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The sensitivity of the r-process rare-earth peak abundances to nuclear masses has been studied in 
different astrophysical scenarios. The most impactful nuclei lie along the r-process paths at r-process 
freeze-out and at the time when the neutron-capture timescale is approximately 3 times of the β-
decay timescale (τnγ ≈ 3τβ ), corresponding to the onset and completion of rare-earth peak formation, 
respectively. In astrophysical scenario with fission involved, the sensitivities for nuclei lying along the r-
process path at freeze-out are masked by the large contribution of fission products to the rare-earth peak 
abundances. This work provides recommended targets for future researches and thus helps to increase 
the understanding of rare-earth peak formation mechanism and the efficacy of the rare-earth peak as an 
r-process site diagnostic.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons .org /licenses /by /4 .0/). Funded by SCOAP3.
1. Introduction

The rapid neutron-capture process (r-process) of stellar nu-
cleosynthesis explains the origin of about half of the elements 
heavier than iron in the universe [1]. The astrophysical sites of 
the r-process are still one of the most intriguing open problems, 
and have not been identified yet. There are a number of candi-
date sites have been proposed, neutrino-driven wind (NDW) of 
core-collapse supernovae (CCSNe) [2,3], magnetohydrodynamically 
driven jet (MHDJ) from rapidly rotating and strongly magnetized 
CCSNe [4], neutron star mergers (NSMs) [5,6] and so on, as de-
scribed in details in Refs. [7,8]. It is undoubted that more than one 
astrophysical site has contributed to the observed solar system r-
process abundances [9–11]. However, there is still no consensus on 
the dominant site for r-process nucleosynthesis. In addition to the 
uncertainty of astrophysical site, the large deviations among differ-
ent theoretical predictions of the properties of neutron-rich nuclei 
far from the stability also introduce a significant source of uncer-
tainty in r-process nucleosynthesis simulations [12–16].

Despite these difficulties, many prominent features in the r-
process abundance distribution have been learned after more than 
a half century of study and observational progress. Two most 
prominent features of the r-process abundance in the solar system 
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are A = 130 and A = 195 peaks, which are attributed to closed 
neutron shells occurring at magic neutron numbers 82 and 126 
[1,17]. In addition to the two main peaks, another important fea-
ture is the rare-earth peak at A ∼ 165. However, the production 
mechanism of the rare-earth peak is still a controversial topic. In 
contrast to the second and third r-process peaks, which result from 
a combination of long β-decay half-lives and other nuclear prop-
erties at closed shells, the rare-earth peak lies away from closed 
neutron shells, so its formation must occur by a different mecha-
nism.

At present, three distinct mechanisms have been proposed to 
explain the rare-earth peak formation. The first one is the dynam-
ical formation mechanism in hot r-process scenario proposed by 
Surman et al. [18]. The peak formation requires the presence of a 
nuclear physics feature such as a deformation maximum or a sub-
shell closure in the rare-earth region, which can present itself as 
a “kink” in the neutron separation energy contours in this region 
[19]. The peak formation occurs as the r-process path encoun-
ters the region with the kink during the decay back to stability. 
Subsequently, Mumpower et al. [20] came up with another dynam-
ical mechanism for cold r-process scenario where (n, λ) � (λ, n)

equilibrium fails early. The peak formation will occur if the r-
process path encounters a special structure in the neutron cap-
ture rate contours involving slow neutron capture rates in this 
region. Recently, more experimental [19,21–24] and theoretical 
works [25–27] have been carried out based on the hypothesis 
of the dynamical formation mechanism. The third mechanism is 
le under the CC BY license (http://creativecommons .org /licenses /by /4 .0/). Funded by 
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fission, which is hypothesized that this peak is formed by the de-
position of fission fragments if the distribution of fission fragments 
is favorable [28,29]. We cannot deny it as a possible solution that 
the rare-earth peak is formed by a combination of the dynamical 
mechanism and fission mechanism. In this paper, by comparing 
the r-process simulations in different astrophysical conditions and 
based on different fission fragment distribution models, we offer 
new insights into the correlation between the dynamical mecha-
nism and the fission mechanism of the rare-earth peak formation.

