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Impact of nuclear masses on r-process nucleosynthesis: Bulk properties versus shell effects
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We investigate the impact of the model estimating the masses of exotic nuclei on r-process nucleosynthesis,
assessing the dependence of the abundance distribution on the specific properties of nuclear masses. By
decomposing theoretical nuclear mass predictions into a liquid-drop parametrization and local shell effects,
we show that r-process abundances are virtually insensitive to large variations of the masses, which originate
from nuclear bulk properties of the model, such as the symmetry energy. In contrast, the mass component
associated with local shell effects is the main driver of r-process abundance variations, despite its relatively
minor contribution to the absolute value of neutron separation energies. Our work suggests that experimental
and theoretical studies of masses devoted to r-process applications, such as the nucleosynthesis in the ejecta of
neutron star mergers, should focus on the physical origin and determination of local changes in mass trends.
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I. INTRODUCTION

The cosmic origin of heavy elements is a major challenge
in modern science [1]. Roughly half of the elements heavier
than iron are produced in a nucleosynthesis process known
as rapid neutron-capture process, or r process [2,3]. It occurs
in an astrophysical environment with extreme neutron fluxes,
where exotic neutron-rich nuclei are produced by subsequent
neutron captures and 8 decays. As such, a fundamental un-
derstanding of the r process requires a multidisciplinary effort
involving the modeling of astrophysical environments, astro-
nomical observations, as well as the knowledge of nuclear and
atomic properties of the synthesized nuclei (see Refs. [4-7]
for recent reviews).

When it comes to the modeling of r-process abundances,
the two major sources of uncertainty are the astrophysical
conditions at which the r process operates and the nuclear
properties of the involved nuclei. In recent years, increasing
efforts have been made to understand which astrophysical
scenarios could provide suitable conditions for the produc-
tion of heavy elements and identify observational constraints.
Numerical simulations suggest three main candidates: com-
pact binary mergers, such as binary neutron star mergers
(NSM) [8] and NS-black hole mergers [9]; magnetorotational
core-collapse supernova [10]; and accretion disk outflows
from collapsars [11]. So far, the only direct evidence of the
production of heavy elements has been obtained for NSM,
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through the observation of the AT2017gfo kilonova light
curve [12,13], the electromagnetic counterpart associated to
the gravitational wave event GW 170817 [14].

From the nuclear physics side, the main challenge resides
in the fact that the nuclei produced during the r process are
extremely neutron rich and short lived. As such, measuring
the relevant reaction rates in current experimental facilities
is often not possible, and one must rely on theoretical mod-
eling that results in large differences in predictions as the
neutron drip line is approached. Uncertainties in the nuclear
physics input and astrophysical conditions produce degenera-
cies in the predicted abundances, hindering the identification
of the astrophysical conditions and relevant nuclear properties
by confronting r-process models and observations. Among
the nuclear properties that are required for modeling the r
process, nuclear mass is the most basic quantity, as it deter-
mines the energy threshold of all reactions and decays. As a
consequence, several experimental campaigns in radioactive
ion-beam facilities have been devoted to the measurement
of masses of neutron-rich nuclei, and more experiments are
currently ongoing and envisaged to extend the reach further
into the r-process region [4,5,7,15]. At the same time, more
refined global nuclear models capable of predicting nuclear
masses across the entire nuclear chart have been developed,
some of them capable of reproducing experimental data with
aroot-mean-square (rms) error smaller than 700 keV [16-20].
In recent years, these global calculations of nuclear masses
have been supplemented with machine learning techniques, to
alleviate the computational burden and/or effectively reduce
model discrepancies with experimental data [21-26].

Despite all the progress made, discrepancies among mod-
els in the predicted masses tend to increase with neutron
excess. Because of the fundamental role that nuclear masses
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play for the r process, it has always been assumed that ab-
solute differences have per se a major impact on r-process
abundances. Therefore, experimental efforts have been ded-
icated to constraining the value of nuclear masses with the
highest possible precision [4]. From a theory side, sev-
eral studies explored the impact of different mass models
on predicted r-process abundances [27-35]. However, when
comparing different theoretical predictions (among them-
selves or against experimental data), there has been so far
no attempt to determine which features in the evolution of
nuclear masses with neutron and proton number, the so-called
mass surface, are important and which ones are negligible for
the determination of the r-process abundances.

