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ABSTRACT

It has been suggested that a vp process can occur when hot, dense, and proton-rich matter is
expanding within a strong flux of anti-neutrinos. In such an environment, proton-rich nuclides can
be produced in sequences of proton captures and (n, p) reactions, where the free neutrons are created
in situ by ve + p = n + e* reactions. The detailed hydrodynamic evolution determines where the
nucleosynthesis path turns off from N = Z line and how far up the nuclear chart it runs. In this
work, the uncertainties on the final isotopic abundances stemming from uncertainties in the nuclear
reaction rates were investigated in a large-scale Monte Carlo approach, simultaneously varying
ten thousand reactions. A large range of model conditions was investigated because a definitive
astrophysical site for the vp process has not yet been identified. The present parameter study
provides, for each model, identification of the key nuclear reactions dominating the uncertainty for
a given nuclide abundance. As all rates appearing in the vp process involve unstable nuclei, and
thus only theoretical rates are available, the final abundance uncertainties are larger than those for
nucleosynthesis processes closer to stability. Nevertheless, most uncertainties remain below a factor
of three in trajectories with robust nucleosynthesis. More extreme conditions allow production of
heavier nuclides but show larger uncertainties because of the accumulation of the uncertainties in
many rates and because the termination of nucleosynthesis is not at equilibrium conditions. It is
also found that the solar ratio of the abundances of Mo and **Mo could be reproduced within
uncertainties.

Key words: nuclear reactions, nucleosynthesis, abundances — stars: abundances —
supernovae: general

1 INTRODUCTION outflows from collapsar models (Kizivat et al. 2010). Which
sites actually experience a vp process still partially remains
an open question, the answer to which depends on the de-
tailed hydrodynamic modeling of the outflows and the neu-

trino emission.

The vp process has been proposed to occur when hot, dense,
and proton-rich matter is ejected from an astrophysical site
under the influence of a strong neutrino flux. Such ejection
can be found, e.g., in the dynamical ejecta of core-collapse

supernovae (ccSNe) (Frohlich et al. 2006a,b), in neutrino-
driven proto-neutron-star (PNS) winds (Pruet et al. 2006;
Wanajo 2006; Wanajo et al. 2011), in outflows from the mas-
sive PNS in “hypernovae” (Fujibayashi et al. 2015), and in
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Regardless of the astrophysical site, the general features
of the vp process mainly depend on nuclear properties, such
as reaction Q-values and reaction rates. They are briefly
described below and in more detail in Section 3. In a vp
process, starting at 56Ni, sequences of proton captures and
(n, p) reactions produce nuclei with larger and larger charge
numbers Z and mass numbers A (Frohlich et al. 2006a,b;
Pruet et al. 2006; Wanajo 2006). During most of the nucle-
osynthesis timescale, proton captures and (y,p) reactions
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are in equilibrium, similarly to an rp process, and the nu-
cleosynthesis path up to Mo follows the N = Z line in the
nuclear chart (see Section 3 for further discussion of the
location of the vp-process path). Below 1.5 GK, however,
charged particle reactions freeze out quickly, leaving only
(n,p) and (n,y) reactions acting at late time which push
the matter back to stability. After all other reactions have
ceased, all remaining unstable nuclides decay to stability
through electron captures or 8+ decays.

The amount of nuclei produced in the vp process is small
compared to that in the s or r process. Nevertheless, the
vp process may contribute to abundances not dominated
by the s and r processes. This may be of relevance to ex-
plain high abundance ratios of Sr, Y, Zr relative to Ba in
metal-poor stars (Frangois et al. 2007; Montes et al. 2007;
Arcones & Bliss 2014). The vp process could also provide
an important contribution to the lighter p nuclides! 92.94Mo
and 2%98Ru, which are underproduced in other nucleosynthe-
sis processes such as the y process in ccSN (Wanajo et al.
2011; Rauscher et al. 2013; Bliss et al. 2018b).

Any conclusions on the importance of the vp process de-
pend not only on the choice of site but also on the amount
of nuclides and the abundance pattern that can be pro-
duced in those sites. Therefore it is of great interest to study
the uncertainties involved in the prediction of the resulting
abundances, and especially which possible variation in the
production is permitted by the uncertainties in the nuclear
reaction rates used. On one hand, this allows the model un-
certainties to be disentangled from the nuclear physics un-
certainties, while on the other hand, it provides information
on which isotope ratios are permitted because these depend
on nuclear properties.

We have developed a Monte Carlo (MC) method al-
lowing the variation of ten thousand rates simultaneously
to address such questions (Rauscher et al. 2016). A simul-
taneous variation of rates is necessary to account for the
combined action of rate changes. Neglection of such combi-
nations may lead to an overemphasis of certain reactions and
a misrepresentation of their impact on the total uncertainty
(Rauscher et al. 2016, 2018). The method has been previ-
ously applied to investigate nucleosynthesis of p nuclides in
massive stars (Rauscher et al. 2016) and in thermonuclear
supernovae (Nishimura et al. 2018), and to study the weak
s process in massive stars (Nishimura et al. 2017) and the
main s process in AGB stars (Cescutti et al. 2018). Here,
we consistently extend our investigations to quantify the nu-
clear physics uncertainties in the synthesis of nuclides in the
vp process, applying a similar strategy and input as in the
previous studies, and allowing a direct comparison of the re-
sulting abundance uncertainties. Due to the fact that there
is no single preferred site for the vp process, a parameter-
isation of astrophysical conditions is used to cover a large
range of possibilities.

The contents of the present paper are organised as fol-
lows. The parameterisation of the trajectories used in the
MC approach is discussed in Section 2.1. The MC method
itself is briefly presented in Section 2.2. The special impor-
tance of the 3a reaction and the 56Ni(n,p)56C0 reaction in

I Proton-rich nuclides above Fe, not reached by the s and r pro-
cesses, are called p nuclides.
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Figure 1. The explored parameter space in Y. and entropy S for
two choices of the 3a reaction rate. Dots correspond to trajecto-
ries used for the MC variations.

the vp process is discussed in Section 3.2. The results are
shown and discussed in Section 4 and a summary is given in
Section 5.

2 METHODS
2.1 Astrophysical models

The efficiency of vp-process nucleosynthesis depends on
the detailed conditions encountered in the neutrino wind.
Among the crucial parameters are initial composition, mat-
ter density, and temperature of the ejecta, as well as their ex-
pansion rate (determining the time evolution of matter den-
sity and temperature) and neutrino-wind properties. Since
these conditions, on one hand, are not constrained well by
current ccSN explosion models (Bliss et al. 2018a) and, on
the other hand, a range of conditions is expected to occur
either within one site or in different sites, we investigated a
large range of possible environments.

Similar to the ratio of neutron abundance to seed abun-
dance in the r process, the number ratio A, of free neutrons,
created by the reaction p(ve,et)n, and seed nuclei is a good
indicator for the strength of the vp process, as introduced
by Pruet et al. (2006). It is given by

b b

An = o hy, =

Ay dt 1
Yh Ve 4 ( )

W Jry<s

where Ay, is the rate for p+ v, — n+ *e and ¥, is the seed
abundance, i.e., the abundance of nuclei with Z > 2, taken
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Figure 2. Time evolution (after the core bounce) of matter den-
sity for selected trajectories, based on the neutrino-driven wind
component from PNS surface (Nishimura et al. 2012). The colour
of each line shows the temperature at a given time.

at the onset of the vp process at T9 = 3. The seed abun-
dance is in large part determined by the abundance of ONi.
A detailed discussion of the significance of A, is found in
Wanajo et al. (2011).

We used a set of parameterised models covering electron
fractions of 0.55 < ¥; < 0.725 and entropies of 11.4 < § < 184
kp baryon~!, taken as initial values at the time of freeze-
out from NSE at 7 GK. The choice of ¥; and entropy also
determines A. As illustrated in Fig. 1, within these ranges
we probe an extensive set of A, values allowing for a vp
process, from the most feeble onset to strong processing of
heavier nuclei. The evolution of temperature and density is
based on a typical PNS wind trajectory from a 1D neutrino-
hydrodynamics simulation (see, Nishimura et al. 2012, and
references therein). Adopting the temperature evolution of
the original trajectory, we adjusted the density by multiply-
ing it with a factor consistent with a given entropy.

Examples of the obtained density and temperature as
function of time for a few selected trajectories are shown in
Fig. 2. In the nucleosynthesis calculations, we only took into
account neutrino absorption on nucleons, which is mainly
Ve + p — n+e’. The neutrino properties are consistent with
the hydrodynamical evolution of a PNS: The values of the lu-
minosity and the mean energy for the anti-electron neutrino
are Ly, = 2.06 x 103! erg and €y, = 15.2 MeV, respectively,
at the beginning of the nucleosynthesis calculations (at 7
GK). The ¥, did not change significantly (only decreased by
~ 0.005) between the end of NSE and the end of the vp nu-
cleosynthesis. The details of the trajectories used in the MC
study are also summarised in Table 1.