In principle, the rare-earth peak can be used to constrain as-
trophysical conditions when comparing simulations to the solar 
r-process abundances [30]. However, the height and location of 
the rare-earth peak are extremely sensitive not only to astrophys-
ical conditions at late times in the r-process but also to nuclear 
physics inputs [18,30,31]. Due to the large uncertainties of nuclear 
features of neutron-rich nuclei, the variance bands of the abun-
dance distributions are larger than the peak itself, and it is hard 
to distinguish the abundance patterns produced by different astro-
physical environments [13,32–34]. Thus, to develop the capacity of 
using the rare-earth peak to constrain the r-process site, the re-
ductions of uncertainties of nuclear physics inputs are required.

Since the experimental measurements of nuclear features of 
neutron-rich nuclei are difficult, sensitivity studies to address the 
roles of individual nuclear data in r-process simulations are neces-
sary, which can identify the key nuclei that have strong impact on 
the r-process abundances [13]. So far, r-process sensitivity studies 
have been performed for nuclear masses [32–36], neutron-capture 
rates [37–40], and β-decay rates [40,41]. Nuclear masses are ar-
guably the most important input for the r-process, because they 
determine the reaction energies and go into the calculations of 
all involved reaction rates. These sensitivity studies of r-process 
abundances to nuclear masses obtained a universal and robust 
conclusion: the nuclei with the most impactful masses lie along 
the equilibrium r-process paths and the decay paths of closed shell 
nuclei [32,33,36]. However, these studies focus more on global ef-
fects on the abundance distributions caused by mass variations. 
Important nuclei for the study of rare-earth peak are still not clear. 
Therefore, in this paper, we will perform sensitivity studies focused 
on the rare-earth peak formation by varying every single nuclear 
mass of nuclei in the region of interest for the peak formation pro-
posed in Ref. [20]. We aim to identify the most influential nuclei 
and in return show their effects on the rare-earth peak abundance 
pattern. The most influential nuclei are recommended to be the 
targets of future researches and thus help to increase the under-
standing of rare-earth peak formation mechanism and the efficacy 
of the rare-earth peak as an r-process site diagnostic.

2. r-process calculations

We use the nuclear network NucNet [42] to simulate r-process 
nucleosynthesis, which consists of more than 6000 isotopes, in-
cluding neutrons, protons, and heavy isotopes with Z ≤ 102. We 
take nuclear masses from the finite-range droplet model (FRDM) 
[43], and the neutron-capture rates are calculated with the publicly 
available statistical model code TALYS [44] with the same nuclear 
masses for r-process calculation as inputs. The β-decay rates are 
taken from JINA REACLIB database [45]. Fission is included as in 
Ref. [46]. We perform r-process calculations using a parameterized 
trajectory as implemented in Refs. [20,30], where the density as a 
function of time is given by:

ρ(t) = ρ1exp(−t/τ ) + ρ2

(
�

� + t

)n

(1)

where ρ1 +ρ2 is the density at time t = 0, and � is a constant real 
number. The early-time behavior of the outflow is dominated by 
2

