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solar system 
r-process 
residuals 

Arnould+2007 



r-process nucleosynthesis 

elemental abundances 
from r-process-
enhanced metal-poor 
halo stars  

Cowan+2011 
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r-process site: core-collapse supernovae? 

e.g., Meyer+1992, Woosley+1994, 
Takahashi+1994, Witti+1994, Fuller 
& Meyer 1995, McLaughlin+1996, 
Qian & Woosley 1996,  Hoffman
+1997, Otsuki+2000, Thompson
+2001, Terasawa+2002, 
Liebendorfer+2005, Wanajo 2006, 
Arcones+2007, Huedepohl+2010, 
Fischer+2010, Roberts & Reddy 
2012, Martinez-Pinedo+2014, 
Chakraborty+ 2015, Goriely & 
Janka 2016,  etc., etc. 

neutrino-driven wind 

neutron-rich MHD jets  

collapsars/lGRBs  
e.g., Beloborodov 2003, Nagataki+2003, Surman & McLaughlin 2005, Nagataki
+2006, Fryer+2006, Fujimoto+2007, Tominaga 2009, Maeda & Tominaga 2009, 
Nomoto+ 2010, Horiuchi+2012, Shibata & Tominaga 2012, Malkus+2012, Nakamura
+2013, Fujibayashi+2015, etc. 

e.g., Cameron 2003, Kotake+2004, Nishimura+2006, Fujimoto+2008, Winteler+2012, 
Mösta+2014, Nakamura+2015, Tsujimoto+2015, Nishimura+2015, Shibagaki+2016, etc. 

NASA/Skyworks 
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r-process site: compact object mergers? 

accretion disk ejecta 
NASA/Skyworks 

e.g., Lattimer & Schramm 
1974, 1976, Meyer 1989, 
Frieburghaus+1999, Goriely
+2005, Wanajo & Ishimaru 
2006, Oechslin+2007, 
Nakamura+2011, Goriely
+2011, Korobkin+2012, 
Wanajo+2014, Just+2015, 
Mendoza-Temis+2015, 
Eichler+2015, etc., etc.  

cold/mildly heated 
prompt ejecta 

e.g., Pruet, Thompson, & Hoffman 2004, Surman & McLaughlin 2004, Arai+2004, 
Fujimoto+2004, Surman, McLaughlin, & Hix 2006, Barzilay & Levinson 2008, Metzger, 
Thompson, & Quataert 2008, Kizivat+2010, Wanajo & Janka 2012, Caballero+2012, 
Wanajo+2014, Perego+2014, Just+2015, Radice+2016, etc.  
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Mathews & Cowan 1990, Argast+2004: merger timescale too slow 
 
Matteucci+2014, Ishimaru+2015: if coalescence time is ~ 1 Myr 
 
Wanderman & Piran 2014: delay times for sGRB ~3 Gyr 
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simulated heavy r-process light curves

Hubble data
point

kasen+2015

 
Tanvir+2013, Berger 2013:  
observations of a kilonova 
candidate 
 

can mergers account for all r-process data? 



can mergers account for all r-process data? 

Enrichment of r-process elements in dSphs 11

Eu in Figure 11 (a) and (b) are produced by NSMs with
tNSM = 10 Myr (mt10) and 500 Myr (mt500), respec-
tively. Although mt10 has a slightly smaller fraction of
stars in −3 < [Fe/H] < −2 than model m000, the global
relative abundance ratio is similar to m000 (tNSM = 100
Myr). Contrary to the models m000 and mt10, the model
with much longer merger time such as 500 Myr in mt500
shows large scatters in [Eu/Fe] at higher metallicity and
cannot account for the observed scatters in [Fe/H]∼ −3.
Figure 12 shows [Fe/H] as a function of the substantial

