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We study the effects of collective neutrino oscillations on vp process nucleosynthesis in proton-rich
neutrino-driven winds by including both the multiangle 3 x 3 flavor mixing and the nucleosynthesis
network calculation. The number flux of energetic electron antineutrinos is raised by collective neutrino
oscillations in a 1D supernova model for the 40M , progenitor. When the gas temperature decreases down
to ~2-3 x 10° K, the increased flux of electron antineutrinos promotes the vp process more actively,
resulting in the enhancement of p-nuclei. In the early phase of neutrino-driven wind, blowing at 0.6 s after
core bounce, oscillation effects are prominent in inverted mass hierarchy and p-nuclei are synthesized up to
196Cd and '°8Cd. On the other hand, in the later wind trajectory at 1.1 s after core bounce, abundances of
p-nuclei are increased remarkably by ~10-10* times in normal mass hierarchy and even reaching heavier
p-nuclei such as '>*Xe, '?°Xe and '*°Ba. The averaged overproduction factor of p-nuclei is dominated
by the later wind trajectories. Our results demonstrate that collective neutrino oscillations can strongly
influence the vp process, which indicates that they should be included in the network calculations in order
to obtain precise abundances of p-nuclei. The conclusions of this paper depend on the difference of initial
neutrino parameters between electron and nonelectron antineutrino flavors which is large in our case.
Further systematic studies on input neutrino physics and wind trajectories are necessary to draw a robust
conclusion. However, this finding would help understand the origin of solar-system isotopic abundances of

p-nuclei such as °>°*Mo and *%*3Ru.

DOI: 10.1103/PhysRevD.96.043013

I. INTRODUCTION

Several cosmological and astrophysical sites such as the
Early Universe, the core-collapse supernovae, and neutron
star mergers are intense neutrino sources. In core-collapse
supernovae, during ~1-10 seconds after core bounce,
~10® neutrinos and antineutrinos (v, vy, Vg, ey Dy )
are emitted from the protoneutron star and carry away the
gravitational binding energy out of the inner core [1]. At
such high neutrino number densities, coherent superposi-
tion of neutrino-neutrino scattering amplitudes triggers a
self-refraction effect which induces dramatic flavor trans-
formation modes as emergent many-body phenomena
[2-9]. These are called “collective neutrino oscillations”
because both analytical and numerical studies indicate that
the strong correlations develop between flavor evolution
of neutrinos with different momenta [10-20]. Collective
neutrino oscillations transform the spectra of all neutrino
species, but particularly important for our purposes is the
modification of v, and 7, energy distributions because their
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absorptions on free nucleons through v, +n — e~ +p
and 7, + p — e + n reactions significantly affect the
nucleosynthesis.

It was proposed that explosive nucleosynthesis takes
place in neutrino-driven winds. Previous numerical studies
[21,22] suggest that neutrino-driven winds become proton-
rich outflows (Y, > 0.5) rather than neutron-rich outflows
(Y, <0.5), where Y, is the electron fraction inside the
outflow. The vp process [23-25] is proposed as a primary
nucleosynthesis induced by free protons and neutrons
supplied by the p(7,,e™)n interactions in proton-rich
outflows. These free neutrons allow the creation of heavier
elements beyond the waiting point nucleus **Ge via
%4Ge(n, p)**Ga instead of B+ decay. The vp process can
synthesize p-nuclei which are located in the proton-rich
side of the stability line and bypassed by the major two
neutron capture reactions of r- and s-processes.

In proton-rich outflows, increased 7, flux induced by
collective neutrino oscillations may enhance the vp proc-
ess. Conversely, the abundances of the affected nuclides

© 2017 American Physical Society
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may be used as a probe to investigate nonlinear effects of
collective neutrino oscillations on the neutrino spectra in
addition to direct measurements of neutrino fluxes.

The effects of collective neutrino oscillations on nucleo-
synthesis have been considered in the previous studies
[26-31]. In neutron-rich outflows, it was reported that the
use of single-angle approximation [10] leads to inaccurate
prediction for the yields [27]. This is because the single-
angle approximation ignores the angular dependence of
emitted neutrinos and causes an early onset of collective
flavor transformations [17]. In the multiangle calculation
[10,12,17-19,27,31], however, the angular dependence of
flavor evolution is taken into account and oscillation
phenomena can be predicted more realistically.

In proton-rich outflows, it was shown that when spectral
swaps caused by collective neutrino oscillations are sys-
tematically included, the abundances of p-nuclei are
enhanced [28]. However, the simple spectral split scenario
adopted in Ref. [28] does not always occur in collective
neutrino oscillations. A realistic calculation which couples
collective neutrino oscillations with nucleosynthesis net-
work calculations has not yet been carried out in proton-
rich outflows. Such treatment is required because of the
difficulty to predict the onset of collective neutrino oscil-
lations which plays significant roles in the nucleosynthesis.

