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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 multi-angle 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 40My progenitor. When the gas
temperature decreases down to ~ 2 — 3 x 10° K, the increased flux of electron antineutrinos
promotes 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 '°°Cd and '°®Cd. 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,
126X e 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 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 non-electron 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 %% Ru.

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 af-
ter core bounce, ~ 10°8 neutrinos and antineutrinos
(Ve, Yy Vry Ue, Uy, U7) are emitted from the proto-neutron
star and carry away the gravitational binding energy out
of the inner core [1]. At such high neutrino number densi-
ties, coherent superposition of neutrino-neutrino scatter-

ing amplitudes triggers a self refraction effect which in-

duces dramatic flavor transformation modes as emergent
many-body phenomena [2-9]. These are called “collec-
tive neutrino oscillations” because both analytical and
numerical studies indicate that the strong correlations
develop between flavor evolution of neutrinos with dif-
ferent momenta [10-20]. Collective neutrino oscillations
transform the spectra of all neutrino species, but particu-
larly important for our purposes is the modification of v,
and 7, energy distributions because their absorptions on
free nucleons through v, +n — e~ +pand v, +p — et +n
reactions significantly affect the nucleosynthesis.

It was proposed that explosive nucleosynthesis takes



place in neutrino-driven winds. Previous numerical stud-
ies [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 %Ge(n, p)%Ga instead of B+ decay.
The vp process can synthesize p-nuclei which are located
in the proton-rich side of stability line and bypassed
by the major two neutron capture reactions of r- and

S-processes.

In proton-rich outflows, increased v, flux induced by
collective neutrino oscillations may enhance the vp pro-
cess. Conversely, the abundances of the affected nuclides
may be used as a probe to investigate non-linear effects
of collective neutrino oscillations on the neutrino spec-

tra in addition to direct measurements of neutrino fluxes.

The effects of collective neutrino oscillations on
nucleosynthesis 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
multi-angle 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 systematically 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 nucle-
osynthesis network 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 oscillations 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 multi-angle simulations for the first
time with nucleosynthesis network calculations based
on a spherically symmetric 1D explosion model of a
core-collapse supernova.

This paper is organized as follow: In section II,
we introduce the setup for our simulations. In section
III, we present the calculated simulation results of
oscillation phenomena and their influence on vp process
nucleosynthesis in both early and later neutrino-driven
Discussions about the obtained results and

winds.

summary in this work are presented in section 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, 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]. Fig.1 represents
the time evolution of neutrino luminosities L,, mean
energies (F,) and shape parameters v (see Eq.(5) and
note that a is often used in other references e.g. Ref.

[36]) in this explosion model. The sharp deacrease of



the luminositites 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 work, the accretion rate is reduced
by hand and the shock revives at that time. In the
late phase, the mean energy of vg is higher than that
reported in recent sophisticated simulations e.g. Ref.
[37] since inelastic effect of mneutrino 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 s and 1.1 s after core bounce as the fiducial mod-
els in the cooling phase. Neutrino oscillations and nu-
cleosynthesis are calculated as post processes using these
wind models from r = 40 — 3300 km where r is the dis-
tance from the center. The electron fraction inside the

outflow is given by

Z;

o i:allgpccics EX“ W
where Z;, A; and X; denote atomic number, mass num-
ber and mass fraction of nuclear species 4, respectively.
In the cooling phase, the feedback effect of neutrino os-
cillations on Y, is negligible at » > 100 km, where col-
lective 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(ve,e”)p and p(ve,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 T de-
creases, 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 t = 0.6 (1.1) s, the electron fraction inside the

outflow actually takes nearly the same constant value
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Fig 1. The time evolution of neutrino luminosities L, (a),
mean energies (E,) (b) and shape parameters « (c) in the 1D
explosion model where vg = v, v, Uy, Ur.