2.2 Nucleosynthesis with Monte Carlo variations

The trajectories (see Section 2.1) were post-processed using
the P1zBUIN code suite, consisting of a fast reaction net-
work and a parallelised Monte Carlo driver. Our reaction
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Table 1. Initial conditions for each explored trajectory; the
shown values of A, were obtained using the 3a reaction rate
by Fynbo et al. (2005) (Fynbo-05) and by Angulo et al. (1999)
(Angulo-99), respectively. The six trajectories labeled in Fig. 1
are underlined.

Trajectory Ye Entropy An An
(kp baryon™!) Fynbo-05 Angulo-99
#01 0.550 11.4 6.15x 1072 4.57 x 1072
#02 0.595 23.2 0.356 0.158
#03 0.620 34.6 1.15 0.372
#04 0.630 40.5 1.89 0.561
#05 0.635 43.9 2.43 0.698
#06 0.640 47.5 3.13 0.873
#07 0.645 51.5 4.05 1.10
#08 0.650 55.7 5.22 1.40
#09 0.655 60.3 6.77 1.79
#10 0.660 65.3 8.74 2.30
#11 0.665 70.7 113 2.97
#12 0.670 76.6 14.7 3.85
#13 0.675 82.9 19.0 4.99
#14 0.680 89.7 24.7 6.50
#15 0.685 97.2 32.0 8.50
#16 0.690 105 41.4 1.1
#17 0.695 114 53.7 14.6
#18 0.700 123 69.4 19.1
#19 0.705 134 89.6 24.9
#20 0.710 145 1.17 x 102 32.6
#21 0.715 157 1.63 x 102 42.6
#22 0.720 169 2.23 x 102 58.0
#23 0.725 184 3.05 x 102 84.7
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Figure 3. Nuclides included in the reaction network on the N-Z
plane.

network calculations started at 7 = 7 GK and followed the
nucleosynthesis throughout the freeze-out and final decay
back to stability. We used the same procedure as presented
in detail in Rauscher et al. (2016) and previously applied to
various further nucleosynthesis sites (see Section 1). There-
fore only the main points of the procedure are very briefly
summarized here.

The reaction network contained 2,216 nuclides, in-
cluding nuclides around stability and towards the proton-
rich side of the nuclear chart, as shown in Fig. 3. The
standard rate set and the assigned uncertainties were the
same as previously used in our works (Rauscher et al. 2016;
Nishimura et al. 2017, 2018; Cescutti et al. 2018): rates for
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neutron-, proton-, and a-induced reactions were a com-
bination of theoretical values by Rauscher & Thielemann
(2000), supplemented by experimental rates taken from
Dillmann et al. (2006) and Cyburt et al. (2010). Decays and
electron captures were taken from a REACLIB file compiled
by Freiburghaus & Rauscher (1999) and supplemented by
rates from Takahashi & Yokoi (1987) and Goriely (1999) as
provided by Aikawa et al. (2005) and Xu et al. (2013).

Each trajectory was run 10,000 times in a network cal-
culation, with each rate subject to a different rate variation
factor for each run. The combined output was then ana-
lyzed. For each trajectory, the total uncertainty in the final
abundances after decay to stability was calculated and key
rates, i.e. those that dominate the uncertainty of a given fi-
nal isotopic abundance, were identified. By our definition,
reducing the uncertainty of a key rate will also considerably
decrease the uncertainty in a final abundance. The iden-
tification of key rates was achieved by examining the cor-
relation between a change in a rate and the change of an
abundance, as found in the stored Monte Carlo data. As
before, the Pearson product-moment correlation coefficient
(Pearson & Galton 1895) was used to quantify correlations.
The Pearson correlation coefficient reor can assume values
0 < |r| £ 1. Positive values of reor indicate a direct corre-
lation between rate change and abundance change, whereas
negative values signify an inverse correlation, i.e., the abun-
dance decreases when the rate is increased. The larger the
absolute value of the Pearson coefficient, the stronger the
correlation. As in our previous work, a key rate was identi-
fied by |reor| > 0.65.

Each astrophysical reaction rate on target nuclides from
Fe to Bi was varied within its own uncertainty range. For-
ward and reverse rates received the same variation factor as
they are connected by detailed balance. The assigned un-
certainty range is temperature dependent and constructed
from a combination of the measured uncertainty (if avail-
able) for target nuclei in their ground states and a theory
uncertainty for predicted rates on nuclei in thermally excited
states. Theory uncertainties were different depending on the
reaction type and can be asymmetric. Details are given in
Rauscher et al. (2016, 2018). In the present context it is im-
portant to note that the nucleosynthesis path is located a
few units away from stability and therefore there are no ex-
perimentally determined reaction rates available (except for
the 3a reaction and a few reactions acting on stable nuclides
at late times, see Section 4). Furthermore, the temperatures
in the vp process are so high that reactions on thermally ex-
cited states of nuclei dominate the reaction rate (Rauscher
2012, 2014) and these are not constrained experimentally.
Thus, effectively the uncertainties in the reaction rates were
dominated by the assumed theory uncertainties. For exam-
ple, the two most important reaction types, (n,p)< (p,n) and
(p,y)<(v,p), were varied from 1/3 the standard rate to twice
the standard rate and (p,@)<(a,p) rates were varied be-
tween 1/10 and twice the standard rate.

The present MC study does not include uncertainties
on nuclear masses. Nevertheless, it is worth noting that
uncertainties in the nuclear masses affect the equilibrium
abundances within an isotonic chain established by the
(p,y)-(7,p) equilibrium (see Secs. 1 and 3.1) because they
change the ratio of forward and reverse reaction. Compared
to the situation in the rp process, however, uncertainties in

mass differences, which affect the proton separation ener-
gies, are of lesser importance in the vp process. This is due
to the different hydrodynamical conditions, the dominance
of fast (n,p) reactions over competing proton captures or
BT decays, and the different location of the vp-process path,
proceeding closer to stability and involving fewer nuclides
with inaccurately determined masses. Wanajo et al. (2011)
quotes a number of nuclides for which nuclear masses should
be determined with smaller uncertainty. A number of experi-
mental investigations have targeted masses of nuclides in the
vp-process path (see, e.g., Weber et al. 2008; Haettner et al.
2011; Xing et al. 2018).

3 THE FEATURES OF vp-PROCESS
NUCLEOSYNTHESIS

3.1 General

A vp process can occur in proton-rich, hot ejecta expanding
in a flow of anti-electron neutrinos (ve). The ejecta quickly
cool from the initially very high temperature, at which time
only nucleons were present. In the first phase of the cooling
nucleons are assembled mainly to *°Ni and e-particles in a
nuclear statistical equilibrium, leaving a large number of free
protons. At sufficiently low temperature (< 3 -4 GK), rapid
proton captures ensue on 56Ni. Production of heavier nuclei
would be stopped at ®*Ge, which has an electron-capture
lifetime longer than a minute. This is too long in compari-
son with the expansion timescale (of the order of seconds)
to allow for production of an appreciable number of nuclides
beyond ®Ge before nuclear reactions freeze out. In the vp
process, however, a small number of free neutrons are con-
tinuously created by ve captures on the free protons. This
supply of free neutrons allows for (n,p) reactions bypass-
ing any slow electron captures and % decays, not just of
%4Ge, but also of other potential bottlenecks at higher mass
number.

The main nucleosynthesis flow in the vp process is char-
acterised by rapid proton captures in a (p,y)-(y,p) equi-
librium with (n, p) reactions connecting the contiguous iso-
tonic chains. Although such an equilibrium is also achieved
in the rp process on the surface of accreting neutron stars
(Schatz et al. 1998), the vp process proceeds at lower den-
sity than the rp process. The resulting nucleosynthesis path
follows the N = Z line only up to the Mo region, reach-
ing further and further into neutron-richer isotopes between
Mo and Sn, moving gradually away from the N = Z line
(Wanajo et al. 2011). The path is pushed strongly towards
stability at the Sn isotopes and above, providing a strong
barrier for the efficient production of any elements beyond
Sn. Decay and (n,p) reaction timescales are longer for nu-
clides closer to stability and the higher Coulomb barriers
suppress proton captures.

