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In this paper, we explore the effects of neutrino flavor oscillations on supernova nucleosynthesis and on
the neutrino signals. Our study is based on detailed information about the neutrino spectra and their time
evolution from a spherically symmetric supernova model for an 18M⊙ progenitor. We find that collective
neutrino oscillations are not only sensitive to the detailed neutrino energy and angular distributions at
emission, but also to the time evolution of both the neutrino spectra and the electron density profile.
We apply the results of neutrino oscillations to study the impact on supernova nucleosynthesis and on
the neutrino signals from a Galactic supernova. We show that in our supernova model, collective neutrino
oscillations enhance the production of rare isotopes 138La and 180Ta but have little impact on the νp-process
nucleosynthesis. In addition, the adiabatic Mikheyev-Smirnov-Wolfenstein flavor transformation, which
occurs in the C=O and He shells of the supernova, may affect the production of light nuclei such as 7Li and
11B. For the neutrino signals, we calculate the rate of neutrino events in the Super-Kamiokande detector and
in a hypothetical liquid argon detector. Our results suggest the possibility of using the time profiles of
the events in both detectors, along with the spectral information of the detected neutrinos, to infer the
neutrino mass hierarchy.

DOI: 10.1103/PhysRevD.91.065016 PACS numbers: 14.60.Pq, 26.30.-k, 97.60.Bw

I. INTRODUCTION

Core-collapse supernovae signify the death of massive
stars heavier than ∼8M⊙ and the birth of proto-neutron
stars. In each explosion, ∼1053 erg of gravitational binding
energy is released through emission of ∼1058 neutrinos
(antineutrinos) of all three flavors over ∼10 s. These
neutrinos play essential roles in the dynamics and nucleo-
synthesis of supernovae. Prominent examples include
revival of the stalled supernova shock by neutrino heating
in conjunction with fluid instabilities ([1]; see [2] for a
review), production of heavy elements in neutrino-driven
winds from proto-neutron stars (e.g., [3]; see [4] for a recent
review), and neutrino-induced nucleosynthesis in outer
shells of supernovae (e.g., [5–8]). In addition, current
and planned 10-kiloton-scale detectors are able to observe
thousands of neutrino events if a supernova occurs in the
Galaxy (see [9] for a review). Such detection would provide
a unique opportunity to explore the physics of core-
collapse supernovae and properties of neutrinos.
In the absence of flavor oscillations, we would only need

the emission characteristics of neutrinos determined by their
decoupling from the proto-neutron star, such as their lumi-
nosities, energy spectra, and angular distributions, in order to
understand their roles in supernovae. It would also be
straightforward to infer the neutrino luminosities and energy
spectra at emission from signals in appropriate detectors for a

Galactic supernova. However, neutrino oscillations have
been established by various experiments. Consequently,
we must take neutrino flavor evolution into account when
assessing the effects of neutrinos on the dynamics and
nucleosynthesis of supernovae and when deciphering the
rich underlying physics from supernova neutrino signals. In
this paper we present a framework for calculating neutrino
flavor evolution in the dynamic supernova environment,
perform detailed calculations for an 18M⊙ supernova model,
and examine the effects of neutrino oscillations on nucleo-
synthesis and neutrino signals for this model.
The intrinsic parameters describing neutrino oscillations

include three vacuum mixing angles (θ12, θ13, θ23), a CP-
violating phase (δCP), and two independent mass-squared
differences (e.g., Δm2

21 ≡m2
2 −m2

1, Δm2
31 ≡m2

3 −m2
1)

between neutrino vacuum mass eigenstates. Observations
of solar and atmospheric neutrinos and other terrestrial
experiments have measured θ12, θ13, θ23,Δm2

21, and jΔm2
31j

to good precision (see review in [10]). There are ongoing
and planned experiments to measure the yet unknown
δCP and sign of Δm2

31. The latter is also referred to as the
neutrino mass hierarchy, with Δm2

31 > 0ð< 0Þ defined as
normal (inverted). In this paper we assume δCP ¼ 0 but
consider both normal and inverted mass hierarchies.
We divide the supernova environment into two regions

separated by a “decoupling sphere” at radius r ¼ Rd.
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We assume that at r < Rd, neutrino interactions with matter
dominate and flavor oscillations have no net effect.
Classical Boltzmann transport equations coupled with
supernova conditions then determine the energy and
angular distributions fνðtem; E; θd; RdÞ for neutrinos emit-
ted at r ¼ Rd, where tem is the time of emission, E is the
neutrino energy, and θd is the angle of propagation with
respect to the radial direction at r ¼ Rd (see Fig. 1). An
important feature of these distributions is the hierarchy
of the corresponding average neutrino energies hEνei <
hEν̄ei < hEνμðτÞ i ≈ hEν̄μðτÞ i. At r > Rd, only a small fraction
of neutrinos can still interact with matter to affect super-
nova dynamics and nucleosynthesis. For the purpose of
treating neutrino flavor evolution, we assume that all
neutrinos are free-streaming at r > Rd.
Flavor evolution of neutrinos at r > Rd can exhibit rich

phenomena because they propagate through an enormous
range of matter density, the structure of which may be
complicated by convection-driven fluctuations and propa-
gation of the supernova shock. These factors influence
neutrino oscillations through the Mikheyev-Smirnov-
Wolfenstein (MSW) effect induced by forward scattering
of neutrinos on electrons [11,12]. In addition, due to the
nonlinear coupling through forward scattering of neutrinos
on other neutrinos, collective oscillations among all three
flavors of neutrinos (antineutrinos) may occur within
∼100 km of the proto-neutron star (see [13] for a review
and [14–36] for more recent developments). In any case,
as νμ, ν̄μ, ντ, and ν̄τ have higher average energies than νe
and ν̄e at emission, flavor oscillations at r > Rd may have
important effects on supernova dynamics, nucleosynthesis,
and neutrino signals.
While neutrino oscillations in supernovae have been

studied extensively, our approach in this paper differs from
these previous works in that we employ neutrino emission
characteristics and electron number density profiles calcu-
lated self-consistently by a supernova model and that we
explicitly take the time evolution of these quantities into
account when calculating neutrino flavor evolution through
the supernova environment over the period of significant
neutrino emission. The following example illustrates why
such an approach is required to adequately examine the
impact of neutrino oscillations on supernova physics.
Consider a mass element moving along a radial trajectory

rmðtÞ, and for simplicity, ignore the neutrino travel time
from emission to reaching the mass element. To calculate
the rates of neutrino reactions in this mass element, we
need quantities such as Pνeνeðtem; E; θ; rÞ for tem ¼ t and
r ¼ rmðtÞ, which gives the survival probability for a νe
emitted with energy E at time tem and arriving at radius
r > Rd with an angle of propagation θ with respect to the
radial direction (see Fig. 1). As the process of nucleosyn-
thesis in the mass element can last up to ∼10 s and there are
large changes in rm, neutrino emission characteristics, and
the electron number density profile over this time, we must
calculate Pνeνeðtem; E; θ; rÞ and similar survival probabil-
ities for many time snapshots of the supernova input for
neutrino flavor evolution. Therefore, our results on neutrino
oscillations are given in terms of these survival probabilities
on an extensive four-dimensional grid covering wide
ranges of emission time, neutrino energy, propagation
angle, and arrival radius. Our methodology is demonstrated
for a specific 18M⊙ supernova model and can be gener-
alized to any spherically symmetric models.
We find that collective oscillations are sensitive to the

details of the neutrino energy and angular distributions at
emission and to the time evolution of these distributions
and the electron number density profile. For the specific
model studied, although collective neutrino oscillations
occur too far out to affect nucleosynthesis in the neutrino-
driven wind, they can still affect neutrino-induced nucleo-
synthesis in outer supernova shells in combination with
the MSW effect. We show that for a Galactic supernova
described by the same model, the neutrino signals are
mainly modified by the MSW effect and those signals
during shock revival can be used to infer the yet unknown
neutrino mass hierarchy.
We describe the supernova model in Sec. II and our

approach to calculate neutrino flavor evolution in Sec. III.
We present and discuss our results on neutrino oscillations
in Sec. IV. We apply these results to assess the effects of
neutrino oscillations on nucleosynthesis in Sec. V and to
analyze the neutrino signals in Super-Kamiokande and a
hypothetical liquid argon detector in Sec. VI. We discuss all
our results and conclude in Sec. VII.

