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Exciting times for physics

Strong gravity

LIGO/Virgo gravitational wave detectors (just started O3!)

Electromagnetic 
counterparts

Gravitational waves

Astroparticle physics

Nuclear astrophysics
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How are the heavy (r-process) elements formed?

The origin of the elements

r-process
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Fusion &
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The r-process and s-process

The heavy elements (A > 62) are formed by 
neutron capture onto seed nuclei 

rapid neutron capture (r-process): 
timescale for neutron capture shorter than for 𝛃-decay 

slow neutron capture (s-process): 
timescale for neutron capture longer than for 𝛃-decay 

speculated that r-process requires explosive 
environment of supernovae
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"It is the stars, The stars above us, govern our conditions";
(Eing Lear, Act IV, Scene 3)

"The fault, dear Brutus, is not in our stars, But in ourselves, "
(Julius Caesar, Act I, Scene 2)
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r-process contenders

regular core-
collapse 

supernovae

Qian & Woosley 1996
Hüdepohl+ 2010
Roberts+ 2012
Martinez-Pinedo+ 2012
Janka 2016
Fischer+ 2018

Wallner+ 2015
Hotokezaka+ 2015
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The Astrophysical Journal Letters, 750:L22 (5pp), 2012 May 1 Winteler et al.

nucleosynthesis results. Section 4 is devoted to a discussion of
uncertainties and an outlook on future investigations.

2. 3D MHD-CCSN MODEL

The calculation presented here was performed with the
computational setup similar to our previous investigations
(Liebendörfer et al. 2005; Scheidegger et al. 2010). The ini-
tially innermost (600 km)3 of the massive star are covered by
a 3D Cartesian domain uniformly discretized by 6003 cells,
resulting in a 1 km resolution, which is embedded in a spheri-
cally symmetric domain encompassing the iron core and parts
of the silicon shell. The magnetic fluid is evolved with the FISH
code (Käppeli et al. 2011), solving the ideal MHD equations.
The spherically symmetric domain is evolved with the AGILE
code (Liebendörfer et al. 2002). The gravitational potential is
approximated by an effective axisymmetric mass distribution
that includes general relativistic monopole corrections (Marek
et al. 2006). We use the Lattimer & Swesty (1991) EoS with nu-
clear compressibility 180 MeV. We have included a Lagrangian
component in the form of tracer particles which are passively
advected with the flow. They record the thermodynamic con-
ditions of a particular fluid element and serve as input to the
post-processing nucleosynthesis calculations.

The transport of the electron neutrinos and anti-neutrinos is
approximated by a 3D spectral leakage scheme, based on pre-
vious gray leakage schemes (Rosswog & Liebendörfer 2003
and references therein). The neutrino energy is discretized with
12 geometrically increasing energy groups spanning the range
Eν = 3–200 MeV. The amount of energy and particles locally
released is calculated for each bin as an interpolation between
the diffusive rates and the (free streaming) production rates, de-
pending on the local neutrino optical depth. For the computation
of the spectral optical depth we have used a ray-by-ray axisym-
metric approximation, calculated on a polar grid encompassing
the full 3D Cartesian domain discretized uniformly with 1 km
radial spacing and 30 angular rays covering the full [0,π ] realm.
All fundamental neutrino reactions have been included (neutrino
scattering on nucleons and nuclei, neutrino absorption/emission
on nucleons and nuclei), providing detailed spectral emissivities
and opacities (Bruenn 1985). Inside the neutrinosphere, weak
equilibrium is assumed and trapped neutrinos are modeled ac-
cordingly; outside of it, no explicit absorption is considered.
Thus we can only follow neutrino emission and the associated
neutronization of matter. However, the up-to-now microphys-
ically most complete two-dimensional axisymmetric study of
MHD-CCSN with multi-group flux-limited diffusion neutrino
transport performed by Burrows et al. (2007) has shown that
neutrino heating contributes only 10%–25% to the explosion
energy and is therefore subdominant. This justifies our prag-
matic approach at first.

We employed the pre-collapse 15 M⊙ model of Heger et al.
(2005). Although the model provides profiles for rotation and
magnetic fields, we use an analytic prescription for their dis-
tributions and we will comment on this choice in Section 4.
The initial rotation law was assumed to be shellular with
Ω(r) = Ω0R

2
0/(r2 + R2

0), Ω0 = π s−1 and R0 = 1000 km
corresponding to an initial ratio of rotational energy to gravi-
tational binding energy Trot/|W | = 7.63 × 10−3. For the mag-
netic field we have assumed a homogeneous distribution of
a purely poloidal field throughout the computational domain
of strength 5 × 1012 G corresponding to an initial ratio of
magnetic energy to gravitational binding energy Tmag/|W | =
2.63 × 10−8.

Figure 1. 3D entropy contours spanning the coordinates planes with magnetic
field lines (white lines) of the MHD-CCSN simulation ∼31 ms after bounce.
The 3D domain size is 700 × 700 × 1400 km.

The computed model then undergoes gravitational collapse
and experiences core-bounce due to the stiffening of the EoS
above nuclear saturation density. Conservation of angular mo-
mentum in combination with the collapse leads to a massive
spin-up of the core, reaching Trot/|W | = 6.81×10−2 at bounce,
and significant rotationally induced deformations. During the
collapse the magnetic field is amplified by magnetic flux con-
servation reaching a central strength of ∼5 × 1015 G and
Tmag/|W | = 3.02 × 10−4 at bounce. After bounce, differen-
tial rotation winds up the poloidal field very quickly into a very
strong toroidal field, increasing the magnetic energy/pressure at
the expense of rotational energy. Consequently, strongly magne-
tized regions appear near the rotational axis with an associated
magnetic pressure quickly reaching and exceeding that of the
local gas pressure. The Lorentz force then becomes dynami-
cally important and matter near the rotational axis is lifted from
the PNS and drives a bipolar outflow, i.e., jets are launched.
The jets rapidly propagate along the rotational axis and quickly
reach the boundary of the initial 3D domain. In order to follow
the jet propagation further, we have continuously extended the
3D domain to a final size of 700 × 700 × 1400 km at ∼31 ms
after bounce. Figure 1 displays a snapshot at the final time.

The quickly expanding bipolar jets transport energy and
neutron rich material outward against the gravitational attraction
of the PNS. We have estimated the ejected mass Mej =
6.72×10−3 M⊙ and explosion energy Eexp = 8.45×1049 erg by
summing over the fluid cells that are gravitationally unbound.
We defined a fluid cell as unbound if its total specific energy
(internal+kinetic+magnetic+potential) is positive and if the
radial velocity is pointing outward. These are admittedly crude
lower bound estimates and these numbers were still growing at
the end of the simulation.

3. NUCLEOSYNTHESIS

The nucleosynthesis calculations are performed with a new
extended reaction network (Winteler 2011) which represents
an advanced (numerically and physically) update of the
BasNet network (see, e.g., Thielemann et al. 2011). We use
the reaction rates of Rauscher & Thielemann (2000; for the
FRDM mass model). We use the same weak interaction rates
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MHD supernovae

Winteler+ 2012
Nishimura+ 2017
Moesta+ 2014
Moesta+ 2018

disfavored by 
observations & theory

likely light r-
process only

Moesta+ 2018
Siegel+ 2019

Collapsars Neutron star 
mergers

heavy & light r-
process

heavy & light r-
process

MacFadyen & Woosley 1999
Siegel+ 2019

Siegel+ 2019
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I.
r-process in neutron star mergers



NS-NS merger       black hole

Movie: BNS merger with prompt black-hole formation, 
showing dynamical ejecta and disk formation 
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Radice+ 2016
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NS-NS merger       neutron star
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Radice+ 2016

Ciolfi, Siegel+2017
Movie:  BNS merger showing dynamical ejecta and winds from remnant 

neutron star
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Sources of ejecta in NS mergers

Daniel Siegel

neutrino- and magnetically 
driven wind 

tidal ejecta
shock-heated ejecta

The Astrophysical Journal Letters, 785:L6 (6pp), 2014 April 10 Siegel, Ciolfi, & Rezzolla

Figure 1. Snapshots of the magnetic field strength (color-coded in logarithmic scale and Gauss) and rest-mass density contours in the (x, z) plane at representative
times for model dip-60. Magnetic field lines are drawn in red in the left panel. The leftmost inset shows a magnification of the HMNS, the other ones show a
horizontal cut at z = 120 km.
(A color version of this figure is available in the online journal.)

Figure 2. Same as Figure 1, but for model dip-6.
(A color version of this figure is available in the online journal.)

Figure 3. Same as Figure 1, but for model rand.
(A color version of this figure is available in the online journal.)

field geometry and could be absent if the field is randomly
distributed.

In all of the configurations considered, the mag-
netized baryon-loaded outflow has rest-mass densities
∼108–109 g cm−3 and is ejected from the star with velocities
v/c ! 0.1, in the isotropic part, and v/c ! 0.3, in the colli-
mated part.

Defining the isotropic luminosity as

LEM ≡ −
∮

r=Rd

dΩ
√

−g (T
EM

)rt , (2)

where dΩ is the solid-angle element, g is the determinant
of the spacetime metric, and T

EM

µν is the EM part of the

3

wind

Siegel+ 2014
Ciolfi, Siegel+ 2017

1694 DESSART ET AL. Vol. 690

Figure 13. Colormaps of the log of the mass-loss rate per steradian (d2M/dt dΩ, in units of M⊙ s−1 str−1) for the no-spin BNS merger model at 10 ms (top left),
30 ms (top right), 60 ms (bottom left), and 100 ms (bottom right) after the start of the VULCAN/2D simulation, and depicting the mass loss associated with the initial
transient, followed by the neutrino-driven wind. The displayed region covers 2000 × 2000 km2. Regions that are infalling or denser than 1010 g cm−3 are shown in
red, and velocity vectors, overplotted in black, have a length saturated at 7% of the width of the display for a magnitude of 30,000 km s−1. Note the concomitant mass
loss from the poles down to midlatitudes (the wind) and the expansion of BNS merger material at near-equatorial latitudes.
(A color version of this figure is available in the online journal.)

is on the order of 2×1052 erg in the torus disk, regions with den-
sities between 1011 and 1014 g cm−3. Similar conditions in the
core-collapse context yield powerful, magnetically (and ther-
mally) driven explosions (LeBlanc & Wilson 1970; Bisnovatyi-
Kogan et al. 1976; Akiyama et al. 2003; Ardeljan et al. 2005;
Moiseenko et al. 2006; Obergaulinger et al. 2006; Burrows
et al. 2007a; Dessart et al. 2007). Rotation dramatically en-
hances the rate of mass ejection by increasing the density
rather than the velocity of the flow, even possibly halting ac-
cretion and inhibiting the formation of a black hole (Dessart
et al. 2008). In the present context, the magneto-rotational
effects, which we do not include here, would considerably
enhance the mass flux of the neutrino-driven wind. Impor-
tantly, the loss of differential rotational energy needed to fa-
cilitate the gravitational instability is at the same time de-
laying it through the enhanced mass loss it induces. Work is
needed to understand the systematics of this interplay, and how
much rotational energy the back hole is eventually endowed
with.

Oechslin et al. (2007), using a conformally flat approximation
to GR and an SPH code, find that BNS mergers of the type
discussed here and modeled with the Shen EOS avoid the
general-relativistic gravitational instability for many tens of
milliseconds after the neutron stars first come into contact.
Baumgarte et al. (2000), and more recently Morrison et al.
(2004), Duez et al. (2004, 2006), and Shibata et al. (2006),
using GR (and for some using a polytropic EOS), find that
imposing even modest levels of differential rotation yields a
significant increase by up to 50% in the maximum mass that can
be supported stably, in particular pushing this value beyond that
of the merger remnant mass after coalescence. Surprisingly,
Baiotti et al. (2008), using a full GR treatment but with a
simplified (and soft) EOS, find prompt black hole formation
in such high-mass progenitors. Despite this lack of consensus,
the existence of neutron stars with a gravitational mass around
2 M⊙ favors a high incompressibility of nuclear matter, such
as in the Shen EOS, and suggests that SMNSs formed through
BNS merger events may survive for tens of milliseconds before

Dessart+ 2009

wind

winds from NS remnant (~10ms-1s)

disk outflows

outflows

accretion disk (~10ms-1s)

Siegel & Metzger 2017 PRL

The Astrophysical Journal Letters, 778:L16 (5pp), 2013 November 20 Hotokezaka et al.

Figure 1. Rest-mass density profiles on the meridional plane for the NS–NS (SLy, Mtot = 2.7M⊙,Q = 1.0) (left) and BH–NS (H4, Q = 3, χ = 0.75) (right) models
at 8.8 ms after the onset of the merger. The red arrows show the velocity profiles of the ejecta.
(A color version of this figure is available in the online journal.)

simulation using SACRA code (Yamamoto et al. 2008). We
follow the dynamical ejecta with the numerical-relativity simu-
lation until the head of the ejecta reaches ≃1000 km (see Ho-
tokezaka et al. 2013 and Kyutoku et al. 2013 for details). After
that, the density and velocity structures of the ejecta are mod-
eled assuming homologous expansion (Rosswog et al. 2013a).
For the simulations, we employ a piecewise polytropic EOS with
which the cold EOSs of neutron-star matter are well fitted (Read
et al. 2009). For systematic studies of the dependence of mass
ejection on the cold EOSs of neutron-star matter, we consider
five cold EOSs: APR4 (Akmal et al. 1998) and SLy (Douchin &
Haensel 2001) as soft EOSs, ALF2 (Alford et al. 2005) as a mod-
erate EOS, and H4 (Glendenning & Moszkowski 1991; Lackey
et al. 2006) and MS1 (Müller & Serot 1996) as stiff EOSs.7
To take into account the effects of shock heating, we add the
thermal pressure as a Γ-law ideal gas EOS. The ejecta masses
obtained with this approximation of thermal effects agree with
those obtained with tabulated finite-temperature EOSs within
errors of several tens of percent for NS–NS mergers (Bauswein
et al. 2013).

For NS–NS mergers, we choose the total gravitational mass
of the binary Mtot = 2.6 M⊙–2.8 M⊙ and the mass ratio8

Q = 1.0–1.25. For BH–NS mergers, the gravitational mass of
the neutron star MNS is fixed to be 1.35 M⊙ and the mass ratio
is chosen to be Q = 3–7. The nondimensional spin parameter
of the black hole χ is chosen as χ = 0.75. We also perform
the simulations for Q = 7 and χ = 0.5. These parameters,
ejecta masses Mej, and averaged ejecta velocities ⟨vej⟩/c of the
progenitor models are summarized in Table 1.

