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 NEUTRON-STAR MERGERS AS SOURCES  
OF R-PROCESS ELEMENTS

(…SUCH AS GOLD)

• Are neutron-star mergers 
significant/dominant sources? 

• need explosive conditions with 
very high neutron densities 

• neutron density depends 
sensitively on neutrino 
interactions 

• suggested alternatives:  
- core-collapse supernovae  
- jets of magneto-rotational 
supernovae  
- accretion disks in collapsars 



 NS MERGERS AS KEY TOWARDS  
UNDERSTANDING THE NUCLEAR EOS?

• EOS determines Mass-Radius 
relationship for neutron stars 

• each EOS characterized by 
typical NS radius and maximum 
mass

(M. Hempel)
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modeling “black box” 
★ hydrodynamic models 

from numerical 
simulations including GR, 
neutrino transport, MHD 

★ nucleosynthesis yields 
from nuclear physics 
calculations 

★ atomic shell calculations 
and radiative transfer for 
EM light curve



➔ radioactive decay heats newly synthesized 
material 

➔ light curves contain valuable information about 
mass, velocity, and composition 

Kilo- / Macronovae

(Goriely et. al. 2011)

(Barnes & Kasen 2013)
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Figure 5. Line expansion opacities for mixture of elements in
the ejecta of NS mergers (see Figure 1). The orange line represents
the opacity in the dynamical ejecta, which is calculated with the
abundance pattern of Ye = 0.10 − 0.40. The blue and green lines
represent the opacities in the high-Ye post-merger ejecta, which
are calculated with the abundance patterns of Ye = 0.25 and 0.30,
respectively. All the calculations assume ρ = 1 × 10−13 g cm−3,
T = 5, 000 K, and t = 1 day after the merger.

Layer 0 calculations with GRASP2K gives Nd iii opaci-
ties lower than more realistic (Layer 1 and Layer 2) cal-
culations. This is because the Layer 0 calculations give
higher energy levels (Figure 2), which reduces the con-
tribution of bound-bound transitions involving excited
levels for a given temperature.
For the Er ions, we find that two atomic codes give

larger discrepancies in the energy levels compared with
the cases of Nd ions. As in the case of Nd iii, opacities of
Er ii and Er iii from HULLAC calculations are slightly
smaller that those from GRASP2K calculations because
HULLAC calculations give slightly higher energy levels
for the excited energy levels. However, the difference in
the opacity is only up to a factor of about 2. Therefore,
we conclude that a relatively simplified calculations with
the HULLAC code gives opacities with sufficient accura-
cies for astronomical applications.
Finally we calculate the opacities for mixture of ele-

ments. We use the HULLAC results which cover more
elements and ionization states. Because we have atomic
structure calculations for a small number of elements, we
assume the same bound-bound transition properties for
the elements with the same open shell (see Figure 1).
For open f-shell elements, the former and latter halfs are
replaced with Nd and Er, respectively. For the heavy
elements with Z > 71, we repeat to use the data of Ru,
Te, Nd, and Er. For the elements with Z < 32, we use
Kurucz’s line list (Kurucz & Bell 1995). We neglect the
contribution of open s-shell elements because the total
fraction of these elements are small in the ejecta (Figure
1) and the opacities are subdominant (Figure 3).
As a result of high opacity of Lanthanide elements,

the opacities for the mixture of elements depends sig-
nificantly on Ye. Figure 5 shows the line expansion
opacity for the element mixture in the dynamical ejecta
(Ye = 0.10 − 0.40) and high-Ye ejecta (Ye = 0.25 and
0.30). If the ejecta is completely Lanthanide free as in the
case of Ye = 0.30, the line expansion opacity is smaller
than that in the Lanthanide-rich ejecta by a factor of
> 10 near the middle of optical range (∼ 5000 Å). How-
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Figure 6. Bolometric light curves of simple NS merger models
with Mej = 0.01M⊙ and vch = 0.1c. The solid curves show the re-
sults with the wavelength-dependent radiative transfer for different
abundance ratios according to Figure 1: Ye = 0.10−0.40 (orange),
Ye = 0.25 (green), and Ye = 0.30 (blue). The dashed lines shows
the results with the gray radiative transfer with the gray opacity
of 1.0 and 10.0 cm2 g−1 from top to bottom. For all the models,
the analytic heating rates are used and constant thermalization
efficiency (ϵ = 0.25) is assumed.

ever, small inclusion of Lanthanide elements dramatically
enhances the opacities as shown in the case of Ye = 0.25.
This demonstrates the importance of accurate Ye deter-
mination in the merger simulations for the accurate pre-
diction of kilonova signals.

4. RADIATIVE TRANSFER SIMULATIONS

We perform radiative transfer simulations by using
our new atomic data. We use three-dimensional, time-
dependent, wavelength-dependent Monte Carlo radia-
tive transfer code (Tanaka & Hotokezaka 2013). The
code takes into account electron scattering and bound-
bound, bound-free, and free-free transitions as sources
of opacity. In the previous version of the code
(Tanaka & Hotokezaka 2013; Tanaka et al. 2014; Tanaka
2016), we use the VALD database (Piskunov et al. 1995;
Ryabchikova et al. 1997; Kupka et al. 1999, 2000) for the
bound-bound transitions, while in this paper we use our
atomic data presented in Section 2 and treat element
mixture by using representative elements as described in
Section 3. To save the memory space in the computation,
we use a subset of the line list including the transitions
whose lower level energy is E1 < 5, 10, 15 eV for neutral
atom and singly and doubly ionized ions, respectively
(Subset 1 in Table 1) and whose oscillator strengths are
log(gfl) ≥ −3.0 (Subset 2 in Table 1). We confirm that
the use of this subset does not significantly affect the
calculated light curves and spectra.

4.1. Simple models

To study the effect of the element abundances (or Ye)
on the light curves, we calculate the light curves for the
three different abundance patterns displayed in Figure
1. For ease to extract the effect of opacities on the
element abundances, we employ a simple model of NS
merger ejecta, of which parameters are set to be the
same for three cases. The ejecta mass is taken to be
Mej = 0.01M⊙. The density structure of the ejecta is
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Figure 1. Element abundances in the ejecta of NS mergers at
t = 1 day after the merger. The orange line shows abundances for
dynamical ejecta (Wanajo et al. 2014), which is derived by averag-
ing the nucleosynthesis results of Ye = 0.10 − 0.40 assuming a flat
Ye distribution. The blue and green lines show the nucleosynthesis
results from trajectories of Ye = 0.25 and 0.30, respectively, which
represent the abundance patterns of high-Ye post-merger ejecta.
Black points connected with the line show the solar abundance
ratios of r-process elements (Simmerer et al. 2004).

inantly by neutrino heating (Wanajo & Janka 2012;
Perego et al. 2014; Fujibayashi et al. 2017) and nuclear
recombination (Fernández & Metzger 2013). These
components are as a whole denoted as “post-merger”
ejecta in this paper. The post-merger ejecta can consist
of less neutron rich material than in the dynamical
ejecta (Just et al. 2015; Martin et al. 2015; Wu et al.
2016; Lippuner et al. 2017); neutrino absorption as well
as a high temperature caused by viscous heating makes
ejected material less neutron rich or electron fraction Ye
(number of protons per nucleon) higher. If the ejecta
are free from Lanthanide elements, the emission from
post-merger ejecta can be brighter and bluer, which can
be called “blue kilonova” (Metzger & Fernández 2014;
Kasen et al. 2015). However, due to the lack of atomic
data of r-process elements, previous studies assume
opacities of Fe for Lanthanide-free ejecta. To predict
emission properties of kilonova, systematic atomic data
for r-process elements are important (see Kasen et al.
2013; Fontes et al. 2017; Wollaeger et al. 2017).
In this paper, we newly perform atomic structure cal-

culations for selected r-process elements. Using these
data, we perform radiative transfer simulations and
study the impact of element abundances to kilonova
emission. In Section 2, we show methods and results of
our atomic structure calculations. In Section 3, we cal-
culate opacities with these atomic data and discuss the
dependence on the elements. We then apply our data
for radiative transfer simulations in Section 4, and show
light curves of kilonova from dynamical and post-merger
ejecta of NS mergers. Finally we give summary in Sec-
tion 5.

2. ATOMIC STRUCTURE CALCULATIONS

We perform atomic structure calculations for Se (Z =
34), Ru (Z = 44), Te (Z = 52), Ba (Z = 56), Nd
(Z = 60) and Er (Z = 68). These elements are se-

lected to systematically study the opacities of elements
with different open shells: Ba is an open s-shell element,
Se and Te are open p-shell elements, Ru is an open d-
shell element, and Nd and Er are open f-shell elements.
We focus on neutral atom and singly and doubly ionized
ions because these ionization states are most common in
kilonova at t ∼> 1 day after the merger (Kasen et al. 2013;
Tanaka & Hotokezaka 2013).
In Figure 1, these elements are shown with three dif-

ferent abundance patterns in the ejecta of NS merg-
ers. While relativistic simulations of NS mergers predict
wide ranges of Ye between 0.05 and 0.45, the detailed
Ye distributions depend on the NS masses and their ra-
tios as well as the adopted nuclear equations of state
(Sekiguchi et al. 2015, 2016). In this paper, we assume
a flat mass distribution between Ye = 0.10 and 0.40 as
representative of dynamical ejecta. As shown in Figure
1 (orange line), the dynamical ejecta consist of a wide
range of r-process elements from the first (Z = 34) to
third (Z = 78) abundance peaks. For the post-merger
ejecta, we consider single Ye models of 0.25 (green) and
0.30 (blue) for simplicity. The former represents a case
that contains the second (Z = 52) abundance peak and a
small amount of Lanthanides. The latter is a Lanthanide-
free model without elements of Z > 50. For all the mod-
els, the nucleosynthesis abundances of each Ye are taken
from Wanajo et al. (2014).
For the atomic structure calculations, we use two dif-

ferent codes, HULLAC (Bar-Shalom et al. 2001) and
GRASP2K (Jönsson et al. 2013). The HULLAC code,
which employs a parametric potential method, is used
to provide atomic data for many elements while the
GRASP2K code, which enables more ab-initio calcu-
lations based on the multiconfiguration Dirac-Hartree-
Fock (MCDHF) method, is used to provide benchmark
calculations for a few elements. Such benchmark calcula-
tions are important because systematic improvement of
the accuracies is not always obtained with the HULLAC
code especially when little data are available in NIST
Atomic Spectra Database (ASD, Kramida et al. 2015).
By using these two codes, we also study the influence
of the accuracies of atomic calculations to the opacities.
Tables 1 and 2 summarize the list of ions for atomic struc-
ture calculations. In the following sections, we describe
our methods to calculate the atomic structures and tran-
sition probabilities.

