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r-process nucleosynthesis: core-collapse supernovae? 

Argast+2004 
see also Matthews, Cowan 1990 

R
 S

u
rm

a
n

 
N

o
tr

e
 D

a
m

e
   

 
IN

T-
17

-1
a

 



r-process elements in metal-poor stars: new evidence 
 

 
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. !

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

Ji+2016 

Hirai+2015 
ultrafaint dwarf (UFD) galaxies can 
account for low-metallicity enrichment 
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electromagnetic signatures of merger events 

Berger+2013 

Barnes+2016 
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FIG. 2.—Absolute magnitude versus rest-frame time based on our ground-based observations fromMagellan (§2), on Gemini data (Cucchiara et al. 2013b), and
on ourHST photometry (§2; blue: F606W; red: F160W). Also shown is an afterglow model with a single power law decline of Fν ∝ t−2.6, required by the ground-
based observations. This model underpredicts the WFC3/F160W detection by about 3.5 mag. The thick solid and dashed lines are kilonova model light curves
generated from the data in Barnes & Kasen (2013) and convolved with the response functions of the ACS/F606W and WFC3/F160W filters (solid: Mej = 0.1
M⊙; dashed: Mej = 0.01 M⊙). Finally, we also plot the light curves of GRB-SN 2006aj in the same filters (thin dashed; Ferrero et al. 2006; Kocevski et al. 2007),
demonstrating the much fainter emission in GRB130603B, and ruling out the presence of a Type Ic supernova (§3).

PSF to add fake sources of varying magnitudes at the after-
glow position with the IRAF addstar routine, followed by
subtraction with ISIS, leading to a 3σ limit of mF606W ! 27.7
mag. Finally, to obtain a limit on the brightness of the source
in the second epoch of WFC/F160W imaging we add fake
sources of varying magnitudes at the source position and per-
form aperture photometry in a 0.15′′ radius aperture and a
background annulus immediately surrounding the position of
the source to account for the raised background level from
the host galaxy. We find a 3σ limit of mF160W ! 26.4 mag.
We note that our detection of the near-IR source was subse-
quently confirmed by an independent analysis of theHST data
(Tanvir et al. 2013). At the redshift of GRB 130603B, the re-
sulting absolute magnitudes at 9.4 days areMH ≈ −15.2 mag
andMV ! −13.3 mag.

3. AN R-PROCESS KILONOVA
In principle, the simplest explanation for the near-IR emis-

sion detected in theHST data is the fading afterglow. To assess
this possibility we note that our Magellan optical data at 8.2
and 32.2 hr require a minimum afterglow decline rate of α "
−2.2 (Fν ∝ tα); r-band data from Gemini (Cucchiara et al.
2013b) require an even steeper decline of α " −2.6. Simi-
larly, the Gemini gri-band photometry at 8.4 hr indicates a
spectral index of β ≈ −1.5 (Cucchiara et al. 2013b), leading
to inferred magnitudes in the HST filters of mF606W ≈ 21.6

mag and mF160W ≈ 20.0 mag (see Figure 2). Extrapolat-
ing these magnitudes with the observed decline rate to the
time of the first HST observation we find expected values of
mF606W ! 30.9 mag and mF160W ! 29.3 mag. While the in-
ferred afterglow brightness in F606W is consistent with the
observed upper limit, the expected F160W brightness is at
least 3.5 mag fainter than observed. Moreover, the afterglow
color at 8.4 hr ismF606W−mF160W ≈ 1.6 mag, while at 9.4 days
it is somewhat redder,mF606W −mF160W ! 1.9 mag, suggestive
of a distinct emission component.
The excess near-IR flux at 9.4 days, with a redder color

