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The comparison between observational abundance featudethase obtained from nucleosyn-
thesis predictions of stellar evolution and/or explosionuations can scrutinize two aspects: (a)
the conditions in the astrophysical production site andt{g)quality of the nuclear physics input
utilized. Here we test the abundance features of r-proasdsosynthesis calculations using four
different fission fragment distribution models. Furthermowe explore the origin of a shift in
the third r-process peak position in comparison with tharspiprocess abundances which has
been noticed in a number of merger nucleosynthesis predgtiWe show that this shift occurs
during the r-process freeze-out when neutron capturegasiecays compete and any(y,n)
equilibrium is not maintained anymore. During this phasetras originate mainly from fis-
sion of material abové = 240. We also demonstrate that a faster (and thus earlieggselof
these neutrons, e.g., by shorfeidecay 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 ttagid neutron capture procegs-process) are still
unkown. Observations of metal-poor stars reveal that there may be nareitte site and that
the r-process elements can be divided into two categories: a “weak” cmnpeesponsible for
the production of the lighter elements, and a “strong” component, whichupesdthe heavier
elements and shows a remarkable robustness in the abundance pattéteytrpn star mergers
(NSM) are a viable candidate for the production of the strong r-praaesponent [2, 3, 4]. In such
an extremely neutron-rich environment, the neutron-to-seed ratio celn €80 and the reaction
path includes several fission cycles, which leads to a robust finatlabge distribution. Therefore,
the fission treatment becomes an important part of nucleosynthesis caltsilatiNSMs. As
there are not many experimental data that are relevant for fissioningj macthe r-process path,
there exist many different predictions for the fission barriers and dggrfent distributions. We
explore different models and show that the choice of (a set of) fissioiebs 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-riobf plagtnuclear chart.
The masses of most nuclei on the reaction path are not (yet) determirsthesptally and one has
to rely on predictions based on a nuclear mass model. Mass models casulifantially in their
extrapolations towards the neutron drip-line and in their fission barrigliqgirens [5]. Therefore,
the use of different mass models gives rise to different abundancédiiins, underlining the
large nuclear uncertainties that are still present in r-process nualbesys calculations. Fission
fragment distribution models are used to statistically predict the fission fragredhs of each fis-
sioning nucleus. While older models often use simple parametrizations, motistgzzibd models
are tested on known fission data and take into account shell effectsenit pauclei and fragments.
In each fission reaction, there is a possibility of fission neutrons to be enfiveegxperimentally
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Figure 1: Fission fragment distributions for the models consideredur calculations, here for the case of
neutron-induced fission 6f“Pu (top left: Panov et al. 2008 [9], top right: Kodama & Takstial 975 [7],
bottom: ABLAQ7 (Kelic et al. 2008) [10]). For this reactiorafov et al. (2008) predicts 9, ABLAQ7 7
released fission neutrons. Kodama & Takahashi (1975) andvRetral. (2001) do not predict any fission
neutrons. The distribution for the latter model consistly oftwo products with A = 130 and A = 144.
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studied fission reactions, the number of fission neutrons has beenttmbhad— 4, but it is known
to increase with mass number as heavy nuclei become more neutron-ritte[@aughter nucleus
is very neutron-rich, additional neutrons can be emitted via photodissasatla this work we
use and compare four different fission fragment distribution models Hrgtin complexity: (a)
Kodama & Takahashi (1975) [7], (b) Panov et al. (2001) [8], (@h®Vv et al. (2008) [9], and (d)
ABLAO7 (Kelic et al. 2008) [10]. The fragment yields predicted by thesxlels on the example of
fissioning?’*Pu are shown in Figure 1. It can be seen that not only the range dbfmBagments
differs considerably in each model, but also the predicted amount ofifiesiatrons.

2. Method

Our nucleosynthesis calculations are based on a NSM simulation with.8vv1 neutron
stars from Rosswog et al. (2013) [11]. We use 30 representatidetifijectories, covering all the
conditions in the ejected matter and providing the temperature, density andelieattion within
the ejected material up to a time igf= 13 ms. To account for the expansion and cooling phase,
we extrapolate using the following prescriptions:

-3
pt)=po )
T(0) = TIS (V). Yelt),

with time t, densityp, temperaturel’, entropyS and Y, being the electron fraction of the fluid
element. The index O denotes the valueig.athe temperature is calculated at each timestep using
the equation of state of Timmes & Swesty (2000) [12].

The calculations are performed using the nuclear netwonkNT [13], including over 6000
isotopes between stability and neutron drip-line. The set of reaction rtlieediis based on
masses from thEinite Range Droplet ModdFRDM) [14], and theExtended Thomas Fermi Model
with Strutinsky Integra{with shell quenching) (ETFSI-Q) [15, 16], in combination with the statis-
tical model calculations of Rauscher & Thielemann (2000) [17et 83, and theHartree-Fock-
Bogoliubov Mode(HFB-14) [18], respectively. TheoreticBldecay rates are taken from Moeller
et al. (2003) [19], experimental data from the nuclear database NUB@tZThe neutron capture
rates on heavy nucleZ(> 83) as well as the neutron-induced fission rates are from Panov et al.
(2010) [21], while the3-delayed fission rates are taken from Panov et al. (2005) [22].

