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Uncertainties in nuclear models have a major impact on simulations that aim at understanding the origin of
heavy elements in the universe through the rapid neutron capture process (r process) of nucleosynthesis. Within
the framework of the nuclear density functional theory, we use results of Bayesian statistical analysis to propagate
uncertainties in the parameters of energy density functionals to the predicted r-process abundance pattern, by
way not only of the nuclear masses but also through the influence of the masses on 8-decay and neutron capture
rates. We point out the importance of the nonequilibrium end stage of the r process in determining the width
of the resulting abundance pattern uncertainty bands. We additionally make the first identifications of specific
parameters of Skyrme-like energy density functionals which show tentative correlations with particular aspects
of the r-process abundance pattern. While previous studies have explored the reduction in the abundance pattern
uncertainties due to anticipated new measurements of neutron-rich nuclei, here we point out that an even larger
reduction will occur when these new measurements are used to reduce the uncertainty of model predictions of
masses, which are then propagated through to the abundance pattern. We make a quantitative prediction for how

large this reduction will be.
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I. INTRODUCTION

The heaviest elements owe their origins to rapid neutron
capture, or r process, nucleosynthesis. In the r process, heavy
elements are built up via a sequence of rapid neutron captures
and B decays that populate nuclei far to the neutron-rich
side of stability [1,2]. The astrophysical source of the in-
tense neutron flux was initially suspected to be within core-
collapse supernovae [3,4], though decades of careful study
have shown the required conditions are unlikely to be obtained
in this environment [5-8]. Recent evidence [9,10], including
the dramatic discovery of GW170817/GRB170817a/SSS17a
[11,12], increasingly points to neutron star mergers as the
likely r-process site. However, many open questions remain.
For example, what specific environments within neutron star
merger events are responsible for r-process production, and
what are their properties? Can neutron star mergers account
for all galactic r-process production, or are there additional
astrophysical sites?

The r-process astrophysical conditions could in principle
be identified by comparing simulations of abundance patterns
of elements and observations in the solar system and in old
stars. However, analysis of individual environments is com-
plicated by large uncertainties in the astrophysics and nuclear
physics [13]. Here, we consider the latter. Simulations of the
r process are dependent upon nuclear data, including masses,
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neutron capture rates, and S-decay and fission properties, for
thousands of neutron-rich nuclei [14]. In spite of a concerted
effort at radioactive beam facilities worldwide to measure
these properties directly or indirectly, the vast majority of
them are as of yet inaccessible and we must rely on theoretical
estimates.

Nuclear density functional theory (DFT) is currently the
only approach that can provide all of these properties in a
consistent yet microscopic framework [15]. However, most
energy density functionals (EDF) are phenomenological and
lack a rigorous connection with the modern theory of nuclear
forces. They are typically characterized by approximately a
dozen parameters that are fitted on a small set of nuclear
properties. The choices made in selecting the form of the
EDF and the set of experimental data to fit its parameters lead
to both systematic and statistical uncertainties that have an
impact on all applications [16].

Ideally, one would like to consider simultaneously all
sources of uncertainties (systematic, statistical and numeri-
cal) and propagate them to all observables (separation ener-
gies, o-, B- and y-decay rates, fission rates, neutron capture
rates) relevant to astrophysical simulations. Such an approach
is currently not feasible, partly because of its formidable
computational cost, partly because there are still gaps in
our understanding of, e.g., o decay, neutron capture, or fis-
sion. However, we can exploit recent work in determining
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estimates of theoretical uncertainties to quantify the variations
in simulated r-process abundances that result from nuclear
mass uncertainties alone. Past work in this area has either
considered abundance pattern comparisons between distinct
mass models to probe model and systematic uncertainties,
e.g., [17], or ranges of patterns that result from random, un-
correlated mass variations to estimate aggregate uncertainties
of all types [14,18].

In this work, we perform the first rigorous propagation
of statistical uncertainties of nuclear mass models based on
DFT. In Sec. II, we generate 50 different EDFs by sam-
pling the Bayesian posterior distribution of the UNEDF1 EDF.
Continuing in Sec. III, we compute a full nuclear chart
and update neutron capture rates and f-decay properties to
be consistent with each table. We implement these sets of
nuclear data in r-process simulations to place “error bars”
due to nuclear masses on r-process abundances and to iden-
tify correlations between theoretical model parameters and
abundance pattern features. Such correlations could possibly
lead to additional constraints on r-process conditions or, e.g.,
the UNEDF1 parameters themselves. Finally, we provide a
quantitative estimate of the improvements to r-process pattern
uncertainties expected from anticipated mass measurements at
current and upcoming facilities and concurrent advancements
in theoretical models.