The morphologies of the ejecta for NS–NS and BH–NS
mergers are compared in Figure 1. This figure plots the profiles
of the density and velocity fields at 8.8 ms after the onset of
the merger. Note that the ejecta velocities are in the small range
between ∼ 0.1c and ∼ 0.3c irrespective of the progenitor model.
However, the ejecta mass and morphology depend sensitively
on the progenitor models. In Table 1, we summarize these
properties of the NS–NS and BH–NS ejecta.

NS–NS ejecta. As shown in Figure 1, the NS–NS ejecta have
a spheroidal shape, rather than a torus or a disk, irrespective of
Q and EOS as long as a hypermassive neutron star is formed
after the merger. The reason is as follows. The origin of the

7 In this Letter, “soft” and “stiff” EOSs mean those which reproduce the radii
R1.35 ! 12 km and R1.35 " 13.5 km, respectively. Here R1.35 is the radius of a
cold, spherical neutron star with the gravitational mass 1.35 M⊙. For all the
EOSs, the maximum masses of spherical neutron stars are larger than ≃2 M⊙.
8 The mass ratio is defined by Q = m1/m2 with m1 " m2, where m1 and m2
are the component masses of a binary.

Table 1
Parameters of the Progenitor Models and Their Ejecta Properties

EOS Type R1.35 Mtot/M⊙ Q χ Mej/10− 2 M⊙ ⟨vej⟩/c
APR4 NS–NS 11.1 2.6–2.9 1.0–1.25 · · · 0.01–1.4 0.22–0.27
SLy NS–NS 11.4 2.6–2.8 1.0–1.25 · · · 0.8–2.0 0.20–0.26
ALF2 NS–NS 12.4 2.6–2.8 1.0–1.25 · · · 0.15–0.55 0.22–0.24
H4 NS–NS 13.6 2.6–2.8 1.0–1.25 · · · 0.03–0.40 0.18–0.26
MS1 NS–NS 14.4 2.6–2.8 1.0–1.25 · · · 0.06–0.35 0.18–0.20

APR4 BH–NS 11.1 5.4–10.8 3.0–7.0 0.75 0.05–1.0 0.23–0.27
ALF2 BH–NS 12.4 5.4–10.8 3.0–7.0 0.75 2.0–4.0 0.25–0.29
H4 BH–NS 13.6 5.4–10.8 3.0–7.0 0.75 4.0–5.0 0.24–0.29
MS1 BH–NS 14.4 5.4–10.8 3.0–7.0 0.75 6.5–8.0 0.25–0.30

APR4 BH–NS 11.1 10.8 7.0 0.5 #10− 4 · · ·
ALF2 BH–NS 12.4 10.8 7.0 0.5 0.02 0.27
H4 BH–NS 13.6 10.8 7.0 0.5 0.3 0.29
MS1 BH–NS 14.4 10.8 7.0 0.5 1.7 0.30

ejecta for NS–NS mergers can be divided into two parts: the
contact interface of two neutron stars at the collision and the tidal
tails formed during an early stage of the merger. At the contact
interface, the kinetic energy of the approaching velocities of the
two stars is converted into thermal energy through shock heating.
The heated matter at the contact interface expands into the
low-density region. As a result, the shocked matter can escape
even toward the rotational axis and the ejecta shape becomes
spheroidal. By contrast, the tidal tail component is asymmetric
and the ejecta is distributed near the equatorial plane.

Numerical simulations of NS–NS mergers show that the total
amount of ejecta is in the range 10− 4–10− 2 M⊙ depending on
Mtot, Q, and the EOS (see Figure 2). The more compact neutron
star models with soft EOSs produce a larger amount of ejecta,
because the impact velocities and subsequent shock heating
effects at merger are larger. More specifically, the amount of
ejecta is

10− 4 ! Mej/M⊙ ! 2 × 10− 2 (soft EOSs),

10− 4 ! Mej/M⊙ ! 5 × 10− 3 (stiff EOSs). (1)

Bauswein et al. (2013) show a similar dependence of the
ejecta masses on the EOSs and Mej ! 0.01 M⊙ for stiff EOS
models. According to these results, it is worth noting that the
ejecta masses of the stiff EOS models are likely to be at most
0.01 M⊙.

The dependence of the ejecta mass on the total mass of
the binary is rather complicated as shown in Figure 2. The
ejecta mass increases basically with increasing Mtot as long

2

Hotokezaka+ 2013, Bauswein+ 2013

dynamical ejecta (~ms)

(NS-NS mergers only!)
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The GW170817 kilonova: direct r-process signature

Daniel Siegel

• red kilonova properties: 

Mej ~ 4-5x10-2Msun

vej ~ 0.08-0.14c
Ye < 0.25
XLa ~ 0.01

Kilpatrick+ 2017
Kasen+ 2017
Kasliwal+ 2017
Drout+ 2017
Cowperthwaite+ 2017
Chornock+ 2017
Villar+ 2017
Coughlin+ 2018

6 VILLAR ET AL.

Figure 1. Complete UVOIR light curves, along with the models with the highest likelihood scores. Solid lines represent the realizations of
highest likelihood for each model, while shaded regions represent the 1� uncertainty ranges. For some bands there are multiple lines that
capture subtle differences between filters.

The variance parameter � is an additional scatter term, which
we fit, that encompasses additional uncertainty in the models
and/or data. For upper limits, we use a one-sided Gaussian
penalty term.

For each component of our model there are four free pa-
rameters: ejecta mass (Mej), ejecta velocity (vej), opacity (),
and the temperature floor (Tc). We use flat priors for the first
three parameters, and a log-uniform prior for Tc. In the case
of the asymmetric model, we assume a flat prior for the half
opening angle (✓).

For each model, we ran MOSFiT for approximately 24
hours using 10 nodes on Harvard University’s Odyssey com-
puter cluster. We utilized 100 chains until they reached con-
vergence (i.e., had a Gelman-Rubin statistic < 1.1; Gelman
& Rubin 1992). We use the first ' 80% of the chain as burn-
in. We compare the resulting fits utilizing the Watanabe-
Akaike Information Criteria (WAIC, Watanabe 2010; Gel-

man et al. 2014), which accounts for both the likelihood score
and number of fitted parameters for each model.

4. RESULTS OF THE KILONOVA MODELS

We fit three different models to the data: a spherical
two-component model, a spherical three-component model,
and an asymmetric three-component model. The results are
shown in Figures 1–5 and summarized in Table 2.

For the spherical two-component model we allow the opac-
ity of the red component to vary freely. This model has a total
of 8 free parameters: two ejecta masses, velocities and tem-
peratures, one free opacity, and one scatter term. We find
best-fit values of Mblue

ej = 0.019+0.001
-0.001 M�, vblue

ej = 0.257+0.009
-0.007c,

Mred
ej = 0.047+0.002

-0.002 M�, vred
ej = 0.151+0.004

-0.004c, and red = 3.78+0.13
-0.07

cm2 g-1. Although the model provides an adequate fit, it
predicts a double-peaked structure in the NIR light curves
at ⇡ 2 - 5 days that is not seen in the data.

Villar+ 2017

red KN

blue KN• blue kilonova properties: 

Mej ~ 10-2Msun

vej ~ 0.2-0.3c
Ye > 0.25
XLa < 10-4

Kilpatrick+ 2017
Kasen+ 2017
Nicholl+ 2017
Villar+ 2017
Coughlin+ 2018

heavy r-process elements!
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High opacities of the Lanthanides

Diagnosing BH formation with kilonovae 3445

Fortunately, NSMs are also accompanied by coincident elec-
tromagnetic (EM) signals that inform physical processes at work
during the merger (e.g. Metzger & Berger 2012; Kelley, Mandel
& Ramirez-Ruiz 2013; Piran, Nakar & Rosswog 2013). One such
counterpart is a thermal IR/optical transient powered by the ra-
dioactive decay of heavy elements synthesized in the merger ejecta
(a ‘kilonova’; Li & Paczyński 1998; Metzger et al. 2010; Goriely,
Bauswein & Janka 2011; Roberts et al. 2011; Piran et al. 2013;
Grossman et al. 2014; Tanaka et al. 2014). Kilonovae are partic-
ularly promising EM counterparts because (1) their generation is
relatively robust, requiring only a modest amount of unbound ejecta;
(2) their signal is independent of the existence of a dense surround-
ing external medium; and (3) unlike a GRB, kilonovae are relatively
isotropic. A candidate kilonova was recently detected following the
GRB 130603B (Berger, Fong & Chornock 2013; Tanvir et al. 2013).

If the merger ejecta is sufficiently neutron-rich for r-process
nucleosynthesis to reach the Lanthanides (A ! 139), the optical
opacity becomes much higher than that of iron-group elements
(Kasen, Badnell & Barnes 2013), resulting in emission that is redder,
dimmer, and more slowly evolving (Barnes & Kasen 2013; Tanaka
& Hotokezaka 2013). Although such unusually red colours may be
beneficial in distinguishing NSM transients from unrelated astro-
physical sources, the current lack of sensitive wide-field infrared
telescopes could make EM follow-up across the large sky error re-
gions provided by Advanced LIGO/Virgo even more challenging
(e.g. Hanna, Mandel & Vousden 2014; Kasliwal & Nissanke 2013;
Metzger, Kaplan & Berger 2013; Nissanke, Kasliwal & Georgieva
2013).

The matter ejected dynamically following an NSM is likely to be
sufficiently neutron rich (as quantified by the electron fraction Ye "
0.3) to produce a red kilonova (e.g. Rosswog 2005; Duez et al. 2010;
Bauswein, Goriely & Janka 2013b). Dynamical expulsion is not the
only source of ejecta, however. A robust consequence of the merger
process is the formation of a remnant torus surrounding the central
HMNS. Outflows from this accretion disc over longer, viscous time-
scales also contribute to the merger ejecta (e.g. Metzger, Quataert &
Thompson 2008a; Surman et al. 2008; Dessart et al. 2009; Lee,
Ramirez-Ruiz & López-Cámara 2009; Metzger, Piro & Quataert
2008b; Wanajo & Janka 2012). The more isotropic geometry of
disc winds suggests that they may contribute a distinct component
to the kilonova light curve for most viewing angles (Barnes & Kasen
2013; Grossman et al. 2014).

Fernández & Metzger (2013a, hereafter FM13) calculated the
viscous evolution of remnant BH accretion discs formed in NSMs
using two-dimensional, time-dependent hydrodynamical simula-
tions. Over several viscous times, FM13 found that a frac-
tion ∼several per cent of the initial disc mass is ejected as a moder-
ately neutron-rich wind (Ye ∼ 0.2) powered by viscous heating and
nuclear recombination. Although the higher entropy of the outflow
as compared to the dynamical ejecta results in subtle differences
in composition (e.g. a small quantity of helium), the disc outflows
likely produce Lanthanide elements with sufficient abundance to
result in a similarly red kilonova as with the dynamical ejecta.

FM13 included the effects of self-irradiation by neutrinos on
the dynamics and composition of the disc. Due to the relatively
low accretion rate and radiative efficiency at the time of the peak
outflow, neutrino absorption had a sub-dominant contribution to the
disc evolution. This hierarchy is important because a large neutrino
flux tends to drive Ye to a value higher than that in the disc mid-
plane (e.g. Metzger et al. 2008a; Surman et al. 2008, 2014). If
neutrino irradiation is sufficient to drive Ye ! 0.3−0.4, the nuclear
composition of the disc outflows would be significantly altered,

Figure 1. Relation between the observed kilonova and the properties of the
ejecta that powers it. Material ejected dynamically in the equatorial plane
is highly neutron rich (Ye < 0.1), producing heavy r-process elements that
include Lanthanides. This results in emission that peaks in the near-infrared
and lasts for ∼1 week (‘late red bump’) due to the high opacity. Outflows
from the remnant disc are more isotropic and also contribute to the kilonova.
If the HMNS is long-lived, then neutrino irradiation can increase Ye to a
high enough value (Ye ∼ 0.4) that no Lanthanides are formed, resulting
in emission peaking at optical wavelengths (‘early blue bump’). If BH
formation is prompt, outflows from the disc remain neutron rich, and their
contribution is qualitatively similar to that of the dynamical ejecta.

resulting in a distinct additional component visible in the kilonova
emission.

By ignoring the influence of a central HMNS, FM13 implic-
itly assumed a scenario in which BH formation was prompt or the
HMNS lifetime very short. Here, we extend the study of FM13 to
include the effects of neutrino irradiation from a long-lived HMNS.
As we will show, the much larger neutrino luminosity of the HMNS
has a profound effect on the quantity and composition of the disc
outflows, allowing a direct imprint of the HMNS lifetime on the
kilonova (Fig. 1). As in FM13, our study includes many approxi-
mations that enable us to follow the secular evolution of the system.
We focus here on exploring the main differences introduced by the
presence of an HMNS, and leave more extensive parameter space
studies or realistic computations for future work.

The paper is organized as follows. In Section 2, we describe the
numerical model employed. Our results are presented in Section 3,
separated into dynamics of the outflow (Section 3.1) and composi-
tion (Section 3.2). A summary and discussion follows in Section 4.
Appendix A describes in more detail the upgrades to the neutrino
physics implementation relative to that of FM13.

2 N U M E R I C A L M O D E L

Our numerical model largely follows that described in FM13. Here,
we summarize the essential modifications needed to model the pres-
ence of an HMNS.

2.1 Equations and numerical method

We use FLASH3.2 (Dubey et al. 2009) to solve the time-dependent
hydrodynamic equations in two-dimensional, axisymmetric
spherical geometry. Source terms include the pseudo-Newtonian
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Figure 7. Wavelength-dependent line expansion opacities resulting from
Autostructure-derived linelists. The opacity of the lanthanides (Nd, Ce) is
much higher than iron and its d-shell homologue, osmium, especially in the
infrared.
(A color version of this figure is available in the online journal.)

(Z = 58) is comparable to, though slightly less than, that of
neodymium. This confirms that species with similar complexity
measures have roughly similar opacities, which we use to derive
approximate opacities for r-process mixtures (Section 6).

5.1. Uncertainties and Comparison to Existing Data

Our derived opacities must possess some error, since the
Autostructuremodel energies do not exactly match the exper-
imental values (Figure 2). To estimate how sensitive the results
are to the detailed level energy structure and configuration or-
dering, we examined the Nd ii opacities derived from the three
different optimization schemes described in Section 3. The re-
sulting variation provides an estimate of our level of uncertainty.

Figure 8 shows that the opacities calculated using the opt1 and
opt3 models are quite similar, while the opt2 model opacities are
lower by a factor of ∼5 at some wavelengths. The opt2 model
has relatively higher energy levels, and hence smaller excited
state LTE level populations, which is presumably the reason
for the lower opacities. The opt1 and opt3 models had similar
level energies, but the ground state configuration and ordering
were different. These results suggest that what matters most
to the opacities is the energy level spacing, and not the exact
configuration ordering. Given that the low lying opt3 Nd ii level
energies reproduce the experiment fairly well, we suspect that
further fine tuning of the Autostructure model is unlikely to
change the resulting opacity by much more than a factor of ∼2.

