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Table 1 Timeline of major developments in kilonova research

1974 Lattimer and Schramm: r -process from BH–NS mergers

1975 Hulse and Taylor: discovery of binary pulsar system PSR 1913 + 16

1982 Symbalisty and Schramm: r -process from NS–NS mergers

1989 Eichler et al.: GRBs from NS–NS mergers

1994 Davies et al.: first numerical simulation of mass ejection from NS–NS mergers

1998 Li and Paczyński: first kilonova model, with parameterized heating

1999 Freiburghaus et al.: NS–NS dynamical ejecta ⇒ r-process abundances

2005 Kulkarni: kilonova powered by free neutron-decay (“macronova”), central engine

2009 Perley et al.: optical kilonova candidate following GRB 080503 (Fig. 9)

2010 Metzger et al., Roberts et al., Goriely et al.: kilonova powered by r -process heating

2013 Barnes and Kasen, Tanaka and Hotokezaka: La/Ac opacities ⇒ NIR spectral peak

2013 Tanvir et al., Berger et al.: NIR kilonova candidate following GRB 130603B

2013 Yu, Zhang, Gao: magnetar-boosted kilonova (“merger-nova”)

2014 Metzger and Fernandez, Kasen et al.: blue kilonova from post-merger remnant disk winds

Fig. 1 Timeline of the development kilonova models in the space of peak luminosity and peak timescale.
The wavelength of the predicted spectral peak are indicated by color as marked in the figure

that kilonova emission peaks in the NIR, with the optical emission highly suppressed,
has important implications for the strategies of EM follow-up of future GW bursts. The
timeline of theoretical predictions for the peak luminosities, timescales, and spectrap
peak of the kilonova emission are summarized in Table 1 and Fig. 1.

3 Basic ingredients

The physics of kilonovae can be understood from basic considerations. Consider the
merger ejecta of total mass M , which is expanding at a constant velocity v, such that its
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Figure 5. Resulting element distribution for the wind models (left) and dynamic ejecta (right). The blue dots are the solar system r-process mass fractions.
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for the effective temperature where all exponents were evaluated
with a = 1.3.

2.4.2 Model 1

As our macronova model 1 (hereafter ’MNmodel1’) we employ a
model similar to the one used in Grossman et al. (2014) with a
spherically symmetric homologously expanding radial density pro-
file r(v) ⇠ r0(1� v2/v2

max)
3. In this model, it is assumed that all

macronova energy originates from the layer above the so-called dif-
fusion surface, defined as the surface for which the average diffu-
sion time is equal to the time from the merger. Any photons travel-
ing below this diffusion surface are considered trapped and there-
fore invisible. The total luminosity is then taken to be the mass of
this layer times the instantaneous radioactive nuclear heating rate;
thermal emission from the layer is assumed to be lost to PdV ex-
pansion work and therefore neglected. In this sense, our model pro-
vides a conservative lower bound for the macronova emission. The
emitted spectrum has an effective temperature of the photosphere
at optical depth tph = 2/3.
Practically, the models inherit from the hydrodynamic calculation
the ejecta mass, the electron fraction and velocity and from the net-
work calculation the instantaneous nuclear heating rate ėnuc(t), as-
suming that a fixed fraction ( ftot = 0.5 = const) thermalizes at all
times while the rest is lost. Note that in model 1 we always use the
FRDM mass model (Möller et al. 1995).
A major uncertainty in the prediction of macronova transients are
the opacities of the expanding r-process material, which unfor-
tunately has the largest effect on the spectral energy distribution
(SED), see Eq. (3). Based on atomic structure models, Kasen et al.
(2013) argued that the opacity of expanding r-process material is
dominated by bound-bound-transitions from those ions that have

the most complex valence electron structure. They found in partic-
ular that even small amounts lanthanides have a large impact on the
opacities. For example, the neodymium opacities exceed those of
iron as long as their mass fraction XNd > 10�4. From their studies
based on four species, they conclude that a gray opacity of ⇡ 10
cm2/g should be fairly effective for calculating bolometric light
curves. Similar conclusions were reached in a study by Tanaka &
Hotokezaka (2013). However, Kasen et al. (2013) and, more re-
cently, Fontes et al. (2015) point out that even this may be an un-
derestimate, and that the true value could even be an order of mag-
nitude larger.
We use the sum of lanthanide and actinide fraction, Xlan + Xact, to
decide which opacity value to use. Whenever it exceeds a limit-
ing value of 10�3, we use as fiducial value for the opacity in the
dynamic ejecta a value of k = 10 cm2/g, otherwise we use k = 1
cm2/g. The dynamic ejecta show a very large lanthanide fraction
of Xlan ⇡ 0.18 while this value varies widely for the different wind
cases, see column seven in Table 2, but is in almost all cases below
the threshold value.
Since the current knowledge is based on expensive atomic structure
calculations of so far only a few ions, the opacity value for strongly
lanthanide-enriched material is likely subject to considerable un-
certainties. We therefore also explore how our brightest case, N3
with DZ31-mass model, would appear in the case of a substantially
larger opacity value (k = 100 cm2/g).

2.4.3 Model 2

A major difference in macronova model 2 (’MNmodel2’) is that we
use time-dependent thermalization efficiencies. In addition, we can
switch between the FRDM and the DZ31 nuclear mass model. All
MNmodel2 calculations are performed with the Mendoza-Temis
et al. (2015) network. The effect of the DZ31 mass model is that a
larger fraction of trans-lead nuclei are produced and, as shown be-
low, this has a substantial impact on the nuclear heating rate at times

c� 2016 RAS, MNRAS 000, 1–??

(Rosswog et al. 2016)



Kilonova: Main Ingredients

tpeak = 4.9 days
⇣ k

10 cm2/g

mej

0.01M�

0.1 c

vej

⌘1/2

Lpeak = 2.5⇥ 1040
erg

s

⇣ vej
0.1 c

10 cm2/g

k

⌘0.65⇣ mej

0.01M�

⌘0.35

'

'

k

mej

vej

Opacity

Mass of the Ejecta 

Velocity of the Ejecta 

(Grossman et al. 2014)

Opacity

Tpeak = 2200 K ( k
10 cm2/g )

−0.41

( v
0.1 c )

−0.09

(
mej

0.01 M⊙
)

−0.16



Opacity

Lanthanides & Actinides:


Open electron valence f-shell

The Astrophysical Journal, 774:25 (13pp), 2013 September 1 Kasen, Badnell, & Barnes

Figure 1. Complexity of the elements (top panel) and their mass fractions in the r-process ejecta of neutron star mergers (bottom panel). The top panel plots the
number of states in the ground configuration for singly ionized ions, as estimated using the simple permutation counting of Equation (1). The pattern of peaks reflects
the filling of valance shells, with the color shading giving the orbital angular momentum l (yellow = s, blue = p, green = d, red = f). The bottom panel plots the mass
fractions determined in Roberts et al. (2011) by post-processing the hydrodynamical simulation of tidal tail ejecta.
(A color version of this figure is available in the online journal.)

momentum l has g = 2(2l + 1) magnetic sublevels; one can
estimate the number of states in a given electron configuration
by simply counting the permutations of the valence electrons

C = Πi

gi!
ni!(gi − ni)!

, (1)

where ni is the number of electrons in the nl-orbital labeled i, and
the product runs over all open shells in a given configuration. The
different terms and levels (i.e., distinct combinations of L, S, J )
derived from these various permutations are split by electrostatic
and fine-structure (e.g., spin-orbit) interactions. Equation (1)
can thus be used to estimate the relative number of distinct
energy levels of an ion, while the number of lines (i.e., radiative
transitions between levels) will scale roughly as C2. Figure 1
plots the complexity measure C for the ground configurations of
singly ionized ions, where the pattern of l shell filling is clearly
seen.

Equation (1) provides immediate insight into the opacity
of r-process ejecta. Ions with valence shells of higher l are
more complex, as are those whose open shells are closer to
half filled. This is why the iron group, with a nearly half-
filled d (l = 2) shell, usually dominates the line opacity in
typical astrophysical mixtures. Heavy r-process ejecta, however,
includes uncommon species of even greater complexity. Of
particular importance are the lanthanides (58 < Z < 70) and
the actinides (90 < Z < 100) which, due to the presence of an
open f (l = 3) shell, have complexity measures roughly an order
of magnitude greater than the iron group. While the actinide
series is generally of very low abundance, the lanthanides may
represent several percent of r-process material by mass. We will
find that these species dominate the total opacity of NSM ejecta,
resulting in opacities ∼10–100 times greater than previously
assumed.

To calculate the ejecta opacity in detail, we need a compre-
hensive list of atomic lines. As almost no data is available for
heavy ions, we turn here to ab initio atomic structure modeling

using the Autostructure code (Badnell 2011). These models
determine the approximate ion energy level structure and the
wavelengths and oscillator strengths of all permitted radiative
dipole transitions (Section 3). Without fine tuning the structure
model, the computed energies and line wavelengths are not ex-
act. Fortunately, the effective opacity in an expanding medium
is a wavelength average over many lines. Because our mod-
els reasonably capture the statistical distribution of levels and
lines, they can be used to derive fairly robust estimates of the
pseudo-continuum opacity (Sections 4 and 5).

Modeling the radiative properties of all high Z ions is a long
term endeavor; here we present initial structure calculations for
a few representative ions selected from the iron group (Fe, Co,
Ni), the lanthanides (Ce, Nd), and a few other heavy d-shell
and p-shell ions (Os, Sn). The Autostructure line data is
then used to calculate the opacity of expanding ejecta under
the assumption of local thermodynamic equilibrium (LTE). We
show that ions of similar complexity have similar properties,
which allows us to estimate the total opacity of an r-process
mixture based on the representative species (Section 6).

The derived opacities can be input into a multi-wavelength,
time-dependent radiative transfer code to predict the observable
properties of r-process SNe (Section 7). We discuss here the
general spectroscopic properties of these transients, while a
companion study explores the broadband light curves and their
dependence on the ejecta properties (Barnes & Kasen 2013).
In general, the high r-process opacities result in light curves
that are significantly broader, dimmer, and redder than the
previously believed. These results have important implications
for observational strategies to find and interpret the radioactively
powered electromagnetic counterparts to NSMs.

2. OPACITY OF RAPIDLY EXPANDING EJECTA

We set the stage by reviewing the physical properties of the
material expected to be ejected in NSMs. We then describe the

2

(Kasen, Badnell & Barnes 2013)
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Hotokezaka 2013; Fontes et al. 2015, 2017). In both cases, the opacity rises steeply
from the optical into the UV, due to the increasing line density moving to higher
frequencies. Based on Fig. 10 of Kasen et al. (2013), we crudely approximate the
Planck mean expansion opacity of lanthanide-bearing ejecta near the time of peak
light as

κr =
{

200(T/4000 K)5.5 cm2g−1, 103 K < T < 4000 K
200 cm2g−1 4000 K < T < 104 K

, (7)

Considerable uncertainty remains in current calculations of the lanthanide/actinide
opacities because the atomic states and line strengths of these complex elements are
not measured experimentally. Theoretically, such high-Z atoms represent an unsolved
problem in N-body quantum mechanics, with statistical models that must be calibrated
to experimental data.

