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Conjecture:

Outflows from compact accretion disks synthesize 
most of the Galactic heavy r-process elements
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I.
Short GRBs: 

r-process in neutron star mergers



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 ≡ −
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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

wind

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

disk outflows

outflows

accretion disk (~10ms-1s)

Siegel & Metzger 2017 PRL
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Just+ 2015
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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

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!

• two (“red-blue”) or multiple components expected from merger simulations

• single component models might be possible, 
but require fine-tuning

Smartt+ 2017
Waxman+ 2017

see also:
Wu+ 2019
Villar+ 2018
Kasliwal+ 2019
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• red kilonova properties: 
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heavy r-process elements!
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• single component models might be possible, 
but require fine-tuning
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energy emitted as gamma-rays and electrons, respectively.
For ejecta masses and velocities in the range M ⇡ 0.01 �
0.05 M�, v ⇡ 0.1c � 0.2c the timescale for gamma-rays to
become ine�cient to thermalization is t� ⇡ 0.5 � 2 days
while that for electrons is te ⇡ 10 � 40 days. The exponent
n ⇡ 1 for typical conditions, though n can be larger depend-
ing on the details of the thermalization and decay physics
(Kasen & Barnes 2018).

An Appendix Figure available online shows calcula-
tions of the radioactive power ✏̇(t) derived from detailed
r-process nuclear reaction networks for outflows with a
range of physical conditions (initial electron fractions Ye =
0.05�0.5, expansion velocity of 0.2c, ejecta mass of 0.05 M�
Rosswog et al. 2018). At +43 d, the radioactive power ranges
from ✏̇ ⇡ 0.5� 2.5⇥ 108 erg s�1 g�1. Adopting the ⌫L⌫ lu-
minosity at epoch 1 of L43 = 7.8 ⇥ 1038 erg s�1 and using
an e�ciency factor f = 0.1 (appropriate for te ⇡ 30 days)
implies an ejecta mass of Mej ⇡ 1.6�7.8⇥10�2 M�. Within
large uncertainties, the mass range is consistent with that in-
ferred from analysis of early time observations of GW170817
(Coulter et al. 2017; Drout et al. 2017; Evans et al. 2017;
Kasliwal et al. 2017; Smartt et al. 2017; Soares-Santos et al.
2017; Cowperthwaite et al. 2017; Arcavi et al. 2017), and
provides additional evidence that the neutron star merger
produced a large quantity of radioactive ejecta.

Between the two epochs of Spitzer observations, the lu-
minosity dropped by a factor L1/L2 ⇡ 6.2 corresponding to
a power-law L/ t�3.4±0.2. This is steeper than the L / t�7/3

dependence of statistical distribution of isotopes with power
✏̇ / t�4/3 with ine�cient thermalization f(t) / t�1. Al-
ternately, the observed decline can be explained if the e�-
ciency drops even more rapidly, f(t) / t�2, as suggested by
Waxman et al. (2017) (although such a steep dependence of
f(t) is not consistent with the numerical thermalization cal-
culations of (Barnes et al. 2016)). Based on late-time optical
data, Waxman et al. 2017 and Arcavi 2018 also suggested a
similarly steep late-time power-law slope of t�3.

It is possible that the decline in luminosity between the
two Spitzer epochs is a result of the spectral energy progres-
sively moving out of 4.5µm band, such that the bolometric
correction increases with time. If such a color evolution oc-
curred, the spectrum must have moved redward of 5 µm, as
the upper limits in the 3.6µm band rule out a substantial
increase of the flux at bluer wavelengths.

If we assume, on the other hand, that the bolomet-
ric correction remained largely unchanged between the two
epochs, the two Spitzer epochs suggest that the underlying
radioactivity has deviated from the ✏̇ / t�4/3 power-law be-
havior. This is expected to occur when the decay becomes
dominated by one or a few isotopes rather than a statistical
distribution (Kasen & Barnes 2018; Wu et al. 2018). For a
single dominant isotope the energy generation rate follows
✏̇(t) / e�t/ti where ti is the decay timescale. Taking into
account the e↵ects of ine�cient thermalization, the heating
from a single isotope at times t & te is (Kasen & Barnes
2018)

L /
exp

h
� 3
p

3t/2te(te/ti)
i

(t/te)7/3
. (2)