In this work, we study the impact of collective neutrino
oscillations on the vp process by combining three-
flavor and multiangle simulations for the first time with
nucleosynthesis network calculations based on a spheri-
cally symmetric 1D explosion model of a core-collapse
supernova.

This paper is organized as follow: In Sec. II, we
introduce the setup for our simulations. In Sec. III, we
present the calculated simulation results of oscillation
phenomena and their influence on vp process nucleosyn-
thesis in both early and later neutrino-driven winds.
Discussions about the obtained results and summary in
this work are presented in Sec. IV.

II. SETUP FOR NUMERICAL SIMULATIONS

We employ 1D wind models based on the time-
dependent neutrino radiation hydrodynamic simulation.
The numerical setup is similar to that of Ref. [32] except
for the inclusion of phenomenological general relativistic
effects on the gravitational potential [33]. As the initial
profile of the simulation, the 40M ., progenitor model in
Ref. [34] is used. To obtain a shock revival in 1D, we
reduce the mass accretion rate as in Ref. [35]. Figure 1
represents the time evolution of neutrino luminosities L,,
mean energies (E,) and shape parameters y [see Eq. (5) and
note that « is often used in other references, e.g. Ref. [36]]
in this explosion model. The sharp decrease of the
luminosities at ¢ = 250 ms after bounce originates from
the sudden decrease of the mass accretion rate. Basically, it
corresponds to the arrival of the Si layer to the shock. In this
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FIG. 1. The time evolution of neutrino luminosities L, (a),
mean energies (E,) (b), and shape parameters y (c) in the 1D
explosion model where Vg = Vys Vg Uy Uy

work, the accretion rate is reduced by hand and the shock
revives at that time. In the late phase, the mean energy of v
is higher than that reported in recent sophisticated simu-
lations, e.g. Ref. [37] since inelastic effect of neutrino
nucleon down scattering is not taken into account in our
simulation (see Fig. 14 in Ref. [38]).

We choose two representative wind trajectories at
t = 0.6 and 1.1 s after core bounce as the fiducial models
in the cooling phase. Neutrino oscillations and nucleo-
synthesis are calculated as post processes using these wind
models from r =40-3300 km where r is the distance
from the center. The electron fraction inside the outflow is
given by

Y, =

> %ix, (1)

i=all species” !
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TABLE 1.

The parameter set of neutrinos on the surface of the neutrino sphere where vy = v, v;, 7
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Uys Uz

t(s) L, (10°"erg/s) Ly (10°" erg/s) L, (10°" erg/s) (E,) MeV) (E; ) (MeV) <EU/}> MeV) 7, Y5, Yo,
0.6 11.7 10.7 18.3 12.3 14.7 20.2 3.16 3.66 0.32
1.1 7.6 6.0 15.1 12.9 14.3 21.3 372 3.53 042

where Z;, A; and X; denote atomic number, mass
number and mass fraction of nuclear species i, respec-
tively. In the cooling phase, the feedback effect of
neutrino oscillations on Y, is negligible at r>100km,
where collective neutrino oscillations occur, for the
following two reasons. The first reason is that in our
wind model, the outflow velocity v(r) is so fast that the
feedback effect of collective neutrino oscillations does
not change the value of Y, remarkably. The second
reason is that few free nucleons are produced by
n(v,,e”)p and p(D,,e")n even though oscillation
effects are taken into account. Such a small amount
of free nucleons fails to alter the value of Y, sufficiently.
As the gas temperature 7 decreases, large numbers of
free nucleons are consumed in the a-particle creation, so
that target nucleons for the neutrino-induced reactions
are exhausted. In our wind models at 7 = 0.6(1.1) s, the
electron fraction inside the outflow actually takes nearly
the same constant value Y, ~0.55(0.59) in r > 40 km
independent of neutrino oscillation effects.

Neutrino reaction rates for v, +n— e~ +p and
U,+p— e +n are estimated by using the analytical
cross sections [26]

6,, = 9.6 x 107*(E/MeV + 1.293)%, (2)
and
065, = 9.6 x 107*(E/MeV — 1.293)? cm?, (3)

respectively. We include not only neutrino absorptions on
free nucleons but also the electron and positron capture
reactions [29], and neutrino absorptions on a-particles as
discussed in Refs. [39,40]. Cross sections of the a-induced
reactions, derived by the WBP Hamiltonian [41] are no
longer negligible because a-particles become dominant
species in neutrino-driven winds after the wind temperature
decreases down to T ~ 6 x 10° K. The data of other nuclear
reaction rates on more than 8000 nuclides are adopted from
JINA Reaclib database [42]. Nucleosynthesis in neutrino-
driven winds is calculated by running LIBNUCNET reaction
network engine [43]. The effects of neutrino oscillations are
included in the network calculation successively.

