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Which model is the site for the r-
Process? 

Neutrino Driven Winds in the High 
Entropy Supernova Bubble 
 

High entropy: S~300  
Slightly neutron rich: 

 〈Z/A〉 = Ye ~ 0.45 

Ejection of 
neutronized core 
material in a low-mass 
supernovae or MHD 
jets 

Neutron star mergers 

Moderate entropy: S>15,  
Neutron rich: Ye ~ 0.2 

Low Entropy S ~ 1, 
neutron rich: Ye ~ 0.2 

Wilson & Mathews (2003) 

Wintler et al (2012) 

Freiburghaus, Rosswog, 
Thielemann (1999) 



r-process material appears to arrive early 
consistent with a supernova origin 

10-11 M! SNe 

Argast et al. 2004 A&A 

8 D. Argast et al.: Neutron star mergers vs. SNe II as dominant r-process sites

Fig. 1. Evolution of [Eu/Fe] and [Bar/Fe] abundances as function of metallicity [Fe/H]. Lower-mass SNe II (8−10 M⊙,
Model SN810) are assumed to be the dominating r-process sources. Black dots denote model stars, observations are
marked by filled squares and diamonds (see text). Average ISM abundances are marked by a continuous line. Filled
circles with error bars denote average abundances of model stars and their standard deviation in [Fe/H] bins with
binsize 0.1 dex.

Fig. 2. Evolution of [Eu/Fe] and [Bar/Fe] abundances as function of metallicity [Fe/H]. Higher-mass SNe II (20 −
25 M⊙, Model SN2025) are assumed to be the dominating r-process sources. Symbols are as in Fig. 1.

rable to the one seen in observations. The main dif-
ference between the higher-mass (models SN2025 and
SN2050, Fig. 2 and 3) and lower-mass (model SN810,
Fig. 1) SNe II scenarios is the larger scatter in [r/Fe] at
[Fe/H] ≈ −3 and the slightly more pronounced scatter
at higher metallicities of models SN2025 and SN2050.
One might argue, that the model stars in Figs. 2 and

3 at [Fe/H] ≥ −2 with high [r/Fe] abundances (≥ 1)
should also be visible in the observational data. The
bulk of model stars, however, has abundances [r/Fe]
≈ 0.4 − 0.5 and it would thus be very unlikely to ob-
serve stars with high [r/Fe] ratios in this metallicity
regime. The situation below [Fe/H] = −2 is differ-
ent: Only few model stars are present in this metallic-
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r-process in neutron star mergers 
is delayed at low metallicity 

Argast et al. 2004 A&A NSM 
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Evidence of r-Process in Neutron Star 
Mergers  

Page 8 of 16 

 

Figure 1 HST imaging of the location of SGRB 130603B. The host is well resolved 

and displays a disturbed, late-type morphology.  The position (coordinates RAJ2000 = 11 

28 48.16, DecJ2000 = +17 04 18.2) at which the SGRB occurred (determined from 

ground-based imaging) is marked as a red circle, lying slightly off a tidally distorted 

spiral arm.  The left-hand panel shows the host and surrounding field from the higher 

resolution optical image. The next panels show in sequence the first epoch and second 

epoch imaging, and difference (upper row F606W/optical and lower row F160W/nIR).  

The difference images have been smoothed with a Gaussian of width similar to the psf, 

to enhance any point-source emission. Although the resolution of the nIR image is 

inferior to the optical, we clearly detect a transient point source, which is absent in the 

optical. 
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Figure 2 Optical, near infrared (left axis) and X-ray (right axis) light curves of 

SGRB 130603B. Upper limits are 2σ and error bars 1σ. The optical data (gri bands) 

have been interpolated to the F606W band and the nIR data to the F160W band using an 

average spectral energy distribution at ≈0.6 days (see Supplementary Information). HST 

epoch 1 points are bold symbols. The optical afterglow decays steeply after the first 

≈0.3 days, and is modelled here as a smoothly broken power-law (dashed blue line). We 

note that the complete absence of late-time optical emission also places a limit on any 

separate 56Ni driven decay component. The 0.3–10 keV X-ray data29 are also consistent 

with breaking to a similarly steep decay (the dashed black line shows the optical light 

curve simply rescaled to match the X-ray points in this time frame), although the source 

dropped below Swift sensitivity by ~48 hr post-burst. The key conclusion from this plot 

The Kilonova 

Short Duration GRBs 

Tanvir, et al Nature (2013) 



There is evidence for a rare 
(~10%) strong r-process 

contributor that produces the 
heaviest elements 

• Reticulum II Dwarf Galaxy 
• Actinide Boost Stars 



Evidence of  strong (~0.01 M!) rare r-process 
enhancement in  Reticulum II Dwarf Galaxy   

 
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, Frebel, Chiti, Simon, Nature, 531, 610 (2016); ApJ 830, 93 (2016) 
Roderer et al. ApJ (2016) 

NSM or MHD jet 

1 out of 10 Dwarf galaxies  ~10%  



Actinide boost stars 
ANRV352-AA46-08 ARI 15 July 2008 11:46

 

Atomic number

a

b

c

 l
o

g
 

R
e
la

ti
v
e
 l

o
g

 
 l

o
g

 

–1

0

1

–12

–10

–8

–6

– 4

2

0

30 40 50 60 70 80 90

–1

0

1

Average abundance offsets with respect to Arlandini et al. (1999) ‘‘stellar model’’

CS 22892-052: Sneden et al. (2003)

HD 115444: Westin et al. (2000) 

BD+17°324817: Cowan et al. (2002)

CS 31082-001: Hill et al. (2002)

HD 221170: Ivans et al. (2006)

HE 1523-0901: Frebel et al. (2007)

Individual stellar abundance offsets with respect to Simmerer et al. (2004)

Figure 11
(a) Comparisons of n-capture abundances in six r-process-rich Galactic halo stars with the Solar-system r-only abundance distribution.
The abundance data of all stars except CS 22892-052 have been vertically displaced downward for display purposes. The solid light
blue lines are the scaled r-only Solar-system elemental abundance curves (Simmerer et al. 2004, Cowan et al. 2006), normalized to the
Eu abundance of each star. (b) Difference plot showing the individual elemental abundance offsets; abundance differences are
normalized to zero at Eu (see Table 1 and Table 2) for each of the six stars with respect to the Solar-system r-process-only abundances.
Zero offset is indicated by the dashed horizontal line. Symbols for the stars are the same as in panel a. (c) Average stellar abundance
offsets. For individual stars all elemental abundances were first scaled to their Eu values, then averaged for all six stars, and finally
compared to the Solar-system r-only distribution.
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blue lines are the scaled r-only Solar-system elemental abundance curves (Simmerer et al. 2004, Cowan et al. 2006), normalized to the
Eu abundance of each star. (b) Difference plot showing the individual elemental abundance offsets; abundance differences are
normalized to zero at Eu (see Table 1 and Table 2) for each of the six stars with respect to the Solar-system r-process-only abundances.
Zero offset is indicated by the dashed horizontal line. Symbols for the stars are the same as in panel a. (c) Average stellar abundance
offsets. For individual stars all elemental abundances were first scaled to their Eu values, then averaged for all six stars, and finally
compared to the Solar-system r-only distribution.
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Sneden+ 2008 r-process Universality 

Does the universality hold up to the actinides?? 



9 

Roederer et al. ApJ 698, 1963 (2009) 

No. 2, 2009 END OF NUCLEOSYNTHESIS: LEAD AND THORIUM IN EARLY GALAXY 1975

Table 8
Comparison of Predicted and Calculated r-process Abundances for Pb, Th, and U

206Pb 207Pb 208Pb
∑

Pb 232Th 235U 238U
∑

Th, U

S.S. total (Lodders 2003) 0.601 0.665 1.903 3.169 0.0440 0.0059 0.0187 0.0686

Calculated r-process:
ETFSI-Q:

Direct (isobaric) production 0.0209 0.0178 0.0283 0.0670 0.0184 0.0091 0.0076 0.0351
Direct + indirect production 0.1439 0.1068 0.1242 0.3749 0.0415 0.0343 0.0234 0.0992

Cowan et al. (1999) 0.158 0.146 0.135 0.439 · · · · · · · · · · · ·
Kratz et al. (2004; Fe-seed) 0.163 0.151 0.138 0.452 · · · · · · · · · · · ·

r-residuals:
Cowan et al. (1999) 0.240 0.254 0.158 0.652 · · · · · · · · · · · ·
Beer et al. (2001) 0.178 0.171 0.133 0.482 · · · · · · · · · · · ·

Note. r-residuals are calculated as Nr,⊙ = N⊙ − Ns .

Figure 8. Comparison of the mean ratios for stars exhibiting a pure r-process
signature (log ϵ (La/Eu) < + 0.25; red diamonds) with the four “actinide boost”
stars (green circles). The predicted S.S. r-process“residual” abundance pattern is
shown for reference. The abundances are normalized at Eu. Different decay ages
are indicated by the dotted (t = 0 Gyr), dashed (t = 4.6 Gyr), and solid (t = 13.0
Gyr) lines. Any deviations in the abundances of the “actinide boost” stars from
the “standard” r-process stars clearly occur only after the third r-process peak.
(A color version of this figure is available in the online journal.)

properties) indicate considerable improvements over earlier
attempts. This gives us confidence in the reliability of our
nuclear physics input to the r-process calculations of the heavy
element region between the rare earth elements, via the third-
peak elements (Os, Ir, Pt), the Pb and Bi isotopes, and up to
Th and U. In addition, the excellent agreement between these
calculations and the S.S. isotopic and elemental abundances
suggests that this approach can reproduce the astrophysical and
nuclear conditions appropriate for the r-process despite not
knowing the astrophysical site for this process (Kratz et al.
2007a). For this paper the theoretical predictions have been
normalized to the r-process component (95%) of the S.S. Eu
abundance (Lodders 2003).