Beyond identifying the line transitions themselves, there is considerably uncertainty
in how to translate these data into an effective opacity. The commonly employed
“line expansion opacity” formalism (Pinto and Eastman 2000), based on the Sobolev
approximation and applied to kilonovae by Barnes and Kasen (2013) and Tanaka and
Hotokezaka (2013), may break down if the line density is sufficiently high that the
wavelength spacing of strong lines becomes comparable to the intrinsic thermal) width
of the lines (Kasen et al. 2013; Fontes et al. 2015, 2017). Nevertheless, the qualitative

Fig. 4 Schematic illustration of the opacity of the NS merger ejecta as a function of photon energy near
peak light. The free–free opacity (red line) is calculated assuming singly-ionized ejecta of temperature
T = 2 × 104 K and density ρ = 10−14 g cm−3, corresponding to the mean properties of 10−2 M# of
ejecta expanding at v = 0.1 c at t = 3 days. Line opacities of Fe-like elements and lanthanide-rich elements
are approximated from Figs. 3 and 7 of Kasen et al. (2013). Bound-free opacities are estimated as that of
neutral Fe (Verner et al. 1996), which we expect to crudely approximate the those of heavier r -process
elements. Electron scattering opacity accounts for the Klein–Nishina suppression at energies $ mec2 and
(very schematically) for the rise in opacity that occurs above the keV energy scale due to all electrons
(including those bound in atoms) contributing to the scattering opacity when the photon wavelength is
smaller than the atomic scale. At the highest energies, opacity is dominated by pair creation by γ -rays
interacting with the electric fields of nuclei in the ejecta (shown schematically for Xenon, A = 131,
Z = 54). Not included are possible contributions from r -process dust; or γ –γ pair creation opacity at
energies $ mec2, which is important for high compactness $ $ 1 (Eq. 9)
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Figure 4. Comparison of line expansion opacities between HULLAC and GRASP2K calculations. For singly ionized ions (Nd ii and
Er ii), the calculations assume ρ = 1× 10−13 g cm−3, T = 5, 000 K, and t = 1 day after the merger. For doubly ionized ions (Nd iii and
Er iii), the calculations assume the same density at the same epoch but T = 10, 000 K.

those of open s-shell (Ba) and p-shell (Se and Te) ele-
ments also have a similar trend with even lower opacities.
Figure 3 shows the opacity of each element calculated
with ρ = 1 × 10−13 g cm−3, T = 5, 000 K, and t = 1
day after the merger. For comparison, Fe opacities with
Kurucz’s line list (Kurucz & Bell 1995) are also shown.
The opacities of Nd and Er (open f-shell) are much higher
than that of Fe (open d-shell). The opacity of Ru (open
d-shell) is similar to that of Fe, which demonstrates the

similarity in the opacity for the elements with the same
open shell. The same is true for open p-shell; the opaci-
ties of Se and Te are found to be similar.
The opacities from the two atomic codes agree reason-

ably well. Figure 4 shows the line expansion opacities of
Nd ii, Nd iii, Er ii, and Er iii. As expected from the good
agreement in the energy levels (Figure 2), the opacities
from HULLAC and GRASP2K are almost indistinguish-
able for Nd ii and Nd iii. It is noted that, only the

(Tanaka et al. 2017)
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r-process nucleosynthesis: yields
at low entropy (s . 40kb/baryon), Ye dominant parameter

Hoffman+ ApJ 98

I Ye > 0.5: no r-process
I 0.25 . Ye < 0.5: weak r-process
I Ye . 0.25: strong r-process

𝑌௘ ≳ 0.25 𝑌௘ ൎ 0.15െ0.25 𝑌௘ ≲ 0.15

Lanthanides Actinides

Courtesy of G. Martinez-Pinedo

Production of lanthanides dramati-
cally changes photon opacity (�),
because of electrons filling f -shell in
ionized states

I no lanthanides: low opacity
(� . 1 cm2/g)

I presence of lanthanides:
increased opacity
(� & 10 cm2/g)

� : effective gray opacity
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Nucleosynthesis and Opacity
k < 20 − 30 cm2/g

k ∼ 3 − 5 cm2/g

k ∼ 1 cm2/g

, r-process up to the 3rd peak  
(lanthanide rich)
Ye < 0.2 A ∼ 195

, r-processes up to the 2rd peak 
 (few or no lanthanides)

0.25 < Ye < 0.35
A ∼ 130

, Fe group elements, with few or none r-
process elements 
Ye ∼ 0.40

Tanaka+2019



Blue & Red Kilonova

Red Kilonova

Days- 1 week after the 
merger

Lpeak

Spectral Range: Optical Red/ NIR

tpeak
tpeak

Blue Kilonova

1-day after the merger

Spectral Range: Optical

Lpeak & 1041 erg/s
<latexit sha1_base64="sG5+GXfi518Yz2/X5kIqnixmyhk=">AAACCnicjVDNSsNAGNzUv1r/ooIXL4tF8CA1kYIei148VrC20May2X6NSzebsPtFKLFv4FN41ZM38epLePBdTGIPKgrOaZiZj28YP5bCoOO8WaWZ2bn5hfJiZWl5ZXXNXt+4NFGiObR4JCPd8ZkBKRS0UKCETqyBhb6Etj86zf32DWgjInWB4xi8kAVKDAVnmEl9e6sXYOaG1HWu0ro76e2DDg5M3666NacA/ZtUyRTNvv3eG0Q8CUEhl8yYruvE6KVMo+ASJpVeYiBmfMQC6GZUsRCMlxb9J3Q3MQwjGoOmQtJChK8XKQuNGYd+lgwZXpufXi7+5nUTHB57qVBxgqB4/giFhOKR4VpkwwAdCA2ILG8OVCjKmWaIoAVlnGdiki1V+d8el4c116m55/Vq42S6TJlskx2yR1xyRBrkjDRJi3ByS+7JA3m07qwn69l6+YyWrOnNJvkG6/UDeKmZpQ==</latexit><latexit sha1_base64="sG5+GXfi518Yz2/X5kIqnixmyhk=">AAACCnicjVDNSsNAGNzUv1r/ooIXL4tF8CA1kYIei148VrC20May2X6NSzebsPtFKLFv4FN41ZM38epLePBdTGIPKgrOaZiZj28YP5bCoOO8WaWZ2bn5hfJiZWl5ZXXNXt+4NFGiObR4JCPd8ZkBKRS0UKCETqyBhb6Etj86zf32DWgjInWB4xi8kAVKDAVnmEl9e6sXYOaG1HWu0ro76e2DDg5M3666NacA/ZtUyRTNvv3eG0Q8CUEhl8yYruvE6KVMo+ASJpVeYiBmfMQC6GZUsRCMlxb9J3Q3MQwjGoOmQtJChK8XKQuNGYd+lgwZXpufXi7+5nUTHB57qVBxgqB4/giFhOKR4VpkwwAdCA2ILG8OVCjKmWaIoAVlnGdiki1V+d8el4c116m55/Vq42S6TJlskx2yR1xyRBrkjDRJi3ByS+7JA3m07qwn69l6+YyWrOnNJvkG6/UDeKmZpQ==</latexit><latexit sha1_base64="sG5+GXfi518Yz2/X5kIqnixmyhk=">AAACCnicjVDNSsNAGNzUv1r/ooIXL4tF8CA1kYIei148VrC20May2X6NSzebsPtFKLFv4FN41ZM38epLePBdTGIPKgrOaZiZj28YP5bCoOO8WaWZ2bn5hfJiZWl5ZXXNXt+4NFGiObR4JCPd8ZkBKRS0UKCETqyBhb6Etj86zf32DWgjInWB4xi8kAVKDAVnmEl9e6sXYOaG1HWu0ro76e2DDg5M3666NacA/ZtUyRTNvv3eG0Q8CUEhl8yYruvE6KVMo+ASJpVeYiBmfMQC6GZUsRCMlxb9J3Q3MQwjGoOmQtJChK8XKQuNGYd+lgwZXpufXi7+5nUTHB57qVBxgqB4/giFhOKR4VpkwwAdCA2ILG8OVCjKmWaIoAVlnGdiki1V+d8el4c116m55/Vq42S6TJlskx2yR1xyRBrkjDRJi3ByS+7JA3m07qwn69l6+YyWrOnNJvkG6/UDeKmZpQ==</latexit><latexit sha1_base64="sG5+GXfi518Yz2/X5kIqnixmyhk=">AAACCnicjVDNSsNAGNzUv1r/ooIXL4tF8CA1kYIei148VrC20May2X6NSzebsPtFKLFv4FN41ZM38epLePBdTGIPKgrOaZiZj28YP5bCoOO8WaWZ2bn5hfJiZWl5ZXXNXt+4NFGiObR4JCPd8ZkBKRS0UKCETqyBhb6Etj86zf32DWgjInWB4xi8kAVKDAVnmEl9e6sXYOaG1HWu0ro76e2DDg5M3666NacA/ZtUyRTNvv3eG0Q8CUEhl8yYruvE6KVMo+ASJpVeYiBmfMQC6GZUsRCMlxb9J3Q3MQwjGoOmQtJChK8XKQuNGYd+lgwZXpufXi7+5nUTHB57qVBxgqB4/giFhOKR4VpkwwAdCA2ILG8OVCjKmWaIoAVlnGdiki1V+d8el4c116m55/Vq42S6TJlskx2yR1xyRBrkjDRJi3ByS+7JA3m07qwn69l6+YyWrOnNJvkG6/UDeKmZpQ==</latexit>< 1041 erg/s
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Fig. 5 Kilonova light curves in AB magnitudes for a source at 200 Mpc, calculated using the toy model
presented in Sect. 4, assuming a total ejecta mass M = 10−2 and minimum velocity v0 = 0.1 c. The
top panel shows a standard “red” kilonova, corresponding to very neutron-rich ejecta with Lanthanide
elements, while the bottom panel shows a “blue” kilonova produced by ejecta without Lanthanides. Shown
for comparison in the red kilonova case with dashed lines are models from Barnes et al. (2016) for v = 0.1 c
and M = 10−2 M". Depending on the viewing angle of the observer, both red and blue emission components
may be present in a single merger, if they originate from different locations in the ejecta (Fig. 3)

from the NS–NS merger interface, or in more isotropic outflows from the accretion
disk in cases when BH formation is significantly delayed (Fig. 3, bottom panel).

The bottom panel of Fig. 5 shows an otherwise identical calculation to that presented
in the last section, but assuming a lower opacity appropriate to Lanthanide-free ejecta.
The emission now peaks at the visual bands R and I, on a timescale of about 1 day
at a level 2–3 magnitudes brighter than the Lanthanide-rich case. In general, the total
kilonova emission from a NS–NS merger will be a combination of ‘blue’ and ‘red’
components, as both high- and low-Ye ejecta components could be visible for viewing
angles close to the binary rotation axis (Fig. 3). For equatorial viewing angles, the
blue emission is likely to be blocked by the higher opacity of the lanthanide-rich
equatorial matter (Kasen et al. 2015). Thus, although the week-long NIR transient is
fairly generic, an early blue kilonova will be observed in only a fraction of mergers.

