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Abstract. About half of the nuclei heavier than iron observed in nature are produced by the
so-called rapid neutron capture process, or r-process, of nucleosynthesis. The identification of
the astrophysics site and the specific conditions in which the r-process takes place remains,
however, one of the still-unsolved mysteries of modern astrophysics. Another underlying
difficulty associated with our understanding of the r-process concerns the uncertainties in the
predictions of nuclear properties for the few thousands exotic neutron-rich nuclei involved, for
which essentially no experimental data exist.

The present paper emphasizes some important future challenges faced by nuclear physics
in this problem, particularly in the determination of the nuclear structure properties of exotic
neutron-rich nuclei as well as their radiative neutron capture rates and their fission probabilities.
These quantities are particularly relevant to determine the composition of the matter resulting
from the r-process. Both the astrophysics and the nuclear physics difficulties are critically
reviewed with special attention paid to the r-process taking place during the decompression of
neutron star matter following the merging of two neutron stars.

1. Introduction
The r-process of stellar nucleosynthesis is invoked to explain the production of the stable (and
some long-lived radioactive) neutron-rich nuclides that are heavier than iron and observed in
stars of various metallicities, as well as in the solar system (for a review, see [1]). In recent years
nuclear astrophysicists have developed more and more sophisticated r-process models, trying
to explain the solar system composition in a satisfactory way by adding new astrophysical or
nuclear physics ingredients. However, the site(s) of the r-process has (have) not been identified
yet and for this reason, the r-process nucleosynthesis remains one of the main puzzles of modern
astrophysics.

Progress in the modelling of type-II supernovae and γ-ray bursts has raised a lot of excitement
about the so-called neutrino-driven wind environment [1, 2, 3]. However, until now a successful
r-process has not been obtained ab initio without tuning the relevant parameters (neutron excess,
entropy, expansion timescale) in a way that is not supported by the most sophisticated existing
models. Early in the development of the theory of nucleosynthesis, an alternative to the r-process
in high-temperature supernova environments was proposed. It concerns the decompression
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of cold neutronized matter. While such a connection was suggested decades ago [4, 5] and
decompressed neutron star (NS) matter was found to be favorable for strong r-processing [6],
only more recent and increasingly sophisticated hydrodynamic simulations could determine the
ejecta mass to be about 10−3 to 10−2M� [7, 8, 9, 10, 11]. This mass, combined with the
predicted astrophysical event rate (around 10−5 yr−1 in the Milky Way [12]) can account for the
majority of r-material in our Galaxy [10]. Nearly all of the ejecta are converted to r-process
nuclei, whose radioactive decay heating leads to potentially observable electromagnetic radiation
in the optical and infrared bands [13, 14] with 100–1000 times fainter peak brightnesses than
those of typical supernovae and durations of only days [9, 10, 11, 15]. These “macronovae” or
“kilonovae” are intensely searched for (with a recent, possible first success [16, 17]) and their
unambiguous discovery would constitute the first detection of r-material in situ.

In the present contribution, we describe the r-process nucleosynthesis resulting from the
decompression of NS crust material following the merging of two NSs and show that the predicted
abundances can be in remarkable agreement with the solar r-abundance distribution for nuclei
with A > 140 (Sect. 2). Sect 3 is devoted to the study of the sensitivity of the r-abundance
prediction to some nuclear models, in particular nuclear masses and fission properties.

2. The r-process from NS mergers
Our NS–NS merger simulations were performed with a general relativistic Smoothed Particle
Hydrodynamics scheme [11, 18, 19] representing the fluid by a set of particles with constant rest
mass, whose hydrodynamical properties were evolved according to Lagrangian hydrodynamics,
keeping the electron fraction of fluid elements fixed. The Einstein field equations were solved
assuming a conformally flat spatial metric. It was shown in [11] that the r-abundance
distributions resulting from binaries simulations with different mass ratios or different equation of
state (EOS) were virtually identical. For this reason, in the present analysis, only the symmetric
1.35M�–1.35M� system with the DD2 EOS [20], including thermal effects, and a resolution of
about 550,000 particles is considered. The mass ejected from the system is about 3 10−3M�(see
Ref. [19, 11] for more details on the gross properties of the ejecta, the influence of the EOS
and the post-processing nucleosynthesis calculation). Note that the 1.35M�–1.35M� case is of
particular interest since, according to population synthesis studies and pulsar observations, it
represents the most abundant systems [21].