In this work, we show that variations in the predicted
masses that are related to differences in their bulk or global
properties, e.g., symmetry energy, remarkably, do not affect
the r-process abundances. Instead, the nucleosynthesis out-
come is highly sensitive to shell effects that induce local
changes in neutron separation and neutron shell gap energies.
We decompose the predicted masses into two contributions:
one that represents the bulk properties and changes smoothly
with proton and neutron number, and a second part that
accounts for local variations on top of the smooth global
behavior. The first part is described using a liquid drop model
parametrization obtained from a fit to a specific mass model,
while the second represents the difference. We consider two
mass models, which have been widely used in r-process nu-
cleosynthesis studies: the finite-range droplet model (FRDM)
[36] and the Duflo-Zuker mass formula (DZ31) [16]. We then
generate new mass tables by mixing the smooth energy part
and shell corrections of the original models. By performing
nuclear network calculations for a large set of trajectories
corresponding to the dynamical ejecta of a neutron star merger
[37], we demonstrate the insensitivity of predicted abundances
to large variations of the nuclear masses, provided that they
originate from the smooth part of the underlying nuclear mass
model. In contrast, we show that local shell effects are the
main drivers in shaping the abundances distribution.

The paper is organized as follows. In Sec. II we describe
the methodology employed for decomposing nuclear masses
into a smooth bulk part and local shell effects. In Sec. III we
present the abundances predicted by mass models differing
in their bulk properties and/or shell effects. Our findings and
conclusions are summarized in Sec. IV.

II. DECOMPOSITION OF NUCLEAR MASSES

We assume that the binding energy of a nucleus can be
decomposed into an average contribution, which depends
smoothly on the number of protons (Z) and neutrons (),
and a quantum shell correction arising from local changes in
single-particle levels [38]. The homogeneous, bulk part of the
energy can be efficiently parametrized using a leptodermous
expansion such as the liquid drop model (LDM) [39]:

ELDM

A

= dyol t+ asurA_l/3 + acurA_z/3 + asymI2
+ assymAil/SI2 + a£§2n14 + ‘1C0u1221474/3 + apaiS,
(1)

TABLE I. LDM parameters (in MeV) of Eq. (1) corresponding
to the mass models employed in this work. The last row corresponds
to the LDM parameter obtained from the AME2020 experimental
masses [41].

Model Ayol Asur Aeur Asym Assym ag/zn Adcoul  Apai
DZ31
DZ31* —14.96 13.16 7.96 2791 —27.97 -3.22 0.67 —9.05
FRDM
FRDM"* —14.56 11.21 10.39 26.16 —23.10 —1.28 0.66 —9.86

AME20 —15.63 19.17 —4.74 26.48 —20.56 —5.21 0.68 —6.78

being A=N+Z, and I = (N — Z)/A the so-called neutron
excess. The pairing term § takes the value A~3/? for even-even
nuclei, —A=3/2 for odd-odd nuclei, and zero for odd-mass
nuclei. A detailed discussion of the physical meaning of the
different terms entering in Eq. (1) can be found, for instance,
in Refs. [39,40]. Starting from a mass table (either DZ31 or
FRDM), we fit the a; coefficients of Eq. (1) to parametrize
the smooth behavior of mass surfaces. The residuals between
nuclear masses and the smooth contribution constitute the
shell effects of the original mass model. By combining the
homogeneous contribution obtained from the DZ31 (FRDM)
mass table with the shell effects of FRDM (DZ31), we create a
new mass table denoted DZ31*(FRDM™*). Table I summarizes
the LDM parameters of the mass tables employed in this work.