4.1.3 Free neutron precursor

The vast majority of the ejecta from a NS–NS merger remains sufficiently dense dur-
ing its expansion that all neutrons are captured into nuclei during the r -process on
a timescale of ∼1 s. However, recent NS–NS merger simulations show that a small
fraction of the dynamical ejecta (typically a few percent, or ∼10−4 M") expands
sufficiently rapidly that the neutrons do not have time to be captured into nuclei
(Bauswein et al. 2013). This fast expanding matter, which reaches asymptotic veloci-
ties v ! 0.4−0.5 c, originates from the shock-heated interface between the merging
stars and resides on the outermost layers of the polar ejecta. This ‘neutron skin’ can
super-heat the outer layers of the ejecta, enhancing the early kilonova emission (Met-
zger et al. 2015a; Lippuner and Roberts 2015). Before proceeding, it is important to
emphasize that the presence of this fast-expanding matter is still highly speculative,
and confirming or refuting its presence in actual merger events will require additional
simulation work.
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(Metzger 2017)

More matter becomes visibleRadioactive decay
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Figure 11. Synthetic spectra (2.5 days after mass ejection) of the r-process SN
model described in the text, calculated using either Kurucz iron group opacities
(black line) or our Autostructure-derived r-process opacities (red line). For
comparison, we overplot blackbody curves of temperature T = 6000 K (black
dashed) and T = 2500 K (red dashed). The inset shows the corresponding
bolometric light curves assuming iron (black) or r-process (red) opacities.
For comparison, we also plot a light curve calculated with a gray opacity of
κ = 10 cm2 g−1 (blue dashed line).
(A color version of this figure is available in the online journal.)

The spectrum at 2.5 days after the merger is much redder, with
most of the flux emitted in the near infrared (∼1 µm). Due to the
extreme line blanketing at bluer wavelengths, the photons are
eventually redistributed (through lines) to the infrared, where
the opacities are lower and radiation can escape more readily.
As shown in Figure 11, the bolometric light curve from the full
multi-wavelength calculation resembles one calculated with an
effective gray opacity of κ = 10 cm2 g−1, which is two orders
of magnitude greater than values used in previous gray transport
models.

Other than the unusually red color, the r-process spectra
generally resemble those of ordinary SNe, and in particular
those with high expansion velocities (e.g., the hyper-energetic
Type Ic event, SN 1998bw; Galama et al. 1998). The continuum
flux, which is produced by emission in the Doppler-broadened
forest of lines, resembles a blackbody with a few broad (∼200 Å)
spectral features. It is not easy to associate these features with
either absorption or emission from a single line; instead they
arise from blends of many lines. Because our atomic structure
models do not accurately predict line wavelengths (and we only
include lines of Nd and Fe), the location of the features in our
synthetic spectra are not to be trusted. Nevertheless, the model
spectra are likely qualitatively correct. One can anticipate where
features are most likely to appear by examining the energy
spacing of the low lying levels of the lanthanides.

Figure 12 shows the time evolution of the synthetic spectra.
At the earliest times (!0.25 days after ejection) some flux
emerges at optical wavelengths, but this phase is short lived.
By day 0.5, the optical emission has faded, and the spectra
evolve relatively slowly thereafter, with effective blackbody
temperatures steady in the range T ≈ 2000–3000 K. The
temporal evolution can be understood by considering the mean
opacity curves (e.g., Figure 6). At early times, the ejecta is
relatively hot ("4000 K) throughout, and the opacity is roughly
constant with radius. By day ∼0.3, however, the outermost
layers have cooled below !3000 K, and the r-process opacities

Figure 12. Synthetic spectra time series of the r-process SN model described
in the text. The times since mass ejection are marked on the figure.

drop sharply due to lanthanide recombination. The ejecta
photosphere forms near the recombination front (as overlying
neutral layers are essentially transparent) which regulates the
effective temperature to be near the recombination temperature.
This behavior is similar to the plateau phase of the (hydrogen-
rich) Type IIP SNe, although in this case the opacity is due to
line blanketing, not electron-scattering. More importantly, the
temperature at the recombination front (TI ∼ 2500 K) is a factor
of ∼2 lower for r-process ejecta, as the ionization potentials
of the lanthanides (∼6 eV) are lower than that of hydrogen
(∼13.6 eV).

Our calculated SEDs are somewhat sensitive to the atomic
structure model used to generate the line data. Figure 13
compares calculations using line data from the different
Autostructure optimization runs (opt1, opt2, and opt3). The
observed differences can be taken as some measure of the un-
certainty resulting from inaccuracies in our atomic structure
calculations. Notably, the spectrum calculated using the opt2
linelist has significantly higher flux in the optical (∼6000 Å).
This is presumably due to the lower overall opacity of the opt 2
model (Figure 8). Given the superior match of the opt3 model to
the experimental level data, we consider the spectral predictions
using this line data to be the most realistic; however, it is clear
that some significant uncertainties remain.

Another concern for the spectrum predictions is the potential
breakdown of the Sobolev approximation. At bluer wavelengths,
the mean spacing of strong lines can become less than the
intrinsic (presumed thermal) width of the lines, which violates
the assumptions used to derive an expansion opacity. It is not
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Dynamical Ejecta

t ∼ 𝒪(ms) vdyn ∼ 0.2 − 0.3 c

MBNS
dyn ∼ 10−4 − 10−3 M⊙

MNS−BH
dyn ∼ 0 − 10−1 M⊙

Depends on mass ratio, total mass and EOS 

Depends on mass ratio, EOS, BH mass and spin

Tidal Ejecta

Shocked Ejecta

• Both in BNS and NS-BH
• Along the equatorial plane
• Cold matter (low )
• Asymmetric binaries expelling 

more mass

Ye

• Only in BNS
• Ejected by the quasi-radial 

pulsation of the remnant
• All the directions
• Hot matter (high )Ye
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Fig. 5 Dynamical ejecta masses and velocities from a range of binary neutron star merger simulations
encompassing different numerical techniques, various equations of state, binary binary mass ratios q =
0.65−1, effects of neutrinos and magnetic fields, together with the corresponding ejecta parameters inferred
from the ‘blue’ and ‘red’ kilonova of GW170817. Image reproduced with permission from Siegel (2019)

Ye ! 0.1, sufficiently low to produce a robust7 abundance pattern for heavy nuclei
with A " 130 (Goriely et al. 2011; Korobkin et al. 2012; Bauswein et al. 2013b;
Mendoza-Temis et al. 2015). More recent merger calculations that include the effects
of e± captures and neutrino irradiation in full general-relativity have shown that the
dynamical ejecta may have a wider electron fraction distribution (Ye ∼ 0.1−0.4) than
models which neglect weak interactions (Sekiguchi et al. 2015; Radice et al. 2016a).
As a result, lighter r -process elements with 90 ! A ! 130 are synthesized in addition
to third-peak elements (Wanajo et al. 2014). These high-Ye ejecta components are
distributed in a relatively spherically-symmetric geometry, while the primarily tidally-
ejected, lower-Ye matter is concentrated closer to the equatorial plane (Fig. 7).

3.1.2 Disk outflow ejecta

All NS–NS mergers, and those BH–NS mergers which end in NS tidal disruption
outside the BH horizon, result in the formation of an accretion disk around the central
NS or BH remnant. The disk mass is typically ∼ 0.01–0.3 M#, depending on the total
mass and mass ratio of the binary, the spins of the binary components, and the NS
EOS (e.g., Oechslin and Janka 2006). Relatively low disk masses are expected in the
case of massive binaries that undergo prompt collapse to a BH, because the process of
massive disk formation is intimately related to the internal redistribution of mass and
angular momentum of the remnant as it evolves from a differentially rotating to solid
body state (which has no time to occur in a prompt collapse). Outflows from this disk,
over a timescales of seconds or longer, represent an important source of ejecta mass
which can often dominate that of the dynamical ejecta.

7 This robustness is rooted in ‘fission recycling’ (Goriely et al. 2005): the low initial Ye results in a large
neutron-to-seed ratio, allowing the nuclear flow to reach heavy nuclei for which fission is possible (A ∼ 250).
The fission fragments are then subject to additional neutron captures, generating more heavy nuclei and
closing the cycle.

123
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Wind Ejecta from the diskBaryonic winds from CB merger
I due to neutrino absorption and/or magnetic pressure inside the

remnant and the disk
I remnant expansion ! nuclear recombination in the disk

(n, p) ! (↵, n) ! ((A,Z), n) ) ė ⇡ 8MeV/baryon

I tej,wind ⇠few 10’s ms and vej,wind . 0.1 c
I Mej,wind up to ⇠ 5% of Mdisk (BNS) or . 1% of Mdisk (BH-NS)

Perego+ MNRAS 2014; Martin,Perego+ ApJ 2015, Perego+ JPhC 17
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Perego+2014

• Both the metastable NS and the accretion disk emits neutrinos with a luminosity of 
• A fraction of neutrinos are absorbed and deposit their energy in the disk
• When the deposited energy overcomes the gravitational binding energy an outflow with 

 and  is generated, this happens on a timescale of 
• 5% of disk mass unbind

• If the metastable NS survives for more than 50 ms,  can be also unbound from the NS 
surface . This can be substantially increased if the star has a strong ordered magnetic field 
(Metzger+2018).

• The lifetime of the metastable NS influences the  of the ejecta

Lν ∼ 1053 erg/s

·M ∼ 10−3 M⊙/s v < 0.1 c twind ∼ 10 ms

∼ 10−3 M⊙

Ye



Viscous secular ejecta 
• When the accretion rate decreases the neutrino cooling is quenched. The heating due to viscosity and 

nuclear recombination are not balanced anymore by the neutrino cooling and an outflow is launched. 
• The disk settles in a mildly degenerate state, where the pair production is suppressed (Beloborodov 

2003, Siegel & Metzger 2017). The number density of electrons overcomes that of positrons. Electron 
capture by protons favoured with respect to positron capture by neutrons. The outflow is neutron rich, 
with  . 0.1 < Ye < 0.4

3

TABLE II. Initial torus mass after early relaxation and characteristics of the disk outflows as measured by tracer particles:
mean electron fraction, specific entropy, expansion timescales, all at t = t5GK and subdivided into equatorial (30� < ✓ < 150�)
and polar (✓  30� and ✓ � 150�) outflow (the polar angle ✓ being measured at the end of the simulation), as well as total
integrated outflow mass (polar/equatorial and total). Corresponding values by [30] (F15) and [31] (J15) are also listed.

simulation outflow type equatorial outflow polar outflow total outflow
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 unbound 2.02 0.18 31 24 0.19 39 18 0.18 32 23 0.22 0.16
this work total 2.02 0.17 28 26 0.19 43 18 0.17 30 25 0.15 0.23
F15 t-a80 total 3.00 0.22 21 35 0.31 38 9.4 - - - 0.01 0.17

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

FIG. 1. Snapshots of rest-mass density, number of grid
points per fastest-growing MRI mode, and contours of op-
tical depth to electron neutrino number emission ⌧⌫e =
0.5, 0.1, 10�2, 10�3, 10�4 at t = 20ms, when the disk has set-
tled into a quasi-stationary state (the BH interior is masked).

mentum transport via MHD turbulence mediated by the
MRI. We check that the MRI is well resolved by moni-
toring the wavelength of the fastest-growing MRI mode,
�MRI, which is typically resolved by 10 or more grid
points (cf. Fig. 1, left); �MRI is estimated by �MRI =
(2⇡/⌦)(b/

p
4⇡⇢h+ b2) [68], where ⌦ is the angular fre-

quency, ⇢ the rest-mass density, h the specific enthalpy,
and b =

p
bµbµ the comoving magnetic field strength.

