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extend to the population as a whole. This motivates the  
following105,106

Conjecture: outflows from compact (neutrino-  
cooled) accretion discs synthesize most of the (heavy) 
r- process elements in the Universe.

Verifying or falsifying whether this is indeed the main 
path nature chooses to synthesize r- process elements is 
an exciting prospect for combined gravitational- wave 
and electromagnetic observations over the next several 

years, as more merger events will be detected in 
future observing runs of a growing global network of 
gravitational- wave detectors.

Known unknowns
More broadly, the GW170817 observations, their inter-
pretation and the aforementioned conjecture pose a 
number of open questions regarding r- process nucleo-
synthesis. These known unknowns relate to the existence 
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nucleosynthesis results. Section 4 is devoted to a discussion of
uncertainties and an outlook on future investigations.

2. 3D MHD-CCSN MODEL

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

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

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

2
0/(r2 + R2

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

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

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

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

3. NUCLEOSYNTHESIS

The nucleosynthesis calculations are performed with a new
extended reaction network (Winteler 2011) which represents
an advanced (numerically and physically) update of the
BasNet network (see, e.g., Thielemann et al. 2011). We use
the reaction rates of Rauscher & Thielemann (2000; for the
FRDM mass model). We use the same weak interaction rates
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following105,106
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cooled) accretion discs synthesize most of the (heavy) 
r- process elements in the Universe.

Verifying or falsifying whether this is indeed the main 
path nature chooses to synthesize r- process elements is 
an exciting prospect for combined gravitational- wave 
and electromagnetic observations over the next several 

years, as more merger events will be detected in 
future observing runs of a growing global network of 
gravitational- wave detectors.
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number of open questions regarding r- process nucleo-
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Abundance peaks reflect 
long β-decay timescales and 
increased stability of nuclei 
near closed neutron shells
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path nature chooses to synthesize r- process elements is 
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The main r-process originates in rare high-yield events

Ji+ 2016

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

early Galactic history 

Ji+ 2016
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Figure 1 | The heavy r-process event rate versus the ejected mass. The
diagonal green region expresses the degeneracy between high rate/low
yield and low rate/high yield corresponding to the total mass of (stable)
heavy (A≥90) r-process elements in the Galaxy, with R0= 〈R〉, 0.5〈R〉, and
0.2〈R〉 (see equation (1)). The allowed region inferred from the 244Pu
abundance in the deep-sea crust8 and the ESS (refs 9,23) is shown as a
blue band. The blue solid (dotted) line corresponds to the current ISM
244Pu density being the median (2σ ) value. The region above the dashed
blue curve is the allowed region consistent with the ESS measurement
(within 2σ fluctuations and taking into account that the rate at 4.6Gyr BP
can be higher than R0 by up to a factor of five). The current event rate
estimated from binary neutron stars10 and SGRBs (ref. 11) are shown as the
region between the horizontal red lines. For SGRBs, we take an (unknown)
jet beaming factor in the range of 10–70. The region between the horizontal
dotted purple lines corresponds to the cc-SNe event rate29. Macronova
mass estimates12–17 are between the vertical dark orange lines. The upper
and lower horizontal arrows, respectively, show the LIGO/Virgo upper limit
of the merger rate30 and the expected capability of the advanced
gravitational-wave detectors with 5 yr observations. The overlap region of
the 244Pu measurements and the total amount of heavy r-process elements
is consistent with that of the compact binary merger scenario.

where neq,i ≈ NiRτi is the equilibrium value and Ni is the total
number of the nuclide i ejected by each event. For τi %τmix, a typical
observer measures neq,i. For τi & τmix, a typical observer measures
a number density much lower than neq,i and one needs a larger
yield to reach an observed value, interpreted here as the median
number density. Figure 1 depicts the needed rate and yield so that
the current 244Pu number density is the median value for typical
values of α, vt and H (see equation (2)). This relation (blue area in
Fig. 1) becomes flatter than R∝M−1

ej (equation (1), green band in
Fig. 1) for decreasing event rates breaking the rate-yield degeneracy.

To take into account the large fluctuation in the measured
number density averaged over timescales shorter than τmix, we
simulate the history of the 244Pu abundance in the ISM around the
solar circle over the past 7Gyr. We take into account the radioactive
decay, the turbulent diffusion process and the time evolution of the
production rate. We consider here a characteristic low-rate/high-
yield case of R0=5Myr−1 following the SGRB rate11 evolution and
a high-rate/low-yield case of R0 = 300Myr−1 following the cosmic
star formation history20 (Fig. 2). As expected the fluctuations of the
low-rate/high-yield case are much larger than those of the high-
rate/low-yield case. For both cases, the estimated range of number
densities around 4.6Gyr BP are consistent with the ESS values
and they decrease with time following the decreasing event rate.
Whereas for R0 = 5Myr−1 the simulated values are also consistent
with the current deep-sea measurements, for R0 = 300Myr−1 the
decline is insufficient even when taking the fluctuations into
account. Figure 1 depicts upper and lower bounds on the event
rate which consistently explain the 244Pu abundance of the ESS
and the current ISM. The sources must satisfy R0 ≤ 90Myr−1 and
Mej ≥ 0.001 M*. Although these limits vary slightly with different
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Figure 2 | Time evolution of 244Pu number densities in the ISM on the
solar circle. The solid red (blue) lines represent the median number density
and±1σ fluctuations for R0=5Myr−1 (R0=300Myr−1). The lower square
with an error bar shows the 244Pu density with 2σ limits inferred from the
deep-sea measurement8. The triangle at 4.6Gyr BP shows the value at the
time of the ESS (refs 9,23). The production rate of 244Pu follows the time
evolution of the SGRB rate11 for R0=5Myr−1 and the cosmic star formation
history20 for R0=300Myr−1. Also shown is a Monte Carlo simulation the
time sequence of 244Pu number densities at a given location on the solar
circle for R0=5Myr−1 (dotted red line) and R0=300Myr−1 (dotted
blue line).

assumed parameters (see Supplementary Methods), the qualitative
result that we reach is robust and independent of these choices. We
conclude that unless an unidentified process suppresses the present
amount of 244Pu that reaches Earth, the heavy r-process sources
are dominantly low-rate/high-yield ones. The rarity of r-processing
events also consistently explains the large scatter in r-elements/Fe
abundance of metal-poor stars25–28.

These results are compared with astronomical observations
concerning the possible sources. The low rate clearly rules out
cc-SNe. The current 244Pu abundance should be larger by a factor
of 5–100 to be compatible with a dominant cc-SNe source (see
Supplementary Methods). Turning to compact binary mergers,
Fig. 1 depicts also the merger rate estimated from known Galactic
binary neutron stars10 and from the current SGRB rate11, as well as
the ejected mass of r-process elements estimated from macronova
candidates associated with GRB 130603B (refs 15,16) and with
GRB 060614 (ref. 17). Remarkably, the rates and masses estimated
here are fully consistent with those observations. In fact most of the
overlap between the allowed 244Pu region and the overall r-process
production range is just in this part of the astrophysical parameter
phase space describing compact binary mergers and macronova
ejection estimates. This result is independent of the choice of the
efficiency and diffusion parameters.

Compact binary mergers, which we can conclude are the
sources of heavy r-process nucleosynthesis, are also the prime
candidates of sources for the gravitational-wave detectors, advanced
LIGO/Virgo and KAGRA. Our estimates provide an upper limit
to the expected detection rate (assuming a detection horizon
distance of 200Mpc): RGW ≤30yr−1. The estimated ejected mass in
each event is significant, implying that macronovae31–33 and radio
flares34 associated with the gravitational-wave merger events will be
detectable with follow-up observations.
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Main r-process is high-yield low-rate both in recent and early Galactic history

Dynamical ejecta in BNS mergers unlikely main r-process site



II.
Neutron-star mergers



Neutron-star mergers

Some complications for NS-NS (complex post-merger phenomenology): 

• magnetically driven winds
• neutrino-driven winds
• GWs, non-linear (magneto-)hydrodynamics

2 Box 2: Astrophysical sites for r-process nucleosynthesis
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Figure 1. Two-dimensional slices through the rotation axes of volume renderings for the simulations showing specific entropy s at 20 ms after core bounce.
The panels show the four cases of alignment (top left), 15◦ misalignment (top right), 30◦ misalignment (bottom left), and 45◦ misalignment (bottom right)
between pre-collapse magnetic and rotation axes. The colourbar is the same for all panels and is shown in units of kbbaryon−1. The physical scale differs
between panels and is indicated for each.

Like the Ye evolution, the abundance pattern obtained for each
model depends on our choice of Lν , as set in post-processing with
SKYNET. This dependence is illustrated for the fiducial aligned case
in Fig. 8, in which we plot the ejecta mass as a function of mass
number A for the five different choices of neutrino luminosities.
The trends shown for this simulation hold for the other three: for
the heaviest nuclei (A � 200), higher values of Lν result in lower
abundances, while the opposite is true for light nuclei A . 120. In
particular, the third r-process peak is weaker for higher neutrino
luminosities, and this dependence is strong. For the aligned case,

the abundance of third peak elements decreases by ∼2–3 orders of
magnitude as we go from Lν = 0 to Lν = 5 × 1052 erg s−1, and
drops by another ∼8–9 orders of magnitude at the extreme value
of Lν = 1053 erg s−1. The second peak is far less sensitive to the
chosen neutrino luminosity as long as it is below a threshold value
of Lν ≈ 5 × 1052 erg s−1. For reasonable values of Lν , the second
peak is robustly produced in the aligned case. Comparing the trends
in abundance patterns to the trends in Ye produced by varying Lν ,
shown in Figs 8 and 6, respectively, provides an intuitive explanation
for the reduced production of elements at and beyond the second
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Figure 4. Schematic overview of astrophysical sites for r-process nucleosynthesis. a, binary neutron star mergers
(NS–NS) and neutron-star black-hole mergers (NS–BH), including dynamical ejecta of tidal and shock-heated nature, wind
outflows from a metastable remnant (NS–NS only) and secular ejecta from a post-merger accretion disk. b, r-process
nucleosynthesis in collapsar accretion disks, with similar physical conditions as in neutron-star post-merger accretion disks. c,
synthesis of (light) r-process elements in fast outflows from magnetorotational supernovae. Panel a contains snapshots
reproduced from Refs. 43 and 153. Panel b is reproduced from Ref. 30, and Panel c is reproduced from Ref. 29.

(a) Binary neutron star mergers (NS–NS) give rise to dynamical ejecta from the collision itself, including a very neutron-rich
‘tidal’ component—unprocessed material ‘ripped off’ from the stellar surfaces due to tidal forces during the final part of the
inspiral and merger154, 155—, and a less neutron-rich, quasi-spherical, shock-heated component originating in the collision
interface156, 157. After merger, winds blown off from the surface of a remnant neutron star by neutrinos69 and magnetic
fields70–72, as well as outflows from a neutrino-cooled accretion disk of circularized merger debris54, 158, 159 add neutron-rich
ejecta with a range of properties over increasing timescales. These processes give rise to ejecta material with different properties
(amount of ejected material, composition, velocities), which may lead to kilonovae with multiple (‘blue’–‘red’) components,
similar to the GW170817 kilonova. The relative weights of these components depend on binary parameters and still poorly
understood physics, such as the equation of state of matter at supra-nuclear densities. Mergers of neutron stars and black holes
(NS–BH) lead to mass ejection only if the neutron star is tidally disrupted by the black hole, which strongly depends on the
mass ratio of the compact objects and the spin of the black hole81. If tidal disruption occurs and the neutron star does not
directly ‘plunge’ into the black hole, tidal ejecta and disk outflows may be present.

(b) Collapsars—the collapse of rapidly rotating massive stars, thought to generate long gamma-ray bursts and their accom-
panying Type Ic-bl supernovae (H/He deficient with broad lines)75—may synthesize r-process elements in a way similar
to post-merger accretion disks30. Material from the collapsing stellar progenitor circularizes in an accretion disk around a
newly-formed black hole. The accretion flow may be dense enough to give rise to neutron-rich outflows that may synthesize

17/18

Siegel 2022, Nature Rev. Phys.

GRB jet (?!)