We adopt the following neutrino oscillation parameters
in our simulations: 6,3 =45°, 6,3=8.5°, 0, =34°, Am3, =
7.5 x 107 eV2, |Am3,| =2.4x 1073 eV? and 5cp =0

2 2

where Am}; = m} —mj. The positive (negative) Ams3,

defines normal (inverted) mass hierarchy, respectively.
We set the same radius of neutrino sphere R, = 18 km
irrespective of neutrino species in both wind models at
t =0.6 and 1.1 s. This assumption is applicable to our
calculation because the onset radius of collective neutrino
oscillations [17] is not sensitive to a small difference by a
few km in R,. On the surface of the neutrino sphere
(r = R,), we impose the normalized neutrino spectra f,
(for a = e, pu, 7) [44]

“ren(El) ey e

fu,(E)
with

(B 2B, 5
TR B

where y is a shape parameter and I'(x) is the gamma
function. The normalized antineutrino spectra f; (for
a = e, i, 7) are also introduced in the same way. Table |
shows the initial neutrino parameters in our models
obtained by the 1D explosion simulation. From the radius
of neutrino sphere (r =R,) to the beginning of the
oscillation calculation (r = 40 km), we neglect any flavor
transitions because of the presence of dominant matter
effects and the multiangle decoherence [17,18,27].

We perform the three-flavor multiangle calculations by
employing the neutrino “bulb model” [10]. In this treat-
ment, flavor contents of emitted neutrinos can be repre-
sented by a 3 x 3 density matrix p(r,E,8,) where E is
neutrino energy, and 6, is the angle of the neutrino
propagation direction with respect to the radial direction.
The corresponding density matrix for antineutrinos is
denoted by p(r,E.,6,). We normalize the traces of p and
p as Trp = Trp = 1, which allows to impose a probabilistic
interpretation on the diagonal components, e.g., the
Pua(r.E,0),) is the probability of finding a neutrino in
a-flavor with energy E, propagating in direction of 6, at a
distance r from the center. The three-flavor, multiangle
calculation is carried out by solving the equations of
motions of neutrino and antineutrino density matrices [5]

0
cos Hpap(r, E.0,)

= —~i[p(r,E.0,),Q(E) + V(r.E.0,)].  (6)
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cos@ r, E, 9,,)

o
pap(
= —i[p(r, E.0,), —Q(E) + V(r,E.0,)].  (7)

Here Q(E) is the vacuum oscillation Hamiltonian

Q(E):Am%lU _02 (1) 2 Ut
oF 0 0 1
LAy, _01 —01 8 Ut (8)
GE o 5

where U is the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix [45] which includes the mixing angles
0;;. The potential consists of two terms: V(r,E.0,) =
Vimatter (7) + Vear(r,0,). Here V,..(r) represents the
effect of the net electron background [46,47]

I 0 0
Vmatter(r) = \/EGFI’Z@(I”) O O 0 ’ (9)
0 0 O

where n,(r) is the electron density in the radius r, and
Veer(r.0,) is the potential of neutrino self-interactions
whose strength is determined by neutrino luminosities
[5,10]. It is given by

(a) Normal mass hierarchy

07 : :
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_ Y26y

Vself(rv E, ep) - 27Z'R2
v

« 3 { Lot (E)o(r.E.0,)

a=e. .t <E’/a>

B0 E0) | (10)

/ dEd(cos8,)(1 —cosf, cos,)

In our calculations, we adopt the mean-field approach and
ignore any sterile neutrino mixings.

III. RESULTS

Here we first present numerical results of collective
neutrino oscillations and their influence on neutrino-
induced reaction rates in the early wind (r = 0.6 s) in
Sec. III A. Results in the later outflow (r = 1.1 s) are
discussed in Sec. III B. Finally, effects of oscillations on
abundances of p-nuclei are discussed in Sec. III C.

A. Early neutrino-driven wind (¢ = 0.6 s)

Collective neutrino oscillations are caused by the non-
linear self-interacting potential V(r,@,). These oscilla-
tions affect energy spectra of all species of neutrinos. In
inverted mass hierarchy, the vp process is enhanced by the
increased number of energetic electron antineutrinos.