We have also compared our Autostructure opacities to
existing line data from the VALD database, which collects
atomic data from a variety of sources (Heiter et al. 2008).
The only high-Z ions with enough lines in VALD to derive
expansion opacities are Ce ii and Ce iii, which have wavelengths
and oscillator strengths calculated by the Mons group (Biémont
et al. 1999; Palmeri et al. 2000; Quinet & Biémont 2004).
The approach taken by the Mons group to determine atomic
structure is the same as that of Kurucz, viz., calculations with
Cowan’s code utilizing extensive experimental energies. In
Figure 9, we compare the expansion opacities of Ce calculated
using the VALD linelist and our own Autostructure list. The
agreement in both the mean- and wavelength-dependent values
is good to a factor of ∼2. Our conclusions about the size and
wavelength dependence of the lanthanide opacities are therefore

Figure 8. Variations in the wavelength-dependent expansion opacity for
pure neodymium (Z = 60) ejecta obtained using different Autostructure
optimization approaches. These calculations adopt a density ρ = 10−13 g cm−3,
temperature T = 4000 K, time since ejection tej = 1 days, and a wavelength
binning ∆λ = 0.01λ.
(A color version of this figure is available in the online journal.)

confirmed when using radiative data from independent structure
calculations.

6. OPACITIES OF r-PROCESS MIXTURES

Although we have only calculated atomic structure models
for a few ions, the results (Figure 7) suggest that ions of
similar complexity have roughly similar opacities. This allows
us to construct approximate r-process mixtures based on the
representative cases.

In an r-process mixture, the abundance of any individual
lanthanide is relatively low (!1%). Nevertheless, these species
likely dominate the total opacity. In fact, the opacity will depend
rather weakly on the exact lanthanide abundance. This is because
for the conditions found in NSM ejecta, many of the strong
lanthanides lines are extremely optically thick (τs ≫ 1). Such
lines contribute equally to the expansion opacity regardless of
the ion’s abundance, just as long as that abundance remains high
enough to keep τs above unity.

We illustrate this weak dependence on lanthanide abundance
in Figure 10, by computing the opacity of a mixture of
neodymium and iron. Decreasing the Nd mass fraction by a
factor of 10 (from 100% to 10%) only reduces the total opacity
of the mixture by ∼40%. Decreasing the Nd mass fraction by
two orders of magnitudes (from 100% to 1%) reduces the total
opacity of the mixture by a factor of five. We find that the Nd
opacity dominates over that of iron as long as its mass fraction
is "10−4.

The actual r-process ejecta from NSMs will be a heteroge-
neous mixture of many high Z elements. This multiplicity of
species should enhance the opacity, as each ion contributes a
distinct series of lines. To estimate the opacity of the mixture,
we assume the line data of Nd is representative of all f-shell
species (the lanthanides) and that iron is representative of all
d-shell elements. We ignore the s-shell and p-shell elements
since their opacities will be very low. We then construct the
expansion opacity of the mixture by generalizing Equation (9)

κmix(λ) =
∑

Z

ξZ

ρctej

∑

i

λi

∆λi

(1 − exp[−τi(ρZ)]) (15)

9

Kasen+ 2013

Fig.: line expansion opacities

Lanthanides

Fe-peak composition

Fig.: kilonova lightcurves probe composition (Lanthanide mass fraction).
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• red kilonova properties: 

Mej ~ 4-5x10-2Msun

vej ~ 0.08-0.14c
Ye < 0.25
XLa ~ 0.01

Kilpatrick+ 2017
Kasen+ 2017
Kasliwal+ 2017
Drout+ 2017
Cowperthwaite+ 2017
Chornock+ 2017
Villar+ 2017
Coughlin+ 2018

6 VILLAR ET AL.

Figure 1. Complete UVOIR light curves, along with the models with the highest likelihood scores. Solid lines represent the realizations of
highest likelihood for each model, while shaded regions represent the 1� uncertainty ranges. For some bands there are multiple lines that
capture subtle differences between filters.

The variance parameter � is an additional scatter term, which
we fit, that encompasses additional uncertainty in the models
and/or data. For upper limits, we use a one-sided Gaussian
penalty term.

For each component of our model there are four free pa-
rameters: ejecta mass (Mej), ejecta velocity (vej), opacity (),
and the temperature floor (Tc). We use flat priors for the first
three parameters, and a log-uniform prior for Tc. In the case
of the asymmetric model, we assume a flat prior for the half
opening angle (✓).

For each model, we ran MOSFiT for approximately 24
hours using 10 nodes on Harvard University’s Odyssey com-
puter cluster. We utilized 100 chains until they reached con-
vergence (i.e., had a Gelman-Rubin statistic < 1.1; Gelman
& Rubin 1992). We use the first ' 80% of the chain as burn-
in. We compare the resulting fits utilizing the Watanabe-
Akaike Information Criteria (WAIC, Watanabe 2010; Gel-

man et al. 2014), which accounts for both the likelihood score
and number of fitted parameters for each model.

4. RESULTS OF THE KILONOVA MODELS

We fit three different models to the data: a spherical
two-component model, a spherical three-component model,
and an asymmetric three-component model. The results are
shown in Figures 1–5 and summarized in Table 2.

For the spherical two-component model we allow the opac-
ity of the red component to vary freely. This model has a total
of 8 free parameters: two ejecta masses, velocities and tem-
peratures, one free opacity, and one scatter term. We find
best-fit values of Mblue

ej = 0.019+0.001
-0.001 M�, vblue

ej = 0.257+0.009
-0.007c,

Mred
ej = 0.047+0.002

-0.002 M�, vred
ej = 0.151+0.004

-0.004c, and red = 3.78+0.13
-0.07

cm2 g-1. Although the model provides an adequate fit, it
predicts a double-peaked structure in the NIR light curves
at ⇡ 2 - 5 days that is not seen in the data.

Villar+ 2017

red KN

blue KN• blue kilonova properties: 

Mej ~ 10-2Msun

vej ~ 0.2-0.3c
Ye > 0.25
XLa < 10-4

Kilpatrick+ 2017
Kasen+ 2017
Nicholl+ 2017
Villar+ 2017
Coughlin+ 2018

heavy r-process elements!

The GW170817 kilonova: direct r-process signature
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inconsistent with dynamical ejection 
consistent with post-merger accretion disk

BNS merger simulations: dynamical ejecta

Siegel 2019
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Post-merger accretion disk outflows

Daniel Siegel

Siegel & Metzger 2018Siegel & Metzger 2017, PRL

MHD 
turbulence

(heating)

neutrinos
(cooling)

hot corona

heating-cooling imbalance in corona 
launches thermal wind
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Disk outflows and the red kilonova
Siegel & Metzger 2017, PRL

Siegel & Metzger 2018
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FIG. 5. Electron fraction Ye and normalized electron chemical potential ⌘ = µ/⇥ at t = 43ms (left), t = 130ms (center), and
t = 250ms (right), showing a mildly degenerate state and low Ye in the inner parts of the disk as a result of self-regulation
(Sec. IVC).

TABLE II. Characteristics of the outflow as recorded by tracer particles: mean electron fraction, specific entropy, expansion
timescales, computed at t = t5GK and classified into equatorial (30� < ✓ < 150�), polar (✓  30� and ✓ � 150�), and total
outflow. The polar angle ✓ for each tracer particle is measured at the end of the simulation. The initial disk mass Mt,in as
well as the total integrated outflow mass (polar/equatorial and total) are also listed. Corresponding values from Newtonian
alpha-disk simulations by [38] (F15) and [54] (J15) are also shown.

simulation neutrino outflow equatorial outflow polar outflow total outflow
absorption type Mt,in Ȳe s̄ t̄exp Ȳe s̄ t̄exp Ȳe s̄ t̄exp Mpol Mout

[10�2M�] [kB/b] [ms] [kB/b] [ms] [kB/b] [ms] [Meq] [Mt,in]
this work no total 2.02 0.17 28 26 0.19 43 18 0.17 30 25 0.15 0.23
this work no unbound 2.02 0.18 31 24 0.19 39 18 0.18 32 23 0.22 0.16
this work yes unbound 2.02 31 24 39 18 32 23 0.22 0.16
F15 t-a80 yes total 3.00 0.22 21 35 0.31 38 9.4 - - - 0.01 0.17

J15 M3A8m03a2 yes total 3.00 - - - - - - 0.27 30 - - 0.23
J15 M3A8m03a5 yes total 3.00 - - - - - - 0.25 33 - - 0.24

diagram clearly indicates the presence of magnetic cycles
with a period of roughly ⇠ 20ms throughout the entire
simulation time domain. In the disk midplane, magnetic
fields of temporally alternating polarity are generated by
MHD turbulence. These fields slowly migrate o↵ the
midplane by magnetic pressure gradients and buoyancy,
where they are gradually dissipated into heat. This mi-
gration and dissipation of magnetic energy contributes
to establishing a ‘hot’ corona above and below the mid-
plane, as indicated by the middle panel of Fig. 7. This
spacetime diagram of the specific entropy shows strongly
increasing specific entropies o↵ the midplane where ma-
gentic field strengths decrease.

In the hot corona powerful outflows are generated.
In these regions of lower density, viscous heating from
MHD turbulence, dissipation of magnetic energy, and
energy release from recombination of free nucleons into
alpha particles exceeds cooling by neutrino emission,
which is strongest in the disk midplane (cf. Fig. 7, lower
panel). This heating-cooling imbalance results in launch-
ing neutron-rich winds from the disk. Above and below
the midplane, the neutrino emissivities decrease as func-
tions of ‘height’ |z| and the weak interactions (and thus
Ye) essentially ‘freeze out’; however, futher mixing in the
(initially turbulent) outflows can still change Ye.

The outflows are tracked by 104 passive tracer particles
that are advected with the plasma. These tracer particles
are of equal mass and they are placed within the initial
torus at t = 0ms with a probability proportional to the
conserved rest-mass density D̂ =

p
�⇢W . We distinguish

between total outflow, defined as the entity of all tracer
particles that have reached a radial coordinate distance
of 103 km from the center of the BH by the end of the
simulation, and unbound outflow, or ejecta, defined as
the entity of tracer particles that are additionally un-
bound according to the Bernoulli criterion �hu0 > 1.
We find that at r = 103 km, (most of) the conversion
of internal to kinetic energy has already been achieved
(h ! 1). Therefore, employing the Bernoulli criterion is
essentially identical to employing the geodesic criterion
�u0 > 1 (non-vanishing escape velocity at infinity), and
our results are not sensitive to the particular choice of a
criterion for unboundness.

Outflows are generated over a wide range of radii. This
is illustrated by Fig. 8, which shows mass histograms of
the outflow tracer particles in terms of their cylindrical
coordinate radii $ =

p
x2 + y2 at the time of ejection

from the disk, $ej ⌘ $(t = tej). We define the time
of ejection from the disk or corona t = tej as the time
after which the radial coordinate position of a tracer
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FIG. 5. Electron fraction Ye and normalized electron chemical potential ⌘ = µ/⇥ at t = 43ms (left), t = 130ms (center), and
t = 250ms (right), showing a mildly degenerate state and low Ye in the inner parts of the disk as a result of self-regulation
(Sec. IVC).

where ⇣ is the Riemann ⇣-function and Q = (mn �

mp)/me = 2.531 the neutron-proton mass di↵erence in
units of the electron mass. A very mild electron degen-
eracy ⌘ ' 1 in hot matter ⇥ ⇡ 1 is therefore su�cient
to generate conditions of neutron richness Ye < 0.5. For
the hot ⇥ & 1 and mildly degenerate conditions ⌘ & 1 of
the inner parts of the disk, the resulting neutron richness
adjusts to an equilibrium value of typically Ye ⇠ 0.1 or
lower (see Fig. 5).

The presence of this self-regulation mechanism to mild
electron degeneracy, which implies a low Ye ⇠ 0.1,
is important to allow for the generation of neutron-
rich outflows that can undergo r-process nucleosynthesis
(Secs. IVD and V); it forces the disk to keep a reservoir of
neutron rich material despite the ongoing protonization
process in the rest of the disk – neutron rich material that
is continuously fed into the outflows to keep the overall
mean electron fraction Ȳe of the outflow rather low over
the lifetime of the disk (Ȳe ⇠ 0.2, see Tab. II of [70] and
Sec. VB). This results in the possibility of generating
a robust second-to-third-peak r-process (cf. Sec. V) and
thus the production of a significant amount of Lanthanide
material in the outflow. Due to their high opacities, this
material can then produce a red kilonova, as observed in
the recent GW170817 event.

D. Magnetic dynamo, disk corona, and generation
of outflows

Magnetic stresses generated by MHD turbulence via
the MRI mediate angular momentum transport and thus
energy dissipation in the disk. Turbulence also dissipates
magnetic energy, which, however, is regenerated through
a dynamo (e.g., [118, 119]). The balance of the two
processes results in a saturated steady-turbulent, quasi-
equilibrium state, which is characterized by a roughly
constant ratio of magnetic to internal energy in the disk.

Figure 6 shows the temporal evolution of the density-
averaged ratio of electromagnetic to internal energy

FIG. 6. Evolution of the density-averaged ratio of the electro-
magnetic to internal energy (top) and of the magnetic-to-fluid
pressure ratio (bottom), indicating a steady turbulent state
of the disk.

heEM/eintiD̂ and of the magnetic-to-fluid pressure ra-
tio hpB/pfiD̂, which are indeed indicative of a disk in a
steady turbulent state. We define the rest-mass density-
average of a quantity � by

h�i
D̂

⌘

R
�D̂d3x

R
D̂d3x

, (55)

where D̂ =
p
�⇢W is the conserved rest-mass density

• Neutron-richness: self-regulation mechanism 
in degenerate inner disk provides neutron 
rich outflows (Ye<0.25)

• Production of full range of r-process nuclei, 
excellent agreement with observed r-
process abundances (solar, halo stars)
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r-process nucleosynthesis in disk outflows
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Siegel & Metzger 2017, PRL
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FIG. 5. Electron fraction Ye and normalized electron chemical potential ⌘ = µ/⇥ at t = 43ms (left), t = 130ms (center), and
t = 250ms (right), showing a mildly degenerate state and low Ye in the inner parts of the disk as a result of self-regulation
(Sec. IVC).