2.1. HULLAC

HULLAC (Hebrew University Lawrence Livermore
Atomic Code, Bar-Shalom et al. 2001) is an integrated
code for calculating atomic structures and cross sections
for modeling of atomic processes in plasmas and emission
spectra. The latest version (9-601k) of HULLAC is used
in the present work to provide atomic data for Se i-iii, Ru
i-iii, Te i-iii, Nd i-iii, and Er i-iii. In HULLAC, fully
relativistic orbitals are used for calculations of atomic
energy levels and radiative transition probabilities. The
orbital functions ϕnljm are solutions of the single elec-
tron Dirac equation with a local central-field potential
U(r) which represents a nuclear field and a spherically
averaged interaction with other electrons in atoms,

[

cα · p+ (β − 1)c2 + U(r)
]

ϕnljm = εnljϕnljm, (1)

(Tanaka ’18)
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where f is the radioactive energy deposition factor†, 
is the opacity of the material, ⇠( 1) is a geometric fac-
tor, and �SB is the Stefan-Boltzmann constant. Here,
we suppose that the average velocity is 0.1 c. These es-
timates show that if we observe this post-merger ejecta
directly (i.e., from a low opening angle ✓ . 45�), the elec-
tromagnetic signal would be of a short-timescale, high-
luminosity, and blue transient.

We note that in the ejecta component for which Ye &
0.4, the nucleosynthesis products are likely to have a
smaller heating rate (or smaller value of f). Wanajo
et al. (2014) shows that the specific heating rate for
the ejecta with Ye & 0.35 is much smaller than that of
more neutron-rich ejecta. Thus, the high-electron frac-
tion ejecta may play a minor role as the energy source of
the electromagnetic signal (i.e., f could be much smaller
than 10�6) even if the ejecta mass is much larger than
that of the dynamical ejecta. We should also note that
Wanajo et al. (2014) considered only dynamical ejecta.
The late-time ejecta irradiated by neutrinos has higher
entropy than the dynamical ejecta. Even in the high-
electron fraction material, heavy elements can be syn-
thesized if the material has su�ciently high entropy and
expansion velocity (see, e.g., Ho↵man et al. 1997).

As we found in this paper, the early viscosity-driven
ejecta and late-time equatorial viscosity-driven ejecta
could have large mass & 0.01M� and moderately small
values of Ye (0.2–0.5 and 0.3–0.4, respectively). Such
ejecta is likely to be the major heating source and
contribute to electromagnetic counterparts as the en-
ergy source. Note that the mass of the late-time polar
viscosity-driven ejecta is likely to be much smaller and
Ye is large as & 0.4, and hence, their contribution would
be minor.

We note that the maximum mass for cold spherical
neutron stars for the DD2 EOS is Mmax ⇡ 2.4M�. If the
value of Mmax is not as high as this value for the neutron-
star EOS in nature, the MNS could collapse into a black
hole in a few seconds after the merger. In this case,
the electron fraction of the late-time equatorial viscosity-
driven ejecta becomes lower than that in the presence of
the MNS (Metzger & Fernández 2014; Just et al. 2015;
Lippuner et al. 2017), and hence, the viscosity-driven
ejecta would be more lanthanide-rich. We plan to per-
form simulations for such EOS in the future work.

5. SUMMARY

† We note that f is time-varying and proportional to ⇡
t
�1.3 (e.g., Metzger et al. 2010; Hotokezaka et al. 2017).

We performed a general relativistic neutrino-radiation-
viscous hydrodynamics simulation for a remnant of the
binary neutron star merger. We used data for a merger
remnant obtained from a fully general relativistic merger
simulation for the initial condition in this work. We
evolved the remnant MNS and torus together. This is
the first work in which such a remnant system is evolved
in a self-consistent manner taking into account the e↵ect
of angular momentum transport.

We found that there would be two viscous e↵ects on
the evolution of the merger remnant. One is the viscous
e↵ect on the di↵erentially rotating MNS, which results
in the transition of the rotational profile of the remnant
MNS from a di↵erentially rotating one to a rigidly rotat-
ing one in ⇠ 10 ms. The other plays an important role
in the long-term viscous evolution of the torus.

These viscous e↵ects introduce the mass ejection mech-
anisms which do not exist in the inviscid case. As a
result of the transition of the MNS density profile due
to the redistribution of its angular momentum, a sound
wave which becomes a shock wave eventually is formed
in the central region and then the material in the outer
region of the torus (r ⇠ 100 � 1000 km) is ejected by
the shock wave for the duration of . 0.1 s. After this
early viscosity-driven mass ejection ceased, the late-time
viscosity-driven mass ejection takes place from the torus.
The mass ejection with neutrino irradiation is activated
toward the polar direction first. After the neutrino cool-
ing becomes ine�cient in the torus, the viscosity-driven
mass ejection from the torus toward the equatorial direc-
tion is activated.

Table 3 summarizes the properties of the ejecta by var-
ious mass ejection processes. As found from this table,
the electron fraction of the post-merger ejecta is dis-
tributed between 0.2–0.5. In particular, for the polar
direction (✓ < 45�), the ejecta has higher values of elec-
tron fraction with Ye & 0.3. In such ejecta, lanthanide
elements are not e�ciently synthesized. The dynami-
cal ejecta of low electron fraction, which would contain
lanthanide elements, is ejected mainly near the equato-
rial plane. Therefore, if we observe the system from the
viewing angle less than 45�, the radioactive emission from
the viscosity-driven ejecta does not su↵er from the “lan-
thanide curtain” (Kasen et al. 2015) of the dynamical
ejecta, and we will observe a rapid, bright, and blue elec-
tromagnetic transient.

This indicates that the electromagnetic emission from
the viscosity-driven ejecta could approximately repro-
duce the electromagnetic signals in the optical–infrared
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Modeling challenges  
(apart from nuclear physics challenges)

➜ Neutrino transport: 
★ full 6D Boltzmann eq. extremely expensive 

=>approximations inevitable 
★ neutrino leakage schemes 
★ one- or two-moment transport schemes 
★ Monte-Carlo or ray-tracing schemes 
★ neutrino oscillations???

➜ General/special relativistic effects 
★ Newtonian, post-Newtonian methods 
★ Conformally flat general relativity 
★ full general relativity

➜ Magnetic fields and turbulence 
★ extremely fine resolution needed to resolve all 

relevant length scales (e.g. magneto-rotational 
instability), particularly in the HMNS 

★ many approaches employ effective (alpha-) 
viscosity

➜ Photon transport for electromagnetic signal 
★ opacities of heavy elements poorly known 
★ computationally expensive



(Hyper-) Massive  
Neutron Star

Black Hole –  
Torus System

delayed collapse

NS-BH NS-NS

NS

NS/BH

prompt  
collapse

GW 

Inspiral

Merger

Post-MergerPost-Merger  
Remnant

 Neutron-star mergers: ejecta components



(Hyper-) Massive  
Neutron Star

Black Hole –  
Torus System

delayed collapse

NS-BH NS-NS

NS

NS/BH

prompt  
collapse

GW 

Inspiral

Merger

dynamical/prompt ejecta
→ tidal tails 
→ shock-heated

Post-MergerPost-Merger  
Remnant

 Neutron-star mergers: ejecta components



14 Bauswein, Goriely, Janka

x [km]

z 
[k

m
]

 

 

20.0422 ms
−400 −200 0 200 400

−400

−300

−200

−100

0

100

200

300

400

0

2

4

6

8

x [km]

z 
[k

m
]

 

 

19.9579 ms
−400 −200 0 200 400

−400

−300

−200

−100

0

100

200

300

400

0

2

4

6

8

Fig. 6.— Ejecta geometry visualized by the rest-mass density (color-coded and logarithmically plotted in g/cm3) excluding matter of
the bound central remnant for the 1.35-1.35 M⊙ merger (left) and the 1.2-1.5 M⊙ merger (right) with the DD2 EoS. Density contours are
obtained by azimuthal averaging. Arrows represent the coordinate velocity field where an arrow length of 200 km corresponds to the speed
of light. The time of the snapshots is given below the color bar of each panel. The visualization tool SPLASH was used to convert SPH
data to grid data (Price 2007).

suppressed wings of the binary distribution.

4. NUCLEOSYNTHESIS

4.1. R-process abundances

The potential of NS mergers to produce heavy r-
process elements in their ejecta has been manifested
by several studies based on hydrodynamical simula-
tions (Freiburghaus et al. 1999; Metzger et al. 2010b;
Roberts et al. 2011; Goriely et al. 2011; Korobkin et al.
2012). These investigations have considered only a few
high-density EoSs (two EoSs were used in Goriely et al.
(2011)). Since the NS EoS affects sensitively the dynam-
ics of NS mergers and thus the properties of the ejecta
(amount, expansion velocity, electron fraction, tempera-
ture), we explore here the influence of the NS EoS on the
r-process nucleosynthesis in a systematic way.
For a selected, representative set of EoSs we extract the

thermodynamical histories of fluid elements which get
gravitationally unbound. For these trajectories nuclear
network calculations were performed as in Goriely et al.
(2011), where details on the reaction network, the tem-
perature postprocessing and the density extrapolation
beyond the end of the hydrodynamical simulations can
be found. The reaction network includes all 5000 species
from protons up to Z=110 lying between the valley of β-
stability and the neutron-drip line. All fusion reactions
on light elements, as well as radiative neutron captures,
photodisintegrations, β-decays and fission processes are
included. The corresponding rates are based on experi-
mental data whenever available or on theoretical predic-
tions otherwise, as prescribed in the BRUSLIB nuclear
astrophysics library (Xu et al. 2013)
Figure 8 shows the final nuclear abundance patterns for

the 1.35-1.35 M⊙ mergers described by the NL3 (blue),
DD2 (red) and SFHO (green) EoSs. For every model
about 200 trajectories were processed, which roughly cor-
respond to about one tenth of the total ejecta. Compar-
ing the final abundance distributions of the DD2 EoS for
about 200 and the full set of 1000 fluid-element histories

reveals a very good quantitative agreement, which proves
that a properly chosen sample of about 200 trajectories
is sufficient to be representative for the total amount of
unbound matter.
The scaled abundance patterns displayed in Fig. 8

match closely the solar r-process composition above mass
number A ≈ 140. In particular the third r-process peak
around A = 195 is robustly reproduced by all models.
Above mass number A ≈ 100 the results for the different
NS EoSs hardly differ. For all three displayed models
the peak around A ≈ 140 is produced by fission recy-
cling, which occurs when the nuclear flow reaches fis-
sioning nuclei around 280No at the end of the neutron
irradiation during the β-decay cascade. The exact shape
and location of this peak are therefore strongly affected
by the theoretical modeling of the fission processes (in-
cluding in particular the fission fragment distribution of
the fissioning nuclei) which are still subject to large un-
certainties (Goriely et al. 2009b). Hence, the deviations
from the solar abundance pattern between A ≈ 130 and
A ≈ 170 are not unexpected, while the third r-process
peak around A = 195 is a consequence of the closed neu-
tron shell at N = 126, which is robustly predicted by
theoretical models. Very similar results were obtained
for NS merger models performed with the LS220 and
Shen EoSs in Goriely et al. (2011).
In Fig. 9 the normalized abundance patterns are shown

for asymmetric 1.2-1.5 M⊙ mergers employing the same
representative EoSs as in Fig. 8. Again a very good agree-
ment between the solar r-process abundances and the cal-
culated element distributions above A ≈ 130 is found for
all three high-density EoSs. This confirms earlier find-
ings that the binary mass ratio has a negligible effect on
the abundance yield distribution (Goriely et al. 2011). It
also confirms that the ejected abundance distribution is
rather insensitive to the adopted EoS.
Besides the three temperature-dependent EoSs consid-

ered above we conducted network calculations also for
merger models computed with zero-temperature EoSs

Prompt / dynamical ejecta (qualitatively consistent  
with works by, e.g., 

Hotokezaka ’13, 
Wanajo+Sekiguchi ’14,’16,  

Radice ’16, Foucart ’16,  
Martin ’18)
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suppressed wings of the binary distribution.