Evidently, the four mass tables predict rather different
nuclear masses, particularly in the region far from stability,
where the original models DZ31 and FRDM have not been
fitted. This is shown in Fig. 1(a), where nuclear masses along
the neodymium isotopic chain are plotted as a function of neu-
tron number N. By subtracting the homogeneous contribution
given by the AME2020 LDM parametrization (obtained from
the fit of Eq. (1) to the AME2020 experimental masses [41],
see last row in Table I), it becomes visible that the model pairs
DZ31/FRDM* and FRDM/DZ31* predict different values of
nuclear masses, while sharing the same local shell effects. Due
to this, despite the large discrepancies in the binding energies,
we observe that the neutron separation energies S,, predicted
by the different models show a rather similar behavior, as de-
picted in Fig. 1(b) (for displaying purposes, we plot S, rather
than S,). The modified mass tables result in a slight change
in the S,, slope, mostly due to changes in the symmetry
energy term dgym, which governs the evolution of masses with
neutron excess. We recall that neutron-capture rates depend
exponentially on the neutron separation energy, suggesting
that the impact of variations in nuclear masses can be easily
overestimated, as local changes in S5, are more relevant for
shaping the r-process abundances. Such local changes can
be quantified by means of the (two-)neutron shell-gap ener-
gies, which are given by the difference between two-neutron
separation energies As,(N, Z) = $S»,(N,Z) — S»,(N + 2, Z).
This quantity is extremely sensitive to variations in single-
particle levels between neighboring nuclei, providing a proxy
for local changes in the binding energies due to nucleonic
(shell) effects [42—44]. For instance, local maxima in A,

045806-2



IMPACT OF NUCLEAR MASSES ON r-PROCESS ...

PHYSICAL REVIEW C 113, 045806 (2026)

90 95 100 105 110 115 120 125 130
N (Z=60)

1.5-"'I""I""I""I""I""I""I""I""I"'

% 1.0 b
2 I
< [

S 05¢ .

O-O-l||||||||||||||||||||||||||||||||||||||||||||||-

55 60 65 70 75 80 85 90 95

Z (N =124)

FIG. 1. (a) Comparison of theoretical and experimental masses
for neodymium (Z = 60) isotopes as a function of neutron num-
ber. The bulk LDM AME2020 contribution is subtracted from all
the masses. (b) Comparison of two-neutron separation energies.
(c) Comparison of two-neutron shell-gap energies as a function of
charge number for N = 124 isotones. In all the panels, black circles
represent AME2020 experimental data.

are associated with the presence of spherical and deformed
shell gaps, while negative values usually indicate a nuclear
shape transition (see Ref. [45] for a recent detailed discussion
on A,, and its evolution across the nuclear chart). The A,
values along the isotonic chain N = 124 predicted by the four
models are plotted in Fig. 1(c). As one can see, this quantity is
insensitive to changes in the bulk properties of nuclear masses
characterized by the LDM parametrization, as its evolution is
actually driven by the emergence and disappearance of shell
effects with neutron excess.

III. RESULTS

Nucleosynthesis calculations are performed using a large
nuclear reaction network, including all nuclei up to Z = 110
from the valley of stability to the neutron dripline. We de-
rived neutron capture rates consistently for each mass model

’ “M\w T =T 1}

i |
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FIG. 2. Mass-integrated abundances as a function of atomic
number (top panels) and mass number A (bottom panels) predicted
by different mass models at 7, ,) = 75 (left panels) and at 1 Gyr
(right panels). Black circles are r-process abundances in the solar
system.

by means of the Hauser-Feshbach statistical theory, employ-
ing the talys 1.95 nuclear reaction code [46]. Experimental
masses are employed whenever available. Photodissociation
rates are obtained from neutron-capture rates using detailed
balance. We adopted the FRDM pg-decay rates, which have
been renormalized for each mass table according to their pre-
dicted Q values. To isolate the impact of masses on predicted
abundances, in all the calculations we employed the neutron-
induced fission rates based on the FRDM + TF model [47],
and the fission yields derived using the code ABLA [48].