TABLE II. Characteristics of the outflow as recorded by tracer particles: mean electron fraction, specific entropy, expansion
timescales, computed at t = t5GK and classified into equatorial (30� < ✓ < 150�), polar (✓  30� and ✓ � 150�), and total
outflow. The polar angle ✓ for each tracer particle is measured at the end of the simulation. The initial disk mass Mt,in as
well as the total integrated outflow mass (polar/equatorial and total) are also listed. Corresponding values from Newtonian
alpha-disk simulations by [38] (F15) and [54] (J15) are also shown.

simulation neutrino outflow equatorial outflow polar outflow total outflow
absorption type Mt,in Ȳe s̄ t̄exp Ȳe s̄ t̄exp Ȳe s̄ t̄exp Mpol Mout

[10�2M�] [kB/b] [ms] [kB/b] [ms] [kB/b] [ms] [Meq] [Mt,in]
this work no total 2.02 0.17 28 26 0.19 43 18 0.17 30 25 0.15 0.23
this work no unbound 2.02 0.18 31 24 0.19 39 18 0.18 32 23 0.22 0.16
this work yes unbound 2.02 31 24 39 18 32 23 0.22 0.16
F15 t-a80 yes total 3.00 0.22 21 35 0.31 38 9.4 - - - 0.01 0.17

J15 M3A8m03a2 yes total 3.00 - - - - - - 0.27 30 - - 0.23
J15 M3A8m03a5 yes total 3.00 - - - - - - 0.25 33 - - 0.24

diagram clearly indicates the presence of magnetic cycles
with a period of roughly ⇠ 20ms throughout the entire
simulation time domain. In the disk midplane, magnetic
fields of temporally alternating polarity are generated by
MHD turbulence. These fields slowly migrate o↵ the
midplane by magnetic pressure gradients and buoyancy,
where they are gradually dissipated into heat. This mi-
gration and dissipation of magnetic energy contributes
to establishing a ‘hot’ corona above and below the mid-
plane, as indicated by the middle panel of Fig. 7. This
spacetime diagram of the specific entropy shows strongly
increasing specific entropies o↵ the midplane where ma-
gentic field strengths decrease.

In the hot corona powerful outflows are generated.
In these regions of lower density, viscous heating from
MHD turbulence, dissipation of magnetic energy, and
energy release from recombination of free nucleons into
alpha particles exceeds cooling by neutrino emission,
which is strongest in the disk midplane (cf. Fig. 7, lower
panel). This heating-cooling imbalance results in launch-
ing neutron-rich winds from the disk. Above and below
the midplane, the neutrino emissivities decrease as func-
tions of ‘height’ |z| and the weak interactions (and thus
Ye) essentially ‘freeze out’; however, futher mixing in the
(initially turbulent) outflows can still change Ye.

The outflows are tracked by 104 passive tracer particles
that are advected with the plasma. These tracer particles
are of equal mass and they are placed within the initial
torus at t = 0ms with a probability proportional to the
conserved rest-mass density D̂ =

p
�⇢W . We distinguish

between total outflow, defined as the entity of all tracer
particles that have reached a radial coordinate distance
of 103 km from the center of the BH by the end of the
simulation, and unbound outflow, or ejecta, defined as
the entity of tracer particles that are additionally un-
bound according to the Bernoulli criterion �hu0 > 1.
We find that at r = 103 km, (most of) the conversion
of internal to kinetic energy has already been achieved
(h ! 1). Therefore, employing the Bernoulli criterion is
essentially identical to employing the geodesic criterion
�u0 > 1 (non-vanishing escape velocity at infinity), and
our results are not sensitive to the particular choice of a
criterion for unboundness.

Outflows are generated over a wide range of radii. This
is illustrated by Fig. 8, which shows mass histograms of
the outflow tracer particles in terms of their cylindrical
coordinate radii $ =

p
x2 + y2 at the time of ejection

from the disk, $ej ⌘ $(t = tej). We define the time
of ejection from the disk or corona t = tej as the time
after which the radial coordinate position of a tracer
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FIG. 5. Electron fraction Ye and normalized electron chemical potential ⌘ = µ/⇥ at t = 43ms (left), t = 130ms (center), and
t = 250ms (right), showing a mildly degenerate state and low Ye in the inner parts of the disk as a result of self-regulation
(Sec. IVC).

where ⇣ is the Riemann ⇣-function and Q = (mn �

mp)/me = 2.531 the neutron-proton mass di↵erence in
units of the electron mass. A very mild electron degen-
eracy ⌘ ' 1 in hot matter ⇥ ⇡ 1 is therefore su�cient
to generate conditions of neutron richness Ye < 0.5. For
the hot ⇥ & 1 and mildly degenerate conditions ⌘ & 1 of
the inner parts of the disk, the resulting neutron richness
adjusts to an equilibrium value of typically Ye ⇠ 0.1 or
lower (see Fig. 5).

The presence of this self-regulation mechanism to mild
electron degeneracy, which implies a low Ye ⇠ 0.1,
is important to allow for the generation of neutron-
rich outflows that can undergo r-process nucleosynthesis
(Secs. IVD and V); it forces the disk to keep a reservoir of
neutron rich material despite the ongoing protonization
process in the rest of the disk – neutron rich material that
is continuously fed into the outflows to keep the overall
mean electron fraction Ȳe of the outflow rather low over
the lifetime of the disk (Ȳe ⇠ 0.2, see Tab. II of [70] and
Sec. VB). This results in the possibility of generating
a robust second-to-third-peak r-process (cf. Sec. V) and
thus the production of a significant amount of Lanthanide
material in the outflow. Due to their high opacities, this
material can then produce a red kilonova, as observed in
the recent GW170817 event.

D. Magnetic dynamo, disk corona, and generation
of outflows

Magnetic stresses generated by MHD turbulence via
the MRI mediate angular momentum transport and thus
energy dissipation in the disk. Turbulence also dissipates
magnetic energy, which, however, is regenerated through
a dynamo (e.g., [118, 119]). The balance of the two
processes results in a saturated steady-turbulent, quasi-
equilibrium state, which is characterized by a roughly
constant ratio of magnetic to internal energy in the disk.

Figure 6 shows the temporal evolution of the density-
averaged ratio of electromagnetic to internal energy

FIG. 6. Evolution of the density-averaged ratio of the electro-
magnetic to internal energy (top) and of the magnetic-to-fluid
pressure ratio (bottom), indicating a steady turbulent state
of the disk.

heEM/eintiD̂ and of the magnetic-to-fluid pressure ra-
tio hpB/pfiD̂, which are indeed indicative of a disk in a
steady turbulent state. We define the rest-mass density-
average of a quantity � by

h�i
D̂

⌘

R
�D̂d3x

R
D̂d3x

, (55)

where D̂ =
p
�⇢W is the conserved rest-mass density

• Neutron-richness: self-regulation mechanism 
in degenerate inner disk provides neutron 
rich outflows (Ye<0.25)

• Production of full range of r-process nuclei, 
excellent agreement with observed r-
process abundances (solar, halo stars)

• Slow outflow velocities (~0.1c)

• Large amount of ejecta (                   )& 10�2M�

v1 ⇡ 0.1c

Siegel & Metzger 2017, PRL
Siegel & Metzger 2018
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Basic anatomy of the Milky Way

Frebel 2018
Figure 1

Structure and stellar populations of the Milky Way. Stellar archaeology is based on old, metal-poor halo stars.
Dwarf galaxy archaeology utilizes stars in satellite dwarf galaxies that orbit the Milky Way. Figure courtesy of K.
Brauer.

opportunity to assess their environment to derive firm conclusions about element-production events, how

elemental yields were dispersed through the galaxy, and how the yields eventually got incorporated into

the dwarf-galaxy stars we observe. Studying stars and stellar populations in the satellite dwarf galaxies

therefore provides an excellent complementary approach to working with halo stars. As will be outlined

in Section 4.1, research based on the compositions of individual stars in dwarf galaxies recently led to a

breakthrough in understanding the astrophysical site of the heaviest elements.

1.2. Review aims and further reading

This review provides a compact overview of the recent progress regarding the origin and early evolution

of the heavy elements that are made during the rapid neutron-capture process, as told by an astronomer.

We aim to highlight links between what is studied by nuclear physicists (nuclear properties of matter),

and what astronomers observe (stars with chemical abundance signatures that are the end result of various

nucleosynthesis processes). New experimental nuclear physics facilities, such as the Facility for Rare Isotope

Beams (FRIB), will investigate neutron-rich nuclei far away from stability, which promises to yield an

improved understanding of heavy-element production. Observations of the oldest stars in the Milky Way

and its satellite dwarf galaxies provide complementary insights. They preserve a fossil nucleosynthesis record

of astrophysical events of element production, providing valuable details concerning the nucleosynthesis

processes involved and their associated astrophysical sites of operation.

Focusing here on the topic of neutron-capture elements implies that much of the related information on

old stars, stellar archaeology, dwarf galaxy archaeology, near-field cosmology, and even nuclear astrophysics

can unfortunately not be covered. We instead refer the interested reader to the following reviews:

– A detailed overview of near-field cosmology, stellar archaeology and dwarf galaxy archaeology with

the oldest stars (Frebel & Norris 2015); additional introductory material on the subject is covered by

(Frebel & Norris 2013)

– Early progress including the history of the search for old stars in the Galaxy (Beers & Christlieb

2005)

– Observations of neutron-capture elements in old stars and their interpretation (Sneden, Cowan &

Gallino 2008; Jacobson & Frebel 2014)

– Reviews on neutron star mergers and associated heavy element production (Fernández & Metzger

2016; Thielemann et al. 2017)

4 Frebel
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Challenges for r-process from NS mergers

• halo stars at very low metallicity

• r-process vs. Fe evolution (disk stars)

• r-process vs. alpha-element evolution (disk stars)

• need extremely low kick velocities <10 km/s, short merger times < 1Gyr
Beniamini+ 2016 (but very sensitive on initial separation < Rsun)

• (UF) dwarf galaxies Ji+ 2016
Hansen+ 2017

Ishimaru+ 2015
Hirai+ 2015
Komiya+ 2016

NS mergers inconsistent with negative Eu/Fe trend 
(same delay-time distribution as SNe Ia) 

Côté+ 2017, 2018
Hotokezaka+ 2018a
Siegel+ 2019

NS mergers inconsistent with Eu/Mg evolution of disk stars Siegel 2019

• globular clusters
• need extremely short merger times <10 Myr 
• or need 2nd epoch of star formation from AGB winds, short merger times <100 Myr

Bekki & Tsujimoto 2017

Safarzadeh+ 2019• need survival of unstable case BB mass transfer 

• maybe need hierarchical assembly of halo from sub-halos 
• maybe need cross-pollution of sub-halos 

13/19Forging the Universe’s gold



Daniel Siegel

Challenges for r-process from NS mergers

• halo stars at very low metallicity

• need extremely low kick velocities <10 km/s, short merger times < 1Gyr
Beniamini+ 2016 (but very sensitive on initial separation < Rsun)

• need hierarchical assembly of halo from sub-halos 
• need cross-pollution of sub-halos 

• (UF) dwarf galaxies Ji+ 2016
Hansen+ 2017

Ishimaru+ 2015
Hirai+ 2015
Komiya+ 2016

• globular clusters
• need extremely short merger times <10 Myr 
• or need 2nd epoch of star formation from AGB winds, short merger times <100 Myr

Bekki & Tsujimoto 2017

Safarzadeh+ 2019• need survival of unstable case BB mass transfer 

• r-process vs. Fe evolution (disk stars)
NS mergers inconsistent with negative Eu/Fe trend 
(same delay-time distribution as SNe Ia) 

Côté+ 2017, 2018
Hotokezaka+ 2018a
Siegel+ 2019

�3.0 �2.5 �2.0 �1.5 �1.0 �0.5 0.0 0.5
[Fe/H]

�1.0

�0.5

0.0

0.5

1.0

1.5

[E
u
/F

e]

NS only

Disk stars

Ia 40 Myr

Ia 400 Myr

Ia 1000 Myr

Galactic chemical 
evolution models

Halo stars

Siegel+ 2019, Nature

13/19Forging the Universe’s gold



Daniel Siegel

Challenges for r-process from NS mergers

• halo stars at very low metallicity

• need extremely low kick velocities <10 km/s, short merger times < 1Gyr
Beniamini+ 2016 (but very sensitive on initial separation < Rsun)

• need hierarchical assembly of halo from sub-halos 
• need cross-pollution of sub-halos 

• (UF) dwarf galaxies Ji+ 2016
Hansen+ 2017

Ishimaru+ 2015
Hirai+ 2015
Komiya+ 2016

• globular clusters
• need extremely short merger times <10 Myr 
• or need 2nd epoch of star formation from AGB winds, short merger times <100 Myr

Bekki & Tsujimoto 2017

Safarzadeh+ 2019• need survival of unstable case BB mass transfer 

• r-process vs. Fe evolution (disk stars)
NS mergers inconsistent with negative Eu/Fe trend 
(same delay-time distribution as SNe Ia) 

Côté+ 2017, 2018
Hotokezaka+ 2018a
Siegel+ 2019

• r-process vs. alpha-element evolution (disk stars)
NS mergers inconsistent with Eu/Mg evolution of disk stars Siegel 2019

�1.5 �1.0 �0.5 0.0 0.5
[Fe/H]

�0.4

�0.2

0.0

0.2

0.4
[E

u
/M

g]

NS+Coll.

Ia 40 Myr
Ia 400 Myr
Ia 1000 Myr

Galactic chemical 
evolution models Siegel 2019

disk stars

13/19Forging the Universe’s gold



Daniel Siegel

Challenges for r-process from NS mergers

• halo stars at very low metallicity

• r-process vs. Fe evolution (disk stars)

• r-process vs. alpha-element evolution (disk stars)

• need extremely low kick velocities <10 km/s, short merger times < 1Gyr
Beniamini+ 2016 (but very sensitive on initial separation < Rsun)

• (UF) dwarf galaxies Ji+ 2016
Hansen+ 2017

Ishimaru+ 2015
Hirai+ 2015
Komiya+ 2016

NS mergers inconsistent with negative Eu/Fe trend 
(same delay-time distribution as SNe Ia) 

Côté+ 2017, 2018
Hotokezaka+ 2018a
Siegel+ 2019

NS mergers inconsistent with Eu/Mg evolution of disk stars Siegel 2019

• globular clusters
• need extremely short merger times <10 Myr 
• or need 2nd epoch of star formation from AGB winds, short merger times <100 Myr

Bekki & Tsujimoto 2017

Safarzadeh+ 2019• need survival of unstable case BB mass transfer 

• maybe need hierarchical assembly of halo from sub-halos 
• maybe need cross-pollution of sub-halos 

13/19Forging the Universe’s gold



III.
Collapsars



Daniel Siegel

Collapsars

• Angular momentum of infalling stellar material leads to 
circularization and formation of accretion disk around the BH

• BH-accretion disk from collapse of rapidly rotating massive 
stars (M > 20 Msun)

“failed explosion” (direct collapse to a BH)

“weak explosion” (proto-NS collapses due to fallback material)

core collapse

BH formation

accretion disk
Formation

jet punches through infalling 
material, generates GRB

No. 1, 1999 COLLAPSARS 271

FIG. 7.ÈDensity in the central regions of model 14A 7.598 s after core collapse. A dense disk (red ; 109 g cm~3) of gas is accreting into the black hole. The
centrifugally supported torus has a radius of 200 km. Still higher densities exist in the disk inside the inner boundary of our calculation (50 km). Gas is
accreting much more readily along the polar axis because of the lack of centrifugal support and has left behind a channel with relatively low density (blue ; 106
g cm~3). Should energy be deposited near the black hole, this geometry will naturally focus jets along the rotational axis.

cosity was calculated using where r is the sphericall\ acs r,
distance from the origin and a was 0.1. Another calculation,
which assumed that with H the density scalel\ acs H,
height and a \ 0.1, gave about one-half as much energy to
the plumes. In practice the plumes shown in Figure 16
would result from using a larger value of a B 0.2 in the
latter expression.