From Equation 2 and using te = 30 days the observed ratio

Figure 2. Comparing early-time bolometric data (circles,
Kasliwal et al. 2017) and late-time Spitzer detections (stars, this
paper) with the predicted radioactive luminosity as a function
of time (lines). The dashed colored lines show a luminosity L =
Mej ✏̇(t) f(t), where the ejecta mass Mej = 0.05 M�, the ther-
malization e�ciency f(t) is from Kasen & Barnes 2018, and the
radioactive power ✏̇(t) is from the detailed nuclear reaction net-
work calculations of Rosswog et al. 2018. ✏̇(t) explores a range
of electron fraction Ye and expansion velocity from 0.1c to 0.4c.
Outflows with Ye<0.25 synthesize the heaviest r-process elements
in the second-peak and third-peak and show a steeper late time
decline, whereas those with Ye&0.25 produce relatively lighter el-
ements and have a shallower decline due to the presence of longer
lived radioactive isotopes. Also shown is the power law inferred
from early-time data (gray solid line) and an analytic estimate
of beta decay rates assuming a statistical distribution (magenta
solid line; Hotokezaka et al. 2017).
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Figure 3. Fraction of electron heating contributed by various
sets of elements as a function of time using the solar abundance
pattern including the first peak. While the first peak dominates at
early-time, our detection of late-time emission requires elements
in the second and third peak.

L1/L2 ⇡ 6.2 implies heating dominated by an isotope with
decay time ti ⇡ 14 days.

If the late time radioactivity is indeed dominated by a
single isotope, this provides constraints on the ejecta compo-
sition. For merger outflows with electron fractions Ye . 0.25
the nucleosynthesis proceeds to the 3rd r-process peak (Ap-
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The GW170817 kilonova: theory faces observations

Daniel Siegel

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

2nd peak 3rd peak

rare-earth 

1st peak

9

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)

3

FIG. 4: Relative abundance of yields for disk outflow: red for
material with < 15� o↵ the midplane and blue for material
> 50�. Gray shading shows the range of values that can be at-
tained at intermediate angles. Black dashed line shows yields
attained in the GW170817 box in figure 2. Curves are nor-
malized by mass fraction. Solar abundances from [66] shown
in green.

plane and this dependence persists through time. The
right panel of figure 3 shows the average electron frac-
tion of gravitationally unbound material passing through
a surface at t ⇠ 103 km as a function of angle o↵ the
equator and time. For any given time, larger |90� � ✓bl|
correlates with larger Ye.

We use the nuclear reaction network SkyNet [67]
to compute nucleosynthetic yields on tracer particles
advected with gravitationally unbound material. We
start the network calculation when the tracer reaches
T⇠10 GK and we assume a nuclear statistical equilib-
rium (NSE) composition at that time. The network is
run up to t = 109 s assuming homologous expansion
(⇢ / t�3) and uses the same nuclear physics inputs as
in [50, 68], namely: 8000 nuclides and 140,000 nuclear
reactions, including fission, with rates from [69–76].

Figure 4 plots nucleosynthetic yields. We plot three
angular cuts: in red for material near the midplane, in
blue for material near the poles, and in black for material
within the viewing angle for GW170817 [58]. We sketch
out the range of possible yields in gray. The second, rare-
earth and third peaks are suppressed by up to a factor of
100 with respect to the first peak in the polar regions.

IV. OUTFLOW MASS

The left panel of figure 3 shows the total mass in the
outflow as a function of time. Due to computational cost,
we did not run our simulation for long enough to observe
the total amount of mass that becomes gravitationally
unbound. As a lower bound, we report the amount of
material with Bernoulli parameter Be > 0 [77] at a radius
greater than 125 gravitational radii (⇠500 km) at the end
of the simulation (⇠127 ms). (This includes material that

FIG. 5: Rate of emitted neutrinos minus the rate of absorbed
neutrinos for electron neutrinos (x < 0) and electron antineu-
trinos (x > 0). Averaged over azimuthal angle � and in time
from 0 to 30 ms (top) and from 30 ms to 127 ms (bottom).

has already left the domain.) We find this to be about
4.33 ⇥ 10�3M� and the ratio of mass in the outflow to
accreted mass is about 9% by this time in the simulation.
About 18% of this outflow has an electron fraction of
Ye � 0.275 and about 14.5% is within the expected range
of viewing angles for GW170817.