galactic age, i.e., the elapsed time from the rise of the ma-
jor star formation. As shown in Figure 3, we can regard
that the major star formation arises from 600 Myr from
the beginning of the calculation. The average metallicity
of stars is almost constant during the first ∼ 300 Myr.
Due to low star formation efficiency of the galaxy, spatial
distribution of metallicity is highly inhomogeneous in !
300 Myr. In this epoch, since most of gas particles are
enriched only by a single SN, metallicity of stars is mainly
determined simply by the distance from each SN to the
gas particles which formed the stars. Therefore, NSMs
with tNSM ∼ 100 Myr can account for the observation of
EMP stars, as well as those with tNSM ∼ 10 Myr. In con-
trast, metallicity is well correlated with the galactic age
after ∼ 300 Myr, irrespective of the distance from each
SN to the gas particles. Because SN products have al-
ready been well mixed in a galaxy, the stellar metallicity
is determined by the number of the SNe, which enriched
the stellar ingredients. Therefore, if the merger time of
NSMs is much longer than ∼ 300 Myr, it is too long to
reproduce observations.

4.5. The rate of neutron star mergers

The yields of r-process elements in our models are re-
lated to the NSM rate as already mentioned in §2.2,
though the Galactic rate of NSMs is highly uncertain.
The estimated Galactic NSM rate is 10−6 to 10−3 yr−1

based on three observed binary pulsars (Abadie et al.
2010a). Table 5 lists yields of models discussed here. Fig-
ure 13 shows predicted [Eu/Fe] as a function of [Fe/H]
assuming different NSM rate. Figure 13 (a) and (b)
represent models with the NSM fractions fNSM = 0.001
(mr0.001) and fNSM = 0.1 (mr0.1), respectively. The cor-
responding NSM rate in a MW-like galaxy is∼ 10−5 yr−1

(mr0.001) and ∼ 10−3 yr−1 (mr0.1). Model mr0.001
predicts larger scatter and a smaller number of stars at
[Fe/H] < −3 than m000. Model mr0.001 has [Eu/Fe]
dispersion by more than 3 dex at [Fe/H] = −2. In ad-
dition, there remains ∼ 1 dex dispersion even for stars
with [Fe/H] > −2. In contrast, model mr0.1 predicts
smaller scatter than m000, though it does not seem to
be inconsistent with observations. Such tendencies are
also seen in Argast et al. (2004), Komiya et al. (2014)
and van de Voort et al. (2015).
Our fiducial model, m000, reproduces the observed

r-process ratio as discussed in §4.2. The NSM rate
of m000 for a MW-like galaxy is ∼ 10−4 yr−1. The
total mass of r-process elements produced by each
NSM corresponds to ∼ 10−2M⊙. The value is consis-
tent with recent nucleosynthesis calculations: 10−3M⊙

to 10−2M⊙ (e.g., Goriely et al. 2011; Korobkin et al.
2012; Hotokezaka et al. 2013; Bauswein et al. 2013;
Wanajo et al. 2014).

Fig. 11.— [Eu/Fe] as a function of [Fe/H] with different merger
time of NSMs. (a): mt10 (tNSM = 10 Myr). (b): mt500 (tNSM =
500 Myr). Symbols are the same as Figure 5.

Argast et al. (2004) construct an inhomogeneous
chemical evolution model of the MW halo. Their model
is difficult to reproduce [Eu/Fe] by NSMs with the Galac-
tic NSM rate of 2×10−4 yr−1 due to high star formation
efficiency. [Eu/Fe] produced in their model is similar to
that of mExt (Figure 10).
From the discussion above, NSM rate of ∼ 10−4 yr−1

in a MW size galaxy is preferred to reproduce the ob-
served [Eu/Fe]. This rate is consistent with the esti-
mated galactic NSM rate from the observed binary pul-
sars (Abadie et al. 2010a). Near future gravitational de-
tectors, KAGRA, advanced LIGO, and advanced VIRGO
(Abadie et al. 2010b; Kuroda & LCGT Collaboration
2010; Accadia et al 2011; LIGO Scientific Collaboration
2013) are expected to detect 10 – 100 events per year of
gravitational wave from NSMs.