II. MASS TABLE CALCULATIONS

We begin by computing atomic mass tables within the nu-
clear DFT approach to nuclear structure with Skyrme EDFs.
Our starting point is the UNEDF1 parametrization, in which
the coupling constants were optimized globally on select ex-
perimental nuclear masses, radii, deformations, and excitation
energies of fission isomers in the actinides [19]. While the rms
deviation on nuclear binding energies of UNEDF1 is 1.8 MeV, it
goes down to 0.45 MeV for two-neutron separation energies.
Bayesian inference methods were later used to compute the
posterior distribution of the UNEDFl parameters [20] and
propagate theoretical statistical uncertainties in predictions
of nuclear masses, two-neutron drip line, and fission barriers
[21]. Here, we sample the same posterior distribution within
the 90% confidence region to generate 50 different parameter
sets for the Skyrme EDF.

For each sample, we compute the nuclear ground-state
binding energy B(Z, N) of all even-even nuclei from hydrogen
to Z = 120 by solving the Hartree-Fock-Bogoliubov (HFB)
equation. The limits of nuclear stability (proton and neutron
drip lines) are reached when the value of the two neutron
(proton) separation energy becomes negative. Compared to
alternative options based, e.g., on the value of the Fermi
energy, this criterion offers the advantage of being model-
independent since binding energies are true observables. With
this criterion, each mass table contains of the order of 2000
even-even nuclei. For each even-even nucleus, the ground-
state is determined by exploring locally the potential energy
surface of the nucleus for a range of eleven axial quadrupole
deformations S, between —0.5 and +0.5. The configuration

with the lowest energy defines the ground state. Details of
the exploration of the even-even nuclear landscape with the
numerical solver HFBTHO can be found in [22]. With this
procedure, computing 50 mass tables requires of the order of
10° HFB calculations.

Although odd-even and odd-odd binding energies could
be computed with the blocking procedure, see, e.g., [23],
this would require about an order of magnitude more HFB
calculations. Instead we adopt a standard approximation for
the binding energy of odd nuclei that combines information
about binding energies and HFB pairing gaps in neighboring
isotopes/isotones; see the Supplemental Material of [24]. This
procedure yields an excellent approximation of, in particular,
one-particle separation energies.

III. NUCLEOSYNTHESIS CALCULATIONS

For each of the 50 mass tables thus described, we calculate
a set of all nuclear data inputs required for r-process cal-
culations. We calculate neutron capture and neutron-induced
fission rates using the Los Alamos Hauser-Feshbach code
COH [25] and B-decay half-lives with probabilities for delayed
emission of one or more neutrons using the QRPA 4 HF
framework of [26] and unmodified strength data from [27].
We repeat these calculations using the masses given in the
2016 Atomic Mass Evaluation [28]; where these calculations
are possible, the results are taken to replace those based on the
UNEDF1 mass tables. The decay properties of the NUBASE 2016
compilation [29] are further taken to replace any calculated
values based on either AME2016 or UNEDF1 nuclear masses.
For all fissioning nuclei, we use a symmetric, two-particle
product distribution.

It is important to note that in all of our theoretical cal-
culations, there are additional dependencies beyond nuclear
masses alone, including y and B strength functions and nu-
clear level densities. It is unfortunately well beyond current
capabilities to calculate these inputs for each of the 50 UN-
EDFI parametrizations. We emphasize that the purpose of the
present work is to examine r-process uncertainties that result
from the statistical uncertainties in the UNEDF1 nuclear masses
only as they enter directly into these calculations, with all
other dependencies held fixed.