II. SUPERNOVA MODEL

We adopt a supernova model with an 18M⊙ progenitor.
This model is based on general-relativistic radiation hydro-
dynamics in spherical symmetry and incorporates detailed
three-flavor Boltzmann neutrino transport [37]. The core
collapse is initiated by loss of energy and pressure through
photo-disintegration of iron-group nuclei and capture of
electrons on protons and nuclei. Neutrinos produced during
the collapse are predominantly νe, which are trapped and
can only diffuse out of the core with hEνei ≈ 4–9 MeV [see
Fig. 2(d)]. A shock is launched when the inner core
bounces upon reaching supra-nuclear density. As the shockFIG. 1. Sketch of neutrino emission and propagation.
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passes through the neutrino trapping surface, i.e., the
“neutrinosphere” at a density of ρ ∼ 1012 g=cm3, protons
liberated from nuclei by shock heating rapidly capture
electrons to produce a burst of νe on a timescale of ∼10 ms
[see Fig. 2(a)]. The luminosity of this so-called neutroni-
zation νe burst is ∼1053 erg=s and can provide a potential
diagnostic of the neutrino mass hierarchy [38] (see Sec. VI
for further discussion). The subsequent neutrino emission
has comparable luminosities for neutrinos and antineutri-
nos of all three flavors (see Fig. 2). The timescale of ∼10 s
for this emission is determined by neutrino diffusion out of
the newly formed proto-neutron star.
The shock launched by core bounce is not energetic

enough to break out of the outer core. It is stalled at rsh ∼
100 km and becomes an accretion shock through which
matter can fall onto the proto-neutron star. During this
accretion phase, the luminosities of νe and ν̄e are nearly
twice as high as those of νμðτÞ and ν̄μðτÞ [see Fig. 2(b)]. This
is because emission of νe and ν̄e is enhanced by efficient
charged-current reactions (dominantly e� capture on free
nucleons) in the extended region above the proto-neutron
star while that of νμðτÞ and ν̄μðτÞ is dominated by diffusion
out of the proto-neutron star. Absorption of some νe and ν̄e
can heat the material at r < rsh, thereby reviving the stalled
shock [1]. However, recent studies suggest that this so-called
neutrino-driven explosion mechanism works robustly only
for low-mass progenitors but must be combined with
convection to deliver explosion for higher-mass progenitors
(see [2] for a review). In the latter case, multidimensional
simulations are required.
As an approximation to the effects of convection in

multidimensional supernova models, neutrino heating in

the region between the neutrinosphere and the stalled shock
is artificially enhanced in our spherically symmetric model
to trigger the explosion, thereby allowing us to study the
long-term evolution of the proto-neutron star up to a time
post (core) bounce of tpb ∼ 10 s. Once the shock is revived
at tpb ∼ 350 ms, accretion of matter by the proto-neutron
star quickly diminishes, resulting in a sharp drop of νe and
ν̄e luminosities [see Fig. 2(b)]. In the subsequent proto-
neutron star cooling phase, the luminosities of νμðτÞ and
ν̄μðτÞ become slightly higher than those of νe and ν̄e,
because the former decouple from regions of higher
temperature as reflected by their average energy [see
Fig. 2(f)]. In general, the canonical average energy hier-
archy of hEνei < hEν̄ei < hEνμðτÞ i ≈ hEν̄μðτÞ i holds through-
out the accretion and cooling phases in our model [see
Figs. 2(e) and 2(f)].
During the cooling phase, νe and ν̄e continue to heat the

material immediately outside the proto-neutron star, giving
rise to a matter outflow usually referred to as the neutrino-
driven wind. Specifically, free neutrons and protons in the
wind material at high density and temperature can absorb νe
and ν̄e, respectively, through

νe þ n → pþ e−; ð1aÞ

ν̄e þ p → nþ eþ: ð1bÞ

This neutrino heating drives the wind to expand rapidly on
timescales of ∼10 ms (see Fig. 3). Under such conditions
elements heavier than iron can form when the wind
expands to low density and temperature. A key parameter
governing this nucleosynthesis is the electron fraction Ye,
which is determined by the competition between reactions
(1a) and (1b). If νe and ν̄e had the same luminosities and
energy spectra, reaction (1a) would proceed faster than
reaction (1b) because the former is favored by the neutron-
proton mass differenceΔ [see Eq. (17)]. In order to obtain a
neutron-rich wind with Ye < 0.5 required for the rapid
neutron-capture process (e.g., [4]), the average energy of ν̄e
must exceed that of νe by approximately 4Δ with the same
luminosity for ν̄e and νe [3]. While the luminosities are
approximately the same, the average energy for ν̄e never
exceeds that for νe by 4Δ throughout the cooling phase in
our model. Consequently, the wind is proton rich as shown
in Fig. 3(d) for four selected mass elements. In this case, a
νp process can occur [39–41].
The selected wind mass elements shown in Fig. 3

enclose baryonic masses of 1.58246, 1.58196, 1.58162,
and 1.58131 in units ofM⊙, and are ejected from the proto-
neutron star at tpb ¼ 0.840, 1.253, 1.726, and 2.526 s,
respectively. The final abundances of nuclei produced by
the νp process in these mass elements not only depend on
their asymptotic Ye but also on the rate of reaction (1b)
when their temperature evolves through the range of 1≲
T ≲ 3 GK [39,40]. As shown in Fig. 3(b), these mass
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FIG. 2 (color online). Evolution of neutrino luminosities
[panels (a)–(c)] and average energies [panels (d)–(f)] for the
18M⊙ supernova model as observed at infinity [37].
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elements stay in this temperature range for ∼10 s. During
this time, the neutrino luminosities change by an order of
magnitude, and so does the difference in average energy
between ν̄e and ν̄μðτÞ (see Fig. 2). We will show that
neutrino oscillations occur before the mass elements enter
the above temperature range and the results are extremely
sensitive to the evolution of neutrino energy spectra.
Therefore, we must conduct a comprehensive study of
neutrino oscillations for the entire cooling phase in order
to examine their effects on nucleosynthesis in the neutrino-
driven wind.

III. METHODOLOGY OF CALCULATING
NEUTRINO FLAVOR EVOLUTION

We adopt the following neutrino mixing parameters:
Δm2

21 ¼ 7.59 × 10−5 eV2, jΔm2
31j ¼ 2.43 × 10−3 eV2, and

sin22θ12 ¼ 0.87 [42]. Recent measurement of ν̄e disappear-
ance at Daya Bay gave sin2 2θ13 ¼ 0.092� 0.016� 0.005
[43], which corresponds to a central value of θ13 ¼ 0.15.
This is somewhat larger than the value of θ13 ¼ 0.1
assumed in [44], a major study on collective oscillations.
We perform a full set of calculations using θ13 ¼ 0.1 for
comparison with this previous study, but also carry out
additional calculations using θ13 ¼ 0.15. We find that the
results for these two values of θ13 agree within 5% (see
Sec. IV C). We consider both cases of Δm2

31 > 0 (normal
mass hierarchy) and Δm2

31 < 0 (inverted mass hierarchy).

For easy separation of the normal and inverted mass
hierarchies, we use a rotated flavor basis ðjνei; jνxi;
jνyiÞT ¼ R−1

23 ðθ23Þðjνei; jνμi; jντiÞT , where R23 is the rota-
tion matrix in the 2–3 subspace [45]. For all calculations we
assume δCP ¼ 0 (see [46] for discussion of generally small
effects of δCP on supernova neutrino oscillations).
Studies of neutrino oscillations outside the proto-neutron

star are usually carried out by adopting a neutrino emission
model similar to the “bulb model” in [44], where all
neutrinos are assumed to be free-streaming outward from
a sharp neutrinosphere at r ¼ Rν. The conventional neu-
trinosphere is defined as the surface outside which the
neutrino optical depth is 2=3. Consequently, a significant
amount of scattering and emission still occurs at r ¼ Rν,
giving rise to a significant neutrino flux that is propagating
inward as shown in Fig. 4(a) for νe at tpb ¼ 1.025 s in our
supernova model. In this figure and hereafter, we use u≡
cos θ to represent the angle of propagation θ with respect
to the radial direction at radius r (u < 0 for inward-
propagating neutrinos). For our calculations of supernova
neutrino flavor evolution, we start from a decoupling
sphere at r ¼ Rd where all inward-propagating neutrino
fluxes are negligible (≲2% of the corresponding outward-
propagating fluxes in general). As an example to justify our
choice of Rd, we show the luminosities (corrected for
gravitational redshift) for different neutrino flavors at
tpb ¼ 1.025 s as functions of radius in Fig. 4(b). It can
be seen that all luminosities stay constant at r > Rd to very
good approximation.
We employ the neutrino energy and angular distributions

fνðtem; E; ud; RdÞ at r ¼ Rd (with ud ≡ cos θd) from our
supernova model, which change significantly over∼10 s as
illustrated by the evolution of average neutrino energies in
Fig. 2. We emphasize that it is important to use realistic
neutrino energy and angular distributions at emission in
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FIG. 3 (color online). Evolution of (a) radius, (b) density,
(c) temperature, and (d) electron fraction for four mass elements
in the neutrino-driven wind of the 18M⊙ supernova model.
The mass elements are labeled by their enclosed baryonic masses
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calculating supernova neutrino flavor evolution, especially
the collective oscillations. In particular, we note that in
contrast to the isotropic emission typically assumed in
previous studies of collective oscillations, realistic neutrino
angular distributions are forward peaked as shown for νe in
Fig. 4(a). The effects of fνðtem; E; ud; RdÞ on collective
neutrino oscillations will be discussed in Sec. IVA.
In the absence of neutrino oscillations, the neutrino

distributions at r > Rd are given by

fνðtem; E; u; rÞ ¼ fνðtem; E; ud; RdÞ; ð2Þ

where u and ud (see Fig. 1) are related by

u ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ðRd=rÞ2ð1 − u2dÞ

q
: ð3Þ

The corresponding neutrino number density distributions
per unit energy interval per unit solid angle at r > Rd are
given by

d2nν
dEdΩ

¼ E2

ð2πÞ3 fνðtem; E; u; rÞ; ð4Þ

where dΩ≡ dudϕwith ϕ being the azimuthal angle. In the
above equation and elsewhere in the paper, natural units
with ℏ ¼ c ¼ 1 are used.
The neutrino number density distributions in Eq. (4)

have azimuthal symmetry around the radial direction. We
assume that this symmetry also applies to neutrino flavor
evolution at r > Rd, where neutrinos experience forward
scattering on other neutrinos and on electrons. The latter
have a spherically symmetric number density profile neðrÞ
in our supernova model. Under the above assumption, the
wave function ψνðtem; E; u; rÞ for a neutrino emitted with
energy E at time tem and arriving at radius r with a
propagation angle specified by u satisfies a Schrödinger-
like equation,

i
dψν

dt
¼ ðHv þHe þHνÞψνðtem; E; u; rÞ; ð5Þ

whereHv,He, andHν are the effective Hamiltonians due to
vacuum neutrino masses, neutrino-electron forward scatter-
ing [11], and neutrino-neutrino forward scattering [47–49],
respectively. In our rotated flavor basis ðjνei; jνxi; jνyiÞT ,
the wave function is ψνðtem; E; u; rÞ ¼ ðae; ax; ayÞT , where
ae, ax, and ay are the amplitudes for being a νe, νx, and νy,
respectively. In the same basis, the effective Hamiltonians
are