4. NUCLEOSYNTHESIS

4.1. R-process abundances

The potential of NS mergers to produce heavy r-
process elements in their ejecta has been manifested
by several studies based on hydrodynamical simula-
tions (Freiburghaus et al. 1999; Metzger et al. 2010b;
Roberts et al. 2011; Goriely et al. 2011; Korobkin et al.
2012). These investigations have considered only a few
high-density EoSs (two EoSs were used in Goriely et al.
(2011)). Since the NS EoS affects sensitively the dynam-
ics of NS mergers and thus the properties of the ejecta
(amount, expansion velocity, electron fraction, tempera-
ture), we explore here the influence of the NS EoS on the
r-process nucleosynthesis in a systematic way.
For a selected, representative set of EoSs we extract the

thermodynamical histories of fluid elements which get
gravitationally unbound. For these trajectories nuclear
network calculations were performed as in Goriely et al.
(2011), where details on the reaction network, the tem-
perature postprocessing and the density extrapolation
beyond the end of the hydrodynamical simulations can
be found. The reaction network includes all 5000 species
from protons up to Z=110 lying between the valley of β-
stability and the neutron-drip line. All fusion reactions
on light elements, as well as radiative neutron captures,
photodisintegrations, β-decays and fission processes are
included. The corresponding rates are based on experi-
mental data whenever available or on theoretical predic-
tions otherwise, as prescribed in the BRUSLIB nuclear
astrophysics library (Xu et al. 2013)
Figure 8 shows the final nuclear abundance patterns for

the 1.35-1.35 M⊙ mergers described by the NL3 (blue),
DD2 (red) and SFHO (green) EoSs. For every model
about 200 trajectories were processed, which roughly cor-
respond to about one tenth of the total ejecta. Compar-
ing the final abundance distributions of the DD2 EoS for
about 200 and the full set of 1000 fluid-element histories

reveals a very good quantitative agreement, which proves
that a properly chosen sample of about 200 trajectories
is sufficient to be representative for the total amount of
unbound matter.
The scaled abundance patterns displayed in Fig. 8

match closely the solar r-process composition above mass
number A ≈ 140. In particular the third r-process peak
around A = 195 is robustly reproduced by all models.
Above mass number A ≈ 100 the results for the different
NS EoSs hardly differ. For all three displayed models
the peak around A ≈ 140 is produced by fission recy-
cling, which occurs when the nuclear flow reaches fis-
sioning nuclei around 280No at the end of the neutron
irradiation during the β-decay cascade. The exact shape
and location of this peak are therefore strongly affected
by the theoretical modeling of the fission processes (in-
cluding in particular the fission fragment distribution of
the fissioning nuclei) which are still subject to large un-
certainties (Goriely et al. 2009b). Hence, the deviations
from the solar abundance pattern between A ≈ 130 and
A ≈ 170 are not unexpected, while the third r-process
peak around A = 195 is a consequence of the closed neu-
tron shell at N = 126, which is robustly predicted by
theoretical models. Very similar results were obtained
for NS merger models performed with the LS220 and
Shen EoSs in Goriely et al. (2011).
In Fig. 9 the normalized abundance patterns are shown

for asymmetric 1.2-1.5 M⊙ mergers employing the same
representative EoSs as in Fig. 8. Again a very good agree-
ment between the solar r-process abundances and the cal-
culated element distributions above A ≈ 130 is found for
all three high-density EoSs. This confirms earlier find-
ings that the binary mass ratio has a negligible effect on
the abundance yield distribution (Goriely et al. 2011). It
also confirms that the ejected abundance distribution is
rather insensitive to the adopted EoS.
Besides the three temperature-dependent EoSs consid-

ered above we conducted network calculations also for
merger models computed with zero-temperature EoSs
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Figure 3. Impact of the neutrino interactions on the abundance distribution after ejection for the same 1.35-
1.35M� NS merger model as in Fig. 2. The upper left panel is obtained without any weak interaction of free
nucleons, the others for five di↵erent values of the antineutrino luminosity L⌫̄e , together with L⌫e = 0.6 1053 erg/s,
hE⌫e i = 12 MeV and hE⌫̄e i = 16 MeV. In each panel, the fraction of A > 69 r-nuclei in the ejected material is
given. See Ref. [12] for more details.

It should be mentioned that our assumption of time-independent (anti)neutrino luminosities can
be questioned, since the neutrino-ejecta interaction is a highly time-dependent problem, where the
relative time between the growth of the neutrino emission and the mass ejection matters. However,
this simple approximation is su�ciently good to demonstrate the impact of neutrino processes on the
time evolution and mass distribution of the electron fraction and the corresponding consequences for
the r-process. A predictive assessment of neutrino e↵ects on the nucleosynthesis in merger ejecta
would also have to take account variations of the neutrino emission with di↵erent directions. Matter
expelled towards the polar directions is exposed to di↵erent neutrino conditions than matter that leaves
the system along equatorial trajectories.

3 Nuclear Physics
R-process nucleosynthesis calculations require a reaction network including about 5000 species from
protons up to Z >⇠ 110 lying between the valley of �-stability and the neutron drip line. All charged-
particle fusion reactions on light and medium-mass elements that play a role when the nuclear statisti-
cal equilibrium freezes out need to be included in addition to radiative neutron captures and photodis-
integrations. On top of these reactions, �-decays as well as �-delayed neutron emission probabilities
and ↵-decay rates need to be taken into account, but also fission processes, including neutron-induced,
spontaneous, �-delayed and photofission, together with the corresponding fission fragment distribu-
tion for all fissioning nuclei. All rates are based on experimental information whenever available,
but since only a extremely small amount of data are known experimentally, theoretical models are
fundamental in providing the various predictions.

For such applications, the necessary ingredients (properties of cold and hot nuclei, nuclear level
densities, optical potentials, �-ray strength functions, fission properties, �-strength functions) should
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Fig. 6.— Ejecta geometry visualized by the rest-mass density (color-coded and logarithmically plotted in g/cm3) excluding matter of
the bound central remnant for the 1.35-1.35 M⊙ merger (left) and the 1.2-1.5 M⊙ merger (right) with the DD2 EoS. Density contours are
obtained by azimuthal averaging. Arrows represent the coordinate velocity field where an arrow length of 200 km corresponds to the speed
of light. The time of the snapshots is given below the color bar of each panel. The visualization tool SPLASH was used to convert SPH
data to grid data (Price 2007).

suppressed wings of the binary distribution.

4. NUCLEOSYNTHESIS

4.1. R-process abundances

The potential of NS mergers to produce heavy r-
process elements in their ejecta has been manifested
by several studies based on hydrodynamical simula-
tions (Freiburghaus et al. 1999; Metzger et al. 2010b;
Roberts et al. 2011; Goriely et al. 2011; Korobkin et al.
2012). These investigations have considered only a few
high-density EoSs (two EoSs were used in Goriely et al.
(2011)). Since the NS EoS affects sensitively the dynam-
ics of NS mergers and thus the properties of the ejecta
(amount, expansion velocity, electron fraction, tempera-
ture), we explore here the influence of the NS EoS on the
r-process nucleosynthesis in a systematic way.
For a selected, representative set of EoSs we extract the

thermodynamical histories of fluid elements which get
gravitationally unbound. For these trajectories nuclear
network calculations were performed as in Goriely et al.
(2011), where details on the reaction network, the tem-
perature postprocessing and the density extrapolation
beyond the end of the hydrodynamical simulations can
be found. The reaction network includes all 5000 species
from protons up to Z=110 lying between the valley of β-
stability and the neutron-drip line. All fusion reactions
on light elements, as well as radiative neutron captures,
photodisintegrations, β-decays and fission processes are
included. The corresponding rates are based on experi-
mental data whenever available or on theoretical predic-
tions otherwise, as prescribed in the BRUSLIB nuclear
astrophysics library (Xu et al. 2013)
Figure 8 shows the final nuclear abundance patterns for

the 1.35-1.35 M⊙ mergers described by the NL3 (blue),
DD2 (red) and SFHO (green) EoSs. For every model
about 200 trajectories were processed, which roughly cor-
respond to about one tenth of the total ejecta. Compar-
ing the final abundance distributions of the DD2 EoS for
about 200 and the full set of 1000 fluid-element histories

reveals a very good quantitative agreement, which proves
that a properly chosen sample of about 200 trajectories
is sufficient to be representative for the total amount of
unbound matter.
The scaled abundance patterns displayed in Fig. 8

match closely the solar r-process composition above mass
number A ≈ 140. In particular the third r-process peak
around A = 195 is robustly reproduced by all models.
Above mass number A ≈ 100 the results for the different
NS EoSs hardly differ. For all three displayed models
the peak around A ≈ 140 is produced by fission recy-
cling, which occurs when the nuclear flow reaches fis-
sioning nuclei around 280No at the end of the neutron
irradiation during the β-decay cascade. The exact shape
and location of this peak are therefore strongly affected
by the theoretical modeling of the fission processes (in-
cluding in particular the fission fragment distribution of
the fissioning nuclei) which are still subject to large un-
certainties (Goriely et al. 2009b). Hence, the deviations
from the solar abundance pattern between A ≈ 130 and
A ≈ 170 are not unexpected, while the third r-process
peak around A = 195 is a consequence of the closed neu-
tron shell at N = 126, which is robustly predicted by
theoretical models. Very similar results were obtained
for NS merger models performed with the LS220 and
Shen EoSs in Goriely et al. (2011).
In Fig. 9 the normalized abundance patterns are shown

for asymmetric 1.2-1.5 M⊙ mergers employing the same
representative EoSs as in Fig. 8. Again a very good agree-
ment between the solar r-process abundances and the cal-
culated element distributions above A ≈ 130 is found for
all three high-density EoSs. This confirms earlier find-
ings that the binary mass ratio has a negligible effect on
the abundance yield distribution (Goriely et al. 2011). It
also confirms that the ejected abundance distribution is
rather insensitive to the adopted EoS.
Besides the three temperature-dependent EoSs consid-

ered above we conducted network calculations also for
merger models computed with zero-temperature EoSs
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Figure 3. Impact of the neutrino interactions on the abundance distribution after ejection for the same 1.35-
1.35M� NS merger model as in Fig. 2. The upper left panel is obtained without any weak interaction of free
nucleons, the others for five di↵erent values of the antineutrino luminosity L⌫̄e , together with L⌫e = 0.6 1053 erg/s,
hE⌫e i = 12 MeV and hE⌫̄e i = 16 MeV. In each panel, the fraction of A > 69 r-nuclei in the ejected material is
given. See Ref. [12] for more details.

It should be mentioned that our assumption of time-independent (anti)neutrino luminosities can
be questioned, since the neutrino-ejecta interaction is a highly time-dependent problem, where the
relative time between the growth of the neutrino emission and the mass ejection matters. However,
this simple approximation is su�ciently good to demonstrate the impact of neutrino processes on the
time evolution and mass distribution of the electron fraction and the corresponding consequences for
the r-process. A predictive assessment of neutrino e↵ects on the nucleosynthesis in merger ejecta
would also have to take account variations of the neutrino emission with di↵erent directions. Matter
expelled towards the polar directions is exposed to di↵erent neutrino conditions than matter that leaves
the system along equatorial trajectories.