Figure 2 shows the evolution of the angle averaged
ratio of electron antineutrinos for the early wind model of
t = 0.6 s given by

GelroB) = [(d00p(r B0, (1)

(b) Inverted mass hierarchy

Vp process

! —

| 15.6 MeV

I 30.0 MeV

100 1000
r (km)

FIG. 2. This figure shows the evolution of angle averaged (p,,.(r, E)) in normal (a) and inverted (b) mass hierarchies in the early flow
(t=0.65). {p..(r,E)) represents the ratio of 7, in an antineutrino whose energy is E at r. The vp process takes place during

T ~2-3 x 10° K which corresponds to r ~ 350-680 km.
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FIG. 3. The evolution of energy spectra of antineutrinos from

r = 40 to 3300 km in both normal and inverted mass hierarchies
using the early wind trajectory (# = 0.6 s). Thin dashed curves
display initial antineutrino spectra. There are two spectral cross-

. . . . . . e
ing points in antineutrino spectra whose energies are EY =

7.1 MeV and E'Y =223 MeV.

for the three typical energies 1.8, 15.6 and 30 MeV. Here 6
is the emission angle on the surface of the neutrino sphere
which is in one-to-one relation to ¢, [10]. Our results
for normal and inverted mass hierarchies are shown in
Figs. 2(a) and 2(b), respectively. The evolution of the full
antineutrino energy spectra is shown in Fig. 3 where the
left (right) column corresponds to normal (inverted) mass
hierarchy.
Following Ref. [48], we introduce the combinations

vy = c0s O30, — sin O3, (12)

vy = sinfyv, + cos O3, (13)

y
In normal mass hierarchy [Fig. 2(a)], the synchronization
due to the neutrino self-interactions [11,12] and high
electron density prevent any flavor transitions until
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r~ 110 km. Henceforth, the decreasing neutrino self-
interaction potential becomes comparable to the vacuum
oscillation term and all neutrino species begin to change
flavor collectively, irrespective of their momenta and direc-
tion of motion. In such collective phenomena, 7, — 7,
conversions [15,18] occur and 7, is decoupled from other
flavor of antineutrinos because 7, and o, acquire about the
same effective mass inside the dense material [48].

Around r = 400 km where the vp process takes place,
the contribution of Ve (r,0,) in the total neutrino
Hamiltonian is negligible, so that collective neutrino
oscillations have terminated. As shown in Fig. 3(b), any
spectral swaps cannot be observed because affected anti-
neutrinos have finally come back to their original flavors in
the end of collective neutrino oscillations. This implies that
the effects of neutrino oscillations on the neutrino-induced
reactions are negligible in normal mass hierarchy. After
that, low energy antineutrinos start changing flavor gradu-
ally as shown, for example, by the 1.8 MeV antineutrinos
in Fig. 2(a). Decreasing electron density allows low
energy antineutrinos to couple with the solar vacuum
frequency g, = Am3,/2E rtesulting in the adiabatic
neutrino flavor transitions to the vacuum mass eigenstates.
This matter effect causes the difference between 7, flux and
that of 7, as shown in Fig. 3(c) because vacuum mass
eigenstates are combinations of flavor eigenstates via the
PMNS matrix U.

In inverted mass hierarchy [Fig. 2(b)], collective
neutrino oscillations start around r = 250 km, which
results in the transformation of energetic electron antineu-
trinos around r = 400 km as shown, for example by the
15.6 and 30 MeV antineutrinos in Fig. 2(b). 7, and 7, are
almost degenerate during the collective neutrino oscilla-
tions, resulting in the same energy spectra as shown in
Fig. 3(e). The spectral splits caused by collective neutrino
oscillations develop around the spectral crossing points in
antineutrino spectra [14,15]. Flavor transitions are observed

in E> ES) = 7.1 MeV. Here E(:l) represents the value
of the first spectral crossing point in our antineutrino

spectra. The flavor transitions of low energy antineutrinos

(E < Egel)) are highly suppressed because of the multiangle
decoherence. The increased number of electron antineu-
trinos whose energies are larger than the value of the

second spectral crossing point (Eg = 22.3 MeV) causes
the enhancement of the vp process nucleosynthesis.
Complete spectrum swaps as obtained in calculations with
the single-angle approximation do not emerge from
our multiangle calculations. This smeared oscillation phe-
nomenon is consistent with the previous numerical studies
[12,18]. After the collective neutrino oscillations cease,
antineutrinos undergo Mikheyev-Smirnov-Wolfenstein
(MSW) resonances [46,47] between o, and U, caused by
the coupling between the atmospheric vacuum frequency
@Wam = Am3,/2E and the matter potential Ve (7)-
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In both hierarchies, the onset of collective neutrino
oscillations are delayed compared with that in single-angle
approximation. Such delayed collective neutrino oscilla-
tions are caused by the angular dispersion of V¢(r.,6,) as
discussed in [17]. These multiangle effects make critical
deviations in nucleosynthesis yields inside the neutrino-
driven winds in comparison to the single-angle calculations
[27]. The use of single-angle approximation would start
collective neutrino oscillations earlier and create an artifi-
cial feedback effect on Y.