the first term on the right-hand side while the late-time behavior 
is dominated by the second term. The temperature is determined 
from the density and entropy, and the initial composition is deter-
mined by the choice of electron fraction Ye [47,48]. The parameter 
n sets the thermodynamic behavior of the evolution at the late-
time of r-process. A hot r-process evolution has typical values of 
n ∼ 2, which is characteristic of wind models [47,49]. Values of 
n ≥ 5 are typical of cold r-process evolutions and correspond to a 
faster decline of density and temperature [30,50]. Due to the un-
certainty of astrophysical site for the r-process, the nucleosynthesis 
in different astrophysical conditions is investigated by changing the 
parameters Ye , τ , and entropy rather than specific sites. For this 
work, we chose three distinct astrophysical scenarios. The first is a 
classic hot r-process with entropy 150 kB , an initial electron frac-
tion of Ye = 0.3, a timescale of τ = 20 ms, and freeze-out power 
law of n = 2. The second trajectory is also a hot r-process with en-
tropy 233 kB , Ye = 0.1, τ = 35 ms, and n = 2. The third trajectory 
is a cold r-process with entropy 150 kB , Ye = 0.2, τ = 20 ms, and 
n = 6. The high entropy conditions are possible in neutrino-driven 
wind environments, however we employ lower electron fractions 
than typically found in detailed supernova models [51] without 
exotic physics, as implemented in [13,20,21,25,26,30,46,52]. In all 
scenarios, we start nucleosynthesis calculations at initial temper-
ature T = 10 GK. We label these three trajectories as trajectories 
hot1, hot2, and cold, respectively. In hot1 scenario, the nucleosyn-
thesis process do not significantly populate fissioning nuclei due to 
fewer neutrons in the environment and fission can be negligible. 
However, in hot2 and cold scenarios, a large number of fissioning 
nuclei can be produced and plenty of fission fragments are de-
posited at around A = 110 ∼ 170 region based on the GEF fission 
fragment distribution model [53], which predict fission yields in 
the neutron-rich regions contain both a symmetric and asymmetric 
component [46,54]. So in these cases fission will affect the rare-
earth peak formation. In order to explore the scenario with fission 
but without contributions from fission fragments to the rare-earth 
peak formation, we ran an additional set of simulations in the cold
scenario, where we use a simple symmetric split for the fission 
product distributions. This ensures that fission fragments fall in 
the A ∼ 130 peak region and do not directly influence the rare-
earth peak formation. We label this set of simulations as trajectory 
cold-sym in the following.

For each trajectory chosen, the mass sensitivity study begins 
with a baseline simulation which defines the choice of inputs 
from nuclear models. Subsequent simulations are then performed 
with these fixed inputs, but allowing nuclear mass of a certain 
nucleus to vary. Currently, the rms deviations between theoreti-
cal mass models and the available experimental data are around 
0.5 MeV. However, for neutron-rich nuclei far away from the ex-
perimental known region, the differences between the nuclear 
masses predicted by different mass models can exceed several MeV 
[13,26,32,36]. In this work, we consider mass variations of ±1 MeV 
as in Refs. [32,36]. When a certain nuclear mass is varied, we recal-
culate the neutron-capture rates of all involved nuclei that depend 
on the changed mass. We realize that β-decay rates also should 
be calculated consistently with the changed mass, however, such 
calculations have not been performed so far. We plan to explore 
the sensitivity of r-process nucleosynthesis to β-decay rates in fu-
ture work. So all the β-decay rates remain unchanged during our 
mass variations. Each time nuclear mass is changed, a correspond-
ing final abundance pattern is produced. We repeated this step for 
414 nuclei, which cover the region of interest for the formation of 
the rare-earth peak as summarized in Ref. [20]. Finally, we com-
pare the final rare-earth peak abundance patterns produced with 
the nuclear mass variations to the baseline pattern using the sen-
sitivity measure F ,
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F = 100
178∑

A=150

| Y+1(A) − Yorigin(A) | + | Y−1(A) − Yorigin(A) |
Yorigin(A)

.

(2)

Yorigin(A) is the final baseline abundance, and Y+1(A) and Y−1(A)

are final abundances of the simulations where a single nuclear 
mass is increased or decreased by 1 MeV, respectively. The F met-
ric quantifies the impact of the mass on the abundance pattern 
in the rare-earth peak region through the summation over mass 
numbers of A = 150 − 178.