3 Nuclear Physics
R-process nucleosynthesis calculations require a reaction network including about 5000 species from
protons up to Z >⇠ 110 lying between the valley of �-stability and the neutron drip line. All charged-
particle fusion reactions on light and medium-mass elements that play a role when the nuclear statisti-
cal equilibrium freezes out need to be included in addition to radiative neutron captures and photodis-
integrations. On top of these reactions, �-decays as well as �-delayed neutron emission probabilities
and ↵-decay rates need to be taken into account, but also fission processes, including neutron-induced,
spontaneous, �-delayed and photofission, together with the corresponding fission fragment distribu-
tion for all fissioning nuclei. All rates are based on experimental information whenever available,
but since only a extremely small amount of data are known experimentally, theoretical models are
fundamental in providing the various predictions.

For such applications, the necessary ingredients (properties of cold and hot nuclei, nuclear level
densities, optical potentials, �-ray strength functions, fission properties, �-strength functions) should

(Goriely et al ‘15+’18)

(qualitatively consistent  
with works by, e.g., 

Hotokezaka ’13, 
Wanajo+Sekiguchi ’14,’16,  

Radice ’16, Foucart ’16,  
Martin ’18)

(OJ, Bauswein, Ardevol,  
Goriely, Janka ’15)

Further properties: 
★ v ~ 0.1-0.3 c 
★ M ~ 1E-4 - 1E-2 Msun 
★ typically larger mass for softer EOS 
★ very low mass for prompt collapse
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PHYSICS OF POST-MERGER CONFIGURATION
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Post-merger BH-torus remnant

(OJ, Bauswein, Ardevol, Goriely, Janka ’15)

Typical ejecta properties: 

● outflow masses: 
~ 5-20% of torus mass 
~ 1E-4 - 1E-2 Msun 

● electron fraction: 
    <Ye> ~ 0.1-0.3 

● entropy per baryon: 
    <s> ~ 10 – 30 kB 

● velocity: 
    <v> ~ 0.05– 0.1 c 

● small neutrino-driven 
component 

● large viscous component

(also see Fernandez ’13, Wu ’16, Siegel ’17)



“ALCAR” NEUTRINO TRANSPORT MODULE	 	 	

TWO-MOMENT TRANSPORT WITH ALGEBRAIC EDDINGTON FACTOR (AEF OR M1 SCHEME) 

← energy density,           0th-angular moment

← momentum density,   1st-angular moment

← pressure,                    2nd-angular moment

central approximation of M1: 
local closure relation for higher moments 
(e.g. "M1 closure”)

2 Just et al.

Toro 1997). The time integration of the hydrodynamics vari-
ables is coupled to that of the neutrino moments using a di-
mensionally unsplit 2nd order Runge-Kutta scheme (cf. Just
et al. 2015).

The neutrino transport in both codes is based on the
multi-group evolution of the 0th- and 1st-order angular mo-
ments of the neutrino specific intensity, namely the specific
energy density, E, and specific flux density vector, F i, as
measured in the comoving frame2:
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where P ij , Qijk are the 2nd- and 3rd-order angular moment
tensors, respectively, S(0) and S(1),i the interaction source
terms measured in the comoving frame, vi is the fluid ve-
locity, c the speed of light, and ↵ is the lapse function. The
latter is computed as described in (Rampp & Janka 2002)
from the gravitational potential using angular averaged ra-
dial profiles of fluid- and neutrino-related quantities. Com-
pared to their purely Newtonian counterparts, Eqs. (3) con-
tain approximate corrections for general relativistic redshift
and time dilation. Owing to their approximate nature, the
inclusion of these corrections is not unambiguous; we opted
for an implementation in ALCAR consistent to that of VER-
TEX (cf. Rampp & Janka 2002)3.

In ALCAR, the higher-order moments P ij and Qijk

needed to close the set of moment equations are given as
local functions of the moments E,F i via
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E
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where f ⌘ |F|/E, ni
F ⌘ F i/|F|, and the quantities �, q are

determined by the chosen closure model (see Sec. 3.5 for the
choice of closures used in this study and, e.g., Just et al.
2015 for explicit expressions of � and q). The resulting hy-
perbolic system of equations is solved in close analogy to the
hydrodynamics solver, namely using the same grid and re-
construction scheme, and a HLL Riemann solver. The time
integration of the potentially sti↵ interaction source terms,
however, is done in a mixed explicit-implicit manner in order
to ensure numerical stability (see Appendix (REF!!!)).

2
Here and in many cases below we suppress arguments or indices

expressing the dependence on space, time, energy, or species.

3
Specificallly, equations (3) can be recovered from the general

relativistic moment equations (e.g. Shibata et al. 2011; Cardall

et al. 2013, eventually after transforming the moments into the

comoving frame) by assuming the only non-trivial metric term to

be the lapse function, ↵, performing the replacement ↵vi ! vi,
and dropping all terms proportional to O(v2/c2) and O(v/cr↵).

2.2 VERTEX

VERTEX solves the same set of equations, Eqs. (2) and
(3), for hydrodynamics and neutrino transport, respectively,
except for the following di↵erences: VERTEX obtains the
higher-order moments by solving (slightly simplified) Boltz-
mann equations in addition to the moment equations. This
“variable-Eddington-factor” approach is comparable in ac-
curacy to solving the Boltzmann equation directly, and is
therefore superior in accuracy to the algebraic-Eddington-
factor method used in ALCAR. However, the tangent-ray
scheme used for this purpose is specifically designed for
spherically symmetric configurations and therefore does not
allow for the evolution of a general radiation field in full
dimensionality. Instead, the “ray-by-ray-plus” approach is
employed, in which one-dimensional transport problems are
solved quasi-independently along each radial sweep of the
spherical polar grid under the assumption of the radiation
field being axisymmetric around each ray. This approxima-
tion implies that non-radial flux-density components identi-
cally vanish. However, advection of neutrinos by the fluid
(both in radial and lateral direction) as well as lateral
neutrino-pressure e↵ects are still being accounted for (see
Buras et al. 2006, for details). VERTEX evolves Eqs. (3)
using finite-di↵erence methods and fully implicit time inte-
gration.

For the hydrodynamics part, the VERTEX simulations
make use of the well-known PROMETHEUS code (?), which
employs the original PPM method (Colella & Woodward
1984) to integrate the hydrodynamics equations with 2nd-
order Strang-type splitting. For detailed information about
the hydrodynamics treatment in VERTEX-PROMETHEUS
simulations, we refer the reader to (Buras et al. 2006; Summa
et al. 2016) and references therein.

3 MODEL SETUP

3.1 Progenitor and basic simulation setup

In this study we exclusively employ the progenitor model
“S20” by ?. This progenitor served as initial model for
CCSN simulations already in a number of previous stud-
ies (REF!!!), o↵ering the possibility of cross-comparisons.
We initialize our models using the density, temperature,
and electron fraction of the original progenitor data. For all
models in this study we simulate the collapse and the first
15�20ms after bounce in 1D (i.e. spherical symmetry). We
then follow the evolution in both 1D and 2D (i.e. axisym-
metry). For the latter case we map the configuration onto
a spherical polar coordinate system and afterwards perturb
the density, ⇢, in each cell using relative amplitudes �⇢/⇢
that are randomly distributed within [�10�4, 10�4].

3.2 Equation of state and neutrino reaction
channels

In order to close the hydrodynamics equations and obtain
information about the thermodynamic state of the fluid we
employ the equation of state (EOS) “SFHo” by Steiner et al.
(2013). Since this EOS is constructed assuming nuclear sta-
tistical equilibrium (NSE), ideally we should replace it by a
composition-dependent EOS linked with a nuclear reaction

c� 0000 RAS, MNRAS 000, 000–000

evolution 
equations

=> removes two degrees of freedom of nu-phase space  
     large gain of computational efficiency  
=> trade-off: potential loss accuracy  
     (at least in optically thin regions)

(OJ, OBERGAULINGER, JANKA 
'15, MNRAS, 453, 3386)
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Figure 13. Abundance distributions as functions of the atomic
mass for the neutrino-driven and viscous components of the disk
ejecta for tori of 0.1M� (top) and a 0.3M� (bottom). All distri-
butions are normalized so that

P
X = 1. Calculations correspond

to the M3A8m1a5 and M3A8m3a5 models. The dotted circles
show the solar r-abundance distribution (Goriely 1999).

The neutrino-driven and viscous outflow components
identified in Sect. 3.3 are characterized by di↵erent proper-
ties, i.e., the neutrino-driven component exhibits larger aver-
age electron fractions and higher escape velocities (cf. Fig. 9
and Sect. 3.3.3). Consequently, the abundance patterns are
di↵erent with less strong r-processing in the neutrino-driven
ejecta (Fig. 13). In the neutrino-driven wind, the trajectories
with electron fractions Ye <

⇠ 0.35 and with the shortest ex-
pansion timescales can still be responsible for the production
of the heavy r-nuclei with A > 140. In the viscous ejecta, the
average electron fraction is su�ciently lower such that the
third abundance peak is reached for a substantial amount
of outflow trajectories. In all studied cases, the mass of the
neutrino-driven outflow remains small compared to the one
associated with the viscous component (cf. Table 2). The
final, ejected (combined) abundance distribution in the disk
outflows is therefore essentially identical to the viscous com-
ponent. The ejected matter is roughly composed of 80 to
94% of r-process material, the remaining 6 to 20% being
made essentially of 4He.

Sensitivity to global parameters

Figure 14. Abundance distributions as functions of the atomic
mass for three systems with torus masses of Mtorus = 0.03, 0.1
and 0.3M� and a 3M� BH. All distributions are normalized to
the same solar A = 130 abundance. Calculations correspond to
the M3A8m03a5, M3A8m1a5 and M3A8m3a5 models. The dotted
circles show the solar r-abundance distribution (Goriely 1999).

The abundance distributions are found to be only
weakly sensitive to the torus mass, as shown in Fig. 14 for
cases with the same BH mass and spin and the same viscos-
ity. The di↵erences result from the two subtle trends that
the fraction of material with Ye < 0.2 as well as the mean
entropy slightly increase for lower torus masses. As can be
seen in Fig. 15, the abundance distribution is also found to
be only moderately sensitive to the BH mass. The observed
slight trend towards relatively heavier elements for lower BH
masses can be ascribed to the lower mean electron fractions
of the ejecta. In Fig. 16, we compare the abundance distri-
butions obtained with two values of the viscosity parameter
↵vis, both for the type 1 and type 2 prescriptions, as de-
scribed in Sect. 2.2. In general terms, the abundance distri-
bution is quite robust with respect to the viscosity treatment
for the intermediate-mass elements 80 6 A 6 130, while it
is rather sensitive to the viscosity for the A > 130 elements.
We observe that for a higher dynamic viscosity coe�cient
⌘vis a higher relative amount of A > 130 elements is ob-
tained (remembering also that the ⌘vis for the two viscosity
types are related by Eq. 2). This result can be explained by
the fact that a higher dynamic viscosity leads to a smaller
mean electron fraction Ȳe of the ejecta in our models (cf.
Table 2).