The synthesis of heavy elements in the Universe
Focus here on NS-NS (NS-BH subdominant wrt r-process) Chen+ 2021



GRMHD simulations of BNS mergers with weak interactions 11

0.0 0.2 0.4 0.6 0.8

v�[c]

10�4

10�3

10�2

10�1

M
/M

ej

Figure 3. Key dynamical ejecta properties as measured at a radius of 440 km according to the geodesic criterion: histograms of
estimated asymptotic ejecta velocity (v1), electron fraction (Ye), and specific entropy (s), for each high-resolution simulation.
We choose the geodesic criterion here to largely exclude secular wind ejecta from the remnant NS (not of interest here) and focus
on dynamical ejecta only. The high-velocity tails of the ejecta distributions that give rise to free-neutron decay and associated
kilonova precursor emission (Secs. 4.2 and 5.2) are indicated as color-shaded areas.

(Ye), asymptotic escape speed (v1), and specific entropy
(s1) are summarized in Fig. 3. We extract physical
quantities at a radius of R = 300M ' 440 km, where
M is the total binary mass, using the geodesic criterion.
We mainly focus on the geodesic criterion here, since
at close separations of 440 km it is somewhat insensi-
tive to secular outflows such as neutrino-driven winds
from the merger remnant (not of interest for the present
study) and it thus acts as a filter for dynamical ejecta.
The merger process during which dynamical ejecta is
generated according to the geodesic criterion lasts ap-
proximately 10ms in all our simulations (Sec. 3.2 and
Fig. 6). We turn to a discussion of the details of mass
ejection in the following subsections.

3.2. Ejecta dynamics and fast outflow

Two types of ejecta can be distinguished at merger:
tidal and shock-heated ejecta. Tidal torques extract
material from the surface of the stars during the final
inspiral and merger process, creating spiral arms that
expand into the orbital plane as they transport angular
momentum outwards, expelling cold, neutron-rich ma-
terial (Ye ⇠< 0.1) into the interstellar medium (see Fig. 4,
first panel). Because neutron stars are more compact in
general relativity compared to Newtonian gravity, these
tidal tails are not as prominent here as in Newtonian
simulations (e.g., Rosswog et al. 1999; Korobkin et al.
2012; Rosswog 2013). Furthermore, for equal-mass bi-
naries one expects a minimum of tidal ejecta: For a
given EOS, tuning the binary mass ratio away from
unity generally enhances the tidal torque on the lighter
companion. This leads to increased tidal ejecta, while
reducing the shock-heated component originating in the

collision interface (Hotokezaka et al. 2013a; Bauswein
et al. 2013b; Dietrich et al. 2015; Lehner et al. 2016a;
Sekiguchi et al. 2016). This is because the less mas-
sive companion becomes tidally elongated and seeks to
‘avoid’ a (radial) collision. Finally, for a given binary
mass ratio, changing the EOS from sti↵ (large NS radii)
to soft (small NS radii) one expects the shock-heated
component to be enhanced while reducing the tidal com-
ponent (Hotokezaka et al. 2013a; Bauswein et al. 2013b;
Dietrich et al. 2015; Lehner et al. 2016a; Sekiguchi et al.
2016; Palenzuela et al. 2015). This is because tidal
forces are smaller for less extended objects and NSs with
smaller radii approach closer prior to merger, reaching
higher orbital velocities at the collision, thus enhancing
the shock power and associated ejecta mass.
With our NSs spanning the compactness range of cur-

rently allowed EOSs for typical galactic double neutron
star masses, we find our runs span a range of dynami-
cal mass ejection phenomena. A detailed analysis shows
(see below) that for all systems considered here, by far
most of the ejecta is expelled by shock waves produced in
quasi-radial bounces of an oscillating double-core rem-
nant structure that forms after the onset of the merger,
with only a negligible amount of material being ejected
by tidal tails (see Fig. 5 and below; Sec. 3.3). This
ejecta material is, in general, faster and more proton-
rich than tidal ejecta. A large fraction of the mate-
rial released in such waves has been heated consider-
ably due to hydrodynamical shocks at the collision in-
terface during the merger process and is further heated
as it shocks into slower surrounding merger debris. As-
sociated neutrino emission in such a neutron-rich en-

Fast dynamical ejecta: neutron precursor

fast, high-Ye (>0.25), shock-heated ejecta leads 
to free neutrons

2 Box 2: Astrophysical sites for r-process nucleosynthesis
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Figure 1. Two-dimensional slices through the rotation axes of volume renderings for the simulations showing specific entropy s at 20 ms after core bounce.
The panels show the four cases of alignment (top left), 15◦ misalignment (top right), 30◦ misalignment (bottom left), and 45◦ misalignment (bottom right)
between pre-collapse magnetic and rotation axes. The colourbar is the same for all panels and is shown in units of kbbaryon−1. The physical scale differs
between panels and is indicated for each.

Like the Ye evolution, the abundance pattern obtained for each
model depends on our choice of Lν , as set in post-processing with
SKYNET. This dependence is illustrated for the fiducial aligned case
in Fig. 8, in which we plot the ejecta mass as a function of mass
number A for the five different choices of neutrino luminosities.
The trends shown for this simulation hold for the other three: for
the heaviest nuclei (A � 200), higher values of Lν result in lower
abundances, while the opposite is true for light nuclei A . 120. In
particular, the third r-process peak is weaker for higher neutrino
luminosities, and this dependence is strong. For the aligned case,

the abundance of third peak elements decreases by ∼2–3 orders of
magnitude as we go from Lν = 0 to Lν = 5 × 1052 erg s−1, and
drops by another ∼8–9 orders of magnitude at the extreme value
of Lν = 1053 erg s−1. The second peak is far less sensitive to the
chosen neutrino luminosity as long as it is below a threshold value
of Lν ≈ 5 × 1052 erg s−1. For reasonable values of Lν , the second
peak is robustly produced in the aligned case. Comparing the trends
in abundance patterns to the trends in Ye produced by varying Lν ,
shown in Figs 8 and 6, respectively, provides an intuitive explanation
for the reduced production of elements at and beyond the second
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Figure 4. Schematic overview of astrophysical sites for r-process nucleosynthesis. a, binary neutron star mergers
(NS–NS) and neutron-star black-hole mergers (NS–BH), including dynamical ejecta of tidal and shock-heated nature, wind
outflows from a metastable remnant (NS–NS only) and secular ejecta from a post-merger accretion disk. b, r-process
nucleosynthesis in collapsar accretion disks, with similar physical conditions as in neutron-star post-merger accretion disks. c,
synthesis of (light) r-process elements in fast outflows from magnetorotational supernovae. Panel a contains snapshots
reproduced from Refs. 43 and 153. Panel b is reproduced from Ref. 30, and Panel c is reproduced from Ref. 29.

(a) Binary neutron star mergers (NS–NS) give rise to dynamical ejecta from the collision itself, including a very neutron-rich
‘tidal’ component—unprocessed material ‘ripped off’ from the stellar surfaces due to tidal forces during the final part of the
inspiral and merger154, 155—, and a less neutron-rich, quasi-spherical, shock-heated component originating in the collision
interface156, 157. After merger, winds blown off from the surface of a remnant neutron star by neutrinos69 and magnetic
fields70–72, as well as outflows from a neutrino-cooled accretion disk of circularized merger debris54, 158, 159 add neutron-rich
ejecta with a range of properties over increasing timescales. These processes give rise to ejecta material with different properties
(amount of ejected material, composition, velocities), which may lead to kilonovae with multiple (‘blue’–‘red’) components,
similar to the GW170817 kilonova. The relative weights of these components depend on binary parameters and still poorly
understood physics, such as the equation of state of matter at supra-nuclear densities. Mergers of neutron stars and black holes
(NS–BH) lead to mass ejection only if the neutron star is tidally disrupted by the black hole, which strongly depends on the
mass ratio of the compact objects and the spin of the black hole81. If tidal disruption occurs and the neutron star does not
directly ‘plunge’ into the black hole, tidal ejecta and disk outflows may be present.

(b) Collapsars—the collapse of rapidly rotating massive stars, thought to generate long gamma-ray bursts and their accom-
panying Type Ic-bl supernovae (H/He deficient with broad lines)75—may synthesize r-process elements in a way similar
to post-merger accretion disks30. Material from the collapsing stellar progenitor circularizes in an accretion disk around a
newly-formed black hole. The accretion flow may be dense enough to give rise to neutron-rich outflows that may synthesize
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Figure 3. Key ejecta properties as measured at a radius of 440 km according to the geodesic criterion[Correct?]: histograms
of asymptotic ejecta velocity (v1), electron fraction (Ye), and specific entropy (s), for each high-resolution simulation. Dashed
lines in the first panel indicate the high-velocity tail of the distribution that results in free neutrons.[We may need to indicate
this slightly di↵erently: perhaps use actual data instead of linear fit, and use some color shade to highlight the corresponding
area of the distribution] We choose the geodesic criterion here to largely exclude secular wind ejecta from the remnant NS (not
of interest here) and focus on dynamical ejecta only.

a lifetime of likely more than a few hundred millisec-
onds (Ciolfi et al. 2019). In contrast, the LS220 and
SFHo binaries considered here lead to stars in the hy-
permassive5 regime with short lifetimes of ⇡ 16ms and
⇡30ms, respectively.
Our simulations self-consistently incorporate weak in-

teractions and approximate neutrino transport, which
is pivotal for accurately modeling ejecta properties, the
compositional distribution represented by Ye, in partic-
ular. Furthermore, our simulations include magnetic
fields, which dominate the angular moment transport
and outflow generation in the post-merger phase. In
our setup, magnetic fields are initialized well inside the
stars (cf. Sec. 2.4) and only ‘leak’ out of the stars dur-
ing the inspiral only in an insignificant way. At merger,
�
�1 := b

2
/p remains small, and the ‘buried’ fields do not

influence the ejection of dynamical ejecta. In this early
stage of the merger process, our results resemble closely
purely hydrodynamic simulations that include weak in-
teractions and approximate neutrino absorption, but ne-
glect magnetic fields (e.g. Sekiguchi et al. 2016; Radice
et al. 2018).
In this paper, we focus on ejection mechanisms, ejecta

properties, and observables of material ejected during
the dynamical phase of the merger itself. We consider
dynamical ejecta only, defined as material that is un-

5 Configurations above the maximum mass for uniformly rotating
neutron stars are referred to as hypermassive neutron stars, which
can be temporarily stabilized against gravitational collapse by
di↵erential rotation.

bound by global dynamical processes. Table 1 provides
an overview of the mass-averaged properties of the dy-
namical ejecta. Corresponding distributions of ejecta
mass relevant for observables according to composition
(Ye), asymptotic escape speed (v1), and specific entropy
(s1) are summarized in Fig. 3. We extract physical
quantities at a radius of 300M ' 440 km, where M is
the total binary mass, using the geodesic criterion. We
mainly focus on the geodesic criterion here, since at close
separations of 440 km it is largely insensitive to secular
outflows such as neutrino-driven winds from the merger
remnant (not of interest for the present study) and it
thus acts as a filter for dynamical ejecta. The merger
process during which dynamical ejecta is generated ac-
cording to the geodesic criterion lasts approximately 10
ms in all our simulations (Sec. 3.2 and Fig. 4). We turn
to a discussion of the details of mass ejection in the fol-
lowing subsections.

3.2. Ejecta dynamics and fast outflow

Two types of ejecta can be distinguished at merger:
tidal and shock-heated ejecta. Tidal torques extract
material from the surface of the stars during the final
inspiral and merger process, creating spiral arms that
expand into the orbital plane as they transport angu-
lar momentum outwards, expelling cold, neutron-rich
material (Ye ⇠< 0.1) into the interstellar medium (see
Fig. 7, first panel) [we need to reorder figures in the or-
der of reference in the text]. Because neutrons stars are
more compact in general relativity compared to New-
tonian gravity, these tidal tails are not as prominent
here as in Newtonian simulations (e.g., Rosswog et al.
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abundance pattern is reached. Using the full distribu-
tion of tracers allows us to determine the initial con-
ditions for the nucleosynthesis self-consistently for each
component of the ejecta.

Figure 11. Mass-weighted nuclear abundances of all tracers
for each simulation.

