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The comparison between observational abundance features and those obtained from nucleosyn-

thesis predictions of stellar evolution and/or explosion simulations can scrutinize two aspects: (a)

the conditions in the astrophysical production site and (b)the quality of the nuclear physics input

utilized. Here we test the abundance features of r-process nucleosynthesis calculations using four

different fission fragment distribution models. Furthermore, we explore the origin of a shift in

the third r-process peak position in comparison with the solar r-process abundances which has

been noticed in a number of merger nucleosynthesis predictions. We show that this shift occurs

during the r-process freeze-out when neutron captures andβ -decays compete and an (n,γ)-(γ,n)

equilibrium is not maintained anymore. During this phase neutrons originate mainly from fis-

sion of material aboveA = 240. We also demonstrate that a faster (and thus earlier) release of

these neutrons, e.g., by shorterβ -decay half-lives of nuclei with Z> 80, as suggested by recent

theoretical advances, can partially prevent this shift.
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1. Introduction

The astrophysical production site(s) of therapid neutron capture process(r-process) are still
unkown. Observations of metal-poor stars reveal that there may be more than one site and that
the r-process elements can be divided into two categories: a “weak” component responsible for
the production of the lighter elements, and a “strong” component, which produces the heavier
elements and shows a remarkable robustness in the abundance pattern [1]. Neutron star mergers
(NSM) are a viable candidate for the production of the strong r-processcomponent [2, 3, 4]. In such
an extremely neutron-rich environment, the neutron-to-seed ratio can reach 1000 and the reaction
path includes several fission cycles, which leads to a robust final abundance distribution. Therefore,
the fission treatment becomes an important part of nucleosynthesis calculations in NSMs. As
there are not many experimental data that are relevant for fissioning nuclei on the r-process path,
there exist many different predictions for the fission barriers and the fragment distributions. We
explore different models and show that the choice of (a set of) fission barriers and fission fragment
distribution model has a large impact on the final abundance distribution.

1.1 Nuclear mass models and fission fragment distribution models

Due to its nature the r-process operates in the extremely neutron-rich partof the nuclear chart.
The masses of most nuclei on the reaction path are not (yet) determined experimentally and one has
to rely on predictions based on a nuclear mass model. Mass models can differsubstantially in their
extrapolations towards the neutron drip-line and in their fission barrier predictions [5]. Therefore,
the use of different mass models gives rise to different abundance distributions, underlining the
large nuclear uncertainties that are still present in r-process nucleosynthesis calculations. Fission
fragment distribution models are used to statistically predict the fission fragmentyields of each fis-
sioning nucleus. While older models often use simple parametrizations, more sophisticated models
are tested on known fission data and take into account shell effects of parent nuclei and fragments.
In each fission reaction, there is a possibility of fission neutrons to be emitted.For experimentally
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Figure 1: Fission fragment distributions for the models considered in our calculations, here for the case of
neutron-induced fission of274Pu (top left: Panov et al. 2008 [9], top right: Kodama & Takahashi 1975 [7],
bottom: ABLA07 (Kelic et al. 2008) [10]). For this reaction Panov et al. (2008) predicts 9, ABLA07 7
released fission neutrons. Kodama & Takahashi (1975) and Panov et al. (2001) do not predict any fission
neutrons. The distribution for the latter model consists only of two products with A1 = 130 and A2 = 144.
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studied fission reactions, the number of fission neutrons has been foundto be 2−4, but it is known
to increase with mass number as heavy nuclei become more neutron-rich [6]. If a daughter nucleus
is very neutron-rich, additional neutrons can be emitted via photodissociations. In this work we
use and compare four different fission fragment distribution models that vary in complexity: (a)
Kodama & Takahashi (1975) [7], (b) Panov et al. (2001) [8], (c) Panov et al. (2008) [9], and (d)
ABLA07 (Kelic et al. 2008) [10]. The fragment yields predicted by thesemodels on the example of
fissioning274Pu are shown in Figure 1. It can be seen that not only the range of possible fragments
differs considerably in each model, but also the predicted amount of fission neutrons.

2. Method

Our nucleosynthesis calculations are based on a NSM simulation with two 1.4 M⊙ neutron
stars from Rosswog et al. (2013) [11]. We use 30 representative fluid trajectories, covering all the
conditions in the ejected matter and providing the temperature, density and electron fraction within
the ejected material up to a time oft0 = 13 ms. To account for the expansion and cooling phase,
we extrapolate using the following prescriptions:

ρ(t) = ρ0

(

t
t0

)−3

T(t) = T[S,ρ(t),Ye(t)],

with time t, densityρ, temperatureT, entropyS andYe being the electron fraction of the fluid
element. The index 0 denotes the values att0. The temperature is calculated at each timestep using
the equation of state of Timmes & Swesty (2000) [12].

The calculations are performed using the nuclear network WINNET [13], including over 6000
isotopes between stability and neutron drip-line. The set of reaction rates utilized is based on
masses from theFinite Range Droplet Model(FRDM) [14], and theExtended Thomas Fermi Model
with Strutinsky Integral(with shell quenching) (ETFSI-Q) [15, 16], in combination with the statis-
tical model calculations of Rauscher & Thielemann (2000) [17] forZ ≤ 83, and theHartree-Fock-
Bogoliubov Model(HFB-14) [18], respectively. Theoreticalβ -decay rates are taken from Moeller
et al. (2003) [19], experimental data from the nuclear database NuDat2[20]. The neutron capture
rates on heavy nuclei (Z > 83) as well as the neutron-induced fission rates are from Panov et al.
(2010) [21], while theβ -delayed fission rates are taken from Panov et al. (2005) [22].