Sensitivity to r-process heating feedback
In Fig. 17 we compare the average temperatures as well

as the average heating rates for the models with and with-
out radioactive heating as implemented by the approximate
method described in Sect. 3.1. Correspondingly, in Fig. 18
we compare the abundance distributions for these models.
The variations introduced by such a lowest-order correction
for radioactive heating are only marginal. Besides minor
di↵erences in the abundance distributions, also the total
ejecta masses are hardly a↵ected. With heating Mout in-
creases from 22.1 to 22.4 per cent and from 22.7 to 22.8 per
cent of the original torus mass for models M4A8m3a5 and
M3A8m1a2, respectively (see Table 2). This indicates that
including the radioactive heating in a fully consistent man-
ner is not necessary or at least does not lead to any signifi-

c� 2014 RAS, MNRAS 000, 1–30

viscous outflows: 
-> low Ye 
-> more lanthanides 
-> higher opacity 
-> red Kilonova  
     (if observed independently)

(OJ, Bauswein, Ardevol, Goriely, Janka ’15)



Nucleosynthesis yields of BH-torus ejecta
20 O. Just et al.

10-6

10-5

10-4

10-3

10-2

10-1

100

!-driven wind
viscous

M
as

s f
ra

ct
io

n

M
torus

=0.1M
o

10-6

10-5

10-4

10-3

10-2

10-1

0 40 80 120 160 200 240

M
as

s f
ra

ct
io

n

A

M
torus

=0.3M
o

Figure 13. Abundance distributions as functions of the atomic
mass for the neutrino-driven and viscous components of the disk
ejecta for tori of 0.1M� (top) and a 0.3M� (bottom). All distri-
butions are normalized so that

P
X = 1. Calculations correspond

to the M3A8m1a5 and M3A8m3a5 models. The dotted circles
show the solar r-abundance distribution (Goriely 1999).

The neutrino-driven and viscous outflow components
identified in Sect. 3.3 are characterized by di↵erent proper-
ties, i.e., the neutrino-driven component exhibits larger aver-
age electron fractions and higher escape velocities (cf. Fig. 9
and Sect. 3.3.3). Consequently, the abundance patterns are
di↵erent with less strong r-processing in the neutrino-driven
ejecta (Fig. 13). In the neutrino-driven wind, the trajectories
with electron fractions Ye <

⇠ 0.35 and with the shortest ex-
pansion timescales can still be responsible for the production
of the heavy r-nuclei with A > 140. In the viscous ejecta, the
average electron fraction is su�ciently lower such that the
third abundance peak is reached for a substantial amount
of outflow trajectories. In all studied cases, the mass of the
neutrino-driven outflow remains small compared to the one
associated with the viscous component (cf. Table 2). The
final, ejected (combined) abundance distribution in the disk
outflows is therefore essentially identical to the viscous com-
ponent. The ejected matter is roughly composed of 80 to
94% of r-process material, the remaining 6 to 20% being
made essentially of 4He.

Sensitivity to global parameters

Figure 14. Abundance distributions as functions of the atomic
mass for three systems with torus masses of Mtorus = 0.03, 0.1
and 0.3M� and a 3M� BH. All distributions are normalized to
the same solar A = 130 abundance. Calculations correspond to
the M3A8m03a5, M3A8m1a5 and M3A8m3a5 models. The dotted
circles show the solar r-abundance distribution (Goriely 1999).

The abundance distributions are found to be only
weakly sensitive to the torus mass, as shown in Fig. 14 for
cases with the same BH mass and spin and the same viscos-
ity. The di↵erences result from the two subtle trends that
the fraction of material with Ye < 0.2 as well as the mean
entropy slightly increase for lower torus masses. As can be
seen in Fig. 15, the abundance distribution is also found to
be only moderately sensitive to the BH mass. The observed
slight trend towards relatively heavier elements for lower BH
masses can be ascribed to the lower mean electron fractions
of the ejecta. In Fig. 16, we compare the abundance distri-
butions obtained with two values of the viscosity parameter
↵vis, both for the type 1 and type 2 prescriptions, as de-
scribed in Sect. 2.2. In general terms, the abundance distri-
bution is quite robust with respect to the viscosity treatment
for the intermediate-mass elements 80 6 A 6 130, while it
is rather sensitive to the viscosity for the A > 130 elements.
We observe that for a higher dynamic viscosity coe�cient
⌘vis a higher relative amount of A > 130 elements is ob-
tained (remembering also that the ⌘vis for the two viscosity
types are related by Eq. 2). This result can be explained by
the fact that a higher dynamic viscosity leads to a smaller
mean electron fraction Ȳe of the ejecta in our models (cf.
Table 2).

Sensitivity to r-process heating feedback
In Fig. 17 we compare the average temperatures as well

as the average heating rates for the models with and with-
out radioactive heating as implemented by the approximate
method described in Sect. 3.1. Correspondingly, in Fig. 18
we compare the abundance distributions for these models.
The variations introduced by such a lowest-order correction
for radioactive heating are only marginal. Besides minor
di↵erences in the abundance distributions, also the total
ejecta masses are hardly a↵ected. With heating Mout in-
creases from 22.1 to 22.4 per cent and from 22.7 to 22.8 per
cent of the original torus mass for models M4A8m3a5 and
M3A8m1a2, respectively (see Table 2). This indicates that
including the radioactive heating in a fully consistent man-
ner is not necessary or at least does not lead to any signifi-

c� 2014 RAS, MNRAS 000, 1–30

viscous outflows: 
-> low Ye 
-> more lanthanides 
-> higher opacity 
-> red Kilonova  
     (if observed independently)

neutrino-driven outflows: 
-> high Ye 
-> less lanthanides 
-> lower opacity 
-> blue Kilonova 
     (if observed independently)

(OJ, Bauswein, Ardevol, Goriely, Janka ’15)



COMBINED NUCLEOSYNTHESIS YIELDS 
OF PROMPT AND TORUS EJECTA

➔ DISK ejecta (mainly A ~ 90 - 140)

➔ PROMPT ejecta (mainly A ~ 140 - 210)

➔ DISK + PROMPT ejecta

➔ nicely recovers the full mass range A > 90 

➔ strong support for idea that multiple ejecta 
components of NS mergers are significant 
sources of r-process elements 

(OJ, Bauswein, Ardevol, Goriely, Janka ’15)
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Figure 12. Left panels: Snapshots of the density profiles of the ejecta for the models DD2-135135-0.02-H (top) and DD2-135135-0.04-H
(bottom) at t = 0.1 s. Four black dashed lines and numbers label the five angular regions (0�  ✓ < 15�, 15�  ✓ < 30�, 30�  ✓ < 45�,
45�  ✓ < 60�, and 60�  ✓  90� with polar angle ✓). Middle panels: Snapshots of the electron fraction profiles for the same models.
Right panels: Mass histogram of the ejecta as a function of Ye for ✓  30� and 30� < ✓  90�. Note that the mass histogram is generated
for all the ejecta components calculated by Eq. (36).

Table 3
Properties of the ejecta for the DD2 EOS. Table shows the component of ejecta, ejecta mass, average velocity, electron fraction, direction
of the mass ejection, and ejection duration. t⌫ and t� tmerge denote the duration of the neutrino emission and the time after the onset of

merger, respectively.

Type of ejecta Mass (M�) Vej/c Ye Direction Duration
Dynamical ejecta O(10�3) ⇠ 0.2 0.05–0.5 ✓ & 45� t� tmerge . 10ms
Early viscosity-driven ejecta ⇠ 10�2(↵vis/0.02) ⇠ 0.15� 0.2 0.2–0.5 ✓ & 30� t� tmerge . 0.1 s
Late-time viscosity-driven ejecta (polar) ⇠ 10�3(t⌫/s) ⇠ 0.15 0.4–0.5a ✓ . 30� t� tmerge ⇠ t⌫ ⇠ 10 s
Late-time viscosity-driven ejecta (equatorial) & 10�2 ⇠ 0.05 0.3–0.4a ✓ & 30� t� tmerge ⇠ 1–10 s

a We note that for the EOS in which the value of Mmax is not as high as that for the DD2 EOS, the massive neutron star could
collapse to a black hole within ⇠ 1 s. Even for such EOS, the late-time viscosity-driven mass ejection should continue after the
black-hole formation, but because of shorter neutrino-irradiation time, the value of Ye is likely to be smaller than 0.3.

(Fujibayashi ’17)

• very challenging to model, because of extremely small 
MRI length scales and complicated high-density neutrino 
physics 

• NS represents much larger energy reservoir than BH-
torus 

• hence, ejecta mass likely grows with HMNS lifetime 

• relative amount of (blue) neutrino-driven to (red) 
viscous ejecta higher 

irradiation, the initially highly neutron-rich matter inside the
disk changes its electron fraction in the wind. The dominant νe-
absorption of neutrons raises Ye toward equilibrium values (see
e.g., Qian & Woosley 1996). The evolution toward this
equilibrium value may be affected by general-relativistic
treatment of the merger phase. GR simulations of a binary
neutron star merger including neutrinos (Neilsen et al. 2014)
and following the onset of the neutrino-driven wind (Sekiguchi
et al. 2015) indicate that the luminosities can be larger than in
Newtonian simulations, due to the higher temperature inside
the MNS and the disk. However, the ratio between the electron
neutrino and antineutrino luminosities is similar in both cases,
as well as the values of the mean energies. Therefore, the
equilibrium electron fraction is expected to be almost the same,
while the evolution toward this Ye should be faster in the GR
simulations. This difference does not come directly from the
Newtonian treatment of the disk and of the wind, but from the
initial profiles resulting from the merger process.

2.2. Tracers from the Hydrodynamical Simulation

At the beginning of our simulation we place 105 tracers
inside our computational domain. The wind tracers are ejected
from a region with initial density of 10 g cm ,10 31r - as found
in backtracking procedures of preliminary tests following
Perego et al. (2014). Thus, we locate our tracers initially inside
the thick accretion disk where the density is between 2 ×
106 g cm−3 and 2 × 1010 g cm−3 (see Figure 2). The number of
tracers assigned to each grid cell is proportional to its mass
content and the actual location of each particle within a cell is
randomly assigned. Hence, the resulting tracer distribution
tracks the matter density distribution inside the disk. The mass
of the region of the disk where the tracers are placed is 0.0542
Me. Therefore, we assign to each of them an inherent mass of
mi = m = 5.420 × 10−7 Me. Every tracer records the local
properties of matter (density, internal energy, electron fraction,
and velocity components) at its present location by linearly
interpolating the corresponding values on the computational
grid. The total specific energy, etot, is computed as the algebraic
sum of the kinetic, thermal, and gravitational specific energy.
We recall here that the thermal energy is obtained from the
relativistic internal energy, reduced by the rest mass energy

(both obtained from the nuclear equation of state). All tracers
are passively advected by the fluid and their location is evolved
in time inside the grid by solving the equation x vd td = with
a second-order-accurate Euler integration scheme. A tracer
particle is considered unbound if etot > 0 and if its radial
component of the velocity is positive, steadily from a certain
time until the end of the simulation. For each ejected tracer,
neutrino fluxes and mean energies as a function of time come
from the axisymmetric output provided by the hydrodynamic
simulations (see Section 2.1 and Perego et al.2014).