The location of the effective vp-process path is deter-
mined by the nuclear properties giving rise to the (p,y)-
(y,p) equilibrium and the very fast (n,p) reactions, and
remains remarkably unaffected by variations of the astro-
physical parameters within realistic limits such as entropy,
Y., and expansion timescale, as long as the conditions permit
the appearance of a vp process. Whenever a vp process oc-
curs, the nucleosynthesis path beyond °Ni initially follows
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Figure 4. Comparison of 3a reaction rates as a function of
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Starlib uncertainty evaluation. The older standard rate by
Caughlan & Fowler (1988) (CF88) is also plotted. It is close to
the Fynbo et al. (2005) rate at low temperature.

the N = Z line and gradually veers off towards stability. Sys-
tematic variations of reaction rates show only small effects,
if any, regarding the path location. This is a consequence of
the (p, ¥)-(y, p) equilibrium in which the path is determined
by nuclear mass differences (Schatz et al. 1998). All these
variations, however, determine how far up the path follows
the N = Z line before diverging, or whether it is terminated
already at low charge numbers, Z. Consequently, it is clear
that the achieved abundances within the path are also deter-
mined by these conditions. This motivates the introduction
of the quantity A, as defined in Eq. (1).

On the nuclear reaction side, it is expected that the re-
sults are mostly insensitive to proton captures due to the
prevailing (p,y)-(y,p) equilibrium. Only at late freeze-out
times does this equilibrium break down, giving rise to some
sensitivity to a variation of rates. There may also be some
sensitivity to proton captures located at the end of the nucle-
osynthesis path that are not, or only barely, in equilibrium.

The flow to heavier nuclei is determined by (n,p) re-
actions and thus a knowledge of these is essential. For a
given choice of astrophysical conditions, faster (n,p) rates
result in processing further up the nucleosynthesis path.
Whether a given (n,p) reaction is important, however, de-
pends on whether its target nucleus is actually in the path
and whether it receives an appreciable abundance as given
by the (p,y)-(y, p) equilibrium. Neutron captures on proton-
rich nuclei may be of some relevance at large Z and/or at
late times, depending on the hydrodynamic evolution of the
trajectory (Wanajo et al. 2011; Arcones et al. 2012).

A special class of reactions are those which govern the
onset of the vp process at high temperature. When freez-
ing out from nuclear statistical equilibrium at high tem-
perature, the vp process is delayed by several factors. At
high temperature, (y,p) reactions are fast and the equilib-
rium abundances are always located around 96Ni. Since the
main abundance is concentrated in S°Ni, further processing
is halted until the Y°Ni waiting point can be bridged effec-
tively and the (p,y)-(y,p) equilibrium abundance maxima

Nucleosynthesis uncertainties in the vp process 5

in the subsequent isotonic chains are moved to higher Z.
This depends on the competing rates of (y,p), (n,y), and
(n,p) on *°Ni and occurs at T ~ 3.5 GK.

Whether further processing occurs at this temperature
depends on the relative speeds of (y,a), (p,a), and (n,a)
reactions on waiting point isotopes of Zn and Ge com-
pared to the (n,p), (n,y), or (p,y) reactions required to com-
mence the nucleosynthesis to heavier elements. It has been
shown that reaction cycles can form via (n,a) or (p,a) re-
actions and further delay the processing to heavier mass
(Arcones et al. 2012; Rauscher 2014). Since these depend
on competitions between particle-induced reactions, they do
not depend strongly on the time-dependence of the den-
sity imposed by a chosen trajectory. A modification of the
density at a given temperature affects proton- and neutron-
induced reactions similarly and only changes the relation
between proton captures and (y,p) reactions. The strongest
dependence on an astrophysical parameter is the one on ¥
created by the ve flux present at a given temperature. How-
ever, this does not change the ratio between (n,y), (n,p), and
(n,) reactions, the latter being a hindrance to the flow up
to heavier nuclei. Another important aspect is the time evo-
lution of the trajectory because it determines for how long
favorable conditions for a cycle (if existing) are upheld.

In our MC variation study, we do not explicitly inspect
reaction flows but, of course, the above cases are accounted
for in the network runs automatically and thus are implic-
itly included in the analysis of final abundances and key
reactions given in Section 4.

3.2 Importance of the “bottleneck” reactions: 3«
and °Ni(n, p)>°Co

While the Monte Carlo variations focus on reactions on Fe
isotopes and above, it is important to note that the effi-
ciency of vp-process nucleosynthesis strongly depends on the
3a reaction (the two-step reaction with the first step being
“He + “He — ®Be immediately followed by $Be + *He — 12C),
which thus is an important key reaction. It is never in equi-
librium and determines the relative abundance of a particles,
protons, and 56Ni at the onset and during the vp process.
It therefore determines the °Ni seed available for further
processing up to heavier masses and thus also plays a dom-
inant role in the production of heavy nuclei. Despite of the
importance of this reaction, the 3@ reaction bears a large
experimental uncertainty in the high temperature regime as
well as in the lower temperature region, the latter being
mainly important for stellar evolution.

Fig. 4 presents the 3« reaction rates, together with
their uncertainties, as determined by Fynbo et al. (2005)
(as given in the JINA REACLIB) and Angulo et al.
(1999) (as given in Sallaska et al. 2013). The older rate of
Caughlan & Fowler (1988) (also given in the JINA REA-
CLIB) is also shown. In Fig. 5 we show the final MC-
computed abundances, and their uncertainties, obtained
with the 3a reaction rate of Fynbo et al. (2005) and its un-
certainty as given in Fig. 5, for the trajectories #06, #11,
#16, #19, #21, and #23 (see Table 1). The impact of the
3a reaction rate on the production of nuclides in all tra-
jectories is summarised in Fig. 6. As becomes obvious in
Fig. 5, the variation in final abundances is so strong that
it would cover most variations caused by uncertainties in
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Figure 5. Final uncertainties obtained in six selected trajectories with and without variation of the 3@ reaction rate. The colour shade
corresponds to a 90% probability interval for each isobaric abundance (Y4 ), normalized to the peak value (Ypeak)-

rates involving nuclides heavier than Fe. Therefore we chose
a “standard” rate for the 3a reaction and did not vary it fur-
ther during the MC procedure. Our “standard” rate is the
one of Fynbo et al. (2005) as given in the JINA REACLIB.

Fig. 1 and Table 1 provide A, values for the two choices
of 3a reaction rates. As can be seen easily in Table 1 the
choice of 3@ reaction rate affects at which initial conditions
a specific value of A, is achieved. For example, using the
Fynbo et al. (2005) rate a value of A, ~ 19 is found in tra-
jectory #13 whereas a similar value is found in trajectory
#18 for the Angulo et al. (1999) rate. This explains why the
overall production patterns are shifted in Fig. 8 when com-
paring the results obtained with these two rates. Trajectories

with larger Ay produce heavier nuclei because with a larger
supply of neutrons the nucleosynthesis path can run further
up to larger mass numbers. A slower 3a reaction rate leaves
more protons at the onset of the processing and thus reduces
the Ni seed.

Wanajo et al. (2011) identified two reaction sequences
competing with the 3e reaction. These sequences are deter-
mined by the reactions "Be(a,y)''C and 10B(a, p)13C. Their
uncertainties have a similar impact as the one in the 3a re-
action discussed above.

Another crucial reaction is °Ni(n, p)3°Co. It is the first
reaction in the path converting the S6Nj seed to heavier nu-
clides. Therefore it determines the efficiency of the vp pro-
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Figure 7. The impact of the 3*Ni(n, p)>°Co rate on the production
of nuclides for all trajectories. Shown is the correlation of the
abundance variation of a given nuclide with the variation of the
50Ni(n, p)°°Co reaction rate, with (top panel) and without (bottom
panel) simultaneous variation of the 3a reaction rate.

cess and all abundances created, regardless of the detailed
conditions. Fig. 7 shows the impact of a variation of the
56Ni(n, p)56C0 reaction rate on abundances in all trajecto-
ries. Similar to the 3a reaction rate, the resulting abun-
dances are extremely sensitive to this rate. Therefore we
do not include this reaction in the further MC rate varia-
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Figure 8. Final mass fractions obtained in selected trajectories
and with two different 3@ reaction rates. All other rates have not
been varied but kept at their standard values.

tions as its uncertainty would cover all other uncertainties.
The results presented in Section 4 were obtained using the
36Ni(n, p)°°Co rate of Rauscher & Thielemann (2000).

4 RESULTS AND DISCUSSION

Based on the thermodynamical parameters described in Sec-
tion 2.1 and given in Table 1, we performed nucleosynthesis
calculations with the nuclear reaction network specified in
Section 2.2. The final mass fractions of nuclei produced in
the vp process for selected trajectories are shown in Fig. 8.
For comparison, in Fig. 8 the obtained mass fractions are
shown for two 3a reaction rates found in literature (as dis-
cussed in Section 3.2).