The predicted Pb abundance shown in Figure 9 is broken
into four components corresponding to its origin within the r-
process. “Direct production” refers to Pb that is produced in the
r-process as nuclei with A = 206, 207, or 208, each of which

Figure 9. Comparison of r-process-only stellar Pb/Eu ratios with Pb abundance
predictions. Symbols are the same as in Figure 6. The solar r-process ratio is
indicated by the “⊙”. Predicted Pb/Eu ratios are indicated by horizontal lines,
representing contributions to the present-day Pb abundance via direct production
of the 206,207,208Pb isotopes; indirect Pb production via α and β decays from
nuclei with 210 ! A ! 231 and A = 234 shortly after the termination of the
r-process event; 13 Gyr of decay from nuclei that formed along the isobars of
232Th, 235U, and 238U; and 13 Gyr of decay from the fraction of these three
isotopes produced indirectly from the α and β decay of transuranic nuclei shortly
after the r-process event has shut off. The excellent agreement of the predicted
total Pb/Eu ratio with the stellar values (with the exceptions of CS 31082−001
and HE 1523−0901) implies that fission losses from the region between Pb and
Th are not significant.
(A color version of this figure is available in the online journal.)

will β− decay directly to one of the stable Pb isotopes. “Indirect
production” refers to Pb that is produced from the α and β decay
of nuclei with 210 ! A ! 231 and A = 234 shortly after the
termination of the r-process (i.e., within a few ×106 yr). “Th and
U decay” refers to Pb that originates from the decay of nuclei
that were produced in the r-process with A = 232, 235, or 238,
which quickly β− decayed to 232Th, 235U, and 238U, which have
since decayed to the stable Pb isotopes. In Figure 9 we show
the Pb abundance after 13 Gyr. “Transuranic decay” refers to
Pb that is produced from the decay of 232Th, 235U, and 238U, but
now considering the fractions of the abundances of these three
isotopes that were formed in the r-process as nuclei with A =
236 and A " 239, which followed α and β decay chains to the
long-lived Th and U isotopes.

The abundance predictions for Pb, Th, and U, computed at
time “zero” after all of the α and β decays are complete (∼107 yr
after the r-process event) are listed in Table 8. According to

1974 ROEDERER ET AL. Vol. 698

Figure 6. Comparison of the Hf/Eu and Ir/Eu ratios in our sample. Symbols are the same as in Figure 4. Downward facing triangles represent upper limits.
(A color version of this figure is available in the online journal.)

Figure 7. Comparison of the Pb/Eu and Th/Eu ratios in our sample. Symbols are the same as in Figures 4 and 6.
(A color version of this figure is available in the online journal.)

Table 7
Observed Present-day r-process Mean Ratios

S.S. r-only “Standard” Stars With Four “Standard” Four Stars With an
Predictionsa log ϵ (La/Eu) < +0.25 r-only Starsb “Actinide Boost”c

Ratio (log ϵ) ⟨log ϵ⟩ σµ No. ⟨log ϵ⟩ σµ No. ⟨log ϵ⟩ σµ No.

La/Eu +0.179 . . . +0.18 0.03 4 +0.16 0.04 4
Er/Eu +0.364 +0.40 0.03 13 +0.44 0.03 4 +0.43 0.08 4
Hf/Eu −0.075 +0.10 0.04 9 +0.05 0.04 4 +0.00 0.06 1
Ir/Eu +0.850 +0.88 0.04 9 +0.89 0.05 4 +0.88 0.09 2
Pb/Eu · · · +0.68 0.07 7 +0.77 0.22 1 +0.17 0.15 1
Th/Eu · · · −0.56 0.03 16 −0.55 0.05 4 −0.24 0.03 4

Notes.
aLodders (2003) S.S. meteoritic and Sneden et al. (2008), with updates from Gallino.
bBD+17 3248, CS 22892−052, HD 115444, HD 221170.
cCS 30306−132, CS 31078−018, CS 31082−001, HE 1219−0312.

Some MPH stars exhibit a very large 
Th abundance 

actinide boost 
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Can have apparent ages less than 0??? 


COSNAP seminar 

1978 ROEDERER ET AL. Vol. 698

Table 9
Ages Derived from Individual Chronometers

“Standard” Stars With log ϵ (La/Eu) < + 0.25 Stars With Actinide Boost

Chronometer P.R. at log(P.R.) Observed No. Age Age Spread Observed No. Age Age Spread
Pair Time “zero” Mean (dex) Stars (Gyr) (Gyr) Mean (dex) Stars (Gyr) (Gyr)

Th/La 0.585 −0.233 −0.67 ± 0.03 (σ=0.10) 16 20.4 ± 4.1 4.7 −0.37 ± 0.03 (σ=0.05) 4 6.4 ± 4.3 2.3
Th/Eu 0.463 −0.334 −0.56 ± 0.03 (σ=0.08) 16 10.6 ± 4.1 3.7 −0.24 ± 0.03 (σ=0.06) 4 −4.4 ± 4.3 2.8
Th/Er 0.236 −0.627 −0.91 ± 0.04 (σ=0.11) 12 13.2 ± 4.3 5.1 −0.66 ± 0.08 (σ=0.17) 4 1.5 ± 5.5 7.9
Th/Hf 0.648 −0.188 −0.61 ± 0.05 (σ=0.13) 8 19.7 ± 4.5 6.1 −0.26 ± 0.06 1 3.4 ± 5.7 · · ·
Th/Ir 0.0677 −1.169 −1.42 ± 0.06 (σ=0.15) 8 11.7 ± 4.8 7.0 −1.12 ± 0.16 (σ=0.18) 2 −2.3 ± 8.8 8.4
Th/Pb 0.111 −0.955 −1.21 ± 0.23 (σ=0.32) 2 > 9.9 11. −0.43 ± 0.25 1 · · · · · ·

Note. No age is derived from the Th/Pb chronometer for the stars with an actinide boost because the decay of all actinide material present could never produce
the observed Th/Pb ratio in CS 31082−001.

globular cluster. Using the Th/Eu ratio derived by Johnson &
Bolte (2001) for one star in this cluster, we find an age of
10.6 ± 4.7 Gyr. Aoki et al. (2007) derived the Th/Eu ratio
in one star in UMi, which implies an age of 12.0 ± 6.5 Gyr.
This result is consistent with the earlier finding that this system
experienced only one significant episode of star formation at
early times (!11 Gyr ago; Dolphin 2002). In all three cases, the
ages for these systems derived from nuclear chronometry and
other independent methods agree within the uncertainties.

7. IMPLICATIONS FOR NUCLEOSYNTHESIS IN THE
EARLY GALAXY

One of the more remarkable aspects of the abundance ratios
for r-process-only stars in Figures 4, 6, and 7 is the wide range
of Eu and Fe abundances covered by these correlations. The
r/Eu ratios are constant over a very wide range of absolute
r-process enrichment, roughly 2.4 dex or a factor of 250. All
of the [r/Eu] abundance ratios in these figures (with the noted
exception of the [Pb/Eu] and [Th/Eu] ratios in the stars with
an actinide boost) are unchanged over the metallicity range
−3.1 " [Fe/H] " −1.4. For these stars, the [Eu/Fe] ratios
are always supersolar, but they vary widely, from +0.31 (M92
VII-18) to +1.82 (HE 1523−0901). This wide dispersion in
n-capture abundances at low metallicities has been previously
noted by many investigators, including Gilroy et al. (1988) and
Burris et al. (2000). Several stars with +0.3 < [Eu/Fe] < + 0.5
exhibit an r-process-only signature, which reveals—as might be
expected—that a pure r-process pattern can be found even in
small amounts of r-process enrichment. Furthermore, this same
pattern is observed in stars in the Galactic halo, several globular
clusters, and one dSph system. Taken together, these facts are
strong evidence for the universal nature of the main r-process
for species with Z # 56 (as constrained by observations), since
stars with log ϵ (Eu) ∼ + 0.4 dex certainly are comprised of the
remnants of many more SNe than stars with log ϵ (Eu) ∼ − 2.0.

From an analysis of the La/Eu ratio in a sample of 159 stars
with −3.0 < [Fe/H] <+ 0.3, Simmerer et al. (2004) found stars
with [Fe/H] = −2.6 exhibiting signatures of the s-process,
while other stars as metal-rich as [Fe/H] = −1.0 showed little
evidence of any s-process material. By the definition we adopt
in Section 4, log ϵ (La/Eu)r < +0.25, processes other than the
r-process (e.g., the so-called weak r-process) must be responsi-
ble for some n-capture material at even lower metallicity. Sim-
merer et al. (2004) also found incomplete mixing of both r-
process and s-process material in stars with [Fe/H] > −1.0. We
find that the gas from which these stars formed was inhomo-
geneous at metallicities as high as [Fe/H] = −1.4, the metal-

rich limit of our sample; here, several stars show no evidence
of any contributions from the s-process. Furthermore, Roederer
(2009) found no preferred kinematic signature for stars with pure
r-process or s-process enrichment patterns, with these patterns
extending over a wide metallicity range of −3.0 < [Fe/H]
< − 0.4. This reinforces the notion that n-capture enrichment
at low metallicity is likely a very localized phenomenon that
results in a large distribution of n-capture abundances.