The final mass-averaged abundances for each simu-
lation are shown in Figure 11 with solar abundances
plotted as black dots. The second (A ⇠ 125) and third
r-process peak are well-reproduced in all simulations.
Since we use the FRDM mass model for nucleosynthe-
sis, the third r-process peak is systematically shifted
to the right for all simulations (Lippuner et al. 2017).
We also observe that the first r-process peak is under-
produced in all models. Given that the mean of the
Ye distribution is higher for SFHo, this model has a
greater fraction of first peak material, which is how-
ever still under-produced with respect to solar values.
In the post-merger phase both the HMNS remnant and
BH-disk case, the ejecta synthesizes more first peak el-
ements, closer or even higher than solar abundances,
given that the Ye is also expected to be broad (Siegel
& Metzger 2017) but, contrary to dynamical ejecta, the
outflow is slower with v  0.2c. Finally, actinides are
produced in all our models. For elements beyond the
second peak, APR produce a larger fraction of elements
with a slight overproduction at A = 132.
The possibility of tracing the fluid distribution indi-

vidually allows us to evaluate the heating rate in more
detail. In particular, we are interested in the portion
of the ejecta that generates free neutrons, and possi-
bly other light elements, which then � decays and heats
the material at early times. This can power an early
UV transient known as KN precursor (Metzger et al.
2015). The amount of free neutrons generated by the
ejecta depends strongly on the expansion scale, which is

Figure 12. Heating rate evolution calculated in SkyNet for
all unbound tracers in APR. Color represents the asymptotic
velocity as measured in the extraction radius. In light green
we plot the mass-averaged over all tracers. In black dashed-
lines we plot the approximation of the heating rate made by
Kulkarni (2005)

a strong function of the ejecta velocity. In Figure 12 we
show the heating rate of each tracer with color indicat-
ing the velocity. As expected, the excess in the heating
rate at around ⇠ 10 minutes (the free-neutron decay
timescale and other light elements) comes from the fast
tail. We also plotted the heating rate of free neutrons
proposed by Kulkarni (2005), which constitutes a con-
sistent approximation to the self-consistent calculation
from the nuclear network. We find that almost all ma-
terial with velocities faster than 0.6c produces free neu-
trons. Slower parts of the ejecta, however, also produce
some free neutrons as we show in dashed lines in Figure
3. This component will also contribute to the KN pre-
cursor although it will live deeper within the ejecta (see
next section). The total amount of mass that produces
free neutrons is ⇠ 10�5

M� in all models.
We found that the sti↵er EOS simulation LS220 pro-

duces, in average, a higher heating rate at t = 10�2 days
than the softer EOSs. Although the ejecta for this model
does not have an ultra fast v > 0.6c component, the Ye

associate to its higher velocities, v ⇠ 0.5c, is neutron-
richer (Ye ⇠ 0.2) than SFHo and APR (Ye ⇠ 0.3), which
result in more free neutrons at the end. This conclusion
is supported by the parametric exploration of r-process
nucleosynthesis in Lippuner et al. (2017) (see their Fig-

t-1.3 r-process 
heating
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Figure 10. Top: Mass-weighted final nuclear abun-
dances (arbitrary units) as a function of mass number A for
each simulation, based on all tracers sampling the dynami-
cal ejecta of the respective run. A robust 2nd-to-3rd peak
r-process independent of the EOS is obtained. For compar-
ison, solar r-process abundances from Sneden et al. (2008)
are shown as black dots. Bottom: Mass distribution as a
function of Ye extracted at T = 5GK using tracer particles,
showing the collective composition of dynamical ejecta at the
onset of the r-process.

still under-produced with respect to solar values. Light
r-process elements in the first-to-second r-process peak
region are preferentially synthesized in the post-merger
phase in winds launched from a remnant neutron star
and from the accretion disk around the remnant, which
can give rise to broad Ye-distributions (e.g., Perego et al.
2014; Lippuner et al. 2017; Siegel & Metzger 2018; De
& Siegel 2021. We defer a more detailed discussion on
nucleosynthesis including post-merger ejecta to a forth-
coming paper.

4.2. Fast ejecta and free neutrons

The possibility of tracing individual fluid elements al-
lows us to evaluate the radioactive heating rate within

Figure 11. Evolution of the specific heating rate calcu-
lated with SkyNet for all unbound tracers of the dynamical
ejecta and APR (upper panel; color-coded by asymptotic ve-
locity) as well as LS220 (lower panel; color-coded by elec-
tron fraction). Thick lines represent mass-averages over all
tracers, which closely follow the expected / t�1.3 power-law
for r-process heating. Black dashed-lines correspond to an
analytic approximation to the heating rate of free-neutron
decay (Kulkarni 2005). Heating due to free neutron decay
is present over a wide range of EOS softness/sti↵ness and
originates in high-velocity (v1 ⇠> 0.5c) and low-to-moderate
Ye ⇠< 0.2 outflows.

the ejecta in more detail. In particular, we are inter-
ested in the fast portion of the ejecta that generates
free neutrons, which then �-decay with a half-life of
⇡ 10min and provide additional heating of the mate-
rial at timescales of up to hours relative to what would
be expected from pure r-process heating. Such early ex-
cess heating can power bright UV emission known as a
kilonova precursor (Metzger et al. 2015). The amount
of free neutrons generated by the ejecta sensitively de-
pends on the expansion time scale (i.e., on the ejecta
velocity) and the proton fraction Ye.
Figure 11 shows the specific heating rate as recorded

by each unbound tracer that samples the dynamical
ejecta. Irrespective of the sti↵ness/softness of the EOS,
we find a fast v1 ⇠> 0.5c and neutron-rich Ye ⇠< 0.2
component of tracers that generate excess heating on
a ⇠ 10min timescale (as expected for free-neutron de-

free neutron decay
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In this equation, the total heating rate of each shell
Q̇i is calculated as:

Q̇i = Mi(1 � Xfn,i) qr(t) +MiXfn,i qfn(t), (22)

where Xfr,i is the fraction of free neutrons of each ve-
locity shell (Metzger et al. 2015), as extracted from the
nuclear network in the simulation, qfn(t) is the thermal-
ized heating rate from free neutrons, and qr(t) is the
thermalized heating rate from r-process elements. For
qfn(t), we use qfn(t) = 3.2 ⇥ 1014 exp (�t/⌧N)erg/s/gr,
which, as we showed before, is a good approximation
for the free neutron decay heating rate (see Figure 12).
For the r-process heating rate, qr(t), we use the ap-

proach presented in Hotokezaka & Nakar (2020), which
follows closely Kasen & Barnes (2019) and Waxman
et al. (2019). Within this method, given an abundance
profile of elements and mass-velocity distribution, the
thermalization of charged decay products is calculated
specifying the injection energies for each decay chain.
The radiation luminosity, Lrad,i, is calculated tak-

ing into account, approximately, the trapping, di↵usive,
and free-streaming radiative regimes. Following Piro &
Nakar (2013), the single zone model is improved by im-
plementing an energy escape fraction from each shell, see
equations (30-32) in Hotokezaka & Nakar (2020). The
di↵usion time scale of each shell depends on the optical
depth ⌧i(t) =

R1
vit

(r)⇢(r)dr, where ⇢(r) is the density
of the shell. Equation 21 is solved using a Runge-Kutta
algorithm of order 4, and the total luminosity in the
comoving frame is obtained by adding the radiative lu-
minosity of each shell. We define the photosphere as the
shell where ⌧i = 1.
Finally, since we are dealing with mildly-relativistic

outflows, luminosity as seen in the observer frame is
computed taking into account all relativistic e↵ects for
a thermal transient such as Doppler boosting, time of
flight, and beaming, following the ’energy package’ ap-
proach described in Siegel & Ciolfi (2016).

5.2. Kilonova lightcurves

Our new code for computing KN light curves is based
on the public version published in Hotokezaka & Nakar
(2020) 6, which we optimized and developed to include
(a) arbitrary mass distributions from numerical simula-
tions, (b) heating due to free neutrons, (c) flux calcula-
tion at di↵erent bands, and (d) relativistic e↵ects. We
also include the infrastructure for computing a multi-
angle kilonova, following Perego et al. (2017), but for
the purpose of this work, we restrict ourselves to spher-
ically symmetric approximation.

6 ss

In Figure 14, we show the bolometric luminosity of
the KN light curve for SFHo where we distinguish the
e↵ects of free neutrons and relativistic e↵ects. Heating
from free-neutron decay enhanced the total luminosity
at early times (⇠ 0.5 hr after merger) by a factor of
8 � 10. Notice that in Metzger et al. (2015) this en-
hancement was of the order of 15 � 20, most likely be-
cause the number of free neutrons was almost an order
of magnitude higher and distributed around higher ve-
locities (v ⇠ 0.8c) than we obtained in our simulations.
For our model, Doppler boosting enhance the observed
luminosity by an additional factor of 5. At early times,
around the hour, the bolometric luminosity of a KN with
an amount of ⇠ 10�5

M� of free neutrons and average
velocity of hvi ⇠ 0.6c is a factor ⇠ 15 higher than a
non-relativistic KN powered by r-process elements only.
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Figure 14. Bolometric light curves of kilonova produced
by the dynamical ejecta in the simulation SFHo using our
semi-analytical models. Black dashed lines: light curve of
a KN powered by r-process decay only; Thick blue lines:
same model adding the contribution of free-neutrons to the
heating rate; Thick red lines: same model taking into account
relativistic e↵ects.

In Figure 14, we show the bolometric light curves for
di↵erent EOS simulations. Both soft EOSs have a peak
at ⇠ 0.5 hr, with APR being slightly higher and hav-
ing a more pronounced drop after the hour. The sti↵er
LS220 have instead a broader peak at ⇠ 1hr. As we saw
in the previous section, the electron fraction of LS220
ejecta is significantly lower than the softer EOSs and,
even though the velocities are very high (v < 0.5c), the
final fraction of free neutrons is important. The mass
shells with a fraction of free neutrons, however, are more
buried inside the ejecta for LS220 and thus the total lu-
minosity is lower than SFHo and APR, with a luminosity
peak at slightly later times. The contribution of free-
neutrons for this sti↵ EOS is, however, non-negligible.

early UV emission ≲hours 

(‘neutron precursor’) Metzger+ 2015

relativistic effects 
are significant!

~2x10-5 Msun free 
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Figure 3. Key dynamical ejecta properties as measured at a radius of 440 km according to the geodesic criterion: histograms of
estimated asymptotic ejecta velocity (v1), electron fraction (Ye), and specific entropy (s), for each high-resolution simulation.
We choose the geodesic criterion here to largely exclude secular wind ejecta from the remnant NS (not of interest here) and focus
on dynamical ejecta only. The high-velocity tails of the ejecta distributions that give rise to free-neutron decay and associated
kilonova precursor emission (Secs. 4.2 and 5.2) are indicated as color-shaded areas.

(Ye), asymptotic escape speed (v1), and specific entropy
(s1) are summarized in Fig. 3. We extract physical
quantities at a radius of R = 300M ' 440 km, where
M is the total binary mass, using the geodesic criterion.
We mainly focus on the geodesic criterion here, since
at close separations of 440 km it is somewhat insensi-
tive to secular outflows such as neutrino-driven winds
from the merger remnant (not of interest for the present
study) and it thus acts as a filter for dynamical ejecta.
The merger process during which dynamical ejecta is
generated according to the geodesic criterion lasts ap-
proximately 10ms in all our simulations (Sec. 3.2 and
Fig. 6). We turn to a discussion of the details of mass
ejection in the following subsections.