2.3. Nucleosynthesis Network

For the post-processing of the tracers, a complete nucleo-
synthesis network (Winteler 2012; Winteler et al. 2012) is
employed. Over 5800 nuclei between the valley of stability and
the neutron drip line are considered, i.e., isotopes from H to Rg.
The reaction rates are taken from the compilation of Rauscher
& Thielemann (2000) for the Finite Range Droplet Model
(FRDM; Möller et al. 1995). Weak interaction rates including
neutrino absorption on nucleons are taken into account (Möller

Figure 1. x–z plane at 140 ms after the beginning of the simulation. The left panel shows the electron fraction with a superimposed contour plot of the density. A color
gradient from white to black indicates the regions with densities of ρ = 106 g cm−3 to ρ = 1011 g cm−3. The entropy profile and the projected velocity are presented in
the right panel. The length of the arrows characterizes the magnitude of the velocity.

Figure 2. Distribution of the tracers in the x–z plane at the beginning of
the simulation. The density profile is shown for 2 10 g cm6 3 - -r´ -

2 10 g cm10 3´ - . Tracers are marked by black dots, white dashed lines and
numbers label the four angular regions of interest, which are referred to as
(angular) bins 1−4 in the following.
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Figure 6. Kilonova properties as a function of HMNS lifetime. Shown are
the ejecta mass in unbound material (a), the mass-flux-weighted velocity at
109 cm (b), the mass-flux-weighted electron fraction (c), the peak luminosity
(d) (equation 4), and the time to peak (e) (equation 5). Red squares and blue
dots indicate equatorial and polar material. The opacity is assumed to be
Lanthanide dominated for the former and Lanthanide free for the latter. Note
that these numbers underestimate the ‘red’ component since we have not
included contributions from the dynamical ejecta.

drop when a BH forms. Future work will explore in more detail the
observational consequences of this bimodal outflow.

Fig. 6 provides estimates of various quantities relevant to the
kilonova emission derived from our calculations, as a function of
the HMNS collapse time. The peak luminosities and time to peak are
estimated using the ‘Arnett rule’ for a kilonova (e.g. Li & Paczyński
1998; Metzger et al. 2010),

Lpeak ≃ 4.3 × 1041 erg s−1
(

f

3 × 10−6

) ( vr

0.1c

)1/2

×
(

Mej

0.01 M⊙

)1/2

κ−1/2, (4)

tpeak ≃ 1.4 d
( vr

0.1c

)−1/2
(

Mej

0.01 M⊙

)1/2

κ1/2, (5)

where f is a factor quantifying radioactive energy deposition, and κ

is the opacity of the material in units of cm2 g−1. In making Fig. 6,
we have used κ = 10 cm2 g−1 for the equatorial material (Lanthanide
dominated), and κ = 1 cm2 g−1 for the polar material (Lanthanide
free), see Kasen et al. (2013). The velocity is the mass-flux-weighted
value at r = 109 cm considering only unbound material.

Most of the resulting kilonova properties are a monotonic func-
tion of the HMNS lifetime. Peak luminosities increase from ∼1040

to ∼1041 erg s−1 for the red component, while the blue component,
when present, is brighter by a factor of ∼2. Similarly, the peak times
for the red component range from about a week to a month, increas-
ing with longer HMNS lifetime due to the larger ejected mass. The
blue component can last from a few to several days. While the
blue component is faster with longer HMNS lifetime, the average
velocity of the red component saturates at ∼0.05c.

The large amount of ejecta mass found by our calculations sug-
gests that outflows from the disc could easily overwhelm that
from the dynamical ejecta. One implication of this result re-
lates to the Galactic production of r-process elements. FM13 es-
timated that ejection of ∼10 per cent of the disc mass would con-
tribute with ∼20 per cent of the production rate of elements with
A ! 130 assuming reasonable values for the disc mass and NS
merger rate. The increase in the ejected fraction of the disc by a
factor of several relative to the prompt BH case implies that discs
with long-lived HMNS could become a dominant contribution to the
galactic r-process element production (Freiburghaus, Rosswog &
Thielemann 1999; Rosswog, Piran & Nakar 2013; Piran, Korobkin
& Rosswog 2014). This is the case even when the polar outflow is
Lanthanide free (Fig. 4).

The large ejecta masses we infer for a moderately long-lived
HMNS (tns = 100 ms) may also help alleviate the tension between
large ejecta mass ∼3 × 10−2 M⊙ required to fit the NIR excess
observed following GRB 130603B with current models (Tanaka &
Hotokezaka 2013; Piran et al. 2014), without the need to invoke
less likely scenarios such as the merger of an NS with a low-mass
BH. If the long-lived HMNS is magnetized, its rotational spin-down
could also power the excess X-rays observed following this event
(Fan et al. 2013; Fong et al. 2014; Metzger & Piro 2014). Given that
early blue emission appears to require the presence of a long-lived
HMNS, detection of such a component in future events provides
a relatively clean way to rule out an NS–BH merger (although
the absence of early blue emission would not rule out an NS–NS
merger).

Our models include many approximations in order to make the
evolution to a time ∼10 s computationally feasible. In addition,
we have focused here on the key differences introduced by the
HMNS applied to models with a particular choice of parameters.
Much more work remains in order to make reliable predictions for
kilonovae emission. In addition to a more extensive exploration
of parameter space, models with realistic angular momentum and
neutrino transport will be needed.
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IMPACT OF NU-NU OSCILLATIONS ON THE  
NEUTRINO-DRIVEN WIND COMPONENT
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FIG. 4: BH–tours remnant properties for model M3A8m3a5 at 20, 35 and 50 ms (from left to right) as functions of x and z
(assuming cylindrical symmetry around the z-axis). First row: Relative ELN, (n⌫e �n⌫̄e)/n⌫e . Second row: Relative ELN flux
density (F z

⌫e � F z
⌫̄e)/F

z
⌫e along the z direction [see Eq. (1) for the definition]. Third row: Local protonization rate dYe/dt. The

reduced protonization rate as the torus evolves and the di↵erent emission geometry of the n⌫e and n⌫̄e surfaces (red and blue
curves) lead to the growing excess of ⌫e compared to ⌫̄e around the z-axis.

driven ejecta). We, therefore, show in Fig. 3 the matter
density ⇢, the temperature T , the degeneracy parameter
µe/T with µe being the electron chemical potential, and
the ELN (⌘ n⌫e �n⌫̄e), as functions of x and z (assuming
cylindrical symmetry) from top to bottom. Each quan-
tity is shown for three selected snapshots at t = 20, 35
and 50 ms (from left to right) to illustrate the evolution
of the torus conditions. The surfaces where ⌫e and ⌫̄e de-
couple are also shown in red and blue, respectively (see
Sec. II C for more details).

As the torus continuously accretes onto the BH, both
T and ⇢ decrease. Consequently, the size of both neu-
trino surfaces shrinks. However, the electron degeneracy
µe/T in the innermost part of the torus increases from
µe/T < 1 to µe/T ⇠ 1 as the torus evolves and neutrino
cooling becomes more e�cient with decreasing optical
depth. This increase of the electron degeneracy 1 leads
to a relatively larger ratio of the electron capture rate
to the positron capture rate. Since most of the neutri-
nos ending up in the polar region are emitted from this
inner region of the torus, this has consequences on the
ELN above the neutrino surfaces. The bottom panels of
Fig. 3 show that, at 20 ms, the whole region above the
torus is characterized by n⌫̄e > n⌫e . The torus gradually
evolves towards a configuration where n⌫e > n⌫̄e in the
polar region at later times. The main reason for having

1
We note that a local increase of the electron degeneracy is not

inconsistent with the previous statement that this quantity glob-

ally (i.e., averaged over the entire torus) decreases.

a ⌫e excess in the polar region is due to a geometrical
e↵ect. As the ⌫e surface with a conical shape is more
extended than the ⌫̄e surface with nearly the same half-
opening angle (Fig. 3), more ⌫e’s are emitted towards
the polar region than ⌫̄e’s from their respective surfaces.
This results in a ⌫e excess when the torus is only slightly
protonizing at later times. Figure 4 provides more in-
sight into this evolutionary e↵ect as a consequence of the
neutrino transport conditions around the torus. As mat-
ter flows towards the BH, it protonizes (dYe/dt > 0) in
all of the near-surface regions of the torus at all times,
while the high-density inner parts have achieved a steady
state condition (dYe/dt ⇡ 0) or neutronize with a very
low rate.

Nevertheless, only at early times all the volume above
the neutrino surfaces is dominated by the number den-
sities and number fluxes of ⌫̄e (Fig. 4, left panels). In
contrast, at later times (t & 25 ms) a growing conical vol-
ume around the rotation axis develops an excess of ⌫e in
number density and number flux. The reason is two-fold:
First, the decreasing rate of protonization with progress-
ing evolution (compare left and right columns of Fig. 4)
near the torus surface reduces the di↵erence between the
overall higher ⌫̄e number flux compared to the ⌫e number
flux, as well as locally at the neutrino surfaces. Second,
the di↵erent emission geometry of the ⌫e and ⌫̄e surfaces
plays an increasingly more important role: Because the
neutrino surface of ⌫e is more extended, it irradiates the
region around the rotation axis from a wider angle than
the ⌫̄e surface does. Both e↵ects combined lead to the
growing excess of ⌫e compared to ⌫̄e around the z-axis.

In the BH-torus model M3A8m3a5, the transition be-

• recently (re-)discovered “fast pairwise  
flavor conversions” may lead to flavor  
equilibration on length scales of O(10cm)  
(e.g. Sawyer+ 05, 09, 16) 

• take place whenever                          
changes sign in angular space 

• our simplified, exploratory study indicates that 
neutrino-driven ejecta may remain more neutron rich 

• neutrino oscillations remain major open question for 
neutrino effects in NS mergers 

(Wu, Tamborra, OJ, Janka, 2017PhRvD, 96l3015W)
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FIG. 10: Final nucleosynthesis outcome shown by mass frac-
tion as a function of the nuclear mass number for the same
three selected trajectories shown in Fig. 9. The cases with
(without) flavor equilibration are plotted with the thick (thin)
lines. Flavor equilibration results in the production of ele-
ments with larger A.

Figure 11 shows the ejecta masses as a function of the
asymptotic Y

asym
e as well as the mass fraction for all the

neutrino driven trajectories shown in the right panel of
Fig. 8 for the cases with and without flavor equilibra-
tion. As evident from the top panel of Fig. 11, the even-
tual occurrence of flavor equipartition greatly changes
the Y

asym
e distribution of the ejecta, from uniformly dis-

tributed in the range Ye 2 [0.35, 0.5] to being peaked
around Ye ⇠ 0.25 with a tail distribution reaching ⇠ 0.5.

The overall production of heavy elements is therefore
shifted from abundance peaks around A ⇠ 80 to A ⇠ 130,
as shown in the bottom panel of Figure 11. In addition,
the production of nuclei above A ⇠ 130 is enhanced by
more than a factor of a thousand 4.

4
Note that for the no-oscillation case, the production of nuclei is

slightly di↵erent with respect to Fig. 13 of [24]. This is due to

the fact that we ignore ejecta with tFO < 10 ms from the torus

in this work, as the torus is still going through an artificially high

⌫e emission for tFO < 10 ms [24]. By including the first 10 ms of

the neutrino driven ejecta, we can indeed reproduce the results in

[24], except for small di↵erences due to di↵erent nuclear physics

inputs.
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FIG. 11: Top panel: Y asym

e distribution with (black thick-
solid) and without (orange thin-dashed) flavor equilibration.
Bottom panel: The corresponding mass fraction X(A) as a
function of mass number A for the whole neutrino-driven
ejecta. Because of flavor conversions, the element production
shifts towards elements with heavier mass number.