The range of absolute r-process enrichment noted above
includes 18 stars in M15. (Three stars from Sneden et al. 2000
are shown in Figure 4; additional stars from Sneden et al. 1997
and Otsuki et al. 2006, who did not report Th abundances, are
not shown.) These 18 stars in a single globular cluster show
no change in their Ba/Eu or La/Eu ratios despite a change in
the absolute Eu enrichment level by 0.9 dex, a factor of ≈8;
their Fe abundances differ by less than 0.2 dex, a factor of
≈1.5. Sneden et al. (1997) found no correlation between these
n-capture enrichment patterns in M15 and the signatures of deep
mixing commonly observed in globular cluster stars, indicating a
primordial origin. This enrichment pattern resembles that of the
Galactic halo, but it is not obvious why other clusters enriched
by r-process material (with or without significant contributions
from the s-process) fail to show similar star-to-star dispersion.

8. CONCLUSIONS

We have identified a sample of 27 stars with −3.1 < [Fe/
H] < −1.4 that have been enriched by the r-process and show
no evidence of s-process enrichment. We confront r-process
nucleosynthesis predictions for Pb and Th with measurements
(or upper limits) in our stellar sample. We use these very heavy
isotopes located near the termination points of s- and r-process
nucleosynthesis to better understand the physical nature of the
r-process and the onset of nucleosynthesis in the early Galaxy.
Our major results can be summarized as follows.

Stars with log ϵ (La/Eu) < + 0.25 (our “r-process-only”
sample, where more than ≈99% of the n-capture material
originated in the r-process) show no evolution in their Pb/La
ratio over the metallicity range −2.2 < [Fe/H] < −1.4. In
contrast, stars with log ϵ (La/Eu) # +0.25 (those with just a
dusting of s-process material on top of r-process enrichment)
show a significant increase in Pb/La with decreasing metallicity.
This emphasizes the effect of the higher neutron-to-seed ratio
that occurs in low metallicity s-process environments and
overproduces nuclei at the termination of the s-process chain
relative to lighter s-process nuclei. This effect is noticeable in
stars where only ≈2.0% of the n-capture material originated in
the s-process.

Roederer et al. ApJ 698, 1963 (2009) 



Ren et al. A&A 537, A118 (2012) 

COSNAP seminar 

Hamburg/ESO R-process enhanced star survey (HERES) 
 

Th abundance detected for 17 metal-poor stars 
  => ~10% actinite boost stars. 

 
 

A&A 537, A118 (2012)

Table 2. Comparison with literature results for seven common stars.

Teff log g [Fe/H] Vmic log ϵ(Th) Notes
[K] [cm s−2] [km s−1]

CS 22892−052 4884 1.81 −2.95 1.67 −1.76 This work
4790 1.6 −2.92 1.8 −1.42 ± 0.15 Honda et al. (2004)
4800 1.5 −3.1 1.95 −1.57 ± 0.10 Sneden et al. (2003)
4710 1.5 −3.2 2.1 −1.60 ± 0.07 Sneden et al. (2000)
4800 1.5 −3.1 1.95 −1.60 ± 0.13 Roederer et al. (2009)

CS 29497−004 5013 2.23 −2.81 1.62 −1.17 This work
5090 2.4 −2.81 1.6 −0.96 ± 0.15 Christlieb et al. (2004)

CS 31082−001 4922 1.90 −2.78 1.88 −1.00 This work
4825 1.5 −2.9 1.8 −0.98 ± 0.05 Hill et al. (2002)

−2.9 −0.98 ± 0.05 Plez et al. (2004)
4790 1.8 −2.81 1.9 −0.92 ± 0.10 Honda et al. (2004)

CS 29491−069 5103 2.45 −2.81 1.54 <−1.37 This work
5300 2.8 −2.6 1.6 −1.46 ± 0.25 Roederer et al. (2009)
5300 2.8 −2.6 1.6 −1.43 ± 0.22 Hayek et al. (2009)

HE 2327−5642 5048 2.22 −2.95 1.69 −1.45 This work
5050 2.34 −2.78 1.8 −1.67 ± 0.20 Mashonkina et al. (2010)

Fig. 2. Thorium abundances comparison for the common stars between
this work and previous works, which are the averaged value if there are
more than one results. Error bars are given and upper limits are marked
with arrows.

similar or better quality observational data by others, namely
CS 22892−052, CS 29497−004, CS 31082−001, CS 29491−069
and HE 2327−5642. Note that we failed to derive the thorium
abundance for a well studied bright halo star HE 221170, since
our modelling indicated Th II line in this star to be severely
blended by Co lines; this star has been reported thorium en-
hanced compared with iron (Ivans et al. 2006; Yushchenko et al.
2005). The same for another strongly r-process enhanced star
HE 1219−0312, in which the blendings exceed 80% of the
line fit, resulting a very uncertain abundance. HE 0338−3945
is an reported s-II carbon enhanced star ([Eu/Fe = 1.89, [Ba/Eu]
= 0.52, and [C/Fe] = 2.07]), which experienced strongly both
r- and s- process enhancements. For the same reason as for
other carbon-enhanced stars, our method failed to get a reli-
able thorium abundance for this hot dwarf. For rest of the com-
mon stars, our thorium abundance results are all in agreement
with literatures values within the uncertainty as shown in Fig. 2;
such consistence gives us the confidence that our results are reli-
able for studying the overall thorium abundances distribution of
metal-poor stars.

Fig. 3. Plot of log ϵ(Th) vs. [Fe/H] and log (Th/Eu) vs. [Fe/H]. Detected
results from this work are in black, and the upper limits are in red.
Results from other studies are in green. These filled symbols are the
stars in common with previous works. See text for the definations of
different subclasses. A dashed red line is plotted in the lower panel cor-
responding to the “zero-age” log (Th/Eu). Averaged error bars are given
at the lower right corner.

Table 3. Definition of subclasses of metal-poor stars.

Class Constraints
r-normal 0 ≤ [Eu/Fe] < 0.3 and [Ba/Eu] < 0
r-I 0.3 ≤ [Eu/Fe] ≤ 1.0 and [Ba/Eu] < 0
r-II [Eu/Fe] > 1.0 and [Ba/Eu] < 0
s [Ba/Fe] > 1.0 and [Ba/Eu] > 0.5
s-II [Eu/Fe] > 1.0 and [Ba/Eu] > 0.5
r/s 0.0 < [Ba/Eu] < 0.5

In Fig. 3, we plot thorium abundances and the ratios of tho-
rium over europium against increasing metallicity, and we also
plot results collected from previous studies in green, including
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black: detected 
red: upper limit 
green: literature 

actinide boost 



Ret-II => 
 Ejects a large amount of r-

process material 
 
Actinide Boost Stars => 

 Rare event (~10%) 
 Undergoes fission recycling 

Postulate: These events are the NSMs 



How can NSMs appear at low 
metallicity? 



Arrival of r-process material in the halo requires 
chemo-dynamical modeling of the Local Group 
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Fig. 1. Log of baryonic column-density distribution in the x � y plane for a large scale 15 Mpc
cosmological simulation. The box in the lower portion of the figure identifies a LG-like system
characterized by two large galaxies separated by ⇠ 800 kpc and surrounding halo galaxies.

dominant galaxies is, at first, the result of a number of infalling dwarf galaxies
forming and merging very early, but subsequently a continuous stream of dwarf
galaxies arriving up to much later times and from distances of up to hundreds of
kpc away.

When the baryons are included, the two dominant spiral galaxies of masses
⇠ 1 � 4 ⇥ 1011 M� form early in the simulation. Also the presence of Magellanic-
cloud or M32-like systems and SagA- like mergers occurring near the Galactic center
is a common feature of such systems and easily identifiable on Figure 2.

Figure 3 shows an example of a Milky-Way like spiral from one of our simulations
[36], while Figure 4 shows examples of magellanic-like SBm galaxies from another
simulation. Of particular interest in these simulations is that the inflowing dwarf
galaxies line up along filamentary structures. This alignment causes an enhanced
gravity along the filament leading to a streaming flow of cosmic fluid toward the
dominant galaxies.

Figure 5 shows an example [34] of a pair of Magellanic type galaxies from one
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Fig. 2. Log of column density distribution in the x � y plane for a on a scale of 3 Mpc for the
LG-like system in the cosmological simulation of fig. 1.

of our LG simulations. Note the appearance of at least three streaming flows; one
from the lower right, one from the bottom, and one from the upper right. In larger
systems these correspond to a flow of arriving/merging dwarf spheroidal galaxies
from hundreds of kpc throughout the simulation history. The implication for the LG
system is that a significant fraction of the most distant (> 1 Mpc) observed dwarf
galaxies should line up into such flows. Indeed, there there is marginal evidence [34]
in observed dwarf galaxies for such streaming flows arriving from in the general
direction of the Mo�e and Sculptor systems (though the Sculptor galaxy itself is
probably not a part of this motion). However, more data on dwarf galaxies at large
distances is desired.

From the simulations one can deduce that many of the ”first stars” could have
formed far from the Milky Way and later arrived via streaming flows. Indeed, late
time mergers are the likely source of an observed population [67] of counter orbiting
low-metallicity stars in the outer halo.

