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How	good	we	can	es-mate	ejected	mass?
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Figure 8. light curves in magnitude
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Figure 4. Comparison of line expansion opacities between HULLAC and GRASP2K calculations. For singly ionized ions (Nd ii and
Er ii), the calculations assume ρ = 1× 10−13 g cm−3, T = 5, 000 K, and t = 1 day after the merger. For doubly ionized ions (Nd iii and
Er iii), the calculations assume the same density at the same epoch but T = 10, 000 K.
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Figure 5. Line expansion opacities in the ejecta of compact bi-
nary mergers with mixture of elements (see also Figure 1). The
orange line represents the opacity in the dynamical ejecta, which
is calculated with the abundance pattern of Ye = 0.1 − 0.4. The
blue and green lines represent the opacities in the high-Ye post-
dynamical ejecta, which are calculated with the abundance pat-
terns of Ye = 0.25 and 0.30, respectively. All the calculations
assume ρ = 1 × 10−13 g cm−3, T = 5, 000 K, and t = 1 day after
the merger.
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Footnote: the role of    -decay

Luminosity (especially at late times) could indicate the 
importance of   -decay (or of fission!)
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Figure 9. (Color online) Top panels: Half-lives for nuclei
in the Ce (Z = 58, left) and Nd (Z = 60, right) isotopic
chains, calculated with the Skyrme EDFs described in the
text. Symbols correspond to the same EDFs as in Fig. 6.
Bottom panels: Calculated half-lives of Refs. [17] (⇥), [33] (+),
and [83] (?), measured half-lives [82] (circles), and the range
of half-lives reported in this paper (shaded region).

sured values) for nuclei nearer to stability. The variability
of our half-life predictions in Figs. 9 and 10 is typical of
all 70 nuclei in the calculation. The longest and shortest
calculated half-lives for any nucleus in our set di↵er by
a factor ranging from about 1.9 to 3.3, and this interval
does not depend strongly on whether a nucleus has an
even or odd number of protons.

The results of Refs. [17, 33, 83] are actually fairly similar
to ours, spanning roughly the full range range of our
predicted values in Fig. 9. (Neither Ref. [33] nor [83])
report half-lives for odd-Z nuclei and so cannot be a part
of Fig. 10.) The half-lives of Ref. [33] are close to our
own SkO0 half-lives, a result that is unsurprising given
that the EDF in that paper is a modified version of SkO0

(and that we use the same pnFAM code). The half-lives
of Ref. [17] lie, for the most part, right in the middle of
our predictions and follow those of SV-min fairly closely.
Finally, Fang’s recent calculations [83] yield relatively
short half-lives, shorter than even those of unedf1-hfb
most of the time. Still, the band of predicted half-lives
is relatively narrow among these three calculations even
in the most neutron-rich nuclei. Ref. [33] points out that
despite their di↵erences, most global QRPA calculations
produce comparable half-lives. Our results in both A ' 80
and A ' 160 nuclei support this observation.
Figures 9 and 10 (as well as Fig. 11, discussed mo-

mentarily) show that the overall pattern of � decays in
the A ' 160 region does not depend much on whether
an element has an even or odd number of protons. As
mentioned above, the variability in predictions is approxi-
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Figure 10. (Color online) Top panels: Half-lives for nuclei
in the Cs (Z = 55, left) and La (Z = 57, right) isotopic
chains, calculated with the Skyrme EDFs described in the
text. Symbols correspond to the same EDFs as in Figs. 6
and 9. Bottom panels: Calculated half-lives from Ref. [17]
(⇥) superimposed upon the range of half-lives reported in this
paper (shaded region).

mately equal for these two classes of nuclei, and we see
in Fig. 10 that the calculations of Ref. [17] continue to
lie toward the middle of our predictions. We also find
that our calculations for both even-even and odd-Z nuclei
predict smoothly-decreasing in half-lives (on a logarithmic
scale) with increasing neutron number. In this respect
our calculations di↵er slightly from those of Ref. [17], the
results of which are more variable (a fact most easily seen
in Fig. 10).

Finally, we have examined the impact of first-forbidden
� decay on half-lives of rare-earth nuclei. Figure 11 shows
that in heavier nuclei forbidden decay makes up between
10 and 40 percent of the total decay rate. The percentage
generally increases with A.