than the early afterglow, can be explained by emission from
an r-process powered kilonova, subject to the large rest-frame
optical opacities of r-process elements (Figure 2). In the mod-
els of Barnes & Kasen (2013), the expected rest-frame B − J
color at a rest-frame time of 7 days (corresponding to the ob-
served F606W−F160W color at 9.4 days) is exceedingly red,
B − J ≈ 12 mag, in agreement with the observed color. As
shown in Figure 2, kilonova models with a fiducial velocity
of vej = 0.2c and ejecta masses ofMej = 0.01−0.1M⊙ bracket
the observed near-IR brightness, and agree with the optical
non-detection.
In Figure 3 we compare the observed F160W absolute mag-

nitude to a grid of models from Barnes & Kasen (2013), cal-
culated in terms of Mej and vej. The grid is interpolated
from the fiducial set of models in Barnes & Kasen (2013),

16 Barnes et al.

Figure 16. Synthetic bolometric light curves for our fiducial
ejecta model, calculated with Sedona for three di↵erent treatments
of thermalization: full thermalization (blue curve); Sedona’s origi-
nal thermalization scheme, which deposits charged particle energy
but explicitly tracks the deposition of �-ray energy (lime curve);
and the time-dependent f

tot

(t) from our numerical simulations (red
curve). Accounting for time-dependent thermalization e�ciencies
has a significant impact on kilonova luminosity, particularly for
models with lower masses and higher luminosities. For our fiducial
model, the predicted luminosity is lower by a factor of . 2 at peak,
and by 10 days is lower by an factor of 5.

2013; Berger et al. 2013). Tanvir et al. (2013) deter-
mined that the source of the flux had an absolute AB
magnitude in the J -band of -15.35 at t ⇠ 7 days. Having
incorporated f

tot

(t) into kilonova light curve models, we
can more confidently constrain the mass ejected in the
kilonova associated with GRB 130603B.

In Figure 17, we compare the detected flux to J -band
light curves for various ejecta models, and find the ob-
served flux is consistent with 5 ⇥ 10�2M� . M

ej

.
10�1M�. This mass is higher than what is typically pre-
dicted for the dynamical ejecta from a binary neutron
star merger, suggesting that if the kilonova interpreta-
tion is correct, the progenitor of GRB 130603B was per-
haps a neutron star-black hole merger, or that the mass
ejected was significantly enhanced by post-merger disk
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Figure 17. Absolute (AB) J -band light curves for several ejecta
models. The excess IR flux (gold star) suggests an ejected mass
between 5⇥ 10�2 and 10�1M�.

winds.
Our mass estimate here is an improvement over earlier

work which neglected detailed thermalization, and gives
substantially di↵erent results. For example, Piran et al.
(2014) suggested M

ej

⇠ 0.02M�, less than half our new
value. However, we have not accounted for viewing an-
gle e↵ects. If the ejected material is mainly confined to
the equatorial plane, the emission will be brighter when
the system is viewed face-on (Roberts et al. 2011), which
would reduce the inferred mass somewhat. If the ejecta is
oblate, thermalization will also be more e�cient, which
could have a small impact on mass estimates. Radia-
tion transport simulations in three dimensions with time-
dependent thermalization models will further constrain
M

ej

.

6.4. Late-time light curve

Late time kilonova light curves may probe the history
of r -process nucleosynthesis in CO mergers. At ⇠ 2 days
after merger, fission ceases to be important, and ↵- and
�-decay dominate the kilonova’s energy supply. Energy
from ↵-decay is transferred entirely to fast ↵-particles,
which thermalize fairly e�ciently out to late times. Beta
particles thermalize with similar e�ciency, but carry only
a fraction (⇠ 25%) of the total �-decay energy, with the
rest lost to neutrinos and �-rays. A kilonova’s late-time
luminosity will therefore depend on the relative impor-
tance of ↵- versus �-decay. Because only nuclei with
200 . A . 250 undergo ↵-decay, the late time kilonova
luminosity may diagnose the presence of heavy elements
in the ejecta, and therefore constrain the neutron-rich
conditions required for heavy element formation.