Mathews et al. MPLA (2014) 



At least some metal-poor r-process material in the 
halo arrives via merging of halo dwarf galaxies 

Early  formation of the halo 
includes a complex evolution of 
merging dwarf galaxies  arriving at 
later times 
 

Zhao & Mathews (2012) 



Neutron star merger r-process in dwarf 
galaxies can apper at low metallicity 

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

Hiria, et al. ApJ (2015) 

τ(merger) = 10 Myr 

τ(merger) = 500 Myr 

In dwarf galaxies, metallicity growth 
time scale  can be much longer 
=> Lower metallicity 
=> Reticulum II NSM event could 
have been delayed 



Problem with the Neutrino Heated Wind r-
Process 
Neutrino 
Luminosity 
~1053 erg/sec 

Neutrino Heating 
Produces a high 
entropy bubble 
 
S = ∫dt (dQ/dt)/T 

Woosley, GJM, et al.(1994) 



Not enough neutrons for the heaviest 
r-process nuclides 

The Astrophysical Journal Letters, 770:L22 (6pp), 2013 June 20 Wanajo
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Figure 3. Top: mass-integrated nuclear abundances, which are compared with
the solar r-process abundances (circles) that shifted to match the third peak
height (A ∼ 200) for the 2.4 M⊙ model. Bottom: ratios of mass-integrated
abundances relative to the solar r-process abundances (scaled at A = 90).
(A color version of this figure is available in the online journal.)

M = 2.4 M⊙ model. As anticipated from the lower panel of
Figure 2, only the extreme model of M = 2.4 M⊙ satisfactorily
accounts for the production of heavy r-process nuclei up to Th
(A = 232) and U (A = 235 and 238). The 2.2 M⊙ model reaches
the third peak abundances but those beyond. The 2.0 M⊙ model
reaches the second (A ∼ 130) but the third peak abundances. We
find no strong r-processing for the models with M < 2.0 M⊙.

We find, however, quite robust abundance patterns below A ∼
110, which appears a fundamental aspect of nucleosynthesis in
PNS winds. The double peaks at A ≈ 56 and 90 with a trough
between them are formed in quasi-nuclear equilibrium (QSE;
!4 GK). Note also that the overproduction of N = 50 species
88Sr, 89Y, 90Zr (Woosley et al. 1994; Wanajo et al. 2001) is
not prominent in our result. This is due to the short duration
of moderate S (<100 kB nucleon−1; Figure 1) with Ye ∼ 0.45
(Figure 3), in which the N = 50 species copiously form in QSE.
The lower panel of Figure 3 shows the ratios of nucleosynthetic
abundances relative to their solar r-process values (normalized
at A = 90). For 2.2 M⊙ and 2.4 M⊙ models, the ratios are more
or less flat between A = 90 and 200, although deviations from
unity are seen everywhere.

Table 1 provides the masses (in units of 10−5 M⊙) of the total
ejecta, 4He, those with A > 100, Sr, Ba, and Eu, for all the
PNS models. The total ejecta masses span a factor of six with
smaller values for more massive PNSs. The larger fractions of
4He in more massive models, however, lead to the ejecta masses

Table 1
Ejecta Masses (in Units of 10−5 M⊙)

M/M⊙ 1.2 1.4 1.6 1.8 2.0 2.2 2.4

Total 219 143 100 74.1 56.7 44.6 36.0
4He 122 92.7 71.9 56.9 45.8 37.4 31.0
A > 100 2.19 2.75 2.76 2.27 1.78 1.37 0.893
Sr 3.61 1.92 1.09 0.627 0.346 0.177 0.0764
Ba 0.00 0.00 0.00 0.00 0.0420 0.0373 0.0199
Eu 0.00 0.00 0.00 0.00 0.00452 0.00585 0.00305

for A > 100 (total masses of r-process nuclei) ranging only
a factor of 2.5. The masses of Sr range a factor of 50 with the
greater amount for less massive models. Ba and Eu are produced
only in the massive models with M " 2.0 M⊙.

Studies of Galactic chemical evolution estimate the average
mass of Eu per CCSN event (if they were the origin) to be
∼10−7 M⊙ (Ishimaru & Wanajo 1999), that is, ∼a few 10−5 M⊙
for the nuclei with A > 100. Taken at the face value, the Eu
masses for M " 2.0 M⊙ reach 30%–60% of this requirement.
The fraction of events with such massive PNSs would be limited
to no more than ∼20% of all CCSN events (e.g., !25 M⊙). The
masses of Eu from these massive PNSs are, therefore, about
10 times smaller than the requirement from Galactic chemical
evolution (the same holds for Ba). Note that, for massive PNS
cases, the ejecta masses would be further reduced by fallback
or black hole formation (Qian et al. 1998; Boyd et al. 2012).
For Sr, the required mass per CCSN event is estimated to be
∼2 × 10−6 M⊙ from the solar r-process ratio of Sr/Eu = 16.4
(Sneden et al. 2008). The low-mass PNS models, which may
represent the majority of CCSNe, thus overproduce Sr by about
a factor of 10. The amount of QSE products such as Sr, Y, and
Zr is, however, highly dependent on the multi-dimensional Ye
distribution in early times (t < 1 s; Wanajo et al. 2011b).

Figure 4 compares the mass-integrated abundances with those
of Galactic halo stars. Two well-known objects are taken as
representative of r-process-poor (HD 122563, left panels; Honda
et al. 2006; Roederer et al. 2012) and r-process-rich (CS 31082-
001, right panels; Siqueira Mello et al. 2013) stars with the
metallicities [Fe/H] = −2.7 and −2.9, respectively. These stars
have [Eu/Fe] = −0.52 and +1.69, respectively, well below
and above the average value of ≈ +0.5 at [Fe/H] ≈ −3. The
top and bottom panels show, respectively, the mass-integrated
abundances and their ratios relative to the stellar abundances,
which are normalized to the stellar abundances at Z = 40.

In the left panels, we find that the 1.2 M⊙ and 1.4 M⊙ models
result in reasonable agreement with the stellar abundances
between Z = 38 (Sr) and Z = 48 (Cd). The 2.0 M⊙ model nicely
reproduces the abundance pattern of HD 122563 up to Z = 68
(Er) but somewhat overproduces the elements of Z = 46–48 (Pd,
Ag, Cd). It could be thus possible to interpret that the abundance
signatures of r-process-poor stars were due to a weak r-process
that reaches Z ∼ 50 (M < 2.0 M⊙) or 70 (M = 2.0 M⊙)
with or without additional sources for Z > 50, respectively. In
the right panels, we find that the stellar abundances between
Z = 38 (Sr) and Z = 47 (Ag) are well reproduced by massive
models with M " 1.6 M⊙. The models with M = 2.2 M⊙ and
2.4 M⊙ produce the heavier elements with a similar pattern to
that of CS 31082-001 but with a smaller ratio. Because of the
insufficient production of Eu (Table 1), our PNS models would
not account for the high [Eu/Fe] value in this star. The winds
from such massive PNSs (M ! 2.0 M⊙) could be, however,
still the source of the low-level abundances (factor of several
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Weak r-process? 



Most likely the NDW only 
produces the light r-process 

elements 
 

What can make heavier r-process 
elements? 
 
  MHD jets? 
Neutron star mergers? 
 



MHD Jets from proto neutron stars ? 

 
Nishimura et al (2005-2016) 
Winteler et al (2012) 
Nakamura et al.( 2015) 



MHD jets are rare 

•  Small fraction of all SNe ~ 1% 
– High magnetic fields 
– High rotation 



This is a general problem with jet 
models 

•  Short timescale => rapid freezeout 
•  => bypass isotopes near closed nuclear 

shells 
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r-procss nucleosynthesis in the supernova MHD jet 
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 Nishimura, Kajino, GJM, Nishimura, Suzuki (2012) PRC, 85, 048801 

 38 neutron-rich isotopes including 100 Kr, 103−105 Sr, 106−108 Y, 108−110Zr, 
111,112 Nb, 112−115 Mo, and 116,117 Tc.  Measured at RIKEN RIBF 



Gaps depend upon ejection time 
scale and beta decay rates 
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Fig. 3.— Integrated mass averaged total final abundance distributions of r-process elements from Nishimura
et al. (2012) based upon the MHDJ supernova model (Nishimura et al. 2006). Red solid, green dotted,
and blue dashed lines correspond to results from using the FRDM (standard), RIBF, and RIBF+ rates,
respectively. Abundances of Solar-System r-process isotopes (Arlandini et al. 1999) are represented by black
dots with error bars.
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Fig. 4.— Comparison between schematic high-
entropy wind model calculations (Lorusso et al.
2015) without the new beta decay rates (upper
plot) and a calculation with the new rates (lower
plot).

transport) NDW scenario based upon the mod-
els of Freiburghaus et al. (1999). Making use of
new nuclear masses and beta-decay rates from the
finite-range droplet model FRDM-(2012) (Möller
et al. 2012) it was shown that the previous discrep-
ancies near A = 120 are significantly diminished
compared to the same calculation based upon the
previous FRDM-(1992) (Möller et al. 1995) nu-
clear properties. Hence, one must keep in mind
that at least some of the apparent discrepancy
may be due to the adopted nuclear input. Indeed,
this is a place where new measurements of nu-
clear masses near the r-process path have made
an impact. In this case, the impact of the new
beta-decay rates is to favor models with a more
gradual freezeout near the end of the r process.