D. Results near A = 80

Following the weak r -process sensitivity study in Fig.
3, we present new half-lives for 45 A ' 80 nuclei in Fig.
12, comparing our results to those of Refs. [17, 33]. Not
surprisingly, in light of Fig. 8, our calculated half-lives
(circles) are often slightly shorter than those of Ref. [17]
(crosses). They are also similar to those of Ref. [33], which
used the same pnFAM code for even-even nuclei. We have
also compared our A ' 80 half-lives to those of the QRPA
calculations in Ref. [79], finding very similar results for
the few isotopic chains discussed both here and there.
One interesting feature of our calculation is that the

half-lives of 85,86Zn, 89Ge, and (to a lesser extent) 90As are
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Figure 13. (Color online) Top panel: Quadrupole deformation
�
2

of the 45 A ' 80 nuclei whose half-lives we calculate
and display in Fig. 12. Bottom panel: Contribution of first-
forbidden � decay (0, 1, 2� transitions) to the decay rate of
the same 45 nuclei, plotted as a percentage.

Figure 14. (Color online) The e↵ect of our new �-decay rates
on final r -process abundances. The same trajectories are used
as in Fig. 2. Black circles mark solar abundances.

Figure 15. (Color online) Impact of our �-decay rates near
A = 80 on weak r -process abundances. The top panel shows
abundances using rates from this work (red solid line), Ref. [17]
(purple short dashes), Ref. [45] (light blue dot dashes), and
the REACLIB database [86] (dark blue long dashes). Black
crosses mark solar abundances.

distribution

p(x) =
1

x
p
2⇡�

exp


� (µ� ln(x))2

2�2

�
(42)

where µ is the mean, and � is the standard deviation of the
underlying normal distribution and x is a random variable.
We take µ = 0 and � = ln(1.4) which yields a spread in
random rate factors corresponding roughly to the factor
of two uncertainty in modern QRPA calculations (see e.g.
Ref. [33]). For each set of rate factors generated with
the log-normal distribution the r-process simulation is
then re-run. Fig. 17 shows the resulting final r -process
abundance pattern variances for 10,000 such steps. In
each case, though some abundance pattern features stand
out as clear matches or mismatches to the solar pattern,
the widths of the main peaks and the size and shape
of the rare-earth peak are not clearly defined. The real
uncertainty in �-decay rates is larger than a factor of
two because all QRPA calculations miss what could be
important low-lying correlations. Thus, more work is
needed, whether it be theoretical refinement or advances
in experimental reach.

V. CONCLUSIONS

We have adapted the proton-neutron finite-amplitude
method (pnFAM) to calculate the linear response of odd-
A and odd-odd nuclei, as well as the even-even nuclei
for which it was originally developed, by extending the
method to the equal-filling approximation (EFA). The fast
pnFAM can now be used to compute strength functions
and � decay rates in all nuclei.
After optimizing the nuclear interaction to best rep-

resent half-lives in each mass region separately, we have
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FIG. 1. (Color online) Calculated fission-barrier heights for 3282
nuclei. The highly variable structure is mostly due to ground-state
shell effects. Ground-state shell effects are particularly strong in the
deformed regions around 252

100Fm152 and 270
108Hs162 and in the nearly

spherical region near the next doubly magic nuclide postulated to be
at 298

114Fl184. Our strongest shell effects are slightly offset to the left
with respect to this isotope.

ten-digit number, this means that the total data-storage space
needed is 5 000 000 × 10 × 5 000 = 2.5 × 1011 bytes, which
is 250 Gb of storage. When we started this type of calculation
based on millions of shapes in 1999 [2], this was indeed a
problem; now it is not.

