noticeably affected by
value ofYe .

In Fig. 4, we compare theur(122Ye)u profile of the
W02S model with that of the W95S model, which wa

e
e

FIG. 3. The same as Fig. 2, but for the W02Z model.

FIG. 4. Theur(122Ye)u profiles, which are responsible for th
RSF conversions, for the W02S~solid curve! and W95S~dashed
curve! models.
3-4
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adopted in previous publications including Ref.@26#. The
difference comes from the included weak interaction ra
for nuclei. In the latest model W02S, a recent shell mode
included in the calculations and results in substan
revisions to the older data set in the W95S model~see Ref.
@29# for a detailed discussion!. As a result, the value o
(122Ye) decreases by a few orders of magnitude betw
the He and Si1 O shells. Particularly with the new mode
W02S, there is a sudden drop ofr(122Ye) when the
RSF-H conversion occurs, in contrast with the gradual
crease in the case of the W95S model. Since the adiabat
of the resonance is reciprocal to the gradient of the logar
mic value ofr(122Ye), the RSF conversion is expected
be less efficient than that with W95S given in Ref.@26#.

Although we use static progenitor models in calculati
the flavor transition, in fact the density profile changes dr
tically during a neutrino burst (;10 s) owing to shock wave
propagation, and we should use the time-dependent pro
@30#. Unfortunately, however, supernova explosion mec
nisms are still controversial, and there is no reliable mo
that precisely describes the time-dependent density andYe
profiles. Further, there is also a large uncertainty concern
the magnetic field structure which is affected by the sho
wave propagation. Therefore, from this point on, we confi
our discussion to 0.5 s after core bounce, since in that c
using the static presupernova and magnetic field mode
considered to be a good approximation@26#. This is based on
the numerical calculation by Takahashiet al. @31#, the only
authors having succeeded in shock propagation to the o
envelope. Although we cannot trust the details of their res
without any doubt, the choice of the time scale during wh
the shock effect can be neglected is expected to be rea
able. In addition, for more conservative discussions, we a
give calculations during first 0.25 s.

B. Magnetic fields

We assume that the global structure of the magnetic fi
is a dipole moment and the field strength is normalized at
surface of the iron core with the values of 108 and 1010 G.
The reason for this normalization is as follows. The magne
fields should be normalized by fields that are static and e
before the core collapse, because those of a nascent ne
star can hardly affect the far outer region, where the R
conversions take place, within the short time scale of a n
trino burst. As discussed in the previous subsection, since
shock wave does not affect the resonance region at&0.5 s
after bounce, it is also expected that the magnetic field st
ture and strength at the resonance points are not serio
changed at that time. The strength of such magnetic fie
above the surface of the iron core may be inferred fr
observations of the surface of white dwarfs, since both
sustained against gravitational collapse by the degene
pressure of electrons. Observations of the magnetic field
white dwarfs show that the strength spreads in a wide ra
of 107–109 G @32#. Considering the possibility of the deca
of magnetic fields in white dwarfs, it is not unnatural
consider magnetic fields up to 1010 G at the surface of the
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iron core. Then, in Eq.~5!, B'5B0(r 0 /r )3sinQ, whereB0 is
the strength of the magnetic field at the equator on the i
core surface,r 0 the radius of the iron core, andQ the angle
between the pole of the magnetic dipole and the direction
neutrino propagation. Hereafter, we assume sinQ51.

IV. RESULTS

A. Conversion probabilities

We calculated Eq.~5! numerically with the adopted mod
els given in Sec. III, and obtained the conversion probab
ties for each flavor. Among them, we show in Fig. 5 those

thenm→ n̄e transition for various presupernova models in t
case ofB051010 G. ~This conversion channel is essential
order to discuss the efficiency of the RSF effects.!