We implement each of these data sets into the nuclear
reaction network code PRISM [30-32] to simulate nucleosyn-
thesis for three distinct types of astrophysical conditions
where r-process nucleosynthesis may occur: (1) a supernova-
type high-entropy wind, with entropy s/k = 300, dynamical
timescale T = 80 ms, and electron fraction ¥, = 0.30, (2) a
parametrized merger accretion disk wind with s/k =30, T =
80 ms, and Y, = 0.21, and (3) fission-recycling outflow from a
neutron star merger [33]. For each simulation, we dynamically
update the evolution of temperature with respect to the release
of energy from nuclear reactions, decays, and fission, with
an assumed thermalization efficiency of 10% for all energy
released. The release of energy is calculated using the masses
of AME2016 where applicable and the corresponding UNEDF1
mass table elsewhere.
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FIG. 1. Abundance patterns Y (A) versus A for 50 r-process simulations with astrophysical conditions corresponding to high-entropy (a),
low-entropy (b), and fission-recycling (c) outflows, as described in the text. The shaded region shows the full range of abundance patterns
produced, and the black line shows their mean. All patterns are scaled to solar abundances from [13].

A. Propagation of statistical uncertainties to r-process
nucleosynthesis

The range in abundance patterns across the 50 UNEDF1
mass tables with experimental nuclear data is shown for
each of these three conditions in Fig. 1. The calculations
corresponding to the nominal UNEDF1 table are scaled to the
solar data of [13]; these scale factors are applied uniformly
to each of the 50 calculations in determining the presented
ranges. Furthermore, we note that the abundance pattern vari-
ations converged in all cases after the consideration of ~35
UNEDF1 mass tables, with this convergence holding across
all 50 tables, as demonstrated in Fig. 2. There nevertheless
remains the possibility that these ranges may change under
the consideration of substantially more samplings within the
UNEDF1 parameter space.

The varying widths of the r-process abundance ranges
reflect the role of nuclear masses in shaping the abun-
dance patterns in each type of astrophysical conditions. In
each case, nucleosynthesis initially proceeds through a long
(n, y)-(y, n) equilibrium phase, where we observe the abun-
dances along each isotopic chain to follow a Saha equation,

YZN+1) GEZN+1) N,
e )
Y(Z,N) 2G(Z,N) (kT )32

where G(Z, N) are the partition functions, N, is the neu-
tron number density, k7 is the temperature in MeV, and
S,(Z,N + 1) are the neutron separation energies. During
this phase of nucleosynthesis, the primary source of vari-
ations between the 50 calculations arise from the different

Sn(ZN+1)

ey

one-neutron separation energies predicted by each mass table
as they enter into Eq. (1).

For both wind conditions, the breakdown of (n, y)-(y, n)
equilibrium is mediated by the exhaustion of free neutrons,
and the competition between 8 decay, neutron capture, and

Average Standard Deviation
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Cumulative Number of Mass Tables

FIG. 2. Average standard deviation of calculated nuclear abun-
dances as a function of cumulative number of UNEDF1 mass tables
considered in this work. Abundance pattern variations begin to
converge once the first &35 mass tables are considered for each of the
high-entropy (green diamonds), low-entropy (red circles), and fission
recycling (blue triangles) conditions from Fig. 1. Convergence holds
as the number of UNEDF1 mass tables is extended to 50.
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FIG. 3. Total abundance patterns Y (A) vs A for 50 r-process simulations based on the simulated disk ejecta conditions of [34]. The shaded
region corresponds to the total range of abundance patterns and the black line to their mean, as in Fig. 1.

photodissociation dictates the final abundance pattern. Of
these processes, photodissociation rates have the strongest
dependence on nuclear masses. Consequently, variations be-
tween the 50 mass tables propagate to variations in calculated
abundance patterns primarily through different photodissoci-
ation rates.

For the fission recycling example, the (n, y)-(y, n) equi-
librium path for nucleosynthesis follows the one-neutron drip
line, the location of which can vary by more than ten neutron
numbers across the 50 mass tables, with the most prominent
differences located near the N = 184 shell closure. We find
the drip line variations to dominate any variations among
late-time photodissociation rates in determining the width of
the calculated abundance patterns in this case, with an overall
width that is approximately twice that of either of the wind
conditions we consider.

In the context of a complete astrophysical r-process event,
the overall abundance pattern will be the sum total of ma-
terial produced in a range of individual environments, with
distributions in electron fraction, entropy, and final velocity
expected for ejected material. By sampling conditions that
represent distinct regimes for the r process, these results
give a general estimate of uncertainty that can be expected
in a more complete model of nucleosynthesis in an astro-
physical r-process event. For such a model, the total nuclear
uncertainty of the type considered here is approximately a
linear combination of those shown in Fig. 1. In order to
demonstrate this effect, we examine the nucleosynthesis of
a neutron star-neutron star merger event by considering the
M3A8m03a2 disk ejecta simulation of [34]. We calculate
the full mass-weighted abundance pattern for this simulation
using the nominal UNEDF1 data set and identify a subset
of ten trajectories whose summed abundances reproduce the
mass-weighted pattern. For each of these ten trajectories, we
perform nucleosynthesis calculations using the 50 UNEDFI
mass tables and present the corresponding range in Fig. 3. The
overall width is comparable to those shown in the three panels
of Fig. 1.