Hv ¼ U
M2

2E
U†; ð6aÞ

He ¼
ffiffiffi
2

p
GFneðrÞdiagð1; 0; 0Þ; ð6bÞ

Hν ¼
ffiffiffi
2

p
GF

X
α

Z
dE0dΩ0ð1 − uu0Þ

×

�
d2nνα
dE0dΩ0 ρναðt0em; E0; u0; rÞ

−
d2nν̄α
dE0dΩ0 ρ

�̄
να
ðt0em; E0; u0; rÞ

�
: ð6cÞ

In the above equations, M ¼ diagðm1; m2; m3Þ, U ¼
R13ðθ13ÞR12ðθ12Þ, ne¼ρYeNA with NA being Avogadro’s
number, ρνα ¼ ψναψ

†
να , and α ¼ fe; x; yg denotes the initial

neutrino flavor.
The nonlinear coupling among all neutrinos introduced

by Hν can lead to collective oscillations (see [13] for a
review and [14–36] for more recent developments). To
estimate the relative importance of He and Hν for our
supernova model, we show in Fig. 5 the profiles of neðrÞ
and the net νe number density nνeðrÞ − nν̄eðrÞ in the
absence of neutrino oscillations for tpb ≈ 0.6, 1.0, and
3.0 s, respectively. It can be seen that nνe − nν̄e can exceed
ne for some radii only at tpb ≳ 1.0 s. Recent studies
[17,34,50] suggest that for nνe − nν̄e ≪ ne, collective oscil-
lations are suppressed due to large dispersion in He for
neutrinos with different propagation angles. Consequently,
we expect that collective oscillations are suppressed for
tpb < 1.0 s, i.e., during the accretion phase and the very
early cooling phase in our supernova model. We focus our
numerical calculations of neutrino flavor evolution on the
period of 0.6≲ tpb ≲ 10.0 s, during which collective oscil-
lations might occur.
We note that although fνðtem; E; ud; RdÞ and neðrÞ

change significantly over 0.6≲ tpb ≲ 10.0 s, they can be
taken as fixed during the time between emission of a
neutrino at r ¼ Rd and its arrival at r≲ 500 km, where Hν

might drive collective oscillations (see Fig. 5). Therefore,
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FIG. 5 (color online). Profiles of neðrÞ (thin curves) and the net
νe number density nνeðrÞ − nν̄eðrÞ in the absence of neutrino
oscillations (thick curves) for tpb ≈ 0.6 (green solid curve), 1.0
(blue dashed curve), and 3.0 s (red dotted curve), respectively, in
the 18M⊙ supernova model.
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in solving Eq. (5), we first consider a snapshot of fνðtem; E;
ud; RdÞ and neðrÞ for a specific tem, and then use the
corresponding Hν and He to evolve ψνðtem; E; u; rÞ at
r > Rd. A total of ≈50 snapshots are taken to cover 0.6≲
tpb ≲ 10.0 s. For each snapshot, we map fνðtem; E; ud; RdÞ
from our supernova model onto a grid of E and v≡ u2d. As

u ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ðRd=rÞ2ð1 − vÞ

p
[see Eq. (3)], the dependence on

u is equivalent to that on v. Using dt ¼ dr=u (see Fig. 1),
we can rewrite Eq. (5) as

i
dψν

dr
¼

�
Hv þHe

u
þH0

ν

�
ψνðtem; E; v; rÞ; ð7Þ

where

H0
ν ¼ π

ffiffiffi
2

p
GF

�
Rd

r

�
2X

α

Z
dE0dv0

�
1

uu0
− 1

�

×

�
d2nνα
dE0dΩ0 ρναðtem; E0; v0; rÞ

−
d2nν̄α
dE0dΩ0 ρ

�̄
να
ðtem; E0; v0; rÞ

�
: ð8Þ

The evolution equation for ψν̄ðtem; E; v; rÞ can be obtained
by the substitution He → −He and H0

ν → −ðH0
νÞ� in

Eq. (7). The results for ψνðtem; E; v; rÞ and ψν̄ðtem; E;
v; rÞ are presented in Sec. IV.

IV. RESULTS ON COLLECTIVE NEUTRINO
OSCILLATIONS

By solving Eq. (7), we find that no significant neutrino
flavor evolution occurs at r ≤ 500 km in our supernova
model for the normal mass hierarchy, and that collective
neutrino oscillations of particular interest to us have already
ceased at r ¼ 500 km for the inverted mass hierarchy.
We focus on the latter case and present the corresponding
results at r ≤ 500 km for 0.6≲ tpb ≲ 10.0 s in this section.
We define the angle-averaged survival probability of νe as

hPνeνeiv ≡
R
Pνeνeðtem; E; v; rÞfνeðtem; E; u; rÞduR

fνeðtem; E; u; rÞdu
; ð9aÞ

¼
R
Pνeνeðtem; E; v; rÞfνeðtem; E; ud; RdÞdv=uR

fνeðtem; E; ud; RdÞdv=u
;

ð9bÞ
where we have used fνeðtem; E; u; rÞ ¼ fνeðtem; E; ud; RdÞ
[Eq. (2)], v ¼ u2d, and u ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ðRd=rÞ2ð1 − vÞ

p
[Eq. (3)]

to give the second expression. We show hPνeνeiv and
hPν̄eν̄eiv as functions of tem and E for r ¼ 500 km in
Fig. 6 and summarize these results below:
(1) For tpb ≲ 0.8 s, collective oscillations are suppressed

by the large He as expected;
(2) For 0.8 < tpb ≲ 1.5 s, significant flavor conversion

occurs for neutrinos with E≳ 8 MeV and for most
antineutrinos;

(3) For 1.5 < tpb ≲ 5.0 s, only neutrinos with 10≲ E≲
20 MeV undergo collective oscillations;

(4) For tpb > 5.0 s, collective oscillations are highly
suppressed for all neutrinos and antineutrinos, and
flavor conversion of low-energy ν̄e at these late times
is driven by He through the adiabatic MSW effect.

The effective neutrino energy spectra at r ¼ 500 km can
be obtained from the survival probabilities shown in Fig. 6.
In addition, it is important to examine the detailed neutrino
flavor evolution at r < 500 km so that its effects on
physical processes at these radii can be assessed. We
define the angle-and-energy-averaged probability for con-
version of an initial νe into a νx as

hPνeνxiv;E
≡

R
Pνeνxðtem; E; v; rÞE2fνeðtem; E; u; rÞdEduR

E2fνeðtem; E; u; rÞdEdu
; ð10aÞ

¼
R
Pνeνxðtem; E; v; rÞE2fνeðtem; E; ud; RdÞdEdv=uR

E2fνeðtem; E; ud; RdÞdEdv=u
:

ð10bÞ
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FIG. 6 (color online). The angle-averaged survival probabilities (a) hPνeνeiv and (b) hPν̄e ν̄eiv as functions of E and emission time tem (in
terms of tpb) at r ¼ 500 km.
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The thick curves in Fig. 7 show hPνeνxiv;E, hPνeνyiv;E,
hPν̄eν̄xiv;E, and hPν̄eν̄yiv;E as functions of radius for
tpb ¼ 1.025, 3.007, and 5.0 s, respectively.
In general, the growth of hPνeνyiv;E (hPν̄eν̄yiv;E) corre-

sponds to flavor conversion between νe (ν̄e) and νy (ν̄y) in
the 1–3 subspace associated with the larger mass-squared
difference jΔm2

31j, while that of hPνeνxiv;E and hPν̄eν̄xiv;E

corresponds to flavor conversion associated with Δm2
21.

Because flavor instabilities, which mark the rapid growth of
the flavor conversion probabilities, are greatly suppressed
by the multi-angle effects from both He and Hν (e.g.,
[15,22,50]), large e-y oscillations occur only at r ∼
100–300 km and e-x oscillations are always negligible.
Flavor evolution shown in Fig. 7(a) is representative of that
for 0.8 < tpb ≲ 1.5 s, when significant flavor conversion
occurs in both the neutrino and antineutrino sectors. In this
case, there are two different flavor instabilities occurring at
r ≈ 120 and 240 km, respectively. The first instability
induces more oscillations of antineutrinos, while the second
affects neutrinos more. In contrast, there is only one flavor
instability affecting mostly neutrinos at 200≲ r≲ 250 km
for 1.5 < tpb ≲ 5 s (see Figs. 7b and 7c). For these later
times, the average conversion probability also grows more
slowly to smaller values, and a smaller portion of the
neutrino spectrum is affected as shown in Fig. 6(a).
To facilitate further discussion of the above results, we

define the vacuum oscillation frequency ω≡ jΔm2
31j=ð2EÞ

for neutrinos and ω ¼ −jΔm2
31j=ð2EÞ for antineutrinos.