Very close to the BH resolving the MRI becomes chal-
lenging with current computational resources and �MRI

is not resolved by > 10 grid points at all times and spa-
tial points. At the beginning of the simulation, after
initial amplification by magnetic winding, the onset of

FIG. 2. Snapshots of electron fraction, normalized electron
chemical potential, and contours of rest-mass density ⇢ =
[107, 108, 109, 1010, 1011] g cm�3 at t = 43ms, when the disk
has fully self-regulated itself to mild electron degeneracy (the
BH interior is masked).

the MRI further amplifies the weak initial seed magnetic
field in the disk over a few rotational periods (resulting
in a total amplification of roughly two orders of mag-
nitude for the maximum field strength), before the disk
settles into a saturated MRI state. Triggering the MRI
both in the poloidal and toroidal components entirely
without magnetic winding (for the same initial seed field
strength) would require higher resolution and would thus
be challenging with current computational resources; this
simulation only represents a first attempt in this direc-
tion. We note that the resulting typical magnetic field
strengths of up to ⇠ 1015 G close to the BH and the
midplane, and typical magnetic-to-fluid pressure ratios

Siegel & Metzger 2017

p + e− → n + νe

n + e+ → p + ν̄e

Favoured

Disfavoured

• Up to 40% of disk mass unbound
• A long lived NS can generate an increase of Ye



Dynamical Ejecta vs Disk Outflow

with fitting coefficients α=0.084, β=0.127, γ=567.1, and
δ=405.14. In the case of GW170817, the amount of ejecta
estimated from the modeling of the kilonova signal M0.05_ :
is about an order of magnitude too large to be explained by the
dynamical ejecta. This suggests that most of the material
powering the kilonova should have been produced during the
viscous evolution of the accretion disk.

This finding is in agreement with the results from long-term
GRMHD simulations of postmerger disks that show that up to
∼40% of the accretion disk can be ejected over the viscous
timescale (Siegel & Metzger 2017; Fernández et al. 2019).
According to this scenario, Mdisk should have been larger than
at least M0.1_ :. This, in turn, implies that -̃ for GW170817
should have been larger than about 400. Another possibility,
which however we cannot currently test with our data, is that
the progenitor binary to GW170817 had a large mass
asymmetry. Under these conditions it has been suggested that
the merger could still produce a massive disk even for compact
configurations (Shibata et al. 2003; Shibata & Taniguchi 2006;
Rezzolla et al. 2010). On the other hand, large mass
asymmetries are disfavored on the basis of mass measurements
for galactic double pulsars (Ozel & Freire 2016). Moreover,
Shibata & Taniguchi (2006) found that the accretion disk mass
only increases by about an order of magnitude for extremely
asymmetric binaries.

We speculate on the total amount of mass expelled in a
binary NS merger. We consider three different ejection
channels. In addition to the dynamical ejecta, directly extracted
from the simulations, we include the possible presence of
neutrino- and magnetically driven winds from the disk, which
develop on a timescale of a few tens of ms. We parameterize
their contribution to the ejecta as a fraction of the disk mass.
The neutrino-driven wind is estimated as M Mej;wind wind diskY� ,
with ξwind=0.03±0.015. The uncertainty includes variations
due to the possible presence of a longer-lived remnant (e.g.,
Just et al. 2015; Martin et al. 2015). The viscous ejecta is taken
to be M Mej; vis vis diskY� with ξvis=0.2±0.1, a range
including the results from most postmerger simulations (e.g.,
Metzger & Fernández 2014; Just et al. 2015; Fernández et al.
2019; Fujibayashi et al. 2018; Siegel & Metzger 2018).

In Figure 16 we compare dynamical and secular ejecta
masses, the latter estimated as M M Mej;sec ej;wind ej;vis� � . With
the exception of the prompt BH formation cases that produce at

least 10−4Me of dynamical ejecta, the total ejecta is largely
dominated by the disk ejecta. As a consequence of the tight
correlation between the disk mass and -̃, we expect a
correlation between the total ejecta and -̃. Indeed, our
estimates for M M Mej ej;wind ej;vis� � are reasonably well fitted
by the same simple formula used for Mdisk, Equation (25), but
assuming a floor value of 5×10−4Me and with fitting
coefficients 0.0202B � , β=0.0341, γ=538.8, and δ=
439.4. In most cases, the relative error between the total ejecta
mass and the fit is below 50%. When prompt BH formation
occurs, we do not expect the total ejecta to be larger than
∼10−3Me. On the other hand, for long-lived remnants the
mass of the unbound material can span a broad range of
masses: from a few times 10−3Me to M0.1 :, increasing
with -̃.
In comparison to previous studies (Oechslin et al. 2007;

Hotokezaka et al. 2013b, as reported in Wu et al. 2016) we find
that disk winds and viscous outflows should contribute a
significantly larger fraction of the overall ejecta. The difference
can be explained in part by the fact that previous simulations
did not include the effects of neutrino cooling, or used
approximate treatments for the gravity, and in part by the fact
that we assume that a larger fraction of the accretion disk can
be unbound secularly, unlike Wu et al. (2016). The latter
assumption is motivated by recent GRMHD simulations that
showed that up to ∼40% of the disk can be unbound secularly
(Siegel & Metzger 2017; Fernández et al. 2019). Our study
differs from some of the previous studies also in the numerical
setup and analysis methodology.

4. Nucleosynthesis

The discovery of a kilonova counterpart to GW170817
(Abbott et al. 2017e; Arcavi et al. 2017; Chornock et al. 2017;
Coulter et al. 2017; Cowperthwaite et al. 2017; Drout et al.
2017; Evans et al. 2017; Kasliwal et al. 2017; Nicholl et al.
2017; Smartt et al. 2017; Soares-Santos et al. 2017; Tanaka
et al. 2017; Tanvir et al. 2017) provided compelling evidence
that NS mergers are one of the main sources of r-process
elements in the universe (Kasen et al. 2017; Hotokezaka et al.
2018a; Rosswog et al. 2018). However, the question of whether
NS mergers are the only source of r-process elements or
whether there is a contribution from other sources is still not
completely settled. Part of the uncertainty is due to the lack of a
full theoretical understanding of the nucleosynthetic yields
from mergers. Here, we study in detail the dependence of
r-process nucleosynthesis on the properties of the binary,
mostly focusing on the dynamical ejecta.

4.1. Dynamical Ejecta

For simplicity, we perform most of our nucleosynthesis
calculations using the approach we developed in Radice et al.
(2016b) and which we briefly recall. We extract electron
fraction Ye,R, specific entropy sR, velocity vR, and rest-mass
density ρ0,R of the unbound material crossing a coordinate
sphere surface with radius R G c M300 443 km2� �: . A
fluid element is considered to be unbound if its kinetic energy
is sufficient to overcome the gravitational potential well, that is,
ut�−1, where we have assumed a nearly stationary metric.
See Kastaun & Galeazzi (2015) and Bovard et al. (2017) for
alternative criteria. For the nucleosynthesis calculations we
further assume that the outflow is undergoing a homologous

Figure 16. Dynamical ejecta Mej;dyn vs. secular ejecta masses Mej;sec. With the
exception of the prompt BH formation cases that are able to expel at least a few

M10 4�
: in dynamical ejecta, the secular ejecta dominate over the dynamical

ejecta.
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Spiral Wave Ejecta (?)

ejecta with the large velocities and electron fraction inferred
from the electromagnetic data(Fahlman & Fernández 2018).

There exist alternative explanations of the blue kN based on
the interaction between a relativistic jet and the ejecta (Lazzati
et al. 2017; Bromberg et al. 2018; Piro & Kollmeier 2018), but
simulations show that successful jets do not deposit a sufficient
amount of thermal energy in the ejecta for this mechanism to
work (Duffell et al. 2018). Other possibilities include the
presence of highly magnetized winds (Metzger et al. 2018;
Fernández et al. 2019), or the presence of the so-called
viscous–dynamical ejecta (Radice et al. 2018c). However, both
models rely on the development of large-scale strong magnetic
fields. Here, we identify a new generic hydrodynamics-driven
mechanism that works in self-consistent ab initio simulations
and does not require the presence of a strong, ordered
magnetic field.

2. Method

We perform 3+1 NR simulations of two binaries with mass
M=(1.364+ 1.364) :M and an NS described by the micro-
physical EOS HS(DD2) (Hempel & Schaffner-Bielich 2010;
Typel et al. 2010) and LS220 (Lattimer & Swesty 1991). The
simulations include the merger and the remnant evolution for a
timescale of at least 30ms and up to 100ms depending on the
binary. The results presented here are representative cases
producing a long-lived NS remnant (DD2) and a short-lived NS
(LS220) from a larger set of simulations that will be presented
elsewhere.

We use the WhiskyTHC code (Radice & Rezzolla 2012;
Radice et al. 2014a, 2014b, 2018a) with the approximate
neutrino transport scheme developed in Radice et al.
(2016b, 2018b). The simulations treat turbulent viscosity using
the general-relativistic large eddy simulations method (GRLES;
Radice 2017). The interactions between the fluid and neutrinos
are treated with a leakage scheme in the optically thick regions
(Ruffert et al. 1996; Neilsen et al. 2014), while free-streaming
neutrinos are evolved according to the M0 scheme discussed in
Radice et al. (2018b). The turbulent viscosity in the GRLES is
parameterized as T � ℓ cT smix , where cs is the sound speed and
ℓmix is a free parameter that depends on the intensity of the
turbulence. We perform two groups of simulations in this work
with σT either set to zero, or prescribed as a function of the rest-
mass density as in Perego et al. (2019) using the results of
Kiuchi et al. (2018). We perform simulations with the same
grid setup as in Radice et al. (2018b). In particular, the adaptive
mesh refinement grids have seven 2:1 refinement levels with
finest linear resolutions of �h 246, 185, 123m, which are
labeled LR, SR, and HR. Each model was evolved, at least, at
two different resolutions (LR and SR).

The ejecta are calculated on coordinate spheres at
r=294 km employing the geodesic criterion for the dynamical
ejecta(Radice et al. 2018b). For the wind we use the Bernoulli
criterion, which is appropriate for steady-state flow, assuming
(∂t)a is an approximate Killing vector (see, e.g., Kastaun &
Galeazzi 2015). The Bernoulli calculation is started after the
ejecta mass computed with the geodesic criterion has saturated
to its final value. From the fluid’s stress energy tensor, we
compute the angular momentum density flux Jr=Tra(∂f)a,
where f is the cylindrical angular coordinate; angular
momentum is conserved if ( )sG a is a Killing vector. r-process
nucleosynthesis yields are computed using the method detailed
in Radice et al. (2018b).