II. OTHER FISSION POTENTIAL-ENERGY
CALCULATIONS

In most previous fission studies various schemes were
employed to avoid calculating a complete “hypercube” in
all the deformation variables considered. Such complete
calculations were impractical until computer performance had
evolved sufficiently, roughly achieved around 1995–2000. In
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3 6 9 12 15 18 21 24 27 30 33 36

90 100 110 120 130 140 150 160
Neutron Number N

60

70

80

90

100

P
ro

to
n 

N
um

be
r 

Z

FIG. 2. (Color online) Calculated fission-barrier heights for 2113
nuclei with generally lower proton and neutron numbers than those in
Fig. 1. Because the macroscopic energy contributes the major part of
the fission-barrier height for most nuclei in this region, and because
of the different energy scale compared to Fig. 1, the only shell effects
clearly visible come from the N = 126 spherical neutron shell.

macroscopic-microscopic calculations it was the norm to plot
energies versus two shape variables, for example β2 and
β3 (quadrupole and octupole deformations), and “minimize”
the potential energy with respect to additional multipoles;
typical examples are Refs. [7,8]. Although such approaches
intuitively seem promising, there are significant concerns
about the uniqueness and stability of such results. First,
when minimizations are carried out at a specific location
(β2,β3), what are the starting values of the additional shape
variables over which the minimization is carried out? A trivial
suggestion is that the values obtained for a previous point
be used, but which is the “previous point” will depend upon
the sequence in which the grid points are considered. It is
easy to visualize a surface, even in two dimensions, for which
a different result may be found by approaching a particular
point from opposite directions. Another strategy could be
that the minimizations are started at the value zero of the
additional variables at each point (β2,β3), but these approaches
would miss possible multiple deformed minima. And, even
if found, it would be impossible to display multiple minima
versus the “hidden” shape variables in a two-dimensional
contour plot. Furthermore, none of these methods, which
only access a limited part of the higher-dimensional space,
are guaranteed to find the true saddle points with reasonable
accuracy. In some cases, the saddle solutions will be correct,
but there is no way to mathematically evaluate the possible
errors inside the model framework itself. In many of these
minimization studies points that seem near each other in
the two-dimensional (β2,β3) plots are actually quite distant
in the higher-dimensional space. This is often manifested as
strong discontinuities appearing in published potential-energy
contour diagrams or plots of energy surfaces. Despite these
known deficiencies, these methods are still in routine use
today [9]. However, very recently other groups previously
employing such approximations have come to the conclusion
that the minimization method is deficient, not just in principle
but also in practice. In one recent macroscopic-microscopic
model study, the calculations were carried out for complete
multidimensional “hypercubes” and they confirmed that the
immersion methods we employ are crucial to avoiding spurious
results from the use of minimization. It is stated directly, “This
shows that the minimization is an uncertain method of the
search for saddles . . . ,” in the summary conclusions [10].

Currently, the main alternative approach to macroscopic-
microscopic calculations of fission-barrier potential-energy
surfaces and saddle points is the constrained Hartree-Fock
method introduced in 1973 [11]. Those authors state “One of
the advantages of this type of calculation is that deformation
energy curves can be calculated without making a complete
map of the deformation energy surface.” Another comment
that is often made in connection with determining fission
saddle points is that “constrained self-consistent methods
automatically take all higher shape degrees of freedom into
account.” However, these statements are misleading. Imposing
shape constraints in self-consistent methods is mathemati-
cally equivalent to the use of minimization techniques in
macroscopic-microscopic methods, which we, and now other
groups, have demonstrated are flawed. A detailed discussion is
in Ref. [1]. A very transparent discussion coming from outside
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Fig. 1.— Final abundances of the integrated ejecta around the second and third peak for a NSM

(Rosswog et al. 2013; Korobkin et al. 2012) at a simulation time t = 106 s, employing the FRDM

mass model combined with four different fission fragment distribution models (see text). For rea-

sons of clarity the results are presented in two graphs. The abundances for Th and U are indicated

by crosses. In the left-hand panel the lower crosses belong to the Panov et al. (2008) model

(dashed line), while the lower crosses in the right-hand panel belong to the ABLA07 distribution

model (dashed line). The dots represent the solar r-process abundance pattern (Sneden et al. 2008).

model, in contrast, shows an overproduction of these nuclei and fails to produce a distinct second

peak. The ABLA07 model (dashed line in Fig. 1b) shows the best overall agreement with the

solar r-process abundance pattern, leading only to an underproduction of A = 140 − 170 nuclei by

a factor of about 3. In Fig. 2 we show the importance of fission in our calculations, indicating the

fission rates from two fission modes (neutron-induced and β-delayed fission). It is obvious that the

mass region with Z= 93 − 95 and N= 180 − 186 dominates. In Fig. 2c we show the corresponding