3.2. Ejecta dynamics and fast outflow

Two types of ejecta can be distinguished at merger:
tidal and shock-heated ejecta. Tidal torques extract
material from the surface of the stars during the final
inspiral and merger process, creating spiral arms that
expand into the orbital plane as they transport angular
momentum outwards, expelling cold, neutron-rich ma-
terial (Ye ⇠< 0.1) into the interstellar medium (see Fig. 4,
first panel). Because neutron stars are more compact in
general relativity compared to Newtonian gravity, these
tidal tails are not as prominent here as in Newtonian
simulations (e.g., Rosswog et al. 1999; Korobkin et al.
2012; Rosswog 2013). Furthermore, for equal-mass bi-
naries one expects a minimum of tidal ejecta: For a
given EOS, tuning the binary mass ratio away from
unity generally enhances the tidal torque on the lighter
companion. This leads to increased tidal ejecta, while
reducing the shock-heated component originating in the

collision interface (Hotokezaka et al. 2013a; Bauswein
et al. 2013b; Dietrich et al. 2015; Lehner et al. 2016a;
Sekiguchi et al. 2016). This is because the less mas-
sive companion becomes tidally elongated and seeks to
‘avoid’ a (radial) collision. Finally, for a given binary
mass ratio, changing the EOS from sti↵ (large NS radii)
to soft (small NS radii) one expects the shock-heated
component to be enhanced while reducing the tidal com-
ponent (Hotokezaka et al. 2013a; Bauswein et al. 2013b;
Dietrich et al. 2015; Lehner et al. 2016a; Sekiguchi et al.
2016; Palenzuela et al. 2015). This is because tidal
forces are smaller for less extended objects and NSs with
smaller radii approach closer prior to merger, reaching
higher orbital velocities at the collision, thus enhancing
the shock power and associated ejecta mass.
With our NSs spanning the compactness range of cur-

rently allowed EOSs for typical galactic double neutron
star masses, we find our runs span a range of dynami-
cal mass ejection phenomena. A detailed analysis shows
(see below) that for all systems considered here, by far
most of the ejecta is expelled by shock waves produced in
quasi-radial bounces of an oscillating double-core rem-
nant structure that forms after the onset of the merger,
with only a negligible amount of material being ejected
by tidal tails (see Fig. 5 and below; Sec. 3.3). This
ejecta material is, in general, faster and more proton-
rich than tidal ejecta. A large fraction of the mate-
rial released in such waves has been heated consider-
ably due to hydrodynamical shocks at the collision in-
terface during the merger process and is further heated
as it shocks into slower surrounding merger debris. As-
sociated neutrino emission in such a neutron-rich en-

Fast dynamical ejecta: neutron precursor

fast, high-Ye (>0.25), shock-heated ejecta leads 
to free neutrons

2 Box 2: Astrophysical sites for r-process nucleosynthesis
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Figure 1. Two-dimensional slices through the rotation axes of volume renderings for the simulations showing specific entropy s at 20 ms after core bounce.
The panels show the four cases of alignment (top left), 15◦ misalignment (top right), 30◦ misalignment (bottom left), and 45◦ misalignment (bottom right)
between pre-collapse magnetic and rotation axes. The colourbar is the same for all panels and is shown in units of kbbaryon−1. The physical scale differs
between panels and is indicated for each.

Like the Ye evolution, the abundance pattern obtained for each
model depends on our choice of Lν , as set in post-processing with
SKYNET. This dependence is illustrated for the fiducial aligned case
in Fig. 8, in which we plot the ejecta mass as a function of mass
number A for the five different choices of neutrino luminosities.
The trends shown for this simulation hold for the other three: for
the heaviest nuclei (A � 200), higher values of Lν result in lower
abundances, while the opposite is true for light nuclei A . 120. In
particular, the third r-process peak is weaker for higher neutrino
luminosities, and this dependence is strong. For the aligned case,

the abundance of third peak elements decreases by ∼2–3 orders of
magnitude as we go from Lν = 0 to Lν = 5 × 1052 erg s−1, and
drops by another ∼8–9 orders of magnitude at the extreme value
of Lν = 1053 erg s−1. The second peak is far less sensitive to the
chosen neutrino luminosity as long as it is below a threshold value
of Lν ≈ 5 × 1052 erg s−1. For reasonable values of Lν , the second
peak is robustly produced in the aligned case. Comparing the trends
in abundance patterns to the trends in Ye produced by varying Lν ,
shown in Figs 8 and 6, respectively, provides an intuitive explanation
for the reduced production of elements at and beyond the second
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Figure 4. Schematic overview of astrophysical sites for r-process nucleosynthesis. a, binary neutron star mergers
(NS–NS) and neutron-star black-hole mergers (NS–BH), including dynamical ejecta of tidal and shock-heated nature, wind
outflows from a metastable remnant (NS–NS only) and secular ejecta from a post-merger accretion disk. b, r-process
nucleosynthesis in collapsar accretion disks, with similar physical conditions as in neutron-star post-merger accretion disks. c,
synthesis of (light) r-process elements in fast outflows from magnetorotational supernovae. Panel a contains snapshots
reproduced from Refs. 43 and 153. Panel b is reproduced from Ref. 30, and Panel c is reproduced from Ref. 29.

(a) Binary neutron star mergers (NS–NS) give rise to dynamical ejecta from the collision itself, including a very neutron-rich
‘tidal’ component—unprocessed material ‘ripped off’ from the stellar surfaces due to tidal forces during the final part of the
inspiral and merger154, 155—, and a less neutron-rich, quasi-spherical, shock-heated component originating in the collision
interface156, 157. After merger, winds blown off from the surface of a remnant neutron star by neutrinos69 and magnetic
fields70–72, as well as outflows from a neutrino-cooled accretion disk of circularized merger debris54, 158, 159 add neutron-rich
ejecta with a range of properties over increasing timescales. These processes give rise to ejecta material with different properties
(amount of ejected material, composition, velocities), which may lead to kilonovae with multiple (‘blue’–‘red’) components,
similar to the GW170817 kilonova. The relative weights of these components depend on binary parameters and still poorly
understood physics, such as the equation of state of matter at supra-nuclear densities. Mergers of neutron stars and black holes
(NS–BH) lead to mass ejection only if the neutron star is tidally disrupted by the black hole, which strongly depends on the
mass ratio of the compact objects and the spin of the black hole81. If tidal disruption occurs and the neutron star does not
directly ‘plunge’ into the black hole, tidal ejecta and disk outflows may be present.

(b) Collapsars—the collapse of rapidly rotating massive stars, thought to generate long gamma-ray bursts and their accom-
panying Type Ic-bl supernovae (H/He deficient with broad lines)75—may synthesize r-process elements in a way similar
to post-merger accretion disks30. Material from the collapsing stellar progenitor circularizes in an accretion disk around a
newly-formed black hole. The accretion flow may be dense enough to give rise to neutron-rich outflows that may synthesize

17/18

8 Combi & Siegel

SFHo

LS220

APR4

Figure 3. Key ejecta properties as measured at a radius of 440 km according to the geodesic criterion[Correct?]: histograms
of asymptotic ejecta velocity (v1), electron fraction (Ye), and specific entropy (s), for each high-resolution simulation. Dashed
lines in the first panel indicate the high-velocity tail of the distribution that results in free neutrons.[We may need to indicate
this slightly di↵erently: perhaps use actual data instead of linear fit, and use some color shade to highlight the corresponding
area of the distribution] We choose the geodesic criterion here to largely exclude secular wind ejecta from the remnant NS (not
of interest here) and focus on dynamical ejecta only.

a lifetime of likely more than a few hundred millisec-
onds (Ciolfi et al. 2019). In contrast, the LS220 and
SFHo binaries considered here lead to stars in the hy-
permassive5 regime with short lifetimes of ⇡ 16ms and
⇡30ms, respectively.
Our simulations self-consistently incorporate weak in-

teractions and approximate neutrino transport, which
is pivotal for accurately modeling ejecta properties, the
compositional distribution represented by Ye, in partic-
ular. Furthermore, our simulations include magnetic
fields, which dominate the angular moment transport
and outflow generation in the post-merger phase. In
our setup, magnetic fields are initialized well inside the
stars (cf. Sec. 2.4) and only ‘leak’ out of the stars dur-
ing the inspiral only in an insignificant way. At merger,
�
�1 := b

2
/p remains small, and the ‘buried’ fields do not

influence the ejection of dynamical ejecta. In this early
stage of the merger process, our results resemble closely
purely hydrodynamic simulations that include weak in-
teractions and approximate neutrino absorption, but ne-
glect magnetic fields (e.g. Sekiguchi et al. 2016; Radice
et al. 2018).
In this paper, we focus on ejection mechanisms, ejecta

properties, and observables of material ejected during
the dynamical phase of the merger itself. We consider
dynamical ejecta only, defined as material that is un-

5 Configurations above the maximum mass for uniformly rotating
neutron stars are referred to as hypermassive neutron stars, which
can be temporarily stabilized against gravitational collapse by
di↵erential rotation.

bound by global dynamical processes. Table 1 provides
an overview of the mass-averaged properties of the dy-
namical ejecta. Corresponding distributions of ejecta
mass relevant for observables according to composition
(Ye), asymptotic escape speed (v1), and specific entropy
(s1) are summarized in Fig. 3. We extract physical
quantities at a radius of 300M ' 440 km, where M is
the total binary mass, using the geodesic criterion. We
mainly focus on the geodesic criterion here, since at close
separations of 440 km it is largely insensitive to secular
outflows such as neutrino-driven winds from the merger
remnant (not of interest for the present study) and it
thus acts as a filter for dynamical ejecta. The merger
process during which dynamical ejecta is generated ac-
cording to the geodesic criterion lasts approximately 10
ms in all our simulations (Sec. 3.2 and Fig. 4). We turn
to a discussion of the details of mass ejection in the fol-
lowing subsections.

3.2. Ejecta dynamics and fast outflow

Two types of ejecta can be distinguished at merger:
tidal and shock-heated ejecta. Tidal torques extract
material from the surface of the stars during the final
inspiral and merger process, creating spiral arms that
expand into the orbital plane as they transport angu-
lar momentum outwards, expelling cold, neutron-rich
material (Ye ⇠< 0.1) into the interstellar medium (see
Fig. 7, first panel) [we need to reorder figures in the or-
der of reference in the text]. Because neutrons stars are
more compact in general relativity compared to New-
tonian gravity, these tidal tails are not as prominent
here as in Newtonian simulations (e.g., Rosswog et al.
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abundance pattern is reached. Using the full distribu-
tion of tracers allows us to determine the initial con-
ditions for the nucleosynthesis self-consistently for each
component of the ejecta.

Figure 11. Mass-weighted nuclear abundances of all tracers
for each simulation.

The final mass-averaged abundances for each simu-
lation are shown in Figure 11 with solar abundances
plotted as black dots. The second (A ⇠ 125) and third
r-process peak are well-reproduced in all simulations.
Since we use the FRDM mass model for nucleosynthe-
sis, the third r-process peak is systematically shifted
to the right for all simulations (Lippuner et al. 2017).
We also observe that the first r-process peak is under-
produced in all models. Given that the mean of the
Ye distribution is higher for SFHo, this model has a
greater fraction of first peak material, which is how-
ever still under-produced with respect to solar values.
In the post-merger phase both the HMNS remnant and
BH-disk case, the ejecta synthesizes more first peak el-
ements, closer or even higher than solar abundances,
given that the Ye is also expected to be broad (Siegel
& Metzger 2017) but, contrary to dynamical ejecta, the
outflow is slower with v  0.2c. Finally, actinides are
produced in all our models. For elements beyond the
second peak, APR produce a larger fraction of elements
with a slight overproduction at A = 132.
The possibility of tracing the fluid distribution indi-

vidually allows us to evaluate the heating rate in more
detail. In particular, we are interested in the portion
of the ejecta that generates free neutrons, and possi-
bly other light elements, which then � decays and heats
the material at early times. This can power an early
UV transient known as KN precursor (Metzger et al.
2015). The amount of free neutrons generated by the
ejecta depends strongly on the expansion scale, which is

Figure 12. Heating rate evolution calculated in SkyNet for
all unbound tracers in APR. Color represents the asymptotic
velocity as measured in the extraction radius. In light green
we plot the mass-averaged over all tracers. In black dashed-
lines we plot the approximation of the heating rate made by
Kulkarni (2005)

a strong function of the ejecta velocity. In Figure 12 we
show the heating rate of each tracer with color indicat-
ing the velocity. As expected, the excess in the heating
rate at around ⇠ 10 minutes (the free-neutron decay
timescale and other light elements) comes from the fast
tail. We also plotted the heating rate of free neutrons
proposed by Kulkarni (2005), which constitutes a con-
sistent approximation to the self-consistent calculation
from the nuclear network. We find that almost all ma-
terial with velocities faster than 0.6c produces free neu-
trons. Slower parts of the ejecta, however, also produce
some free neutrons as we show in dashed lines in Figure
3. This component will also contribute to the KN pre-
cursor although it will live deeper within the ejecta (see
next section). The total amount of mass that produces
free neutrons is ⇠ 10�5

M� in all models.
We found that the sti↵er EOS simulation LS220 pro-

duces, in average, a higher heating rate at t = 10�2 days
than the softer EOSs. Although the ejecta for this model
does not have an ultra fast v > 0.6c component, the Ye

associate to its higher velocities, v ⇠ 0.5c, is neutron-
richer (Ye ⇠ 0.2) than SFHo and APR (Ye ⇠ 0.3), which
result in more free neutrons at the end. This conclusion
is supported by the parametric exploration of r-process
nucleosynthesis in Lippuner et al. (2017) (see their Fig-

t-1.3 r-process 
heating
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Figure 10. Top: Mass-weighted final nuclear abun-
dances (arbitrary units) as a function of mass number A for
each simulation, based on all tracers sampling the dynami-
cal ejecta of the respective run. A robust 2nd-to-3rd peak
r-process independent of the EOS is obtained. For compar-
ison, solar r-process abundances from Sneden et al. (2008)
are shown as black dots. Bottom: Mass distribution as a
function of Ye extracted at T = 5GK using tracer particles,
showing the collective composition of dynamical ejecta at the
onset of the r-process.

still under-produced with respect to solar values. Light
r-process elements in the first-to-second r-process peak
region are preferentially synthesized in the post-merger
phase in winds launched from a remnant neutron star
and from the accretion disk around the remnant, which
can give rise to broad Ye-distributions (e.g., Perego et al.
2014; Lippuner et al. 2017; Siegel & Metzger 2018; De
& Siegel 2021. We defer a more detailed discussion on
nucleosynthesis including post-merger ejecta to a forth-
coming paper.

