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dY (Z,A)
dt

=Y (Z,A−1)λ Z ,A−1
(n,γ ) +Y (Z,A+1)λ Z ,A+1

(γ ,n) +Y (Z −1,A)λ Z−1,A
β

                                     + Y (Z −1,A+ x)∑ λ Z−1,A+x
βxn

                                    -Y(Z,A) λ Z ,A
(n,γ ) +λ

Z ,A
(γ ,n) +λ

Z ,A
β  + λ

βxn

Z ,A∑#
$

%
&

λ Z ,A
(n,γ )      neutron capture rate

λ Z ,A
(γ ,n)      photodissociation rate∝ e−Sn /kT

λ Z ,A
β         beta decay rate ~Qβ

5

λ Z ,A
βxn       rate for beta decay followed by emission of x  neutrons



'
�(
B
?:

/
;
��$

<
A?
3
��
/
:
3
���
�

�$
)
�
��

�
�
�
�

�
 B

9F
��
�
�

:<C73�0F��
#�#B:=<D3?�



��=?<13@@�/0B;2/;13�=/AA3?;�@75;/AB?3@�

C3?F�;3BA?<;�?716�
47@@7<;�1F197;5�

0/?39F�;3BA?<;�?716�
97:7A�@332�=?<2B1A7<;�

'
�(
B
?:

/
;
��$

<
A?
3
��
/
:
3
���
�

�$
)
�
��

�
�
�
�

�
 B

9F
��
�
�



��=?<13@@�
/0B;2/;13�=/AA3?;�
@75;/AB?3@�

'
�(
B
?:

/
;
��$

<
A?
3
��
/
:
3
���
�

�$
)
�
��

�
�
�
�

�
 B

9F
��
�
�

;3BA?<;�@A/?�:3?53?�
6<A�D7;2�
1<92�D7;2�

#B:=<D3?���/@@��&/@@B117��
(B?:/;���=?/6/:7/;���
����

Nuclear masses

A
rc

o
ne

s 
&

 M
ar

tin
ez

-P
in

ed
o

, 2
01

1

‣FRDM (Möller et al. 1995)

‣ETFSI-Q (Pearson et al. 1996)

‣HFB-17 (Goriely et al. 2009)

‣Duflo&Zuker 

hot wind

ns merger

Given astrophysical conditions,
comparison of abundances 
based different mass models

Can we link masses (neutron 
separation energies) to the 
final r-process abundances?
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MC variations 
ΔM=MFRDM-MAME 
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describe them up to exotic nuclei in the study of the
mercury isotopes [46].

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

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

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

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

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

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

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

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

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

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

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

M(Z,N) = MDZ(Z,N) + aNe�(Z�C)2/2f (1)

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