3. Results and discussions

To illustrate the evolution of the formation of the rare-earth 
peak, we depict in Fig. 1 the time evolution of abundances 
summed over isobaric chains in three mass regions of the left 
side of the rare-earth peak elements (REE-Left) A = 150 − 159, the 
middle of rare-earth peak elements (REE-Middle) A = 160 − 170, 
and the right side of rare-earth peak elements (REE-Right) A =
171 −178. The first vertical line mark the time at r-process freeze-
out which is defined as the neutron-to-seed ratio R = 1. The 
second vertical line indicates the point that the timescale of neu-
tron capture τnγ is approximately 3 times of the β-decay timescale 
τβ . The timescales of neutron capture and β decay are defined as

1

τnγ
=

∑
Z ,A Nn〈σ v〉(Z ,A)Y (Z , A)∑

Z ,A Y (Z , A)
,

1

τβ

=
∑

Z ,A λβ(Z , A)Y (Z , A)∑
Z ,A Y (Z , A)

,

(3)

respectively, where Nn is the neutron number density, 〈σ v〉(Z ,A) is 
the neutron-capture rate, λβ(Z , A) is the β-decay rate, and Y (Z , A)

is the abundance of nucleus (Z, A). From Fig. 1 we find that the 
rare-earth peak starts to form at freeze-out, and is completely 
formed at the point of τnγ ≈ 3τβ in all cases considered here ex-
cept cold-sym, which can be seen clearly in Fig. 2.

In the case of hot1, there are fewer neutrons in the environ-
ment, so the freeze-out (R = 1) occurs earlier than other cases, 
and the dynamic evolution of the r-process is very fast. The three 
summed abundances rise sharply when neutron-to-seed ratio R >
1, and change slowly later after R = 1. An increase of the abun-
dance in the mass region A = 160 − 170 occurs after freeze-
out, while the abundances of mass region A = 150 − 159 and 
A = 171 − 178 decrease, which results in a peak formation around 
A ∼ 165. After freeze-out, the total abundance of rare-earth peak 
(A = 150 − 178) is roughly a constant due to the missing contri-
bution of fission fragments since fission can be negligible in this 
environment.

In the hot2, cold, and cold-sym cases, the abundance in the 
rare-earth peak region increases at first, and then actually starts 
to shrink as material moves to higher mass number. But just 
after the third r-process peak and heavier nuclei are produced, 
it grows again. After freeze-out, the abundance in the mass re-
gion A = 160 − 170 becomes the largest, corresponding to the 
onset of peak formation. Since a large number of fission prod-
ucts are deposited at rare-earth peak region in the cases of hot2
and cold scenarios, the abundance in total rare-earth mass region 
(A = 150 − 178) is rising continuously after freeze-out until the 
rare-earth peak is formed. In contrast, in the cases of hot1 and 
cold-sym, the total abundance in rare-earth region is roughly con-
stant. In addition, in the cold-sym case where we use the simple 
symmetric fission treatment, fission fragments don’t contribute to 
the rare-earth region, and the material in the rare-earth peak re-
gion moves to higher mass number due to the late-time neutron 
3

Fig. 1. Time evolution of abundances summed over isobaric chains in the three mass 
regions A = 150 − 159 (red), A = 160 − 170 (black), and A = 171 − 178 (blue) in 
four different scenarios. The shaded area represents the time interval of rare-earth 
peak formation, from the time of r-process freeze-out (R = 1) to the point where 
the timescale of neutron capture is approximately 3 times of the timescale of β
decay (τnγ ≈ 3τβ ).

Fig. 2. The abundance distributions in hot1, hot2, cold, and cold-sym scenarios. The 
blue solid line represents the final r-process abundances at a simulation time of 1 
Gyr, and the green dotted line and red dashed line correspond to the abundance 
patterns at r-process freeze-out and at the point of τnγ ≈ 3τβ , respectively. In the 
cold-sym scenario, the orange dashed line represents the abundance pattern at the 
time of 0.72 s. The dots represent the solar r-process abundance pattern [55].

capture effect after freeze-out [56,57]. So the material in mass re-
gion A = 150 −159 and A = 160 −170 is shifted to A = 171 −178, 
which corresponds to a wrong peak position as shown in Fig. 2.