4.2. Fast ejecta and free neutrons

The possibility of tracing individual fluid elements al-
lows us to evaluate the radioactive heating rate within

Figure 11. Evolution of the specific heating rate calcu-
lated with SkyNet for all unbound tracers of the dynamical
ejecta and APR (upper panel; color-coded by asymptotic ve-
locity) as well as LS220 (lower panel; color-coded by elec-
tron fraction). Thick lines represent mass-averages over all
tracers, which closely follow the expected / t�1.3 power-law
for r-process heating. Black dashed-lines correspond to an
analytic approximation to the heating rate of free-neutron
decay (Kulkarni 2005). Heating due to free neutron decay
is present over a wide range of EOS softness/sti↵ness and
originates in high-velocity (v1 ⇠> 0.5c) and low-to-moderate
Ye ⇠< 0.2 outflows.

the ejecta in more detail. In particular, we are inter-
ested in the fast portion of the ejecta that generates
free neutrons, which then �-decay with a half-life of
⇡ 10min and provide additional heating of the mate-
rial at timescales of up to hours relative to what would
be expected from pure r-process heating. Such early ex-
cess heating can power bright UV emission known as a
kilonova precursor (Metzger et al. 2015). The amount
of free neutrons generated by the ejecta sensitively de-
pends on the expansion time scale (i.e., on the ejecta
velocity) and the proton fraction Ye.
Figure 11 shows the specific heating rate as recorded

by each unbound tracer that samples the dynamical
ejecta. Irrespective of the sti↵ness/softness of the EOS,
we find a fast v1 ⇠> 0.5c and neutron-rich Ye ⇠< 0.2
component of tracers that generate excess heating on
a ⇠ 10min timescale (as expected for free-neutron de-

free neutron decay

early UV emission ≲hours 

(‘neutron precursor’) Metzger+ 2015

~2x10-5 Msun free 
neutrons
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Figure 14. Bolometric light curves of kilonovae and neutron
precursor emission produced by the dynamical ejecta only for
each simulation, taking into account free-neutron decay and
relativistic e↵ects (thick lines), free-neutron decay without
relativistic e↵ects (dot-dashed lines), and r-process heating
only (dashed lines).
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Figure 15. AB magnitude of blue wavelength bands for the
SFHo (solid lines) and the LS220 model (dashed lines). Also
shown as dots with corresponding colors are early kilonova
observations of GW170817 as compiled in Villar et al. (2017).

r-process ejecta) encodes information about the softness
of the EOS, which might prove useful to place additional
EOS constraints in future merger events. As also evi-
dent from Fig. 15 (cf. the short peak timescales), the
dynamical ejecta in our runs is not massive enough to
explain the blue kilonova data in GW170817. This is
consistent with previous conclusions that the blue kilo-
nova emission in GW170817 likely requires a substantial
contribution from post-merger winds (e.g., Siegel 2019;
Metzger 2020).

5.3. Kilonova afterglows

As the mildly relativistic dynamical ejecta expands
into the interstellar medium (ISM), it sweeps up ISM
material and generates a long-lived blast-wave (Nakar
& Piran 2011; Piran et al. 2013; Margalit & Piran 2015;
Hajela et al. 2021; Hotokezaka et al. 2018). Within
the shock, randomly oriented magnetic fields are gen-
erated, amplified, and particles, mainly electrons, are
accelerated to non-thermal distributions and generate
synchrotron emission (Sari et al. 1998). In this section,
we present a model to calculate the dynamics of the
shock propagation and the generation of non-thermal
radiation directly based on results of numerical relativ-
ity simulations.

5.3.1. Shock dynamics

In order to describe the hydrodynamical propagation
of the blast wave the ejecta runs into the ISM, we as-
sume the ejecta has entered homologous, quasi-spherical
expansion with a mass profile M(v) as, e.g., in Fig. 3.
We assume this shock sweeps up ISM material, which
remains concentrated in a thin slab close to the shock
front, where most of the electrons are accelerated. If
we assume that the shock is adiabatic, and the EOS
of the fluid is trans-relativistic (Mignone & McKinney
2007; Nava et al. 2013; van Eerten 2013), the evolution
of the outermost ejecta with velocity � (in units of c)
and associated Lorentz factor � is determined by energy
conservation (see, e.g., van Eerten 2013; Ryan et al. 2020
for more detailed discussion), and the velocity Ṙ of the
shock at radial position R from the merger site is deter-
mined by the Rankine-Hugoniot jump conditions,

Ṙ

c
=

4�u

4u2 + 3
, (31)

where u = �� is the four-velocity.
In a merger event, the outflow has a radial velocity

structure (Fig. 3). As the fastest part of the outflow
starts to decelerate because of its interaction with the
ISM, velocity shells deeper within the ejecta inject ki-
netic energy into the shock region, leading to a so-called
refreshed shock (Panaitescu et al. 1998; Rees & Meszaros
1998). In this case, conservation of energy is expressed
by

EK(>u) = (� � 1)M0 +
4

9
R3⇢ISM

u2(4u2 + 3)

1 + u2
, (32)

where EK(> u) is the kinetic energy of the flow ex-
tracted from simulations (see Fig. 16), M0 = M(umax)
is the mass of the outer-most part of the fluid, and the
second term is the kinetic plus thermal energy of the
shocked ISM material that has been swept up by the
blast wave. Here, ⇢ISM is the constant density of the
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Figure 3. Key dynamical ejecta properties as measured at a radius of 440 km according to the geodesic criterion: histograms of
estimated asymptotic ejecta velocity (v1), electron fraction (Ye), and specific entropy (s), for each high-resolution simulation.
We choose the geodesic criterion here to largely exclude secular wind ejecta from the remnant NS (not of interest here) and focus
on dynamical ejecta only. The high-velocity tails of the ejecta distributions that give rise to free-neutron decay and associated
kilonova precursor emission (Secs. 4.2 and 5.2) are indicated as color-shaded areas.

(Ye), asymptotic escape speed (v1), and specific entropy
(s1) are summarized in Fig. 3. We extract physical
quantities at a radius of R = 300M ' 440 km, where
M is the total binary mass, using the geodesic criterion.
We mainly focus on the geodesic criterion here, since
at close separations of 440 km it is somewhat insensi-
tive to secular outflows such as neutrino-driven winds
from the merger remnant (not of interest for the present
study) and it thus acts as a filter for dynamical ejecta.
The merger process during which dynamical ejecta is
generated according to the geodesic criterion lasts ap-
proximately 10ms in all our simulations (Sec. 3.2 and
Fig. 6). We turn to a discussion of the details of mass
ejection in the following subsections.

3.2. Ejecta dynamics and fast outflow

Two types of ejecta can be distinguished at merger:
tidal and shock-heated ejecta. Tidal torques extract
material from the surface of the stars during the final
inspiral and merger process, creating spiral arms that
expand into the orbital plane as they transport angular
momentum outwards, expelling cold, neutron-rich ma-
terial (Ye ⇠< 0.1) into the interstellar medium (see Fig. 4,
first panel). Because neutron stars are more compact in
general relativity compared to Newtonian gravity, these
tidal tails are not as prominent here as in Newtonian
simulations (e.g., Rosswog et al. 1999; Korobkin et al.
2012; Rosswog 2013). Furthermore, for equal-mass bi-
naries one expects a minimum of tidal ejecta: For a
given EOS, tuning the binary mass ratio away from
unity generally enhances the tidal torque on the lighter
companion. This leads to increased tidal ejecta, while
reducing the shock-heated component originating in the

collision interface (Hotokezaka et al. 2013a; Bauswein
et al. 2013b; Dietrich et al. 2015; Lehner et al. 2016a;
Sekiguchi et al. 2016). This is because the less mas-
sive companion becomes tidally elongated and seeks to
‘avoid’ a (radial) collision. Finally, for a given binary
mass ratio, changing the EOS from sti↵ (large NS radii)
to soft (small NS radii) one expects the shock-heated
component to be enhanced while reducing the tidal com-
ponent (Hotokezaka et al. 2013a; Bauswein et al. 2013b;
Dietrich et al. 2015; Lehner et al. 2016a; Sekiguchi et al.
2016; Palenzuela et al. 2015). This is because tidal
forces are smaller for less extended objects and NSs with
smaller radii approach closer prior to merger, reaching
higher orbital velocities at the collision, thus enhancing
the shock power and associated ejecta mass.
With our NSs spanning the compactness range of cur-

rently allowed EOSs for typical galactic double neutron
star masses, we find our runs span a range of dynami-
cal mass ejection phenomena. A detailed analysis shows
(see below) that for all systems considered here, by far
most of the ejecta is expelled by shock waves produced in
quasi-radial bounces of an oscillating double-core rem-
nant structure that forms after the onset of the merger,
with only a negligible amount of material being ejected
by tidal tails (see Fig. 5 and below; Sec. 3.3). This
ejecta material is, in general, faster and more proton-
rich than tidal ejecta. A large fraction of the mate-
rial released in such waves has been heated consider-
ably due to hydrodynamical shocks at the collision in-
terface during the merger process and is further heated
as it shocks into slower surrounding merger debris. As-
sociated neutrino emission in such a neutron-rich en-
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SFHo
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APR4

Figure 3. Key ejecta properties as measured at a radius of 440 km according to the geodesic criterion[Correct?]: histograms
of asymptotic ejecta velocity (v1), electron fraction (Ye), and specific entropy (s), for each high-resolution simulation. Dashed
lines in the first panel indicate the high-velocity tail of the distribution that results in free neutrons.[We may need to indicate
this slightly di↵erently: perhaps use actual data instead of linear fit, and use some color shade to highlight the corresponding
area of the distribution] We choose the geodesic criterion here to largely exclude secular wind ejecta from the remnant NS (not
of interest here) and focus on dynamical ejecta only.

a lifetime of likely more than a few hundred millisec-
onds (Ciolfi et al. 2019). In contrast, the LS220 and
SFHo binaries considered here lead to stars in the hy-
permassive5 regime with short lifetimes of ⇡ 16ms and
⇡30ms, respectively.
Our simulations self-consistently incorporate weak in-

teractions and approximate neutrino transport, which
is pivotal for accurately modeling ejecta properties, the
compositional distribution represented by Ye, in partic-
ular. Furthermore, our simulations include magnetic
fields, which dominate the angular moment transport
and outflow generation in the post-merger phase. In
our setup, magnetic fields are initialized well inside the
stars (cf. Sec. 2.4) and only ‘leak’ out of the stars dur-
ing the inspiral only in an insignificant way. At merger,
�
�1 := b

2
/p remains small, and the ‘buried’ fields do not

influence the ejection of dynamical ejecta. In this early
stage of the merger process, our results resemble closely
purely hydrodynamic simulations that include weak in-
teractions and approximate neutrino absorption, but ne-
glect magnetic fields (e.g. Sekiguchi et al. 2016; Radice
et al. 2018).
In this paper, we focus on ejection mechanisms, ejecta

properties, and observables of material ejected during
the dynamical phase of the merger itself. We consider
dynamical ejecta only, defined as material that is un-

5 Configurations above the maximum mass for uniformly rotating
neutron stars are referred to as hypermassive neutron stars, which
can be temporarily stabilized against gravitational collapse by
di↵erential rotation.

bound by global dynamical processes. Table 1 provides
an overview of the mass-averaged properties of the dy-
namical ejecta. Corresponding distributions of ejecta
mass relevant for observables according to composition
(Ye), asymptotic escape speed (v1), and specific entropy
(s1) are summarized in Fig. 3. We extract physical
quantities at a radius of 300M ' 440 km, where M is
the total binary mass, using the geodesic criterion. We
mainly focus on the geodesic criterion here, since at close
separations of 440 km it is largely insensitive to secular
outflows such as neutrino-driven winds from the merger
remnant (not of interest for the present study) and it
thus acts as a filter for dynamical ejecta. The merger
process during which dynamical ejecta is generated ac-
cording to the geodesic criterion lasts approximately 10
ms in all our simulations (Sec. 3.2 and Fig. 4). We turn
to a discussion of the details of mass ejection in the fol-
lowing subsections.