For trajectories #06, #11, #16, #19, #21, and #23,
the total uncertainties originating from the combined action
of all varied rates are given in Tables 2 and 3 and shown
in Figs. 9 and 10, respectively. Only nuclides which are pro-
duced with mass fractions larger than 2 x 10~ are included
in these figures and tables. The “up” and “down” factors in
Tables 2 and 3 are to be taken relative to the abundance
value Y59 (50% of the cumulative frequency for the Y dis-
tribution). They encompass the range of abundance values
obtained in 90% of the MC runs and can be viewed as a
90% confidence interval. The abundance ¥,eak, on the other
hand, is the abundance value at the peak of the probability
distribution, i.e., the most probable abundance when con-
sidering all MC variations. The values of Y59 and Y,eax do
not have to coincide because the probability distribution is
asymmetric. Especially for very flat distributions, Y59 may
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Figure 9. Total production uncertainties of stable nuclei due to rate uncertainties in the MC post-processing of the trajectories #06,
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Figure 10. Same as Fig. 9 but for trajectories #19, #21, and #23.

differ considerably from Y,eax. The probability distribution is
visualised by the colour shade for each nuclide in Figs. 9 and
10. For further details, see Fig. 5 in Rauscher et al. (2016)
and Fig. 2 in Nishimura et al. (2017), and the detailed dis-
cussion in Section 2.3 of Rauscher et al. (2016).

We find generally larger production uncertainties than
in our previous studies of other nucleosynthesis processes but
still mostly below a factor of three for the trajectories below

#19. The uncertainties become larger in trajectory #19 and
above, eventually reaching factors of about 40 in trajecto-
ries #21 and #23. The reason for this increase is that these
trajectories mainly produce the heavier mass range and the
efficiency of the flow towards heavier nuclides is impacted
by all the reactions starting from °Ni. Whether or not the
heavier nuclides can be produced at all and where the nu-
cleosynthesis path lies is determined by the common action
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Figure 11. Final uncertainties obtained in six selected trajectories for several levels.

of all reactions in the path. Furthermore, the far end of the
nucleosynthesis path is not reached in equilibrium, making
individual reactions, and competition between them, more
important. In consequence, many reaction uncertainties are
convolved, the combined effect strongly “wagging the tail”
of the path in the heavier mass range. This is also reflected
in the fact that no key rates (see below) were found in tra-
jectories #19-#23.

Key rates are those rates which dominate the uncer-
tainty of a given nuclide. Key rates identified in all the in-
vestigated trajectories are given in Tables 4—6. It should be
noted that only rates for target nuclides of Fe and above
were varied and the 3a reaction rate and the °Ni(n, p)3°Co
rate were kept at their chosen standard descriptions for these

cases, see Section 3.2. For which nuclides key rates appear
for a given trajectory mainly depends on how far up to
larger mass numbers the reaction flow continues. On the
other hand, as can be seen in Fig. 8, trajectories produc-
ing heavier nuclides underproduce the lighter mass range.
This trend is reflected in the key rate tables, which do not
show key rates for lighter nuclides for trajectories producing
the heavier mass range. Furthermore, even when nuclides
are produced at an appreciable level, not all of them have
their uncertainty connected to a single key rate. In this case,
several rates contribute to the production uncertainty, with
none of them dominating the contribution to the total un-
certainty.

As in our previous investigations, key rates were as-
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Figure 12. Final uncertainties obtained in six selected trajectories when only varying (p,n)«< (n,p), (n,y)<(y,n), or (p,y)< (y,p) reac-
tions, respectively. Note that the mass number ranges are different in the different panels.

signed different levels. The most important rates are at
level 1. Level 2 key rates are found after removing the level 1
rates from the MC variations. They determine the uncer-
tainty in the production of a given nuclide assuming that the
level 1 key rate has been determined. Similarly, level 3 key
rates are defined as dominating the abundance uncertain-
ties after level 1 and level 2 key rates have been determined.
Fig. 11 illustrates how the uncertainties are reduced for each
key rate level considered. The correlation coefficients for the
level 1 key rates (Lv1) are underlined in the Tables 4-6. The
3a reaction and the “®Ni(n, p)’°Co rate, excluded from the

MC variations, should be considered as level 0 key rates in
our scheme, having top priority.

It is not surprising that (n, p) rates appear as key rates.
They determine the flow into the next isotonic chain and
the timescale for proceeding to heavier nuclei. However, also
(p,y)e(y,p) rates are listed in Tables 4-6. At first glance,
this may appear surprising because a (p,y)<(y,p) equilib-
rium is established in the vp process and in such an equilib-
rium the abundances do not depend on the individual pro-
ton capture or (y,p) rates. The (p,y)e(y, p) rates found in
the key rate tables, however, are at the edge of the reaction
flows, where the rates are slow and either not equilibrated
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or fall out of equilibrium within our rate variations. Similar
conclusions concerning the role of (n,p) reactions and pro-
ton captures were also found by Frohlich & Hatcher (2015),
varying rates individually.

Neutron captures as key reactions are found in trajecto-
ries #15-#18. They are competing with (non-equilibrated)
proton captures and push the reaction flow further towards
stability and towards neutron-rich isotopes.

The impact of only varying (p,n)<(n,p), (n,y)e(y,n),
or (p,y)e(y,p) reactions, respectively, is shown in Fig. 12.
This illustrates the effect of these reaction types in the dif-
ferent mass ranges. We emphasize, however, that only the
MC variation of all reaction rates simultaneously provides a
realistic assessment of the importance of a rate, as reflected
in the definition of the key rates.

The reaction 59Cu(p,a)SGNi was identified as a level 3
(trajectories #04, #07-#09) or a level 2 key rate (trajec-
tories #10-#14) for the abundance of 36Fe, the final decay
product of F°Ni after the vp process has ceased, and for %ONi.
This is part of a reaction cycle as described in Section 3.1. A
stronger 2Cu(p, @) ®Ni rate cycles material back to 2°Ni and
hinders the flow to heavier masses (Arcones et al. 2012).

A few B* decays were identified as level 3 key rates:
587n, 39Zn, and %3 Ge. Their uncertainties would only become
important after all other (n,p) reactions leading out of the
respective isotonic chains have been determined.

An overview of all key reactions and how many nuclide
abundances are affected by them is given in Table 7. At the
top of the list, which is sorted by the number of reactions
with significant impact, are (n, p) reactions, as expected.

Trajectories #07 and higher may contribute to the pro-
duction of p-nuclides (see Section 1). The p-nuclides are un-
derlined in Tables 5 and 6. Level 1 key rates concerning p iso-
topes were only found in trajectories #15—#17. For 92.94Mo
the key reactions are the proton captures 92Mo(p,y)%Tc and
94Ru(p,y)95Rh, respectively, indicating that these captures
are not in equilibrium under the given conditions. The pro-
ton capture on the stable 92Mo was also identified as a key
reaction in the y-process (Rauscher et al. 2016). In the vp
process it acts at late times, altering the final 92Mo abun-
dance. Regarding the other trajectories, some do not con-
tribute appreciably to the p nuclides and in those which do,
the uncertainties of several reactions are combined without
a single dominating uncertainty.

The reproduction of the solar *>Mo/**Mo abundance
ratio of 1.6 (Lodders 2003) in the rp- and vp processes has
been found to be problematic in previous studies (see, e.g.,
Woosley et al. 2004; Fisker et al. 2009; Wanajo et al. 2011;
Xing et al. 2018). The abundance ratios of possible progeni-
tor nuclides of these Mo isotopes within an isotonic chain are
given mainly by the proton separation energies and there-
fore the attention in previous studies was focused on accu-
rate mass determinations to tackle this problem. Masses are
not varied in the present MC study. We find, nevertheless,
that also uncertainties in the reaction rates affect not only
the individual abundances of 92Mo and **Mo but also their
production ratio. This is because a leakage from an equili-
brated (p,y)«<(y,p) chain can occur depending on the values
of proton capture and (n,p) rates. Another reason is that the
(p,y)e(y,p) equilibrium is not fully upheld in trajectories
only barely producing Mo.

Table 8 shows the uncertainties in the Mo /%Mo abun-

dance ratio for selected trajectories. Although the standard
rates do not reproduce the solar ratio, it is located within
the 90% confidence intervals defined by the “up” and “down”
factors in all trajectories. This indicates that it is feasible to
reproduce the solar value by adjusting reaction rates without
modifying nuclear masses. It should be noted, however, that
the most probable abundance values Yyeax also show the well-
known problem of having too much *Mo relative to %2Mo.
Among the trajectories discussed here, trajectory #16 most
efficiently produces the mass range of the Mo isotopes (see
also Fig. 8).