For the W02S model, Fig. 5~a! shows that the conversio
betweennm,t and n̄e occurs at a radius independent of e
ergy, and becomes adiabatic as the energy increases;
character reflects ther(122Ye) profile given in Fig. 2,
which shows a sudden drop in the RSF-H region.

The behavior changes dramatically when the metallicity
zero, or for the W02Z model. In this case, as shown in F
5~b!, the transition is completely adiabatic at low energ
however, once the energy is increased beyond some cri
value, the conversion abruptly becomes almost comple
nonadiabatic. This tendency also reflects the character
profile in Fig. 3.

The flavor transition occurs most efficiently in the case
the W95S model as shown in Fig. 5~c!, which indicates the
most moderate profile at each resonance point~see the

FIG. 5. Conversion probabilityP(nm→ n̄e) as a function of ra-
dius forB051010 G. The probabilities calulated with the W02S~a!,
W02Z ~b!, and W95S~c! models are plotted.
3-5
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dashed curve in Fig. 4!.2 With a sufficiently strong magnetic
field B051010 G, thenm→ n̄e transition is almost completely
adiabatic over the entire energy range.

For all these three models, it appears that the RSF-L c
version does not play any role. This is because for the W
and W95S models RSF-L occurs farther out than RSF
where the magnetic field strength is not large enough to
duce adiabatic conversions. On the other hand, for the W
model, the RSF-L occurs in the same place as RSF-H;
magnetic field strength is also the same for these two re
nances. In this case, however, the very abrupt drop of
r(122Ye) profile at RSF-L strongly suppresses efficient fl
vor conversions.

At the end of this subsection, we focus on the decreas
the conversion probability at*0.1R( which can be seen in
Fig. 5. This does not indicate any resonances but is me
an effect of flavor mixings. At such a deep region in t
supernova envelope as&0.1R( , the n̄e’s propagate like the
mass eigenstates owing to the large matter potential; then̄e’s
do not mix with the other flavor antineutrinos in this regio
As they propagate to a radius that is larger than;0.1R( , the
matter potential becomes smaller; at this stage then̄e’s are
not the mass eigenstates at all, and mixing with the ot
flavor antineutrinos occurs. This effect induces the decre
at *0.1R( seen in Fig. 5.

B. Energy spectrum at the Super-Kamiokande detector

With the conversion probabilities given in the previo
subsection and the original neutrino spectrum emitted fr
the supernova core, we can calculate the flux of each fla
neutrino. From this point on, we assume that the distanc
the supernova is 10 kpc. As the original neutrino spectru
we adopt the results by two groups: the Lawrence Liverm
group @33# and Thompsonet al. @34#. The Livermore spec-
trum @33# resulted from a calculation with 20M ( progenitor
models, and we label it LL20. Recently, that calculation h
been criticized, since it lacks relevant neutrino proces
such as neutrino bremsstrahlung and neutrino-nucleon s
tering with nucleon recoils, which were not recognized to
important at the date of calculation. However, since there
no other successful simulations of a supernova explosio
is premature to conclude that their result is no longer relia
and we adopt their results. On the other hand, Thomp
et al. @34# calculated for three different mass progenito
11M ( , 15M ( , and 20M ( , and we label the model
TBP11, TBP15, and TBP20, respectively. Although they
not succeed in simulating the explosion and their data en
0.25 s after the core bounce, they included all the relev
neutrino processes in their calculations.

Using the flux of each flavor neutrino on the Earth a
cross sections of the relevant neutrino interactions at SK,

2Actually, the results for the W95S model are taken from previo
calculations~Ref. @26#! with a slightly different mixing parameter
tan2u1250.34 instead of 0.42 in the new calculations. Howev
note that the difference due to the parameter choice is quite sm
as shown in the next subsection.
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can calculate the expected event numbers from future ga
tic supernova neutrino bursts. SK is a water Cˇ erenkov detec-
tor with 32 ktons of pure water, based at Kamioka in Jap
The relevant interactions of neutrinos with water are

n̄e1p→e11n ~CC!, ~11!