We compute the r-process abundances for a set of 2015 tra-
jectories simulating the dynamical ejecta produced in neutron
star mergers [37] (see Ref. [49] for code details). We use this
specific r-process scenario because it covers a broad range of
astrophysical conditions, in particular regarding the proton-to-
nucleon ratio (see Fig. 2 of Ref. [37]). By this, we show that
our result is fully general and does not depend on considering
a specific trajectory. We also expect our conclusions to be
valid for any r-process scenario.

A. Impact of bulk properties on r-process abundances

We start by exploring the sensitivity of r-process abun-
dances on bulk properties of nuclear masses. Figure 2 shows
the total integrated elemental and mass abundances predicted
from the four mass tables of Table I at two different phases
of the evolution: when the average timescale for neutron cap-
tures becomes equal to the average timescale for 8 decay
(T(n,y) = 78), and at 1 Gyr. The abundances obtained with the
four models at 1 Gyr (when most of the material has decayed
to stability) present the main characteristics of a strong r-
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process pattern: we observe the presence of the second and
third peaks, as well as the production of uranium and thorium.
When comparing the different models, we notice that already
at the freezeout the abundances predicted by masses with the
same shell effects but different bulk properties, are virtually
identical: only minor differences in the strength of odd-even
staggering are observed in mass abundances, which are subse-
quently washed out by B-delayed neutron emissions and late
neutron captures. We observe no connection between the bulk
properties of masses (as determined by LDM parameters) and
the abundance distribution. In other words, models with the
same LDM coefficients a; result in very different abundances
patterns.

To better understand the fundamental connection between
variations in nuclear masses and abundances, we study the
case of neodymium isotopes (Z = 60) around neutron num-
ber N = 124, which dominate the abundances at freezeout
in the region A = 184 (indicated with a gray vertical band
in Fig. 2). Figure 2(c) shows that the abundances predicted
by FRDM/DZ31* strikingly differ from DZ31/FRDM*. In
particular, FRDM and DZ31* show a deeper trough right be-
fore the third r-process peak compared to DZ31 and FRDM*.
This behavior of abundance distributions cannot be explained
by the differences in the predicted masses around the region
Z/N = 60/124. As one can notice in Fig. 1(a), the DZ31*
predictions at N = 124 (gray band) are closer to DZ31, while
those predicted by FRDM* around this mass number are more
in agreement with FRDM predictions. Instead, one has to look
at the predicted S, shown in Fig. 1(b). Despite the absolute
difference in predicted masses, which is a consequence of
variations in the bulk part of the binding energy, FRDM and
DZ31* (as well as DZ31 and FRDM*) show the same S,,, trend
and, in turn, a strikingly similar r-process path. In particular,
FRDM and DZ31* predict a local increase in S, around
Z/N = 60/124, resulting in a larger A,,. This change in the
slope of S, reduces the probability of neutron captures for
nuclei in this region, producing in turn a deeper trough in the
abundance distribution around A ~ 184 [27]. More generally,
this result shows that features of the r-process abundances
are not connected to global variations in nuclear masses, but
rather the result of local changes in binding energies as a con-
sequence of configuration changes in single-particle levels.

To further assess the impact produced by global changes of
mass surfaces, we study the variation of elemental abundances
with increasing deviations between nuclear masses. To do so,
we introduce a new term in the LDM formula (1):

axym[N = Nok D]HIN = Nob (D], @
with H (x) being the Heaviside step function and Nnex(Z) the
maximum N value for each isotopic chain Z with a measured
mass in the AME2020 dataset [41]. By varying the ansym term,
we produce mass tables that diverge at different rates with
increasing isospin asymmetry. Figure 3 shows the nuclear
masses along the neodymium isotopic chain for five different
values of ansym applied to the FRDM LDM parametriza-
tion. One can notice that the smallest absolute values of
ansym roughly match the absolute differences between FRDM
and DZ31 masses, while angym = 3-0.01 and 0.05 MeV pro-

M; — MgRig20 (MeV)

Son (MeV)

N (Z = 60)

FIG. 3. (a) FRDM masses and (b) two-neutron separation en-
ergies in MeV for different values of angym along the neodymium
isotopic chain as a function of neutron number. The red solid line rep-
resents the DZ31 predictions. Black circles represent the AME2020
experimental data. In (a), the bulk LDM AME2020 contribution is
subtracted from all the masses.

duce mass tables that largely differ from the original FRDM
predictions.