B. Correlations between UNEDF1 parameters and
r-process features

With the wealth of data available from the r-process simu-
lations shown in Fig. 1, we can search for correlations between
UNEDF1 functional parameters and the formation of abun-
dance pattern features. In the absence of all other uncertainties
entering into r-process simulations, these correlations could
provide important constraints on r-process nucleosynthesis
and certain UNEDF1 parameters. While this is not presently
the case, we demonstrate here how such an analysis may
proceed. As astrophysical and nuclear models continue to
improve, the general method demonstrated here may prove
useful. Important requirements for such future work would
include the consideration of many more sample points within
a nuclear EDF model’s parameter space in order to develop
a more robust understanding of these correlations’ statistics,
as well as a more comprehensive implementation of nuclear
model predictions in the calculation of capture, decay, and
fission properties relevant to the r process, as discussed at the
end of Sec. III.

Several of the UNEDF1 functional parameters are poorly
constrained by data near stability. One such parameter is the
isovector surface coupling constant C/"*”, with UNEDF1 value
—145.382 4+ 52.169; see Table II in [19]. For a low-entropy
hot wind r-process environment, this parameter is correlated
with the formation of the rare earth peak, the small feature
around A ~ 160 in the solar r-process isotopic pattern. In
particular, we consider the abundance-weighted average A of
the rare earth peak, given by

Z A x Y(A) /

150<AL175

Z Yo l. @

150<AL175

The top panel of Fig. 4 shows C/ 4% versus the abundance-
weighted average A of the rare earth peak for the r-process
simulations from the middle panel of Fig. 1. The placement
of the rare earth peak is calculated from the solar r-process
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FIG. 4. Relationship between r-process abundance pattern and
UNEDF]1 functional parameters for 50 UNEDF1 mass tables. (a) shows
the relationship between the weighted average mass number A of the
rare earth peak and the isovector surface coupling constant C/’ A% for
the low-entropy wind conditions of Fig. 1. A linear fit to the data
set is given by the solid line with correlation coefficient » = 0.68.
(b) shows the relationship between the proton pairing strength V,
and the ratio of summed abundances in the rare earth region to the
A = 195 region for the high-entropy (green diamonds), low-entropy
(red circles), and fission recycling (blue triangles) conditions from
Fig. 1, with linear fits given for the high-entropy data set by the
green dashed line (r = 0.66), the low-entropy data set by the red
solid line (r = 0.76), and the fission recycling data set by the blue
dot-dashed line (r = 0.75). The gray shaded region in each figure
indicates the range of values in each metric admitted by the solar
abundances of [13,35].

abundances of [13,35] and is given by the shaded vertical
band. Correlations between C{ A7 and rare earth peak place-
ment are weaker for other types of r-process environments.
The r-process path in the high-entropy wind case is not so
neutron-rich and thus not as sensitive to C/"*”. The fission
recycling example has a distinct rare earth peak formation
mechanism [36] that is not particularly active with the UNEDF1
masses, resulting in a comparatively weaker correlation. How-
ever, recent studies [34,37—41] favor r-process conditions that
are most similar to those of our low-entropy wind where this
correlation is strongest, suggesting that the r-process abun-
dance pattern may provide an important additional constraint

on the value of Cy Ap,

In all of the astrophysical environments considered, we
also found the proton pairing strength V to be correlated
with the ratio between the summed abundances of the rare
earth (150 < A < 175) and A ~ 195 (185 < A < 205) peak
regions, as illustrated in the bottom panel of Fig. 4, where
the solar values are again given by the shaded band. The
correlations in each case are distinct, with different astrophys-
ical conditions picking out different preferred values of V.
Only the least negative values of V" considered reproduce
solar values for the high-entropy conditions, while values of
V{ that tend towards the center of the distribution reproduce
solar values for the low-entropy conditions. Within the range
of values we consider for V', the fission recycling conditions
fail to reproduce solar values, with the correlation suggesting
an even more negative value of V. Thus, if V" could be
more tightly constrained, the simulated ratio of the rare earth
and A ~ 195 peak regions could be used as a diagnostic of
r-process conditions.