(combined) fragment production rates for ABLA07 in the nuclear chart. In Fig. 3 (and the related

caption) we also provide the fission fragment distributions as a function of A as well as the

number of released neutrons, for 274Pu (Z= 94), indicating that the model by Kodama & Takahashi
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Fig. 3.— (Color online) Average final abundance patterns for
the fission recycling environment of NSM (red line), the main r-
process abundances from the MHDJ model (blue line) and weak
r-process (green line) from the NDW. These are compared with the
observed (Goriely 1999) r-process abundances in the solar system
(black dots). The thin black line shows the sum of all contributions.

the underproduction of nuclides above and below the
A = 130 r-process peak shown by the blue line is nearly
accounted for by the fission recycling (NSM) and weak
r-process (NDW) models. The final NSM r-process iso-
topic abundances from our adopted model for fission
yields exhibit a very flat pattern due to several episodes
of fission cycling. Thus, we find that fission recycling
has the potential to resolve most of the underproduc-
tion problems for the elements just below and above the
abundance peaks in models of the main r-process. The
remaining underproduction below the A = 130 peak is
most likely due to the weak r-process as illustrated on
Figure 3.
The main point of this paper is that one can deduce the

relative contributions of each r-process model based upon
their relative shortcomings. However, it is important to
ask whether the inferred fractions, of ∼79% NDW, ∼18%
MHDJ, and ∼3% NSM are plausible.
Although there are many uncertainties in the as-

trophysical and galactic chemical evolution parameters
(Argast et al. 2000; Komiya et al. 2014), it is worthwhile
to estimate weight parameters fFission and fWeak from
observed Galactic event rates and expected yields. In
particular we write

fFission ≈
RNSMMr,NSM

ϵMHDJRCCSNMr,MHDJ
, (6)

and

fWeak ≈
RCCSNMr,Weak

ϵMHDJRCCSNMr,MHDJ
, (7)

where Mr,NSM, Mr,MHDJ, and Mr,Weak are the ejected
masses of r-elements from the NSM, MHDJ, and NDW r-
process models, respectively, while RCCSN and RNSM are
the corresponding relative Galactic event rates of CCSNe
and NSMs.
The ejected mass of r-process elements in the models

of Wanajo (2013) is ≈ 2×10−5 M⊙ and nearly indepen-
dent of assumed core mass. The quantity ϵMHDJ is the
fraction of CCSNe that result in magneto-rotationally
driven jets. This was estimated in Winteler et al. (2012)

to be ∼ 1% of the core-collapse supernova rate based
upon the models of Woosley & Heger (2006). However
this is probably uncertain by at least a factor of two. In-
deed, the fraction could be larger as most massive stars
are fast rotators and the conservation of magnetic flux
should often lead to high magnetic fields in the newly
formed proto-neutron star. Hence, this fraction could
easily range from ∼ 1 to ∼ 5% which incorporates the
∼ 1% fraction of observed magnetars compared to nor-
mal neutron stars. [We treat this as a lower limit because
some fraction of observed normal neutron stars may have
had a larger magnetic field in the past.] The mass of
synthesized r-process elements from MHDJs is estimated
to be 6×10−3M⊙ (Winteler et al. 2012) while that of a
typical binary NSM is expected to be 2 ± 1 × 10−2M⊙

(Korobkin et al. 2012). If the Galactic neutron star
merger rate is 80+200

−70 Myr−1 (Kalogera et al. 2004), and
the Galactic supernova rate is, 1.9 ± 1.1 × 104 Myr−1