The plumes (or wind) are thus artiÐcial in the sense that
they are generated by an ““ alpha viscosity.ÏÏ However, the
dissipation modeled by a may have a real physical originÈ
magnetic energy dissipation in and above the disk. Very

roughly, the MHD Ñux from the disk is a small fraction, say
1%È10% , of the magnetic energy density in the disk, B2/8n,
times the speed, about the speed of light in the innerAlfve" n
disk. The Ðeld itself might have an energy density 10% of
ov2. Then for density D1010 g cm~3, v D 1010 cm s~1 and a
disk area of 1013 cm, the MHD energy input is D1051 ergs
s~1.

The matter that is ejected has mostly been at high tem-
perature, and is initially composed of nucleons. AsT9 Z 10
these nucleons reassemble in nuclear statistical equilibrium,
and provided remains near 0.5, the freezeout composi-Y

e

• Widely accepted model to 
generate long GRBs and 
their accompanying GRB 
SNe (hypernovae, broad-
lined Type Ic)

MacFadyen & Woosley 1999
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Ye ~ 0.5
outflows produce 56Ni

Neutron-richness:

r-process in collapsars Siegel, Barnes, Metzger 2019, Nature
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degeneracy

Ye ~ 0.1
degenerate electrons

outflows produce r-process nuclei

accretion rate nucleosynthesis in disk outflow

r-process in collapsars Siegel, Barnes, Metzger 2019, Nature
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Collapsars: r-process yield
Siegel, Barnes, Metzger 2019, Nature

2) From Galactic r-process content
assume collapsars as main contribution to Galactic r-process:

r-process mass in the Galaxy, mr, may be crudely estimated by the ratio

mr,coll

mr,merger
⇠

m
LGRB
acc

R
RLGRB(z)dz

mSGRB
acc

R
RSGRB(z)dz

>
E

LGRB
iso RLGRB(z = 0)

E
SGRB
iso RSGRB(z = 0)

⇡ 4 � 30, (25)

where we have used the local z ⇡ 0 rates of short GRBs of RSGRB(z = 0) ⇡ 4.1+2.3
�1.9 Gpc�3

yr�1 (e.g., ref. 108) and long GRBs of RLGRB(z = 0) ⇡ 1.30.6
�0.7 Gpc�3 yr�1 (e.g., ref. 109). This

approximation gives a conservative lower limit on the ratio because the ratio of long to short GRBs
increases with redshift; long GRBs approximately track star formation, which peaks at z ⇡ 2 � 3,
while short GRBs are consistent with a sizable delay time (e.g., refs. 108, 110). This estimate
suggests that collapsars could well contribute more total r-process production in the Galaxy than
neutron star mergers (see Extended Data Fig. 6 for a schematic summary).

We also perform a rough absolute estimate of the r-process ejecta mass needed per collapsar
in order to explain their solar system abundances. Depending on whether one is considering abun-
dances which extend in atomic mass number down to the 1st or 2nd r-process peak, the Solar mass
fraction of r-process nuclei is Xr = 4 ⇥ 10�7 or 6 ⇥ 10�8, respectively111 (see also Sec. 7). The
r-process mass per burst needed to explain the solar system abundances is given by

mr,coll ⇠
Xr

R
tZ  ̇SF dt

VMW

R
t(z=0)

Ṅcoll dt

, (26)

where  ̇SF is the galactic star formation rate in mass per unit time (see Sec. 7), Ṅcoll = RLGRB/fb

is the volumetric rate of collapsar events, with fb being the long GRB beaming fraction, and VMW is
the volume of Milky-Way equivalent galaxies (Sec. 7). Furthermore, tZ denotes the characteristic
time after which long GRBs no longer occur in the Milky Way due to their suppression above a
metallicity threshold (see below). If the rate of long GRBs tracks the star formation rate, then
the r-process mass per burst needed to explain the solar system abundances may be very roughly
approximated as
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where ⇢̇SF(z = 0) ⇡ 2 ⇥ 107
M� yr�1 Gpc�3 is the local star-formation rate (e.g., ref. 112),

fb ⇡ 5 ⇥ 10�3 is a recent estimate of the long GRB beaming fraction113, and the prefactor fZ =R
tZ  ̇SF dt/

R
t(z=0)

 ̇SF dt is a conservative limit on the fraction of star formation in the Milky
Way that occurred below the critical metallicity threshold required for collapsars (see below). As
previous GRMHD simulations show that a fraction fw ⇡ 0.3� 0.4 of the matter inflowing through
the inner few tens of gravitational radii of the BH is unbound in winds9, 33, 56, we conclude that a
total mass mr,acc = mr,coll/fw . 0.2 � 1M� must be accreted per collapsar to explain their solar
system abundances. This is well within the range predicted by theoretical models (e.g., ref. 10;
Sec. 4).

The prefactor fZ < 1 in Eq. (27) accounts for the fact that host galaxy studies show that
long GRBs may occur preferentially below a certain stellar metallicity (e.g., ref. 31) and thus may
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consistent with relative estimate, using r-process yield from GW170817 (~0.05 Msun)
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1) Purely empirically (long vs. short GRBs):

assume accreted mass proportional to gamma-ray energy (same physical 
processes in both types of bursts, similar observational properties!)

dominant contribution to Galactic r-process relative to mergers

3) Purely theoretically (simulations & pre-supernova models)

few ⇥ 10�2 � 1M�
<latexit sha1_base64="O2LnfO0vteQgOCiv14XDmgtSWVc=">AAACDnicbVA9SwNBEN2LXzF+RS1tFkPAwoS7KMQyYGMjRDAfkIthb7OXLNm7PXbnlHDkF9j4V2wsFLG1tvPfuJek0MQHA4/3ZpiZ50WCa7Dtbyuzsrq2vpHdzG1t7+zu5fcPmlrGirIGlUKqtkc0EzxkDeAgWDtSjASeYC1vdJn6rXumNJfhLYwj1g3IIOQ+pwSM1MsX3YDAUAWJzx4mLvCAaezYd0mpMik57ul1z5V9Cb18wS7bU+Bl4sxJAc1R7+W/3L6kccBCoIJo3XHsCLoJUcCpYJOcG2sWEToiA9YxNCRmbzeZvjPBRaP0sS+VqRDwVP09kZBA63Hgmc70eL3opeJ/XicG/6Kb8DCKgYV0tsiPBQaJ02xwnytGQYwNIVRxcyumQ6IIBZNgzoTgLL68TJqVsnNWtm/OC7XqPI4sOkLH6AQ5qIpq6ArVUQNR9Iie0St6s56sF+vd+pi1Zqz5zCH6A+vzB0Wjm4s=</latexit>

per event r-process yield as probed by simulations:

consistent with 1) and 2)
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Daniel Siegel

Collapsars vs. challenges for NS mergers

• halo stars at very low metallicity

• r-process vs. Fe evolution (disk stars)

• r-process vs. alpha-element evolution (disk stars)

• need extremely low kick velocities <10 km/s, short merger times < 1Gyr
Beniamini+ 2016 (but very sensitive on initial separation < Rsun)

• (UF) dwarf galaxies Ji+ 2016
Hansen+ 2017

Ishimaru+ 2015
Hirai+ 2015
Komiya+ 2016

NS mergers inconsistent with negative Eu/Fe trend 
(same delay-time distribution as SNe Ia) 

Côté+ 2017, 2018
Hotokezaka+ 2018a
Siegel+ 2019

NS mergers inconsistent with Eu/Mg evolution of disk stars Siegel 2019

• globular clusters
• need extremely short merger times <10 Myr 
• or need 2nd epoch of star formation from AGB winds, short merger times <100 Myr

Bekki & Tsujimoto 2017

Safarzadeh+ 2019• need survival of unstable case BB mass transfer 

• maybe need hierarchical assembly of halo from sub-halos 
• maybe need cross-pollution of sub-halos 
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Conclusions

Short gamma-ray bursts in the “time-reversal” scenarioDaniel Siegel

NS mergers:
• massive post-merger accretion disks expected 

to be ubiquitous, outflows can produce entire 
range of r-process nuclei, should dominate NS 
merger ejecta

• GW170817: heavy elements & red kilonova most 
likely originate from outflows of such disks

Collapsars: likely dominant contribution to Galactic r-process

similar physics as in NS post-merger disks

lower event rate overcompensated by higher yield
overcome observational challenges of merger-only 
models for Galactic r-process

direct observational imprint of r-process in late-
time GRB supernova lightcurves & spectra

GRB supernova radiation transport modeling likely 
rules out MHD supernovae to produce lanthanides

Core-collapse supernovae:

• ordinary CC-SNe unlikely to produce any r-process elements
• MHD supernovae may contribute to the light r-process
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Outlook: some thoughts on the future

Short gamma-ray bursts in the “time-reversal” scenarioDaniel Siegel

Population of NS mergers & kilonovae:

• How ubiquitous are massive disks? 
Dominate overall mass ejection?

• Merger rates, contribution of BH-NS

• better understand post-merger evolution 
(instabilities, complex interplay between gravity, EM and thermal effects, weak interactions)

19/19
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Outlook: some thoughts on the future

Short gamma-ray bursts in the “time-reversal” scenarioDaniel Siegel

Population of NS mergers & kilonovae:

• How ubiquitous are massive disks? 
Dominate overall mass ejection?

• Merger rates, contribution of BH-NS

• diversity: 
contribution to r-process of other ejecta 
channels: dynamical ejecta, winds
origin of actinide boost stars?

light r-process and diversity

• better understand post-merger evolution 
(instabilities, complex interplay between gravity, EM and thermal effects, weak interactions)

• neutrino oscillations?
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3.4.1. The early phase of any r-process: quasi-statistical equilibrium and the hot versus cold
r-process. One form of the r-process, the so-called hot r-process, undergoes an initial quasi-
statistical equilibrium (QSE) phase, which typically creates elements from strontium to silver,
before significant neutron capture takes place (the case of a stand-alone terminal QSE is also
possible under conditions that prevent any additional neutron capture to create elements heavier
than silver). A hot r-process operates at T > 109 K, when hot and dense material initially consisting
of protons and neutrons is expanding, such as in any kind of wind emerging from a supernova
or neutron star merger environment. During the QSE phase, seed nuclei are created close to
stability, from α, neutron, and proton captures and the reverse processes. Neutron capture onto
these newly created seeds, such as strontium, eventually occurs during the subsequent r-process,
but conditions are not suitably neutron rich to consistently produce elements heavier than silver.

In contrast, the cold r-process operates at T ∼ 108 K. Neutrons become available when,
for instance, (α, n) reactions are activated by shock heating in a supernova. Subsequent neutron
capture takes place onto preexisting seeds, such as iron, in the birth material of the supernova
progenitor. Due to the lower neutron density, the neutron-rich nuclei produced in this way are
much closer to the valley of β stability compared with nuclei made in the hot r-process.

3.4.2. The main r-process. It has been well established that the observed abundances of r-
process elements in r-process-enhanced stars display essentially the same relative pattern for
elements barium and above, even though the absolute enhancement levels of these elements vary
by ∼1.5 orders of magnitude (as evidenced by, e.g., the range of europium and the associated
iron abundances). Figure 5 displays rare-earth elements with 56 ≤ Z ≤ 70 in various r-process-
enhanced stars. These abundance patterns show little scatter, in contrast to the lighter elements
around Z ∼ 40. Remarkably, the stellar r-process patterns are also nearly identical to the scaled so-
lar r-process component (61) that can be extracted from the total solar abundances by subtracting
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Figure 5
(a) Normalized r-process-element abundances of metal-poor halo (open circles) and Reticulum II stars (orange
squares), overlaid with the scaled solar r-process pattern (line) (61). (b) Differences between the stellar
abundances and the solar pattern. Adapted from Reference 142.

252 Frebel

A
nn

u.
 R

ev
. N

uc
l. 

Pa
rt.

 S
ci

. 2
01

8.
68

:2
37

-2
69

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 C
ol

um
bi

a 
U

ni
ve

rs
ity

 o
n 

01
/1

5/
19

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 

Frebel 2018



Outlook: some thoughts on the future

Short gamma-ray bursts in the “time-reversal” scenarioDaniel Siegel

Population of NS mergers & kilonovae:

• How ubiquitous are massive disks? 
Dominate overall mass ejection?

• Merger rates, contribution of BH-NS

• diversity: 
contribution to r-process of other ejecta 
channels: dynamical ejecta, winds
origin of actinide boost stars?

light r-process and diversity

Long GRBs/collapsars: kilonovae in supernovae
• look for r-process features in nearby 

SN Ic-BL (~1-2 yr-1 at <100 Mpc): VLT
• more distant GRB supernovae with ELT

ELT 
2025

Other astrophysical sites?

• better understand post-merger evolution 
(instabilities, complex interplay between gravity, EM and thermal effects, weak interactions)

• neutrino oscillations?
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Outlook: some thoughts on the future

Short gamma-ray bursts in the “time-reversal” scenarioDaniel Siegel

Population of NS mergers & kilonovae:

• How ubiquitous are massive disks? 
Dominate overall mass ejection?

• Merger rates, contribution of BH-NS

• diversity: 
contribution to r-process of other ejecta 
channels: dynamical ejecta, winds
origin of actinide boost stars?

light r-process and diversity

Long GRBs/collapsars: kilonovae in supernovae
• look for r-process features in nearby 

SN Ic-BL (~1-2 yr-1 at <100 Mpc): VLT
• more distant GRB supernovae with ELT

Chemical evolution: chemical assembly of the Milky Way, dwarf galaxies, globular clusters

Other astrophysical sites?

• better understand post-merger evolution 
(instabilities, complex interplay between gravity, EM and thermal effects, weak interactions)

• neutrino oscillations?