3. Results

The key dynamical feature of relevance here is the
development of spiral arms in the remnant (Shibata &
Uryu 2000; Shibata & Taniguchi 2006; Bernuzzi et al.
2014, 2016; Kastaun & Galeazzi 2015; Paschalidis et al.
2015; East et al. 2016; Lehner et al. 2016; Radice et al. 2016a).
The hydrodynamic instability is monitored by a decomposition
in Fourier modes G�e im of the Eulerian rest-mass density on the
equatorial plane (see Equation (1) of Radice et al. 2016a) and
characterized by the development of an m=2 followed by an
m=1 mode (Bernuzzi et al. 2014; Kastaun & Galeazzi 2015;
Paschalidis et al. 2015; East et al. 2016; Lehner et al. 2016;
Radice et al. 2016a). In the short-lived remnant (LS220) the
m=1 mode is subdominant with respect to the m=2, and it
reaches a maximum close to the collapse (Bernuzzi et al. 2014).
Instead, in the long-lived remnant (DD2) the m=1 becomes
the dominant mode at ∼20ms and persists throughout the
remnant’s lifetime, while the m=2 efficiently dissipates via
gravitational-wave emission (Bernuzzi et al. 2016; Radice et al.
2016a). Considering the turbulent viscosity effect, we find that
the m=2 mode is suppressed more rapidly in the presence of
viscosity than without viscosity. By contrast, the m=1 modes
are not significantly affected by viscosity. The spiral arms
propagate from the remnant NS into the disk and transport
angular momentum outward as shown in Figure 1. Such global
density waves are a generic and efficient mechanism to
redistribute energy and eventually deplete accretion disks
(Goodman & Rafikov 2001; Rafikov 2016; Arzamasskiy &
Rafikov 2018). Crucially, we find that both the m=1 and
m=2 modes generate a spiral-wave wind from the disk’s
outer layers that is distinct from the dynamical ejecta; see
Figure 2.
The long-lived NS remnant (DD2) develops a spiral-wave

wind more massive than the dynamical ejecta, as shown also in
Figure 2. The spiral-wave wind mass is larger the longer the

Figure 1. 3D distribution of angular momentum density flux Jr from the DD2
simulation with turbulent viscosity at ∼43.5 ms after merger. Jr is shown on a
central region of (89 × 89 × 60) km3 covering the remnant NS and disk, and it
is given in units where c=G= :M =1.
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adopt the conservative geodesic criterion −ut>1 (Hotokezaka
et al. 2013).

The early contribution of dynamical ejecta can be clearly
distinguished from the MNS wind contribution. We find
;0.01Me of dynamical ejecta expelled within less than 10 ms
after merger (with no distinction of tidal and shock-driven
ejecta). Having high enough velocity (ranging up to more than
0.2c), this component could represent a potential candidate to
explain the blue kilonova in AT 2017gfo. However, only a
fraction of this material would retain a low enough opacity
(e.g., Radice et al. 2016) and given that the mass is already
smaller than the expected range (i.e., ;0.015–0.025Me), the
chances of being the dominant source of the blue kilonova
appear rather limited. While our results do not exclude that
dynamical ejecta could contribute significantly to the blue and/
or the red kilonova components of AT 2017gfo, a more precise
assessment is beyond the scope of this work.

Turning the attention to the MNS wind, Figure 2 shows how
the (total and unbound) mass flow rate at a given distance grows
in time up to a maximum and then starts declining, with a clear
suppression toward the end of the simulation (;255 ms after
merger). The final decline is quite regular and can be reproduced
very well with an exponential decay. Based on this, we can
extrapolate in time to obtain the full evolution. At this point, it is
possible to compute the total and unbound cumulative masses in
the late-time limit (assuming that no collapse to a BH occurs) for
a given set of distances. The result is given in Figure 3. As
expected, the total mass decreases with distance, but the
unbound fraction increases, converging toward the large distance
limit in which the two coincide (i.e., all the outflowing material
far away from the MNS is unbound). The ultimate ejecta mass
will then be contained within the range of values defined by the
total and unbound masses at the largest distance that we probe,
2360 km, leading to �M M0.010 0.028ej, wind � :. We note
that this refers to the MNS wind only, excluding the dynamical
ejecta contribution.

The above mass would be sufficient to explain the blue
kilonova in AT 2017gfo. While limited to a single physical
model, this result shows that, in terms of mass, magnetically
driven MNS winds represent a valid (and promising) possibility.7

The possible collapse to a BH would interrupt the mass-
ejection process via the MNS wind. When this occurs, only the
material within ≈200–300 km from the BH is influenced by the
collapse, while the rest is almost unaffected (Ciolfi et al. 2019).

Taking our present simulation as a reference, we can then
monitor the cumulative mass outflow across the spherical
surface of radius 300 km and estimate what fraction of mass
would actually be expelled within a given collapse time. We
find that 90% of the mass outflow (from 5% to 95%) occurs
between 54 and 189 ms after merger, while after 285 ms further
outflow accounts for less than 1% of the total. This indicates
that a collapse within about 50 ms would almost entirely
suppress this ejecta component. On the other hand, any lifetime
beyond ≈200 ms would lead to a similar ejecta mass, as after
this time additional contributions become negligible.8

As shown in Figure 1, MNS wind radial velocities reach
over 0.2c, in particular along polar directions within ;15° from
the the spin axis. Overall, the velocity of the unbound material
spans the range ;0.1–0.2c. These values are consistent with the
lower end of the range inferred from observational data (i.e.,
;0.2–0.3c). We note, however, that various effects not
included in our simulation could further enhance these
velocities. One effect is nuclear recombination of free nucleons
into α-particles, in which part of the available nuclear binding
energy would be ultimately converted into outflowing motion
(e.g., Siegel & Metzger 2018). Then, the presence of a
relativistic jet launched at later times and drilling through the
MNS ejecta (necessary to explain the short gamma-ray burst
GRB 170817A; e.g., Abbott et al. 2017c; Mooley et al. 2018;
Ghirlanda et al. 2019) would also slightly increase the kinetic
energy of the latter (to be quantified via actual jet simulations).
Neutrino radiation from the MNS could also lead to a higher
radial kinetic energy per baryon within the magnetically driven
ejecta (e.g., Perego et al. 2014), even though this remains to be
demonstrated in a full magnetized BNS merger simulation
including neutrino emission and neutrino heating. In addition to
these effects, we also note that in our simulation an artificial
floor density of ;6.3×104 g cm−3 is imposed, which could be
slowing down the MNS wind in a non-negligible way (e.g.,
Martin et al. 2018).
As additional note, the presence of a non-negligible amount of

shock-driven dynamical ejecta along the polar direction would
imply a reprocessing of the kilonova emission from the MNS
wind, which may result in a significant increase of the observed
photospheric velocity. This effect, illustrated in Kawaguchi et al.
(2018), represents another viable way to further improve the
accordance between the blue kilonova observations and the
somewhat slower MNS wind obtained here.
The angular distribution of the MNS ejecta extends up to a half-

opening angle of more than 60°. The monotonic decrease in

Figure 1. Meridional view of radial wind velocities at 130, 180, and 230 ms after merger. The magenta contour lines indicate unbound matter (according to the
geodesic criterion −ut>1, see the text).

7 Conversely, explaining the full (blue and red) kilonova mass, which is most
likely 0.05 Me (e.g., Kasen et al. 2017; Villar et al. 2017, but see also
Kawaguchi et al. 2018), seems challenging. This favors the eventual collapse to
a BH and the presence of a massive wind from its accretion disk as an
additional necessary contribution (in particular for the red kilonova; e.g., Siegel
& Metzger 2018).

8 At much later time, if no collapse has occurred, the fallback of material may
still lead to additional episodes of mass ejection, but we do not speculate here
on whether this is possible and/or quantitatively relevant. Fallback material
may also leave an imprint in the properties of a later jet (e.g., Lamb et al. 2020).
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Fig. 5 Dynamical ejecta masses and velocities from a range of binary neutron star merger simulations
encompassing different numerical techniques, various equations of state, binary binary mass ratios q =
0.65−1, effects of neutrinos and magnetic fields, together with the corresponding ejecta parameters inferred
from the ‘blue’ and ‘red’ kilonova of GW170817. Image reproduced with permission from Siegel (2019)

Ye ! 0.1, sufficiently low to produce a robust7 abundance pattern for heavy nuclei
with A " 130 (Goriely et al. 2011; Korobkin et al. 2012; Bauswein et al. 2013b;
Mendoza-Temis et al. 2015). More recent merger calculations that include the effects
of e± captures and neutrino irradiation in full general-relativity have shown that the
dynamical ejecta may have a wider electron fraction distribution (Ye ∼ 0.1−0.4) than
models which neglect weak interactions (Sekiguchi et al. 2015; Radice et al. 2016a).
As a result, lighter r -process elements with 90 ! A ! 130 are synthesized in addition
to third-peak elements (Wanajo et al. 2014). These high-Ye ejecta components are
distributed in a relatively spherically-symmetric geometry, while the primarily tidally-
ejected, lower-Ye matter is concentrated closer to the equatorial plane (Fig. 7).

3.1.2 Disk outflow ejecta

All NS–NS mergers, and those BH–NS mergers which end in NS tidal disruption
outside the BH horizon, result in the formation of an accretion disk around the central
NS or BH remnant. The disk mass is typically ∼ 0.01–0.3 M#, depending on the total
mass and mass ratio of the binary, the spins of the binary components, and the NS
EOS (e.g., Oechslin and Janka 2006). Relatively low disk masses are expected in the
case of massive binaries that undergo prompt collapse to a BH, because the process of
massive disk formation is intimately related to the internal redistribution of mass and
angular momentum of the remnant as it evolves from a differentially rotating to solid
body state (which has no time to occur in a prompt collapse). Outflows from this disk,
over a timescales of seconds or longer, represent an important source of ejecta mass
which can often dominate that of the dynamical ejecta.

7 This robustness is rooted in ‘fission recycling’ (Goriely et al. 2005): the low initial Ye results in a large
neutron-to-seed ratio, allowing the nuclear flow to reach heavy nuclei for which fission is possible (A ∼ 250).
The fission fragments are then subject to additional neutron captures, generating more heavy nuclei and
closing the cycle.
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Table 7 Potential sources of the fast blue KN ejecta in GW170817 . Table reproduced with permission
from Metzger et al. (2018), copyright by the authors

Ejecta type Quantity? Velocity? Ye?

Tidal tail dynamical Maybe, if q ! 0.7a " Too low

Shock-heated dynamical Maybe, if R1.6 ! 11 kmb " " if NS long-lived

Accretion disk outflow " if torus massive Too low " if NS long-lived

HMNS ν-driven wind Too low Too low Too high?

Spiral wave wind " Maybe "
Magnetized HMNS wind " if NS long-lived " "
aWhere q ≡ M1/M2 and M1, M2 are the individual NS masses (Dietrich et al. 2017b; Dietrich and Ujevic
2017; Gao et al. 2017)
bHowever, a small NS radius may be in tension with the creation of a large accretion disk needed to produce
the red KN ejecta (Radice et al. 2018c)

several possible origins, along with some of their pros and cons. The high velocities
vblue ≈ 0.2−0.3 c and composition (Ye # 0.25) broadly agree with predictions for the
shock-heated dynamical ejecta (e.g., Oechslin and Janka 2006; Sekiguchi et al. 2016;
Radice et al. 2016b). However, one concern is the large quantity Mblue # 10−2 M$,
which again is higher than the total predicted by most merger simulations (Fig. 5),
especially considering that only a fraction of the dynamical ejecta will possess a
high Ye. If the blue ejecta is dynamical in origin, this could provide evidence for
a small value of the NS radius (Nicholl et al. 2017, Sect. 5.2) because the quantity
of shock-heated ejecta appears to grow with the NS compactness (Bauswein et al.
2013b).