(Diehl et al. 2006), then one should expect fFission ∼
0.6 ± 0.4 and fWeak ≈ 8 ± 6 corresponding to relative
contributions of ∼ 80% weak, ∼ 10% main and ∼ 10
% fission recycling. Thus, although there are large un-
certainties, these fractions are plausibly consistent with
our fit parameters. This suggests that such a fit may be
a way of constraining the relative contribution of NSMs
and CCSNe to solar-system material.
We note, however, that other NSM calculations pre-

dict about 10−4 to 10−2 M⊙ of r-process material to
be ejected (e.g. Hotokezaka, et al. 2013; Bauswein et al.
2013). Adopting a value of 10−3 M⊙ could lead to
fFission ∼ 0.02, i.e. about an order of magnitude be-
low that suggested in our fit to Figure 3.
Of course, this needs to be better quantified in

more detailed chemical evolution (Cescutti & Chiappini
2014; Cescutti et al. 2015; Tsujimoto & Shigeyama
2014a,b; Komiya et al. 2014; Ishimaru et al. 2015;
Wehmeyer et al. 2015) and chemodynamical stud-
ies (Shen et al. 2015; van de Voort et al. 2015)
along with better r-process hydrodynamic models
(Winteler et al. 2012; Perego et al. 2014; Rosswog et al.
2014; Wanajo, et al. 2014; Goriely et al. 2015; Just et al.
2015; Nishimura et al. 2015). Nevertheless, based upon
the models adopted here, the inferred division of
r-process contributions remains at least plausible.

5. UNIVERSALITY OF R-PROCESS ELEMENTAL
ABUNDANCES

In the above we have not discussed a very impor-
tant clue to the origin of r-process abundances. It is
by now well established (Sneden, Cowan & Gallino 2008)
that the elemental abundances in many metal-poor stars
show a pattern that is very similar to that of the solar-
system r-process distribution, particularly in the range
of 55 < Z < 70. This however, can pose a difficulty
(Mathews, Bazan & Cowan 1992; Argast et al. 2000) for
NSM models (either in the present work or in other stud-
ies). That is because metal-poor stars are thought to
have arrived very early in the history of the Galaxy,
whereas NSMs require a relatively long gravitational ra-
diation orbit decay time prior to merger (∼ 0.1 Gyr).
Whatever the situation, it is of value to examine the im-
pact of the possible late arrival of fission recycling ma-
terial on the r-process elemental abundance distribution

Nucleosynthesis in compact binary mergers Oliver Just
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Figure 2: Left: Rest-mass density in the equatorial plane during the merger of a 1.4 M� NS with a 5.1 M�
BH. Dots denote particles (projected into the equatorial plane) which are or will become gravitationally
unbound while arrows indicate the corresponding velocities. The visualization tool SPLASH was used to
convert SPH data to grid data [16]. Right: Abundance distributions as functions of the atomic mass for
the dynamical ejecta of three NS-BH merger cases. Each binary system is characterized in the legend by
the EOS used in the simulation and the mass (in M�) of the NS and BH, respectively. All distributions are
normalized to the same A = 196 abundance. The dotted circles show the solar r-abundance distribution [17].

2. Ejecta from the Merger Phase

Consistent with previously published relativistic results [5, 18, 6], the “dynamical” ejecta of
NS-NS and NS-BH mergers, which are expelled within milliseconds of the collision of the two
binary components, were found to possess similar average properties, namely expansion velocities
of 0.2–0.4 c, electron fractions below ⇠ 0.1, and entropies per baryon of a few kB. The considered
NS-NS mergers produce ⇠0.004–0.021 M� of ejecta, whereas the NS-BH mergers eject signifi-
cantly larger masses, 0.035–0.08 M�, with very low entropies ( <⇠ 1kB per nucleon), because this
matter is not shock heated as in NS-NS collisions, but originates mostly from the outer tail of the
tidally stretched NS at its final approach to the BH. Mass lost in NS-BH mergers is also expelled
much more asymmetrically than in the case of NS-NS mergers (see left plot in Fig. 2): Correspond-
ing hemispheric asymmetry parameters (mass difference between dominant ejecta hemisphere and
opposite hemisphere, divided by total ejecta mass) are a few per cent for symmetric NS-NS mergers
and 15–30% for strongly asymmetric ones, but 0.93–0.98 for NS-BH mergers.

Since the high neutron excess, thermodynamic properties, and expansion timescale are very
similar, the ejecta of NS-NS mergers as well as those of NS-BH mergers are sites of robust produc-
tion of r-nuclei with A >⇠ 140 and abundances close to the solar distribution (see right plot in Fig. 2
for typical abundance pattern resulting in the NS-BH case). This result holds basically indepen-
dently of the considered nuclear EOS and the exact binary parameters and confirms the findings of
previous studies based on relativistic merger simulations [5, 19, 6].