Nuclear physics: experimental data on r-process nuclei

Facility for Rare 
Isotope Beams

Connecting RIB facilities with the cosmos 51

techniques. Generally, decay properties can be studied with the lowest beam intensities

and therefore for the most neutron-rich nuclei accessible, while masses require somewhat

higher beam intensities, and reaction studies are only possible closer to stability where

beam intensities are still higher. In the following we discuss various experimental

approaches in more detail.

6.1. Masses

There are many methods to determine binding energies of nuclei. In the past decade

a large number of mass measurements of neutron-rich nuclei have been performed,

approaching, and in some places reaching, the path of the r-process (Fig. 7). Until

recently, mass measurements of nuclides in the r-process path have been rare, and

measurements lag behind decay studies that have reached much more neutron-rich

nuclei. This is about to change as new facilities are coming online and developments

of experimental devices for mass measurements of exotic nuclei are completed. New

facilities that are already operating and will provide a large number of r-process masses

in the very near future include CARIBU at ANL and RIBF at RIKEN.

N=50	

N=82	
N=126	

ANL	Trap:	Mass	

Jyvaskyla	
Trap:	Mass	

TRIUMF	Trap:	Mass	

CERN/ISOLDE	
Trap:	Mass	

GSI	ESR	
	Ring:	Mass	

RIKEN	T1/2			

NSCL	T1/2	Pn		

CERN/ISOLDE	
	T1/2	Pn		

GSI	
	T1/2	Pn		

FRIB	Reach	

Figure 7. Recent r-process motivated experiments measuring masses or �-decay half-
lives T1/2 at various radioactive beam facilities. The colors of the legend boxes match
the colors of the chart and denote a specific facility or experimental collaboration. The
pink area denotes the reach of the future FRIB facility.

Experimental mass values are not only needed as input for r-process models, but

are also essential for validating theoretical mass models since some of the r-process

nuclei are not experimentally reachable today and thus the simulations have to rely on

theoretical mass predictions. As discussed below in Secs. 7.1.1 and 7.2.1, current energy

density functionals used in DFT calculations of nuclear masses ere deficient near the

Horowitz+ 2018
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Daniel Siegel

Core-collapse supernovae

hot
proto-NS

• theoretically: neutrino-driven wind mostly proton-rich 

• observationally: disfavored by 244Pu measurements
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Daniel Siegel

MHD supernovae

• magnetically driven explosion (jet) could eject neutron rich material 
fast enough to trigger r-process 

• when 3D jet stability taken into account, unlikely to produce heavy r-process

Winteler+ 2012

The Astrophysical Journal Letters, 750:L22 (5pp), 2012 May 1 Winteler et al.

nucleosynthesis results. Section 4 is devoted to a discussion of
uncertainties and an outlook on future investigations.

2. 3D MHD-CCSN MODEL

The calculation presented here was performed with the
computational setup similar to our previous investigations
(Liebendörfer et al. 2005; Scheidegger et al. 2010). The ini-
tially innermost (600 km)3 of the massive star are covered by
a 3D Cartesian domain uniformly discretized by 6003 cells,
resulting in a 1 km resolution, which is embedded in a spheri-
cally symmetric domain encompassing the iron core and parts
of the silicon shell. The magnetic fluid is evolved with the FISH
code (Käppeli et al. 2011), solving the ideal MHD equations.
The spherically symmetric domain is evolved with the AGILE
code (Liebendörfer et al. 2002). The gravitational potential is
approximated by an effective axisymmetric mass distribution
that includes general relativistic monopole corrections (Marek
et al. 2006). We use the Lattimer & Swesty (1991) EoS with nu-
clear compressibility 180 MeV. We have included a Lagrangian
component in the form of tracer particles which are passively
advected with the flow. They record the thermodynamic con-
ditions of a particular fluid element and serve as input to the
post-processing nucleosynthesis calculations.

The transport of the electron neutrinos and anti-neutrinos is
approximated by a 3D spectral leakage scheme, based on pre-
vious gray leakage schemes (Rosswog & Liebendörfer 2003
and references therein). The neutrino energy is discretized with
12 geometrically increasing energy groups spanning the range
Eν = 3–200 MeV. The amount of energy and particles locally
released is calculated for each bin as an interpolation between
the diffusive rates and the (free streaming) production rates, de-
pending on the local neutrino optical depth. For the computation
of the spectral optical depth we have used a ray-by-ray axisym-
metric approximation, calculated on a polar grid encompassing
the full 3D Cartesian domain discretized uniformly with 1 km
radial spacing and 30 angular rays covering the full [0,π ] realm.
All fundamental neutrino reactions have been included (neutrino
scattering on nucleons and nuclei, neutrino absorption/emission
on nucleons and nuclei), providing detailed spectral emissivities
and opacities (Bruenn 1985). Inside the neutrinosphere, weak
equilibrium is assumed and trapped neutrinos are modeled ac-
cordingly; outside of it, no explicit absorption is considered.
Thus we can only follow neutrino emission and the associated
neutronization of matter. However, the up-to-now microphys-
ically most complete two-dimensional axisymmetric study of
MHD-CCSN with multi-group flux-limited diffusion neutrino
transport performed by Burrows et al. (2007) has shown that
neutrino heating contributes only 10%–25% to the explosion
energy and is therefore subdominant. This justifies our prag-
matic approach at first.

We employed the pre-collapse 15 M⊙ model of Heger et al.
(2005). Although the model provides profiles for rotation and
magnetic fields, we use an analytic prescription for their dis-
tributions and we will comment on this choice in Section 4.
The initial rotation law was assumed to be shellular with
Ω(r) = Ω0R

2
0/(r2 + R2

0), Ω0 = π s−1 and R0 = 1000 km
corresponding to an initial ratio of rotational energy to gravi-
tational binding energy Trot/|W | = 7.63 × 10−3. For the mag-
netic field we have assumed a homogeneous distribution of
a purely poloidal field throughout the computational domain
of strength 5 × 1012 G corresponding to an initial ratio of
magnetic energy to gravitational binding energy Tmag/|W | =
2.63 × 10−8.

Figure 1. 3D entropy contours spanning the coordinates planes with magnetic
field lines (white lines) of the MHD-CCSN simulation ∼31 ms after bounce.
The 3D domain size is 700 × 700 × 1400 km.

The computed model then undergoes gravitational collapse
and experiences core-bounce due to the stiffening of the EoS
above nuclear saturation density. Conservation of angular mo-
mentum in combination with the collapse leads to a massive
spin-up of the core, reaching Trot/|W | = 6.81×10−2 at bounce,
and significant rotationally induced deformations. During the
collapse the magnetic field is amplified by magnetic flux con-
servation reaching a central strength of ∼5 × 1015 G and
Tmag/|W | = 3.02 × 10−4 at bounce. After bounce, differen-
tial rotation winds up the poloidal field very quickly into a very
strong toroidal field, increasing the magnetic energy/pressure at
the expense of rotational energy. Consequently, strongly magne-
tized regions appear near the rotational axis with an associated
magnetic pressure quickly reaching and exceeding that of the
local gas pressure. The Lorentz force then becomes dynami-
cally important and matter near the rotational axis is lifted from
the PNS and drives a bipolar outflow, i.e., jets are launched.
The jets rapidly propagate along the rotational axis and quickly
reach the boundary of the initial 3D domain. In order to follow
the jet propagation further, we have continuously extended the
3D domain to a final size of 700 × 700 × 1400 km at ∼31 ms
after bounce. Figure 1 displays a snapshot at the final time.

The quickly expanding bipolar jets transport energy and
neutron rich material outward against the gravitational attraction
of the PNS. We have estimated the ejected mass Mej =
6.72×10−3 M⊙ and explosion energy Eexp = 8.45×1049 erg by
summing over the fluid cells that are gravitationally unbound.
We defined a fluid cell as unbound if its total specific energy
(internal+kinetic+magnetic+potential) is positive and if the
radial velocity is pointing outward. These are admittedly crude
lower bound estimates and these numbers were still growing at
the end of the simulation.

3. NUCLEOSYNTHESIS

The nucleosynthesis calculations are performed with a new
extended reaction network (Winteler 2011) which represents
an advanced (numerically and physically) update of the
BasNet network (see, e.g., Thielemann et al. 2011). We use
the reaction rates of Rauscher & Thielemann (2000; for the
FRDM mass model). We use the same weak interaction rates

2

Winteler+ 2012, 
Nishimura+ 2017

Mösta+ 2018
Halevi & Mösta 2018

• effect of high-opacity r-process material inconsistent with SN lightcurves & spectra 

But:

Siegel+ 2019

2DRAFT VERSION - DECEMBER 29, 2017 MÖSTA et al.

Figure 1. Meridional slices (xz-plane, z being the vertical) of specific entropy s in units of kB baryon-1 for models B13 (left), B12-sym (center), and B12
(right). The rendering size is 1600km⇥1600km and times after core bounce for model B13, B12-sym, and B12 are 17ms, 89ms, and 131ms, respectively. The
colormaps vary slightly to best capture the dynamics of each simulation and are shown in the panels. B13 and B12-sym show a clear jet explosion, while B12
explodes in a dual-lobe fashion due to a kink instability of the jet (Mösta et al. 2014b).

Figure 2. Volume renderings of specific entropy for models B13 (left), B12-sym (center), and B12 (right) at the same times as in Fig. 1. The z-axis is the rotation
axis of the PNS and we show 1600km on a side. The colormaps vary for the different models but are generally chosen such that blue corresponds to lower
entropy material of s ' 4kB baryon-1, cyan to s ' 5kB baryon-1 indicating the shock surface, green to s ' 6kB baryon-1, yellow to s ' 8kB baryon-1, and red to
higher entropy material at s ' 10 - 12kB baryon-1.

metric MHD CCSN simulations and found that in prompt ex-
plosions (texp  50ms) a robust r-process abundance pattern
is recovered, while for delayed explosions the abundance pat-
tern differs from solar above mass number A ⇠ 130, which
includes the second and third r-process peaks.

We present results on r-process nucleosynthesis from
full 3D dynamical-spacetime general-relativistic MHD
(GRMHD) simulations of rapidly rotating magnetized CC-
SNe. We carry out simulations with initial field strengths of
1012 G and 1013 G in full unconstrained 3D. For the 1012 G
case, we compare results with a simulation starting from iden-
tical initial conditions but that is set up to remain perfectly
axisymmetric in its dynamics. We calculate nucleosynthetic
yields by post-processing Lagrangian tracer particles with the
open-source nuclear reaction network SkyNet (Lippuner &
Roberts 2017). We also investigate the impact of neutrinos on
the nucleosynthetic yields by varying the uncertain neutrino

luminosities from our simulations in the nuclear reaction
network calculation.

Our results for a model with initial poloidal B-field of
1012 G show that the nucleosynthetic signatures of jet-driven
CCSNe are substantially different when simulated in 2D ver-
sus 3D. In 2D, robust second and third peak r-process ma-
terial is synthesized in the explosion, while in full 3D, nu-
clei beyond the second peak are two orders of magnitude less
abundant. Only in a simulation starting with a 1013 G poloidal
magnetic field (which has dynamics similar to the simulation
of Winteler et al. 2012), do we find a robust r-process pattern
that is consistent with the solar r-process residuals. These
differences are driven by differing thermodynamic histories
of material ejected in the jet. For a 1012 G initial magnetic
field, we find that ejected material reaches lower maximum
density before being ejected than in the simulation with the
1013 G field. As a result, this material starts with higher elec-

Moesta+ 2018
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A multi-physics challenge

Daniel Siegel

Magnetohydrodynamics

General Relativity

Nuclear Physics, weak interactions

Neutrino radiation transport

{Fully coupled! Gas/plasma dynamics

Gravity

Nuclear EOS, nuclear reactions,
neutrino interactions

neutrino heating & cooling

rµT
µ⌫ =  ⌫

rµ(nbu
µ) = 0

rµ(neu
µ) = R

rµ
?Fµ⌫ = 0

Rµ⌫ � 1

2
Rgµ⌫ =

8⇡G

c4
Tµ⌫ Tµ⌫ = Tµ⌫

mat + Tµ⌫
EM + Tµ⌫

neu

Weak interactions (neutrinos):

e+ + e� ! ⌫̄e,µ,⌧ + ⌫e,µ,⌧
� ! ⌫̄e,µ,⌧ + ⌫e,µ,⌧

e+ + n $ p+ ⌫̄e
e� + p $ n+ ⌫e  ⌫ , R
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State-of-the-art GRMHD

Daniel Siegel

GRHydro+
Siegel & Metzger 2017

Siegel+ 2017

• benefits from the Einstein Toolkit

provides spacetime solver,  AMR (nested, 
moving boxes), multi-patch spherical grids, 
general infrastructure for HPC

• evolved version of original GRHydro 

• ideal GRMHD

• dynamic and fixed spacetimes

• realistic (tabulated) 3-parameter nuclear EOS

• enhanced methods for primitive recovery to 
support evolved microphysics

• weak interactions & approximate neutrino 
transport

Moesta+ 2014

Lippuner & Roberts 2017

See also: Palenzuela+ 2015

Nuclear reaction network

e.g.: SkyNet
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High performance computing infrastructure
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Constraints on r-process nucleosynthesis
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Challenges for r-process from NS mergers

• halo stars at very low metallicity
• maybe need hierarchical assembly of halo from sub-halos 
• maybe need cross-pollution of sub-halos 

Ishimaru+ 2015
Hirai+ 2015
Komiya+ 2016

r-process enrichment by NS mergers 143

Our calculations do not include NS kicks, though it would clearly
be of interest to do so in future work. The median offset of
short-duration gamma-ray bursts is modest, about 4.5 kpc,
though ∼25 per cent of events have offsets greater than 10 kpc
(Fong & Berger 2013). We discuss this uncertainty further in Sec-
tion 4.

The amount of r-process elements ejected per NS merger is uncer-
tain. However, an ejecta mass ∼10−2 M⊙ per merger together with
a merger rate ∼10−4 yr−1 in the Milky Way is sufficient to produce
the total mass of r-process nuclei in the Galaxy, which is ∼104 M⊙
assuming all stars have roughly solar abundances. Since in our sim-
ulation the r-process elements act only as tracer particles, we choose
to simply normalize our six models to solar metallicity, i.e. to set
[r-process/Fe] = 0 when [Fe/H] = 0. This should be a reasonable
approximation unless there is a significant systematic variation in
the r-process yields per NS merger with redshift or stellar population
age.