The flavor transitions of energetic r,s at the radius of
r ~350-680 km play a crucial role in the enhancement
of the vp process which results in the production of
more abundant p-nuclei. The vp process happens through
(n, p) and (p,y) reactions in proton-rich wind trajectories
(Y, >0.5). The vp process occurs during T~2-3x10°K
[25] which corresponds to r ~ 350—680 km in our proton-
rich outflows. Most of the free neutrons are produced by
U, + p = e* + n. In addition, the reaction a + v — 3He +
n + v/ also supplies abundant free neutrons after a-particles
become dominant species (T < 6 x 10° K).

The modification of neutrino energy spectra due to
collective oscillations affects the neutrino induced reaction
rates. There is no oscillation effect in a(v, /n)*He because
this is a neutral current reaction. On the other hand, the
reaction rate of p(7,, e™)n can probe the oscillation effects
as shown in Fig. 2(a)(b) because this quantity is derived by
the integration of p,,(r, E.6,,):

A, = /dEd(cosep)

L

# = E D ’E,e . E . 14
“;.TzﬂRz%(E,;u)f”"( Vee(r )05, (E).  (14)

Figure 4 displays the evolution of normalized Ar? where
A is the reaction rate of p(Z,,e")n or a(v,v/n)’He.
Without neutrino oscillations, the reaction rate decreases
as Aoc1—+/1—=(R,/r)*~1/2(R,/r)*(r>R,). The value
of Ar* is normalized by the final 4, r* calculated in no
oscillation case (dashed black curve in Fig. 4).

In normal mass hierarchy (solid red curve in Fig. 4),
collective neutrino oscillations enhance the value of 4,
around r = 150 km where almost all nuclides are in
quasistatistical equilibrium (QSE) [49]. In the QSE state
(T ~3-5 x 10° K), all nuclear abundance ratios are deter-
mined by the temperature, density, ¥, and a small amount
of heavy nuclei Y, in the system. The feedback effect of
neutrino oscillations on Y, is negligible (see the discussion
in Sec. II). Therefore, the increased reaction rate does not
affect the nucleosynthesis strongly in this region. Seeds
nuclei for heavy elements such as °Ni, %°Zn and **Ge are
synthesized by a-capture reactions before the vp process is
ignited.
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FIG. 4. The evolution of normalized 472 in the early outflow
model (+ = 0.6 s) where A represents the reaction rate of the
charged current reaction 7, + p — e + n or the neutral current
reaction a + v — 3He + n + /. The vp process is active in the
region r ~ 350-680 km.

In inverted mass hierarchy (dash-dotted blue curve in
Fig. 4), the value of 4;, is increased by collective neutrino
oscillations and its high value is maintained in r~
350—680 km, which shows the oscillation effects enhance
the vp process successfully. The enhancement of 4; is
mainly due to the flavor transitions in energetic antineu-
trinos because of the energy dependence of the cross
section 6 (E)  (E/MeV — 1.293)2. Therefore, the con-
tribution from increasing high energy electron antineutrinos

(E > EE_;)) is larger than that of decreasing intermediate

electron antineutrinos (E'Y < E < E'Y) in Fig. 3(e). After
the vp process has terminated, ™ decays and (n,y)
dominate the nuclear reactions inside the neutrino-driven
wind. The MSW effects increase the value of 4; around
r = 2000 km. These oscillation effects are negligible in the
nucleosynthesis because neutrino-induced reactions fail to
produce much free neutrons for the subsequent (n,y) and
(n, p) reactions in this outer region.

B. Later neutrino-driven wind (r=1.1 s)

Collective neutrino oscillations are very sensitive to the
ratio of neutrino number fluxes between all species of
neutrinos [18]. In the cooling phase, the neutrino luminos-
ity is decreasing, which changes the neutrino number fluxes
resulting in the variety of collective neutrino oscillations.
In normal mass hierarchy, sharp flavor transitions of
energetic antineutrinos around r = 280 km have signifi-
cant effects on the vp process.

In normal mass hierarchy [Fig. 5(a)], flavor transitions
occur in 7 ~ 110 km. Then, antineutrinos gradually come
back to their original flavors. This oscillation behavior is
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(a) Normal mass hierarchy

0'7 N M
Vp process
06} : —]
05}
{(Pec) 0.4 115.6 MeV
——— W

30.0 MeV
0.1

LaMey e i

100 1000
r (km)

FIG. 5.
process occurs during r ~ 245-470 km.

similar to that of early trajectory [Fig. 2(a)]. However, in the
later trajectory, a sharp flavor transition occurs raising the
value of (p,.(r,E)) around 280 km for high energy
antineutrinos as shown, for example, by the 30 MeV
antineutrinos in Fig. 5(a). The spectra of antineutrinos in
r =400 km are shown in Fig. 6(b) which reflects these
sharp flavor transitions in high energy antineutrinos whose
energy is larger than the second spectral crossing point

E(CIQ) = 17.8 MeV. After that, low energy antineutrinos are
transformed to the vacuum mass eigenstates adiabatically
because of the matter effects as discussed in the early
trajectory.