The highest velocity tail of the kilonova ejecta might not be an intrinsic property, but
instead the result of shock-heating of an originally slower ejecta cloud by a relativistic
jet created following some delay after the merger (e.g., Bucciantini et al. 2012; Duffell
et al. 2015; Gottlieb et al. 2018; Kasliwal et al. 2017; Bromberg et al. 2018; Piro and
Kollmeier 2018; Sect. 6.1.2). However, even models which invoke an early component
of cocoon emission (Kasliwal et al. 2017) require a radioactive-powered component of
emission which dominates after the first 11 hours that contains a large mass∼ 10−2 M$
of low-opacity (high Ye) matter (stated another way, the observations do not require an
early extra emission component beyond radioactivity; see Fig. 12). Further disfavoring
a jet-related origin for the blue kilonova ejecta is that the kinetic energy of the latter
Mbluev

2
blue/2 ≈ 1051 ergs exceeds the kinetic energies of cosmological short gamma-

ray bursts (≈ 1049−1050 erg; Nakar 2007; Berger 2014), and that of the off-axis jet
specifically required to fit the off-axis afterglow of GW170817 (e.g., Margutti et al.
2018), by a large factor ∼ 10 − 100.

Metzger et al. (2018) proposed an alternative source for the blue kilonova ejecta:
a magnetized wind which emerges from the HMNS remnant ≈ 0.1−1 s prior to its
collapse to a BH. While the HMNS remnant was proposed as a potential ejecta source
for GW170817, (e.g., Evans et al. 2017), the velocity and mass-loss rate of such purely
neutrino-powered winds (Dessart et al. 2009; Perego et al. 2014) are insufficient to
explain that of the observed kilonova. Metzger et al. (2018) emphasize the role that
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Does the interaction between GRB jet and ejecta play any role? (eg. see 
Lazzati+2017, Bromberg+2018, Piro & Kollmeier 2018)
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Figure 11. Median (black curves) and 1�, 2�, and 3� scatter (grey shaded regions) of [r-process/Fe] as a function of [Fe/H], where the r-process abundances
are normalized to [r-process/Mg] = 0 at [Mg/H] = 0 (see Tables 1 and 2 for the yields used). The left-hand panel shows results from our fiducial neutron star
merger model, while the right-hand panel shows r-process enrichment from 1 in 1000 core-collapse supernovae. Measurements of [Eu/Fe] in Milky Way stars
are shown as light blue circles (detections) and red downward triangles (upper limits) from the database compiled by Suda et al. (2008). The blue solid and
dashed curves show the median and 1� scatter of the observational detections. We exclude the yellow shaded region ([Fe/H] > �1) from our comparison.
The di�erent trends with metallicity for the two models seem to suggest that observations prefer rare core-collapse supernovae over neutron star mergers as the
dominant source of r-process elements.

the median is also una�ected. This allows us to conclude that our
results are robust to changes in the injection region. The 2� scatter
does increase slightly, showing that it is the extreme outliers (both
high and low) which are most a�ected by the initial enrichment.

The metallicity distribution function is converged at subsolar
metallicities and also does not depend on the choice of initial en-
richment region. For every dex decrease in [Fe/H], there are about
an order of magnitude fewer stars. This is shown in Appendix A.

The convergence problem for metal abundances in fully La-
grangian codes can likely be remedied by adding an appropriate
subgrid metal di�usion model to the hydrodynamics (e.g. Shen et al.
2010; Pilkington et al. 2012; Escala et al. 2018). These models have
been shown to reduce the number of extremely metal-poor stars
and the scatter in abundance ratios at fixed metallicity. Currently,
such e�orts have not yet included on-the-fly r-process enrichment.
In the future, it would be very interesting to compare galactic r-
process abundances obtained with our moving mesh technique to
Lagrangian methods that include subgrid metal di�usion.

4 COMPARISON WITH OBSERVATIONS

Europium is almost completely produced by the r-process (Burris
et al. 2000) and has been observed in the Milky Way and in sur-
rounding dwarf galaxies across a wide range of metallicities. It is
therefore an ideal observational tracer of r-process enrichment. In
this section, we will compare our simulated r-process abundance
ratios to observed [Eu/Fe], but still refer to it as [r-process/Fe].
Observational data of stellar abundances in the Milky Way, its halo,
and its satellites were taken from the SAGA database, compiled
by and described in Suda et al. (2008). Solar abundances for both
observations and simulations are taken from Asplund et al. (2009).
We use only metal-poor and extremely metal-poor stars from the
SAGA database and exclude carbon-enhanced stars, as also done
by Wehmeyer et al. (e.g. 2019). This results in a total sample of
1388 stars. We checked that if we restrict the sample to only include
stars observed with a spectral resolution of R > 10, 000, resulting

in 1217 stars, the distribution is very similar and none of our con-
clusions are changed. Observational selection e�ects and errors are
not modelled in our simulated data. It is therefore not possible to
compare our models and available observations in detail, but still
enlightening to look at general trends.

As discussed before, the insu�cient iron production by Type Ia
supernovae results in unrealistic abundance ratios at high metallicity
([Fe/H] > �1) and we therefore cannot compare our simulations to
observations in this regime. Instead, we focus on the low-metallicity
stars. As in the previous section, we normalize the r-process yields
to result in a median [r-process/Mg] of zero at [Mg/H] = 0, because
our simulated abundances do not show the ⇡ 0.4 dex decrease in
[r-process/Fe] (and [↵/Fe]) towards high metallicity. The resulting
yields are listed in Tables 1 and 2.

4.1 Milky Way

Abundances from our fiducial neutron star merger enrichment
model are shown in the left-hand panel of Figure 11 and those
from our fiducial core-collapse supernova enrichment model are
shown in the right-hand panel. The grey shaded regions show the
1�, 2�, and 3� scatter in bins with at least 100 star particles. Dif-
ferent symbols show the observational data, where light blue circles
show europium detections and red downward triangles show upper
limits. The blue solid and dashed curves show the median and 1�
scatter of the observational detections.

The largest di�erence between r-process enrichment models
through neutron star mergers and those through rare core-collapse
supernovae is the dependence of the median [r-process/Fe] on
metallicity. Neutron star merger models show a modest, but sig-
nificant, increase, whereas the median [r-process/Fe] in rare core-
collapse supernova models is almost independent of metallicity. It is
important to note that the observational data are relatively sparse for
extremely metal-poor stars and potentially biased due to unknown
selection e�ects in the heterogeneous sample, which are not taken
into account.

Although the normalization of our simulations is somewhat
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If the NS mergers were the only r-process nucleosynthesis channel, we would expect an 
increase median r-process abundance with metallicity, due to the delay of the merger 
with respect to the SFR. Instead at low metallicity the median seems flat
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• High r-process enrichment are observed in some DGs and in some stars inside GCs.
• Both DGs and GCs are characterised by a small escape velocity (10 km/s and 10-100 

km/s, respectively) and very short star formation period (< 1 Gyr and 10-100 Myr, 
respectivelly)

• NS merger are characterised by high natal kicks and delay with respect to star 
formation
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BB mass transfer phase might be able to explain the ob-
served fraction of r-process enriched globular clusters, al-
beit with some tension [159]. However, for such mergers
to be viable enrichment candidates there must be dense,
star-forming gas in the globular cluster ⇠ 30 � 50 Myr
after the initial burst of star formation [159]. This burst
typically only lasts for ⇡10 Myr, after which the first su-
pernovae of massive stars e�ciently remove the natal gas
embedded in the globular cluster. Hence, scenarios for re-
distributing gas in such clusters on longer timescales need
to be invoked, such as, e.g., winds from asymptotic giant
branch stars [171].

(iv) r-process in the Galactic disk

It has been pointed out that the evolution of Eu relative
to iron at high metallicities (in the Milky Way disk) ap-
pears to be inconsistent with r-process enrichment from
NS mergers [175,141] (see also [135,176]). At such late
times, Fe is produced by Type Ia SN, which follow the
same delay time distribution / t�1 as NS mergers. As a
result, the delay time distributions ‘cancel out’ and the rel-
ative evolution of [Eu/Fe] is at best roughly flat or even
rising. However, the observed trend of [Eu/Fe] with re-
spect to metallicity [Fe/H] among disk stars has a neg-
ative slope. This is illustrated in Fig. 5, which compares
observed [Eu/Fe] abundances at high metallicity to pre-
dictions from a one-zone chemical evolution model [135].
In order to obtain a decrease in [Eu/Fe], enrichment events
that more closely follow the star formation history of the
Milky Way are needed [135,176], such as a rare subclass
of CCSNe (e.g., collapsars; see Fig. 5 and below).

(v) r-process versus ↵-elements in the Galactic disk

Another challenge relates to the observed trend of r-
process elements (such as Eu) relative to ↵-elements (such
as Mg) for stars in the Galactic disk. Ref. [177] discusses
the fact that a higher europium vs. Mg content relative to
solar ([Eu/Mg] > 0) at metallicities of [Fe/H] ⇡ �1 can-
not be obtained in simple chemical evolution models for
merger-only r-process enrichment. Essentially, r-process
production always lags behind ↵-element production
by CCSNe due to the delay-time distribution, which
precludes a negative trend at high metallicity. This is
illustrated in Fig. 5 employing the one-zone chemical
evolution model of Ref. [135]. In contrast, as shown in
Fig. 5, adding a dominant r-process contribution from
collapsars (which track the star formation history, as
↵-elements do), together with the fact that collapsars
preferentially occur below a certain metallicity threshold
that is slightly sub-solar (see the discussion in Ref. [135]),
reproduces the observed [Eu/Mg] trend even in simple
chemical evolution models, and for the same set of
parameters as in (iv) (see also Sec. 6 and Fig. 7).
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Figure 5. Top: evolution of europium versus iron at high
metallicity. Shown are observed abundances from the SAGA
database [172,173] (light blue), and abundances specifically
for Galactic disk stars [174] (blue dots). They are compared
to predictions for the [Eu/Fe] evolution at late times using the
one-zone model in Ref. [135], assuming a minimum Supernova
Type Ia delay time of 400 Myr. Predictions for merger-only
r-process enrichment are shown in blue, while the fiducial com-
bined model of NS mergers and collapsars of [135] is shown in
red, for which the dominant contribution comes from collap-
sars (81% at the time of formation of the solar system). The
negative trend of [Eu/Fe] at late times cannot be reproduced
with NS mergers alone, but instead requires enrichment events
that more closely track the star formation rate, such as collap-
sars. Bottom: same as above, but showing the europium ver-
sus magnesium (alpha-element) trend for Galactic disk stars.
Again, the trend is not reproduced with NS mergers alone,
but can be obtained if the dominant contribution comes from
collapsars.

6 GW170817 points to collapsars as the
major source of r-process elements

The realization that a NS post-merger accretion disk
most likely ejected ⇡0.05M� of heavy r-process material
to generate the red kilonova emission of GW170817 (see
Secs. 2 and 3) suggests that similar physics may apply to
the neutrino-cooled accretion disks in collapsars, i.e., the
accretion disks that form around the final BH following
the supernova-triggering collapse of rapidly-rotating
massive stars, which are also thought to power long
GRBs [178]. Indeed, recent general-relativistic magne-

(Siegel 2019)

At high metallicity the main Fe production channel are type Ia SNe, that has the same NS merger time 
delay distribution with respect to SFR. We should expect r-process abundance to be constant with 
respect to metallicity, instead we observe a decreasing trend. If collapsar contributes to r-process 
enrichment they preferentially happens at lower metallicity, explaining the decreasing trend.

(Siegel 2019)
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Due to the delay time between CCSN and BNS merger the production of r-process elements is expect 
to lag behind -elements if BNS merger are the main r-process element produces. Instead the ratio of 
Eu/Mg is constant with metallicity.