Another important parameter characterizing r-process enrich-
ment is the mass of the ambient interstellar medium (ISM) that is
initially enriched with r-process elements. Treating the ejecta from
NS mergers as an expanding remnant analogous to a supernova
remnant, the final momentum of the remnant during the momentum
conserving phase is (Cioffi, McKee & Bertschinger 1988)

Mv|final ≈ 6 × 104E
13/14
50 n

−1/7
0 M⊙ km s−1, (3)

where n0 is the ambient density in cm−3 and we have scaled the
initial energy of the remnant, E50, to correspond to an ejecta mass of
0.01 M⊙ moving at v = 0.1 c, i.e. 1050 erg (Piran, Nakar & Rosswog
2013). Equation (3) is for solar metallicity, but the final momentum
is only about twice as large for a primordial composition. The total
swept-up mass when the neutron-rich ejecta comes into approximate
pressure equilibrium with the ambient medium is set by evaluating
equation (3) given a final velocity comparable to the sound speed
or turbulent velocity of the ambient medium. This suggests that the
neutron-rich ejecta is initially incorporated into Mswept ∼ 103.5−4

M⊙ of the ambient ISM, depending on the exact ambient density
and turbulent velocity.

In simple chemical evolution calculations, the neutron-rich ejecta
are typically taken to mix with only a mass Mswept (e.g. Qian 2000;
Argast et al. 2004). It is unlikely, however, that this is correct, given
the vigorous turbulent mixing induced by stellar feedback, galac-
tic winds, galactic fountains, galaxy mergers, instabilities in the
differentially rotating galactic disc, etc. (as also argued by Piran,
Korobkin & Rosswog 2014). To address this, one would ideally like
to have a hydrodynamic simulation with a mass resolution compara-
ble to Mswept since the simulation would (at least in principle) self-
consistently resolve additional mixing produced by galaxy-scale
turbulence and winds. This is somewhat prohibitive, however. Our
fiducial simulation has a baryonic particle mass of 5.7 × 104 M⊙
while our highest resolution simulation discussed in Section 3.1 has
a baryonic particle mass of 7 × 103 M⊙. However, the mass in the
kernel – which is the mass to which the metal enrichment is applied –
is roughly 62 times larger. In Section 4 we show and discuss the
dependence of our results on resolution. It is important to bear in
mind that in all of our simulations the r-process enrichment initially
occurs in a mass somewhat larger than the initial mass swept-up
by a NS merger remnant. As we show below, the uncertainties in
r-process enrichment associated with uncertainties in the NS merger
rate are comparable to those due to the finite numerical resolution
of our simulations.

3 R ESULTS

Throughout the paper we express abundance ratios of a star com-
pared to those of the Sun as

[A/B] = log10

(
NA

NB

)

star
− log10

(
NA

NB

)

⊙
, (4)

where A and B are different elements, NA and NB are number densi-
ties. Given that our simulations use a metallicity floor at Z = 10−4

Z⊙ for all metal species, except tracer species, [Fe/H] ≥ −4 and
[Mg/H] ≥ −4. We therefore have to be careful in interpreting our
results at low metallicity. Results are shown for [Fe/H] ≥ −3.5,
a factor of 3 above the metallicity floor, where our results are not
strongly affected by the choice of metallicity floor. The initial con-
ditions, however, do not include a metallicity floor for r-process
elements, so particles can have [r − process/Fe] = −∞. We take
those particles into account as well when we calculate the median
and percentiles below.

Fig. 1 shows the z = 0 abundance ratios of Mg (top panel) and
r-process elements (bottom panel) to Fe as a function of metallicity
for our fiducial resolution simulation. We include all star particles
at radii R < 50 kpc from the centre of the galaxy, but our results
do not depend on this choice. Black curves show the median (solid
curves) and 16th and 84th percentiles (dashed curves). As described

Figure 1. [Mg/Fe] (top panel) and [r-process/Fe] (bottom panel) as a func-
tion of [Fe/H] at z = 0 for our fiducial resolution simulation. The colour
coding indicates the logarithm of the stellar mass per pixel and both images
are 200 by 200 pixels. Black curves show the median (solid curves) and 16th
and 84th percentiles (dashed curves). [r-process/Fe] has been normalized so
that its median is zero at [Fe/H] = 0. [Mg/Fe] is not normalized but is set
by the supernova yields. Black plusses and downward arrows are observed
[Eu/Fe] detections and upper limits, respectively (Suda et al. 2008). The
median [Mg/Fe] and [r-process/Fe] are both fairly constant with metallic-
ity, although they decrease slightly at [Fe/H] > 0. [r-process/Fe] decreases
strongly at [Fe/H] < −3. The scatter in [Mg/Fe] is small at all metallici-
ties, but the scatter in [r-process/Fe] increases significantly towards lower
metallicity.

MNRAS 447, 140–148 (2015)Downloaded from https://academic.oup.com/mnras/article-abstract/447/1/140/988938
by Columbia University user
on 23 January 2018

van de Voort+  2015
Shen+ 2015

But see also:
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Challenges for r-process from NS mergers

• halo stars at very low metallicity

• need extremely low kick velocities <10 km/s, short merger times < 1Gyr
Beniamini+ 2016 (but very sensitive on initial separation < Rsun)

• maybe need hierarchical assembly of halo from sub-halos 
• maybe need cross-pollution of sub-halos 

• (UF) dwarf galaxies Ji+ 2016
Hansen+ 2017

Ishimaru+ 2015
Hirai+ 2015
Komiya+ 2016

Safarzadeh+ 2019• need survival of unstable case BB mass transfer 

 
Figure 2: Chemical abundances of stars in Reticulum II 
a, [Ba/H] and [Fe/H] of stars in Ret II (red points), in the halo24 (gray points), and in UFDs 
(colored points, references within refs. 16, 17). Orange and brown vertical bars indicate expected 
abundance ranges following a neutron star merger and core-collapse supernova, respectively. 
Dotted black lines show constant [Ba/Fe]. Arrows denote upper limits. Error bars are 1σ (see 
Extended Data Table 1 and Methods). b, Same as a but for Eu.  
c, Abundance patterns above Ba for the four brightest Eu-enhanced stars in Ret II (Extended 
Data Table 2), compared to solar r- and s-process patterns9 (purple and yellow lines, 
respectively). Solar patterns are scaled to stellar Ba. Stars are offset by multiples of 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Reticulum II 
stars

other UFDs
(upper limits)

Ji+ 2016
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Daniel Siegel

Challenges for r-process from NS mergers

• halo stars at very low metallicity

• need extremely low kick velocities <10 km/s, short merger times < 1Gyr
Beniamini+ 2016 (but very sensitive on initial separation < Rsun)

• need hierarchical assembly of halo from sub-halos 
• need cross-pollution of sub-halos 

• (UF) dwarf galaxies Ji+ 2016
Hansen+ 2017

Ishimaru+ 2015
Hirai+ 2015
Komiya+ 2016

• globular clusters
• need extremely short merger times <10 Myr 
• or need 2nd epoch of star formation from AGB winds, short merger times <100 Myr

Bekki & Tsujimoto 2017

Safarzadeh+ 2019• need survival of unstable case BB mass transfer 
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Challenges for r-process from NS mergers

• halo stars at very low metallicity

• need extremely low kick velocities <10 km/s, short merger times < 1Gyr
Beniamini+ 2016 (but very sensitive on initial separation < Rsun)

• need hierarchical assembly of halo from sub-halos 
• need cross-pollution of sub-halos 

• (UF) dwarf galaxies Ji+ 2016
Hansen+ 2017

Ishimaru+ 2015
Hirai+ 2015
Komiya+ 2016

• globular clusters
• need extremely short merger times <10 Myr 
• or need 2nd epoch of star formation from AGB winds, short merger times <100 Myr

Bekki & Tsujimoto 2017

Safarzadeh+ 2019• need survival of unstable case BB mass transfer 

• r-process vs. Fe evolution (disk stars)
NS mergers inconsistent with negative Eu/Fe trend 
(same delay-time distribution as SNe Ia) 

Côté+ 2017, 2018
Hotokezaka+ 2018a
Siegel+ 2019
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evolution models
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Siegel+ 2019, Nature
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Challenges for r-process from NS mergers

• halo stars at very low metallicity

• need extremely low kick velocities <10 km/s, short merger times < 1Gyr
Beniamini+ 2016 (but very sensitive on initial separation < Rsun)

• need hierarchical assembly of halo from sub-halos 
• need cross-pollution of sub-halos 

• (UF) dwarf galaxies Ji+ 2016
Hansen+ 2017

Ishimaru+ 2015
Hirai+ 2015
Komiya+ 2016

• globular clusters
• need extremely short merger times <10 Myr 
• or need 2nd epoch of star formation from AGB winds, short merger times <100 Myr

Bekki & Tsujimoto 2017

Safarzadeh+ 2019• need survival of unstable case BB mass transfer 

• r-process vs. Fe evolution (disk stars)
NS mergers inconsistent with negative Eu/Fe trend 
(same delay-time distribution as SNe Ia) 

Côté+ 2017, 2018
Hotokezaka+ 2018a
Siegel+ 2019

• r-process vs. alpha-element evolution (disk stars)
NS mergers inconsistent with Eu/Mg evolution of disk stars Siegel 2019
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Challenges for r-process from NS mergers

• halo stars at very low metallicity

• r-process vs. Fe evolution (disk stars)

• r-process vs. alpha-element evolution (disk stars)

• need extremely low kick velocities <10 km/s, short merger times < 1Gyr
Beniamini+ 2016 (but very sensitive on initial separation < Rsun)

• (UF) dwarf galaxies Ji+ 2016
Hansen+ 2017

Ishimaru+ 2015
Hirai+ 2015
Komiya+ 2016

NS mergers inconsistent with negative Eu/Fe trend 
(same delay-time distribution as SNe Ia) 

Côté+ 2017, 2018
Hotokezaka+ 2018a
Siegel+ 2019

NS mergers inconsistent with Eu/Mg evolution of disk stars Siegel 2019

• globular clusters
• need extremely short merger times <10 Myr 
• or need 2nd epoch of star formation from AGB winds, short merger times <100 Myr

Bekki & Tsujimoto 2017

Safarzadeh+ 2019• need survival of unstable case BB mass transfer 

• maybe need hierarchical assembly of halo from sub-halos 
• maybe need cross-pollution of sub-halos 

Forging the Universe’s gold Appendix



Daniel Siegel

Collapsar scenario overview

core collapse

BH formation

2DRAFT VERSION - DECEMBER 29, 2017 MÖSTA et al.

Figure 1. Meridional slices (xz-plane, z being the vertical) of specific entropy s in units of kB baryon-1 for models B13 (left), B12-sym (center), and B12
(right). The rendering size is 1600km⇥1600km and times after core bounce for model B13, B12-sym, and B12 are 17ms, 89ms, and 131ms, respectively. The
colormaps vary slightly to best capture the dynamics of each simulation and are shown in the panels. B13 and B12-sym show a clear jet explosion, while B12
explodes in a dual-lobe fashion due to a kink instability of the jet (Mösta et al. 2014b).

Figure 2. Volume renderings of specific entropy for models B13 (left), B12-sym (center), and B12 (right) at the same times as in Fig. 1. The z-axis is the rotation
axis of the PNS and we show 1600km on a side. The colormaps vary for the different models but are generally chosen such that blue corresponds to lower
entropy material of s ' 4kB baryon-1, cyan to s ' 5kB baryon-1 indicating the shock surface, green to s ' 6kB baryon-1, yellow to s ' 8kB baryon-1, and red to
higher entropy material at s ' 10 - 12kB baryon-1.

metric MHD CCSN simulations and found that in prompt ex-
plosions (texp  50ms) a robust r-process abundance pattern
is recovered, while for delayed explosions the abundance pat-
tern differs from solar above mass number A ⇠ 130, which
includes the second and third r-process peaks.

We present results on r-process nucleosynthesis from
full 3D dynamical-spacetime general-relativistic MHD
(GRMHD) simulations of rapidly rotating magnetized CC-
SNe. We carry out simulations with initial field strengths of
1012 G and 1013 G in full unconstrained 3D. For the 1012 G
case, we compare results with a simulation starting from iden-
tical initial conditions but that is set up to remain perfectly
axisymmetric in its dynamics. We calculate nucleosynthetic
yields by post-processing Lagrangian tracer particles with the
open-source nuclear reaction network SkyNet (Lippuner &
Roberts 2017). We also investigate the impact of neutrinos on
the nucleosynthetic yields by varying the uncertain neutrino

luminosities from our simulations in the nuclear reaction
network calculation.

Our results for a model with initial poloidal B-field of
1012 G show that the nucleosynthetic signatures of jet-driven
CCSNe are substantially different when simulated in 2D ver-
sus 3D. In 2D, robust second and third peak r-process ma-
terial is synthesized in the explosion, while in full 3D, nu-
clei beyond the second peak are two orders of magnitude less
abundant. Only in a simulation starting with a 1013 G poloidal
magnetic field (which has dynamics similar to the simulation
of Winteler et al. 2012), do we find a robust r-process pattern
that is consistent with the solar r-process residuals. These
differences are driven by differing thermodynamic histories
of material ejected in the jet. For a 1012 G initial magnetic
field, we find that ejected material reaches lower maximum
density before being ejected than in the simulation with the
1013 G field. As a result, this material starts with higher elec-

proto-magnetar
“MHD supernova”

Collapsar accretion disk

GRB jet

r-process outflow

contribution to 
(mostly) light r-

process
Moesta+ 2018

Halevi & Moesta 2018

Winteler+ 2012
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Conjecture:

Outflows from compact accretion disks synthesize 
most of the Galactic heavy r-process elements

Collapsars
long GRBs, GRB supernovae (SNe Type Ic-BL)

NS mergers
short GRBs

r-process outflow

r-process outflow

~260 Gpc-3 yr-1~1540 Gpc-3 yr-1

~0.03 Msun ~0.08-1 Msun

(current rates)
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How to test the collapsar scenario observationally?
Siegel, Barnes, Metzger 2019, Nature

Ni-rich
SN ejecta

‘a kilonova in a supernova’
Forging the Universe’s gold Appendix
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Siegel, Barnes, Metzger 2019, Nature
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• migrates to higher latitudes

Siegel & Metzger 2018

magnetic energy is generated 
in the mid-plane

• dissipates into heat off the 
mid-plane

“hot corona”

hot corona launches 
thermal outflows 
(neutron-rich wind)

NS post-merger accretion disk 
are cooled from the mid-plane 
by neutrinos (rather than from 
the EM photosphere)!

Accretion disk dynamo & generation of outflows

AppendixForging the Universe’s gold
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Figure 1. Snapshots of the magnetic field strength (color-coded in logarithmic scale and Gauss) and rest-mass density contours in the (x, z) plane at representative
times for model dip-60. Magnetic field lines are drawn in red in the left panel. The leftmost inset shows a magnification of the HMNS, the other ones show a
horizontal cut at z = 120 km.
(A color version of this figure is available in the online journal.)