As another example, calculations of Nishimura
et al. (2006) could fill the dips by using the ETFSI
mass model. However, these models did so at
the cost of displacing the 2nd and 3rd peaks
and/or underproducing (or overproducing) abun-
dances over a wide mass region between the second
and third peaks.
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peak to higher mass numbers by up to 5 units, which will be a
topic of the following sections.

While the position of the third peak is similar for all the mass
models considered here, the abundance patterns around the
second peak and the rare-earth peak show some diversity. For
these mass regions, the final abundances are strongly
influenced by fission close to the freeze-out and also possible
final neutron captures thereafter. Therefore, different final
abundance patterns can be an indicator of different fission
progenitors. Figure 6 shows the predominant fission reactions
at the time of freeze-out for the HFB-14 model. A comparison
with Figure 2 reveals that for the HFB-14 model the fission
close to freeze-out tends to happen at higher mass numbers (up
to A= 300), while for the FRDM model the fission parent with
the highest mass is found at A = 287. As a consequence,
fragments with higher mass can be produced (Figure 6(c)).
However, the bulk of the fragments lie between A = 125 and
A = 155, very similar to the FRDM case. Therefore, the
aforementioned shift of the second peak in the HFB model
calculations cannot be due to the fission fragment distribution
lacking fragments with mass numbers at the lower flank of the
second peak. The main cause must be reactions occurring after
fission, which will be discussed in the following section.

3.2. The Impact of Late Neutron Captures

In our NSM calculations, the third peak is shifted toward
higher mass numbers compared to the solar values (Figures 1,
4, and 5), regardless of the nuclear mass model utilized in the
present investigation. This phenomenon has appeared in
various calculations of NSMs before (Freiburghaus
et al. 1999; Metzger et al. 2010b; Roberts et al. 2011;
Korobkin et al. 2012; Goriely et al. 2013). We find that the
position of the third peak in the final abundances is strongly
dependent on the characteristics of the conditions encountered
during/after the r-process freeze-out that are characterized by a
steep decline in neutron density and a fast increase in the
timescales for neutron captures and photodissociations, leading
to different stages (timescales): (1) freeze-out from an (n,γ)–
(γ,n) equilibrium; (2) almost complete depletion of free
neutrons (Y Y 1n seed ⩽ ); and (3) the final abundance distribu-
tion. In the following, we use the term freeze-out in the context
of definition (1).

Figure 7 shows a comparison of our abundances on the r-
process path resulting from detailed nucleosynthesis calcula-
tions at t = 1 s for the FRDM mass model with those which
would result from an (n,γ)–(γ,n) equilibrium in each isotopic
chain (as first discussed by Seeger et al. 1965) for the
temperature and neutron density at that time (T 9.5 108� q K,
n 7.44 10 cmn

26 3� q � ). The plot displays the most abundant
nuclei in each isotopic chain, i.e., those on the r-process path.
The colors indicate the factor between the equilibrium
abundances and the abundances in our calculation. The highest
discrepancies can be observed around N = 100 and N = 140,
but only few nuclei show a factor larger than 2. This leads to
the conclusion that at this time the r-process still proceeds in
(n,γ)–(γ,n) equilibrium with (n,γ) and (γ,n) timescales much
shorter than β-decays, characteristic of a hot r-process.
This changes at t = 1.34 s (see Figure 8), when the

timescales for neutron capture and photodissociation become
larger than the β-decay timescale. Here both reaction time-
scales become longer than β-decays, and also neutron capture
wins against photodissociations. Note that the timescales of β-
decay also become larger as the material moves closer to
stability. As can be seen in Figure 8, there is a short period after
the freeze-out where (n,γ) dominates over both (γ,n) and β-
decay. Figure 9 shows the second and third peak abundances at
r-process freeze-out and the final abundances for a representa-
tive trajectory for the FRDM, ETFSI-Q, and HFB-14 mass
models. It is evident that the position of the third peak is still in
line with the solar peak at freeze-out, but is shifted thereafter
for all mass models. The position of the second peak behaves
differently. For all mass models, the final abundances for
A 120� nuclei are higher than the abundances at freeze-out,
because fission fragments with these mass numbers are still
produced after freeze-out. Nevertheless for the HFB-14 model
the (final) second peak seems shifted to higher mass numbers,
similar to its position at freeze-out. This might indicate that, for
the astrophysical conditions encountered here, this mass model
leads to a path running too close to stability.
The shift in the third peak as described above is a generic

feature in our NSM calculations. It is caused by the continuous
supply of neutrons from the fissioning of material above
A 240� . Figure 10 shows that after the freeze-out the release
of neutrons from fission dominates over β-delayed neutrons.
To further illustrate the importance of fission neutrons after

the freeze-out, we have run several calculations with both
FRDM and HFB-14 where we have switched off certain types
of reactions after the freeze-out. (1) The dashed lines in
Figure 11 (labeled “only decays”) represent the cases where
only decay reactions are allowed after the (n,γ)–(γ,n) freeze-
out (without fission). In this artificially created scenario the
only possibility for nuclei after the freeze-out is to decay to
stability, without the option to fission or capture neutrons. In
fact, a small shift of the third peak to lower-mass numbers can
be observed during this phase (compare Figures 9 and 11), as
β-delayed neutrons cause the average mass number to decrease.
In addition, since fission is not allowed either, the second peak
consists of just the material that was present there at freeze-out,
but the composition is (slightly) modified due to the combined
effects of β-decays and β-delayed neutrons. (2) If we also
allow for fission in addition to the decay reactions (dotted-and-
dashed lines in Figure 11), the second peak is nicely
reproduced by fission fragments for both mass models and
the third peak is still not affected. (3) However, a notable

Figure 5. Comparison of nuclear mass models FRDM, ETFSI-Q, and HFB-14.
The underproduction of A140 160� � nuclei apparent in the FRDM model
does not occur in the ETFSI-Q or HFB-14 model cases. The fission fragment
distribution model used here is ABLA07.
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R-Process in the collapsar jet?  
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May need a process to fill in 
above and below r-process peaks 
•  Fission recycling in neutron star mergers 

Shibagaki, Kajino, GJM et al, ApJ (2016)  
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Neutron star mergers can produce solar  r-process 
abundance distributions, but this depends upon 
fission barriers and fragment mass distributions 
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Figure 4. Final nuclear abundances for selected trajectories (top) and that mass-
averaged (bottom; compared with the solar r-process abundances).
(A color version of this figure is available in the online journal.)

slows the temperature drop around 1 GK (e.g., Korobkin et al.
2012). The effect is, however, less dramatic than those found
in previous works because of the higher ejecta entropies in our
result.

Figure 4 (top) displays the final nuclear abundances for
selected trajectories. We find a variety of nucleosynthetic
outcomes: iron-peak and A ∼ 90 abundances made in nuclear
quasi-equilibrium for Ye ! 0.4, light r-process abundances for
Ye ∼ 0.2–0.4, and heavy r-process abundances for Ye " 0.2.
In contrast to previous works, we find no fission recycling;
the nuclear flow for the lowest Ye (=0.09) trajectory reaches
A ∼ 280, the fissile point by neutron-induced fission, only at the
freezeout of r-processing. Spontaneous fission plays a role for
forming the A ∼ 130 abundance peak, but only for Ye < 0.15.

Figure 4 (bottom) shows the mass-averaged nuclear abun-
dances by weighting the final yields for the representative
trajectories with their Ye mass fractions on the orbital plane
(Figure 3). We find a good agreement of our result with the
solar r-process abundance distribution over the full-A range of
∼90–240 (although the pattern would be somewhat modified
by adding non-orbital components). This result, differing from
the previous works exhibiting the production of A ! 130 nu-
clei only, is a consequence of the wide Ye distribution predicted
from our full GR, neutrino transport simulation. Note also that

fission plays a subdominant role for the final nucleosynthetic
abundances. The second (A ∼ 130) and rare-Earth-element
(A ∼ 160) peak abundances are dominated by direct produc-
tion from the trajectories of Ye ∼ 0.2. Our result reasonably
reproduces the solar-like abundance ratio between the second
(A ∼ 130) and third (A ∼ 195) peaks as well, which is difficult
to explain by fission recycling.

Given that the model is representative of NS–NS mergers, our
result gives an important implication; the dynamical ejecta of
NS–NS mergers can be the dominant origin of all the Galactic
r-process nuclei. Other contributions from, e.g., the BH-torus
wind after collapse of HMNSs, as invoked in the previous
studies to account for the (solar-like) r-process universality,
may not be needed. The amount of entirely r-processed ejecta
Mej ≈ 0.01 M⊙ with present estimates of the Galactic event rate
(a few 10−5 yr−1, e.g., Dominik et al. 2012) is also compatible
with the mass of the Galactic r-process abundances as also
discussed in previous studies (Korobkin et al. 2012; Bauswein
et al. 2013).

4. RADIOACTIVE HEATING

The r-processing ends a few 100 ms after the merging. The
subsequent abundance changes by β-decay, fission, and α-decay
are followed up to t = 100 days; the resulting radioactive
heating is relevant for kilonova emission. Figure 5 displays the
temporal evolutions of the heating rates for selected trajectories
(top left) and those mass-averaged (top right). For comparison,
the heating rate for the nuclear abundances with the solar
r-process pattern (for A # 90, q̇solar−r ; the same as that used in
Hotokezaka et al. 2013b; Tanaka et al. 2014), β-decaying back
from the neutron-rich region, is also shown in each panel. The
short-dashed line indicates an analytical approximation defined
by q̇analytic ≡ 2 × 1010 t−1.3 (in units of erg g−1 s−1; t is time
in day, e.g., Metzger et al. 2010). The lower panels show the
heating rates relative to q̇analytic.