3.2. Ejecta dynamics and fast outflow

Two types of ejecta can be distinguished at merger:
tidal and shock-heated ejecta. Tidal torques extract
material from the surface of the stars during the final
inspiral and merger process, creating spiral arms that
expand into the orbital plane as they transport angu-
lar momentum outwards, expelling cold, neutron-rich
material (Ye ⇠< 0.1) into the interstellar medium (see
Fig. 7, first panel) [we need to reorder figures in the or-
der of reference in the text]. Because neutrons stars are
more compact in general relativity compared to New-
tonian gravity, these tidal tails are not as prominent
here as in Newtonian simulations (e.g., Rosswog et al.
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ciated afterglow has several interesting properties that
were analyzed ... (REFS). Instead of the typical fading
afterglow observed in GRB, radio and X-ray observa-
tions showed a rising flux that peaked at ⇠ 160 days af-
ter the merger, followed by a steep decay (REFS). This
behavior points to a structured outflow, which is now in-
terpreted as a structured GRB jet observed at a viewing
angle of ✓obs ⇠ 20o�30o (REFs). At late times, the flux
decay is dictated by the jet spreading and decelerating
into a non-relativistic outflow. Almost three years after
the event, the GRB afterglow is now dimming out, giv-
ing way to other possible components that might emit
non-thermal radiation, e.g. ... .
Recently, new observations in X-rays seem to reveal

a re-brightening of the source, which could account for
a new component of emission (Hajela et al. 2022)... .
At this stage, however, the source is rather faint and
the analysis of observations is delicate; indeed, di↵erent
approaches in the literature report di↵erent flux mea-
surements (REFs).
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Figure 19. Kilonova afterglow light curves for di↵erent
EOSs and observations from the latest rebrightening (Ha-
jela et al. 2021).

We apply our afterglow model to the observations pre-
sented in Hajela et al. (2021). We fix ✏e = 0.1 in all
models and, as usual, we vary the microphysical param-
eters (p, n, ✏B). We find that our models are compatible
with observations for ranges. We show representative
models for each EOS in Figure ??.
The sti↵er LS220 simulation present, less energetic

outflows, and so the density of the ISM and magnetic
energy have to be higher, compared with soft EOSs, to
reach observed fluxes at ⇠ 1230 days. The flux peak

depends sensitively on the ISM density and the fastest
shell. We observe that APR with the fastest ejecta pro-
file peaks earlier than all cases, although all simulations
produce overall similar results. We notice that, due to
the velocity structure of the outflow, the light curve does
not have a sharp peak as the jet afterglow; instead, there
is almost flat shape from ⇠ 200 to ⇠ 2000 days, when
the light curve starts declining. We observe that X-ray
light curves start decreasing faster than the radio signal
around 2000 days, which roughly indicates that the cool-
ing frequency has crossed the X-ray band by this time.
The radio emission seems to remain almost constant for
several years.
Compared to in Nedora et al. (2021a), which uses a

large set of numerical simulations and a semi-analytical
afterglow model, we found that our model is compatible
with similar ISM densities but higher magnetic ener-
gies because our simulations predict slower ejecta (see
Section ..). We also found that our model favors low
spectral index, p  2.1, as reported by Hajela et al.
(2022).
We notice that at this stage, the jet might still con-

tributing to the observed light curve, so the derived mi-
crophysical parameters might be di↵erent; in addition,
other factors might generate the observed

5.3.4. Detectability in � rays

. Given the mildly relativistic nature of the shock,
�sh ⇠ 2, and low-density environment of photons and
baryon matter, gamma emission from IC and SSC pro-
cesses in these types of afterglows is not expected to
be detectable unless the merger event occurs very close
and/or the e�ciency of the electrons is very high (REF).
It is interesting to notice, however, that if the merger

occurs within a globular cluster, the ambient photon
density in the infrared due to — could be in the range
of urad 2 (104, 102) eV/cm3. In this range, we find
that fluxes at ⇠ TeV are ⌫F⌫ < 10�14 erg/s/cm2 for
DL > 40 Mpc. IC processes might, however, help cool
electrons at later times and diminish X-ray emission if
urad > ⇥104 eV/cm3, e.g. when the merger occurs well
inside the cluster. Otherwise, we found that this e↵ect
is small and negligible. On the other hand, at early
times (< 10 days) the afterglow might be accompanied
by thermal radiation from the kilonova. The electrons
from the shock will then interact with the low-energy
photon field and cool by IC. We found that X-ray radi-
ation might diminish by tens of percent very early time,
where afterglow emission is important only if the merger
has a fast component and the ISM density is high, n ⇠ 1
cm�3.

6. DISCUSSION

Fast dynamical ejecta: X-ray to radio afterglow

Combi & Siegel 2022a

• fast, high-Ye (>0.25), shock-heated ejecta
• GW170817: source of X-ray-radio afterglow, 

timescale of years
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Figure 1. Two-dimensional slices through the rotation axes of volume renderings for the simulations showing specific entropy s at 20 ms after core bounce.
The panels show the four cases of alignment (top left), 15◦ misalignment (top right), 30◦ misalignment (bottom left), and 45◦ misalignment (bottom right)
between pre-collapse magnetic and rotation axes. The colourbar is the same for all panels and is shown in units of kbbaryon−1. The physical scale differs
between panels and is indicated for each.

Like the Ye evolution, the abundance pattern obtained for each
model depends on our choice of Lν , as set in post-processing with
SKYNET. This dependence is illustrated for the fiducial aligned case
in Fig. 8, in which we plot the ejecta mass as a function of mass
number A for the five different choices of neutrino luminosities.
The trends shown for this simulation hold for the other three: for
the heaviest nuclei (A � 200), higher values of Lν result in lower
abundances, while the opposite is true for light nuclei A . 120. In
particular, the third r-process peak is weaker for higher neutrino
luminosities, and this dependence is strong. For the aligned case,

the abundance of third peak elements decreases by ∼2–3 orders of
magnitude as we go from Lν = 0 to Lν = 5 × 1052 erg s−1, and
drops by another ∼8–9 orders of magnitude at the extreme value
of Lν = 1053 erg s−1. The second peak is far less sensitive to the
chosen neutrino luminosity as long as it is below a threshold value
of Lν ≈ 5 × 1052 erg s−1. For reasonable values of Lν , the second
peak is robustly produced in the aligned case. Comparing the trends
in abundance patterns to the trends in Ye produced by varying Lν ,
shown in Figs 8 and 6, respectively, provides an intuitive explanation
for the reduced production of elements at and beyond the second
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Figure 4. Schematic overview of astrophysical sites for r-process nucleosynthesis. a, binary neutron star mergers
(NS–NS) and neutron-star black-hole mergers (NS–BH), including dynamical ejecta of tidal and shock-heated nature, wind
outflows from a metastable remnant (NS–NS only) and secular ejecta from a post-merger accretion disk. b, r-process
nucleosynthesis in collapsar accretion disks, with similar physical conditions as in neutron-star post-merger accretion disks. c,
synthesis of (light) r-process elements in fast outflows from magnetorotational supernovae. Panel a contains snapshots
reproduced from Refs. 43 and 153. Panel b is reproduced from Ref. 30, and Panel c is reproduced from Ref. 29.

(a) Binary neutron star mergers (NS–NS) give rise to dynamical ejecta from the collision itself, including a very neutron-rich
‘tidal’ component—unprocessed material ‘ripped off’ from the stellar surfaces due to tidal forces during the final part of the
inspiral and merger154, 155—, and a less neutron-rich, quasi-spherical, shock-heated component originating in the collision
interface156, 157. After merger, winds blown off from the surface of a remnant neutron star by neutrinos69 and magnetic
fields70–72, as well as outflows from a neutrino-cooled accretion disk of circularized merger debris54, 158, 159 add neutron-rich
ejecta with a range of properties over increasing timescales. These processes give rise to ejecta material with different properties
(amount of ejected material, composition, velocities), which may lead to kilonovae with multiple (‘blue’–‘red’) components,
similar to the GW170817 kilonova. The relative weights of these components depend on binary parameters and still poorly
understood physics, such as the equation of state of matter at supra-nuclear densities. Mergers of neutron stars and black holes
(NS–BH) lead to mass ejection only if the neutron star is tidally disrupted by the black hole, which strongly depends on the
mass ratio of the compact objects and the spin of the black hole81. If tidal disruption occurs and the neutron star does not
directly ‘plunge’ into the black hole, tidal ejecta and disk outflows may be present.

(b) Collapsars—the collapse of rapidly rotating massive stars, thought to generate long gamma-ray bursts and their accom-
panying Type Ic-bl supernovae (H/He deficient with broad lines)75—may synthesize r-process elements in a way similar
to post-merger accretion disks30. Material from the collapsing stellar progenitor circularizes in an accretion disk around a
newly-formed black hole. The accretion flow may be dense enough to give rise to neutron-rich outflows that may synthesize
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Nucleosynthesis: dynamical ejecta
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• robust 2nd - 3rd peak r-process
• original mechanism for producing heavy elements in mergers 
• moderate variations among light r-process elements depending on EOS, mass 

ratio, neutrino transport
• typically ~10-3 Msun per event, likely subdominant wrt post-merger ejecta

Rosswog+ 1999
Radice+ 2018

Kullmann+ 2021
Fujibayashi+ 2022

2 Box 2: Astrophysical sites for r-process nucleosynthesis
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Figure 1. Two-dimensional slices through the rotation axes of volume renderings for the simulations showing specific entropy s at 20 ms after core bounce.
The panels show the four cases of alignment (top left), 15◦ misalignment (top right), 30◦ misalignment (bottom left), and 45◦ misalignment (bottom right)
between pre-collapse magnetic and rotation axes. The colourbar is the same for all panels and is shown in units of kbbaryon−1. The physical scale differs
between panels and is indicated for each.

Like the Ye evolution, the abundance pattern obtained for each
model depends on our choice of Lν , as set in post-processing with
SKYNET. This dependence is illustrated for the fiducial aligned case
in Fig. 8, in which we plot the ejecta mass as a function of mass
number A for the five different choices of neutrino luminosities.
The trends shown for this simulation hold for the other three: for
the heaviest nuclei (A � 200), higher values of Lν result in lower
abundances, while the opposite is true for light nuclei A . 120. In
particular, the third r-process peak is weaker for higher neutrino
luminosities, and this dependence is strong. For the aligned case,

the abundance of third peak elements decreases by ∼2–3 orders of
magnitude as we go from Lν = 0 to Lν = 5 × 1052 erg s−1, and
drops by another ∼8–9 orders of magnitude at the extreme value
of Lν = 1053 erg s−1. The second peak is far less sensitive to the
chosen neutrino luminosity as long as it is below a threshold value
of Lν ≈ 5 × 1052 erg s−1. For reasonable values of Lν , the second
peak is robustly produced in the aligned case. Comparing the trends
in abundance patterns to the trends in Ye produced by varying Lν ,
shown in Figs 8 and 6, respectively, provides an intuitive explanation
for the reduced production of elements at and beyond the second
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Figure 4. Schematic overview of astrophysical sites for r-process nucleosynthesis. a, binary neutron star mergers
(NS–NS) and neutron-star black-hole mergers (NS–BH), including dynamical ejecta of tidal and shock-heated nature, wind
outflows from a metastable remnant (NS–NS only) and secular ejecta from a post-merger accretion disk. b, r-process
nucleosynthesis in collapsar accretion disks, with similar physical conditions as in neutron-star post-merger accretion disks. c,
synthesis of (light) r-process elements in fast outflows from magnetorotational supernovae. Panel a contains snapshots
reproduced from Refs. 43 and 153. Panel b is reproduced from Ref. 30, and Panel c is reproduced from Ref. 29.