Y. ~ 0.55 (0.59) in r > 40 km independent of neutrino
oscillation effects.

Neutrino reaction rates for v, +n — e~ + p and v, +
p — et + n are estimated by using the analytical cross

sections [26]
oy, = 9.6 x 107 (E/MeV + 1.293)2, (2)
and
o5, = 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
[39, 40].
tions of the a-induced reactions, derived by the WBP

a-particles as discussed in Ref. Cross sec-
Hamiltonian [41] are no longer negligible because «-
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 oscilla-

tions are included in the network calculation successively.

We adopt the following neutrino oscillation parame-
ters in our simulations: 033 = 45°, 013 = 8.5°, #15 = 34°,
Am3, = 7.5 x 107%V?, |Am3,| = 2.4 x 10~%eV? and
dcp = 0 where AmZ; = m7 —m7. The positive (neg-
ative) Am3, 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 ¢ = 0.6 s and 1.1 s. This assumption is ap-
plicable to our calculation because the onset radius of
collective neutrino oscillations [17] is not sensitive to a
small difference by few km in R,. On the surface of
the neutrino sphere (r = R, ), we impose the normalized

neutrino spectra f,, (for a = e, p,7) [44]

B y+1 ’YHeX _(y+DE
f”ﬂ(E)‘r<v+1><<Eya>) p[ ) }
with,
B2 —2(E, )?
R v °

where « is a shape parameter and I'(z) is the gamma
function. The normalized antineutrino spectra f_ (for
a = e, u, T) are also introduced in the same way. Table I

shows the initial neutrino parameters in our models ob-

tained by the 1D explosion simulation. From the radius
of neutrino sphere (r = R,) to the beginning of the os-
cillation calculation (r = 40 km), we neglect any flavor
transitions because of the presence of dominant matter

effects and the multi-angle decoherence [17, 18, 27].

We perform the three flavor multi-angle calculations
by employing the neutrino “bulb model” [10]. In this
treatment, flavor contents of emitted neutrinos can be
represented by a 3 x 3 density matrix p(r, £, 6,) 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 de-
noted by p(r, E,6,). We normalize the traces of p and
p as Trp = Trp = 1, which allows to impose a proba-
bilistic interpretation on the diagonal components, e.g.,
the paa(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, multi-
angle calculation is carried out by solving the equations

of motions of neutrino and antineutrino density matrices

[5]

0
cos 0, gp(r,E,Hp) (6)
= —i[p(r,E,0,),QE)+V(r,E,0,)],

cos 0, %ﬁ(r, E,0,)
= —i[p(r,E,0,), —QUE)+V(r,E,0,)]. (7)

Here Q(F) is the vacuum oscillation Hamiltonian

A2 -2 00
m
Q(E) = 2Ly Ut 8
(E) 6E 0 10 (8)
0 01
A2 -1 0 0
M3a +
——=U — U
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t LVe LD& Llfg <EV<3> <El7c> <EV5> Yve Ve '71/;3
(s) (10°terg/s) (10%erg/s) (10°terg/s) (MeV) (MeV) (MeV)

0.6 11.7 10.7 18.3 12.3 147 202 316 3.66 0.32
1.1 7.6 6.0 15.1 129 143 213 3.72 3.53 042

Table I. The parameter set of neutrinos on the surface of the neutrino sphere where vg = v, v;, Uy, V7.

where U the
(PMNS) matrix [45] which includes the mixing angles

is

0;;. The potential consists of two terms: V(r, E,6,) =
Vinatter (1) + Veerr(r,0,). Here Vipatter(r) represents the
effect of the net electron background [46, 47|

100
000
000

Vmattcr(r) - ﬁGFne (T) (9)

)

where n.(r) is the electron density in the radius r, and
Veelt (7, 6p) is the potential of neutrino self interactions
whose strength is determined by neutrino luminosities
[5, 10]. Tt is given by

V2GF
V;‘elf(ru E, 91)) = o R2

Z‘{ Fon (Bl . 6,) —

a=e,u,T

Ly

L,, e
(Es,)

(Eve)

In our calculations, we adopt the mean-field approach

and ignore any sterile neutrino mixings.