The final abundance distributions at a simulation time of 1 Gyr 
and the abundance patterns at r-process freeze-out and at the 
point of τnγ ≈ 3τβ in hot1, hot2, cold, and cold-sym scenarios are 
shown in Fig. 2. It can be clearly seen that the rare-earth peak 
has been formed at the point of τnγ ≈ 3τβ , where the rare-earth 
peak abundances are roughly consistent with the final abundances. 
In hot1 scenario, the basic features of the r-process abundance are 
reproduced, but the abundances around the valley after the sec-
ond r-process peak are underestimated. In hot2 and cold scenarios, 
the final abundances are both roughly consistent with the solar 
r-process abundances except a slight shift of the rare-earth peak 
and the third r-process peak position to higher mass number, and 
the underestimated abundances around the valley after the second 
r-process peak are improved by the contribution of fission frag-
ments. However, in cold-sym scenario, the rare-earth peak cannot 
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be reproduced correctly, indicating the unreasonable distribution 
of fission fragments.

In the case of hot1 without fission, the rare-earth peak is 
formed by dynamical mechanism [20] which depends on the lo-
cal nuclear properties in the region between the r-process paths at 
0.38 s (onset time) and 0.62 s (completion time of rare-earth peak 
formation), as shown in Fig. 3. In the case of cold-sym with sym-
metric fission fragments distribution, a bump similar to the shape 
of rare-earth peak is also formed at 0.72 s due to the dynami-
cal mechanism as shown in panel (d) of Fig. 2. But over time, the 
material in rare-earth mass region moves to higher mass number 
due to the late-time neutron capture effect, and the solar rare-
earth peak abundances cannot be reproduced. The wrong position 
of the peak may be due to the improper nuclear physics inputs 
such as nuclear masses, β-decay rates and neutron-capture rates, 
which is also responsible to the slight shift of the rare-earth peak 
and the third r-process peak position to higher mass number for 
cold and hot2 scenarios with the reasonable fission fragment dis-
tributions. However, if we use the fission fragment distribution 
calculated by GEF model as in the cold case, fission products are 
deposited at rare-earth peak region and play a role in shaping rare-
earth peak abundances, leading to the agreement with the solar 
r-process abundance pattern. So we can conclude that in the as-
trophysical scenario where a large number of fissioning nuclei can 
be produced, the rare-earth peak abundances are largely set by the 
fission deposition, and a successful formation of rare-earth peak 
requires reasonable fission fragment distributions. In addition, as 
shown in Fig. 3 the strong sensitivity of the rare-earth peak abun-
dances to nuclear masses on the r-process path indicates that the 
dynamical mechanism also plays an important role.

Fig. 3 shows the results of the mass sensitivity studies for hot1, 
hot2, cold, and cold-sym scenarios, and the 30 most impactful nu-
clei are listed in Table 1 in the appendix. As a general result, we 
find influential nuclear masses are mainly distributed in two re-
gions: the first one lies between 15 and 20 neutrons away from 
stability which we defined as region I; the second one lies be-
tween 7 and 15 neutrons away from stability which is defined as 
region II.

In region I, the nuclei with high sensitivity measures F lie along 
the r-process path at freeze-out. Generally, in a hot r-process, an 
extended (n, λ) � (λ, n) equilibrium is reached, and the location of 
the r-process path during the equilibrium phase is set by the nu-
clear masses for given values of neutron density and temperature 
of the astrophysical environment. So the r-process path is expected 
to be sensitive to the mass variations. In a cold r-process, the tem-
perature and density drop quickly, so (n, λ) � (λ, n) equilibrium 
is established only briefly, which is quickly replaced by a new 
equilibrium between β decays and neutron captures. So the equi-
librium path in the cold r-process refers to the r-process path at 
the time when (approximate) equilibrium is established between 
β decays and neutron captures. In this phase, β decays and neu-
tron captures compete with each other, and the r-process path is 
expected to be sensitive to the change of neutron capture rates 
which depend on the nuclear mass. In summary, the masses of 
nuclei lying along the equilibrium r-process path are influential to 
the final abundance distribution. In the scenarios considered here, 
the equilibrium phases as discussed above are maintained at the 
r-process freeze-out, so the most impactful nuclei lie along the r-
process path at freeze-out, as shown in region I.