We also define a normalized neutrino energy spectrum as a
function of ω,

gðωÞ¼ jΔm2
31j

2ω2
×

� ½gνeðEÞ−gνyðEÞ�; for ω> 0;
½gν̄yðEÞ−gν̄eðEÞ�; for ω< 0; ð11Þ

where

gναðEÞ ¼ ~gναðEÞ=Gν; ð12aÞ

~gναðEÞ ¼
Z

E2fναðtem; E; ud; RdÞuddud; ð12bÞ

Gν ¼
Z

½~gνeðEÞ − ~gν̄eðEÞ − ~gνyðEÞ þ ~gν̄yðEÞ�dE: ð12cÞ

In the above equations, ~gναðEÞ, and hence, Gν, gναðEÞ, and
gðωÞ, depend on tem. This dependence is suppressed for
simplicity. Note that fνyðtem; E; ud; RdÞ ¼ fνμðτÞ ðtem; E;
ud; RdÞ and fν̄yðtem; E; ud; RdÞ ¼ fν̄μðτÞ ðtem; E; ud; RdÞ in
our supernova model. It is also useful to introduce two
effective potentials

λðrÞ ¼
ffiffiffi
2

p
GFneðrÞ

R2
d

2r2
; ð13aÞ

μðrÞ ¼
ffiffiffi
2

p
GF

�
Gν

2π2

�
R4
d

4r4
; ð13bÞ

which approximately represent the differences in He and
Hν among neutrinos with different propagation angles, and
can be used to measure the so-called “multi-angle” effects
on collective oscillations [22]. As the net neutrino number
density at radius r is ∼nνe − nν̄e ∼ ½Gν=ð2π2Þ�R2

d=ð2r2Þ,
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FIG. 7 (color online). Angle-and-energy-averaged conversion
probabilities hPνeνxiv;E (thick black dotted curve), hPνeνyiv;E
(thick red solid curve), hPν̄e ν̄xiv;E (thick orange dash-dotted
curve), and hPν̄eν̄yiv;E (thick blue dashed curve) as functions

of radius calculated from multi-angle simulations for tpb ¼ 1.025
(a), 3.007 (b), and 5.0 s (c). Similar quantities from single-angle
calculations are shown as the corresponding thin curves.
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comparing λðrÞ and μðrÞ is roughly equivalent to compar-
ing ne and nνe − nν̄e (see Fig. 5).

A. Multi-angle effects on flavor evolution

The above results on collective neutrino oscillations are
obtained from the so-called “multi-angle” simulations in
contrast to the “single-angle” approximation, which
assumes that neutrino flavor evolution is independent of
the propagation angle (e.g., [44]). The single-angle
approximation was widely used in the literature to facilitate
analytical understanding of collective oscillations. In some
cases, the results from this approximation qualitatively
agree with those from multi-angle simulations. Examples
include cases where fluxes of νμðτÞ and ν̄μðτÞ are signifi-
cantly smaller than those of νe and ν̄e [19,44,51] and the
case of the neutronization burst of an O-Ne-Mg core-
collapse supernova [52–54]. However, for neutrino energy
spectra representative of the cooling phase, the results from
multi-angle simulations are typically very different from
those obtained with the single-angle approximation
[15,55,56]. Below we compare the multi-angle and sin-
gle-angle results for our supernova model.
We perform single-angle calculations assuming that

neutrinos are emitted uniformly within the forward 2π
solid angle at r ¼ Rd with the same total fluxes and energy
spectra as given by our supernova model and that neutrinos
with the same energy undergo the same flavor evolution
at r > Rd as those propagating radially. The resulting
energy-averaged conversion probabilities hPνeνxiE,
hPνeνyiE, hPν̄eν̄xiE, and hPν̄eν̄yiE as functions of radius are
shown as thin curves in Fig. 7 for tpb ¼ 1.025, 3.007, and
5.0 s, respectively. It can be seen that there is rapid growth
of hPνeνyiE and hPν̄eν̄yiE at r < 100 km in all cases. This
early onset of flavor oscillations is due to a flavor instability
that occurs in an isotropic environment when there is
multiple spectral crossings corresponding to gðωÞ ¼ 0 even
for arbitrarily large electron and/or neutrino density [55].
This instability also triggers the onset of e-x conversion in
the region of collective oscillations [57,58]. In contrast,
neutrinos with different propagation angles experience
different histories ofHe andHν in multi-angle calculations.
This greatly suppresses flavor instabilities, with large e-y
oscillations occurring only at r ∼ 100–300 km and e-x
oscillations being always negligible (see Fig. 7).
The most distinct feature of collective oscillations is that

νe and ν̄e can swap part of their spectra with νμ;τ and ν̄μ;τ
[44,51,55–57]. Such spectral splits or swaps are best
illustrated by the probabilities 1 − Pνeνy and 1 − Pν̄eν̄y at
r ¼ 500 km as functions of ω obtained from the single-
angle calculations, which are shown as the blue dashed
curve in Fig. 8 for tpb ¼ 1.025, 3.007, and 5.0 s, respec-
tively. The function gðωÞ=15þ 0.5 is shown as the green
dotted curve in the same figure and indicates that spectral
splits or swaps could form around the “positive” spectral

crossings corresponding to gðωÞ ¼ 0 and dg=dω > 0 under
the single-angle approximation [55]. However, because
neutrinos with different propagation angles experience
different Hν in multi-angle calculations, different parts
of their energy spectra are in resonance when flavor
instabilities or large-scale flavor oscillations occur (e.g.,
[19]). Consequently, the splits in their energy spectra are
generally smoothed out when averaged over the propaga-
tion angle. This can be seen from the angle-averaged
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FIG. 8 (color online). Angle-averaged survival probabilities
hPνeνeiv (ω > 0) and hPν̄eν̄eiv (ω < 0) at r ¼ 500 km as functions
of ω calculated from multi-angle simulations (red solid curve) for
tpb ¼ 1.025 (a), 3.007 (b), and 5.0 s (c). The corresponding
single-angle results for 1 − Pνeνy and 1 − Pν̄e ν̄y are shown as blue
dashed curves. The green dotted curves give the function
gðωÞ=15þ 0.5.
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survival probabilities hPνeνeiv and hPν̄e ν̄eiv at r ¼ 500 km
as functions of ω, which are shown as the red solid curve in
Fig. 8. Note that hPνeνeiv ≈ 1 − hPνeνyiv and hPν̄eν̄eiv ≈ 1 −
hPν̄eν̄yiv because hPνeνxiv and hPν̄eν̄xiv are negligible in
multi-angle calculations (see Fig. 7).
We also note that flavor conversion of antineutrinos

occurs only when there is an excess of ν̄e over ν̄y, i.e.,
gðωÞ < 0, for some range of ω < 0. This is demonstrated
in Fig. 8(a) for tpb ¼ 1.025 s with gðωÞ < 0 for −0.9≲
ω≲ −0.3 km−1 (7≲ E≲ 19 MeV), which is representa-
tive of the early deleptonization phase during protoneutron
star evolution. At later times, the energy spectra of ν̄e and ν̄y
become similar but the luminosity of ν̄y remains higher than
that of ν̄e. This results in gðωÞ > 0 for all ω < 0 as shown
for tpb ¼ 3.007 and 5.0 s in Figs. 8(b) and 8(c), respec-
tively. There is only one positive spectral crossing at ω > 0,
i.e., in the neutrino sector, at these later times.
Consequently, only the spectra of neutrinos are affected
by collective oscillations [see Figs. 8(b) and 8(c)].
To conclude this subsection, we examine the effects of

neutrino angular distributions on flavor evolution in super-
novae using multi-angle simulations. As shown in Fig. 4,
the neutrino distributions fðtem; E; ud; RdÞ at the decou-
pling sphere are strongly forward-peaked instead of being
isotropic as often assumed in earlier studies of collective
oscillations. Compared to a physical forward-peaked neu-
trino angular distribution, the crude assumption of isotropic
neutrino emission leads to artificially larger Hν for any
specific neutrino trajectory because of the larger contribu-
tions from the more tangentially-emitted neutrinos. In
Fig. 9, we show the angle-averaged survival probability
hPνeνeiv as a function of ω at tpb ¼ 1.025 s (blue dashed
curve) obtained from multi-angle calculations with the
same total neutrino fluxes and energy spectra as given by
our supernova model but assuming isotropic neutrino

emission. Compared with the result based on the neutrino
angular distributions in our supernova model (red solid
curve), the unphysical isotropic angular distribution gives
much smaller survival probabilities for antineutrinos
(ω < 0). It also causes the onset of flavor oscillations to
occur at smaller radii. We emphasize that it requires not
only multi-angle simulations, but also the use of proper
neutrino angular distributions to accurately treat collective
neutrino oscillations in supernovae.