IIT. RESULTS

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

on abundances of p-nuclei are discussed in section IIIC.

Pontecorvo-Maki-Nakagawa-Sakata

/dE d(cosby)(1 — cosb, cosb,)
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A. Early neutrino-driven wind (¢t = 0.6 s)

Collective neutrino oscillations are caused by the
non-linear self-interacting potential Vieie(r,6p). These
oscillations affect energy spectra of all species of neu-
trinos. In inverted mass hierarchy, the vp process is
enhanced by the increased number of energetic electron

antineutrinos.

Fig.2 shows the evolution of the angle averaged ratio of
electron antineutrinos for the early wind model of t = 0.6

s given by

(Pec(r, B)) = 2

™

/2 dor ﬁee(ranep)v (11)

0

for the three typical energies 1.8, 15.6 and 30 MeV. Here

)

(lo)sphere which is in one-to-one relation to 6, [10]. Our

"0 is the emission angle on the surface of the neutrino

results for normal and inverted mass hierarchies are
shown in Fig.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

Uy = €08 023 1, — sin g v, (12)

vy = sinbag vy, + cos ba3 vy (13)
In normal mass hierarchy (Fig.2(a)), the synchronization
due to the neutrino self interactions [11, 12] and high elec-

tron density prevent any flavor transitions until r ~ 110
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Fig 2. This figure shows the evolution of angle averaged (pec(r, E)) in normal (a) and inverted (b) mass hierarchies in the
early flow (¢t = 0.6 s). (pee(r, E')) represents the ratio of Ue 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.

km. Henceforth, the decreasing neutrino self interaction
potential becomes comparable to the vacuum oscillation
term and all neutrino species begin to change flavor col-
lectively, irrespective of their momenta and direction of
motion. In such collective phenomena, v, — v, conver-
sions [15, 18] occur and 7, is decoupled from other flavor
of antineutrinos because 7, and v, acquire about the

same effective mass inside the dense material [48].

Around r = 400 km where the vp process takes place,
the contribution of Vie(r,6,) in the total neutrino
Hamiltonian is negligible, so that collective neutrino
oscillations have terminated. As shown in Fig.3(b), any
spectral swaps can not be observed because affected
antineutrinos 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 gradually 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 wsolar = Am%l /2E resulting
in the adiabatic neutrino flavor transitions to the vacuum
mass eigenstates. This matter effect causes the difference
between 7, flux and that of . 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 an-
tineutrinos around r = 400 km as shown, for example by
the 15.6 and 30 MeV antineutrinos in Fig.2(b). 7, and
v, are almost degenerate during the collective neutrino
oscillations, resulting in the same energy spectra as
shown in Fig.3(e). The spectral splits caused by collec-
tive neutrino oscillations develop around the spectral

crossing points in antineutrino spectra [14, 15]. Flavor



transitions are observed in E > Eéi) = 7.1 MeV. Here
ES) represents the value of the first spectral crossing
point in our antineutrino spectra. The flavor transitions
of low energy antineutrinos (E < E\) are highly
suppressed because of the multi-angle decoherence.
The increased number of electron antineutrinos whose
energies are larger than the value of the second spectral
crossing point (Eég) = 22.3 MeV) cause the enhancement
of the vp process nucleosynthesis. Complete spectrum
swaps as obtained in calculations with the single-angle
approximation do not emerge from our multi-angle
calculations. This smeared oscillation phenomenon is
consistent with the previous numerical studies [12, 18].
After the collective neutrino oscillations cease, antineu-
trinos undergo Mikheyev-Smirnov-Wolfenstein (MSW)
resonances [46, 47] between 7. and 7, caused by the

coupling between the atmospheric vacuum frequency

Watm = Am3,/2E and the matter potential Vipatter(r).