We gauge the relative strength of late-time kilonova
light curves for di↵erent Y

e,0 by estimating the percent
of energy from the decay of r -process elements emitted
as fission fragments, ↵-, and �-particles, time-averaged
over t = 10 � 100 days. (Note that while all energy from
↵-decay emerges as ↵-particles, �-particles receive only
25-30% of the energy from �-decay.) The results for our
representative SPH trajectory, for a range of Ye,0 and
two nuclear mass models, are shown in Figure 18. The
curves suggest that systems with Y

e,0 . 0.17 have more
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compact object mergers: 
environments for element synthesis 

cold/mildly heated prompt ejecta 

Korobkin+2012 
Goriely+2011 
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2 A. Perego et al.

Figure 1. Left: sketch of the neutrino-driven wind from the remnant of a BNS merger. The hot hypermassive neutron star (HMNS)
and the accretion disc emit neutrinos, preferentially along the polar direction and at intermediate latitudes. A fraction of the neutrinos
is absorbed by the disc and can lift matter out of its gravitational potential. On the viscous time-scale, matter is also ejected along the
equatorial direction. Right: sketch of the isotropised ⌫ luminosity we are using for our analytical estimates (see the main text for details).

decompression of this initially cold and extremely neutron-
rich nuclear matter had long been suspected to provide
favourable conditions for the formation of heavy elements
through the rapid neutron capture process (the “r-process”)
(Lattimer & Schramm 1974; Lattimer & Schramm 1976;
Lattimer et al. 1977; Symbalisty & Schramm 1982; Eichler
et al. 1989; Meyer 1989; Davies et al. 1994). While initially
only considered as an “exotic” or second-best model behind
core-collapse supernovae, there is nowadays a large litera-
ture that –based on hydrodynamical and nucleosynthetic
calculations– consistently finds that the dynamic ejecta of a
neutron star merger is an extremely promising site for the
formation of the heaviest elements with A > 130 (see, e.g.,
Rosswog et al. 1999; Freiburghaus et al. 1999; Oechslin
et al. 2007; Metzger et al. 2010b; Roberts et al. 2011;
Goriely et al. 2011a,b; Korobkin et al. 2012; Bauswein et al.
2013; Hotokezaka et al. 2013; Kyutoku et al. 2013; Wanajo
et al. 2014). Core-collapse supernovae, on the contrary,
seem seriously challenged in generating the conditions that
are needed to produce elements with A > 90 (Arcones et al.
2007; Roberts et al. 2010; Fischer et al. 2010; Hüdepohl
et al. 2010). A possible exception, though, may be magnet-
ically driven explosions of rapidly rotating stars (Winteler
et al. 2012; Mösta et al. 2014). Such explosions, however,
require a combination of rather extreme properties of the
pre-explosion star and are therefore likely rare.
Most recently, the idea that compact binary mergers are
related to both sGRBs and the nucleosynthesis of the
heaviest elements has gained substantial observational
support. In June 2013, the SWIFT satellite detected a
relatively nearby (z = 0.356) sGRB, GRB130603B, (Me-
landri et al. 2013) for which the Hubble Space Telescope
(Tanvir et al. 2013; Berger et al. 2013a) detected a nIR
point source, 9 days after the burst. The properties of this
second detection are close to model predictions (Kasen
et al. 2013; Barnes & Kasen 2013; Tanaka & Hotokezaka
2013; Grossman et al. 2014; Rosswog et al. 2014a; Tanaka