The rate %Mo + pe v+ 9BTe (see, Mayer et al. 2016,
and references therein, for relevant to the y-process), which
has been identified as a key rate for 92Mo production, is
also a key rate affecting the 92Mo/**Mo ratio. The cor-
relation coefficients are r¢or = —0.66, —0.67, —0.65, —0.70,
-0.74, —0.72, —0.72, and —0.68 for trajectories #16, #17,
#18, #19, #20, #21, #22, and #23, respectively. The
negative correlation indicates that the proton capture di-
rection is dominating. An increase in the proton cap-
ture rate reduces the “2Mo abundance and produces 94Mo
through flows via 93Te. Continuing from 93Tc, two paths to
94Mo are possible, either 93Tc(p,)/)94Nb(n,p)94Tc(n,p)94M0
or 93Tc(n,y)94Tc(n,p)94Mo. The flow via %*Nb dominates in
trajectories #11-#20. The participating reactions were not
identified as level 1 key reactions, though. In addition, the
(n,y) and (p,7y) reactions on 94Ru followed by 93Tc(p,y)%Ru
can also have a significant impact on the 92Mo/%*Mo ratio
by reducing the final 94Mo abundance,? although they are
not identified as key reactions.

Concerning the production of Kr, Sr, Y, and Zr (see Sec-
tion 1), uncertainties of a factor of two are found for all sta-
ble isotopes of these elements, as seen in Table 2. As for the
Mo isotope ratios discussed above, the reproduction of the
solar abundances in the Kr-Zr region relative to the Mo re-
gion has proved difficult in previous studies of the vp process
(see, e.g., Wanajo et al. 2011; Xing et al. 2018). Table 8 also
shows the abundances of 828r and 78Kr relative to 9*Mo. The
solar value for the latter (0.82) is found, within uncertainties,
in trajectory #19 and higher. The solar value of the ratio
including 82Sr (0.54), on the other hand, can only be repro-
duced (within uncertainties) at conditions around those rep-
resented by trajectory #19. Thus, conditions close to those
of trajectory #19 can possibly simultaneously reproduce the
abundance ratios of the Zr, Sr, and Mo isotopes. It has to
be noted, however, that the production of these nuclides is
only marginal in this trajectory (see Fig. 8). The dominant
production would be in the mass range 114 < A < 126 and
thus this region would be strongly overproduced relative to
the lighter p nuclides.

5 SUMMARY AND CONCLUSIONS

A comprehensive, large-scale MC study of nucleosynthesis
in the vp process has been performed. A range of conditions
in a ¥; and entropy parameter-space was explored to cover

2 %Mo is partially produced by **Ru after the vp process via the
decay series “Ru(B8)*Tc(B+)**Mo, of which half-lives are 3.11 x
10% s and 1.76 x 10* s, respectively.

610z 1snBny g0 uo Jasn AlsiaAlun 8jeay Aq 2ZZEYSS/y01 ZZIS/SeIUW/SE0 L 0 L/I0pAoBASB-3dILB-80UBAPE/S_IUW /W02 dNo olwapede//:sdiy Woll papeojumo(]



Nucleosynthesis uncertainties in the vp process

13

Table 2. Total production uncertainties for stable nuclides after decay of progenitors made in the vp process. The abundance Ypeu is
the peak value of the final abundance probability distribution from our MC runs. The uncertainty factors shown for variations up and
down enclose a 90% probability interval and are relative to Yso. (Trajectories #06, #11, and #16)

(#06) (#11) (#16) g
Nuclide Up Down Ys0 Ypeak Up  Down Y50 Ypeak Up Down Y50 Ypeak g_
SN 2.07  0.750 1.38x107% 1.64x107% 2,00 0.734 5.13x1077 6.08 x 1077 &
60N 3.04 0.694 3.71x107° 498x1075 523 0753 3.58x107°% 555%x107° 3.73 0.671 2.15x 1077 2.89 x 102:?
6INi  1.74 0.707 6.36x107% 6.75x107° 1.96 0.727 1.52x 107 1.80x 107° g
O2Ni 1.72  0.704 2.68x107% 2.85x107® 1.76 0.657 8.55x 1077 9.08 x 1077 >
BCu 214 0713 1.47x 1075 1.74x 107> 2.28 0.685 2.82x 1076 3.35x107° S
%47n 245 0.734  4.69x 107  6.31x 107> 3.75 0.672 7.23x107° 9.72x107® 3.80 0.666 2.50 x 1077  3.36 x 105/
667n 1.73 0674 5.02x107% 533x107°® 1.8 0.798 1.90x107® 2.26x 107 2
677n 222 0.670 7.65x107% 9.08x107°® 221 0.720 2.57x107% 3.05x 10~° &
68zn 215 0.608 2.81x 107 334x1075 412 0764 6.57x 10 1.02x 1075 3.94 0.649 2.13x 1077  2.86 x 1027
Ga 2.03 0.696 6.47x107° 7.68x107° 1.79 0.682 4.89x107% 5.19x107° o
71Ga 1.96 0560 5.16x107% 548 x107°® 2.08 0.736 3.59x107° 4.26 x 10°° S
0Ge 1.88  0.604 2.44x107°% 2.59x107® 1.81 0.687 2.26x107% 2.40x 1076 8
72Ge 2.38  0.535 8.25x107° 9.79%x107°® 348 0.670 5.13x107% 6.90x107® 296 0721 1.95x1077 2.62x 10%7
BGe 1.97 0544 227x107°® 241x107% 1.76 0671 3.28x 107 3.49 x 10~° 5
BAs 297 0554 2.23x107%  3.00x 107® 2.63 0.667 3.39 x 1076 4.03 x 107° &
74Se 1.91 0538 1.13x107® 1.20x107® 1.70 0.700 2.20x107® 2.34x 107 2
76Se 2.80 0.541 1.94x107% 261 x107°% 3.10 0.722 3.56x107% 479x10°% 221 0652 2.12x1077 2.52x 10§7
Se 293 0502 1.32x107% 1.78x 1075 247 0.671 4.61x107% 548 x107® 197 0594 2.88x 1077 3.06 x 1037
PBr 3.08 0.464 334x1077 4.49x1077 1.62 0.689 286x107°% 3.04x107° 1.79 0.593 2.50x 1077  2.65 x 1087
78Ky 259 0435 3.85x 1077 4.57x1077 170 0.682 240x107% 2.55x107°® 1.98 0.691 2.09 x 1077  2.48 x 1053‘7
80Ky 321 0.356 3.88x 1077 4.61x1077 206 0748 3.12x107% 3.70x107%® 218 0.658 4.15x 1077 4.92 x 10;;,“7
82Kr 1.60  0.710 2.95x107% 3.13x107°® 1.68 0.648 5.31x 1077 5.64 x 103’
8BKr 1.77  0.672 2.63x107% 2.79x 1075 1.73 0.629 4.29x 10~7 4.55 x 103’
85Rb 224 0707 1.88x107® 224x10°® 1.80 0.614 3.65x 10”7 3.87 x 1027
845y 1.62  0.711 2.01x107% 2.14x107® 1.63 0.657 5.98x 1077 6.35 x 10§7
868y 213 0.713 1.93x107% 229%x107° 1.82 0.628 5.74x1077 6.10 x 105’
87Sr 1.68  0.656 1.55x107% 1.64x 1076 1.73 0.634 5.45x1077 5.79 x 1027
88gr 1.64 0660 1.41x107°® 1.50x107® 1.68 0.683 8.52x 1077 9.05 x 1057
8y 199  0.695 1.11x10°% 132x10°6 192 0.717 5.38x10"7 6.39 x 1037
W07 204 0676 1.28x10°° 1.52x10°% 1.99 0.721 8.36x10~7 9.93 x 1057
gy 1.92 0659 1.11x107% 1.31x10"6 1.65 0.700 1.38 x 1076  1.47 x 1026
92Nb 254 0491 2.38x 1077  2.83 x 105/
93Nb 1.68 0469 7.74x 1077 744 %1077 245 0.809 7.94x 107 1.07 x 102°
Mo 176 0556 1.01x 1076 1.07x 107 211  0.740 1.59 x 10-6  1.89 x 105°
94 Mo 2.15  0.550 7.59x 1077 9.0l x 1077 211 0.730 1.91 x 107 2.27 x 10¥°
%Mo 230 0499 5.14x 1077 6.10x 107 1.96 0722 1.43x10~° 1.70 x 100
96Mo 312 0546  1.80 x 10~7  2.43 x 105
9Te 3.03 0435 246x 1077 3.30x 107 205 0.690 1.86x 10~° 2.21 x 1026
9%Ru 251 0417 855x 1077 1.02x 1076 1.81 0.659 4.54x 107°  4.82 x 105°
%Ru 3.78 0465 1.31x1077 2.03x1077 1.60 0.680 3.50 x 1076  3.72 x 1056
9Ru 179 0.641 1.93x 107 2.05 x 10§6
100Ry 1.58  0.708 3.56 x 107  3.78 x 10=°
101Ry 194 0726 1.83x 10  2.17 x 105°
13Rp 1.90 0.731 1.23x107%  1.46 x 1062°
102pgq 1.55 0.702 2.42x 107 2.57 x 10§6
104pq 1.68  0.669 1.64x 1076 1.75x 103¢
105pg 2.00 0.714 8.51x1077 1.0l x 102°
106pq 224 0.660 3.32x 1077  3.94 x 1097
107Ag 1.69 0629 8.97x 1077  9.53 x 1057
1097 222 0578 4.92x 1077  5.84 x 10‘%7
106¢cq 1.60  0.627 1.53x 107 1.62 x 1030
108¢q 1.73 0554 1.13x 107 1.20 x 10=°
110¢cq 236 0511 4.57x1077  5.42 x 107
Hlcg 2.40  0.505 2.67x 1077  3.17x 1077
131y 2.88 0.513 2.49x 1077 3.35x%x 1077
H2gp 3.07 0414 3.55x 1077 4.78 x 1077
gy 3.82 0497 1.39x 1077 2.16x 1077
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Table 3. Total production uncertainties for stable nuclides after decay of progenitors made in the vp process. The uncertainty factors
shown for variations up and down enclose a 90% probability interval. (Trajectories #19, #21, and #23)