Our explorative study suggests that fast pairwise con-
versions may indeed greatly a↵ect the heavy element pro-
duction in the neutrino-driven wind of the merger rem-
nant and strongly justifies further work in this direction.
Particularly, the enhancement on the production of lan-
thanides and the third-peak nuclei can be substantial.
This can potentially lead to interesting observational con-
sequences on the kilonova (macronova) ligthcurve, if the
neutrino-driven wind dominates the polar ejecta. For
example, observations of the kilonova associated to the
GW170817 event suggest blue (high Ye) ejecta in the po-
lar direction. Our results may support the interpretation
that this observation points to a massive NS remnant
that was stable for some time before collapsing to BH
with some delay [77]. In fact, the specific spectrum of
the electromagnetic signal may sensitively depend on the
fraction of lanthanides [78, 79]. If this should be the case,
an increasing number of face-on observations of the kilo-
nova ligthcurves along with theoretical improvements in
the modeling of binary mergers may also be able to put
indirect constraints on fast flavor conversions and neutri-
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ONGOING WORK:  
IMPACT OF JET ON NUCLEOSYNTHESIS?



GW170817/AT2017GFO



GW170817 + EM COUNTERPARTS

➔ Mtot = M1 + M2 ~ 2.74 Msun 

➔ M1/M2 ~ 0.7 - 1 

➔ blue ejecta component with  
<Ye> > 0.25  
M      ~ 0.01-0.03 Msun 

➔ red ejecta component with  
<Ye> < 0.25  
M      ~ 0.01-0.03 Msun 

➔ low-luminosity gamma-ray burst 
with Epeak ~ 100keV 

OPTICAL SPECTRA OF THE FIRST LIGO/VIRGO NEUTRON STAR MERGER 3

Figure 1. Optical spectra of the BNS merger event GW170817. SOAR and Magellan spectra have been binned by a factor 2 for
clarity. The spectra at times . 4.5 d exhibit a clear optical peak that rapidly moves red. After this time, the flux is dominated by
an IR component discussed in Chornock et al. (2017). The UV data from HST (S/N< 1, essentially an upper limit) and Swift

show blanketing at short wavelengths. Inset: blackbody fits. The early spectra are more sharply peaked than blackbody emission,
due to the deficit of blue flux. At later times, the optical data are consistent with the blue tail of a ⇠ 3000 K blackbody peaking in
the near-IR.

Table 1. Log of optical and UV spectra

MJD Phasea Telescope Instrument Camera Grism or Exposure Average Wavelength Resolution
grating time (s) airmass range (Å) (Å)

57984.0 1.5 SOAR GHTS Blue 400-M1 3⇥1200 1.6 4000–8000 6
57985.0 2.5 SOAR GHTS Blue 400-M1 3⇥900 1.6 4000–8000 6
57986.0 3.5 SOAR GHTS Blue 400-M2 3⇥900 1.6 5000–9000 6
57987.0 4.5 SOAR GHTS Red 400-M1 3⇥900 1.6 4000–8000 6
57988.1 5.5 HST STIS NUV/MAMA G230L 2000 — 1600–3200 3
57990.0 7.5 SOAR GHTS Blue 400-M2 3⇥900 1.9 5000–9000 6
57991.0 8.5 Magellan Baade IMACS f2 G300-17.5 2⇥1200 2.0 4300–9300 6
57992.0 9.5 Magellan Baade IMACS f2 G300-17.5 2⇥1350 2.1 4300–9300 6

a Phase in rest-frame days relative to GW signal.

well fit by a low-order polynomial. Wavelength calibration
was performed by comparison lamp spectra, while flux cali-
bration was achieved using standard star observations on each
night. The final calibrations were scaled to match DECam
photometry observed at the same time (Cowperthwaite et al.
2017). The spectra were corrected for a Milky Way extinc-
tion E(B - V ) = 0.1053, using the dust maps of Schlafly &
Finkbeiner (2011), and cosmological redshift. We assume that
extinction in NGC 4993 is negligible, based on modelling by
Blanchard et al. (2017a).

We additionally obtained one epoch of UV spectroscopy
through Director’s Discretionary Time with the Hubble Space

Telescope using the Space Telescope Imaging Spectrograph
(STIS) with the NUV/MAMA detector and broad G230L
grating, covering ⇠ 1500–3000 Å2. Acquisition imaging was
carried out using the clear CCD50 filter. The transient is de-
tected clearly in a pair of 90 s CCD50 exposures. However,
no trace is visible in the UV spectrum, indicating that the
source is extremely UV-faint. In an effort to use all avail-

2 Program GO/DD 15382, P.I. Nicholl

( Nicholl+’17)

( Tanaka+’17)

4 Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0
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Fig. 2. Optical and near-infrared light curves of SSS17a compared with kilonova models with (left) Ye = 0.10 − 0.40 and (right) Ye = 0.25. The optical and

near-infrared data are taken from Utsumi et al. (2017). For the observed data, the line of sight extinction of E(B − V) = 0.1 mag has been corrected. All the

magnitudes are given in AB magnitudes.

ple power-law form (r−3) from v = 0.05c to 0.2c, which
gives the average velocity of ⟨v⟩ = 0.1c, as a representa-
tive case (Metzger et al. 2010; Metzger 2017). We test three
different element abundances, which approximate the dy-
namical ejecta and post-merger ejecta. The first case de-
picts the abundances in the dynamical ejecta. Numerical
relativity simulations of NS mergers predict wide ranges
of Ye in the dynamical ejecta (Sekiguchi et al. 2015, 2016;
Radice et al. 2016; Foucart et al. 2016), which results in a
wide elemental distribution from Z ∼ 30 to 100. Such el-
ement abundances are shown in the orange line in Figure
1, which are calculated by assuming a flat Ye distribution
from 0.10 to 0.40 (Wanajo et al. 2014). The second and
third cases are for the post-merger ejecta. Since the ele-
ment abundances are subject to uncertainties, we approx-
imately take two representative values of Ye: high Ye (Ye

= 0.30, blue line) and medium Ye (Ye = 0.25, green line).
The high Ye model is completely lanthanide-free while the
medium Ye model contains a small fraction of lanthanide
elements. For all the models in this paper, the element dis-
tribution in the ejecta is assumed to be spatially homoge-
neous. Validity of this assumption is discussed in Section
4.

3 Results

The left panel of Figure 2 compares the observed light
curves of SSS17a (Utsumi et al. 2017) and the model with
Ye = 0.10 − 0.40 (the dynamical ejecta model). We find
that the ejecta mass of 0.03 M⊙ reasonably reproduces
the near-infrared brightness near the peak. However, the
calculated optical light curves are systematically fainter
than the observations by 1.0-1.5 mag at the initial phases
(t < 2 days). This is due to high optical opacities of lan-
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Fig. 3. Time evolution of optical and near-infrared spectral energy distribu-

tion of SSS17a compared with three models. The observational data are

taken from Utsumi et al. (2017). All of the three models assume the same

ejecta mass (0.03M⊙) and the same average velocity (⟨v⟩ = 0.1c). Orange

curves show the model of the dynamical ejecta (Ye = 0.10-0.40) while blue

and green curves show the models with the elemental abundances calcu-

lated with high Ye (Ye = 0.30) and medium Ye (Ye = 0.25), respectively.

Figure 4: | Spectroscopic data and model fits a: Spectroscopic data from +1.4 to +4.4 days after

discovery, showing the fast evolution of the SED. The points are coeval UgrizJHK photometry. b: Com-

parison of the +1.4 day spectrum with a TARDIS spectral model that includes Cs I and Te I [see text].

Thin vetical lines indicate the positions of spectral lines blueshifted by 0.2 c, corresponding to the photo-

spheric velocity of the model (the adopted black-body continuum model is also shown for reference). c: The

Xshooter spectrum at +2.4 days, also shows Cs I and Te I lines that are consistent with the broad features

observed in the optical and near infra-red (here, the lines are indicated at velocities of 0.13 c and we include

additional, longer wavelength transitions to supplement those in B.).

23

( Smartt+’17)

Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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+ many other works by, e.g., Berger, Kasliwal, 
Kasen, Metzger, Mooley, Piran, Rosswog, 

Tanvir, Nakar, Gottlieb, MacFadyen, … 



➔ Mtot = M1 + M2 ~ 2.74 Msun 

➔ M1/M2 ~ 0.7 - 1 

➔ blue ejecta component with  
<Ye> > 0.25  
M      ~ 0.01-0.03 Msun 

➔ red ejecta component with  
<Ye> < 0.25  
M      ~ 0.01-0.03 Msun 

➔ low-luminosity gamma-ray burst 
with Epeak ~ 100keV 

shock-heated dynamical ejecta and/or 
neutrino-processed ejecta launched 
from a HMNS remnant? High mass and 
velocity still enigmatic…

dynamical ejecta launched during 
merger or viscous ejecta from  
the remnant?

shock breakout emission from choked jet or 
cocoon emission from structured jet. Recent 
observations favor successful jet (Mooley+18). 
High Epeak still puzzling…

GW170817 + EM COUNTERPARTS

➜ many studies on interpretation of EM 
signals, e.g., Kasen ’18, Shibata ’18, Metzger 
’18, Mooley '18, Gottlieb ’18, Bromberg ‘18, 
MacFadyen ’18, …

➜ major open questions remain…better models needed



DELAYED COLLAPSE IS VERY LIKELY FOR GW170817:  
IMPLICATION FOR NUCLEAR EOS

 
              R16 > 10.7 km  
              Rmax > 9.6 km

4 Bauswein et al.

Figure 1 (right panel) displays Mthres(Mmax; Rmax)
for di↵erent chosen Rmax (solid lines). The di↵erent
sequences for fixed Rmax are constrained by causality
(Koranda et al. 1997; Lattimer & Prakash 2016) requir-
ing

Mmax  1

2.82

c2Rmax

G
(5)

and with Eq. (3)

Mthres � 1.23 Mmax. (6)

The lower bound of Mthres given by the measured total
mass of GW170817 is shown as dark blue band. The
radius Rmax of the nonrotating maximum-mass NS is
thus constrained to be larger than 9.26+0.17

�0.03 km.
Instead of using Eq. (1) it may be more realistic to

assume that the remnant was stable for at least 10 mil-
liseconds to yield the observed ejecta properties (high
masses, blue component) (Margalit & Metzger 2017;
Nicholl et al. 2017; Cowperthwaite et al. 2017). In this
case our numerical simulations suggest that Mthres �
Mtot � 0.1 M�. This strengthens the radius constrainst
to R1.6 � 10.68+0.15

�0.04 km and Rmax � 9.60+0.14
�0.03 km.

Figure 2 shows these radius constraints overlaid on
mass-radius relations of di↵erent EoSs available in the
literature. Our new radius constraints for R1.6 and Rmax

derived from GW170817 exclude EoS models describing
very soft nuclear matter.
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Figure 2. Mass-radius relations of di↵erent EoSs with
very conservative (red area) and “realistic” (cyan area) con-
straints of this work for R1.6 and Rmax. Horizontal lines
display the lower bound on Mmax by Antoniadis & et al.
(2013). The dashed line shows the causality limit.