B. Flavor instabilities and effects of ne
As mentioned above, there are two different flavor

instabilities occurring at r ≈ 120 and 240 km, respectively,
for collective neutrino oscillations shown in Fig. 7(a),
which are representative of the epoch of 0.8 < tpb≲
1.5 s. In contrast, there is only one flavor instability
occurring at 200≲ r≲ 250 km for 1.5 < tpb ≲ 5 s [see
Figs. 7(b) and 7(c)]. Using the detailed results from our
multi-angle simulations, we show the radius ron for the
onset of either instability as a function of time in Fig. 10(a).
The corresponding λon ¼ λðronÞ and μon ¼ μðronÞ are
shown in Fig. 10(b). The instability occurring at smaller
radii is tied to the substantial excess of ν̄e over ν̄y for some
energy range [e.g., gðωÞ < 0 for −0.9≲ ω≲ −0.3 km−1 in
Fig. 8(a)] characteristic of the early deleptonization epoch
at tpb ∼ 1.0 s. The corresponding values of λon ∼ μon ∼
10 km−1 are much larger than the typical spread in ω of
Δω ∼ 0.6 km−1. In contrast, the instability occurring at
larger radii exists for tpb ≳ 1.0 s because there is always
an excess of νe over νy for some energy range [see Figs. 8(a)
and 8(b)]. This instability generally corresponds to μon ∼ Δω.
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FIG. 9 (color online). Angle-averaged survival probabilities
hPνeνeiv (ω > 0) and hPν̄e ν̄eiv (ω < 0) as functions of ω at r ¼
500 km for tpb ¼ 1.025 s obtained from multi-angle simulations
assuming isotropic neutrino emission (blue dashed curve).
The red solid curve [same as in Fig. 8(a)] is calculated with
the forward-peaked neutrino angular distributions in our super-
nova model and is shown for comparison.
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As mentioned at the beginning of Sec. IV, there are no
significant collective oscillations at tpb > 5 s. This is
puzzling because there is still a flavor instability occurring
at r ∼ 200 km for such times (see Fig. 10). We show below
that this instability is suppressed by the effects of ne, and
therefore, fails to cause significant collective oscillations at
tpb > 5 s. We perform multi-angle simulations with modi-
fied profiles of electron number density n0eðrÞ ¼ 0.5neðrÞ
and n00eðrÞ ¼ 0.2neðrÞ at r > Rd, respectively, for tpb ¼ 5 s.
We compare the corresponding hPνeνyiv;E as functions of
radius with the results calculated for the unmodified neðrÞ
in Fig. 11(b). It can be seen that as neðrÞ is reduced to n0eðrÞ
and then to n00eðrÞ, the onset of flavor instability is pushed to
smaller and smaller radii and its growth causes more and
more flavor conversion. Therefore, collective oscillations
are suppressed by larger ne. This generally holds for most
of the cooling phase when there is only one flavor
instability at r ∼ 200 km. We also note that larger ne
decreases the local effective mixing angle, which tends
to reduce flavor conversion similar to the case of a small
vacuum mixing angle.
For completeness, we compare hPνeνyiv;E calculated for

neðrÞ, n0eðrÞ, and n00eðrÞ as functions of radius for tpb ¼
1.025 s in Fig. 11(a). It can be seen that in the case of neðrÞ,
the flavor instability at smaller radii stops growing when
flavor conversion is still small and a second instability
clearly occurs at larger radii. As neðrÞ is reduced to n0eðrÞ
and n00eðrÞ, the “first” instability at r ≈ 150 km grows to
cause large flavor conversion and a “second” instability can
no longer be identified clearly. We also compare hPνeνeiv
and hPν̄eν̄eiv at r ¼ 500 km calculated for neðrÞ, n0eðrÞ,
and n00eðrÞ as functions of ω for tpb ¼ 1.025 and 5.0 s in
Figs. 12a and 12b, respectively. It can be seen that as neðrÞ
is reduced to n0eðrÞ and then to n00eðrÞ, features of spectral
swaps are increasingly sharpened and approach closer and
closer to the corresponding results for the single-angle
approximation shown in Figs. 8(a) and 8(c).

C. Results for measured θ13
Recent measurement of ν̄e disappearance by the Daya

Bay experiment gave sin2 2θ13 ¼ 0.092� 0.016� 0.005
[43], which corresponds to a central value of θ13 ¼ 0.15
that is somewhat larger than the value of θ13 ¼ 0.1 adopted
in the above calculations of neutrino oscillations. We have
performed additional simulations for θ13 ¼ 0.15 and con-
firm that our results on neutrino oscillations do not change
significantly. As an example, we compare hPνeνyiv;E for
θ13 ¼ 0.15 (red solid curve) and 0.1 (black dashed curve)
as functions of radius for tpb ¼ 3.007 s in Fig. 13(a). It can
be seen that the flavor instability occurs at the same place
and subsequent flavor evolution is identical for both cases.
The only change occurs before the onset of the flavor
instability, during which time hPνeνyiv;E is slightly larger
for θ13 ¼ 0.15 but is very small anyway. We also show
ΔhPνeνeiv ≡ hPνeνeðθ13 ¼ 0.15Þiv − hPνeνeðθ13 ¼ 0.1Þiv at
r ¼ 500 km as functions of neutrino energy for
tpb ¼ 1.025, 1.401, 3.007, and 5.0 s, respectively, in
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FIG. 11 (color online). Comparison of hPνeνyiv;E calculated for
neðrÞ in our supernova model (red solid curves), n0eðrÞ ¼
0.5neðrÞ (blue dashed curves), and n00eðrÞ ¼ 0.2neðrÞ (black
dotted curves) for tpb ¼ 1.025 (a) and 5.0 s (b), respectively.
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FIG. 13 (color online). (a) Comparison of hPνeνyiv;E for θ13 ¼
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Fig. 13(b). It can be seen that jΔhPνeνeivj is ≲4% over the
entire energy range in all cases. We conclude that our
results on neutrino oscillations are insensitive to the exact
value of θ13 and will use those calculated for θ13 ¼ 0.1 to
examine the effects on supernova nucleosynthesis and
neutrino signals.

V. EFFECTS OF NEUTRINO OSCILLATIONS
ON NUCLEOSYNTHESIS

Neutrinos play important roles in supernova nucleosyn-
thesis in several major ways and in different locations. For
the neutrino-driven wind (see Sec. II) where initially matter
is dominantly composed of free nucleons, neutrino reac-
tions (1a) and (1b) set the electron fraction Ye, which is a
crucial parameter governing the nucleosynthesis in the
ejecta. For ejecta with Ye > 0.5 such as in our supernova
model (see Fig. 3), a νp process occurs to produce heavy
nuclei during expansion of the mass elements [39,41].
This process requires significant ν̄e absorption on protons
when matter evolves through the temperature range of
T ¼ 1–3 GK. In the outer envelope of the star, the
interaction of neutrinos with pre-existing nuclei can drive
several nucleosynthesis processes including the ν process
[6,59] and other neutrino-induced nucleosynthesis [5–8].
In the ν process, neutrinos can directly transform by
charged-current reactions abundant nuclear species into
less abundant neighboring nuclei. For example, 138La and
180Ta are known to be produced by this mechanism from
the abundant 138Ba and 180Hf [59,60]. In addition, neutral-
current processes excite abundant nuclei to states above
particle emission. The decay of these nuclei and subsequent
capture of the produced protons, neutrons and/or α particles
contribute to the production of several nuclei including 7Li,
11B, and 19F. The production of 19F is mainly due to
neutral-current processes [59] that are not affected by
neutrino oscillations. The situation is different for the other
species as discussed below.
In the helium shell, neutrinos interact with 4He through

the charged-current reactions

νe þ 4He → 3Heþ pþ e−; ð14aÞ

ν̄e þ 4He → 3Hþ nþ eþ: ð14bÞ

The 3He and 3H produced by the above reactions and
by neutral-current spallation reactions on 4He are important
to the production of light nuclei such as 7Li and 11B
in the ν process through the subsequent reactions
3Heðα; γÞ7BeðeþνeÞ7Li and 3Hðα; γÞ7Liðα; γÞ11B. In addi-
tion, the neutrons produced by reaction (14b) may lead to a
possible neutrino-induced r process [5,7]. In the O=Ne
shell, the production of 138La and 180Ta is predominantly
determined by the charged-current reactions:

νe þ 138Ba → 138Laþ e−; ð15aÞ

νe þ 180Hf → 180Taþ e−: ð15bÞ

For the above cases, neutrino oscillations can affect
nucleosynthesis by changing the energy spectra of νe
and ν̄e, and hence, the rates of charged-current νe and ν̄e
reactions. Many previous studies have discussed the effects
of neutrino oscillations on nucleosynthesis in the neutrino-
driven wind (e.g., [61,62]) and on the production ratio of
7Li to 11B [63], using time-independent parametrized
neutrino spectra and/or ejecta trajectories. Below we apply
our results of collective neutrino oscillations, consistently
calculated with realistic neutrino emission spectra in a
dynamically changing supernova environment as discussed
in Sec. IV, to examine the effects of oscillations on the νp
process in the neutrino-driven wind, on neutrino-induced
nucleosynthesis in helium shells, and on the production of
138La and 180Ta by the ν process.