The integrated r-process abundances obtained with these
modified FRDM mass tables are shown in Fig. 4 at three
different times: at the neutron capture freezeout (defined
as the time when the neutron-to-seed ratio n/s = 1), when
T(n,y) = Tg, and at 1 Gyr. At early times (n/s = 1), we ob-
serve that variations in the bulk properties of mass surfaces
produce a shift in the abundance distribution, while the over-
all shape resulting from local peaks and troughs remains
mostly unaltered. As the evolution proceeds and the r-process
path moves closer to stability, the differences are washed
out, producing virtually identical abundance distributions at
Tn,y) = Tp and 1 Gyr. Actually, noticeable differences in
the final abundances only appear for angym = 0.05 MeV in
the Z = 77-81 region. These differences are produced by
the strong decrease of the two-neutron separation energies
around the N = 126 shell closure, with S, dropping below
zero for nuclei with Z < 68, which shifts the third peak
towards heavier atomic numbers. The impact of variations
in masses is also visible in the final-integrated abundances
as a function of mass number A, with a shift in the posi-
tion of troughs and peaks for anym = 0.05 MeV. However,
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FIG. 4. Integrated abundances as a function of atomic number Z (top row) and mass number A (bottom row) predicted by FRDM mass
models with different values of angm and DZ31 at three different times: neutron capture freezeout (left column), when 7, ), = 75 (middle
column), and at 1 Gyr (right column). Black circles are r-process abundances in the solar system.

it is important to notice that variations in the abundances
between the FRDM models are generally smaller than the
variations observed between DZ31 and any FRDM-based
model, regardless of the level of agreement between the ab-
solute masses predicted by the different models. This result
provides further evidence that the main drivers of r-process
abundances are the local changes in S5, rather than the global
changes of mass surfaces, suggesting that sensitivity stud-
ies focused on individual masses could overemphasize their
impact on r-process abundances.

B. Impact of local shell effects on r-process abundances

In the previous section, we showed that variations in the
bulk properties of nuclear masses have little impact on r-
process abundances, suggesting that variations in shell effects
drive the changes in the abundances. The goal of this section is
to demonstrate this connection explicitly. To do so, we con-
struct four mass tables with the same LDM parametrization
(derived from the FRDM model), and different shell effects
obtained by mixing the shell effects from DZ31 and FRDM in
different proportions (6(DZ31)/§(FRDM) = 25/75, 50/50,
75/25, and 100/0, with §(i) = M (i) — LDM[M (i)] being the
shell effects of the mass model i). The advantage of this
method compared to, for example, a general scaling of the
shell effects is that neutron shell closures are preserved, while
allowing for a smooth transition between the two mass mod-
els. The resulting masses and two-neutron separation energies
along the neodymium isotopic chain are depicted in Fig. 5,
together with the two-neutron shell gaps along the N = 124
and 94 isotonic chains. The two-neutron separation energies
[Fig. 5(b)] and the two-neutron shell gaps [Fig. 5(c) and

Fig. 5(d)] show that, indeed, the local trends of the mixed mass
tables gradually transition from one model to the other.

To quantify the impact in nuclear masses induced by vari-
ations in the shell effects, we computed the rms error (o)
between the mixed mass models and the original FRDM.
The results are summarized in Table II. Obviously, the rms
errors are proportional to the percentage of DZ31 shell effects
employed in the mixed mass models: increasing the contri-
bution of DZ31 shell effects by 25% produces an increase of
0.57,0.24, and 0.27 MeV in the rms error of binding energies,
two-neutron separation energies, and two-neutron shell gaps,
respectively. We point out that the rms error in A,, between
DZ31 and FRDM is the same as between 100% DZ31 and

TABLE II. Deviations between mixed models and FRDM. First
three rows: rms error (in MeV) for nuclear masses M, two-neutron
separation energies S,,, and two-neutron shell gaps A,,. Fourth and
fifth rows: average deviation of elemental and mass abundance per-
cent difference with respect to FRDM [AY = (Y — YeroMm )/ YerDM X
100] depicted in Fig. 6. As a reference, the last row shows the rms
errors (in MeV) for nuclear masses between the mixed mass models
and AME20, while the last column summarizes the results for DZ31.