(#19) (#21) (#23) (]
Nuclide Up Down Y50 Ypeak Up Down Y50 Ypeak Up Down Y50 Ypeak %
104pg  6.85 0.441 7.69x 1078 1.72x 1077 2
106pq 3.87 0433 1.25x1077  1.93x 1077 &
19Ag 424 0444 2.04x1077 3.73x 1077 =
18cd 830 0.340 1.35x 1077  3.89 x 1077 g
M0cd 170 0197 7.59x 1077 6.66 x 1077 >
Meg 166 0262 3.77x 1077 3.31 x 1077 S
131 109 0.345 5.13x107% 1.48 x 1077 =
2gp 124 0.484 1.08 x 1077  4.34 x 1077 S
l4gn 166 0.300 1.82x 1076 1.75x 1076 &
58n  1.52 0357 8.24x 1077 7.92x 1077 =
logy 1.33  0.631 2.39x107% 2.30x 10°° o
17gn 1.61 0689 8.08x 1077 8.58 x 1077 T
118y 216 0.649 1.11x107% 1.32x10°° 8
119gp 2.09 0.703 5.94x 1077 7.05x 1077 %
2Isb 175  0.584 8.72x 1077 9.26 x 1077 5
126b 146 0.708 1.25x107° 1.32x107° &
12277 9.04 0417 1.10x 1077 3.17 x 1077 2
124 1.58 0.328 1.23x107% 1.18 x10°° §
2Te 172 0.638 1.09x107% 1.16 x 107° 3
126 1.50  0.449 1.69 x 107  1.62 x 10~° )
1271 3.44 0.588 5.37x1077 8.33x 1077 3
129Xe 226 0.647 4.24x 1077 5.03x 1077 i
130xe 1.98 0379 5.19x 1077 5.52x 1077 g
Blxe 217 0567 5.74x1077  6.81 x 1077 g
32%e 2,59 0407 5.68x 1077 6.75x 1077 373 0577 1.65x107% 1.10 x 1077 %
33cs 594 0.604 1.69x 1077 3.10x 1077 37.8 0546 1.86x 1078 1.24 x 1077 )
35Ba 238 0476 236x 1077 281x 1077 195 0414 5.08x 1078 3.40x 1077 >
136Ba 237 0352 3.65x 1077 3.87 x 1077 3
139La 461 0.338 825x107% 1.28x1077 1.96 0.240 1.05x107% 1.12x10°° g
140ce 1.62 0319 1.63x107% 1.57x107° 3
192¢e 1.52  0.390 5.89x 1077  5.66 x 1077 3
l4lpy 171 0294 5.22x10°7  5.02 x 1077 z
143Nd 2.71 0525 4.04x 1077  5.44x 1077 N
144Nd 3.00 0.557 3.11x1077 4.18 x 1077 )
145Nd 433 0536 1.80x 1077 2.42x 1077 5
1479m 534 0.651 1.45x 1077 2.66 x 1077 <
14999m 13.1  0.808 3.80x 10°% 1.53 x 1077 §
I51Ey 4.02  0.236 2.04x1077  3.16 x 1077 ~
155Gd 7.25 0.408 5.82x10°% 1.07 x 1077 g
157Gq 10.3  0.652 6.34x 1078  1.83 x 1077 %
138Gd 819 0424 1.05x 1077 236x 1077 472 0465 1.83x 1078  1.23 x 1027
159Tp 873 0.376 821x107% 1.84x1077 41.8 0.826 1.76x 1078 1.18 x 10§7
161py 309 0.585 1.68x 1078 1.12x 105'7
162py 28.0 0.456 2.48 x 1078  1.66 x 105’
103py 23.6 0.374  4.99 x 1078 3.34 x 1027
165Ho 170 0579 1.18 x 1077 7.91 x 10§7
166y 433 0245 2.95x 1077 5.40 x 103’
1697y 1.87 0311 8.42x 1077  8.94 x 1027
Tlyp 431 0.346 2.25x 1077  3.49 x 10©
172y, 14.9 0543 441 x 1078 1.77 x 1057
173yp 194 0569  4.01x 1078 1.61 x 107
1751 4 329 0.671 3.16x 1078

2.11 x 1037
o

the possibilities regarding implementations of a vp process
in different sites. Our results allow to quantify the uncertain-
ties stemming from nuclear physics input for any particular
astrophysical simulation spanning this wide range of ¥, and
entropy parameter-space.

For each of 23 chosen trajectories, and a choice for the

3a reaction and 56Ni(n, p)56Co reaction rates, the astrophys-
ical reaction rates for several thousand target nuclides for
Fe and above were simultaneously varied within individual
temperature-dependent uncertainty ranges constructed from
a combination of experimental and theoretical error bars.
This allowed the investigation of the combined effect of rate

=y

©
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Table 4. Key rates dominating the uncertainties for stable nuclides after decay of progenitors made in the vp process for trajectories
#01-#06 and their correlation coefficients r¢or. The correlation factors for the level 1 key rate (Lvl) are underlined.

Nucleus Reaction #01 #02 #03 #04 #05 #06
6Fe S7Co+p < n+Ni 0.67 (Lv3)

S0pe Ni+a © p+°Cu 0.78 (Lv3)

STFe ONi+peoy+7Cu  0.65 (Lv3)

STFe Ni+peoy+3Cu  -067 (Lv3) -0.65 (Lvl) -0.75 (Lv2) -0.74 (Lv2) -0.73 (Lv2) -0.65 (Lvl)
¥Co M7n(B*)*Cu -0.94 (Lwv3) -0.92 (Lv3) -0.90 (Lv3) -0.88 (Lv3)
¥Co 9Cu+p e y+9zn -0.70 (Lv2) -0.73 (Lv2) -0.75 (Lv2)
¥Co HCu+p e n+27Zn -0.67 (Lvl) -0.67 (Lvl) -0.68 (Lvl)
3Ni B7n(B*)*Cu -0.72 (Lv3)  -0.69 (Lv3)

Ni TCu+p e y+8Zn  0.69 (Lv2)  0.69 (Lv2)

S8Ni BCut+pey+¥Zn  -0.67 (Lvl) -0.75 (Lvl) -0.79 (Lvl) -0.78 (Lvl) -0.77 (Lvl) -0.77 (Lvl)
60N ICu+p e y+92Zn  0.67 (Lv2)

oONj 5Co+p e n+YNi -0.65 (Lv3) -0.68 (Lv2) -0.66 (Lv2) -0.70 (Lv3)

SONi ONi+a « p+Cu -0.66 (Lv3)

ONi OCu+p < n+zn -0.74 (Lvl) -0.83 (Lvl) -0.87 (Lvl) -0.88 (Lvl) -0.88 (Lvl)
OINi OCu+pey+02zn 078 (Lvd)  0.75 (Lv2)  0.72 (Lv2)  0.69 (Lv2)  0.68 (Lv2)  0.66 (Lv2)
OINi OZn+p o y+Ga  0.67 (Lv2)

OINi 1Zn+p e y+2Ga  -0.65 (Lvl) -0.74 (Lvl) -0.78 (Lvl) -0.77 (Lvl) -0.77 (Lvl) -0.77 (Lv1)
O2Ni CZn+p e y+BGa  -0.80 (Lv3) -0.87 (Lv3) -0.90 (Lv3) -0.65 (Lv3) -0.66 (Lv3)
O2Ni 2Ga+p o y+9BGe  -0.71 (Lv2) -0.69 (Lv2) -0.65 (Lv2) -0.66 (Lv3)