In inverted mass hierarchy [Fig. 5(b)], collective neutrino
oscillations start around 330 km, but oscillation amplitudes
of antineutrinos are highly suppressed by the multiangle
decoherence. The effects of collective neutrino oscillations
on the antineutrino spectra are negligible as shown in
Fig. 6(e). After the collective neutrino oscillations cease,
antineutrinos undergo MSW resonances in outer regions.
As shown in Fig. 5(b), the resonance point depends on the
energy of the antineutrino because the value of the critical
electron density is proportional to E~!. The spectral split of
low energy antineutrinos (E ~ 1 MeV) in Fig. 6(e) is caused
by the MSW resonance. In the later explosion phase, the
electron density inside the outflow decreases more rapidly
compared with that in the early phase. Therefore, the MSW
resonance occurs in the later outflow while the electron
density of the early wind trajectory cannot decrease down to
the critical values. In the outer region, high energy 7, also
begins to transform to o, resulting in dramatic spectral swaps
in antineutrino spectra as shown in Fig. 6(f).

Figure 7 represents the evolution of neutrino-induced
reaction rates in the later trajectory (¢ = 1.1 s). In this
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(b) Inverted mass hierarchy
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The evolution of (p,,(r, E)) in normal (a) and inverted (b) mass hierarchies using the later wind trajectory (r = 1.1 s). The vp
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FIG. 6. The evolution of energy spectra of antineutrinos for the
later wind trajectory (# = 1.1 s) as in Fig. 3. The spectral crossing

points are EY) =82 MeV and E(c[2> = 17.8 MeV.
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FIG. 7. The evolution of normalized Ar? in the later outflow
model (r = 1.1 s) as in Fig. 4. The vp process occurs in the
interval r ~ 245—470 km.

outflow model, the gas temperature immediately decreases
down to T ~2-3x10° K (r ~245—470 km) where a
large amount of heavy p-nuclei and their seed nuclides
are synthesized through the vp process.

In normal mass hierarchy (solid red curve in Fig. 7),
the early enhancement of 1; near the onset of collective
neutrino oscillations (r ~ 110 km) cannot contribute to the
nucleosynthesis as discussed in the early wind model.
However, the enhancement of 4; around 280 km makes a
remarkable influence on the nucleosynthesis. The sharp
flavor transitions around 280 km in energetic antineutrinos
raise the value of /; by a factor 2. The raised value of 4;_is
kept up until the vp process freezes out inside the outflow.
Therefore, the vp process is enhanced successfully result-
ing in the productions of more abundant p-nuclei.

(a) Early trajectory (t=0.6 s)

(b) Later trajectory (t=1.1s)

PHYSICAL REVIEW D 96, 043013 (2017)

On the other hand, in inverted mass hierarchy (dash-
dotted blue curve in Fig. 7), the effect of neutrino
oscillations on nucleosynthesis is not significant because
dramatic flavor transitions do not occur in the region
r ~245—470 km. Even though 4;_ increases later because
of the MSW resonances and finally exceeds the corre-
sponding value in the normal mass hierarchy, the vp
process has already finished, and few free neutrons are
produced in rapidly expanding outflows at high wind
velocity v(r) ~ 3 x 10° ¢cm/s. Therefore, oscillation effects
are not expected to significantly affect the vp process and
neutron-capture reactions.

C. The abundances of p-nuclei produced
in neutrino-driven winds

In this section, we discuss influence of collective
neutrino oscillations on abundances of p-nuclei produced
through the vp process nucleosynthesis in both early
(t=0.6 s) and later (+ = 1.1 s) wind trajectories. In the
early outflow, oscillation effects are prominent in inverted
mass hierarchy. On the other hand, in the later trajectory,
heavy p-nuclei are highly enhanced in normal mass
hierarchy. Finally, abundances are to be averaged over
the different wind contributions.

Figure 8 represents the overproduction factors of
p-nuclei. The overproduction factor for the nucleus i is
defined by

Xi XsoFe

Xi,solar X56Fe,solar

I =

1

, (15)

where X; and X i1, are the mass fractions of nucleus 7 in
the wind trajectory and in the solar system [50], respec-
tively. X; is derived by carrying out the nucleosynthesis
calculation until all nuclear reactions freeze out. In the case
of I'; > 1, large amounts of nucleus i are produced which

(c) Average
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FIG. 8.
factor (c) is obtained by using Egs. (16) and (17).