In both hierarchies, the onset of collective neutrino
oscillations are delayed compared with that in single-
angle approximation. Such delayed collective neutrino
oscillations are caused by the angular dispersion of
Veelt(r,0p) as discussed in [17].  These multi-angle
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 oscilla-

tions earlier and create an artificial feedback effect on Y.

The flavor transitions of energetic 7.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,7) reactions in proton-rich wind
trajectories (Y, > 0.5). The vp process occurs during
T ~ 2—3x 107 K [25] which corresponds to r ~ 350 — 680
km in our proton-rich outflows. Most of free neutrons

are produced by 7, +p — et + n. In addition, the

_ /\ (d)Inverted 40 km

Number Flux (a.u.)

Number Flux (a.u.)

Number Flux (a.u.)

Fig 3. The evolution of energy spectra of antineutrinos from
r = 40 km to 3300 km in both normal and inverted mass
hierarchies using the early wind trajectory (¢t = 0.6 s). Thin
dashed curves display initial antineutrino spectra. There are
two spectral crossing points in antineutrino spectra whose en-
ergies are ES) = 7.1 MeV and Eé;) = 22.3 MeV.

reaction o + 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 reac-
tion rates. There is no oscillation effect in a(v,v'n)*He
because this is a neutral current reaction. On the other
hand, the reaction rate of p(#.,e™)n can probe the oscilla-

tion effects as shown in Fig.2(a)(b) because this quantity



is derived by the integration of pe(r, E, 0)):
Ao, = /dE dcosd),

P 5 iy e (B B 0,)a0, (). (14)
Fig.4 displays the evolution of normalized A\r? where \ is
the reaction rate of p(7.,et)n or a(v,//n)*He. Without
neutrino oscillations, the reaction rate decreases as
Aox1—+/1—(R,/r)? ~1/2(R,/r)? (r >> R,). The
value of \r? is normalized by the final Ao, r2 calculated

in no oscillation case (dashed black curve in Fig.4).
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Fig 4. The evolution of normalized Ar? in the early outflow
model (¢ = 0.6 s) where A represents the reaction rate of the
charged current reaction U.+p — et +n or the neutral current
reaction o + v — 2He 4+ n + /. The vp process is active in
the region r ~ 350 — 680 km.

In normal mass hierarchy (solid red curve in Fig.4),
collective neutrino oscillations enhance the value of Ay,
around r = 150 km where almost all nuclides are in
quasi-statistical equilibrium (QSE) [49]. In the QSE
state (T ~ 3—5x 10 K), all nuclear abundance ratios are
determined by the temperature, density, Y. 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 section 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.

In inverted mass hierarchy (dash-dotted blue curve in
Fig.4), the value of Ay, is increased by collective neu-
trino 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 Ay, is mainly due to the flavor transitions in ener-
getic antineutrinos because of the energy dependence of
the cross section oy, (E) o< (E/MeV —1.293)2. Therefore,
the contribution from increasing high energy electron an-
tineutrinos (E > EES)) is larger than that of decreasing
intermediate electron antineutrinos (EY < E < E'9)
in Fig.3(e). After the vp process has terminated, ST
decays and (n,v) dominate the nuclear reactions inside
the neutrino-driven wind. The MSW effects increase
the value of Ay, around r = 2000 km. These oscilla-
tion effects are negligible in the nucleosynthesis because
neutrino-induced reactions fail to produce much free neu-

trons for the subsequent (n,y) and (n, p) reactions in this

outer region.

B. Later neutrino-driven wind (¢t = 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
luminosity 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 significant effects on the vp process.

In normal mass hierarchy (Fig.5(a)), flavor transitions

occur in r ~ 110 km. Then, antineutrinos gradually
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Fig 5. The evolution of {pec(r, E)) in normal (a) and inverted (b) mass hierarchies using the later wind trajectory (¢t =1.1s).