et al. 2014) for the so-called “macro-” or “kilonovae” (Li
& Paczyński 1998; Kulkarni 2005; Rosswog 2005; Metzger
et al. 2010a,b; Roberts et al. 2011), radioactively powered
transients from the decay of freshly produced r-process
elements. In particular, the delay of several days between
the sGRB and the nIR detection is consistent with the
expanding material having very large opacities, as predicted
for very heavy r-process elements (Kasen et al. 2013). If
this interpretation is correct, GRB130603B would provide
the first observational confirmation of the long-suspected
link between compact binary mergers, heavy elements
nucleosynthesis and gamma-ray bursts.
There are at least two more channels, apart from the
dynamic ejecta, by which a compact binary merger re-
leases matter into space, and both of them are potentially
interesting for nucleosynthesis and –if enough long-lived
radioactive material is produced– they may also power
additional electromagnetic transients. The first channel
is the post-merger accretion disc. As it evolves viscously,
expands and cools, the initially completely dissociated
matter recombines into alpha-particles and –together with
viscous heating– releases enough energy to unbind an
amount of material that is comparable to the dynamic
ejecta (Metzger et al. 2008; Beloborodov 2008; Metzger
et al. 2009; Lee et al. 2009; Fernández & Metzger 2013).
The second additional channel is related to neutrino-driven
winds, the basic mechanisms of which are sketched in Fig. 1.
This wind is, in several respects, similar to the one that
emerges from proto-neutron stars. In particular, in both
cases a similar amount of gravitational binding energy is
released over a comparable (neutrino di↵usion) time-scale,
which results in a luminosity of L

⌫

⇠ �Egrav/⌧di↵ ⇠ 1053

erg/s and neutrinos with energies ⇠ 10 � 15 MeV. Under
these conditions, energy deposition due to neutrino absorp-
tion is likely to unbind a fraction of the merger remnant.
In contrast to proto-neutron stars, however, the starting
point is extremely neutron-rich nuclear matter, rather than

c� year RAS, MNRAS 000, 1–25
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environments for element synthesis 

ejecta from the accretion disk 

The Astrophysical Journal Letters, 789:L39 (6pp), 2014 July 10 Wanajo et al.

Figure 2. Color-coded distributions for density, temperature, Ye, and S/kB (from left to right) on the x–y (lower panels), x–z (positive sides of top panels), and y–z
(negative sides of top panels) planes at the end of simulation.
(A color version of this figure is available in the online journal.)
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Figure 3. Mass fractions outside 150 km from the center vs. Ye (top) and S/kB
(bottom) at the end of simulation for the x–y, x–z, and y–z planes. The widths
of Ye and S/kB are chosen to be ∆Ye = 0.01 and ∆S/kB = 1, respectively.
(A color version of this figure is available in the online journal.)

for the orbital and non-orbital planes, respectively (with higher
values for higher Ye), which are sizably greater than those in
Goriely et al. (2011, S/kB ∼ 1–3) with the Shen’s EOS.

3. THE r-PROCESS

The nucleosynthesis analysis makes use of the thermody-
namic trajectories of the ejecta particles traced on the orbital
plane. A representative particle is chosen from each Ye-bin (from
Ye = 0.09 to 0.44 with the interval of ∆Ye = 0.01 (Figure 3).
For simplicity, we analyze only the x-y components because of
the dominance of the ejecta masses close to the orbital plane.
Each nucleosynthesis calculation is initiated when the tempera-
ture decreases to 10 GK, where the initial composition is given
by Ye and 1 − Ye for the mass fractions of free protons and
neutrons.

The reaction network consists of 6300 species from single
neutrons and protons to the Z = 110 isotopes. Experimental
rates, when available, are taken from the latest versions of REA-
CLIB7 (Cyburt et al. 2010) and Nuclear Wallet Cards.8 Other-
wise, the theoretical estimates of fusion rates9 (TALYS; Goriely
et al. 2008) and β-decay half-lives (GT2; Tachibana et al.
1990) are adopted, where both are based on the same nuclear
masses (HFB-21; Goriely et al. 2010). Theoretical fission prop-
erties adopted are those estimated on the basis of the HFB-14
mass model. For fission fragments, a Gaussian-type distribution
is assumed with emission of four prompt neutrons per event.
Neutrino captures are not included, which make only slight
shifts of Ye (typically an increase of ∼0.01 from 10 GK to
5 GK).