α
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BB mass transfer phase might be able to explain the ob-
served fraction of r-process enriched globular clusters, al-
beit with some tension [159]. However, for such mergers
to be viable enrichment candidates there must be dense,
star-forming gas in the globular cluster ⇠ 30 � 50 Myr
after the initial burst of star formation [159]. This burst
typically only lasts for ⇡10 Myr, after which the first su-
pernovae of massive stars e�ciently remove the natal gas
embedded in the globular cluster. Hence, scenarios for re-
distributing gas in such clusters on longer timescales need
to be invoked, such as, e.g., winds from asymptotic giant
branch stars [171].

(iv) r-process in the Galactic disk

It has been pointed out that the evolution of Eu relative
to iron at high metallicities (in the Milky Way disk) ap-
pears to be inconsistent with r-process enrichment from
NS mergers [175,141] (see also [135,176]). At such late
times, Fe is produced by Type Ia SN, which follow the
same delay time distribution / t�1 as NS mergers. As a
result, the delay time distributions ‘cancel out’ and the rel-
ative evolution of [Eu/Fe] is at best roughly flat or even
rising. However, the observed trend of [Eu/Fe] with re-
spect to metallicity [Fe/H] among disk stars has a neg-
ative slope. This is illustrated in Fig. 5, which compares
observed [Eu/Fe] abundances at high metallicity to pre-
dictions from a one-zone chemical evolution model [135].
In order to obtain a decrease in [Eu/Fe], enrichment events
that more closely follow the star formation history of the
Milky Way are needed [135,176], such as a rare subclass
of CCSNe (e.g., collapsars; see Fig. 5 and below).

(v) r-process versus ↵-elements in the Galactic disk

Another challenge relates to the observed trend of r-
process elements (such as Eu) relative to ↵-elements (such
as Mg) for stars in the Galactic disk. Ref. [177] discusses
the fact that a higher europium vs. Mg content relative to
solar ([Eu/Mg] > 0) at metallicities of [Fe/H] ⇡ �1 can-
not be obtained in simple chemical evolution models for
merger-only r-process enrichment. Essentially, r-process
production always lags behind ↵-element production
by CCSNe due to the delay-time distribution, which
precludes a negative trend at high metallicity. This is
illustrated in Fig. 5 employing the one-zone chemical
evolution model of Ref. [135]. In contrast, as shown in
Fig. 5, adding a dominant r-process contribution from
collapsars (which track the star formation history, as
↵-elements do), together with the fact that collapsars
preferentially occur below a certain metallicity threshold
that is slightly sub-solar (see the discussion in Ref. [135]),
reproduces the observed [Eu/Mg] trend even in simple
chemical evolution models, and for the same set of
parameters as in (iv) (see also Sec. 6 and Fig. 7).
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Figure 5. Top: evolution of europium versus iron at high
metallicity. Shown are observed abundances from the SAGA
database [172,173] (light blue), and abundances specifically
for Galactic disk stars [174] (blue dots). They are compared
to predictions for the [Eu/Fe] evolution at late times using the
one-zone model in Ref. [135], assuming a minimum Supernova
Type Ia delay time of 400 Myr. Predictions for merger-only
r-process enrichment are shown in blue, while the fiducial com-
bined model of NS mergers and collapsars of [135] is shown in
red, for which the dominant contribution comes from collap-
sars (81% at the time of formation of the solar system). The
negative trend of [Eu/Fe] at late times cannot be reproduced
with NS mergers alone, but instead requires enrichment events
that more closely track the star formation rate, such as collap-
sars. Bottom: same as above, but showing the europium ver-
sus magnesium (alpha-element) trend for Galactic disk stars.
Again, the trend is not reproduced with NS mergers alone,
but can be obtained if the dominant contribution comes from
collapsars.

6 GW170817 points to collapsars as the
major source of r-process elements

The realization that a NS post-merger accretion disk
most likely ejected ⇡0.05M� of heavy r-process material
to generate the red kilonova emission of GW170817 (see
Secs. 2 and 3) suggests that similar physics may apply to
the neutrino-cooled accretion disks in collapsars, i.e., the
accretion disks that form around the final BH following
the supernova-triggering collapse of rapidly-rotating
massive stars, which are also thought to power long
GRBs [178]. Indeed, recent general-relativistic magne-

(Siegel 2019)
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Figure 3. Constraints on galactic r-process enrichment including neutron star mergers, in terms of ejecta mass per enrichment
event versus galactic or current (local) volumetric event rate. Shown are the local binary neutron star merger rate as inferred by
LIGO/Virgo [25], and the local total core-collapse supernova rate for comparison [129], with uncertainties indicated by dashed
lines and colored bands. The ejecta mass for GW170817 represents the red (lanthanide-bearing) emission of the kilonova with
uncertainties as discussed in Sec. 2. The horizontal red and green bands represent the range of ejecta masses for post-merger
accretion disk outflows and dynamical ejecta in binary NS mergers as discussed in Sec. 3. The yellow shaded region corresponds
to constraints on r-process enrichment from measurements of 244Pu in the deep sea crust and from the early solar system [12].
The color-coded log-likelihood contours depict rate-yield constraints from an analysis of dwarf galaxies in the halo of the Milky
Way [130], translated to r-process enrichment of the Milky Way disk. Also shown is the constraint from metal-poor halo stars
of Ref. [131] (“MP stars”). The gray shaded region corresponds to the total amount of r-process material in the Milky Way
disk. All mass estimates are computed assuming the solar r-process abundance pattern [132] starting at mass numbers A � 69.
See the text for details.

enrichment event. Using the largest [Eu/H] enhancement
among such stars and normalizing to the ISM mass swept
up by the enrichment blast wave, Ref. [131] places a lower
limit of ⇡ 3 ⇥10�4 M� per event [141] (translated to an
explosion energy of > 1050 valid for both NS mergers and
GRB supernovae, i.e., collapsars, and assuming an ISM
density of 1 cm�3; indicated as “MP stars” in Fig. 3).
This constraint again favors high-yield events, and, in
combination with the galactic yield (see Eq. (3) above),
low-rate events, disfavoring CCSNe. It depends on the
explosion energy and on the density of the surrounding
ISM, which is typically lower for NS mergers than for
collapsars, as NS mergers tend to merge away from
their birth sites due to systemic kicks received from the
supernova explosions [144,130].

Assuming that GW170817 was a typical binary NS
merger in terms of ejecta masses, Fig. 3 shows that NS
mergers are consistent with all constraints on r-process en-
richment discussed above. In particular, Fig. 3 highlights
how well ejecta from the post-merger accretion disk satisfy

these constraints and provide a natural theoretical expla-
nation for heavy r-process nucleosynthesis in such merg-
ers. Therefore, in principle, NS mergers could account for
most or even the entire amount of galactic heavy r-process
material [35,145,141]. However, large uncertainties exist
regarding both the NS merger rate and the exact quan-
tity of ejecta (see Sec. 2). Additionally, as noted above, the
constraint on the total Galactic r-process content neglects
the e↵ect of Galactic outflows and thus only represents a
minimal requirement for total r-process nucleosynthesis;
an additional source may be needed. Furthermore, at a
closer look, there exist several challenges for NS merger
models in explaining the Galactic r-process abundances,
which we shall now discuss.

5 Challenges for merger-only r-process
enrichment

Galactic r-process enrichment solely based on NS mergers
faces several challenges, which we shall outline below.
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Figure 6. Same as Fig. 3, but including constraints from collapsars. The ejecta masses for heavy r-process material from
collapsars are taken from [135], while the rate of collapsars (long GRB rate corrected for beaming) is taken from [181], with a
beaming fraction of 5⇥ 10�3 [182].

tive NIR telescopes, such as the James Webb Space Tele-
scope, which will help to identify unique signatures (line
features) of r-process nuclei in nebular spectra of kilonovae
(‘pure r-process sources’). Such observations can then be
compared to late-time GRB supernovae (‘giant kilonovae
in supernovae’) to help identify the presence of r-process
material.

7 MHD supernovae

Another contender for heavy r-process enrichment are
MHD supernovae [188,189,190]. While some simulations
found that magnetized jets in such supernova explosions
can give rise to a sizable amount of fast-expanding
neutron-rich ejecta [188,191,192], these events are chal-
lenged to eject significant amounts of heavy r-process
nuclei (mass numbers A & 130) when considering the
three-dimensional stability of the jets [193,194,195].
Additionally, if MHD supernovae did produce significant
amounts of heavy r-process elements, the high opacity of
the lanthanide material would be mixed with the 56Ni
of the supernova ejecta in a way that would likely be
incompatible with present observations (see Fig. 3 in
[135]).

Notwithstanding these issues, we shall here explore the
consequences for Galactic r-process enrichment if MHD
supernovae do indeed produce significant amounts of lan-
thanides. To this end, we modify the Galactic chemical

evolution model of Ref. [135] and add MHD supernovae
as an additional enrichment source. We assume that MHD
supernovae occur at 0.3% of the total CCSNe rate, the
higher end of the rate range considered by Ref. [151],
and assign a Eu yield of 1.4 ⇥ 10�5 M� per event [188,
151]. We assume that collapsars contribute 0.3M� of iron
and 0.3M� of r-process material per event [135]. As in
Ref. [135] and Fig. 7, we vary the neutron-star merger
contribution by renormalizing the fiducial neutron-star
merger rate calibrated to the LIGO-Virgo observations
(product of intrinsic rate and enrichment e�ciency) by
a factor between 0.3 and 100. Figure 8 (top) shows the
resulting combined Galactic evolution of r-process enrich-
ment from collapsars, NS mergers, and MHD supernovae;
Tab. 1 lists the corresponding enrichment fractions of each
enrichment scenario to the total r-process content of the
Galaxy at the time of formation of the Solar System. Simi-
lar to the NS merger contribution, there are significant un-
certainties in the collapsar rate and yield. However, even
when using pessimistic collapsar rates and yields together
with optimistic MHD SNe rates and yields, we generally
find that contributions from MHD supernovae are sub-
dominant with respect to collapsars.

The bottom panel of Fig. 8 presents a comparison of
the above model to previous work (e.g., [151]) that con-
cluded that MHD supernovae can provide important con-
tributions to Galactic europium at low metallicities. We
neglect any contributions from collapsars and plot model
runs retaining NS mergers and MHD supernovae only as

(Siegel 2019)
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Figure 7. The bolometric light curves of the models
in Tab. 2, compared to prototypical SNe 2011fe (Type
Ia), 2002ap (Type Ic-bl), 2013ab (Type II-p), and 2018zd
(electron-capture). The superKN light curves are dimmer
than SNe Ia, but at some epochs can approximate the light
curves of SNe Type Ic-bl and Type IIp.

The superKN light curves exhibit considerable diver-
sity, which is not surprising given the large ranges of
ejecta and radioactive masses these systems may pro-
duce. As would be expected from simple Arnett-style
(Arnett 1982) arguments, higher masses are generally
associated with longer light-curve durations. This can
be seen in the progression from model A to model D.
However, as model E demonstrates, the shape of the

light curve also depends on the presence of 56Ni in the
ejecta. While the mass of r -process material burned
in superKN outflows greatly exceeds that of 56Ni, the
energy generated by the 56Ni decay chain, per unit mass,
exceeds that of r -process decay by orders of magnitude
(e.g., Metzger et al. 2010; Siegel et al. 2019). When
56Ni is present, it can be the main source of radiation
energy for the transient. As a result of the long half-life
of the 56Ni daughter 56Co (⌧Co

1/2 ⇡ 77 days), the energy

generation rate for 56Ni-producing systems is declining
slowly just around the time the light curves reach their
maxima. The e↵ect is a more extended light curve (see
Khatami & Kasen 2019 and Barnes et al. 2021 for more
detailed discussions).