V. NEUTRINO TRANSPORT

A characterization of the importance of neutrino ab-
sorption is the neutrino absorption optical depth ⌧ of the
disk. ⌧ ⌧ 1 implies free-streaming and ⌧ � 1 implies no
neutrino can escape. At relatively early times (t . 30
ms), we find ⌧ ⇠ 10. In this phase, Ye evolution is domi-
nated by emission of electron neutrinos in the core of the
disk and their absorption in the corona. At later times
(t & 30 ms), the disk achieves a quasistationary state
with ⌧ ⇠ 0.1. Although this later stage is emission dom-
inated, reaching it requires properly treating absorption.
Figure 5 shows this transition. We plot for both phases

the sinh�1
10 of the rate � = @N/@t of emitted neutrinos

minus the rate of absorbed neutrinos for electron neutri-
nos (x < 0) and electron antineutrinos (x > 0), where we
define sinh�1

10 as the inverse of sinh10(x) := (10x�10�x)/2
such that for |x| & 10, sinh�1

10 (x) ! sign(x) log10(|2x|).

Miller+ 2019
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Disk outflows and the red kilonova
9

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 (                  ) 
(30-40% of disk mass)

& 10�2M�

v1 ⇡ 0.1c

Siegel & Metzger 2017, PRL
Siegel & Metzger 2018

see also:  Fernandez+ 2019
              Christie+ 2019
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What have we really learned about the nuclear EOS from GW170817?
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Massive post-merger disks are ubiquitous
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ratio and ejecta mass. This dependence is also given (to
first order) in Tab. 1.

3. POPULATIONS AND FUTURE CONSTRAINTS

The previous section outlined the extant parameter
space and illustrated the predicted outcomes for the next
binary NS merger given our current knowledge and un-
certainty regarding the NS EOS. We now address the
implications of these results applied to a large popula-
tion of merging binary NSs.

3.1. Merger Outcome Statistics

In order to model the population of extragalactic
merging binary NS mergers, we assume the latter pop-
ulation is similar to that of known Galactic double NSs.
The inferred NS masses for GW170817 are consistent
with being drawn from this population (e.g. Abbott
et al. 2019; see also Fig. 4), which — albeit for a sample
size of N = 1 — supports this naive assumption.
The Galactic double NS population is narrowly

peaked around m1,2 ' 1.32M� with q ⇡ 1 (e.g. Zhao &
Lattimer 2018). We draw NS masses from the Gaussian
Galactic distribution found by Kiziltan et al. (2013)5,

weighted by M5/2
c . We include this chirp mass weight-

ing for completeness, as it accounts for the GW detec-
tors’ bias of detecting higher-mass systems with larger
GW-strain amplitudes (however, in practice we find
negligible e↵ect of this weighting on our final results).
Our analysis is similar to that of Piro et al. (2017),
with the important exception that Piro et al. (2017)
examined specific example EOSs, thus fixing MTOV and
R1.6. Here we instead calculate the statistics based on
our current knowledge and uncertainty in the EOS. This
gives realistic bounds on the fraction of di↵erent merger
remnant types, and additionally allows us to estimate
the number of mergers that will occur in regions of am-
biguity in the remnant fate and thus can be used to
further constrain the EOS.
Figure 4 and and final column of Table 1 provide the

expected fraction of mergers that will produce a given
remnant. We predict that the vast majority of merg-
ers will result in either a HMNS or SMNS remnant
(⇡ 18� 68% and ⇡ 0� 79%, respectively). By contrast,
the fraction that undergo prompt collapse could range
from ⇡ 0 � 32%. Likewise, the fraction that end up as
indefinitely stable remnants could range from ⇡ 0�3%.
A potentially high fraction of SMNS remnants is consis-
tent with findings based on analysis of short GRB X-ray

5 Recent work suggests a possible bi-modality in the mass dis-
tribution (e.g. Farrow et al. 2019), which however does not a↵ect
the distribution of Mtot of greater importance to this work.