Overall, each curve reasonably follows q̇analytic by ∼1 day.
After this time, the heating is dominated by a few radioactivities
and becomes highly dependent on Ye. Contributions from the
ejecta of Ye > 0.3 are generally unimportant after ∼1 day. We
find that the heating for Ye = 0.34 turns to be significant after
a few tens of days because of the β-decays from 85Kr (half-life
of T1/2 = 10.8 yr; see Figure 4 for its large abundance), 89Sr
(T1/2 = 50.5 days), and 103Ru (T1/2 = 39.2 days). Heating rates
for Ye = 0.19 and 0.24, the abundances of which are dominated
by the second peak nuclei, are found to be in good agreement
with q̇solar−r . This is due to a predominance of β-decay heating
from the second peak abundances, e.g., 123Sn (T1/2 = 129 days)
and 125Sn (T1/2 = 9.64 days) around a few tens of days.

Our result shows that the heating rate for the lowest Ye
(=0.09) is the greatest after 1 day with a few times larger values
than those in previous works (with Ye ∼ 0.02–0.04 in Goriely
et al. 2011; Rosswog et al. 2014). In our case, the radioactive
heating is dominated by the spontaneous fissions of 254Cf and
259,262Fm. It should be noted that the heating from spontaneous
fission is highly uncertain because of the many unknown half-
lives and decay modes of nuclides reaching to this quasi-stable
region (A ∼ 250–260 with T1/2 of days to years). In fact,
tests with another set of theoretical estimates show a few times
smaller rates after ∼1 day (because of diminishing contributions
from 259,262Fm), being similar to the previous works. It appears
difficult to obtain reliable heating rates with currently available
nuclear data when fission plays a dominant role.

4

Wanajo et al. ApJ  (2014) 

4

10-4

10-3

10-2

10-1

100

80 100 120 140 160 180 200 220 240

M
as

s f
ra

ct
io

n

A

Solar

10-4

10-3

140 150 160 170 180

FIG. 4. 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 [46]. The abundances are compared with
the solar ones [48] (dotted circles). The insert zooms on the
rare-earth elements.

semi-empirical GEF model [46], also leading to an un-
derproduction of rare-earth elements, as shown in Fig. 4
and also discussed in Ref. [47]. Our NSM scenario thus
o↵ers a consistent explanation of the creation of the rare-
earth elements connected to r-processing, di↵erent from
alternative suggestions for production sites of these el-
ements, e.g. at freeze-out conditions in high-entropy r-
process environments [55] with all the associated astro-
physical problems [1–3].

In addition, with the SPY FFDs the r-abundance dis-
tribution is rather robust for di↵erent sets of fission barri-
ers. As explained above, the 110 <⇠ A <⇠ 170 abundances
originate essentially from the fission of the nuclei that
�-decay along the A ' 278 isobars at the end of the
neutron irradiation. The corresponding fissioning nuclei
are all predicted by the SPY model to fission basically
with the same doubly asymmetric distribution (Fig. 2),
leading to similar r-distributions, independent of the fis-
sioning element along the isobar.

The emission of prompt neutrons also a↵ects the r-
abundance distribution. According to the SPY model,
the fission of the most abundant nuclei around A = 278
is accompanied with the emission of typically 4 neutrons
(Fig. 1b). These neutrons are mainly re-captured by the
abundant nuclei forming the N = 126 peak. For this
reason, not only the abundance distribution for A <⇠ 160
is slightly shifted to lower masses, but the abundant
A = 196 peak is shifted to higher masses by a few units.
The impact, however, remains small due to the small av-
erage number of emitted neutrons. This even improves
the agreement with the solar distribution for A ' 145 and
A ' 172 nuclei but distorts slightly the A = 195 peak.
However, the global abundance pattern for A > 140, in
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FIG. 5. Same as Fig. 4 but with abundance distributions ob-
tained with three additional sets of nuclear rates, namely re-
action rates obtained with the D1M [56] or FRDM [57] masses
and �-decay rates from the GT2 or Tamm-Danco↵ approxi-
mation (TDA) [58].

particular the A = 195 peak, can also be a↵ected by the
still uncertain neutron-capture and �-decay rates. Nev-
ertheless, the production of the rare-earth peak remains
qualitatively rather robust (Fig. 5), at least for the three
additional sets of nuclear models tested here.
Conclusions.—The decompression of NS matter re-

mains a promising site for the r-process. This site is
extremely robust with respect to many astrophysical un-
certainties. We demonstrated here that the newly derived
FFD based on the SPY model can consistently explain
the abundance pattern in the rare-earth peak within this
r-process scenario, in contrast to results with more phe-
nomenological models predicting symmetric mass yields
for the fissioning A ' 278 nuclei. Our new finding pro-
vides an even stronger hint to NSMs as possibly dominant
site for the origin of A > 140 r-nuclei in the Universe. In
particular the robustness of the ejecta conditions and as-
sociated fission recycling as well as the good quantitative
agreement of the theoretical and solar abundances are
fully compatible with the amazing uniformity of the rare-
earth abundance patterns observed in many metal-poor
stars [31].
The unexpected doubly asymmetric FFD predicted

by SPY also opens new perspectives in theoretical and
experimental nuclear physics concerning specific fission
modes related to the nuclear structure properties of ex-
otic nuclei. Dynamical mean field calculations [59] should
quantitatively confirm the fission yields predicted by
SPY, and future experiments producing fission fragments
similar to those predicted by the doubly asymmetric fis-
sion mode could reveal the nuclear properties of the cor-
responding fission fragments.
S.G. acknowledges financial support of F.N.R.S. and

“Actions de recherche concertées (ARC)” from the
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r-process yields are sensitive to the termination of the 
r-process by beta-induced fission 
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Fig. 3.— (Color online) Average final abundance patterns for
the fission recycling environment of NSM (red line), the main r-
process abundances from the MHDJ model (blue line) and weak
r-process (green line) from the NDW. These are compared with the
observed (Goriely et al. 1999) r-process abundances in the solar
system (black dots). The thin black line shows the sum of all
contributions.

tor fWeak was determined from a fit to light isotopes
near A=100 for the NDW model. The MHDJ yields
were normalized to the second r-process peak. The best
fit (black) line in Figure 3 is for fFission = 0.16 and
fWeak = 4.3. These relative contributions are consistent
with estimated Galactic event rates as described below.
Of particular relevance to the present study is that

the one order of magnitude underproduction of nuclides

above and below the A = 130 r-process peak shown by
the blue line is nearly accounted for by the fission re-
cycling (NSM) and weak r-process (NDW) models. The
final r-process isotopic abundances from our NSM model
exhibit a very flat pattern due to several episodes of fis-
sion cycling. Thus, we find that the fission recycling can
resolve most of the underproduction problems for the el-
ements just below and above the abundance peaks in
models of the main r-process. The remaining underpro-
duction below the A = 130 peak is most likely due to the
weak r-process as illustrated on Figure 3.
The main point of this paper is that one can deduce the

relative contributions of each r-process model based upon
their relative shortcomings. However, it is important to
ask whether the inferred fractions, of ∼79% NDW, ∼18%
MHDJ, and ∼3% NSM are plausible.
Although there are many uncertainties in the astro-

physical and galactic chemical evolution parameters, it
is worthwhile to estimate weight parameters fFission and
fWeak from observed Galactic event rates and expected
yields. In particular we write

fFission ≈ RNSMMr,NSM

ϵMHDJRCCSNMr,MHDJ
, (6)

and

fWeak ≈ RCCSNMr,Weak

ϵMHDJRCCSNMr,MHDJ
, (7)

where Mr,NSM, Mr,MHDJ, and Mr,Weak are the ejected
masses of r-elements from the NSM, MHDJ, and NDW
weak r-process models, respectively, while RCCSN and
RNSM are the corresponding Galactic event rates of CC-
SNe and NSMs. The ejected mass of r-process elements
in the models of Wanajo (2013) is ≈ 2 × 10−5 M⊙ and
nearly independent of assumed core mass. The quantity
ϵMHDJ is the fraction of CCSNe that result in magneto-
rotationally driven jets. This was estimated in Winteler
et al. (2012) to be ∼ 1% of the core-collapse supernova
rate based upon the models of Woosley & Heger (2006).
However this is probably uncertain by at least a factor of
two. Indeed, the fraction could be larger as most massive
stars are fast rotators and the conservation of magnetic
flux should often lead to high magnetic fields in the newly
formed proto-neutron star. Hence, we take this fraction
to be 3±2%. The mass of synthesized r-process elements
from MHDJs is estimated to be 6×10−3M⊙ (Winteler
et al. 2012) while that of a typical binary NSM is ex-
pected to be 2± 1× 10−2M⊙ (Korobkin et al. 2012). If
the Galactic neutron star merger rate is 80+200