However, in the cases of hot2 and cold scenarios, the nuclei in 
region I have small values of sensitivity measure F , which means 
that the mass variations in this region have little or no effect 
on the final abundance distribution. We find that at the time of 
freeze-out, the mass changes of some nuclei in region I lead to 
great differences in the abundance pattern at this time, but the 
overall abundance in the rare-earth region is still small. Subse-
4

Fig. 3. Sensitivity measures F between ±1 MeV mass variations in four different 
scenarios. The region of measured nuclear masses from AME2020 [58] is overlaid 
with pink color and black squares are stable isotopes. The black and blue lines rep-
resent the r-process paths at different times. The times of 0.38 s, 1.51 s, 0.48 s, and 
0.47 s correspond to the r-process freeze-out, and the times of 0.62 s, 5.24 s, 3.86 s, 
and 4.24 s correspond to the point of τnγ ≈ 3τβ , in hot1, hot2, cold, and cold-sym
scenarios, respectively.

quently, a large number of fission fragments are deposited at the 
rare-earth peak region for hot2 and cold scenarios, which weak-
ens the previous difference of rare-earth abundance distribution 
caused by mass variation. That is, the effect of the mass varia-
tion in region I on abundances is masked by the distribution of 
fission fragments. So in this case, nuclei in region I generally have 
smaller F values. For hot1 and cold-sym scenarios, without the con-
tribution of fission fragments to rare-earth region, the difference 
in abundance at freeze-out due to mass changes in region I is fully 
propagated to the final rare-earth peak abundance.

The rare-earth peak is formed as the r-process path reach re-
gion II, and the shape of rare-earth peak is sensitive to the mass 
variation of the nuclei in this region. We find that the nuclei with 
high sensitivity measures F in region II lie along the r-process path 
at the time of τnγ ≈ 3τβ , corresponding to 0.62 s, 5.24 s, 3.86 s, 
and 4.24 s in hot1, hot2, cold, and cold-sym scenarios respectively 
as shown in Fig. 3. At this point, the rare-earth peak is successfully 
formed except the cold-sym case. When the r-process path contin-
ues to approach the β-stable line, β decay takes over completely 
and sensitivity measure F decreases.

In the cases of hot2 and cold scenarios, the strong deposition 
of fission products erases the sensitivities to masses along the 
early r-process path (region I). However, the contribution of fis-
sion fragments to the rare-earth peak abundances decreases over 
time during the decay back to stability, because the fission flow 
gradually decreases at late time as shown in Ref. [46]. So as the 
r-process path moves toward stability, the contribution of fission 
fragments gradually decreases, and hence the weakening effect 
of fission fragments on the difference of abundance distribution 
caused by mass variation becomes weaker. Therefore, when the r-
process path reaches region II, the sensitivities to nuclear masses 
are not easily concealed by the distribution of fission fragments, so 
nuclei in region II still have larger F values.

We highlight the effect of an individual mass change on the fi-
nal abundances in Fig. 4. Nuclei with high sensitivity measure F
from region I (if any) and region II were chosen from the hot1, 
hot2, cold, and cold-sym mass sensitivity studies of Fig. 3. Each 
nuclear mass has been changed by ± 1 MeV and the resultant fi-
nal abundance pattern is compared to both the baseline and solar 
abundances. The figure shows that the single nuclear mass with 
high sensitivity measure has big influences on the rare-earth peak 
abundance distribution. We find that the variation of nuclear mass 
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Fig. 4. The effect of mass variations on the final rare-earth peak abundances for 
selected nuclei in different scenarios. The baseline curve is represented by a dashed 
green line, and the red and blue lines represent the final abundances corresponding 
to the ± 1 MeV variation of nuclear masses. The dots represent the solar r-process 
abundance pattern.