3. Results

Final abundance distributions for each fission fragment distributions model are shown in Fig-
ure 2 for the FRDM mass model. The differences in the models are clearly reflected in the shape
of the second r-process peak (mass range 120< A < 140) in the final abundances: The two mod-
els with the narrowest distribution range (Panov et al. 2001 & 2008) produce a distinct peak,
followed by a region of underproduction compared to the solar r-abundances between 140< A
< 170. The Kodama & Takahashi model, on the other hand, features an extremely broad distri-
bution of fission fragments, which leads to an overproduction of nuclei beyond the second peak.
The ABLA07 model shows the best overall agreement with the solar r-abundances. The remaining
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Figure 2: Final abundances of the integrated ejecta around the secondand third peak for a NSM [11] at a
simulation timet = 106 s, employing the FRDM mass model combined with four different fission fragment
distribution models (see text). For reasons of clarity the results are presented in two graphs. The abundances
for Th and U are indicated by crosses. The dots represent the solar r-process abundance pattern [23].

underproduction of 140< A < 170 nuclei is an effect of the mass model and did not appear when
we repeated the calculations with the ETFSI-Q and the HFB-14 models in combination with the
ABLA07 model.

3.1 The position of the third peak

In the following we would like to discuss one remarkable issue that is presentin Figure 2: The
position of the third peak in our final abundance distributions is always shifted towards heavier mass
numbers compared to the solar distribution. This shift is also present in otherrecent publications
on NSM nucleosynthesis and, as can be seen in Figure 2, the fission fragment distribution model
seems to have an impact on the magnitude of the shift. In addition, we observe that the third peak
is still in line with the solar abundance peak at the time of r-process freeze-out (defined as the time
where the averaged (n,γ) and (γ,n) timescales becomes larger than the averagedβ -decay timescale),
with the shift happening only later. It is caused by late neutron captures bythird peak nuclei, the
neutrons being continuously supplied by the fissioning of material above A≃ 240. It should be
noted that not only the neutrons directly released from fission are relevant, but also those released
by the fission products as they decay to the r-process path. Furthermore, mainly nuclei beyond the
second peak are affected, since (a) the neutron capture cross sections depend on the mass number
of the capturing nuclei and are generally larger for higher mass numbers, and (b) the abundance
pattern of the second peak is dominated by the fission fragment production,even after the r-process
freeze-out.

Recentβ -decay calculations predict considerably shorter half-lives for nuclei with Z > 80 by
factors of 10 or even more [24, 25]. We have tested the effect of thesefindings on our nucleosyn-
thesis calculations by accelerating theβ -decay rates of all Z> 80 nuclei by (constant) factors of
2.5 and 6, respectively. The results are shown in Figure 3 for the exampleof one trajectory. As
a consequence of the increasedβ -decay rates, the reaction flux for the heavy nuclei is acceler-
ated, which increases both the heating rate and the temperature at around 0.1 s in the calculation
(Fig. 3a). Additionally, the release of neutrons by fission of heavy nuclei is accelerated, providing
neutrons before freeze-out (when the third r-process peak is still located close to solar values). The
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Figure 3: Neutron density (nn) and temperature (green lines in the bottom part of the graphs; the linestyles
correspond to the individual calculations) as well as final abundances for a NSM calculation with accelerated
β -decays compared to the original calculation (solid line) with the FRDM nuclear mass model. Here we use
the ABLA07 fission fragment distribution model. See text forfurther explanations.

evolution after freeze-out proceeds faster and consequently the period of time where a combination
of neutron captures andβ -decays can move nuclei to higher mass numbers becomes shorter. As a
consequence, the shift in the third r-process peak is reduced. Figure3 shows that not only the third
peak is affected by the modifiedβ -decay rates, but also the rare earth peak. In order to test our
findings, we have repeated our calculations with two different mass models,ETFSI-Q [15, 16] and
HFB-14 [18]. Although for those cases the abundance distribution differs due to different masses
along the r-process path, the shift of the third peak is also apparent andmodifying theβ -decay
rates of the Z> 80 nuclei as above leads to the same result. We therefore assume that the position
of the third peak is determined mainly by the combination of neutron density and temperature at
and beyond the time of the r-process freeze-out and not by the nuclearinput.

4. Conclusions

We have shown that the r-process yields in neutron star merger (NSM) ejecta are strongly
affected by the adopted model for fission fragment distributions. Among themodels utilized here,
we find that the best agreement with the r-process pattern of solar abundances is achieved with
the ABLA07 model, which was tested not only for experimental fission fragment distrubutions,
but also for the fragment distributions from extended heavy ion collision yields and thus goes
far beyond earlier pure extrapolations of experimental fission fragmentdata. Similar studies with
different fission fragment distribution models have been performed recently [26].

In neutron-rich NSM nucleosynthesis, the third peak in the final abundance distribution shifts
towards higher masses if after the r-process freeze-out the conditionsfor further neutron capture
reactions prevail. The two main factors that affect these conditions are temperature and neutron
density. If the neutron density is high enough, several neutron captures after freeze-out shift the
peak. This can be prevented by photodissociations if the temperature is sufficiently high. Motivated
by recent theoretical predictions [24, 25], we have explored the effect of increasedβ -decay rates for
the heaviest nuclei in our network (Z≥ 80). In this case the reaction flux is accelerated, leading to
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an earlier release of the fission (andβ -delayed) neutrons, where they are recycled in the (n,γ)-(γ,n)
equilibrium that is present before the freeze-out.
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