3. Ejecta from the BH-Torus Phase

The relic BH-torus systems lose mass in neutrino-driven baryonic winds [20] and in outflows
triggered by viscous energy dissipation and angular momentum transport [21 – 23]. We find that the
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describe them up to exotic nuclei in the study of the
mercury isotopes [46].

SPY has now been applied to all the neutron-rich nuclei
of relevance for r-process nucleosynthesis. It is found that
the A ’ 278 fissioning nuclei, which are main progenitors
of the 110 & A & 170 nuclei in the decompression of NS
matter, present an unexpected doubly asymmetric fission
mode with a characteristic four-hump pattern, as illustrated
in Fig. 2. Such fragment distributions have never been
observed experimentally and can be traced back to the
predicted potential energies at large deformations of
the neutron-rich fragments favored by the A ’ 278 fission.
The two asymmetric fission modes can also be seen on the
potential energy surface (Fig. 3) obtained from a detailed
microscopic calculation [50] for 278Cf in the deformation
subspace (elongation hQ̂20i, asymmetry hQ̂30i). This cal-
culation uses a state-of-the-art mean-field model with the
Gogny interaction. The two fission valleys indicated by
arrows in Fig. 3 lead to asymmetries similar to the distri-
butions presented in Fig. 2 obtained with SPY. The

symmetric valley, corresponding to a nil octupole moment,
is disfavored by a smaller barrier transmission probability
linked to the presence of a barrier, hidden in this subspace
by a discontinuity [51].
Finally, we show in Fig. 1(b), the SPY prediction of the

average number of evaporated neutrons for each sponta-
neously fissioning nucleus. This average number is seen to
reach values of about four for the A ’ 278 isobars and
maximum values of !14 for the heaviest Z ’ 110 nuclei
lying at the neutron drip line.
Nucleosynthesis calculations.—Due to the specific ini-

tial conditions of high neutron densities (typically Nn ’
1033"35 cm"3 at the drip density), the nuclear flow during
most of the neutron irradiation will follow the neutron-drip
line and produce in milliseconds, the heaviest drip-line
nuclei. However, for drip-line nuclei with Z # 103,
neutron-induced and spontaneous fission become efficient
[Fig. 1(a)] prohibiting the formation of super-heavy nuclei
and recycling the heavy material into lighter fragments,
which restart capturing the free neutrons. Fission recycling
can take place up to three times before the neutrons are
exhausted, depending on the expansion time scales. When
the neutron density drops below some 1020 cm"3, the time
scale of neutron capture becomes longer than a few sec-
onds, and the nuclear flow is dominated by ! decays back
to the stability line (as well as fission and " decay for the
heaviest species). The final abundance distribution of the
3$ 10"3M% of ejecta during the NSM is compared with
the Solar System composition in Fig. 4. The similarity
between the solar abundance pattern and the prediction in
the 140 & A & 180 region is remarkable and strongly
suggests that this pattern constitutes the standard signature
of r processing under fission conditions.
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FIG. 2 (color online). FFDs from the SPY model for eight
A ¼ 278 isobars.

FIG. 3 (color online). 278Cf potential energy surface as a
function of the quadrupole hQ̂20i and octupole hQ̂30i deforma-
tions. Both asymmetric fission valleys are depicted by the red
arrows.
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FIG. 4 (color online). Final abundance distribution vs atomic
mass for ejecta from 1:35–1:35 M% NS mergers. The red squares
are for the newly derived SPY predictions of the FFDs and the
blue circles for essentially symmetric distributions based on
the 2013 GEF model [52]. The abundances are compared with
the solar ones [56] (dotted circles). The insert zooms on the rare-
earth elements.
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in r-process calculations predict a nuclear physics fea-
ture away from stability that leads to dynamical rare
earth peak formation, e.g. [41], though the peak is not
always of the correct size and shape to match the so-
lar pattern. Other mass models, e.g. [42], show no such
feature. Carefully-chosen linear combinations of astro-
physical conditions have been shown to improve the fit
to observation [43, 44]. An alternate formation mecha-
nism has been proposed that suggests the rare earth peak
is made up of fission fragments resulting from a vigorous
fission recycling r process [45]. This mechanism hinges
upon a specific distribution of fission daughter products
[46] that is untestable by experiment. Thus, it can only
be supported by indirect evidence, including the elimina-
tion of the dynamical mechanism as a viable alternative.