A (Mass number)

A (Mass number)

The overproduction factors of p-nuclei I'; in the early trajectory (a), later trajectory (b). The averaged value of overproduction
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are enough to explain the solar abundance of nucleus i if we
assume that °Fe in the solar system is produced only by
this wind trajectory. Very large I'; does not make trouble in
such an interpretation as to be discussed below in Eq. (16)
and in the next section.

The over production factors of p-nuclei in the early
trajectory model are shown in Fig. 8(a). These results
reflect the behavior of collective neutrino oscillations and
their effects of the 4; discussed in Sec. Il A. In normal
mass hierarchy, oscillation effects hardly contribute to the
production of p-nuclei as implied in Fig. 4, so that the value
of I'; is similar to that of the no oscillation case. In inverted
mass hierarchy, however, p-nuclei are increased by up to
~10% times owing to the enhancement of Ap, during
r ~ 350-680 km. Heavy p-nuclei tend to be created more
abundantly because high 4; supplies more free neutrons
for subsequent (7, p) reactions on heavy elements as
discussed in Ref. [28]. The p-nuclei are synthesized up
to '%°Cd and '°®Cd even when oscillation effects are taken
into account. In the early trajectory, temperature decreases
slowly compared with the time scale of a-capture reactions
[51], so that more °Ni are synthesized before the vp
process takes place resulting in the small production of
heavier elements.

Figure 8(b) represents the production of p-nuclei in the
later outflow model. In normal mass hierarchy, more p-
nuclei are synthesized by the collective neutrino oscilla-
tions. These oscillation effects allow the nuclear flow to
reach heavier p-nuclei like '**Xe, '*Xe and '*°Ba on the
chart of nuclides which fail to be synthesized in the no
oscillation case. Overproduction factors of these p-nuclei
are extremely enhanced by up to ~10* times. The amount
of enhancement in our model is quite larger than that of
Ref. [28] (up to ~20 times). Our initial neutrino parameters
are such that there is a large excess of v over 7, in E > El,,
which creates favorable conditions for the enhancement of
energetic 7, through collective neutrino oscillations. The
increased flux of 7, at high energy region results in the
large overproduction factor in our model due to the energy
dependence of the cross section o; (E) « (E/MeV—
1.293)2. In inverted mass hierarchy, oscillation effects on
the vp process are small and fail to increase p-nuclei
sufficiently even though MSW resonances cause significant
enhancement of 4; after the vp process, as already discussed
in Sec. Il B. The nucleosynthesis in the no oscillation case
also fails to synthesize heavier p-nuclei although lighter
p-nuclei such as "#Se, *Kr and 84Sr are produced.

We average overproduction factors of p-nuclei using
both early wind models, as represented in our fiducial
model of ¢ = 0.6 s, and later ones, as represented in our
fiducial model of # = 1.1 s. We can roughly regard this
quantity as the overproduction factor of the total ejecta in
the cooling phase. The averaged overproduction factor (I';)
is defined by

PHYSICAL REVIEW D 96, 043013 (2017)

TABLEII. The amount of ejected *°Fe and the ratio f in each of
the hierarchies.

A]\/[‘%Fe|ear]y A1V[56Fe|later
(x107° M) (x1070 My)  f (x1072)
No oscillations 68.0 5.29 7.2
Normal 68.0 3.11 44
Inverted 60.8 5.17 7.8
<Fl> = (1 _f)Fi|early +fri|later’ (16)

where Ti|e,qy, and [, are overproduction factors of
nucleus 7 in the early and later winds respectively. The ratio
f is the mass weight for the average determined by

AMS(’Fe |later

f= ,
A]W'%FeL:aIly + AIW%Fehater

(17)

where AMssg|eyty @and AMsssge|je are the ejected mass of

Fe in the early phase (0.6 s < ¢ < 1.1 s) and the later
phase (¢ > 1.1 s). Table II shows the ratio f and ejected
iron mass. AMssg,|jer 1S estimated assuming that the
contribution of the later phase is effective up to t~3 s
because of the small mass ejection after t > 3 s [30].

The averaged overproduction factor (I';) is shown in
Fig. 8(c). In lighter p-nuclei such as "#Se, "*Kr and ®Sr, the
hierarchy difference is reduced because of the contributions
from the early phase in inverted hierarchy case. In heavier
p-nuclei (A > 92), the contribution from the later phase is
dominant despite the small value of f. Heavy elements are
more efficiently synthesized in the later phase because
of the small dynamical time scale of gas temperature [51].
In addition, the high electron fraction Y, ~ 0.59 which
causes abundant target protons for o, + p — e* -+ n pro-
motes the vp process actively, resulting in the high values
of I'; for the p-nuclei.