(a) Binary neutron star mergers (NS–NS) give rise to dynamical ejecta from the collision itself, including a very neutron-rich
‘tidal’ component—unprocessed material ‘ripped off’ from the stellar surfaces due to tidal forces during the final part of the
inspiral and merger154, 155—, and a less neutron-rich, quasi-spherical, shock-heated component originating in the collision
interface156, 157. After merger, winds blown off from the surface of a remnant neutron star by neutrinos69 and magnetic
fields70–72, as well as outflows from a neutrino-cooled accretion disk of circularized merger debris54, 158, 159 add neutron-rich
ejecta with a range of properties over increasing timescales. These processes give rise to ejecta material with different properties
(amount of ejected material, composition, velocities), which may lead to kilonovae with multiple (‘blue’–‘red’) components,
similar to the GW170817 kilonova. The relative weights of these components depend on binary parameters and still poorly
understood physics, such as the equation of state of matter at supra-nuclear densities. Mergers of neutron stars and black holes
(NS–BH) lead to mass ejection only if the neutron star is tidally disrupted by the black hole, which strongly depends on the
mass ratio of the compact objects and the spin of the black hole81. If tidal disruption occurs and the neutron star does not
directly ‘plunge’ into the black hole, tidal ejecta and disk outflows may be present.

(b) Collapsars—the collapse of rapidly rotating massive stars, thought to generate long gamma-ray bursts and their accom-
panying Type Ic-bl supernovae (H/He deficient with broad lines)75—may synthesize r-process elements in a way similar
to post-merger accretion disks30. Material from the collapsing stellar progenitor circularizes in an accretion disk around a
newly-formed black hole. The accretion flow may be dense enough to give rise to neutron-rich outflows that may synthesize
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purpose of this discussion we choose the nominal values
by [34,35,51,56],

vej,blue =0.27c, Mej,blue =0.016M!, XLan,blue !10−4,

vej,red =0.1c, Mej,red =0.05M!, XLan,red =10−2, (2)

with uncertainties defined by the above mentioned param-
eter ranges. While those may reasonably well cover the un-
certainties in the velocities and lanthanide mass fractions,
the ejecta masses likely come with larger uncertainties (see
below).

There have also been attempts to interpret the
GW170817 kilonova with single-component models [38,
62, 63]. Such models require a small but finite lanthanide
mass fraction XLan ≈ 10−3, which, in turn, requires a
fine-tuned distribution in electron fraction sharply peaked
around Ye = 0.25 [65, 66]. This is in conflict with Ye dis-
tributions from numerical simulations of the NS merger
and post-merger phase, which show that ejecta compo-
nents give rise to fairly broad distributions in electron
fraction ([67–71]; see sect. 3 for more details). Alterna-
tively, such a lanthanide fraction could be obtained by
mixing of lanthanide-rich and lanthanide-poor material in
just the right amount if ejection of material still proceeds
on the timescale ∼ 1 s of the r-process (such that mix-
ing can occur after the r-process has concluded; see also
the discussion in ref. [72]). However, this scenario seems
unlikely, as it requires fine-tuning regarding the relative
amount of ejecta material to be mixed as well as special
conditions under which the ejection of material proceeds.

Uncertainties

Systematic uncertainties in the ejecta masses not consid-
ered in the observational analyses arise from geometric
and multi-dimensional effects, and uncertainties in the ra-
dioactive heating rate as well as the thermalization effi-
ciency of the radioactive decay products. Geometric and
multi-dimensional radiation transport effects may well
lead to order-unity uncertainties. While those effects have
been investigated to some degree [73, 74], they have not
yet been explored extensively in the context of GW170817
(however, see [35, 60, 64]). Geometric effects due to devi-
ations from spherical symmetry have been estimated to
result in mass uncertainties by a factor ! 2 [35]. The ra-
dioactive heating rate for “blue” (lanthanide-free) kilo-
nova ejecta (mean electron fraction Ye > 0.25) is uncer-
tain by a factor of a few due to the dominance of sin-
gle isotopes [65], its thermalization efficiency is relatively
robust [31, 75]. For “red” (lanthanide-bearing) kilonova
ejecta (mean electron fraction Ye < 0.25), the radioactive
heating rate is fairly robust [31, 65, 76], while the ther-
malization efficiency is uncertain up to a factor of a few
or more at late times [75, 77]. The latter mostly results
from the sensitivity to the precise amount of translead
nuclei being synthesized in the outflow (which also de-
pends on the nuclear mass model), as translead nuclei emit
a larger fraction of radioactive energy through α-decay
and fission, which thermalizes more efficiently than en-
ergy from β-decays [75]. Uncertainties in the total ejecta

Fig. 1. Dynamical ejecta masses and velocities from various
binary neutron star merger simulations encompassing differ-
ent numerical techniques, various equations of state, binary
binary mass ratios 0.65–1.0, effects of neutrinos and magnetic
fields [67,68,83,88,89], together with the corresponding ejecta
parameters inferred from the “blue” and “red” kilonova of
GW170817 (see the text for details). Also shown for compari-
son is the parameter range for post-merger disk ejecta (see the
text for details).

mass of GW170817 considering thermalization efficiency,
composition, and mass model are found to be of a factor
! 2 [78]. Overall, this motivates at least a factor of two
uncertainty in the ejecta masses of the individual compo-
nents, which we shall adopt for the discussion here (see
below and figs. 1 and 3).

3 Interpretation of the GW170817 kilonova

In the light of the kilonova parameters discussed above, we
turn to the question of what these observations imply for
the astrophysical site of the r-process in NS mergers. We
shall focus here on binary NS mergers, although the pos-
sibility of a BH-NS merger is also briefly discussed below.

Numerical simulations of the binary NS merger and
post-merger phase have revealed several types of neutron-
rich ejecta over the last two decades, which we shall briefly
discuss in the context of GW170817: dynamical ejecta in-
cluding tidal and shock-heated components [22,23,79,80],
neutrino-driven and magnetically driven winds from a
(meta-)stable remnant NS [81–84], and outflows from a
post-merger neutrino-cooled accretion disk [85–87]. In a
typical NS merger event, all of these processes are at
play to some extend, giving rise to ejecta material with
different properties (amount of ejected material, compo-
sition, velocities); therefore, in principle, kilonovae with
multiple components are naturally expected, which fur-
ther motivates the multi-component interpretation of the
GW170817 kilonova discussed above.

Dynamical ejecta

During the merger process, on timescales of ∼ ms, tidal
forces tear off matter from the surfaces of the approach-
ing neutron stars, giving rise to tidal debris streams

The GW170817 kilonova

likely disk ejecta

BNS merger simulations: dynamical ejecta

Siegel 2019

6 VILLAR ET AL.

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

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

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

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

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

4. RESULTS OF THE KILONOVA MODELS

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

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

ej = 0.019+0.001
-0.001 M�, vblue

ej = 0.257+0.009
-0.007c,

Mred
ej = 0.047+0.002

-0.002 M�, vred
ej = 0.151+0.004

-0.004c, and red = 3.78+0.13
-0.07

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

Villar+ 2017

red KN

blue KN

Kasen+ 2017

Siegel & Metzger, PRL 2017

XLa < 10-4

XLa ~ 0.01

The synthesis of heavy elements in the Universe

post-merger winds?
neutron precursor at 
early times?
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Figure 1. Two-dimensional slices through the rotation axes of volume renderings for the simulations showing specific entropy s at 20 ms after core bounce.
The panels show the four cases of alignment (top left), 15◦ misalignment (top right), 30◦ misalignment (bottom left), and 45◦ misalignment (bottom right)
between pre-collapse magnetic and rotation axes. The colourbar is the same for all panels and is shown in units of kbbaryon−1. The physical scale differs
between panels and is indicated for each.

Like the Ye evolution, the abundance pattern obtained for each
model depends on our choice of Lν , as set in post-processing with
SKYNET. This dependence is illustrated for the fiducial aligned case
in Fig. 8, in which we plot the ejecta mass as a function of mass
number A for the five different choices of neutrino luminosities.
The trends shown for this simulation hold for the other three: for
the heaviest nuclei (A � 200), higher values of Lν result in lower
abundances, while the opposite is true for light nuclei A . 120. In
particular, the third r-process peak is weaker for higher neutrino
luminosities, and this dependence is strong. For the aligned case,

the abundance of third peak elements decreases by ∼2–3 orders of
magnitude as we go from Lν = 0 to Lν = 5 × 1052 erg s−1, and
drops by another ∼8–9 orders of magnitude at the extreme value
of Lν = 1053 erg s−1. The second peak is far less sensitive to the
chosen neutrino luminosity as long as it is below a threshold value
of Lν ≈ 5 × 1052 erg s−1. For reasonable values of Lν , the second
peak is robustly produced in the aligned case. Comparing the trends
in abundance patterns to the trends in Ye produced by varying Lν ,
shown in Figs 8 and 6, respectively, provides an intuitive explanation
for the reduced production of elements at and beyond the second
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Figure 4. Schematic overview of astrophysical sites for r-process nucleosynthesis. a, binary neutron star mergers
(NS–NS) and neutron-star black-hole mergers (NS–BH), including dynamical ejecta of tidal and shock-heated nature, wind
outflows from a metastable remnant (NS–NS only) and secular ejecta from a post-merger accretion disk. b, r-process
nucleosynthesis in collapsar accretion disks, with similar physical conditions as in neutron-star post-merger accretion disks. c,
synthesis of (light) r-process elements in fast outflows from magnetorotational supernovae. Panel a contains snapshots
reproduced from Refs. 43 and 153. Panel b is reproduced from Ref. 30, and Panel c is reproduced from Ref. 29.

(a) Binary neutron star mergers (NS–NS) give rise to dynamical ejecta from the collision itself, including a very neutron-rich
‘tidal’ component—unprocessed material ‘ripped off’ from the stellar surfaces due to tidal forces during the final part of the
inspiral and merger154, 155—, and a less neutron-rich, quasi-spherical, shock-heated component originating in the collision
interface156, 157. After merger, winds blown off from the surface of a remnant neutron star by neutrinos69 and magnetic
fields70–72, as well as outflows from a neutrino-cooled accretion disk of circularized merger debris54, 158, 159 add neutron-rich
ejecta with a range of properties over increasing timescales. These processes give rise to ejecta material with different properties
(amount of ejected material, composition, velocities), which may lead to kilonovae with multiple (‘blue’–‘red’) components,
similar to the GW170817 kilonova. The relative weights of these components depend on binary parameters and still poorly
understood physics, such as the equation of state of matter at supra-nuclear densities. Mergers of neutron stars and black holes
(NS–BH) lead to mass ejection only if the neutron star is tidally disrupted by the black hole, which strongly depends on the
mass ratio of the compact objects and the spin of the black hole81. If tidal disruption occurs and the neutron star does not
directly ‘plunge’ into the black hole, tidal ejecta and disk outflows may be present.

(b) Collapsars—the collapse of rapidly rotating massive stars, thought to generate long gamma-ray bursts and their accom-
panying Type Ic-bl supernovae (H/He deficient with broad lines)75—may synthesize r-process elements in a way similar
to post-merger accretion disks30. Material from the collapsing stellar progenitor circularizes in an accretion disk around a
newly-formed black hole. The accretion flow may be dense enough to give rise to neutron-rich outflows that may synthesize
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Composition (Ye) determined by:
(radiation transport!)
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structure

Fast outflow ~0.4 c with sufficiently 
low Ye for 1st—2nd peak r-process
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Post-merger disk ejecta

MHD 
turbulence

(heating)

neutrinos
(cooling)

hot corona

heating-cooling imbalance in corona & 
nuclear recombination launches wind

De & Siegel 2021
Fernandez+ 2020
Just+ 2021

Siegel & Metzger, PRL 2017

• Weak interactions are key 
for composition, 
nucleosynthesis, kilonova

2 Box 2: Astrophysical sites for r-process nucleosynthesis
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Figure 1. Two-dimensional slices through the rotation axes of volume renderings for the simulations showing specific entropy s at 20 ms after core bounce.
The panels show the four cases of alignment (top left), 15◦ misalignment (top right), 30◦ misalignment (bottom left), and 45◦ misalignment (bottom right)
between pre-collapse magnetic and rotation axes. The colourbar is the same for all panels and is shown in units of kbbaryon−1. The physical scale differs
between panels and is indicated for each.