Figure 2. Same as Figure 1, but for model dip-6.
(A color version of this figure is available in the online journal.)

Figure 3. Same as Figure 1, but for model rand.
(A color version of this figure is available in the online journal.)

field geometry and could be absent if the field is randomly
distributed.

In all of the configurations considered, the mag-
netized baryon-loaded outflow has rest-mass densities
∼108–109 g cm−3 and is ejected from the star with velocities
v/c ! 0.1, in the isotropic part, and v/c ! 0.3, in the colli-
mated part.

Defining the isotropic luminosity as

LEM ≡ −
∮
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dΩ
√

−g (T
EM

)rt , (2)

where dΩ is the solid-angle element, g is the determinant
of the spacetime metric, and T

EM

µν is the EM part of the
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Figure 13. Colormaps of the log of the mass-loss rate per steradian (d2M/dt dΩ, in units of M⊙ s−1 str−1) for the no-spin BNS merger model at 10 ms (top left),
30 ms (top right), 60 ms (bottom left), and 100 ms (bottom right) after the start of the VULCAN/2D simulation, and depicting the mass loss associated with the initial
transient, followed by the neutrino-driven wind. The displayed region covers 2000 × 2000 km2. Regions that are infalling or denser than 1010 g cm−3 are shown in
red, and velocity vectors, overplotted in black, have a length saturated at 7% of the width of the display for a magnitude of 30,000 km s−1. Note the concomitant mass
loss from the poles down to midlatitudes (the wind) and the expansion of BNS merger material at near-equatorial latitudes.
(A color version of this figure is available in the online journal.)

is on the order of 2×1052 erg in the torus disk, regions with den-
sities between 1011 and 1014 g cm−3. Similar conditions in the
core-collapse context yield powerful, magnetically (and ther-
mally) driven explosions (LeBlanc & Wilson 1970; Bisnovatyi-
Kogan et al. 1976; Akiyama et al. 2003; Ardeljan et al. 2005;
Moiseenko et al. 2006; Obergaulinger et al. 2006; Burrows
et al. 2007a; Dessart et al. 2007). Rotation dramatically en-
hances the rate of mass ejection by increasing the density
rather than the velocity of the flow, even possibly halting ac-
cretion and inhibiting the formation of a black hole (Dessart
et al. 2008). In the present context, the magneto-rotational
effects, which we do not include here, would considerably
enhance the mass flux of the neutrino-driven wind. Impor-
tantly, the loss of differential rotational energy needed to fa-
cilitate the gravitational instability is at the same time de-
laying it through the enhanced mass loss it induces. Work is
needed to understand the systematics of this interplay, and how
much rotational energy the back hole is eventually endowed
with.

Oechslin et al. (2007), using a conformally flat approximation
to GR and an SPH code, find that BNS mergers of the type
discussed here and modeled with the Shen EOS avoid the
general-relativistic gravitational instability for many tens of
milliseconds after the neutron stars first come into contact.
Baumgarte et al. (2000), and more recently Morrison et al.
(2004), Duez et al. (2004, 2006), and Shibata et al. (2006),
using GR (and for some using a polytropic EOS), find that
imposing even modest levels of differential rotation yields a
significant increase by up to 50% in the maximum mass that can
be supported stably, in particular pushing this value beyond that
of the merger remnant mass after coalescence. Surprisingly,
Baiotti et al. (2008), using a full GR treatment but with a
simplified (and soft) EOS, find prompt black hole formation
in such high-mass progenitors. Despite this lack of consensus,
the existence of neutron stars with a gravitational mass around
2 M⊙ favors a high incompressibility of nuclear matter, such
as in the Shen EOS, and suggests that SMNSs formed through
BNS merger events may survive for tens of milliseconds before

Dessart+ 2009
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Figure 1. Rest-mass density profiles on the meridional plane for the NS–NS (SLy, Mtot = 2.7M⊙,Q = 1.0) (left) and BH–NS (H4, Q = 3, χ = 0.75) (right) models
at 8.8 ms after the onset of the merger. The red arrows show the velocity profiles of the ejecta.
(A color version of this figure is available in the online journal.)

simulation using SACRA code (Yamamoto et al. 2008). We
follow the dynamical ejecta with the numerical-relativity simu-
lation until the head of the ejecta reaches ≃1000 km (see Ho-
tokezaka et al. 2013 and Kyutoku et al. 2013 for details). After
that, the density and velocity structures of the ejecta are mod-
eled assuming homologous expansion (Rosswog et al. 2013a).
For the simulations, we employ a piecewise polytropic EOS with
which the cold EOSs of neutron-star matter are well fitted (Read
et al. 2009). For systematic studies of the dependence of mass
ejection on the cold EOSs of neutron-star matter, we consider
five cold EOSs: APR4 (Akmal et al. 1998) and SLy (Douchin &
Haensel 2001) as soft EOSs, ALF2 (Alford et al. 2005) as a mod-
erate EOS, and H4 (Glendenning & Moszkowski 1991; Lackey
et al. 2006) and MS1 (Müller & Serot 1996) as stiff EOSs.7
To take into account the effects of shock heating, we add the
thermal pressure as a Γ-law ideal gas EOS. The ejecta masses
obtained with this approximation of thermal effects agree with
those obtained with tabulated finite-temperature EOSs within
errors of several tens of percent for NS–NS mergers (Bauswein
et al. 2013).

For NS–NS mergers, we choose the total gravitational mass
of the binary Mtot = 2.6 M⊙–2.8 M⊙ and the mass ratio8

Q = 1.0–1.25. For BH–NS mergers, the gravitational mass of
the neutron star MNS is fixed to be 1.35 M⊙ and the mass ratio
is chosen to be Q = 3–7. The nondimensional spin parameter
of the black hole χ is chosen as χ = 0.75. We also perform
the simulations for Q = 7 and χ = 0.5. These parameters,
ejecta masses Mej, and averaged ejecta velocities ⟨vej⟩/c of the
progenitor models are summarized in Table 1.

The morphologies of the ejecta for NS–NS and BH–NS
mergers are compared in Figure 1. This figure plots the profiles
of the density and velocity fields at 8.8 ms after the onset of
the merger. Note that the ejecta velocities are in the small range
between ∼ 0.1c and ∼ 0.3c irrespective of the progenitor model.
However, the ejecta mass and morphology depend sensitively
on the progenitor models. In Table 1, we summarize these
properties of the NS–NS and BH–NS ejecta.

NS–NS ejecta. As shown in Figure 1, the NS–NS ejecta have
a spheroidal shape, rather than a torus or a disk, irrespective of
Q and EOS as long as a hypermassive neutron star is formed
after the merger. The reason is as follows. The origin of the

7 In this Letter, “soft” and “stiff” EOSs mean those which reproduce the radii
R1.35 ! 12 km and R1.35 " 13.5 km, respectively. Here R1.35 is the radius of a
cold, spherical neutron star with the gravitational mass 1.35 M⊙. For all the
EOSs, the maximum masses of spherical neutron stars are larger than ≃2 M⊙.
8 The mass ratio is defined by Q = m1/m2 with m1 " m2, where m1 and m2
are the component masses of a binary.

Table 1
Parameters of the Progenitor Models and Their Ejecta Properties

EOS Type R1.35 Mtot/M⊙ Q χ Mej/10− 2 M⊙ ⟨vej⟩/c
APR4 NS–NS 11.1 2.6–2.9 1.0–1.25 · · · 0.01–1.4 0.22–0.27
SLy NS–NS 11.4 2.6–2.8 1.0–1.25 · · · 0.8–2.0 0.20–0.26
ALF2 NS–NS 12.4 2.6–2.8 1.0–1.25 · · · 0.15–0.55 0.22–0.24
H4 NS–NS 13.6 2.6–2.8 1.0–1.25 · · · 0.03–0.40 0.18–0.26
MS1 NS–NS 14.4 2.6–2.8 1.0–1.25 · · · 0.06–0.35 0.18–0.20

APR4 BH–NS 11.1 5.4–10.8 3.0–7.0 0.75 0.05–1.0 0.23–0.27
ALF2 BH–NS 12.4 5.4–10.8 3.0–7.0 0.75 2.0–4.0 0.25–0.29
H4 BH–NS 13.6 5.4–10.8 3.0–7.0 0.75 4.0–5.0 0.24–0.29
MS1 BH–NS 14.4 5.4–10.8 3.0–7.0 0.75 6.5–8.0 0.25–0.30

APR4 BH–NS 11.1 10.8 7.0 0.5 #10− 4 · · ·
ALF2 BH–NS 12.4 10.8 7.0 0.5 0.02 0.27
H4 BH–NS 13.6 10.8 7.0 0.5 0.3 0.29
MS1 BH–NS 14.4 10.8 7.0 0.5 1.7 0.30

ejecta for NS–NS mergers can be divided into two parts: the
contact interface of two neutron stars at the collision and the tidal
tails formed during an early stage of the merger. At the contact
interface, the kinetic energy of the approaching velocities of the
two stars is converted into thermal energy through shock heating.
The heated matter at the contact interface expands into the
low-density region. As a result, the shocked matter can escape
even toward the rotational axis and the ejecta shape becomes
spheroidal. By contrast, the tidal tail component is asymmetric
and the ejecta is distributed near the equatorial plane.

Numerical simulations of NS–NS mergers show that the total
amount of ejecta is in the range 10− 4–10− 2 M⊙ depending on
Mtot, Q, and the EOS (see Figure 2). The more compact neutron
star models with soft EOSs produce a larger amount of ejecta,
because the impact velocities and subsequent shock heating
effects at merger are larger. More specifically, the amount of
ejecta is

10− 4 ! Mej/M⊙ ! 2 × 10− 2 (soft EOSs),

10− 4 ! Mej/M⊙ ! 5 × 10− 3 (stiff EOSs). (1)

Bauswein et al. (2013) show a similar dependence of the
ejecta masses on the EOSs and Mej ! 0.01 M⊙ for stiff EOS
models. According to these results, it is worth noting that the
ejecta masses of the stiff EOS models are likely to be at most
0.01 M⊙.

The dependence of the ejecta mass on the total mass of
the binary is rather complicated as shown in Figure 2. The
ejecta mass increases basically with increasing Mtot as long

2
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Figure 14. Electron fraction and density in the xz-plane for the
SFHo M135135 M0 simulation. The thin-black contours enclose re-
gions with density larger than 106, 107, 108, 109, 1010, and 1011

g cm�3. The thick magenta light encloses the region with density
larger than 1013 g cm�3. This figure should be compared with the
last panel of Fig. 2 where a volume rendering of the same data is
shown.

BHB⇤� binary mergers (Radice et al. 2017). Perhaps
more importantly, there are several binaries, spanning a
wide range of ⇤̃, that do not produce any appreciable
amount of fast moving ejecta.

3.2. Secular Ejecta

Part of the tidal tails from the NSs remains bound to
form a rotationally supported disk around a central rem-
nant more precisely defined below. In the cases in which
the former survives for more than about one millisecond,
we observe the formation of hot ⇠10�20 MeV streams
of material expelled from what is originally the interface
region between the NSs. This material assembles into an
excretion disk. Consequently, there is a correlation be-
tween the life time of the remnant and the remnant disk
mass (Radice et al. 2018c), see also Table 2.

The disks are geometrically thick and moderately neu-
tron rich (see Fig. 14; Siegel & Metzger 2018). We ob-
serve the propagation of m = 2 spiral density waves orig-
inated as the streams from the massive NS remnant im-
pact the disk. After the first 10�20 ms from the merger,
these streams subside, and m = 1 spiral density waves,
induced by the one-armed spiral instability of the rem-
nant NS (Paschalidis et al. 2015; East et al. 2016; Radice
et al. 2016a), become dominant.

If the merger does not result in the formation of a
BH within few dynamical timescales, the remnant is
composed of a relatively slowly rotating inner core sur-
rounded by a rotationally supported envelope (Shibata
et al. 2005; Kastaun et al. 2016; Hanauske et al. 2017;
Ciolfi et al. 2017). In particular, regions with rest-
mass densities below ' 1013 g cm�3 are mostly rotation-
ally supported (Hanauske et al. 2017). Note that the
rotational structure of the remnant might be strongly
a↵ected by the e↵ective shear viscosity arising due to
the turbulent fluid motion in the remnant (Radice 2017;
Shibata et al. 2017b; Kiuchi et al. 2018; Fujibayashi
et al. 2018; Radice et al. 2018a). In our analysis we
define as the central part of the remnant the region with
⇢0 � 1013 g cm�3, and we estimate the remnant disk
mass Mdisk from the integral of the rest-mass density of
the region with ⇢0 < 1013 g cm�3. We remark that the
same criterion has also been adopted by Shibata et al.
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Figure 15. Remnant disk masses as a function of the tidal param-
eter ⇤̃. The data points show the results from our fiducial subset
of simulations. Disk formation is suppressed in the case of prompt
BH formation, corresponding to small ⇤̃’s. The final disk masses
saturate for large values of ⇤̃.

(2017a). Furthermore, as shown in Fig. 14, the density
threshold 1013 g cm�3 does indeed approximately corre-
sponds to the boundary of the centrally condensed rem-
nant. Our results are given in Table 2. Unfortunately,
the 3D output necessary to estimate the disk mass in
post processing has been accidentally deleted for six of
our simulations. For those cases the disk masses are not
given.

Figure 14 shows the electron fraction and the density
contours shortly after merger, during the formation of
the accretion disk. At this time the disk has not yet
reached its maximum extent and is expanding behind
the cloud of the dynamical ejecta. The former can be
recognized for their higher electron fraction and are lo-
cated at radii & 75 km. The neutron rich outflow visible
at radii & 100 km is part of the tidal tail, while the higher
Ye material between the forming accretion disk and the
tidal tail is part of the outflow generated during the first
bounce of the merger remnant.

We find that the remnant disk masses tightly corre-
lated with the tidal deformability of the binary ⇤̃. This
is shown in Fig. 15 where we plot the disk masses for our
fiducial models. The error bars are estimated from the
comparison of simulations performed at di↵erent resolu-
tions (see Table 2). In particular, we estimate the un-
certainty on the disk mass due to numerical errors to be
⇠30%. To be conservative, we estimate the uncertainties
on the disk masses as

�Mdisk = 0.5 Mdisk + (5 ⇥ 10�4) M� (24)

We remark that the error bars only account for finite-
resolution uncertainties and we cannot exclude that miss-
ing physics, or more extreme binaries with larger mass
asymmetries and/or extreme spins, could deviate from
the trend shown in Fig. 15. Moreover, because a signifi-
cant fraction (⇠30�90%) of the disk is accreted promptly
after BH formation, the transition between low and high
mass disks visible in Fig. 15 would likely become sharper

Radice+ 2018
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