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integrated nucleosynthesis with neutrinos 

Goriely+2015 
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GW170817 and the r process: open questions 

Are neutron star mergers responsible for the production 
of all r-process elements, or do multiple distinct sites 
contribute?  
 
 
Can we understand neutron star merger nucleosynthesis 
from first principles?  
 

R
 S

u
rm

a
n

 
N

o
tr

e
 D

a
m

e
   

 
KI

TP
 D

e
c

 2
01

7 



merger outflow nucleosynthesis:  
required nuclear data 

masses 
beta-decay rates 

beta-delayed neutron emission probabilities 
neutron capture rates 

 
fission rates  

fission product distributions 
neutrino interaction rates 

Mumpower, Surman, McLaughlin, Aprahamian 
Progress in Particle and Nuclear Physics 86 (2016) 86 
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required nuclear data: masses 

masses 
beta-decay rates 

beta-delayed neutron emission probabilities 
neutron capture rates 

 
fission rates  

fission product distributions 
neutrino interaction rates 

masses from AME2016 
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required nuclear data: beta decay 

masses 
beta-decay rates 

beta-delayed neutron emission probabilities 
neutron capture rates 

 
fission rates  

fission product distributions 
neutrino interaction rates 

beta decay rates from NUBASE 2016 
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required nuclear data: neutron capture 

neutron capture rates from KADONIS 

masses 
beta-decay rates 

beta-delayed neutron emission probabilities 
neutron capture rates 

 
fission rates  

fission product distributions 
neutrino interaction rates 



required nuclear data: 
fission properties 

MÖLLER, SIERK, ICHIKAWA, IWAMOTO, AND MUMPOWER PHYSICAL REVIEW C 91, 024310 (2015)
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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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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

024310-2

Möller+2015 

FIRE: Fission In R-
process Elements 

US DOE/NNSA Topical 
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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

Eichler+2016 

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

3

Just+2015 
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required nuclear data: masses 

masses 
beta-decay rates 

beta-delayed neutron emission probabilities 
neutron capture rates 

 
fission rates  

fission product distributions 
neutrino interaction rates 

masses from AME2016 



r-process uncertainties: masses 

Mumpower, 
Surman, 
McLaughlin, 
Aprahamian 
2016 
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impact of random uncorrelated mass uncertainties 

Surman, Mumpower, McLaughlin 2016 
 
FRDM masses + Monte Carlo variations within mass model rms (~0.5 MeV) 
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50 mass tables 

generated using the 
UNEDF1 functional with 

uncertainties 
 

Surman, Navarro Perez, 
Mumpower, McLaughlin, 
Schunck, in preparation 

 

impact of random correlated mass uncertainties 

fission recycling 

no fission recycling 
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impact of systematic mass uncertainties 

Côté, Fryer, Belczynski, Korobkin, Chruślińska, Vassh, Mumpower, 
Lippuner, Sprouse, Surman, Wollaeger, submitted 
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impact of systematic mass uncertainties 

Côté, Fryer, Belczynski, Korobkin, Chruślińska, Vassh, Mumpower, 
Lippuner, Sprouse, Surman, Wollaeger, submitted 0 5 10 15 20 25 30
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Footnote: the role of    -decay

Luminosity (especially at late times) could indicate the 
importance of   -decay (or of fission!)

↵

↵

Barnes+2016 



GRB170817A/SSS17a + galactic chemical evolution 

Côté, Fryer, Belczynski, 
Korobkin, Chruślińska, 

Vassh, Mumpower, 
Lippuner, Sprouse, Surman, 

Wollaeger, submitted 
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can we use r-process astrophysical conditions to 
learn about nuclear physics?  
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impact of random correlated mass uncertainties 

fission recycling 

no fission recycling 

 
50 mass tables 

generated using the 
UNEDF1 functional with 

uncertainties 
 

Surman, Navarro Perez, 
Mumpower, McLaughlin, 
Schunck, in preparation 
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correlations between UNEDF1 parameters 
and r-process pattern features 

Surman, Navarro Perez, Mumpower, McLaughlin, Schunck, in preparation 

4

HO basis with deformation β = 0.4. The basis con-
tains up to Nsh = 50 oscillator shells with an upper
limit of N = 1771 basis states with lowest HO s.p. en-
ergies. The oscillator frequency ω3

0 = ω2
⊥ω∥ was set at

!ω0 = 1.2 × 41/A1/3 MeV. As seen in Fig. 1, at this se-
lection of the HO basis, the dependence of FI energies
on the basis deformation remains fairly constant around
β = 0.4. Moreover, the range of variations is significantly
less than the corresponding χ2 weight, wi = 0.5MeV.

!"#$
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FIG. 1: (Color online) Excitation energies of fission isomers
considered in the unedf1 optimization as functions of the HO
basis deformation.