The hydrodynamical trajectories end with temperatures
∼5 GK. Further temporal evolutions are followed by the density
drop such as t−3 and with the temperatures computed with the
EOS of Timmes & Swesty (2000) by adding the entropies gen-
erated by β-decay, fission, and α-decay. This entropy generation

7 https://groups.nscl.msu.edu/jina/reaclib/db/index.php
8 http://www.nndc.bnl.gov/wallet/
9 http://www.astro.ulb.ac.be/pmwiki/Brusslib/Brusslib
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Figure 1. Top panel: Evolution paths of NS-NS and NS-BH
mergers. Depending on the binary parameters and the proper-
ties of the nuclear equation of state, binary NS mergers can lead
to the formation of a stable NS, a transient hypermassive NS
(HMNS; stabilized by di↵erential rotation) and supermassive NS
(SMNS, stabilized by rigid rotation), or a BH plus accretion-torus
system. The last scenario is also the outcome of a NS-BH merger
if the BH/NS mass ratio is not too large. Transitions between
the di↵erent evolution stages can be accompanied by mass loss.
In the present work we focus exclusively on the evolution tracks
and stages highlighted by thick, solid red lines. Bottom panel:

Mass-loss phases during the dynamical interaction of NS-NS and
NS-BH binaries and the subsequent secular evolution of a relic
BH-torus system (corresponding to the evolution paths indicated
by red lines in the upper panel). The dynamical mass ejection
takes place within a few milliseconds when the two binary com-
ponents merge with each other. Typical ejecta masses are around
0.01M� and the average entopies of the ejecta are low. BH-torus
systems eject matter mainly in viscously driven outflows and to a
smaller extent also in neutrino-driven winds. Baryon-poor polar
funnels may provide suitable conditions for neutrino or magneto-
hydrodynamically powered, ultrarelativistic, collimated outflows,
which are likely to produce short gamma-ray bursts. The image
is adapted from Ru↵ert & Janka (1999); Janka & Ru↵ert (2002).

lier (magneto-)hydrodynamical simulations in 2D (Lee et al.
2005; Shibata et al. 2007; Shibata & Sekiguchi 2012; Janiuk
et al. 2013) and 3D (Ru↵ert & Janka 1999; Setiawan et al.
2004, 2006). In nucleosynthesis and light-curve calculations
of the expanding ejecta of compact binary mergers, however,
the contribution from the merger-remnant phase has so far
been included only highly schematically, either by apply-
ing simple multi-parameter prescriptions for neutrino-driven
wind conditions (Rosswog et al. 2014; Grossman et al. 2014)
or by making ad hoc assumptions about the composition of
the disk-wind ejecta (Barnes & Kasen 2013).

In this work we perform the first comprehensive study
of the nucleosynthetic output associated with the ejecta
from the merging phase of NS-NS and NS-BH binaries
and with the neutrino and viscously driven outflows of the
subsequent long-time evolution of relic BH-torus systems.
The compact binary mergers are simulated with a rela-
tivistic smooth-particle-hydrodynamics (SPH) code (Oech-
slin et al. 2007; Bauswein 2010), while the BH-torus mod-
eling is conducted with a Eulerian finite-volume Godunov-
type scheme, supplemented by a shear-viscosity treatment
with a Shakura-Sunyaev ↵-prescription for the dynamic vis-
cosity (Shakura & Sunyaev 1973). For the long-time evolu-
tion we employ a pseudo-Newtonian approximation of the
gravity potential for the rotating relic BHs (Artemova et al.
1996). In the time-dependent BH-torus modeling we apply,
for the first time, detailed energy-dependent and velocity-
dependent 2D neutrino transport based on a new two-
moment closure scheme (Just, Obergaulinger & Janka, in
preparation), which allows us to determine the neutrino-
driven wind and the neutron-to-proton ratio in the disk
outflows with higher accuracy than in previous simulations.
All simulations include microphysical treatments of the gas
equation of state.