Fig. 5. Variances of the r-process abundances (shaded bands) corresponding to the 
sensitivity studies of �M = ±1 MeV for different scenarios. Darker shaded bands 
indicate the abundance variances caused by mass changes of 10 nuclei with the 
highest sensitivity measure F in the experimental unknown region. The masses are 
varied individually for each nucleus.

in region II, such as 153La57, 170Tb65, 166Eu63, and 151La57, affects 
the local structure of the rare-earth peak abundance distribution 
curve. In contrast, for 152Te52 and 154Te52 in region I further away 
from stability line, the influence on abundance can propagate to 
many other nuclei, affecting a larger mass range in rare-earth peak 
abundance distribution than the case of region II. It is also noticed 
that mass changes in the rare-earth region have no effect on the 
second and third r-process peaks.

In order to explore how much uncertainty in the final abun-
dance pattern are produced due to the uncertainties in nuclear 
5

masses in the rare-earth region, we use our sensitivity study re-
sults to estimate the resulting error bars on the abundance pattern. 
In each astrophysical scenario, the sensitivity studies are carried 
out by varying every single nuclear mass with �M= ±1 MeV for 
414 nuclei in the r-process simulations, and the resultant 828 r-
process abundance patterns are obtained and they form a band as 
shown in Fig. 5, which is represented by a lighter shaded band. 
Note that the lighter shaded bands are not realistic uncertainties 
in final abundances, because the variation �M= ±1 MeV as er-
ror bar of experimentally-known masses is overestimated. Instead, 
to exclude the abundance uncertainties caused by variations of 
experimentally-known masses, the darker shaded bands indicate 
the uncertainty in final abundances caused by mass changes of 10 
most influential nuclei in the experimental unknown region, which 
could already cover most of the lighter shaded bands in the hot1
and cold-sym scenarios, and the large uncertainty is mainly con-
centrated around A ∼ 170 in the hot2 and cold scenarios. In princi-
ple, the formation of the rare-earth peak can be used to constrain 
the r-process site. However, a mass change of 1 MeV can produce 
significant effects on the abundance distribution in the rare-earth 
mass region as shown in Fig. 5. Nuclear mass uncertainties for 
these nuclei with high sensitivity measures must be reduced in 
order to obtain precise abundance pattern predictions, and to de-
termine the favorable r-process astrophysical conditions. Efforts by 
both experimental and theoretical nuclear physics are necessary 
for an improved determination of nuclear masses of neutron-rich 
nuclei. It should be noticed that variance band here is caused by 
the variation of only a single nucleus in each r-process simulation, 
which is different from the conventional uncertainty estimation by 
variations of nuclear masses throughout the whole nuclear chart 
simultaneously in each r-process simulation as in Ref. [13], and 
hence the variance bands obtained here are much smaller than 
those in Ref. [13].

4. Conclusion

In summary, we have performed a sensitivity study of the r-
process rare-earth peak abundances to individual nuclear masses 
in different astrophysical scenarios. Our results show that the main 
time of rare-earth peak formation is between r-process freeze-out 
and the point of τnγ ≈ 3τβ . The most impactful nuclei are mainly 
distributed in two regions in the nuclear chart: the region of 20-30 
neutrons away from stability (defined as region I) and the region 
of 7-15 neutrons away from stability (defined as region II). Region I 
is the location of nuclear flow around r-process freeze-out, that is, 
the location of r-process path at the onset of the rare-earth peak 
formation. The mass variation in this region affects the final iso-
topic abundance distribution of several mass number ranges in the 
rare-earth peak region. The nuclei with high sensitivity measures 
F in region II lie along the r-process path at the point of τnγ ≈ 3τβ

when the rare-earth peak is formed. The mass variation in this re-
gion affects the local structure of the rare-earth peak abundance 
distribution curve.

