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Recent hydrodynamic simulations of core-collapse supernovae with accurate neutrino transport
suggest that the bulk of the neutrino-heated ejecta is proton rich, in which the production of some
interesting proton-rich nuclei is expected. However, there are a number of waiting point nuclei
with the B*-lives of a few minutes, which prevent the production of heavy proton-rich nuclei
beyond iron in explosive events such as core-collapse supernovae. In this study, it is shown that
the rapid proton-capturef) process takes place by bypassing these waiting points via neutron-
capture reactions even in the proton-rich environment, if there is an intense neutrino flux as ex-
pected during the early phase of the neutrino-driven winds of core-collapse supernovae. The
nucleosynthesis calculations imply that the neutrino-driven winds can be potentially the origin of
light p-nuclei including®%Mo and%¢°8Ru, which cannot be explained by other astrophysical
sites.
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1. INTRODUCTION

The rapid proton-capturef) process has been expected to take place in proton-rich compo-
sitions with sufficiently high temperaturd][such as in X-ray bursts?], whose nucleosynthetic
products might contribute to the Galactic chemical evolution of some proton-rich isotopes includ-
ing p-nuclei. Recent hydrodynamic simulations of core-collapse supernovae with accurate neutrino
transport show that the bulk of the neutrino-heated ejecta during the early phase is prot8f rich [
in which the production of some proton-rich nuclei is expected. In such environments, the waiting
point nuclei (e.g.%*Ge) are bypassed via neutron capture reactions even in proton-rich matter, as
first pointed out by3] (vp-process). As a result, thre-process-like nucleosynthesis takes place
that leads to the production of proton-rich nuclei beydrd 100[4, 6]. A more detailed discussion
of the current results is presented@. [

Figure 1. Model parametersR, top, M) are shown as functions df,. Also denoted are the obtained
entropies forl.4Mq and2.0M, cases.

2. NEUTRINO-DRIVEN WINDS

Assuming the spherical symmetry of the neutrino-driven winds from a nascent neutron star,
the equations of baryon, momentum, and mass-energy conservation with the Schwarzschild metric
can be solved numerically[8,19]. Once the neutron star madd), the neutrino sphere radius
(Rv), and the neutrino luminosity(,, of one flavor, where each flavor is assumed to have the same
luminosity) are specified along with the mass ejection rslieas the boundary condition, the wind
solution can be obtained. In this study, the neutron star mass is taker #ivhe and2.0M..,.

The time evolutions of., andR, are assumed to b, (ty,) = L\,o(tpb/to)‘1 andRy (tpp) =
(Ruo—Rut)(tpn/to) "L + Ry, wheretyy is the post-bounce timéy = 0.2's,L,0 =4 x 10°? ergs s 2,

Ryo = 30 km, andR,s = 10 km, which mimic the hydrodynamic results of the neutrino-driven
winds in [10]. The wind trajectories are calculated for 54 constanbetween 0.5 and 40 ergs’s
Figure 1 shows the obtained entropies in windsfa@M, and2.0M., cases as functions af,,
along with the morel parameteis, Ry, andtpp,.
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3. NUCLEOSYNTHESIS

The nucleosynthetic yields for each wind trajectory are obtained by application of an extensive
nuclear reaction network that consists~o6300species between the proton and neutron drip lines
along with all relevant nuclear reaction and weak ratdg [The neutrino captures on free nucleons
are also included. Each calculation is initiatee=(0 s) when the temperature decrease%te- 9
(WhereTg = T/10° K).
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Figure 2: Snapshot of the nucleosynthesig at 0.02 s for the wind trajectory oM = 2.0M, L, = 4.0 x

10°t ergs s1, t;p = 2.0 s, andYe; = 0.600, where the neutrino reactions are turned off (left panel) and on
(right panel). The abundances are shown by the image in the nuclide chart. The abundance curve as a
function of mass number is shown in the upper left for each panel.

Figure 2 shows the snapshot of nucleosynthesis=a0.02 s for the wind trajectory oM =
2.0My, Ly = 4.0x 10°t ergs s, t;p = 2.0 s, andYej = 0.600, where the neutrino reactions are
turned off (left panel) and on (right panelYe; is the initial electron fraction (number of proton
per baryon) aflg = 9 (t = 0 s). The entropy obtained for this trajectory i29Nak. Without
neutrino reactions, the abundances have a sharp peéKiaand the nuclear flow stops &tGe
owing to its long half life (1.062 min) as well as the small proton-separation energies around these
species. In contrast, the inclusion of neutrino reactions leads to the nuclear flow reaczirg%be
proton-magic number, resulting in the production of proton-rich isotopes befead00. This
neutrino-induced rgprocessis a consequence of the presence of neutrons formed by the capture
of anti-electron neutrinos on free protons. As a result, the waiting point nuclei are bypassed via
neutron capture@, p) and(n, y), and the proton capture proceeds.