The r-process nucleosynthesis is calculated by post-processing the ejected mass elements
taking into account their dynamics determined by the hydrodynamics simulation. The
nucleosynthesis is followed with a reaction network including all 5000 species from protons
up to Z=110 lying between the valley of β-stability and the neutron-drip line. All charged-
particle fusion reactions on light and medium-mass elements that play a role when the nuclear
statistical equilibrium freezes out are included in addition to radiative neutron captures and
photodisintegrations. The reaction rates on light species are taken from the NETGEN library,
which includes all the latest compilations of experimentally determined reaction rates [22].
Experimentally unknown reactions are estimated with the TALYS code [23, 24] on the basis
of the Skyrme Hartree-Fock-Bogolyubov (HFB) nuclear mass model, HFB-21 [25]. On top of
these reactions, β-decays as well as β-delayed neutron emission probabilities are also included,
the corresponding rates being taken from the updated version of the Gross Theory [26] based on
the same HFB-21 Q-values. Fission processes as well as α-decays are also included for all heavy
species, as described in Sect. 3.2. In the present paper, we will restrict ourselves to study the
sensitivity of the r-abundance calculation with respect to nuclear masses and fission properties.

In this specific r-process scenario, the number of free neutrons per seed nucleus is so high
that the nuclear flow dominated by radiative neutron captures and β-decays follows the neutron-
drip line. In tens of ms, the heaviest drip-line nuclei can be synthesized. However, according
to microscopic predictions, neutron-induced, β-delayed as well as spontaneous fission become
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efficient for drip-line nuclei with Z >∼ 103, prohibiting the formation of super-heavy nuclei and
recycling the heavy material into lighter fragments, which will restart capturing the free neutrons.
Such fission recycling can take place up to three times before the neutrons are exhausted. When
the neutron density drops to some Nn = 1020 cm−3, the timescale of neutron capture by the
most abundant nuclei with closed-shell neutron number N = 126 and N = 184 becomes longer
than a few seconds, and the nuclear flow is dominated by β-decays back to the stability line, as
well as fission and α-decay for the heaviest species.

The final abundance distribution of the matter ejected from a 1.35–1.35 M� NS merger on
grounds of such a relativistic hydrodynamical simulation is shown in Fig. 1 and seen to be in
remarkable agreement with the solar r-abundance distribution for nuclei with A > 140. The
final composition of the ejecta is rather insensitive to details of the initial abundances and the
astrophysical conditions, in particular the mass ratio of the two NSs, the quantity of matter
ejected, and the EOS [10, 11, 27]. It should however be stressed that the distribution shown in
Fig. 1 corresponds to the final composition of the ejecta mass-integrated over all mass elements
found to be gravitationally unbound (about 1180 particles in this 1.35M�–1.35M� system). In
our simulation, not all the mass elements lead to the same composition after ejection. Indeed, for
a given binary system, mass elements can be ejected with relatively different velocities, so that
the density evolution may vary significantly from one trajectory to the next. An example is given
in Fig. 2 where it can be seen that fast expanding mass elements might not have time to capture
all available free neutrons leading to no (trajectory 3) or only one fission cycle (trajectory 2)
while the slowly expanding mass element (trajectory 1) allows for all free neutrons to be captured
and three fission cycles to take place. If we define an expansion timescale as the time required
for the density to drop from the initial drip density below the arbitrary value of 108g/cm3, we
find that for timescales shorter than typically ∼ 5 ms no fission recycling takes place. In our
relativistic simulations [10, 11], the integrated mass associated with a fast expansion remains
small relative to the slowly expanding ones (Fig. 2, right panel), but their contributions to
the final abundance distribution are found to be non-negligible, in particular around A � 200,
where their high abundances tend to fill the trough found in slowly expanding trajectories.
For this reason, the Newtonian description of the NS merger hydrodynamics which tends to
predict rather slow expansions [27] may give rise to different and unsatisfactory nucleosynthesis
predictions. Note that the Newtonian simulations also present the drawback of overestimating
the ejecta masses in general [8, 11, 27, 28].

Except for the sensitivity to the density history of the various mass elements ejected, the final
abundance distribution remains extremely robust with respect to astrophysical conditions [11].
This robustness, which is compatible with the unique, solar-like abundance pattern of the
elements heavier than Ba observed in metal-poor stars [29], supports the possible creation of
these elements by fission recycling in NS merger ejecta. However, the estimated abundance
distribution remains rather sensitive to the adopted nuclear models. The ejected material is
composed almost exclusively of A > 140 nuclei, and in particular the A � 195 third r-process
peak appears in proportions similar to those observed in the solar system (Fig. 1), deviations
resulting essentially from the still difficult task to predict neutron capture and β-decay rates for
exotic neutron-rich nuclei. The situation for the lightest 110 <∼ A <∼ 170 species has been rather
unclear up to now and extremely dependent on fission properties, such as fission probabilities
and fission fragment distributions (FFD). Indeed, the 110 <∼ A <∼ 170 nuclei originate essentially
from the spontaneous and β-delayed fission recycling that takes place in the A � 278 region
at the time all neutrons have been captured and the β-decays dominate the nuclear flow. The
A � 278 isobars correspond to the predominant abundance peak in the actinide region resulting
from the turn-off point at the N = 184 drip-line shell closure, a bottleneck being created by
β-decays along the nuclear flow during the irradiation phase. This specific mass region and its
fission properties therefore play a key role for the production of the light species, as further
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Figure 1. Left: Final abundance distribution of the matter ejected from the 1.35–1.35 M� NS
merger as a function of the atomic mass. The distribution is normalized to the solar r-abundance
distribution (dotted circles).
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Figure 2. Left: Density evolution for three specific mass elements (trajectories) ejected
from the 1.35–1.35 M� NS merger. Middle: Abundance distribution obtained for the same
three trajectories, arbitrarily normalized to the solar system abundances (dotted circles).Right:
Distribution of the expansion timescales for the 1180 mass elements ejected. The expansion
timescale is defined here as the time required for the density to drop below the arbitrary value
of 108g/cm3.