6Cu B3Ge(8*)%3Ga -0.82 (Lv3) -0.75 (Lv3

6Cu BGa+p e y+%Ge  -0.71 (Lv2) -0.71 (Lv2

63Cu OCu+pen+92Zn 073 (Lvl)  0.67 (Lvl

4Zn OCu+pen+%zZn 090 (Lvl)  0.88 (Lvl 0.69 (Lv1)

4Zn %Ga+p < n+%Ge -0.69 (Lvl) -0.75 (Lvl) -0.79 (Lvl)
67Zn TAs+p oy +%8Se  -0.69 (Lv2) -0.72 (Lv2) -0.78 (Lv2) -0.77 (Lv2) -0.75 (Lv2) -0.65 (Lvl)
687n “Ga+p e n+Ge  0.77 (Lvl)  0.74 (Lvl)  0.73 (Lvl)

687n 8As+p o n+%8Se -0.78 (Lv2) -0.83 (Lv2) -0.70 (Lvl)
“Ga 9Se +p oy + OBr -0.68 (Lv3) -0.74 (Lv3) -0.75 (Lv3) -0.73 (Lv2)
9Ga BAs+peon+%8Se  0.67 (Lv2)  0.65 (Lv3)  0.65 (Lv2)

"1Ga "IBr +p & y + 7?Kr -0.70 (Lv3) -0.71 (Lv3) -0.73 (Lv2)
"1Ga 8As+p o n+%8se 0.66 (Lv2)

70Ge 70Se +p <y +'Br -0.65 (Lv3) -0.68 (Lv2)
0Ge Br+p oy +1Kr -0.71 (Lv3)
2Ge BAs+pon+%BSe  0.77 (Lv2)

2Ge 2Bt +p o n+2Kr -0.69 (Lv3) -0.77 (Lv2)
BGe BKr+p e y+Rb -0.68 (Lv3)
S As Br+p < n+ ?Kr 0.67 (Lv3)

B As Rb+p ¢ n+ PSr -0.67 (Lv3)

uncertainties leading to total uncertainties in the final abun-
dances of stable nuclei obtained after the vp process had
ceased. Key rates dominating the uncertainties in the final
yields were determined. Different key rates were found for
each trajectory as the production range of nuclides depends
on the thermodynamic conditions.

The rates for the 3a reaction and the 56Ni(n,p)56Co re-
action were not included in the MC variation because their
uncertainties dominate the production uncertainties of all
nuclides and therefore would cover any other key rates. They
should be considered as key reactions, nevertheless.

Among the other key reactions found, (n,p) reactions
dominate because they determine the flow from one isotonic
chain into the next. Most proton captures are in equilibrium
and therefore their individual rates are not important. Sev-
eral (p, y) rates having been identified as key rates are at the
edge of the reaction flow or fall out of equilibrium within our
variation limits. Among those is the proton capture on the
stable nuclide 92Mo, acting at late times and affecting the

abundance of the p nuclide 92Mo, provided the conditions of
trajectories #16 or #17 are found in nature. Similarly, the
reaction 94Ru(p,)/)%Rh is a key reaction for the p nucleus
94

Mo.

Concerning the isotope ratios of light p nuclides it was
found that it is possible to reproduce the solar 92Mo/94Mo
abundance ratio within uncertainties, even though only rate
uncertainties and not mass uncertainties have been consid-
ered. The reproduction of both the Mo isotopic ratio and
their production level relative to the lighter p isotopes of Kr
and Sr has been found to be difficult within one trajectory.
It has to be cautioned, however, that a contribution to the
Mo isotopes stemming from the proton-rich side is severely
constrained by the fact that live 92Nb was found in the
early solar system, which cannot be produced by the decay
of proton-rich, unstable progenitor nuclei (Dauphas et al.
2003; Coté et al. 2019). It has to be noted further that re-
alistic sites may give rise to a range of conditions, resem-
bling a combination of several of our trajectories with dif-
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Table 5. Same as Table 4 but for trajectories #07—#12.

Underlined nuclides are p nuclides.

Nucleus Reaction #07 #08 #09 #10 #11 #12
e FICu+p &y +97n -0.65 (Lv3)
S0Fe ONi+a o p+P?Cu  0.66 (Lv3) 0.69 (Lv3)  0.66 (Lv3)  0.66 (Lv2)  0.67 (Lv2)  0.68 (Lv2)
>TFe Ni+p e y+3Cu  -0.66 (Lvl) -0.65 (Lvl) -0.66 (Lv2) -0.70 (Lv3) -0.70 (Lv3) -0.69 (Lv3)
M Co M7n(B+)?Cu -0.83 (Lv3) -0.76 (Lv3)

¥ Co ICu+p e y+0Zn  -0.77 (Lv2) -0.77 (Lv2) -0.78 (Lv3) -0.81 (Lv3) -0.81 (Lv3) -0.80 (Lv3)
¥ Co PCu+p e n+PZn -0.67 (Lvl) -0.66 (Lvl) -0.66 (Lv2)

3Ni BCu+pey+2Zn  -0.75 (Lvl) -0.74 (Lvl) -0.71 (Lvl) -0.68 (Lvl) -0.70 (Lv3) -0.66 (Lv3)
SONi HCu+p e n+¥7n -0.75 (Lv2) -0.78 (Lv2) -0.74 (Lv2) -0.68 (Lv2)
SONi OCu+pen+9Zn  -0.88 (Lvl) -0.88 (Lvl) -0.87 (Lvl) -0.86 (Lvl) -0.85 (Lvl) -0.84 (Lvl)
OINi OCu+pey+%2Zn 066 (Lv2)  0.66 (Lv2)

SINi 1Zn+p o y+%2Ga  -0.75 (Lvl) -0.72 (Lvl) -0.69 (Lvl) -0.71 (Lv2) -0.67 (Lv2) -0.65 (Lv2)
O2Ni CZn+p o y+5Ga  -0.67 (Lv2) -0.68 (Lv2) -0.69 (Lv3) -0.70 (Lv3) -0.70 (Lv3) -0.69 (Lv3)
O2Ni 2Ga+p e y+9SGe -0.81 (Lv3) -0.80 (Lv3)

6 Cu BGa+p o y+%Ge -0.77 (Lv3)  -0.74 (Lv2) -0.77 (Lv3) -0.75 (Lv3)
8Cu 63Ga+p <> n+SGe -0.65 (Lv3) -0.67 (Lv2) -0.65 (Lvl) -0.67 (Lv2) -0.65 (Lv2)
%4Zn BGa+p e n+SGe -0.65 (Lv2)
64Zn “Ga+p > n+%Ge -0.82 (Lvl) -0.84 (Lvl) -0.86 (Lvl) -0.86 (Lvl) -0.85 (Lvl) -0.85 (Lvl)
677n TAs+p o y+%8Se  -0.66 (Lvl) -0.66 (Lvl) -0.67 (Lvl) -0.67 (Lvl) -0.66 (Lvl) -0.67 (Lv3)
687n BAs+peon+%8Se  -0.76 (Lvl) -0.80 (Lvl) -0.82 (Lvl) -0.84 (Lvl) -0.85 (Lvl) -0.84 (Lvl)
“Ga ®Se+p e y+Br  -0.71 (Lv2) -0.68 (Lv2)

"1Ga MBr+p e y+Kr  -0.72 (Lv2) -0.68 (Lv2) -0.67 (Lv2) -0.67 (Lv3)

0Ge NSe+p ey +"Br  -0.69 (Lv2) -0.69 (Lv2) -0.65 (Lvl) -0.66 (Lvl) -0.68 (Lvl) -0.70 (Lv1)
0Ge TBr+p e y+'Kr -0.71 (Lv3) -0.67 (Lv3)

2Ge PBr+p e n+PKr -0.66 (Lvl) -0.73 (Lvl) -0.77 (Lvl) -0.78 (Lvl) -0.79 (Lvl) -0.79 (Lv1)
B3Ge BKr+p e y+™Rb  -0.68 (Lv2) -0.69 (Lv2) -0.65 (Lv2) -0.65 (Lv3)

75 As BRb+p e n+7Sr  -0.72 (Lv2) -0.75 (Lv2) -0.67 (Lvl) -0.68 (Lvl) -0.67 (Lvl) -0.65 (Lvl)
T4se “Kr+p e y+PRb -0.67 (Lv2) -0.70 (Lv2) -0.70 (Lv2) -0.70 (Lv2) -0.66 (Lv2) -0.67 (Lv3)
765e Rb+p <> n+ %St -0.72 (Lv2) -0.67 (Lvl) -0.72 (Lvl) -0.74 (Lvl) -0.73 (Lvl) -0.71 (Lvl)
7S¢ TIRb+p e n+7Sr  -0.69 (Lv3) -0.75 (Lv2) -0.72 (Lvl) -0.75 (Lvl) -0.74 (Lvl) -0.71 (Lv1)
8Kr BSr+p o y+ Y -0.66 (Lv3) -0.65 (Lv2)

80Kr 80Y +p > n+807r -0.66 (Lv3)

85Rb 85Nb +p & n + Mo -0.65 (Lv3) -0.67 (Lv2) -0.65 (Lv3)
865r 86Nb + p < n + $Mo -0.66 (Lv3)

ferent weights. The range of conditions and their respective
weights may also depend on the specific nucleosynthesis site
and may be different for different sites. A parameter study
like the present investigation is not devised to address such a
superposition of conditions. Once site conditions have been
constrained by hydrodynamical studies, however, our results
can be used to assess the feasibility to reproduce abundance
patterns of the solar system and those found in meteorites.
Therefore, for the time being — before having further con-
strained nucleosynthesis sites and reaction rates — it has to
be concluded that a consistent production of the light p nu-
clides (including the Mo isotopes) in the vp process cannot
be ruled out. We also can conclude that uncertainties in nu-
clear reaction rates may still have equal or even stronger
impact than mass uncertainties in the path of the vp pro-
cess.