C. Impact of future experimental campaigns
on r-process simulations

Measurements of the masses of increasingly neutron-rich
nuclei are the focus of a number of experimental efforts world-
wide, for example at the Canadian Penning Trap at CARIBU
[42,43], JYFLTRAP at Jyviskyld [44,45], ISOLTRAP at
CERN [46], TITAN at TRIUMEF [47], and storage rings at GSI
in Germany, IMP in China, and RIKEN in Japan [48]. Next-
generation radioactive ion facilities, such as the Facility for
Rare Isotope Beams (FRIB) under construction at Michigan
State University, will have unprecedented access to isotopes
far from stability [49]. New mass measurements improve the
reliability of r-process simulations in two ways: directly, by
dramatically reducing the uncertainty in the masses of newly
measured nuclei, and indirectly, by enabling improvements to
mass modeling. Theoretical mass models are all calibrated in
some way with known data, so known masses tend to be well
reproduced by theory. Outside the known region, theoretical
predictions tend to diverge. The variations among our 50
UNEDF1 mass tables, shown for the tin isotopes in Fig. 5,
clearly demonstrate this behavior. For this element, UNEDF1
fits known masses to about o, ~ 1 MeV, and variations
increase sharply past the N = 82 closed shell.

Additional measurements increase the available data with
which to constrain theory and thus hold the potential to reduce
uncertainties outside the measured region. We generate an
adjusted set of 50 mass tables to capture this effect. For nuclei
within the range of the AME2016 compilation, we leave the
masses at their original values. Along each isotopic chain and
between the respective ranges of AME2016 and FRIB, we
reduce the variations among the original 50 tables until the
rms deviation from the nominal UNEDFI table matches that
of the most neutron-rich isotope in AME2016. Finally, we
contract the variations for nuclei beyond the reach of FRIB
until the r.m.s deviation is reduced by a fixed amount, such
that the deviation as a function of neutron number runs parallel
to that of the original table. The overall effect of this process
can be seen by comparing the light green (original tables) and
dark green (modified tables) regions in Fig. 5.
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FIG. 5. Variations o among our set of 50 UNEDFI mass tables
(light green shaded region) and our set of simulated mass tables
(dark green shaded region), each with respect to the nominal UNEDF1
masses, for the tin (Z = 50) isotopic chain. The AME2016 range
of known masses [28] and anticipated FRIB reach are indicated,
respectively, by black and gray solid lines. The vertical darkened
band (N = 105 — 121) indicates the range in location for the one-
neutron dripline.

Our two sets of UNEDF1 mass tables can be used to quantify
the reductions in r-process abundance pattern uncertainties

that have already been achieved by measurements to date
and that are anticipated from future mass measurements. We
rerun the example r-process simulations from Fig. 1 using
three different sets of nuclear data. The first set is a theory-
only set, with all quantities derived exclusively from our 50
UNEDF1 tables. The second set is that used in Fig. 1, where
experimental nuclear data is additionally incorporated. The
third set is constructed to mimic the influence of anticipated
mass measurements. Experimental values or values derived
from the nominal UNEDF1 mass tables are used (and not
varied) for all nuclei within the FRIB reach; elsewhere we use
theory values derived from our set of 50 simulated UNEDF1
mass tables.

Figure 6 shows the abundance pattern variations normal-
ized by the mean for the three astrophysical trajectories in
Fig. 1, each calculated with the three data sets described
above. To provide a comparison of the statistical uncertainties
considered in this work with model uncertainty, we addition-
ally include the variations across calculations based on fifteen
distinct mass models, indicated by the lightest-shaded gray
region in this figure.