Figure 4. Distribution of BNS merger chirp masses drawn
from a NS population representative of Galactic double NSs
(Kiziltan et al. 2013). The dashed vertical curves separate
the Mc parameter space based on the possible merger out-
come(s) in each region, similar to Fig. 2 (see Tab. 1). The
fraction of mergers expected to occur in each region (the in-
tegral over the PDF within this region) is stated above the
region in red. A significant fraction of mergers (18%� 68%)
should result in SMNS remnants, while only a small fraction
< 3% may produce indefinitely stable NSs. The fractions
of mergers leading to HMNS remnants or prompt-collapse
ranges from tens of percent to extremely infrequently.

plateaus (Lasky et al. 2014; Gao et al. 2016) or tempo-
rally extended prompt X-ray emission (Norris & Bonnell
2006; Perley et al. 2009), assuming the latter are indica-
tive of the presence of long-lived magnetar SMNS rem-
nants (e.g. Metzger et al. 2008; Rowlinson et al. 2013;
Zhang 2013). The rarity of indefinitely stable remnants,
which may inject enormous rotational energy ⇠ 1053 erg
into the merger environment (Fig. 3), is consistent with
the tight limits available from radio transient surveys
(Metzger et al. 2015).

3.2. Future EOS Constraints

We now consider what improvement could be made
in EOS constraints with a sample of future joint mes-
senger detections. Figure 5 shows the expected con-
straints on MTOV and R1.6 as a function of the number
of binary NS merger detections with su�ciently well ob-
served EM counterparts to accurately ascertain the rem-
nant outcome. For this calculation we have assumed a
particular EOS as being the “correct” one, for which
MTOV = 2.1M� and R1.6 = 11 km (horizontal dashed-
grey curves in Fig. 5). We then draw a sample of N � 1
binary NS masses from the Galactic binary distribution,
as described in the previous subsection. This simulates
a set of N successive NS merger detections (the first
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massive disks

Delayed BH formation produces 
massive accretion disks:

~70-100 % of BNS mergers

Expect r-process in BNS mergers 
dominated by accretion disk
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II.
Chemical evolution



Daniel Siegel

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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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

Van de Voort+ 2015, 2019
Shen+ 2015
Wehmeyer+ 2015
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

• 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
Zevin, Kremer, Siegel+ 2019

Safarzadeh+ 2019
Zevin, Kremer, 
Siegel+ 2019

• need case BB mass transfer (ultra-hardened BNS), works unlikely for all UFDs   

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

Siegel 2019

Schönrich & Weinberg 2019
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III.
Long GRBs:

r-process in collapsars



Daniel Siegel

Collapsars

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

core collapse

BH formation

accretion disk
Formation

jet punches through infalling 
material, generates GRB

• Accretion powers jet to 
generate long GRBs 

• Collapse accompanied by SN 
(hypernovae, broad-lined Type Ic)

• speculated that high entropies 
in jet might give rise to r-
process 

MacFadyen & Woosley 1999:

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

MacFadyen & Woosley 1999

GRB jet
r-process?
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accretion rate nucleosynthesis in disk outflow
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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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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
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m
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R
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mSGRB
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R
RSGRB(z)dz

>
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E
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⇡ 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

mr,coll ⇠ Xrf
�1
Z

⇢̇SF(z = 0)fb
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◆
, (27)

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)

r-process mass in the Galaxy, mr, may be crudely estimated by the ratio
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where we have used the local z ⇡ 0 rates of short GRBs of RSGRB(z = 0) ⇡ 4.1+2.3
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�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
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where  ̇SF is the galactic star formation rate in mass per unit time (see Sec. 7), Ṅcoll = RLGRB/fb
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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
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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
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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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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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IV.
Collapsars - how to test 

observationally?



Daniel Siegel

How to test the collapsar scenario observationally?
Siegel, Barnes, Metzger 2019, Nature

Ni-rich
SN ejecta

‘a kilonova in a supernova’
Heavy elements from short and long GRBs 16/19
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How to test the collapsar scenario observationally?

mixing
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Siegel, Barnes, Metzger 2019, Nature
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MHD supernovae and GRB jet likely rued out as significant heavy r-process source
(consistent with recent 3D GRMHD simulations                 )Moesta+ 2018

SN

How to test the collapsar scenario observationally?
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V.
Conclusion
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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

GRB jet
r-process outflow

r-process outflow

GRB jet

Siegel & Metzger 2017, PRL Siegel, Barnes, Metzger 2019, Nature

~80%~20%
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Conclusions

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

Short GRBs (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

Long GRBs: 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
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