25/75  50/50 75125 100/0 DZ31
orrpM (S21) 0.24 0.48 0.71 0.95 0.98
(AY (2)) 302%  58.0% 824%  105.0% 105.2%
(AY (A)) 34.6% 68.1% 101.9% 134.41% 135.44%
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FIG. 5. (a) and (b) Nuclear masses and two-neutron separation
energies (in MeV) for different mixtures of DZ31 and FRDM shell
effects (DZ31/FRDM) along the neodymium isotopic chain as a
function of neutron number. The bulk LDM contribution extracted
from AME2020 experimental data is subtracted from all the masses.
The bulk LDM extracted from the FRDM model is subtracted from
all the S,. (c) and (d) Two-neutron shell-gap energies for the same
models as in the top panels along the N = 124 and N = 94 isotonic

chains as a function of proton number. Black circles represent the
AME2020 experimental data.

FRDM, indicating that this quantity is mostly sensitive to local
shell effects, as shown in Fig. 5(c). As a reference, Table II in-
dicates the rms error between the mixed mass models and the
AME20 experimental data. As one can see, the mixed models

have a performance between FRDM (oamezo = 1.07 MeV)
and DZ31 (oame20 = 0.43 MeV).

Figure 6 shows the integrated elemental and mass abun-
dances predicted by the different mixed mass models from
Table II at three different times (n/s =1, 7(,,) = 74, and
1 Gyr). For each time, we also plot the percent differ-
ence of the abundances with respect to the FRDM results
[AY =100 x (Y; — YrroM)/ YerDM, With i being one of the
mixed mass models]. The smooth transition in the local shell
effects in the mixed mass models introduced above translates
into a gradual change in the abundance distributions. In par-
ticular, the shift in the location of peaks and the progressive
filling of the troughs are clearly visible at all times. For
example, the gradual disappearance of the S, saddle point
around Z/N = 60/124 (Fig. 5) occurring between FRDM and
DZ31 translates into a progressive filling of the through at
A =~ 184. Similarly, the erosion of the FRDM S, saddle point
around Z/N = 50/94, corresponding to a smoothening in A,
shown in Fig. 5(d), produces the increase of the abundances at
A = 144.

It is worth noticing that the contribution from the shell
effects to the two-neutron separation energies is usually
subdominant compared to the bulk LDM part, as shown
in Fig. 5(b). Despite this, the shaping of the r-process
abundances is mostly driven by these relatively small local
changes, which impact the trend of neutron separation ener-
gies and the magnitude of neutron shell gaps.

By combining Fig. 6 with Table II, we conclude that
changes in nuclear masses related to shell effects of the or-
der of 570 keV translate to changes in the final abundance
distribution up to a factor of two. However, it is important
to note that the impact on the abundances is not necessarily
proportional to the magnitude of the variations in the shell
effects. The reason is that variations in shell effects become
more relevant when they induce structural changes in the be-
havior of neutron separation energies, such as the appearance
or disappearance of local saddle points [27]. As a conse-
quence, the impact of changes in the shell effects strongly
depends on the trends of the underlying mass surface. To
better quantify the impact of changes in local shell effects in
r-process abundances, we compute the AY average at 1 Gyr
for the different mixed models. The results are summarized in
Table II for nuclei with Z > 20, A > 50,Y(Z), Y(A) > 1077,
We find that, indeed, changes in local shell effects are quan-
titatively linked to changes in the abundances distribution:
changing the shell effects by 0.57 keV (i.e., the S, by 0.24
MeV and A,, by 0.27 MeV) changes the mass abundances by
approximately 35% in a rather consistent fashion. The impact
on the elemental abundances is not as constant, but still in a
relatively narrow range between 22-30 %. It is important to
note that the oprpym values presented in Table II account only
for changes in local shell effects. In most cases, we expect
the o between mass models to be larger due to the additional
change in the bulk term, as shown by the comparison between
the 100/0 and DZ31 models. Also, the results obtained for
these two models provide additional evidence that the rms
error of nuclear masses can be a misleading indicator for
the precision required in r-process studies. Despite the large
difference in rms errors between 100/0 and DZ31, both mass
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FIG. 6. Integrated abundances predicted by mass models with mixed shell effectsc DZ31/FRDM (Table II) at three different times: when
n/s =1 (left column), when 7, ,, = 75 (center column) and at 1 Gyr (right column). First row: integrated elemental abundances as a function
of atomic number Z. Second row: percent difference of integrated elemental abundances to FRDM (AY = (Y — Ygrpm)/Yerom X 100). Third
row: integrated mass abundances as a function of mass number A. Fourth row: percent difference of integrated mass abundances with respect