3.3. Discussion: robustness and errors

We took an overall conservative approach in this first
study. Future refinements may strengthen these con-
straints. Our way of inferring NS radii is particularly
appealing and robust because it only relies on (1) a
well measured quantity (total binary mass with reli-
able error bars), (2) a single verifiable empirical relation
(Eqs. (2) or (3)) derived from simulations, and (3) a
clearly defined working hypothesis (delayed/no collapse
of the merger remnant). All assumptions can be fur-
ther substantiated and refined by more advanced models
and future observations, and error bars can be robustly
quantified.

(1) Mass measurement: The total binary mass can
be measured with good accuracy and the error bars are
given with high confidence. We fully propagate the error
through our analysis using the the low-spin prior results
of Abbott et al. (2017). If GW170817 was an asymmet-
ric merger as tentatively suggested by the high ejecta
mass, the true Mtot lies at the upper bound of the error
band and our radius constraints become stronger.

(2) Accuracy of empirical relations for Mthres: The
empirical relations (Eqs. (2) and (3)) are inferred from
hydrodynamical simulations (see Bauswein et al. (2013a,
2016); Bauswein & Stergioulas (2017)) and carry a sys-
tematic error1 and an intrinsic scatter (stemming from
the sample of candidate EoSs, which do not perfectly
fulfill the analytic fit). Mthres has been numerically de-
termined with a precision of ±0.05 M�. The deviations
between the fits and numerical data are on average less
than 0.03 M� and at most 0.075 M�

2. We do not in-
clude this uncertainty in our error analysis because the
numerically determined Mthres of all tested microphysi-
cal candidate EoSs is significantly smaller than the max-
imum of the Mthres(Mmax) sequence for the radius given
by the respective EoS3. Recall that the maxima of the

1 The simulations for determining Mthres and the corresponding
fits employ a conformally flat spatial metric in combination with
a GW backreaction scheme (Oechslin et al. 2007; Bauswein et al.
2013a), which results in a slightly decelerated inspiral (compared
to fully relativistic calculations) and thus leads to a slight over-
estimation of Mthres by ⇠ 0.05 M�. We will quantify this e↵ect
in future work and emphasize that a small overestimation implies
that our radius constraints are conservative.

2 We computed Mthres for six additional EoSs not included
in Bauswein et al. (2013a) to verify this accuracy in particular for
EoS models yielding relatively small NS radii.

3 Within our sample of 17 candidate EoSs the true Mthres

is on average 0.17 M� (0.14 M� for the Rmax sequence) be-
low the maximum Mup

thres of the Mthres(Mmax, R) relation, which
well justifies to neglect the scatter in Eqs. (2) and (3). Three
EoSs (eosAU, WFF1, LS375) are relatively close to the maximum
(⇠ 0.02 M� below Mup

thres). However, these EoS models become
acausal (vsound > c), i.e. unrealistically sti↵, at densities of high-

conservative constraint 
assuming HMNS lifetime > 10 ms 

  

(Bauswein, OJ, Janka, Stergioulas, 2017ApJ, 850L, 34B)

(also several other EOS 
studies, e.g., Margalit+ ’17, 
Rezzolla+ ’17, Ruiz+ ’17, 
Radice+ ’17)
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Figure 1. Threshold binary mass Mthres for prompt collapse as function of Mmax for di↵erent R1.6 (left panel, Eq. 2) and Rmax

(right panel, Eq. 3) (solid lines). The dark blue band shows the total binary mass of GW170817. This provides a lower limit
on Mthres. The true threshold binary mass must lie within the light blue areas if GW170817 resulted in a delayed/no collapse.
This rules out NSs with R1.6  10.30+0.18

�0.03 km and Rmax  9.26+0.17
�0.03 km. Causality requires Mthres � 1.22Mmax (left panel) and

Mthres � 1.23Mmax (right panel)

by hydrodynamical simulations that the threshold bi-
nary mass to good accuracy follows

Mthres =

✓
�3.606

GMmax

c2R1.6
+ 2.38

◆
· Mmax (2)

with R1.6 being the radius of a nonrotating NS with a
mass of 1.6 M� and Mmax being the maximum mass of
nonrotating NSs. The relation was derived from simu-
lations of symmetric binary mergers but also holds for
moderately asymmetric systems (Bauswein et al. 2013a;
Bauswein & Stergioulas 2017). We verify by additional
simulations that strongly asymmetric mergers with mass
ratio q = 0.6 have a threshold binary mass which is sys-
tematically lower by 0.1 to 0.3 M� than Mthres of equal-
mass binaries. This reduction of Mthres for asymmetric
binaries is understandable. The heavier binary compo-
nent forming the core of the merger remnant moves more
slowly on its orbit and thus the specific angular momen-
tum in the core is relatively low, which results in less sta-
bilization. If GW170817 was very asymmetric, one has
Masym

thres � Mtot, which implies that Eq. (1) is conserva-
tive because Mthres > Masym

thres for a given R1.6. Avoiding
a prompt collapse in the asymmetric case would require
an even larger value of R1.6 than for symmetric mergers.

A similarly accurate discription of Mthres is given by
the fit

Mthres =

✓
�3.38

GMmax

c2Rmax
+ 2.43

◆
· Mmax (3)

with the radius Rmax of the maximum-mass configura-
tion. Eq. (2) is accurate to better than 0.1 M� (see
Bauswein et al. (2013a, 2016) for details). The existence

of these relations has been solidified by semi-analytic cal-
culations of equilibrium models (Bauswein & Stergioulas
2017).

3.2. Radius constraints

Equations (2) and (3) imply constraints on NS radii
R1.6 and Rmax since the total binary mass of GW170817
represents a lower bound on Mthres (Eq. (1)). Figure 1
(left panel) shows Mthres(Mmax; R1.6) (Eq. (2)) for dif-
ferent chosen values of R1.6 (solid lines). Every sequence
terminates at

Mmax =
1

3.10
c2R1.6/G, (4)

which is a safe upper limit on Mmax for the given R1.6.
Extending various microphysical EoSs with a maximally
sti↵ EoS, i.e. vsound = c, beyond the central density of a
NS with 1.6 M� determines the highest possible Mmax

for a given R1.6 compatible with causality. With Eq. (2)
it implies Mthres � 1.22Mmax.

In Fig. 1 the horizonal dark blue band refers to the
measured lower limit of Mthres given by the total binary
mass of GW170817 (Eq. (1)). This GW measurement
thus rules out EoSs with very small R1.6 because those
EoSs would not result in a delayed collapse for the mea-
sured binary mass. The allowed range of possible stellar
parameters is indicated by the light blue area. The solid
blue curve corresponds to the smallest R1.6 compatible
with Eq. (1). Hence, the radius of a 1.6 M� NS must be
larger than 10.30+0.15

�0.03 km. The error bar corresponds to
the radii compatible with the error in Mtot. Arguments
about the error budget and the robustness are provided
in Sect. 3.3.
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on Mthres. The true threshold binary mass must lie within the light blue areas if GW170817 resulted in a delayed/no collapse.
This rules out NSs with R1.6  10.30+0.18

�0.03 km and Rmax  9.26+0.17
�0.03 km. Causality requires Mthres � 1.22Mmax (left panel) and

Mthres � 1.23Mmax (right panel)

by hydrodynamical simulations that the threshold bi-
nary mass to good accuracy follows

Mthres =
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GMmax

c2R1.6
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· Mmax (2)

with R1.6 being the radius of a nonrotating NS with a
mass of 1.6 M� and Mmax being the maximum mass of
nonrotating NSs. The relation was derived from simu-
lations of symmetric binary mergers but also holds for
moderately asymmetric systems (Bauswein et al. 2013a;
Bauswein & Stergioulas 2017). We verify by additional
simulations that strongly asymmetric mergers with mass
ratio q = 0.6 have a threshold binary mass which is sys-
tematically lower by 0.1 to 0.3 M� than Mthres of equal-
mass binaries. This reduction of Mthres for asymmetric
binaries is understandable. The heavier binary compo-
nent forming the core of the merger remnant moves more
slowly on its orbit and thus the specific angular momen-
tum in the core is relatively low, which results in less sta-
bilization. If GW170817 was very asymmetric, one has
Masym

thres � Mtot, which implies that Eq. (1) is conserva-
tive because Mthres > Masym

thres for a given R1.6. Avoiding
a prompt collapse in the asymmetric case would require
an even larger value of R1.6 than for symmetric mergers.

A similarly accurate discription of Mthres is given by
the fit

Mthres =
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GMmax
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◆
· Mmax (3)

with the radius Rmax of the maximum-mass configura-
tion. Eq. (2) is accurate to better than 0.1 M� (see
Bauswein et al. (2013a, 2016) for details). The existence

of these relations has been solidified by semi-analytic cal-
culations of equilibrium models (Bauswein & Stergioulas
2017).

3.2. Radius constraints

Equations (2) and (3) imply constraints on NS radii
R1.6 and Rmax since the total binary mass of GW170817
represents a lower bound on Mthres (Eq. (1)). Figure 1
(left panel) shows Mthres(Mmax; R1.6) (Eq. (2)) for dif-
ferent chosen values of R1.6 (solid lines). Every sequence
terminates at

Mmax =
1

3.10
c2R1.6/G, (4)

which is a safe upper limit on Mmax for the given R1.6.
Extending various microphysical EoSs with a maximally
sti↵ EoS, i.e. vsound = c, beyond the central density of a
NS with 1.6 M� determines the highest possible Mmax

for a given R1.6 compatible with causality. With Eq. (2)
it implies Mthres � 1.22Mmax.

In Fig. 1 the horizonal dark blue band refers to the
measured lower limit of Mthres given by the total binary
mass of GW170817 (Eq. (1)). This GW measurement
thus rules out EoSs with very small R1.6 because those
EoSs would not result in a delayed collapse for the mea-
sured binary mass. The allowed range of possible stellar
parameters is indicated by the light blue area. The solid
blue curve corresponds to the smallest R1.6 compatible
with Eq. (1). Hence, the radius of a 1.6 M� NS must be
larger than 10.30+0.15

�0.03 km. The error bar corresponds to
the radii compatible with the error in Mtot. Arguments
about the error budget and the robustness are provided
in Sect. 3.3.

empirical relation 
deduced from NS merger simulations  

(Bauswein+’13, PRL 111, 131101) 

  



Take Home Messages

• NS mergers produce a variety of different outflow components, each with 
individual nucleosynthesis signature as well es EM signal 

• ejecta are less neutron-rich (i.e. blue) if illuminated by neutrinos, e.g. for 
shock-heated dynamical ejecta or neutrino-driven winds from remnant 

• ejecta more neutron-rich (i.e. red) if neutrino illumination is low, e.g. for tidal 
dynamical ejecta or viscous remnant ejecta 

• ejecta more massive for longer lifetime of HMNS 
• GW170817 suggests large amount of both red and blue ejecta, hence likely a 

delayed collapse 
• likely mixture of dynamical, neutrino-driven, viscously driven, MHD-driven 

ejecta => however, safe identification not yet possible => better models 
needed 

• new radius constraint: delayed collapse suggests R_NS > 10.7 km 
• neutrino oscillations might have strong impact on Ye,  however, still 

extremely uncertain 