Model E, which produces no 56Ni, has a relatively
short (⇠month) duration, despite its high mass (Mej =
60M�), owing to the steep decline of the r -process ra-
dioactivity that is its only source of energy. The qual-
itative di↵erence between models that burn even small
amounts of 56Ni and models that burn none points to
the importance of a careful treatment of nucleosynthesis
in disk outflows.
As is apparent from Fig. 7, the diversity of superKN

light curves allows them to mimic other types of SNe.
While superKNe do not produce su�cient 56Ni to ap-
proach the luminosity of SNe Ia, they can, at various
epochs, mimic the bolometric light curves of SNe Ic-bl,
SNe IIp as well as electron-capture SNe. However, the
high opacity of the r -process-enriched ejecta pushes the
superKN emission to redder wavelengths than what is
observed for other classes of SNe. This is illustrated in
Fig. 8, which shows the normalized spectra for models
A through E at bolometric peak.
Unlike other types of SNe, most of the superKN flux

emerges at near- and even mid-infrared wavelengths.
This is likely due to a combination of lower radioactive
heating per unit ejecta mass, as well as the high opacity
from r -process elements (particularly lanthanides and
actinides) and the high Mej, which work in concert to
increase the optical depth across the ejecta and push the
photosphere out to the exterior where temperatures are
cooler.
A second distinguishing feature of superKNe is their

broad absorption features. These are a product of our
assumed ejecta velocities (vej = 0.1c), which are higher
than what is inferred for all supernova other than the
hyper-energetic SNe Ic-bl. And while SNe Ic-bl pro-
duce spectra with similarly wide absorption features, in
the case of Ic-bl these features are found at much bluer
(4000 Å. � . 8000 Å) wavelengths. Thus, despite their
bolometric similarities, superKNe are spectroscopically
unique among SNe.
The peak photospheric temperatures of superKNe ⇠

1000 K are also similar to those required for solid con-
densation, suggesting the possibility of dust formation
in the ejecta (e.g., Takami et al. 2014; Gall et al. 2017).
Insofar as the optical/NIR opacity of ⇠µm sized dust
is roughly comparable to that of lanthanide-enriched
ejecta, dust formation would not qualitatively impact
the appearance of the transient. However, this does im-
ply potential degeneracy between the photometric sig-
natures of superKNe and other dust-enshrouded explo-
sions unrelated to r-process production, including stel-
lar mergers (e.g., Kasliwal et al. 2017). This degeneracy
with dusty transients can generally be broken by the pre-
dicted broad spectral features of superKNe (vej ⇠ 0.1c).
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Figure 8. The flux per unit wavelength at bolometric
peak for each of the five models defined in Tab. 2. All
spectra have broad absorption features consistent with a
high-velocity outflow, and a low-temperature, pseudo-black
body spectrum, consistent with a high-opacity composition.
These spectra distinguish superKNe from other classes of
SNe, which are much bluer, and from other dust-enshrouded
explosions, in which broad absorption features are absent.

4. DISCOVERY PROSPECTS

In this section we explore the discovery prospects of
superKNe with future optical/infrared transient surveys
and via late-time infrared follow-up observations of en-
ergetic long GRBs. We then discuss how superKN emis-
sion could be enhanced by circumstellar interaction for
collapsars embedded in AGN disks.

4.1. Volumetric Rates

We begin by estimating the volumetric rate of su-
perKNe. One approach is to scale from the observed
rates of ordinary collapsars. The local (redshift z ' 0)
volumetric rate of classical long GRBs is ⇡ 0.6 � 2
Gpc�3yr�1 (Wanderman & Piran 2010), which for an
assumed gamma-ray beaming fraction fb = 0.006 (Gold-
stein et al. 2016), corresponds to a total collapsar rate
of ⇡ 100 � 300 Gpc�3 yr�1. Under the assumption

that ordinary collapsars originate from stars of initial
mass MZAMS & 40M�, then the more massive stars
MZAMS & 250M� which generate helium core masses
above the PI mass gap (MBH & 130M�) will be less
common by at least a factor ⇠ (40/250)↵�1

⇠ 0.1� 0.3
for an initial-mass function (IMF) dN?/dM? / M

�↵
? ,

where we consider values for the power-law index be-
tween ↵ = 2.35 for a Salpeter IMF and a shallower value
↵ ⇡ 1.8 (Schneider et al. 2018). This optimistically as-
sumes that (i) stars that massive exist (e.g., de Koter
et al. 1997; Crowther et al. 2016), and that (ii) these
can form helium cores such that MHe ' MZAMS, for
instance because of rotational mixing (e.g., Maeder &
Meynet 2000; Marchant et al. 2016; de Mink & Mandel
2016) or continuous accretion of gas (e.g., Jermyn et al.
2021; Dittmann et al. 2021). Various processes act to re-
move mass from a massive star during its evolution, and
generally the more massive the star, the larger its mass
loss rate. Some of these mechanisms (e.g., continuum-
driven stellar winds and eruptive mass loss phenomena,
see also Renzo et al. 2020a) might occur even at low
metallicity.
With the above estimate and caveats, we obtain an

optimistic maximum local rate of superKNe from mas-
sive collapsars of ⇠ 10 � 100 Gpc�3 yr�1. On the
other hand, the long GRB rate increases with redshift
in rough proportion to the cosmic star-formation rate
(SFR / (1 + z)3.4 for z . 1; e.g., Yüksel et al. 2008)
and hence the maximum rate of superKNe is larger at
redshift z & 1 by a factor ⇠ 10 than at z ' 0, corre-
sponding to a maximum superKN rate of ⇠ 100� 1000
Gpc�3 yr�1 at z & 1.
The superKN rate question can be approached from

another perspective: What is the minimum birth-rate
of BHs in the PI mass gap to explain GW190521-like
merger events (Sec. 5.3) via the massive collapsar chan-
nel? The rate of GW190521-like mergers at z ' 0 was
estimated by LIGO/Virgo to be ⇠ 0.5 � 1 Gpc�3 yr�1

(Abbott et al. 2020). This rate is smaller than the max-
imum superKN rate estimated above, consistent with
only a small fraction of BHs formed through this chan-
nel ending up in tight binaries that merge due to gravi-
tational waves at z ⇡ 0.

4.2. Discovery with Optical/Infrared Surveys

We now evaluate the prospects for discovering su-
perKNe with impending wide-field optical/infrared sur-
veys.
First, we explore the expected observable rates within

the Legacy Survey of Space and Time (LSST) conducted
with the Vera Rubin Observatory. LSST is currently set
to commence in early 2024 and will explore the southern
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Table 2. SuperKN Light Curve Models and Survey Detection Rates

Model
Mej vej MNi Mlrp XLa R(a)

Rubin
R(b)

Roman

(M�) (c) (M�) (M�) (10�3) (yr�1) (yr�1)

a 8.6 0.1 0.019 0.83 1.4 0.01 0.02

b 31.0 0.1 0.012 8.28 17.0 0.03 0.4

c 35.6 0.1 0.087 23.2 4.0 0.1 2

d 50.0 0.1 0.53 9.59 0.53 0.1 4

e 60.0 0.1 0.0 5.6 0.17 0.2 0.01
(a),(b)Detection rates per year by Rubin Observatory and Roman, respectively for an assumed z = 0 superKN rate of 10 Gpc�3

yr�1 (see Sec. 4.2 for details).

a fifth model to explore the edge case of a high-mass,
nickel-free outflow. Our five models are listed in Tab. 2.
We performed for the models of Tab. 2 one-

dimensional radiation transport calculations carried out
with Monte Carlo radiation transport code Sedona

(Kasen et al. 2006; Kasen et al. in prep.). We adopted
for each model a density profile such that the mass ex-
ternal to the velocity coordinate v follows a power-law,

M>v /

✓
v

vmin

◆�↵

, v � vmin. (31)

Above, the minimum ejecta velocity vmin is determined
by the characteristic velocity vej = (2Ekin/Mej)1/2 (with
Ekin the ejecta kinetic energy), and the choice of power-
law index ↵,

vmin =

✓
↵� 2

↵

◆1/2

vej. (32)

We take ↵ = 2.5 and vej = 0.1c for all models, consistent
with predictions of accretion disk outflow velocities (e.g.
Fernández et al. 2015; Siegel et al. 2019).
The opacity of the outflowing gas, and therefore the

nature of the transients’ electromagnetic emission, is
sensitive to the abundance pattern in the ejecta. Specif-
ically, lanthanides and actinides, and to a lesser extent
elements in the d -block of the periodic table, contribute
a high opacity, while the opacities of s- and p- block el-
ements is significantly lower (Kasen et al. 2013; Tanaka
et al. 2020).
In this work, we predict the synthesis of helium, 56Ni,

and light and heavy r -process material, but do not carry
out detailed nucleosynthesis calculations, e.g. by post-
processing fluid trajectories. The composition of each
model is then solely a function of its Mej, MNi, Mlrp,
and XLa. We assume that heavy (A > 136) r -process
material is 41% lanthanides and actinides by mass, equal
to the solar value of MLa/MA>136. The remainder is
split between d -block and s/p-block elements (54% and
5% by mass, respectively). For light r -process material,
XLa = 0. We estimated it comprises 95% (5%) d -block
(s-/p-block) elements by mass.

The composition adopted for our radiation transport
models is limited by both our imperfect knowledge of the
details of nucleosynthesis and incomplete atomic data of
the sort necessary to calculate photon opacities in the
ejecta. Lanthanide and actinide mass (MLa) is divided
among lanthanide elements following the solar pattern,
with one adjustment: because the required atomic data
is not available for atomic number Z=71, we redistribute
the solar mass fraction of Z=71 to Z=70.
Atomic data is also unavailable for most of the d -

block elements produced by r -process (whether heavy or
light). We thus distribute d -block mass evenly among
elements with Z = 21�28 (excluding Z = 23 for lack of
data), artificially increasing the mass numbers to A ⇠ 90
to avoid overestimating the ion number density. All r -
process s- and p-block material is modeled by the low-
opacity filler Ca (Z = 20). 4He and 56Ni (as well as its
daughter products 56Co and 56Fe) are straightforward
to incorporate into the composition.
Our radiation transport simulations include radioac-

tivity from both the 56Ni decay chain and from the r -
process. We explicitly track energy loss by �-rays from
56Ni and 56Co, and assume that positrons from 56Co de-
cay thermalize immediately upon production. We model
r -process radioactivity using the results of Lippuner
& Roberts (2015) for an outflow with (Ye, sB, ⌧exp) =
(0.13, 32kB, 0.84 ms), with sB the initial entropy per
baryon and ⌧exp the expansion timescale. To account for
thermalization, we adjust the absolute radioactive heat-
ing rate following the analytic prescription of Barnes
et al. (2016).

3.2.2. Radiation Transport Results

The bolometric light curves of models A through E are
presented in Fig. 7. For comparison, we also show the
light curves of typical SNe of various subtypes: Type Ia
SN 2011fe (Tsvetkov et al. 2013), Type Ic-bl SN 2002ap
(Tomita et al. 2006), Type IIp SN 2013ab (Bose et al.
2015), and the electron-capture SN 2018dz (Hiramatsu
et al. 2021) .

(Siegel+ 2021)