The time evolution ofYe; that determines the initial composition for each wind trajectory is
assumed as in the top panel of Figure 3, so as to mimic the hydrodynamic resig. iivd is
taken to be constanYy) for tg < top < t1 andVYe(tpn) = (Yeo —Yel)(tpb/tl)*l 4 Yes fort > t1, where
t; = 4.0 s andYg; = 0.100. Yy is taken to be a free parameter, which varies from 0.460 to 0.630
with the interval of 0.005 (35 cases). It should be notedYaahanges during the-process phase
(Tg ~ 7—4), affected by the neutrino capture on free nucleons. The bottom panel of Figure 3 shows
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Figure 3: Top: time evolution ofYe; (thin lines) Figure 4: Top: mass-averaged abundancepof
andYet = Yei + AYe (thick lines) forYeg = 0.600 nuclei (and®°Zr for comparison purposes) with
(solid lines) and 0.460 (dotted lines). Bottof\, respect to their solar values fof = 1.4M, case
attpp = 0.4, 1.0, and 4.0 sl{, = 20, 8, and2 x as functions ofYet(tpp = 4.0 ). Also shown is
10°t ergs s1, respectively), when the temperature  the histogram of theé, distribution p(Ye) of the
decreases tdg = 3 (at which therp-process sets neutrino-processed ejecta in a two-dimensional
in). “exploding” core-collapse simulation b@]. Bot-
tom: same as the top panel, but fdr= 2.0M
case.

the shiftsAY attp, = 0.4, 1.0, and 4.0 sl(, = 20, 8, and2 x 10°! ergs s, respectively), when
the temperature decreasedgo= 3 (at which therp-process sets in). The top panel showgthin
lines) andYet = Yei + AYe (thick lines) forYe = 0.600(solid lines) and 0.460 (dotted lines).

4. CONTRIBUTION TO THE GALACTIC CHEMICAL EVOLUTION

In order to examine the contribution of this neutrino-indugegbrocess to the Galactic chem-
ical evolution, the yields for eacYy; model (35 cases) are mass-averaged over the 54 wind trajec-
tories weighted bWI(Lv)Atpb. The mass-averaged abundanceg-oiuclei with respect to their
solar values foM = 1.4M;, (top) and2.0M., (bottom) cases are shown in Figure 4, as functions
of Yet(tpp = 4.0 s) (atL, = 2.0 x 10° ergs s, as representative of differess). Note that the
production ofp-nuclei during later phasé & 4.0 s) are negligible owing to the neutron richness
(Figure 3, top), where the neutron capture nucleosynthesis takes place. As can be seen, a variety of
p-nuclei are produced with interesting amount Yor > 0.5 models. The heavigp-nuclei (up to
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Figure 5: MassYe-averaged abundances with respect to their solar valudd ferl.4M., (top panel) and

2.0M., (bottom panel) cases as functions of mass number. The isotopes (after decay) are denoted by circles
(evenz) and triangles (od&). The p-nuclei are denoted with filled circles. The solid lines connect isotopes

of a given element.

A= 110— 120) appear for greatefes models as well as for largé (= 2.0M) case (i.e., greater
entropies, see Figure 1). It should be noted tH&e and®’Mo are most enhanced in slightly
neutron-rich compositions (at: ~ 0.48, seelb,[12)).

In reality, the neutrino-heated matter must have a certain distributidh a$ can be seen in
a two-dimensional hydrodynamic simulation of core-collapse superi8)varlhe Y. distribution
of the neutrino-processed ejecta during the first 468 ms after core bouncéSbt.aprogenitor
star obtained byJ] is overlaid in Figure 4, which has the maximumYat~ 0.5 and dominates
in the proton-rich side. To test the contributions of the windsMo 1.4M. and2.0M. cases,
the mass-averaged yields for eash model are furtheiye-averaged §4 x 35 = 1890 winds in
total) with p(Ye) shown in Figure 4assuminghis distribution to be representative of core-collapse
supernovae. The resulting abundances with respect to their solar values are shown in Figure 5 for
M = 1.4M,, (top panel) an@.0M., (bottom panel) cases as functions of mass numberpiineclei
are denoted with filled circles. The dotted horizontal lines indicate a “normalization band” between
the largest production facto?4Sr) and that by a factor of ten less than that, along with a median
value (dashed line).

As can be seen in Figure 5, tipenuclei up to®?Mo and°8Cd for M = 1.4M., and2.0M,,
cases, respectively, fall within the normalization band, which are regarded to be the dominant
species produced by each event. Note ff@e and®Mo are mainly from the slightly neutron-rich
ejecta as described above, while otparuclei are synthesized by the neutrino-indugegrocess
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in the proton-rich ejecta. The ejected masses by winds during the first 20258atel0—3M,,
and1.1x 10-3M,, for M = 1.4M,, and2.0M,, cases, respectively. Given that the progenitor mass
for each case to be, e.d.5M, and30M,,, respectively, the overproduction factor is expressed as
~ 10_4(Xej/X@). The requisite overproduction factor of a given isotope for the nucleosynthetic
event to be the major source in the solar system 0 [10], assuming thaall the core-collapse
supernovae produce the same amount of the isotope. The overproduction factot®) ef100
(see Figure 5) for the current models imply that the neutrino-driven winds can be potentially the
major astrophysical site of these lighinuclei.

The neutron-capture nuclei with> 100result from winds during the later phadg,(> 4.0's,
see Figure 3, top panel), where the initial compositions are presumed to be neutron rich. In fact,
the high-entropy winds d¥1 = 2.0M, case are those proposed to be the astrophysical origin of the
heavyr-process nucle(q, '13], while that ofM = 1.4M, to be the origin of light-process nuclei
up toA ~ 130[13. Itis interesting to note that no overproduction of #e= 90 nuclei [7, 110]
appears owing to the neutron deficiency in the ejetsh [

5. SUMMARY

It is shown that the interesting amountshuclei can be produced by the neutrino-induced
rp-process in the proton-rich neutrino-driven winds of core-collapse supernovae. This is due to the
presence of free neutrons by the anti-electron neutrino capture on free protons, which bypass the
known waiting point nuclei along the nuclear path of theprocess. The nucleosynthesis calcu-
lations imply that this neutrino-induceg@-process in core-collapse supernovae can be potentially
the origin of lightp-nuclei up toA ~ 110, which cannot be easily explained by other astrophysical
scenarios.
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