The vp process occurs during r ~ 245 — 470 km.

come back to their original flavors. This oscillation
behavior is similar to that of early trajectory (Fig.2(a)).
However, in the later trajectory, a sharp flavor transition
occurs raising the value of (pe.(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 Eéé) = 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 multi-angle 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 antineu-
trino because the value of the critical electron density
is proportional to E~!. The spectral split of low energy
antineutrinos (F ~ 1 MeV) in Fig.6(e) is caused by the
MSW resonance. In the later explosion phase, the elec-
tron 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 can not
decrease down to the critical values. In outer region,
high energy 7. also begins to transform to 7, resulting

in dramatic spectral swaps in antineutrino spectra as

shown in Fig.6(f).

Fig.7 represents the evolution of neutrino-induced

reaction rates in the later trajectory (¢t = 1.1 s). In
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Fig 6. The evolution of energy spectra of antineutrinos for
the later wind trajectory (¢t = 1.1 s) as in Fig.3. The spectral

crossing points are Egll) = 8.2 MeV and EEIQ) = 17.8 MeV.

this outflow model, the gas temperature immediately
decreases down to T ~ 2 — 3 x 10° K (r ~ 245 — 470
km) where 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 Ay, near the onset of collective
neutrino oscillations (r ~ 110 km) can not contribute
to the nucleosynthesis as discussed in the early wind
model. However, the enhancement of \;, around 280
km makes a remarkable influence on the nucleosynthesis.

The sharp flavor transitions around 280 km in energetic

antineutrinos raise the value of Ay, by a factor two.
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Fig 7. The evolution of normalized Ar? in the later outflow
model (¢t = 1.1 s) as in Fig.4. The vp process occurs in the
interval r ~ 245 — 470 km.

The raised value of \j_ is kept up until the vp process
freezes out inside the outflow. Therefore, the vp process
is enhanced successfully resulting in the productions of

more abundant p-nuclei.

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 )\, increases later
because of the MSW resonances and finally exceeds the
corresponding 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%m/s. Therefore, oscillation
effects are not expected to significantly affect the vp

process and neutron-capture reactions.



(a) Early trajectory (t=0.6 s)

(b) Later trajectory (t=1.1s)

(c) Average
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Fig 8. The overproduction factors of p-nuclei I'; in

the early trajectory (a), later trajectory (b).

The averaged value of

overproduction factor (c) is obtained by using Eq.(16) and (17).

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.

Fig.8 represents the overproduction factors of p-nuclei.

The overproduction factor for the nucleus ¢ is defined by

F,L- _ X’L / )(561:‘e 7

15
Xi,solar X56Fc,solar ( )

where X; and X ¢olar are the mass fractions of nucleus

i in the wind trajectory and in the solar system [50],

respectively. X, is derived by carrying out the nucle-
osynthesis calculation until all nuclear reactions freeze
out. In case of I'; > 1, large amounts of nucleus i are
produced which are enough to explain the solar abun-
dance 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 A, discussed in section IITA.
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 no
oscillation case. In inverted mass hierarchy, however,
p-nuclei are increased by up to ~ 102 times owing to the

enhancement of Ay, during r ~ 350 — 680 km. Heavy



p-nuclei tends to be created more abundantly because
high Ap, supplies more free neutrons for subsequent
(n,p) reactions on heavy elements as discussed in Ref.
[28]. The p-nuclei are synthesized up to 1°°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.

Fig.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
oscillations. These oscillation effects allow the nuclear
flow to reach heavier p-nuclei like 1?*Xe, 126Xe and '3°Ba
on the chart of nuclides which fail to be synthesized
in 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 in Ref. [28] (up to ~ 20 times). Our
initial neutrino parameters are such that there is a large
excess of vz over U, in E > E',, 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 oy, (E) o< (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 Ay, after the vp process, as already discussed in
section IITB. The nucleosynthesis in no oscillation case
also fails to synthesize heavier p-nuclei although lighter

p-nuclei such as 7*Se,”™ Kr and #4Sr are produced.