Our nucleosynthesis calculations are carried out in a
post-processing step of the ejecta produced by the hydro-
dynamical models, using a full r-process network including
all relevant nuclear reactions (Goriely et al. 2008, 2010; Xu
et al. 2013). For the combined analysis we pick cases from
larger sets of NS-NS merger models, which lead to prompt
or slightly delayed BH formation, and NS-BH merger mod-
els on the one side and BH-torus models on the other side
such that the macroscopic system parameters (BH and torus
masses and BH spins of the merger remnants) match roughly
on both sides. This also yields good consistency of the mean
values of the total specific energies of the torus gas in both
modeling approaches.

We find that the torus outflows complement the dy-
namical merger ejecta by contributing the lower-mass r-
process nuclei (A <⇠ 140) that are massively underproduced
by the strong r-process taking place in the very neutron-rich
material expelled during the binary coalescence. The com-
bined abundance distribution can reproduce the solar pat-
tern amazingly closely, but in contrast to the robustness of
the high-mass number component (A >⇠ 140) the low-mass
number component must be expected to exhibit consider-
able variability, depending on the variations of the intrinsic
outflow properties. On the other hand, direction-dependent
di↵erences result from the combination of highly asymmetric
dynamical NS-BH merger ejecta with much more isotropi-
cally distributed torus outflows. Cases with suppressed dy-

c� 2014 RAS, MNRAS 000, 1–27

neutrino-driven wind  
e.g., Perego+2014 

Shock-heated, neutrino-
processed ejecta 
e.g., Wanajo+2014 

viscous outflows 
e.g., Just+2015 
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HF neutron capture rate calculations 
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20 CHAPTER 3. NUCLEAR REACTIONS: GENERAL APPROACH

n

f

S

Sp
S

γ

γ

f

Sn

n

(n,γn)
max
x c  cE    (Z  ,N  -1)

max
x c cE    (Z ,N  )

n

α

Figure 3.4: Neutron-induced reaction at low energy. The dashed arrow represents the incident channel,
while the continuous arrows represents the elastic channel. The only possibilities are elastic scattering
and capture of the neutron in the compound nucleus, with subsequent decay to the ground state or an
isomeric state of the compound nucleus. A small part of the population may decay to the target nucleus
by means of the (n, γn) channel (dotted arrow). For fissile nuclei, fission may be another open channel.

Nuclear physics ingredients: 
•  neutron separation energies 
•  optical potential 
•  level densities 
•  gamma strength functions 
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Calculations by S. Nikas, G. Perdikakis (CMU) 
in collaboration with M. Beard, M. Mumpower, R. Surman  
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Nikas, Perdikakis, Beard, Mumpower, Surman, in preparation 

example: 165Eu -> variations of LD and GSF 
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example: 165Eu -> variations of LD and GSF 

Nikas, Perdikakis, Beard, Mumpower, Surman, in preparation 
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example: 165Eu -> energy binning 

Nikas, Perdikakis, Beard, Mumpower, Surman, in preparation 
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Nikas, Perdikakis, Beard, Mumpower, Surman, in preparation 
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summary 

The origin of the heaviest elements in the r-process of nucleosynthesis has been 
one of the greatest mysteries in nuclear astrophysics for decades. 
 
Evidence from a variety of directions increasingly points to neutron star mergers 
as the primary source of main r-process elements. A merger r process may 
depend more sensitively on neutron capture rates than ‘standard’ (n,γ)-(γ,n) 
equilibrium r-process scenarios. 
 
Neutron capture rates have few experimental constraints far from stability, and 
different HF approaches can disagree by orders of magnitude. Advances in 
experiment (transfer reactions, nuclear resonance fluorescence, β-Oslo 
method) and reaction theory are therefore crucial for reducing neutron 
capture rate uncertainties and producing precise r-process predictions.	
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