5. SUMMARY

 

 
Figure 2: Chemical abundances of stars in Reticulum II. 
Panels a-b: Abundances of neutron-capture elements Ba and Eu for stars in Ret II (large red 
points) compared to halo stars23 (small gray points) and UFD stars in Segue 1, Hercules, Leo IV, 
Segue 2, Canes Venatici II, Bootes I, Bootes II, Ursa Major II, and Coma Berenices (medium 
colored points, see references in refs. [11,14,15]). Arrows denote upper limits. The notation 
[A/B] = log10(NA /NB) – log10(NA/NB)sun quantifies the logarithmic number ratio between two 
elements relative to the solar ratio. The [Eu/Fe] ratios of the Ret II stars are comparable to the 
most r-process enhanced halo stars known. All other UFDs have very low neutron-capture 
abundances.  
Panel c: Neutron-capture abundance patterns of elements in the main r-process for the four 
brightest Eu-enhanced stars in Ret II compared to the scaled solar r and s process patterns9 
(purple and yellow lines, respectively). Solar abundance patterns are scaled to Ba. Each star’s 
abundances are offset by multiples of 5. All four stars clearly match the universal r-process 
pattern. The [Eu/Ba] ratios for the three fainter stars are also consistent with the universal r-
process pattern. We used spectrum synthesis to derive abundances of Ba, La, Pr, and Eu. Other 
neutron-capture element abundances were determined using equivalent widths of unblended 
lines. Error bars indicate the larger of 1) the standard deviation of abundances derived from 
individual lines accounting for small-number statistics; and 2) the total [Fe/H] error (including 
stellar parameter uncertainties). Stellar parameter uncertainties for Teff, log g, and 
microturbulence were 150K, 0.3 dex, and 0.15 km s-1 respectively. For the 7th and 9th stars in 
Table 1, the temperature errors were 200K due to low signal-to-noise and few iron lines. !

Ji+2016 

 
Hirai+2015, Ji+2016:  
UFD galaxies account for low-
metallicity enrichment 
 Hirai+2015 
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r-process abundance pattern signatures 

very neutron rich 
fission cycling 

barely neutron rich 
limit seed production 
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r-process simulations: required nuclear data 

masses 
beta-decay rates 
beta-delayed neutron emission probabilities 
neutron capture rates 
 
fission rates  
fission product distributions 
neutrino interaction rates 
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r-process 
simulations: 
required nuclear 
data 
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sensitivity study review: 
Mumpower, Surman, 

McLaughlin, Aprahamian 
Progress in Particle and 

Nuclear Physics 86 (2016) 86 



r-process simulations: required nuclear data 

masses 
beta-decay rates 
beta-delayed neutron emission probabilities 
neutron capture rates 
 
fission rates  
fission product distributions 
neutrino interaction rates 

Dunlop Dillmann 
Scielzo 

Cheoun 
Sasaki 

Nuclear Astrophysics: Th 13:30 
Nuclear Astrophysics: F 10:30 
 
New Facilities: Tu 13:30 
New Facilities: Tu 15:40 
New Facilities: Th 13:30 
New Facilities: Th 15:30 

Larsen 
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mass models 

compared to the 2012 
Atomic Mass Evaluation 

Mumpower, Surman, 
McLaughlin, 

Aprahamian 2016 
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mass models 

compared to the 2012 
Atomic Mass Evaluation 

Mumpower, Surman, 
McLaughlin, 

Aprahamian 2016 
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systematic uncertainties in nuclear masses: 
impact on r-process simulations 

SKM* 
SKP-3 
SLY4 
SV-MIN 
UNEDF0 
UNEDF1 

Surman, Mumpower, McLaughlin 2016, submitted 
 
masses from massexplorer.frib.msu.edu: Olsen, Nazarewicz: 

see also Martin+2016 
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Surman, Mumpower, McLaughlin 2016, submitted 
 
FRDM masses + Monte Carlo variations within mass model rms (~0.5 MeV) 

random uncorrelated uncertainties in masses: 
impact on r-process simulations 
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Surman, Mumpower, McLaughlin 2016, submitted 

neutron separation energy variations 

differences between 
UNEDF1 and SKM*/

SV-min 

uncorrelated 
Monte Carlo 

mass variations 

differences between 
UNEDF1 and other DFT 

mass tables 
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Surman, Mumpower, McLaughlin 2016, submitted 

neutron separation energy variations 

differences between 
UNEDF1 and other 

mass tables 

uncorrelated 
Monte Carlo 

mass variations 

differences between 
UNEDF1 and other DFT 

mass tables 
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2012 AME 
 
 
 