In the astrophysical scenarios where a large number of fission 
events occur, such as the cases of hot2 and cold, the sensitivity 
to the nuclei in region I is washed out by a large number of 
fission fragments deposited at the rare-earth mass region. Accord-
ingly, when symmetric fission fragment distribution is used, as in 
the case of cold-sym, the sensitivity of region I is increased again 
because the fission fragments do not contribute to the rare-earth 
mass region. However, the solar rare-earth peak abundance can-
not be reproduced by using the symmetric fission treatment. Our 
results also show that in the astrophysical scenarios with fission 
involved, where a large number of fission products are deposited 
at the rare-earth mass region, the rare-earth peak abundances are 
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largely set by the distribution of fission fragments, although the 
dynamical mechanism also plays an important role.

The most impactful nuclei for different r-process scenarios pro-
vide recommended targets for future experimental and theoretical 
studies, some of which are within current or near-future experi-
mental reach. It will increase our understanding for the formation 
mechanism of rare-earth peak as well as the efficacy of using the 
rare-earth peak to constrain the r-process astrophysical site. How-
ever, this sensitivity study does not include the impact of the β de-
cay as nuclear mass is changed, which may affect the uncertainties 
in the rare-earth peak abundances. These additional uncertainties 
will be explored in the future work.
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Appendix A

Table 1
The 30 most important nuclei from sensitivity studies for hot1, hot2, and cold as-
trophysical conditions. Asterisk denotes nucleus with experimental mass data in 
AME2020 mass table [58]. Since the solar rare-earth peak cannot be reproduced 
in cold-sym scenario, the corresponding sensitivity results are not shown here.
Hot1 Hot2 Cold

Z A F Z A F Z A F

57 153 723.83 65 170 533.58 64 168 516.62
57 154 672.95 65 169 516.51 63 166 478.15
52 152 579.56 64 168 492.66 65 170 455.20
58 172 506.56 63 164 489.26* 65 169 445.92
59 175 499.88 65 168 410.70* 63 164 422.71*
57 156 469.78 61 159 408.72* 63 165 411.81*
52 156 462.18 63 165 397.47* 61 159 377.66*
55 152 461.78 63 166 396.86 61 158 375.98*
59 177 456.09 61 158 383.38* 63 167 374.19
52 150 449.37 64 169 377.47 64 169 363.95
57 155 441.00 63 163 369.16* 62 164 351.91*
59 176 425.68 63 160 365.32* 59 155 351.78*
53 155 424.38 63 162 357.66* 65 168 350.08*
55 151 417.86 65 167 348.31* 65 172 345.09
59 160 406.14 62 164 335.74* 65 171 341.14
58 173 392.44 59 155 324.36* 63 163 333.29*
52 154 390.57 59 154 318.06* 59 154 324.27*
59 159 388.53 59 152 310.31* 65 173 312.94
54 158 379.61 65 171 309.74 63 162 309.69*
58 174 373.81 63 167 308.14 59 152 307.95*
55 159 369.46 65 172 301.70 59 156 294.16*
54 156 368.64 59 153 296.50* 59 153 290.77*
63 167 365.20 65 173 292.48 65 167 284.62*
57 169 364.57 65 166 288.66* 66 170 279.74
62 166 361.59 61 157 282.89* 57 151 278.35*
55 150 350.84 63 161 281.38* 61 157 268.83*
59 179 350.77 59 156 277.90* 61 160 254.76*
54 159 334.19 64 165 267.20* 66 171 249.68
55 161 323.57 66 170 260.05 64 165 248.62*
52 153 318.11 62 165 241.70 63 160 243.95*
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