discussed below.

3. Sensitivity to nuclear models
3.1. Nuclear mass models
Nuclear masses are known to be a fundamental ingredient for the r-process nucleosynthesis. They
define the reaction and β-decay Q-values and consequently strongly affect the corresponding
rates. During the decompression of the NS matter, the r-process dominantly takes place at
low temperatures so that the radiative neutron capture is in competition with β-decays rather
than with the photodisintegrations, as traditionally found in hot environments like in the ν-
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Figure 3. Left: Comparison between the neutron capture rates at a temperature T = 109 K
for 5 isotopic chains obtained with the HFB-21 and D1M mass models. Right: Abundance
distribution of the matter ejected from the 1.35–1.35 M� NS merger obtained with reaction
rates calculated either with the HFB-21 or the D1M masses.

driven wind [1]. Reaction rates therefore fully enter the reaction network. We have studied
the sensitivity of the nucleosynthesis calculation by considering the TALYS neutron capture
rates estimated with two different sets of nuclear masses, namely HFB-21 masses based on the
Skyrme Hartree-Fock-Bogolyubov (HFB) model [25] and D1M masses based on the Gogny HFB
model [30]. The corresponding rates include a compound and a pre-equilibrium component but
no direct capture contribution. Both sets of rates are compared in Fig. 3 (left panel) for five
illustrative isotopic chains and seen to deviate up to a factor of 107 for drip line nuclei, the
Skyrme HFB masses predicting essentially faster rates. However, such differences are seen in
Fig. 3 (right panel) to have a rather small impact on the calculated r-abundances, deviations
being restricted to the A � 180 and A � 200 regions. Note that the same β-decay rates [26] have
been used in both nucleosynthesis calculations. Rather similar abundance distributions can be
explained by the mass-averaging due to the large number of contributing trajectories, but also
to the fact that the final distribution is shaped by the competition between neutron capture
and β-decay for nuclei relatively close to the valley of β-stability at the time of the neutron
freeze-out (see Ref. [1] for more details). Despite this similarity, more work on nuclear masses,
but also on the determination of neutron capture (and also β-decay) rates is obviously needed,
in particular to improve the prediction around the A � 195 peak.

3.2. Fission
All fission rates, i.e the neutron-induced, photo-induced, β-delayed and spontaneous fission rates,
have been estimated on the basis of the HFB-14 fission paths [31] and the nuclear level densities
in the ground state as well as the saddle points within the combinatorial approach [32]. The
neutron- and photo-induced fission rates have been estimated on the basis of the TALYS code for
all nuclei with 90 ≤ Z ≤ 110 [33]. Similarly, the β-delayed and spontaneous fission rates have
been estimated with the same TALYS fission barrier penetration calculation. The β-delayed
fission rate takes into account the full competition between the fission, neutron and photon
channels, weighted by the population probability given by the β-decay strength function [34],
i.e

λβdf =

∫ Qβ

Bf

Γf

Γf + Γn + Γγ
Sβ(E)dE. (1)
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Figure 4. Left: Representation of dominant fission regions in the (N,Z) plane. Nuclei for
which spontaneous fission (SF) is estimated to be faster than β-decays are shown by full squares,
those for which β-delayed fission (βdf) is faster than β-decays by open squares, those for which
neutron-induced fission (n,f) is faster than radiative neutron capture (n,γ) at T = 109K by
open triangles and those for which photofission (γ,f) at T = 109K is faster than photoneutron
emission (γ,n) by closed circles. For Z = 110, β-decay processes are not calculated. All fission
probabilities are calculated with the HFB-14 fission paths [31]. Right: Same as the left panel
when all fission probabilities are calculated with the MS99 fission barriers [35].

where Bf is the fission barrier, Qβ the β-decay Q-value and Sβ the β-decay strength function
estimated within the Gross Theory [34]. Γf , Γn, Γγ are the fission, neutron emission and
electromagnetic de-excitation widths, respectively, at a given energy E which have been
calculated consistently with the TALYS reaction code.