 

+ extrapolated 
 
 
 
 

+ FRIB reach 
 
 

Surman, Mumpower, 
Aprahamian, APP B 2016 

impact of upcoming 
measurements 
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rare earth peak 

Surman, Engel, Bennett, Meyer 1997 

Its formation mechanism 
is sensitive to both the 
astrophysical conditions 
of the late phase of the 
r-process and the 
nuclear physics of the 
nuclei populated at this 
time  

   N=82        rare earth peak     N=126 

R
 S

u
rm

a
n

, N
o

tr
e

 D
a

m
e

   
 

IN
PC

 A
d

e
la

id
e

 
14

 S
e

p
t 

16
 



trends in the rare earth masses 

Mumpower, McLaughlin, Surman, Steiner, in preparation 
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Neodymium (Z = 60) isotopic chain 



rare earth peak formation 

FRDM                                                        HFB-21 

Mumpower, McLaughlin, Surman 2012 
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Mumpower, McLaughlin, Surman 2012 

rare earth peak formation 

FRDM                                                        HFB-21 

Goriely+13 
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reverse-engineering the rare earth masses 

Mumpower, McLaughlin, Surman, Steiner, in preparation 

2

in r-process calculations predict a nuclear physics fea-
ture away from stability that leads to dynamical rare
earth peak formation, e.g. [41], though the peak is not
always of the correct size and shape to match the so-
lar pattern. Other mass models, e.g. [42], show no such
feature. Carefully-chosen linear combinations of astro-
physical conditions have been shown to improve the fit
to observation [43, 44]. An alternate formation mecha-
nism has been proposed that suggests the rare earth peak
is made up of fission fragments resulting from a vigorous
fission recycling r process [45]. This mechanism hinges
upon a specific distribution of fission daughter products
[46] that is untestable by experiment. Thus, it can only
be supported by indirect evidence, including the elimina-
tion of the dynamical mechanism as a viable alternative.

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

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

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

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

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

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

M(Z,N) = MDZ(Z,N) + aNe�(Z�C)2/2f (1)

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

mass modification parameterization: 
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reverse-engineering the rare earth masses 

cold, very neutron-rich 

Mumpower, McLaughlin, Surman, Steiner, in preparation 
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hot, (n,γ)-(γ,n) equilibrium 

cold, limited (n,γ)-(γ,n) 
equilibrium 



rare earth peak formation comparison 

Mumpower, McLaughlin, Surman, Steiner arXiv:1603.02600v1 
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cold, very neutron-rich 

hot, (n,γ)-(γ,n) equilibrium 



predicted mass surfaces 

cold, very neutron-rich 

hot, (n,γ)-(γ,n) equilibrium 

cold, limited (n,γ)-(γ,n) equilibrium 

Neodymium (Z = 60) 
isotopic chain 

Mumpower, 
McLaughlin, 
Surman, Steiner,  
in preparation 
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summary 

The site of the r process remains one of the greatest mysteries of 
nuclear astrophysics 
 
The capacity of next-generation radioactive beam facilities to 
reach extremely neutron-rich nuclei for the first time will open up a 
promising new approach to this mystery 
 
Once nuclear physics 
uncertainties are 
reduced, we can 
exploit details of the r-
process abundance 
pattern such as the rare 
earth peak to constrain 
the astrophysical 
conditions and, 
ultimately, determine 
the r-process site 

The Number of Isotopes Available for Study 
at FRIB 

!  Estimated Possible: Erler, 
Birge, Kortelainen, 
Nazarewicz, Olsen, 
Stoitsov, Nature 486, 509–
512 (28 June 2012) , 
based on a study of EDF 
models 

!  “Known” defined as 
isotopes with at least one 
excited state known (1900 
isotopes from NNDC 
database) 

!  For Z<90 FRIB is 
predicted to make > 80% 
of all possible isotopes 

Nuclear Structure 2012 - Sherrill , Slide 11 
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