IV. SUMMARY AND DISCUSSIONS

We studied three-flavor multiangle collective neutrino
oscillations together with nucleosynthesis network calcu-
lations using two proton-rich neutrino-driven winds at
t=0.6 and 1.1 s after core bounce obtained by the 1D
explosion simulation model. We choose these outflows as
representatives of early and later trajectories in the cool-
ing phase.

In the early wind trajectory (¢ = 0.6 s), the number flux
of energetic electron antineutrinos is increased by the
collective neutrino oscillations in inverted mass hierarchy
during r ~ 350-680 km where the vp process nucleosyn-
thesis takes place. High energy electron antineutrinos play
a significant role in the vp process because of the large
cross section in Eq. (3). These oscillation effects promote
the vp process actively producing more abundant p-nuclei
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by up to 10? times larger than those in the no oscilla-
tion case.

On the other hand, in the later trajectory (¢ = 1.1 s), we
find that the vp process is dramatically enhanced in normal
mass hierarchy by sharp flavor transitions in r ~ 280 km
which increase energetic electron antineutrinos. In the
literature, it is reported many times that neutrino self-
interactions cause neutrino spectral swaps in inverted mass
hierarchy [12,16]. However, such effects are also reported
for the normal mass hierarchy [15] in a set of initial
conditions where number fluxes of nonelectron (anti)
neutrino flavors are larger than that of electron (anti)
neutrino, which is also the case in our simulation. The
enhanced v p process allows the value of the overproduction
factor of p-nuclei I'; to be raised by ~10-10* times. The
results highly depend on the initial neutrino parameters on
the surface of neutrino sphere which are shown in Table 1.
The dramatic enhancement of p-nuclei is partially due to
the large excess of nonelectron antineutrinos over electron
antineutrinos in the high energy region.

Our results indicate the necessity of incorporating the
effects of collective neutrino oscillations for precise vp
process nucleosynthesis calculations in wind trajectories.
The fact that the overproduction factors of heavy p-nuclei
are dominated by the later wind reduces the model
dependence of our results because our treatment which
assumes steady state outflows is applicable very well to
later wind trajectories. Furthermore, our finding also
suggests that such precise theoretical studies of vp process
nucleosynthesis can potentially identify the still unknown
origin of the solar °>**Mo and *®%*Ru [52,53].

We calculate the averaged overproduction factor of
p-nuclei (I';) by using only two wind trajectories at ¢ =
0.6 and 1.1 s. More quantitative discussion about the
nucleosynthesis is desirable by using many more wind
trajectories beyond ¢ = 1.1 s which were ignored in the
present calculation due to limited computational resources.
In addition, the contributions of the outer Si-burning
layer are necessary to obtain the total abundance of these
nuclides produced in this explosion model. The net over-
production factors would be I'; ~ 1 if the solar abundances
of p-nuclei are explained successfully in the supernova
model. In the present calculation, (I';) for ****Mo and
9%.98Ru take large values ~10* in normal mass hierarchy.
Taking into account the contributions of all other ejecta, the

PHYSICAL REVIEW D 96, 043013 (2017)

values of (I';) will be lowered by several orders because
the large amount of °Fe is produced there. In our
rough estimate assuming the amount of total *°Ni ejecta
Msey; = 0.07 M, the values of (I';) in the present study
decrease by 3 orders of magnitude.

The caveat of this study is the uncertainty of neutrino
parameters describing neutrino spectra. Both collective
neutrino oscillations and explosive nucleosynthesis highly
depend on the initial neutrino parameters. If the differences
between luminosities and energies of different neutrino
species are very small, oscillation effects on 4; are
negligible. In our explosion model, the value of (E, )
may decrease and approach that of (E; ) if we included
neutral current reactions discussed in Ref. [38]. Such
modifications may lower the initial number flux of v in
the high energy region reducing the enhancement of 4;, as
shown in Ref. [31]. However, note that nucleon-nucleon
correlation may increase neutrino mean energies [54,55].

The vp process depends not only on initial neutrino
parameters but also on hydrodynamic quantities. In par-
ticular, the wind velocity »(r) is important for the vp
process nucleosynthesis as discussed in our preliminary
study [56]. Free neutrons supplied by p(7,, e*)n from r to
r+ Ar are represented by AY,|.. = 4; Y ,Ar/v(r) where
Y, is the abundance of free protons. AY,|. can be
amplified easily in a slower wind trajectory leading to
large variation of the effects of collective neutrino oscil-
lations. Therefore, a comprehensive and systematic study
of hydrodynamic quantities as well as initial neutrino
parameters is desirable in order to better understand the
behavior of collective neutrino oscillations and the proper-
ties of nucleosynthesis in neutrino-driven winds.
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