In summary, we found that the uncertainties in the pro-
duction of nuclei are dominated by the uncertainties aris-
ing from the choice of site, explosion model, and numerical
treatment of the explosion hydrodynamics, as these crucially
determine what range of nuclei can actually be produced.
Although the astrophysical constraints seem to be similarly
weak for the vp process as for the r process, the vp process
is better constrained by nuclear physics and exhibits smaller

uncertainties therein, at least in the dominating rates. Un-
certainties stemming from the astrophysical reaction rates
become important only after the nucleosynthesis conditions
have been constrained better. Nevertheless, an experimental
verification of the predicted rates will be difficult, not only
because of the short-lived, intermediate, and heavy nuclei
involved but also due to the high plasma temperatures, giv-
ing rise to considerable thermal excitation and thus small
ground state contributions to the stellar rate (Rauscher
2012, 2014). Importantly, even where feasible, experimen-
tal cross section data typically only constrain these ground-
state contributions. More promising is the experimental de-
termination of nuclear properties required for the calcula-
tion of nuclear reaction rates. These not only include masses
but, more importantly, also excitation energies, spins, and
parities of excited states, both below the proton separation
energy and in the relevant Gamow window. The determi-
nation of particle widths would improve constraints on the
key reactions involving protons and « particles. Present and
future facilities using unstable beams offer possibilities for
extracting such information.
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Table 6. Same as Table 4 but for trajectories #13—#18. Underlined nuclides are p nuclides.

Nucleus Reaction #13 #14 #15 #16 #17 #18

e ICu+peoy+9Zn  -0.65 (Lv3)

50Fe ONi+a o p+P?Cu 067 (Lv2)  0.65 (Lv2)

STFe YNi+p o y+38Cu  -0.66 (Lv3)

ONi FCu+p e n+PZn -0.66 (Lv3)

ONi OCu+pen+9Zn  -0.82 (Lvl) -0.81 (Lvl) -0.78 (Lvl) -0.75 (Lvl) -0.69 (Lv1)

64Zn “Ga+p e n+%Ge  -0.83 (Lvl) -0.80 (Lvl) -0.75 (Lvl) -0.70 (Lvl)

687n BAs+pon+%8Se  -0.84 (Lvl) -0.81 (Lvl) -0.75 (Lvl) -0.68 (Lvl)

0Ge MSe+pey+"Br  -0.70 (Lvl) -0.68 (Lvl) -0.65 (Lv2)

2Ge PBr+pen+Kr  -0.78 (Lvl) -0.75 (Lvl) -0.66 (Lv1)

705e TRb+p <> n+ %St -0.68 (Lv1)

77Se TRb+p < n+"7Sr  -0.69 (Lvl) -0.65 (Lvl)

80Kr 80Sr+1n sy +8sr -0.65 (Lv2)

SNb BTe+n oy +MTc -0.67 (Lv2)

SNb BTc+p o y+2Ru -0.70 (Lv3)

“Mo 2Mo +p &y +PTc -0.73 (Lvl) -0.71 (Lvl)

%Mo “Ru+p < y+2Rh -0.65 (Lv2) -0.65 (Lv3) -0.66 (Lv1)

9T 9Rh +n < y + %Rh -0.70 (Lvl) -0.66 (Lvl)

PRu 9Rh+n o y + 'Rh -0.65 (Lv3)

100Ry 100pd +n <y + 101pd -0.66 (Lv2) -0.68 (Lv1)

131, B +n o y+ 140 -0.67 (Lvl)

1178 " 4neoy+ 18 -0.74 (Lv1)
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Table 7. Key reaction list sorted by number of affected nuclides per key rate level and by counted number of involved trajectories.

Reaction Level 1 Level 2 Level 3 Number of trajectories
6OZn(n, p)GOCu 60N, 03Cu, %4Zn 17
%Ge(n, p)*Ga 647n, 87n 13
%8Se(n, p)®8As 687n 687n, ©°Ga, "' Ga, 2Ge 9Ga 16
97n(n, p)*Cu Mo 60N;i Co 60N 10
63Ge(n, p)*Ga 63Cu 63Cu, %4Zn 63Cu 5
72Kr(n, p)"*Br 2Ge 2Ge 2Ge, P As 12
STNi(p,y)°8Cu STFe 3TFe ST Fe 13
7 As(p,y)%8Se 67Zn 677n 67Zn 12
70Se(p,y)”' Br 0Ge 70Ge 70Ge 11
77Sr(n, p)""Rb 77Se 71Se 77Se 8
738r(n, p)”>Rb B As 5 As 5 As 7
%Ru(p,y)”Rh %Mo %Mo %Mo 3
617Zn(p,y)%Ga 6INj 6INj 12
76Sr(n, p)’°Rb 763e 76Se 7
100Pd(n,y)lde 1()()Ru 1()()Ru 2
B Cu(p,y)?Zn SN S8Ni 12
2Mo(p,y)"Tc 92Mo 2
97Rh(1’1,’y)98Rh 97T¢ 2
“3111(11,’)’)114[[1 131, 1
]]711'1(117’)/)”8[[1 117Sn 1
I Cu(p,y)%Zn 3Co,%ONi 3Co,0Fe 11
P Cu(p,a ) ONi S6Fe S6Fe 0ONi 9
57Ni(n, p)57C0 60N} 56Fe’6()Ni 4
27n(p,y)*Ga 62Nj 62Nj 12
0Cu(p,y)'Zn 6INi 6INi 8
71Br(p,y)72Kr " Ga " Ga 7
2Ga(p,y)*3Ge 62N 62N 6
SGa(p,y)*Ge 63Cy 63Cy 6
Se(p,y)""Br 9Ga 9Ga 6
T4Kr(p,y)°Rb 74Se 74Se 6
T3Kr(p,y)*Rb 3Ge 3Ge 5
85Mo(n, p)®>Nb 85Rb 85Rb 3

7SSr(p,,y)79Y 8Ky 8Ky 2
STCu(p,y)*8Zn 3Ni 2
07n(p,y)®' Ga 6INi 1
80Sr(n,y)¥ Sr 80Kr 1
93 Te(n,y)**Te 9Nb 1
BTe(p,y)**Ru 93Nb 1
59Zn(ﬁ+)59cu 9Co 6
70Bl‘(p,’y)7l Kr 7()(}e 3
58Zn(ﬁ+)58cu SSNi 2
63GC(B+)63G8. 63Cu 2
3Ni(p,y)*’Cu STFe 1
8021.(117 p)SOY 80Ky 1
8Mo(n, p)*Nb 865y 1
9Rh(n,y)'Rh %Ru 1

Table 8. Uncertainties of isotopic ratios in selected trajectories, given as uncertainty factors relative to the 50% cumulative probability.
The factors enclose a 90% probability range. Also shown is the most probable value based on Ypea. The solar system values are 1.6 for
2Mo/**Mo, 0.54 for 84Sr/**Mo, and 0.82 for 78Kr/**Mo (Lodders 2003).

92MO/94M0 84Sr/94M0 78KI‘/94M0
. Y (92) Y (92) Y (84) Y (84) Y (78) Y (78)

Trajectory 35 voBlko UP Down  ¥Ggl.  voslk, Up Down  ¥Egl., vl Up  Down
406 2.00 260 224 0770 765 99.4 549 033 194 718 248 0.608
#11 0.923 120 214 0793 186 241 303 0627 218 283 3.64 0547
#16 0.631 0820 279 0.666 0213 0277 250 0.618 00837 0109 276 0.573
#19 0.876 114 298 0627 0530 0689 237 0611 0311 0404 247 0618
#21 0.980 127 287 0675 0664 0862 225 0744 0390 0507 232 0.733

#23 0.983 1.28 2.85 0.651 0.693 0.900 2.23  0.766 0.393 0.511 2.32 0.749
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