We average overproduction factors of p-nuclei using
both early wind models, as represented in our fiducial

model of ¢t = 0.6 s, and later ones, as represented in our
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fiducial model of ¢ = 1.1 s. We can roughly regard this
quantity as the overproduction factor of the total ejecta
in cooling phase. The averaged overproduction factor

(I';) is defined by
<FZ> - (1 - f) 1—‘li|carly + .f Fi|latcr; (16)

where I'j|earty and T'j|iater are overproduction factors of
nucleus ¢ in the early and later winds respectively. The

ratio f is the mass weight for the average determined by

o AM56Fe|latcr
- 9
A4Z\456Fc|ea1rly + AMss Fe | later

f (17)

where AMsope|early and AMsepg|iater are the ejected
mass of Fe in the early phase (0.6 s < t < 1.1 s)
and the later phase (¢ > 1.1 s). Table II shows the
ratio f and ejected iron mass. AMsope|later 18 estimated
assuming that the contribution of the later phase is
effective up to t ~ 3 s because of the small mass ejection

after ¢ > 3 s [30].

The averaged overproduction factor (I';) is shown
in Fig.8 (c). In lighter p-nuclei such as "Se,”® Kr and
84GQr, 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 v, +p — et + n promotes the vp process

actively, resulting in the high values of I'; for the p-nuclei.

IV. SUMMARY AND DISCUSSIONS

We studied three flavor multi-angle collective neu-

trino oscillations together with nucleosynthesis network
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A]\456FC|eaur1y A]\45GFC|laute1r f
(x1075Mg) (x107°Mg) (x1072)
No ocillations 68.0 5.29 7.2
Normal 68.0 3.11 4.4
Inverted 60.8 5.17 7.8

Table II. The amount of ejected °Fe and the ratio f in each hierarchies.

calculations using two proton-rich neutrino-driven winds
at ¢t = 0.6 s 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 cooling phase.

In the early wind trajectory (¢t = 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
nucleosynthesis takes place. High energy electron
antineutrinos play a significant role in the vp process
because of the large cross section in Eq.(3). These oscil-
lation effects promote the vp process actively producing

more abundant p-nuclei by up to 10? times larger than

those in no oscillation case.

On the other hand, in the later trajectory (t = 1.1
s), we find that the vp process is dramatically enhanced
in normal mass hierarchy by sharp flavor transitions
in » ~ 280 km which increase energetic electron an-
tineutrinos. 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 condition where number fluxes
of mnon-electron (anti)neutrino flavors are larger than
that of electron (anti)neutrino, which is also the case
in our simulation. The enhanced vp process allows
the value of 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 I. The

dramatic enhancement of p-nuclei is partially due to the
large excess of non-electron antineutrinos over electron

antineutrinos in 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 °2:“Mo and ?6:%®Ru [52, 53].

We calculate the averaged overproduction factor of
p-nuclei (I';) by using only two wind trajectories at
t = 0.6 s 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 abun-
dance of these nuclides produced in this explosion model.
The net overproduction 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
92.94Mo and ?9%8Ru take large values ~ 10* in normal
mass hierarchy. Taking into account the contributions
of all other ejecta, the 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 Mson; = 0.07M, the values
of (I';) in the present study decrease by three 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
Ap, are negligible. In our explosion model, the value of
(E

included neutral current reactions discussed in Ref. [38].

v;) may decrease and approach to that of (Ejp,) if we
Such modifications may lower the initial number flux
of vg in high energy region reducing the enhancement
of Ay, 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

particular, the wind velocity v(r) is important for the vp
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process nucleosynthesis as discussed in our preliminary
study [56]. Free neutrons supplied by p(.,e™)n from r
to r + Ar are represented by AY,|cc = Ap, Y,Ar/v(r)
AYnlce

can be amplified easily in a slower wind trajectory

where Y, is the abundance of free protons.

leading to large variation of the effects of collective
neutrino oscillations. 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 properties of nucleosynthesis in

neutrino-driven winds.
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