−70 Myr−1

(Kalogera et al. 2004), and the Galactic supernova rate
is, 1.9 ± 1.1 × 104 Myr−1 (Dhiel et al. 2006), then one
should expect fFission ∼ 0.6±0.4 and fWeak ≈ 8±6 con-
sistent with our fit parameters, and suggesting that this
fit may be a way of constraining the relative contribution
of NSMs and MHDJs to solar-system material.
We note, however, that other NSM calculations pre-

dict about 10−4 to 10−2 M⊙ of r-process material to
be ejected (e.g. Hotokezaka et al. 2013; Bauswein et
al. 2013). Adopting a value of 10−3 M⊙ could lead to
fFission ∼ 0.02, i.e. about an order of magnitude too
low. Of course, this needs to be better quantified in more
detailed chemical evolution and r-process hydrodynamic
models. Nevertheless, based upon the models adopted

Shibagaki, 
Kajino, GJM 
et al, ApJ, 816, 
79 (2016)  
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Each possibility has advantages and disadvantages 
=> One must consider the galactic chemical evolution r-

process contributions from all three sites 
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1 Equations of GCE

Evolution of the gas surface density

dMg

dt
= E(t)−B(t) + fin(t)− fout(t) (1)

E(t) =

∫ mh

m(t−τm)
(m−mr)φ(m)ψ(t − τm)dm , (2)

Elemental isotope i varies as

dMi

dt
= Pi(t) + Ei(t) +Xinfin(t)−Xi[fout(t) +B(t)] (3)

Ejection rate of species i into the ISM

Ei(t) =

∫ mh

m(t−τm)
(mi)Xi(t− τm)(m−mr −mi)φ(m)ψ(t − τm)dm (4)

Production rate of newly synthesized species i into the ISM

PFe(t) = mFe(Ia)RIa +mFe(Ib)RIb +mFe(II)RII (5)

PrNSM (t) = mr(NSM)RNSM +mFe(Ib)RIb +mFe(II)RII (6)

PrNDW (t) = mr(NDW )RSNII (7)

PrMHDJ(t) = mr(MHDJ)ϵMHDJRSNII (8)

RNSM =

∫ mh

ml

dMBφ(MB)

∫ 1

ql

dqf(q)

∫ ah

al

daP (a)ψ(t − τm2 − tG) (9)

RSNII =

∫ mh

ml

φ(m)ψ(t− τm)dm (10)

1



Normalization 

•  R(SNII) = 1.9±1.1/Century - Diehl, et al., Nature 439, 45 
(2006). 

•  ε(MJDJ) =Fraction of SNe that make MHD jets = ~ 1%  
Winteler, et al., ApJ 750, L22 (2012). 

•  R(NSM) (1-28) x 10-3  /Century - Kalogera, et al., ApJ 614, 
L137 (2004). 
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Relative contribution to the Solar-System r-
process material from  

NDW, MHD-jets, and neutron-star mergers? 

Ejected Mass   
•  mr(NDW) = 7.4 x 10-4   M! 
•  Wanajo et al (2013) 

•  mr(MHDJ) ε(MJDJ)  = 0.6 x 10 -2  M!× (0.03±0.02)  
•  Winteler et al. (2012) 

•  mr(NSM) = (2±1)x10-2 M! 

=> 
NDW ~80% : 
MHDJ ~15% : 
NSM ~5%           
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Fig. 3.— (Color online) Average final abundance patterns for
the fission recycling environment of NSM (red line), the main r-
process abundances from the MHDJ model (blue line) and weak
r-process (green line) from the NDW. These are compared with the
observed (Goriely 1999) r-process abundances in the solar system
(black dots). The thin black line shows the sum of all contributions.

yields exhibit a very flat pattern due to several episodes
of fission cycling. Thus, we find that fission recycling
has the potential to resolve most of the underproduc-
tion problems for the elements just below and above the
abundance peaks in models of the main r-process. The
remaining underproduction below the A = 130 peak is
most likely due to the weak r-process as illustrated on
Figure 3.
The main point of this paper is that one can deduce the

relative contributions of each r-process model based upon
their relative shortcomings. However, it is important to
ask whether the inferred fractions, of ∼79% NDW, ∼18%
MHDJ, and ∼3% NSM are plausible.
Although there are many uncertainties in the astro-

physical and galactic chemical evolution parameters (Ar-
gast et al. 2000; Komiya et al. 2014), it is worthwhile
to estimate weight parameters fFission and fWeak from
observed Galactic event rates and expected yields. In
particular we write

fFission ≈
RNSMMr,NSM

ϵMHDJRCCSNMr,MHDJ
, (6)

and

fWeak ≈
RCCSNMr,Weak

ϵMHDJRCCSNMr,MHDJ
, (7)

where Mr,NSM, Mr,MHDJ, and Mr,Weak are the ejected
masses of r-elements from the NSM, MHDJ, and NDW r-
process models, respectively, while RCCSN and RNSM are
the corresponding relative Galactic event rates of CCSNe
and NSMs.
The ejected mass of r-process elements in the models

of Wanajo (2013) is ≈ 2×10−5 M⊙ and nearly indepen-
dent of assumed core mass. The quantity ϵMHDJ is the
fraction of CCSNe that result in magneto-rotationally
driven jets. This was estimated in Winteler et al. (2012)
to be ∼ 1% of the core-collapse supernova rate based
upon the models of Woosley & Heger (2006). However
this is probably uncertain by at least a factor of two. In-
deed, the fraction could be larger as most massive stars
are fast rotators and the conservation of magnetic flux

should often lead to high magnetic fields in the newly
formed proto-neutron star. Hence, this fraction could
easily range from ∼ 1 to ∼ 5% which incorporates the
∼ 1% fraction of observed magnetars compared to nor-
mal neutron stars. [We treat this as a lower limit because
some fraction of observed normal neutron stars may have
had a larger magnetic field in the past.] The mass of syn-
thesized r-process elements from MHDJs is estimated to
be 6×10−3M⊙ (Winteler et al. 2012) while that of a typ-
ical binary NSM is expected to be 2± 1× 10−2M⊙ (Ko-
robkin et al. 2012). If the Galactic neutron star merger
rate is 80+200

−70 Myr−1 (Kalogera et al. 2004), and the
Galactic supernova rate is, 1.9± 1.1× 104 Myr−1 (Diehl
et al. 2006), then one should expect fFission ∼ 0.6± 0.4
and fWeak ≈ 8 ± 6 corresponding to relative contribu-
tions of ∼ 80% weak, ∼ 10% main and ∼ 10 % fission
recycling. Thus, although there are large uncertainties,
these fractions are plausibly consistent with our fit pa-
rameters. This suggests that such a fit may be a way
of constraining the relative contribution of NSMs and
CCSNe to solar-system material.
We note, however, that other NSM calculations pre-

dict about 10−4 to 10−2 M⊙ of r-process material to
be ejected (e.g. Hotokezaka, et al. 2013; Bauswein et
al. 2013). Adopting a value of 10−3 M⊙ could lead to
fFission ∼ 0.02, i.e. about an order of magnitude below
that suggested in our fit to Figure 3.
Of course, this needs to be better quantified in more

detailed chemical evolution (Cescutti & Chiappini 2014;
Cescutti et al. 2015; Tsujimoto & Shigeyama 2014a,b;
Komiya et al. 2014; Ishimaru et al. 2015; Wehmeyer et
al. 2015) and chemodynamical studies (Shen et al. 2015;
van de Voort et al. 2015) along with better r-process hy-
drodynamic models (Winteler et al. 2012; Perego et al.
2014; Rosswog et al. 2014; Wanajo, et al. 2014; Goriely
et al. 2015; Just et al. 2015; Nishimura et al. 2015). Nev-
ertheless, based upon the models adopted here, the in-
ferred division of r-process contributions remains at least
plausible.

5. UNIVERSALITY OF R-PROCESS ELEMENTAL
ABUNDANCES

In the above we have not discussed a very important
clue to the origin of r-process abundances. It is by
now well established (Sneden, Cowan & Gallino 2008)
that the elemental abundances in many metal-poor stars
show a pattern that is very similar to that of the solar-
system r-process distribution, particularly in the range of
55 < Z < 70. This however, can pose a difficulty (Math-
ews, Bazan & Cowan 1992; Argast et al. 2000) for NSM
models (either in the present work or in other studies).
That is because metal-poor stars are thought to have
arrived very early in the history of the Galaxy, whereas
NSMs require a relatively long gravitational radiation or-
bit decay time prior to merger (∼ 0.1 Gyr). Whatever
the situation, it is of value to examine the impact of the
possible late arrival of fission recycling material on the r-
process elemental abundance distribution in metal-poor
stars.
Figure 4 shows the elemental abundance distribution

calculated in two scenarios, i.e. with and without the fis-
sion recycling yields of NSMs. These are compared with
the observed elemental r-process abundances in two well-
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Fig. 2.— (Color online) Illustration of the impact of fission yields
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compared with the final abundance distribution. The lower panel
shows the same final r-process yields compared with the distribu-
tion that would result if fission recycling were only to occur from
parent nuclei at the termination of the r-process path at A = 285.
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Fig. 3.— (Color online) Average final abundance patterns for
the fission recycling environment of NSM (red line), the main r-
process abundances from the MHDJ model (blue line) and weak
r-process (green line) from the NDW. These are compared with the
observed (Goriely et al. 1999) r-process abundances in the solar
system (black dots). The thin black line shows the sum of all
contributions.