ne1e2→ne1e2 ~CC and NC!, ~12!

n̄e1e2→ n̄e1e2 ~CC and NC!, ~13!

nx1e2→nx1e2 ~NC!, ~14!

ne1O→e21F ~CC!, ~15!

n̄e1O→e11N ~CC!, ~16!

where CC and NC stand for charged- and neutral-curr
interactions, respectively. SK has restarted observation w
lower performance, finishing the repair of the unfortuna
accident which occurred on 12th November 2001. The eff
of the accident on its performance is expected not to be
rious for supernova neutrinos, because the fiducial volu
does not change, and the threshold energy change~from 5
MeV to about 7–8 MeV! influences the event number ver
little. Although the energy resolution will become aboutA2
times worse, it does not matter for our considerations. In
calculations, we used the energy threshold and the en
resolution after the accident, or in the so-called SK-II pha
For the cross section of the most relevant interaction
~11!, we referred to the recent result by Strumia and Viss
@35#, and for the other processes we adopted the same
as in Ref.@26#. As a result, the expected events decreased
;10% in contrast with the previous calculation in Ref.@26#

under the same conditions but for then̄ep reaction cross
section.

The expected event number per unit energy range
shown in Figs. 6 and 7. Figure 6 shows the energy spect
of electrons~positrons! for the first 0.5 s with the LL20
model, which was obtained by conversion calculation w
the W02S and W95S presupernova models. When the m
netic field is not strong,B05108 G, the RSF conversions ar
absent, leading to an energy spectrum independent of
presupernova model.~The slight difference between the tw
models comes from the difference in the adopted mix
angle, i.e., tan2u1250.42 for W02S and 0.34 for W95S.! On
the other hand, when the magnetic field is sufficiently stro
B051010 G, the energy spectrum is very sensitive to t
adopted presupernova model, reflecting the results of con
sion probabilities, Fig. 5. Since the flavor conversions are
as efficient in the case of the calculations with the W0
model as those with the W95S model, the expected ene
spectrum with the W02S model is not as hard as that with
W95S model.

Figure 7 shows the energy spectrum at SK, obtained us
the W02S and W02Z models withB05108,1010 G. Figure
7~a! is that for the LL20 model and Fig. 7~b! is for the
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TBP20 model; the shapes of the spectra from the o
TBP11 and TBP15 models are almost the same as that
the TBP20 model, although the absolute value is differe
When B05108 G, because the RSF conversions are abs
and pure MSW flavor transitions occur, the energy spectr
the two models W02S and W02Z are degenerate. For
W02Z model withB051010 G, since efficient flavor conver
sions occur at low energies but not in the high energy reg
the event numbers are suppressed only in the low en

FIG. 6. Energy spectrum of electrons~positrons! at SK for the
first 0.5 s, obtained using the W02S and W95S presupernova m
els withB05108,1010 G. The original spectrum of LL20 is adopted

FIG. 7. Energy spectrum of electrons~positrons! at SK obtained
using the W02S and W02Z presupernova models withB0

5108,1010 G. ~a! The LL20 model for the first 0.5 s.~b! The
TBP20 model for the first 0.25 s.
02300
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region and high energy tail is almost the same as that w
B05108 G. Since the average energy difference between
n̄e’s and nm,t’s is not prominent for the TBP models, th
difference between energy spectra with various presupern
models is suppressed, compared with the LL20 model, p
ticularly in the high energy tail.

V. DISCUSSION

A. What can we learn about the RSF effect
from the neutrino signal?

In the previous section, it was shown that the RSF c
version strongly depends on the presupernova models
various metallicities. The behavior of the flavor mixing in th
supernova envelope is very different from one presupern
model to another, and they indicate various profiles in sup
novae such as magnetic field strength and the value o
22Ye) at the resonance points as well as the neutrino m
netic moment. Unfortunately, however, what we can obse
is the energy spectrum of electrons~positrons! at detectors
on the Earth alone, and much information on the detai
character is lost, and therefore we can obtain only rat
rough characteristics in principle. Here, we use as a sim
indicator of the RSF conversions the following quantity:

RSK5
number of events forEe.25 MeV

number of events forEe,20 MeV
. ~17!