The spontaneous fission rate is deduced from the well-known formula λSF = f0P where P is
the barrier penetrability of the ground state calculated with the TALYS code and f0 = ω0/2π
the frequency of oscillations in the fission mode for the ground state in the first well at the energy
h̄ω0 � 0.75 MeV. The main fission regions by one of the four fission processes are illustrated in
Fig. 4.

In order to perform sensitivity calculations, the fission probabilities have also been estimated
on the basis of the Thomas-Fermi fission barriers compiled in Ref. [35] (hereafter MS99). To do
so, the HFB-14 fission paths are renormalized so that the highest barrier corresponds now to the
highest MS99 barrier. The latter usually predicts lower barriers than the mean-field approach
so that many more nuclei are found to be affected by fission processes when use is made of
the MS99 barriers, as shown in Fig. 4 (right panel). Note that MS99 barriers may not always
be available for very exotic n-rich nuclei close to the neutron-drip line, especially for Z ≥ 106.
In this case, the HFB-14 barriers were adopted. This explains the relatively similar fissioning
region for Z ≥ 103 at the neutron drip line (Fig. 4). It is seen in Fig. 4 that if we adopt the
HFB-14 fission barriers, during the freeze-out phase, fission takes place around Z � 101 − 102
along the abundant A = 278 isobar, while the lower MS99 barriers [35] lead to fission already
around the Z � 95− 97 isotopes.

Another ingredient of prime importance for the r-process nucleosynthesis is the fission FFD.
The β-decay nuclei along the A = 278 isobar may fission either symmetrically or asymmetrically
depending on the adopted model for the FFD. We consider here two models, namely the renewed
statistical scission-point model based on microscopic ingredients called SPY [36] and the semi-
empirical GEF model [37]. Both models differ not only in the prediction of the FFD for the
exotic neutron-rich fissioning nuclei, but also in the estimate of the average number of emitted
neutrons.

The final composition of the matter ejected from the 1.35–1.35 M� NS merger is shown
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Figure 5. Left: Final abundance distribution of the matter ejected from the 1.35–1.35 M�
NS merger as a function of the atomic mass. The distributions are normalized to the solar
r-abundance distribution (dotted circles). The distributions are obtained with two sets of fission
barriers, the HFB-14 [31] and MS99 barriers [35]. The adopted model for the FFD correspond
to the SPY model [36]. Right: same as left panel when the FFD are estimated with the GEF
model [37].

in Fig. 5 for fission rates obtained with both sets of fission barriers, namely the HFB-14 [31]
and MS99 barriers [35] and two FFD models, namely the SPY [36] and GEF [37] models. As
discussed above, the A � 278 isobars that may fission during the freeze-out phase depend on the
adopted fission model (see Fig. 4). Depending on the fissioning nuclei, they may fission either
symmetrically or asymmetrically following the prediction of the FFD model. For example,
considering the GEF FFD model, with the HFB-14 barriers, fission takes place symmetrically
around Z � 101 − 102 along the abundant A = 278 isobar, while the lower MS99 barriers [35]
lead to fission already at the Z � 95 − 97 isobar which are predicted to fission asymmetrically
(see right panel of Fig. 5). In contrast, the SPY model predicts all A = 278 isobars to fission
asymmetrically, leading to an abundance distribution rather insensitive to the adopted fission
barriers (see left panel of Fig. 5). Interestingly, the SPY model can consistently explain the origin
of the rare-earth peak by the r-process, in contrast to what is found with more phenomenological
models predicting symmetrical mass yields for the A � 278 fissioning nuclei.

4. Conclusions
Decompressed NS matter remains a viable site for the r-process, which is extremely robust with
respect to many astrophysical uncertainties. This robustness, which is compatible with the
unique, solar-like abundance pattern of the elements heavier than Ba observed in metal-poor
stars, supports the possible creation of these elements by fission recycling in NS merger ejecta.
However, the estimated abundance distribution remains rather sensitive to the adopted nuclear
models. The ejected material is composed almost exclusively of A > 140 nuclei, and in particular
the A � 195 third r-process peak appears in proportions similar to those observed in the solar
system, deviations resulting essentially from the still difficult task to predict neutron capture and
β-decay rates for exotic neutron-rich nuclei. The situation for the lightest 110 <∼ A <∼ 170 species
has been rather unclear up to now and extremely dependent on fission properties, including in
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particular the fission barriers and FFD. The newly derived FFD based on the SPY model can
consistently explain the origin of the rare-earth peak by the r-process, in contrast to what is
found with more phenomenological models predicting symmetrical mass yields for the A � 278
fissioning nuclei. This new finding provides an even stronger hint that NS mergers could be a
dominant process in the origin of the A > 140 r-nuclei in the Universe.
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