to FRDM. Black circles are the solar r-process abundances.

models predict very similar abundance distribution. Finally,
we point out that the (Y) values presented in Table II could
be affected by the impact of shell effects in nuclear processes
such as 8 decays and fission, which can introduce nonlocal ef-
fects through, e.g., B-delayed emission of neutrons and fission
fragments.

IV. CONCLUSIONS

We have shown that variations in predicted nuclear masses
do not necessarily correlate with changes in the r-process
abundance distributions. We employ the LDM to decompose
the mass surface into a smooth contribution and local shell
effects for the two mass models considered: FRDM and DZ31.
By performing detailed nuclear network calculations simulat-
ing the occurrence of r process in neutron star mergers, we
find that large changes in the bulk properties that result in
very different theoretical nuclear masses, have little impact
on the predicted elemental and mass abundances. The abun-
dance distribution is instead driven by local changes in the
(two-)neutron separation energies arising from nucleon shell
effects, which can be identified by means of neutron shell-gap
energies. We assess the sensitivity of r-process abundances
to such local variations by mixing the shell effects of FRDM
and DZ31. The resulting mass tables gradually transition
from one model to the other, while keeping the same bulk
properties. The r-process abundances predicted by the mixed

mass tables show a correlated smooth transition, providing
evidence that local changes in mass surfaces are the main
drivers of r-process abundances, despite accounting for only
a minor fraction of the overall S, values. While the impact
of variations in shell effects on the abundance distribution is
not always proportional to the magnitude of the mass changes,
and depends on the local Sy, and A,, trends of the underlying
mass model, we find that variations in nuclear masses related
to shell effects of the order of 570 keV translate to an average
change in the final mass abundance distribution of 35%.

Our results suggest that theoretical approaches should aim
to determine how robust the local mass trends are against vari-
ations of the nuclear interaction/functional and improvements
in the many-body approach (such as inclusion of beyond
mean-field effects). In this context, ab initio calculations,
that currently do not provide accurate values of the masses
but that may capture the local trends [50], may still provide
valuable information for r-process studies. Similarly, experi-
mental measurements devoted to nuclear masses for r-process
nucleosynthesis should aim to determine mass trends across
extended regions, rather than measure isolated individual nu-
clei. Furthermore, fitting protocols of nuclear interactions and
training processes of machine-learning algorithms devoted
to large-scale calculations of neutron-rich nuclei should in-
clude experimental information of (two-)neutron separation
and shell gap energies. While a proper reproduction of nu-
clear masses is a crucial challenge for nuclear theory, this
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work demonstrates that the rms error between theoretical and
experimental masses may not necessarily determine which
nuclear mass models are the best suited for r-process studies.
A similar conclusion was reached in Ref. [51] comparing the
predictive power of different mass models to masses which
were not experimentally known at the time of the model cal-
ibration. Finally, we make explicit that the method employed
in this work is one possible means of producing variations in
nuclear masses that do not affect the abundance distribution.
The identification of additional means of variations, and their
connection to the properties of the underlying nuclear interac-
tion, will open a new avenue to better understand the physics
shaping the r-process abundance pattern.
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