In this letter, we introduce a new method by which the
nuclear structure features that are necessary to produce
characteristics of the r-process abundance pattern are
determined by a Monte Carlo analysis. We apply this
procedure to the portion of the isotopic solar abundances
that includes the rare earth region, and we search for
a persistent, non-local feature in the mass surface that
leads to dynamical rare earth peak formation matching
the solar pattern.

There are two generic types of thermodynamic condi-
tions that could exist toward the end of the r process.
We define “hot” environments as those where the mate-
rial stays in (n, �) � (�, n) equilibrium until the neutron
number is no longer su�ciently high to maintain this
equilibrium and “cold” environments as those where the
equilibrium is broken because the temperature becomes
too low. A standard supernova neutrino wind is a hot
environment whereas the ejection of material from the
tidal tails of neutron star mergers is both cold and very
neutron rich. We apply our Monte Carlo procedure to
both types of environments.

As few mass measurements currently exist in the re-
gion in which we are interested, we require a theoretical
baseline mass model. For our baseline model, we choose
Duflo-Zuker (DZ) [47] since it has little structure in the
masses away from stability in the rare earth region. To
verify this, we use the DZ mass model to compute neu-
tron capture and beta decay rates and then run a set
of r-process simulations for di↵erent astrophysical condi-
tions. The neutron capture rates are computed using the
Hauser-Feshbach code CoH [48]. For the �-decay rates,
we use the underlying Gamow-Teller �-decay strength
function, i.e. the nuclear matrix element information,
from [49]. We compute the phase space factor to be con-
sistent with the DZ masses, as in Ref. [50]. Our treatment
of fission is largely schematic, as in [51], with spontaneous
fission set to occur for A > 240 and a simple asymmetric
split assumed for the fission daughter product distribu-
tions. This allows us to explore scenarios with fission
recycling where the fission fragments (A ⇠ 130) do not
contribute to rare earth peak formation. Examples of the

FIG. 1: Simulations of the r process with no rare earth peak
in hot (red solid line) and very neutron-rich cold (green dashed
line) conditions compared to the solar r-process residuals from
Ref. [9] (black points).

results of r-process simulations with this set of nuclear
data are shown by the red and green curves in Fig. 1 for
a hot and a cold very neutron-rich scenario, respectively.
As expected the abundance pattern shows no feature in
the rare earth region. This suggests the DZ mass model
is missing the ingredient that leads to dynamical rare
earth peak formation.
Since we have a baseline model without structure in

the rare earth region we are free to determine the missing
component of the mass model which is required to match
the r-process residuals. Previous studies have suggested
that a kink in the separation energies as a function of
neutron number is required [38, 39], but we wish to start
with as little preconceived notion as possible about what
this structure should be. Therefore, instead of choos-
ing a parameterized form for a kink structure, we let an
additional mass term float freely in neutron number, N :

M(Z,N) = MDZ(Z,N) + aNe�(Z�C)2/2f (1)

Here, M(Z,N) is the new mass generated from the base-
line DZ mass, MDZ(Z,N), where Z and N represent the
number of protons and neutrons in the nucleus. The aN
are coe�cients, one for each set of isotones with neutron
number, spanning the range from 95 to 115. For a given
neutron number, aN controls the overall magnitude and
sign of the change to the base model. The parameter C
controls the center of the strength in proton number, and
f sets the fall o↵ the strength in Z. The latter we keep
fixed at f = 40 because we are looking for a persistent
feature in the mass surface.
We now proceed to determine the aN s and C using the
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The Number of Isotopes Available for Study 
at FRIB 

!  Estimated Possible: Erler, 
Birge, Kortelainen, 
Nazarewicz, Olsen, 
Stoitsov, Nature 486, 509–
512 (28 June 2012) , 
based on a study of EDF 
models 

!  “Known” defined as 
isotopes with at least one 
excited state known (1900 
isotopes from NNDC 
database) 

!  For Z<90 FRIB is 
predicted to make > 80% 
of all possible isotopes 
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