3. Results

Final abundance distributions for each fission fragment distributions Inmoelshown in Fig-
ure 2 for the FRDM mass model. The differences in the models are cleadgtezflin the shape
of the second r-process peak (mass range<120< 140) in the final abundances: The two mod-
els with the narrowest distribution range (Panov et al. 2001 & 2008)uymeéa distinct peak,
followed by a region of underproduction compared to the solar r-amgagabetween 146 A
< 170. The Kodama & Takahashi model, on the other hand, features ametyrbroad distri-
bution of fission fragments, which leads to an overproduction of nuclgrmkthe second peak.
The ABLAO7 model shows the best overall agreement with the solarmeimces. The remaining
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Figure 2: Final abundances of the integrated ejecta around the segahthird peak for a NSM [11] at a
simulation timet = 10° s, employing the FRDM mass model combined with four difféfession fragment
distribution models (see text). For reasons of clarity #muilts are presented in two graphs. The abundances
for Th and U are indicated by crosses. The dots represenbthersprocess abundance pattern [23].

underproduction of 14& 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 caiohimath the
ABLAO7 model.

3.1 The position of the third peak

In the following we would like to discuss one remarkable issue that is presEigure 2: The
position of the third peak in our final abundance distributions is alwayseshibwards heavier mass
numbers compared to the solar distribution. This shift is also present inretbemt publications
on NSM nucleosynthesis and, as can be seen in Figure 2, the fissiomefniadistribution model
seems to have an impact on the magnitude of the shift. In addition, we obsat¥helthird peak
is still in line with the solar abundance peak at the time of r-process fragzglefined as the time
where the averaged {r),and {/,n) timescales becomes larger than the averfigéecay timescale),
with the shift happening only later. It is caused by late neutron capturésidoypeak nuclei, the
neutrons being continuously supplied by the fissioning of material abowe2A40. It should be
noted that not only the neutrons directly released from fission are retJduat also those released
by the fission products as they decay to the r-process path. Furthemrergy nuclei beyond the
second peak are affected, since (a) the neutron capture crossisetdmend on the mass number
of the capturing nuclei and are generally larger for higher mass nuirdneis(b) the abundance
pattern of the second peak is dominated by the fission fragment prodwstamafter the r-process
freeze-out.

RecentB-decay calculations predict considerably shorter half-lives for mugta Z > 80 by
factors of 10 or even more [24, 25]. We have tested the effect of firediags on our nucleosyn-
thesis calculations by accelerating fealecay rates of all Z- 80 nuclei by (constant) factors of
2.5 and 6, respectively. The results are shown in Figure 3 for the exahplee trajectory. As
a consequence of the increagédlecay rates, the reaction flux for the heavy nuclei is acceler-
ated, which increases both the heating rate and the temperature at arbunich @he calculation
(Fig. 3a). Additionally, the release of neutrons by fission of heavy nigcBccelerated, providing
neutrons before freeze-out (when the third r-process peak is stilddelose to solar values). The
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Figure 3: Neutron densityr,) and temperature (green lines in the bottom part of the graple linestyles
correspond to the individual calculations) as well as filalradlances for a NSM calculation with accelerated
B-decays compared to the original calculation (solid linéghwthe FRDM nuclear mass model. Here we use
the ABLAQY fission fragment distribution model. See textfiother explanations.

evolution after freeze-out proceeds faster and consequently tioel pétime where a combination

of neutron captures angldecays can move nuclei to higher mass numbers becomes shorter. As a
consequence, the shift in the third r-process peak is reduced. Bigh@vs that not only the third
peak is affected by the modifig@tdecay rates, but also the rare earth peak. In order to test our
findings, we have repeated our calculations with two different mass me&det§I1-Q [15, 16] and
HFB-14 [18]. Although for those cases the abundance distributionrsliffee to different masses
along the r-process path, the shift of the third peak is also apparennadifying the 3-decay

rates of the Z> 80 nuclei as above leads to the same result. We therefore assume thatitiom po

of the third peak is determined mainly by the combination of neutron density ancttatue at

and beyond the time of the r-process freeze-out and not by the nirgbesr

4. Conclusions

We have shown that the r-process yields in neutron star merger (NShtaeee strongly
affected by the adopted model for fission fragment distributions. Amonmtuels utilized here,
we find that the best agreement with the r-process pattern of solar aeaslis achieved with
the ABLAO7 model, which was tested not only for experimental fission fragrdestrubutions,
but also for the fragment distributions from extended heavy ion collisiollyiand thus goes
far beyond earlier pure extrapolations of experimental fission fragoeat Similar studies with
different fission fragment distribution models have been performeahtigd26].

In neutron-rich NSM nucleosynthesis, the third peak in the final abwedistribution shifts
towards higher masses if after the r-process freeze-out the conditiohgther neutron capture
reactions prevail. The two main factors that affect these conditions arestatupe and neutron
density. If the neutron density is high enough, several neutron capafiier freeze-out shift the
peak. This can be prevented by photodissociations if the temperaturédgesiify high. Motivated
by recent theoretical predictions [24, 25], we have explored thetadféncrease-decay rates for
the heaviest nuclei in our network (Z80). In this case the reaction flux is accelerated, leading to



Fission in neutron star merger r-process and the positiothefthird r-process peak M. Eichler

an earlier release of the fission (gBelelayed) neutrons, where they are recycled in thg-{fy,n)
equilibrium that is present before the freeze-out.
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