A. Effects on rates of νe and ν̄e absorption by free
nucleons and the νp process

A νp process occurs to produce heavy nuclei during
expansion of the mass elements shown in Fig. 3 for our
supernova model [41]. This process requires that matter has
Ye > 0.5 and that significant ν̄e absorption by protons
occurs when matter evolves through the temperature range
of 3≳ T ≳ 1 GK. Consequently, an important input is the
rates of νe and ν̄e absorption by free nucleons [reactions
(1a) and (1b)]. In the absence of neutrino oscillations, these
rates in a mass element reaching radius rm at time t can be
calculated as

λ0νNðrm; tÞ ¼
1

ð2πÞ2
Z

E2fνðt; E; u; rmÞσνNðEÞdEdu ð16aÞ

¼ R2
d

8π2r2m

Z
E2fνðt; E; ud; RdÞσνNðEÞdEdv=u;

ð16bÞ

where σνN stands for the absorption cross section σνen or
σν̄ep given by

σνenðEÞ ¼ σ0

�
Eþ Δ
MeV

�
2
�
1þ 1.055 × 10−3

�
E

MeV

��
;

ð17aÞ

σν̄epðEÞ ¼ σ0

�
E − Δ
MeV

�
2
�
1 − 7.669 × 10−3

�
E

MeV

��
:

ð17bÞ

In the above equations, σ0 ¼ 0.934 × 10−43 cm2 and
Δ ¼ mn −mp ¼ 1.293 MeV is the neutron-proton mass
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difference. These cross sections take into account weak
magnetism and nucleon recoil but neglect the electron rest
mass me in comparison with E [64].
The νp process occurs at rm < 104 km [see Fig. 3(a)].

The time for neutrinos to travel from r ¼ Rd to a mass
element at these radii is much shorter than the evolution
timescale for the angular and energy distributions of
neutrinos at emission. Therefore, we have used fνðt; E;
u; rmÞ ¼ fνðt; E; ud; RdÞ in Eq. (16b). The neutrino travel
time is also much shorter than the evolution timescale for
the profile of neðrÞ. Consequently, the results on neutrino
flavor evolution we have calculated for each time snapshot
of our supernova model can be directly applied to obtain
the rates of νe and ν̄e absorption by free nucleons in the
presence of neutrino oscillations. These rates can be
calculated as, e.g.,

λoscνenðrm; tÞ ¼
R2
d

8π2r2m

X
α

Z
E2fναðt; E; ud; RdÞσνenðEÞ

× Pνανeðt; E; v; rmÞdEdv=u: ð18Þ

In Fig. 14, we show λ0νNðrm; tÞ and λoscνN ðrm; tÞ=λ0νNðrm; tÞ
as functions of t − t0 for the mass elements that are ejected

from the proto-neutron star at t0 ¼ 0.840, 1.253, 1.726, and
2.526 s, respectively (both t and t0 are in terms of tpb).
It can be seen that the overall effect of neutrino oscillations
is to enhance both νe and ν̄e absorption rates. As shown in
Fig. 6, flavor conversion mostly takes place between νe (ν̄e)
and νy (ν̄y) with relatively high energies of E > 10 MeV.
Because the average νy (ν̄y) energy is higher, there are more
high-energy νy (ν̄y) than νe (ν̄e) and the net effect of flavor
conversion is to increase the νe (ν̄e) absorption rate. In
addition, because flavor conversion mostly occurs in the
neutrino sector (see Fig. 6), the increase in the νe absorption
rate is larger than that in the ν̄e absorption rate. In the region
relevant for the νp process, the effect of flavor conversion
on the νe (ν̄e) absorption rate also diminishes with time and
essentially stops at tpb > 5 s (1.5 s) as can be seen from
Fig. 6. Consequently, the increase in the νe (ν̄e) absorption
rate due to neutrino oscillations is negligible for the mass
elements ejected at t0 > 2.526 (1.253) s.
We indicate the times at which the temperature of a mass

element reaches T ¼ 10, 7, 3, 2, and 1 GK, respectively, in
Fig. 14. To affect the setting of Ye for a mass element,
neutrino oscillations must occur when its temperature is
T ≳ 7 GK, for which free nucleons dominate its
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FIG. 14 (color online). Rates λ0νN of νe (thin solid red curve) and ν̄e (thin dashed blue curve) absorption on free nucleons in the absence
of neutrino oscillations as functions of time t − t0 during expansion of four mass elements ejected from the proto-neutron star at
t0 ¼ 0.840 (a), 1.253 (b), 1.726 (c), and 2.526 s (d), respectively (both t and t0 are in terms of tpb). The corresponding thick curves show
the ratios λoscνN =λ

0
νN of absorption rates with and without neutrino oscillations. The times at which the temperature of a mass element

reaches T ¼ 10, 7, 3, 2, and 1 GK, respectively, are also indicated.
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composition. However, neutrino oscillations start to affect
the νe and ν̄e absorption rates at T ≲ 7 GK for all the mass
elements shown in Fig. 14, and therefore, have little impact
on the setting of their Ye. The significant increase in the rate
of νe absorption by neutrons at T ≲ 7 GK does not affect
nucleosynthesis because the neutron abundance drops
rapidly with decreasing temperature. On the other hand,
when the mass elements evolve through the temperature
range of 3≳ T ≳ 1 GK and ν̄e absorption by protons is
instrumental to the ongoing νp process [39], neutrino
oscillations have essentially no effect on the ν̄e absorption
rate (see Fig. 14). Therefore, the νp process in our super-
nova model is not affected by neutrino flavor evolution
including collective oscillations.

B. Effects on rates of νe and ν̄e absorption by 4He
and neutrino-induced nucleosynthesis

The neutrino-induced nucleosynthesis occurs typically
in the C=O and He layers of supernovae located at
r ∼ 105 km for massive stars (see Fig. 15). In those layers,
the electron number density neðrÞ is comparable to or

less than the MSW resonant density nðijÞe;MSWðEÞ≡
ðjΔm2

jij cos 2θijÞ=ð2
ffiffiffi
2

p
EGFÞ for relevant neutrino energies

of ∼5–100 MeV. Thus, the detailed neutrino flavor evo-
lution including the MSW effect has to be considered. In
our 18M⊙ supernova model, the shock reaches the MSW
resonance region and the C=O layer at tpb ≈ 5 s as shown in
Fig. 15. We have checked that for tpb < 5 s, C=O and He
layers remain static and the neutrino flavor transformation
through the MSW effect is adiabatic, i.e., ðΔm2

jisin
22θijÞ=

ð2E cos 2θijÞ=jdðln neÞ=drjres ≫ 1. The neutrino energy

spectra at neðrÞ ≲ nð13Þe;MSWðEÞ can then be calculated as
follows.

At a radius outside the region of collective oscillations
but before the MSW resonances [neðrÞ ≫ n13e;MSWðEÞ], the
flavor conversion probability can be approximated by
Pνβναðt; E; ud; rÞ ≈ Pνβναðt; E; ud; rfÞ. Here rf is the radius
where collective neutrino oscillations have ceased.
Practically, we take rf ¼ 500 km. Furthermore, for
r ≫ Rd, we can use the approximation u ≈ 1, for which
the neutrino interaction rates including the effects of
collective oscillations depend on radius only through the
geometrical factor R2

d=r
2 [see e.g., Eq. (18)]. Thus, it is

useful to define the angle-integrated neutrino energy
spectra,

fðiÞνα ðt;EÞ≡
X
β

Z
fνβðt;E;ud;RdÞPνβναðt;E;ud; rfÞuddud;

ð19Þ

as the radius-independent spectra before neutrinos enter the
MSW region of flavor evolution. As these spectra corre-
spond to the region of neðrÞ ≫ n13e;MSWðEÞ, where the
effective Hamiltonian is nearly diagonal in the flavor basis,
the flavor eigenstates jναi and the in-medium mass eigen-
states jνmi i that diagonalize the effective Hamiltonian can
be approximately related by jνmi i ¼

P
αRiαjναi. For neu-

trinos, the only nonzero components of Riα are R3e ¼
R1x ¼ R2y ¼ 1 for the normal mass hierarchy (NH) and
R2e ¼ R1x ¼ R3y ¼ 1 for the inverted mass hierarchy (IH).
For antineutrinos, R1e ¼ R2x ¼ R3y ¼ 1 (R3e ¼ R2x ¼
R1y ¼ 1) are the only nonzero components for the NH (IH).
For adiabatic MSW flavor evolution, neutrinos initially

in an in-medium mass eigenstate remain in the correspond-
ing mass eigenstate at later times. As a result, at time t and
radius r, the neutrino energy spectra including the effects of
adiabatic MSW flavor transformation can be written as

~fναðt; E; rÞ ¼
X
k

X
β

PαkðE; rÞRkβf
ðiÞ
νβ ðt0; EÞ

≡X
β

P0
νανβðE; rÞfðiÞνβ ðt0; EÞ; ð20Þ

where PαkðE; rÞ ¼ jhναjνmk ðE; rÞij2 is the probability that
the in-medium mass eigenstate jνmk ðE; rÞi at radius r
coincides with the flavor eigenstate jναi, and P0

νανβðE; rÞ ¼P
k PαkðE; rÞRkβ is the effective probability to convert a νβ

at time t0 ≈ t − r=c into a να at time t and radius r by
adiabatic MSW flavor transformation. Note that Pαk is
independent of time for tpb < 5.0 s before the shock arrives
in the MSW region of flavor evolution. We numerically
derive the in-medium mass eigenstates jνmk ðE; rÞi by
diagonalizing HvðEÞ þHeðrÞ with neðrÞ from the super-
nova progenitor model [65]. We show P0