The values ofRSK for various models are summarized
Table I. Even if we use the data for the first 0.25 or 0.5 s
appears that statistically sufficient discussions are possib

In practice, to make matters worse, there is a large un
tainty concerning the original neutrino spectrum emitted
the core collapse; actually the values ofRSK are very differ-
ent between the LL20 and TBP20 models~see Table I!. Thus,
we must reduce the systematic errors of the models in
cussing the RSF effect from the energy spectrum obtain
At present, however, this problem is very difficult and the
is no way but to wait for the future development of nume
cal simulation of supernova explosions. Therefore,
present, it is very difficult to say even whether the RSF eff
actually occurred or not.

If the systematic errors concerning the original neutri
spectrum are considerably reduced by future developmen
numerical simulations, it is expected that useful implicatio
for the RSF mechanism will be obtained from the value

d-

TABLE I. The values ofRSK for various models. Attached error
are statistical ones at the 1s level.

B05108 G B051010 G
Model W02S W02Z W02S W02Z

LL20 ~0.5 s! 0.5960.02 0.5960.02 0.9660.04 0.7260.03
LL20 ~0.25 s! 0.4160.03 0.4160.03 0.7160.04 0.5260.03
TBP20 0.2560.02 0.2560.02 0.3560.03 0.3260.03
TBP15 0.2160.03 0.2160.03 0.3360.04 0.2760.03
TBP11 0.2260.03 0.2260.03 0.3560.03 0.2860.03
3-7
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RSK. Therefore, at the end of this subsection, we discus
what extent we can learn from the observed neutrino sig
assumingthat the systematic errors are much reduced. If
magnetic field or the neutrino magnetic moment is too sm
to induce adiabatic RSF conversions, the metallicity of p
supernova stars is not detectable as shown in the second
third columns of Table I. On the other hand, in the case o
strong magnetic field likeB051010 G, the value ofRSK be-
comes larger than that forB05108 G at the*(2 –3)s level,
which is a statistically meaningful number. However, it
very difficult to estimate the metallicity of the presuperno
star, because the value ofRSK sensitively depends on th
value of B0, when it is larger than 109 G as shown in Ref.
@26#. Consequently, even if the systematic errors were c
siderably reduced in the future, all we could say concern
the RSF effect from the galactic supernova neutrino bu
would be at most that the RSF conversions have occurre
not. Other detailed discussion concerning various quant
such as the magnetic field strength, supernova metalli
and neutrino magnetic moment would not be accessible.

B. Future prospects

In the near future, it is expected that the many uncerta
ties which complicate the observations of the RSF conv
sion will be much reduced. These uncertainties are, e.g.
neutrino magnetic moment, the supernova magnetic fi
structure, and the metallicity of the supernova.

If KamLAND receives a positive signal for the appea
ance of solarn̄e , then it indicates that the spin-flavor con
version of theMajorana neutrino actually occurs inside th
Sun, and from the data we can obtain implications for
nonzero value of the neutrino magnetic moment. Actually
the Sun the relevant RSF conversion isne↔ n̄m,t , whereas in
supernovae it isn̄e↔nm,t . However, if the neutrinos are
Majorana particles, the absolute values of the transition m
netic moments, which are responsible for the above two p
cesses, are the same~the sign is different;m i j 52m j i ). Thus,
depending on the value that is observed by the solar ne
nos, it can easily be estimated whether the RSF effect is
relevant conversion process for the supernova neutrinos;
ther, if it is the relevant process, the magnetic field stren
itself, not the combinationmnB, at the resonance points ca
be inferred. From future KamLAND results we can constra
only one of the magnetic moment tensor elements, wh
consist of three independent quantities, but we need all th
values for the supernova case. Yet that information, if ac
ally obtained, would be helpful for the estimation of oth
values and very useful.