tor fWeak was determined from a fit to light isotopes
near A=100 for the NDW model. The MHDJ yields
were normalized to the second r-process peak. The best
fit (black) line in Figure 3 is for fFission = 0.16 and
fWeak = 4.3. These relative contributions are consistent
with estimated Galactic event rates as described below.
Of particular relevance to the present study is that

the one order of magnitude underproduction of nuclides

above and below the A = 130 r-process peak shown by
the blue line is nearly accounted for by the fission re-
cycling (NSM) and weak r-process (NDW) models. The
final r-process isotopic abundances from our NSM model
exhibit a very flat pattern due to several episodes of fis-
sion cycling. Thus, we find that the fission recycling can
resolve most of the underproduction problems for the el-
ements just below and above the abundance peaks in
models of the main r-process. The remaining underpro-
duction below the A = 130 peak is most likely due to the
weak r-process as illustrated on Figure 3.
The main point of this paper is that one can deduce the

relative contributions of each r-process model based upon
their relative shortcomings. However, it is important to
ask whether the inferred fractions, of ∼79% NDW, ∼18%
MHDJ, and ∼3% NSM are plausible.
Although there are many uncertainties in the astro-

physical and galactic chemical evolution parameters, it
is worthwhile to estimate weight parameters fFission and
fWeak from observed Galactic event rates and expected
yields. In particular we write

fFission ≈ RNSMMr,NSM

ϵMHDJRCCSNMr,MHDJ
, (6)

and

fWeak ≈ RCCSNMr,Weak

ϵMHDJRCCSNMr,MHDJ
, (7)

where Mr,NSM, Mr,MHDJ, and Mr,Weak are the ejected
masses of r-elements from the NSM, MHDJ, and NDW
weak r-process models, respectively, while RCCSN and
RNSM are the corresponding Galactic event rates of CC-
SNe and NSMs. The ejected mass of r-process elements
in the models of Wanajo (2013) is ≈ 2 × 10−5 M⊙ and
nearly independent of assumed core mass. The quantity
ϵMHDJ is the fraction of CCSNe that result in magneto-
rotationally driven jets. This was estimated in Winteler
et al. (2012) to be ∼ 1% of the core-collapse supernova
rate based upon the models of Woosley & Heger (2006).
However this is probably uncertain by at least a factor of
two. Indeed, the fraction could be larger as most massive
stars are fast rotators and the conservation of magnetic
flux should often lead to high magnetic fields in the newly
formed proto-neutron star. Hence, we take this fraction
to be 3±2%. The mass of synthesized r-process elements
from MHDJs is estimated to be 6×10−3M⊙ (Winteler
et al. 2012) while that of a typical binary NSM is ex-
pected to be 2± 1× 10−2M⊙ (Korobkin et al. 2012). If
the Galactic neutron star merger rate is 80+200

−70 Myr−1

(Kalogera et al. 2004), and the Galactic supernova rate
is, 1.9 ± 1.1 × 104 Myr−1 (Dhiel et al. 2006), then one
should expect fFission ∼ 0.6±0.4 and fWeak ≈ 8±6 con-
sistent with our fit parameters, and suggesting that this
fit may be a way of constraining the relative contribution
of NSMs and MHDJs to solar-system material.
We note, however, that other NSM calculations pre-

dict about 10−4 to 10−2 M⊙ of r-process material to
be ejected (e.g. Hotokezaka et al. 2013; Bauswein et
al. 2013). Adopting a value of 10−3 M⊙ could lead to
fFission ∼ 0.02, i.e. about an order of magnitude too
low. Of course, this needs to be better quantified in more
detailed chemical evolution and r-process hydrodynamic
models. Nevertheless, based upon the models adopted
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here, the inferred division of r-process contributions re-
mains at least plausible.

5. UNIVERSALITY OF R-PROCESS ELEMENTAL
ABUNDANCES

In the above we have not discussed a very important
clue to the origin of r-process abundances. It is by now
well established (Sneden et al. 2008) that the elemen-
tal abundances in many metal-poor stars show an abun-
dance pattern that is very similar to that of the solar-
system r-process distribution, particularly in the range
of 55 < Z < 70. This however, can pose a difficulty
(Mathews et al. 1992; Argast et al. 2000) for NSM mod-
els (either in the present work or in other studies). That
is because metal-poor stars are thought to have arrived
very early in the history of the Galaxy, whereas NSMs re-
quire a relatively long gravitational radiation orbit decay
time prior to merger (∼ 0.1 Gyr). Whatever the situa-
tion, it is of value to examine the impact of the possible
late arrival of fission recycling material on the r-process
elemental abundance distribution in metal-poor stars.
Figure 4 shows the elemental abundance distribution

calculated in two scenarios, i.e. with and without the fis-
sion recycling yields of NSMs. These are compared with
the observed elemental r-process abundances in two well-
studied metal-poor r-process enhanced stars, HD1601617
(Roederer & Lawler 2012) and CS22892-052 (Sneden et
al. 2003). Here, we note that there is little distinction
between the two curves (although the fit is slightly bet-
ter when the fission recycling yields are included). The
reason for this is that the fission recycling environment
only contributes about 3% to the total r-process abun-
dance. Although this yield is important to fill in the iso-
topic abundances above and below the r-process peaks,
and also to make the rare-earth bump near A=160, there
is little apparent difference in the elemental abundances
with or without neutron star mergers. Among other
things, this is because the region below the peak (Z ∼ 50)
is poorly sampled, and moreover, summing over isotopes
to produce elemental averages somewhat washes out the
underproduction above and below the r-process mass
peaks. Hence, the elemental r-process abundances in
metal poor stars do not clearly require that fission re-
cycling occurred early in the Galaxy.
We do note, however that the dispersion in the stars

themselves for the lightest elements (30 < Z < 50) is
consistent with the notion that not all CCSNe contribute
both a weak and main r-process. This is consistent with
the expectation that the NDW could occur in all CCSNe
while the main r-process from the MHDJ will only occur
in a limited fraction of CCSNe, i.e. those with rotation
and strong magnetic fields.

6. DISCUSSION

The fits to the abundance distribution (e.g. Figure 3)
are as good as or better than most models in the litera-
ture. Nevertheless, it is worthwhile, to address some of
the detailed deficiencies in both Figures 2 and 3. For ex-
ample, although the r-process peaks at A=130 and 195
along with the rare-earth peak region A = 145-180 in
Figure 3 are remarkably well reproduced, there are some
differences just above the main r-process peaks in the
regions of A=140-145 and 200-205. We note, however,
that these isotopes have the largest uncertainties in the
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Fig. 4.— (Color online) Average final elemental abundances
for the total sum from Fig. 2 (solid line) and the contribution
without NSMs (dashed line). These are compared with the ob-
served elemental r-process abundances in two well-studied metal-
poor r-process enhanced stars, HD1601617 (filled circles; Roed-
erer & Lawler (2012)) and CS22892-052 (open squares; Sneden et
al. (2003)). The curves are arbitrarily normalized at europium
(Z=63).

r-process abundances themselves as is visible on Figure 3.
Hence, these discrepancies may simply reflect the abun-
dance uncertainties, although the possibility remains of
a shortcoming in the models for these isotopes.
Similarly, in Figure 4 there is an underproduction of el-

ements at Z=58 and 60. The abundance of Ce (Z=58) in
Figure 4 is well determined observationally for CS22892-
052 as follows: log ϵ(Ce) = −0.50 ± 0.07 (Sneden et al.
2003) and = −0.38 ± 0.08 (Honda et al. 2004). This
corresponds to the deficient isotopes with A=140 and
142 in Figure 3. However, the odd elements with Z=
57 (La) and Z=59 (Pr) are reproduced. This suggests
that the odd-even effect in the region of lanthanide el-
ements may be underestimated in the mass model em-
ployed here. Nevertheless, the main point of this paper
is not to give a precise reproduction of r-process elemen-
tal abundances but rather to demonstrate the possibility
that fission recycling supplements the underproduced el-
ements. Clearly, a better understanding of the nuclear
uncertainties within this context is still needed.
We also note that there is a possible deficiency of Pb

(Z=82) in Figure 4. This, however, may relate to obser-
vational uncertainties. There are two measured Pb abun-
dances for CS22892-052 in Sneden et al. (2003). One was
a ground-based measurement, while the other was ob-
tained with HST. However, both of these values should
be considered upper limits. In Sneden et al. (2003) it
was noted that the suggested detections of the two Pb
I lines in the ground-based spectra should be nearly 10
times weaker than the λ = 2833.05 line, that could not
be detected in the HST spectrum. Hence, the derived
Pb abundance upper limit from the λ = 2833 line is
probably more reliable than the abundances determined
from the questionable detections of the other two Pb I
lines. Thus, one should abandon the Pb abundance of
log ϵ(Pb) = 0.05 from the ground-based observation in
favor of log ϵ(Pb) < −0.2 from the HST observation. We
also note that the more recent observation of Roederer et
al. (2009) also obtains log ϵ(Pb) < −0.15. These upper
limits are consistent with our calculation.
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Is Ret-II a NSM or a Jet? 

•  [Ba/Eu] – NSM ~ -1 
•  [Ba/Eu] – MHDJ ~ 0.3 

•  [Ba/Eu] – Ret-II ~ -0.4-0.8 
– Looks like a NSM 



Conclusions 
•  All three candidates contribute to the solar 

r-process abundances: 
– NDW, MHD jets, NS mergers 
–  80% , 15% , 5% 

•  The relative contributions of each 
environment may be discernable from the 
shortcomings of each model 

•  Fission barriers and beta induced fission 
rates crucial for A = 280-300 

•  [Ba/Eu] may be a crucial test for a fission 
recycling distribution 

 
 