νeνe and P0̄
νeν̄e as

functions of r and E in Fig. 16.
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FIG. 15 (color online). Snapshots of the electron number
density ne as a function of radius for tpb ¼ 1.0 (black solid
curve), 3.0 (red dashed curve), and 5.0 s (blue dotted curve),
respectively. The gray and yellow bands indicate the range of
n13e;MSW and n12e;MSW for 5 < E < 100 MeV, respectively.
The positions of the O=Ne, C=O, and He layers are marked
by the vertical lines. The bump in ne at r ∼ 103–104 km
corresponds to matter that has been shocked recently.
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The rate of neutrino interaction on a target nucleus A at
radius r can then be calculated as

λoscναA
ðr; tÞ ¼ R2

d

4π2r2

Z
E2 ~fναðt0; E; rÞσναAðEÞdE: ð21Þ

In Fig. 17, we show the rate λ0ναA without neutrino
oscillations and λoscναA

=λ0ναA for charged-current νe and ν̄e
interactions on 4He at r ¼ 105 km. The cross sections are
fitted to the form σα½ðE − E0Þ=MeV�n by using the spec-
trally-averaged cross sections listed in Table II of [66].
We find that σα ¼ 3.32 × 10−48 cm2=nucleon, E0 ¼
19.8 MeV, n ¼ 4.01 for νe þ 4He → 3Heþ pþ e− and
σα ¼ 8.19 × 10−48 cm2=nucleon, E0 ¼ 21.6 MeV, n ¼
3.76 for ν̄e þ 4He → 3Hþ nþ eþ. As collective oscilla-
tions are suppressed in our model for the NH, flavor

transformation in this case occurs purely through the MSW
effect, which only enhances the νe interaction rate (see
Fig. 16). The time evolution of λoscνeA

=λ0νeA basically follows
the relative change of the high-energy tail of the νe and νy
spectra. In the case of IH, there is large enhancement in the
νe interaction rate for 0.7≲ tpb ≲ 2.5 s and in the ν̄e
interaction rate for 0.7≲ tpb ≲ 5 s. For νe, the enhancement
is due to partial flavor conversion between νe and νy
through collective oscillations (see Fig. 6). In contrast, the
enhancement for ν̄e is mostly due to MSW flavor con-
version. In fact, partial flavor conversion through collective
oscillations results in a slight reduction of the enhancement
in the ν̄e interaction rate for 0.7≲ tpb ≲ 1.5 s when com-
pared to the case including MSW flavor conversion only.
Neutrino-induced nucleosynthesis in He shells is sensi-

tive to the time integrated rate of (anti)neutrino absorption
on 4He, ΔnðrÞ≡ R

λðr; tÞdt. We calculate the integral for
the first 5 s post bounce and show the enhancement factor
ΔnoscðrÞ=Δn0ðrÞ as a function of radius in Fig. 18. For the
He layer located at 5.5 × 104 ≲ r≲ 4 × 105 km in our
model, ΔnðrÞ for νe (ν̄e) absorption on 4He is enhanced
by a factor of ∼32 (∼17) for the NH (IH) following
adiabatic MSW flavor transformation through the 1–3
resonance. Before this MSW resonance, collective oscil-
lations for the IH result in an enhancement factor of ∼2.2
and ∼1.5 for νe and ν̄e absorption, respectively. Both the
collective and MSW flavor transformations will increase
the production of 7Li and 11B. To quantify the increase will
require a full calculation of neutrino-induced nucleosyn-
thesis, which is beyond the scope of the present work. The
impact of MSW flavor transformation on the production of
7Li and 11B was explored in [63]. However, this previous
study assumed harder neutrino spectra than calculated by
our supernova simulations, which makes it difficult to
extrapolate their conclusions to our model.
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FIG. 17 (color online). (a) The ratio λosc=λ0 (thick curves) and
the rate λ0 without neutrino oscillations (thin curves) for charged-
current νe (red solid curves) and ν̄e (blue dashed curves)
interactions on 4He at r ¼ 105 km as functions of tpb for the
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full case including both collective neutrino oscillations and MSW
flavor transformation while the thicker curves are for the case of
pure MSW flavor transformation.
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C. Effects on rates of νe absorption by 138Ba and 180Hf
and the production of 138La and 180Ta

The rare isotopes 138La and 180Ta can be produced
predominantly by the charged-current interaction of νe on
the preexisting 138Ba and 180Hf, respectively. The main
production region is in the O=Ne shell of our supernova
progenitor and the yields sensitively depend on the neutrino
“temperature” [59]. During the first 5 s post bounce, neðrÞ
in the O=Ne shell is much larger than n13e;MSWðEÞ for typical
neutrino energies, and the neutrino interaction rates on
nuclei can be calculated similarly to Eq. (21) but with
~fναðt0; E; rÞ replaced by fðiÞνα ðt; EÞ. In this case, flavor
conversion results from collective oscillations only and
the ratio λoscναA

=λ0ναA is independent of radius due to can-
cellation of the 1=r2 dependence for each rate.
We have calculated the rates of reactions (15a) and (15b)

with and without neutrino oscillations, using cross sections
with power-law dependence on neutrino energy fitted to the
spectrally-averaged cross sections adopted in [59]. The
enhancement factors λoscναA

=λ0ναA for these rates for the IH are
shown in Fig. 19. Although collective oscillations enhance
the rates of νe interactions on 138Ba and 180Hf by up to
∼80% and ∼60%, respectively, during 0.8 < tpb < 5 s, the
time-integrated rates for the first 5 s post bounce are
increased by only ∼11.5% and ∼8.5%, respectively. This
is because the neutrino luminosity is much higher but
collective oscillations are suppressed during the first 0.8 s
post bounce. Consequently, while νe interactions during the
cooling phase are substantially enhanced by collective
oscillations for the IH, they still contribute subdominantly
to the total production of 138La and 180Ta.

VI. EFFECTS OF FLAVOR OSCILLATIONS ON
NEUTRINO SIGNALS

For predicting neutrino signals from a Galactic super-
nova described by our model, the event rate for a particular
neutrino interaction with target particles i in a detector can
be approximately calculated as

RiðtÞ ¼
NiR2

d

4π2d2
X
α

Z
∞

Eth

E2fðfÞνα ðE; tÞσναiðEÞdE; ð22Þ

where Ni is the total number of target particles i in the
detector, d is the distance from the supernova to the Earth,
and Eth is the threshold energy for the interaction. Here we
have assumed 100% detection efficiency for simplicity. For

the neutrino energy spectra fðfÞνα at the Earth, we neglect the
slight modification by the Earth-matter effect [67] and

assume fðfÞνα ¼ ~fναðne ¼ 0Þ. Specifically, we take

fðfÞνe ¼ s213f
ðiÞ
νe þ c212c

2
13f

ðiÞ
νx þ s212c

2
13f

ðiÞ
νy ; ð23aÞ

fðfÞνx ¼ s212f
ðiÞ
νx þ c212f

ðiÞ
νy ; ð23bÞ

fðfÞνy ¼ c213f
ðiÞ
νe þ c212s

2
13f

ðiÞ
νx þ s212s

2
13f

ðiÞ
νy ; ð23cÞ

fðfÞν̄e
¼ c212c

2
13f

ðiÞ
ν̄e
þ s212c

2
13f

ðiÞ
ν̄x
þ s213f

ðiÞ
ν̄y
; ð23dÞ

fðfÞν̄x
¼ s212f

ðiÞ
ν̄e
þ c212f

ðiÞ
ν̄x
; ð23eÞ

fðfÞν̄y
¼ c212s

2
13f

ðiÞ
ν̄e
þ s212s

2
13f

ðiÞ
ν̄x
þ c213f

ðiÞ
ν̄y
; ð23fÞ

for the NH, and

fðfÞνe ¼ s212c
2
13f

ðiÞ
νe þ c212c

2
13f

ðiÞ
νx þ s213f

ðiÞ
νy ; ð24aÞ

fðfÞνx ¼ c212f
ðiÞ
νe þ s212f

ðiÞ
νx ; ð24bÞ

fðfÞνy ¼ s212s
2
13f

ðiÞ
νe þ c212s

2
13f

ðiÞ
νx þ c213f

ðiÞ
νy ; ð24cÞ

fðfÞν̄e
¼ s213f

ðiÞ
ν̄e
þ s212c

2
13f

ðiÞ
ν̄x
þ c212c

2
13f

ðiÞ
ν̄y
; ð24dÞ

fðfÞν̄x
¼ c212f

ðiÞ
ν̄x
þ s212f

ðiÞ
ν̄y
; ð24eÞ

fðfÞν̄y
¼ c213f

ðiÞ
ν̄e
þ s212s

2
13f

ðiÞ
ν̄x
þ c212s

2
13f

ðiÞ
ν̄y
; ð24fÞ

for the IH. In the above equations, cij and sij stand for
cos θij and sin θij, respectively.
We have calculated the expected neutrino signals in a

34 kton liquid argon time projection chamber (LArTPC)
detector and the Super-Kamiokande (Super-K) detector for
a Galactic supernova at d ¼ 10 kpc. The included inter-
action channels are

νe þ 40Ar → e− þ 40K�; ð25aÞ

ν̄e þ 40Ar → eþ þ 40Cl�; ð25bÞ

να þ e− → να þ e−; ð25cÞ
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FIG. 19 (color online). The ratios λosc=λ0 for charged-current
interactions of νe on 138Ba (red solid curves) and 180Hf (blue
dashed curves) as functions of tpb for the IH. The rates λ0 at
r ¼ 104 km without oscillations (thin curves) are also shown.
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for the LArTPC detector, and