As for the metallicity, we will obtain useful inference
from astrophysical discussions. The lifetime of massive s
which end their life by gravitational collapse is much shor
than that of the Sun, and the progenitors of observed su
novae are, therefore, younger. Consequently, the metall
of the galactic supernovae is expected to be at least the
abundance or more metal rich. If the metallicity is high
than that of the Sun, the suppression of (122Ye) will be
weaker and the RSF conversion will incline to be more ad
batic. On the other hand, the large and small Magella
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clouds are known to be very metal-poor systems@36,37#.
Thus, the determination of the explosion site will provid
several rough estimations of the metallicity. Even though
explosion occurred in an optically thick environment such
the galactic center, the detected neutrinos alone could lo
the supernova precisely; from the event number the dista
to a supernova will be inferred, and from the event distrib
tion the supernova direction can be determined@38#.

Another object that is related to the metallicity effect
the supernova relic neutrino~SRN! @39,40#. Because the
SRN is the accumulation of neutrinos from all the past
pernovae, the SRN includes neutrinos from supernovae w
quite low metallicity in the early phase of galaxy formatio
Recently, the SK collaboration released the first result
their search for the SRN signal@41#, and it is only about a
factor of 3 larger than the theoretical predictions by An
et al. @39#. Data accumulation for several more years may
decisive for actual detection and setting a severe constr
on the SRN flux. However, because the totally tim
integrated neutrino spectrum during the neutrino burst
needed for the SRN calculation, it is very difficulty to es
mate the SRN flux including the RSF effect, which is a
fected by the time-dependent density and magnetic field p
files. Thus, it will be difficult to derive useful information
about the RSF conversions from future SRN observation

VI. CONCLUSION

The RSF conversion of supernova neutrinos was inve
gated in detail; this conversion is induced by a nonzero m
netic moment of neutrinos and a strong supernova magn
field. Because of the effective potential for the RSF conv
sion, which delicately depends on the deviation ofYe from
0.5, we studied the dependence of the RSF conversion on
adopted presupernova models. As the models, we used re
models by Woosleyet al. @27# with solar and zero metallici-
ties ~W02S and W02Z! as well as that by Woosley an
Weaver@28# with solar metallicity~W95S!, which was the
only model adopted in our previous paper@26#, for compari-
son.

The W02 models were calculated using a recent s
model and resulted in substantial revisions to the older d
sets in the W95S model. As a result, for both W02 mod
the value of (122Ye) suddenly drops at the radius where t
RSF conversions occur, leading to a less efficient RSF c
version than that with the W95S model, whose (122Ye)
gradually decreases at the RSF regions. In particular, for
W02Z model, the value of (122Ye) becomes exactly zero a
the boundary between the Si1O and O1Ne1Mg layers,
which makes the conversion almost completely nonadiaba
Thus, we found that the energy spectra expected at SK
the W02 models would not be as hard as those for the W
model. Unfortunately, however, there are many uncertain
at present, which are concerned with, e.g., the original n
trino spectrum, the neutrino magnetic moment, the sup
nova magnetic field structure, and the supernova metallic
All these uncertainties complicate the discussions, and
very difficult to obtain some useful information on the supe
nova metallicity or magnetic field strength, because the
3-8
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tected energy spectrum does not indicate which effect c
tributes to what extent.

In the future, however, it is expected that the developm
of numerical simulations of supernova explosions will mu
reduce the uncertainties for the original neutrino spectru
and the KamLAND solarn̄e observation, whether detected
not, will provide useful information on the neutrino magne
moment. We believe that all these developments will ena
a more decisive investigation of the RSF conversion of
pernova neutrinos.
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