Optimization calculations were performed on Ar-
gonne National Laboratory’s Fusion cluster, managed
by Argonne’s Laboratory Computing Resource Center
(LCRC). Fusion consists of 320 computing nodes, each
with dual quad-core Pentium Xeon processors. By us-
ing Intel’s Math Kernel Library and the Intel Fortran
compiler (ifort), we were able to run hfbtho in almost
half the time when compared with the prebuilt reference
BLAS library implementation and GNU’s gfortran com-
piler. We were also able to dramatically reduce the wall-
clock time of an hfbtho computation by using OpenMP
at the node level to parallelize key computational bottle-
necks. These bottlenecks involved iteratively computing
the eigenvalues and eigenvectors of the (Ω, π) blocks of
the HFB matrix, as well as the density calculations re-
flecting the same block pattern. OpenMP allowed us to
dynamically assign processors to blocks of data for paral-
lel processing, which further reduced the wall-clock time
by a factor of 6 when running on an eight-core node.
The parameter estimation computations presented in

this paper ran 218 total simulations of hfbtho for each
nucleus in the dataset, using 80 compute nodes (640
cores) for 5.67 hours. As highlighted in [25], using the
pounders algorithm (Practical Optimization Using No
Derivatives (for Squares)) on the type of fitting prob-
lem considered here requires more than 10 times fewer

hfbtho runs over a more traditional, derivative-free
Nelder-Mead optimization method [53]. Hence, with-
out the algorithmic and computational advancements de-
tailed above, a similar optimization could have previously
consumed a month of computations using 80 cores of the
Fusion cluster.
We emphasize that, strictly speaking, both the un-

edf0 and the unedf1 parameterizations obtained in this
work should always be used in their original environment.
In particular, the pairing EDF should be that of Eq. (5)
used with the original pairing space cut off; pairing calcu-
lations must be complemented by the Lipkin-Nogami pre-
scription; and the proton and neutron pairing strengths
must not vary from the values determined by our opti-
mization. In short, contrary to usual practice, there is
no flexibility in the treatment of the pairing channel.

C. Result of the Optimization: UNEDF1
Parameter Set

The starting point for our pounders optimization was
the previously obtained unedf0 parameterization. After
177 simulations, the algorithm reached the new optimal
result. The resulting parameter set is listed in Table II.
The first six parameters were restricted to lie within finite
bounds, also listed in Table II, that were not allowed to
be violated during the optimization procedure. As can be
seen, parameters ENM/A and KNM are on the boundary
value. In the case of unedf0, we recall that KNM and
1/M∗

s also ended up at their respective boundaries. The
saturation density ρc is given with more digits than the
other parameters. Such extra precision is needed when
computing volume coupling constants [25].

TABLE II: Optimized parameter set unedf1. Listed are
bounds used in the optimization, final optimized parameter
values, standard deviations, and 95% confidence intervals.

x Bounds x̂(fin.) σ 95% CI
ρc [0.15,0.17] 0.15871 0.00042 [ 0.158, 0.159]
ENM/A [-16.2,-15.8] -15.800 – –
KNM [220, 260] 220.000 – –
aNM
sym [28, 36] 28.987 0.604 [ 28.152, 29.822]

LNM
sym [40, 100] 40.005 13.136 [ 21.841, 58.168]

1/M∗
s [0.9, 1.5] 0.992 0.123 [ 0.823, 1.162]

Cρ∆ρ
0 [−∞,+∞] -45.135 5.361 [ -52.548, -37.722]

Cρ∆ρ
1 [−∞,+∞] -145.382 52.169 [-217.515, -73.250]

V n
0 [−∞,+∞] -186.065 18.516 [-211.666,-160.464]

V p
0 [−∞,+∞] -206.580 13.049 [-224.622,-188.538]

Cρ∇J
0 [−∞,+∞] -74.026 5.048 [ -81.006, -67.046]

Cρ∇J
1 [−∞,+∞] -35.658 23.147 [ -67.663, -3.654]

We first note that the same minimum was obtained
by starting either from the unedf0 solution or from the
unedf1ex parameterization discussed below: this gives
us confidence that the parameter set listed in Table II
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experimental prospects at FRIB 

AME 2016 

FRIB Day 1 reach 

FRIB design goal 
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can we use nuclear physics to learn about r-process 
astrophysical conditions?  
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deducing r-process conditions from abundance 
pattern details: the rare earth peak 

   N=82        rare earth peak      N=126 

Surman+1998 

Its formation mechanism is sensitive to 
both the astrophysical conditions of the 
late phase of the r-process and the 
nuclear physics of the nuclei populated at 
this time  
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hot, (n,γ)-(γ,n) 
equilibrium 

cold, very 
neutron-rich 

2

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

mass modification parameterization: 
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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

mass modification parameterization: 
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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

mass modification parameterization: 
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summary 

The origin of the heaviest elements in the r-process of nucleosynthesis has 
been one of the greatest mysteries in nuclear astrophysics for decades. 
 
Evidence from a variety of directions – including the neutron star merger 
discovery GW170817/GRB170817A/SSS17a – increasingly points to neutron 
star mergers as an important source of r-process elements, but more work is 
needed. 

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 

Nuclear Structure 2012 - Sherrill , Slide 11 

For the NSM electromagnetic signal to be 
fully understood, advances in astrophysical 
modeling, neutrino oscillation physics, and 
nuclear physics are required. On the nuclear 
side, the next generation of radioactive 
beam facilities offers great promise to reach 
the increasingly neutron-rich nuclei that are 
key for r-process abundance predictions.	
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