ν̄e þ p → eþ þ n; ð26aÞ

να þ e− → να þ e−; ð26bÞ

να þ 16O → να þ 16O; ð26cÞ

νe þ 16O → e− þ 16F�; ð26dÞ

ν̄e þ 16O → eþ þ 16N�; ð26eÞ

for the Super-K detector. The cross sections for neutrino
interactions on 16O and 40Ar have been computed in [68].
The numerical values for all cross sections are taken from
the data compiled in [9]. In Fig. 20, we show the number of
all neutrino events in time bins of 5, 20, and 200 ms for the
neutronization burst, the accretion phase, and the proto-
neutron star cooling phase, respectively, as a function
of time.
The neutronization burst could be readily seen in the

LArTPC detector if there were no neutrino oscillations.
However, the burst completely disappears for the NH. For
the IH, there might still be a chance to identify the burst
from the dominant interaction channel of νe capture on
40Ar. This can be understood by examining Eqs. (23) and
(24). With c212c

2
13 ∼ 0.69, s212c

2
13 ∼ 0.31, and s213 ∼ 0, we

have fðfÞνe ∼ fνμðτÞ for the NH and fðfÞνe ∼ 0.31fνe þ 0.69fνμðτÞ
for the IH when there are no collective neutrino oscillations.
As the νμðτÞ flux is much smaller compared to νe during the
neutronization burst, the number of events with oscillations
is strongly limited. For the Super-K detector, the dominant
detection channel is ν̄e absorption on protons and the ν̄e
flux at the detector is fðfÞν̄e

∼ 0.69fν̄e þ 0.31fν̄μðτÞ for the NH

and fðfÞν̄e
∼ fν̄μðτÞ for the IH. Thus, there will be more events

for the IH because ν̄μðτÞ have a higher average energy than
ν̄e. Note that if the distance to the supernova is much closer
than 10 kpc, there will be many more events during the
neutronization burst so that the rising time of the ν̄e signal
may be used to distinguish the neutrino mass hierarchy [69].
During the accretion phase, the time profiles of the

events in the two detectors behave quite differently for
either mass hierarchy. For the NH, the ν̄e luminosity plateau
at emission (see Fig. 2) can still be observed in the Super-K
detector, but in the LArTPC detector, the event rate
basically follows the decreasing νμðτÞ luminosity at emis-
sion. For the IH, both detectors will see a decreasing
number of events per bin with time, but the rate of decrease
will be larger for the Super-K detector. If the time profiles
of (anti-)neutrino luminosities at emission in our model are
generic for supernovae, it will be possible to utilize the time
profiles of the events in the two detectors, e.g., by forming a

ratio of the respective number of events per time bin, to
infer the neutrino mass hierarchy.
During the cooling phase, the time profiles of the events

are rather similar for both mass hierarchies and whether
collective oscillations are included or not. As the 1-2
mixing is entirely suppressed in the region of collective
oscillations, it is straightforward to show from Eqs. (23)
and (24) that the neutrino signals will always be between
the cases of pure adiabatic MSW flavor transformation for
the NH and IH. The similarity of the event time profiles in
different scenarios of neutrino oscillations is further
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FIG. 20 (color online). The number of all neutrino events per
time bin as a function of time for an LArTPC detector and the
Super-K detector, respectively, during (a) the neutronization
burst, (b) the accretion phase, and (c) the proto-neutron star
cooling phase of a Galactic supernova at a distance of 10 kpc.
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enhanced by the convergence of all neutrino spectra during
the cooling phase.
From the above discussion, it is clear that the neutrino

signals during the accretion phase give a better chance to
resolve the neutrino mass hierarchy. During this phase,
there are substantial differences in the (anti)neutrino spectra
between the electron and μðτÞ flavors and the total number
of expected events is also relatively large compared to the
neutronization burst. It is thus interesting to examine the
energy spectra of the neutrino events during the accretion
phase for both mass hierarchies. In Fig. 21, we show the
time-integrated neutrino spectra during the first 0.5 s for the
LArTPC and Super-K detectors, assuming that the neutrino
energy can be inferred from detection. It can be seen that
for the NH, the spectrum in the Super-K detector has a
much lower average energy and smaller spread compared
with the spectrum in the same detector for the IH or the
spectrum in the LArTPC detector for either mass hierarchy.
Thus, assuming that collective neutrino oscillations are
indeed strongly suppressed during the accretion phase of
supernova explosion, we expect that the NH can be clearly
identified if a large difference in the neutrino spectra is
detected between the Super-K and LArTPC detectors.
This identification can be made more robust by using
the different time profiles for the two detectors in addition.

VII. CONCLUSIONS

We have shown that in order to understand the effects of
neutrino flavor oscillations on supernova nucleosynthesis
and on the neutrino signals, a detailed calculation including
both collective oscillations and the subsequent MSW flavor
transformation has to be carried out to derive the flavor
conversion probabilities as functions of the emission time,
energy, propagation angle, and arrival radius for a neutrino.

We have explicitly described a detailed scheme of
calculation and implemented it by employing the time-
dependent neutrino spectra and electron density profiles
from a spherically symmetric supernova model with an
18M⊙ progenitor. We find that collective neutrino oscil-
lations are not only sensitive to the detailed neutrino energy
and angular distributions at emission, but also to the time
evolution of these distributions and the electron density
profile due to the nonlinear nature of the flavor evolution
equation as discussed in Sec. IV.
We have shown that in our supernova model, collective

neutrino oscillations happen only for the IH, mostly in the
neutrino sector during the first 5 s of the proto-neutron star
cooling phase, due to the dominant emission of ν̄μðτÞ over
ν̄e. The radius/temperature at which these oscillations occur
is in general too far/low to have a direct impact on Ye before
free nucleons are assembled into α particles. In addition,
there is no effect on the rate of ν̄e capture on protons for the
temperature range of 1≲ T ≲ 3 GK, which is relevant for
the νp process in the neutrino-driven wind. Thus, the
outcome of this process in our supernova model is not
affected by collective neutrino oscillations as discussed in
Sec. VA. However, collective oscillations may still enhance
somewhat the production of the rare isotopes 138La and
180Ta as shown in Sec. V C. We have also calculated the
MSW flavor transformation that happens in the C/O and He
shells of the supernova for the first 5 s of post-bounce time,
in order to evaluate the impact of neutrino oscillations on
the neutrino-induced nucleosynthesis in the He shell and
on the neutrino signals. We find that the charged-current
interaction rates of νe (ν̄e) on 4He are greatly enhanced by
the MSW flavor transformation for the NH (IH). This may
impact the production of 7Li and 11B as studied in [63].
For the neutrino signals from our supernova model,

we have calculated the number of events per time bin for
different neutrino emission phases for the Super-
Kamiokande detector and a hypothetical 34 kton liquid
argon detector. The results suggest that for a Galactic
supernova of this kind, the events from the neutronization
burst may not be enough to identify the burst. However, it
may be possible to use the time profiles of events during the
accretion phase and the associated neutrino spectra in these
two detectors to infer the yet unknown neutrino mass
hierarchy. For the cooling phase, we have shown that the
effects of collective oscillations are in general small, limited
by the difference between the cases of pure MSW flavor
transformation for the NH and IH.
Although our results seem to suggest that collective

neutrino oscillations do not have a large impact on either
the nucleosynthesis or the neutrino signals, cautions must
be mentioned as there are a number of issues in modeling
such oscillations in supernovae. First, in our treatment here,
we have assumed azimuthal symmetry around the radial
direction for collective oscillations. The effect of relaxing
this symmetry [28] needs to be further examined and may
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neutrino events during the first 0.5 s for the LArTPC and
Super-K detectors.
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require a full six-dimensional calculation for neutrinos
emitted in different parts of the proto-neutron star surface.
Second, it has been suggested recently that the coherence
between different neutrino mass eigenstates may not be
maintained by the time collective oscillations occur, due to
the very small wave-packet size of neutrinos at production
[35]. Detailed examination of this effect in connection
with the processes of neutrino production is thus required.
Third, although studies of flavor instabilities suggest that
the contribution to the effective Hamiltonian from those
neutrinos scattered by nuclei outside a proto-neutron star,
the so-called neutrino “halo,” may further suppress collec-
tive oscillations during the accretion phase [24,26], this
remains to be confirmed by a self-consistent calculation.
Fourth, our view of collective oscillations in particular and
neutrino flavor transformation in general might be changed
by the apparently subdominant beyond-the-mean-field
contribution [27], the neutrino spin coherence [36], and
the neutrino magnetic moment [70]. Last but not the least,
as we have demonstrated in this paper, the outcome of
neutrino flavor oscillations is sensitive to the input from the
supernova model. For example, any change in neutrino
spectra from supernova models with improved treatment of
neutrino interaction with matter in the decoupling region
[71,72] will require reexamination of the problem of
supernova neutrino oscillations.
In summary, this work represents a small step towards

the understanding of supernova neutrino oscillations and
their impact. In view of the importance of supernova

nucleosynthesis to the production history of various nuclei
in our universe, along with the high reward of utilizing
neutrino signals from a future Galactic supernova to learn
about supernova physics and neutrino properties, further
studies that take into account all the issues mentioned
above, not for one, but for a large number of models with
different progenitors, must be carried out in order to fully
understand the effects of neutrino oscillations in super-
novae and the associated rich physics.
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