For the high entropy wind case, Fig. 6(a), many of the
nuclear properties important for the freeze-out phase have
already been measured, so there is significant improvement
realized between the theory-only (lightest shaded band) cal-
culations and those that include current experimental values
(medium shaded band). Looking forward to FRIB, the ma-
jority of nuclei along the equilibrium r-process path in the
N = 82 and rare earth regions will be within reach. Thus

10 | (a)
=
<= 1
Nk
g
~ 01|
10 | (b)
=
<| & 1
Nk
g
~ 01|
<
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Nk
S

120 140

160 180 200
A

FIG. 6. Ratios of the abundances Y (A) to the mean abundance Y;,e,,(A) for the set of 50 simulations with the example high entropy wind
(a), low entropy wind (b), and fission recycling outflow (c) astrophysical conditions, as in Fig. 1. The light shaded band shows theory-only
calculations, the medium shaded band implements AME2016 masses and NUBASE2016 decay properties where available, and the dark
shaded band additionally includes the simulated mass tables described in the text. The lightest-shaded grey region shows the analogous range
for a set of 15 distinct, non-UNEDF1 mass tables (FRDM1995 [50], FRDM2012 [51], Duflo-Zuker [52], ETFSI [53], ETFSI-q [54],Thomas-
Fermi [55], Weizsdcker-Skyrme (WS) [56,57], KTUYOS5 [58], HFB21 [59], HFB22 [60], SkM* [61], SkP [62], SLy4 [63], SV-min [64],

and UNEDFO [65]).
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systematic measurement campaigns at FRIB have the poten-
tial to essentially remove mass as a source of uncertainty
in simulated r-process abundances below A ~ 170 for high
entropy winds.

High entropy winds, however, are unlikely to be obtained
in the currently favored potential r-process astrophysical site
of neutron star/neutron star-black hole mergers. Here, the
environments are likely lower entropy, s/k ~ 5-50, and more
neutron-rich, similar to the conditions used for the middle and
bottom panels of Figs. 1 and 6. The r-process equilibrium
paths are farther from stability in these cases, thus the current
reach of experimental data results in more modest improve-
ments, as indicated when comparing the light- and medium-
shaded bands in Fig. 6(b) and 6(c). Prospects for the future,
however, are encouraging. For the low-entropy wind example
of Fig. 6(b), FRIB can reach the majority of the key nuclei
and the remaining uncertainty band should be similar to the
high-entropy wind case. In particular the excellent precision
anticipated for abundances 140 < A < 170 can facilitate the
use of the rare earth peak as a key r-process diagnostic
[43,66].

For the fission recycling example, uncertainties in the
location of the drip line and in the fission properties of heavy
nuclei near the drip line dominate the uncertainty bands. Even
with FRIB at full power these uncertainties are unlikely to
be resolved with direct measurements. Here, nuclear theory
will play a critical role. The simulated improvements to theory
anticipated in our approach do result in a narrowing of the un-
certainty band, as seen in a comparison between the medium-
and dark-shaded bands of Fig. 6(c). Further potential improve-
ments to nuclear EDF theory, e.g., [67], and its full application
to the problem of fission, e.g., [68,69], are not captured in our
approach. Therefore, there remains the possibility for more
significant improvements to the uncertainty band associated
with fission-recycling conditions with concurrent advances in
experiment and theory.

IV. SUMMARY

In this work, we investigate the influence of statistical
uncertainty associated with one Skyrme energy density func-
tional, UNEDF1, on r-process nucleosynthesis simulations. We
calculate mass tables for 50 parameter sets within the 90%
confidence region of UNEDFI. For each of these tables, we
calculate one-neutron separation energies, neutron capture
rates, and B-decay properties based on the table’s associated
Q values. We note the importance of future work that im-
plements additional nuclear structure predictions arising from
nuclear EDFs in these calculations.

We perform nucleosynthesis simulations based on each set
of data for three distinct r-process conditions and demonstrate
that the nuclear uncertainties associated with the total nucle-
osynthesis of a neutron star-neutron star merger is broadly
consistent with that of the individual conditions we consider.

By considering r-process abundances as a function of
the UNEDFl parameters, we identify potential correlations
between r-process abundance features and the isovector sur-
face coupling and proton pairing strength parameters. We
comment on how such correlations may be used in the future
to provide additional constraints on nuclear EDFs. We identify
as possible future work additional steps that are needed to bet-
ter understand the correlations hinted in this work, including
a more comprehensive inclusion of points within a nuclear
EDF’s parameter space and a more robust implementation
of nuclear model predictions in the calculation of nuclear
properties relevant to the r process.

Finally, we anticipate the ability of future experiments
at FRIB to further constrain the UNEDF1 EDF and evaluate
the resulting improvements to r-process abundance uncertain-
ties. We show that future FRIB experiments may substan-
tially improve r-process simulations in low-entropy and high-
entropy wind environments, with more modest improvements
expected for fission-recycling conditions.
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