Like the Ye evolution, the abundance pattern obtained for each
model depends on our choice of Lν , as set in post-processing with
SKYNET. This dependence is illustrated for the fiducial aligned case
in Fig. 8, in which we plot the ejecta mass as a function of mass
number A for the five different choices of neutrino luminosities.
The trends shown for this simulation hold for the other three: for
the heaviest nuclei (A � 200), higher values of Lν result in lower
abundances, while the opposite is true for light nuclei A . 120. In
particular, the third r-process peak is weaker for higher neutrino
luminosities, and this dependence is strong. For the aligned case,

the abundance of third peak elements decreases by ∼2–3 orders of
magnitude as we go from Lν = 0 to Lν = 5 × 1052 erg s−1, and
drops by another ∼8–9 orders of magnitude at the extreme value
of Lν = 1053 erg s−1. The second peak is far less sensitive to the
chosen neutrino luminosity as long as it is below a threshold value
of Lν ≈ 5 × 1052 erg s−1. For reasonable values of Lν , the second
peak is robustly produced in the aligned case. Comparing the trends
in abundance patterns to the trends in Ye produced by varying Lν ,
shown in Figs 8 and 6, respectively, provides an intuitive explanation
for the reduced production of elements at and beyond the second

MNRAS 477, 2366–2375 (2018)Downloaded from https://academic.oup.com/mnras/article-abstract/477/2/2366/4955567
by Columbia University in the City of New York user
on 28 May 2018
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Ṁacc

<latexit sha1_base64="84NnEGbn40h29cWHBWtGbF3M1oA=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgadn1fQkEvHiMYF4kS5idzCZDZmaXmVkhLPkKLx4U8ernePNvnCR70GhBQ1HVTXdXmHCmjed9OYWV1bX1jeJmaWt7Z3evvH/Q1HGqCG2QmMeqHWJNOZO0YZjhtJ0oikXIaSsc38781iNVmsXywUwSGgg8lCxiBBsrdTr9LJlWPfeyX654rjcH+kv8nFQgR71f/uwNYpIKKg3hWOuu7yUmyLAyjHA6LfVSTRNMxnhIu5ZKLKgOsvnBU3RilQGKYmVLGjRXf05kWGg9EaHtFNiM9LI3E//zuqmJboKMySQ1VJLFoijlyMRo9j0aMEWJ4RNLMFHM3orICCtMjM2oZEPwl1/+S5pnrn/lnt9fVGrVPI4iHMExnIIP11CDO6hDAwgIeIIXeHWU8+y8Oe+L1oKTzxzCLzgf39qDj8c=</latexit>

Yp = 0.5

gamma-ray
burst
jet

r-process
Winds

SN Ic BL

<latexit sha1_base64="pxYypvm79V5uY/RujIcbv51tmss=">AAAB+XicdVDLSsNAFJ34rPUVdelmsAhuDJP0pQuh4MZlBfuQNoTJdNIOnTyYmRRK6J+4caGIW//EnX/jpK2gogcuHM65l3vv8RPOpELow1hZXVvf2CxsFbd3dvf2zYPDtoxTQWiLxDwWXR9LyllEW4opTruJoDj0Oe344+vc70yokCyO7tQ0oW6IhxELGMFKS55p3ntZMutLFiLLPkdWxTNLyKrXypdODSILOVWnaufErperDrQtNEcJLNH0zPf+ICZpSCNFOJayZ6NEuRkWihFOZ8V+KmmCyRgPaU/TCIdUutn88hk81coABrHQFSk4V79PZDiUchr6ujPEaiR/e7n4l9dLVXDhZixKUkUjslgUpByqGOYxwAETlCg+1QQTwfStkIywwETpsIo6hK9P4f+k7Vh2zSrfVkqNq2UcBXAMTsAZsEEdNMANaIIWIGACHsATeDYy49F4MV4XrSvGcuYI/IDx9gkR9pKj</latexit>
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Figure 4. Schematic overview of astrophysical sites for r-process nucleosynthesis. a, binary neutron star mergers
(NS–NS) and neutron-star black-hole mergers (NS–BH), including dynamical ejecta of tidal and shock-heated nature, wind
outflows from a metastable remnant (NS–NS only) and secular ejecta from a post-merger accretion disk. b, r-process
nucleosynthesis in collapsar accretion disks, with similar physical conditions as in neutron-star post-merger accretion disks. c,
synthesis of (light) r-process elements in fast outflows from magnetorotational supernovae. Panel a contains snapshots
reproduced from Refs. 43 and 153. Panel b is reproduced from Ref. 30, and Panel c is reproduced from Ref. 29.

(a) Binary neutron star mergers (NS–NS) give rise to dynamical ejecta from the collision itself, including a very neutron-rich
‘tidal’ component—unprocessed material ‘ripped off’ from the stellar surfaces due to tidal forces during the final part of the
inspiral and merger154, 155—, and a less neutron-rich, quasi-spherical, shock-heated component originating in the collision
interface156, 157. After merger, winds blown off from the surface of a remnant neutron star by neutrinos69 and magnetic
fields70–72, as well as outflows from a neutrino-cooled accretion disk of circularized merger debris54, 158, 159 add neutron-rich
ejecta with a range of properties over increasing timescales. These processes give rise to ejecta material with different properties
(amount of ejected material, composition, velocities), which may lead to kilonovae with multiple (‘blue’–‘red’) components,
similar to the GW170817 kilonova. The relative weights of these components depend on binary parameters and still poorly
understood physics, such as the equation of state of matter at supra-nuclear densities. Mergers of neutron stars and black holes
(NS–BH) lead to mass ejection only if the neutron star is tidally disrupted by the black hole, which strongly depends on the
mass ratio of the compact objects and the spin of the black hole81. If tidal disruption occurs and the neutron star does not
directly ‘plunge’ into the black hole, tidal ejecta and disk outflows may be present.

(b) Collapsars—the collapse of rapidly rotating massive stars, thought to generate long gamma-ray bursts and their accom-
panying Type Ic-bl supernovae (H/He deficient with broad lines)75—may synthesize r-process elements in a way similar
to post-merger accretion disks30. Material from the collapsing stellar progenitor circularizes in an accretion disk around a
newly-formed black hole. The accretion flow may be dense enough to give rise to neutron-rich outflows that may synthesize
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• Self-regulation keeps disk 
neutron-rich: 
light & heavy r-process

Siegel & Metzger, PRL 2017

• Detailed nucleosynthesis 
varies across parameter 
space

• Total ejecta can dominate 
all other channels

Siegel & Metzger 2018
Fernandez+ 2019

The synthesis of heavy elements in the Universe

Chen & Beloborodov 2007
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Importance of weak interactions:

neutrino emission

viscous heating (MRI)

Ignition threshold: De & Siegel 2021

1D alpha-disk model

Siegel & Metzger, PRL 2017

Weak interactions are key for 
composition, nucleosynthesis, kilonova

The synthesis of heavy elements in the Universe
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Ignition of weak interactions
De & Siegel 2021

more effective evaporation in 
the absence of cooling!analytic estimate from 

1D alpha-disk model 

neutrino-cooled 
regime

(Ye self-regulated)

advection 
of 

thermal 
energy

simulated GRMHD disks

Ejected disk mass:

12

3

1

2

3

~ 35%

~ 35%

~ 60%

maximal radiative efficiency

see also:
Siegel & Metzger 2018
Fernandez+ 2019, 2020
Christie+ 2019
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Nucleosynthesis De & Siegel 2021
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accretion rate,
ignition of weak interactions

trends to continue as 
neutrino absorption becomes 
important  

(see Miller+ 2019, Li & Siegel 2021)

ignition

R-process 
peaks

self-regulation above ignition 
leads to well-defined 
nucleosynthesis pattern 
similar to solar over wide 
range of accretion rates 
(disk masses)



III.
Conjectures



Future GW events: exploring BNS parameter space
Siegel 2022, Nature Rev. Phys.

Conjecture: Outflows from compact (neutrino-cooled) accretion disks 
synthesize most of the heavy r-process elements in the Universe.

Expected ejecta 
distribution for 

galactic BNS 
distribution

The synthesis of heavy elements in the Universe



Post-merger physics: Neutrino oscillations

Free-streaming neutrinos:

Conditions for fast conversions:
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instability region: ubiquitous flavor conversions
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Li & Siegel 2021, PRL
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• GRMHD + M1 neutrino transport
• dispersion relation approach, approximate equipartition
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fast flavour 
conversions

switching on fast 
conversions

ejecta composition changes 
dramatically (more neutron-rich)

• boost in heavy r-process by factor 
few-10 (lanthanides, actinides)

• imprint in kilonova (becomes more ‘red’)

But: non-linear regime of fast flavour conversions still somewhat uncertain Richers+ 2021

Post-merger physics: Neutrino oscillations
Li & Siegel 2021, PRL

• imprint in actinide-boost stars?
Faroqui+ 2021



IV.
r-process in collapsars



Post-merger physics in other systems: collapsars
Siegel, Barnes, Metzger 2019, Nature
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e+ + n ! p+ ⌫̄e

Neutron-richness: High disk densities (                 ):
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Ṁ > Ṁign

degenerate electrons

outflows produce r-process nuclei
Ye ~ 0.1

Post-merger physics in other systems: collapsars
Siegel+ 2022
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Ṁ1

Ṁ2
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accretion rate nucleosynthesis in disk outflow

Siegel, Barnes, Metzger 2019, Nature

• 0.05–1 Msun of r-process material per event over-
compensates lower rates relative to mergers See also: 

Miller+ 2020, Just+ 2021, Li & Siegel 2021

• may dominate r-process production by mergers

Post-merger physics in other systems: collapsars

• self-regulation over wide range of accretion rates produced 
well-defined nucleosynthesis pattern similar to solar
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How to observe?

Ni-rich
SN ejecta

r-process

mixing

r-process elements lead to near-infrared excess at late times:
‘kilonova within a supernova’ Barnes & Metzger 2022



V.
Massive collapsars: 
‘super-kilonovae’



Black holes in the pair-instability mass gap

PISN BH mass gap

How to populate the PISN BH mass gap?

• Stellar mergers
• Hierarchical BBH mergers
• Modifying stellar physics at low metallicity
• Gas accretion onto PopIII remnant BHs
• To some extent: nuclear reaction rates & rotation

DiCarlo+ 2019, Renzo+ 2020b

Antonini & Rasio 2016, …

M. Renzo et al.: CSM from Pulsational Pair-Instability
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Fig. 2. Final BH masses as a function of the initial He core mass. The scale in the horizontal direction is logarithmic. The colors in the background
indicate the approximate range for each evolutionary path, see also Section 3. The right panel shows the masses inferred from the first ten binary
BH mergers detected by LIGO/Virgo, with a red shade to emphasize the overlap between PPI and CC, and green and blue hatches to indicate the
fate of the progenitor in di↵erent BH mass ranges.

3. Overview of the evolution of the progenitors

Figure 2 shows the BH masses resulting from our grid as a
function of the initial He core mass (MHe,init, bottom axis)
and approximate maximum CO core mass reached during the
evolution (MCO, top axis). Both can decrease because of PPI
mass-loss episodes toward the end of the evolution. We es-
timate the BH mass as the mass coordinate where the bind-
ing energy of the collapsing star reaches 1048 ergs, to allow
for the possibility of mass loss during the CC from, either
a weak explosion (Ott et al. 2018; Chan et al. 2020), or
ejection of a fraction of the envelope due to neutrino losses
(Nadezhin 1980; Lovegrove & Woosley 2013). This estimate is
typically within a few 0.01 M� of the total final mass of the He
star. We do not account for other energy loss terms during the
core collapse, such as neutrinos themselves which might carry
away (part of) the core binding energy. This e↵ect is typically
estimated to be . 10% of the precollapse core rest mass en-
ergy (e.g., O’Connor & Ott 2011; Belczynski et al. 2016; Spera
& Mapelli 2017), and can shift our BH mass estimates further
down.

The colored background in the left panel of Figure 2 indi-
cates approximately the evolutionary path for the corresponding
mass range. The four possibilities are summarized as follows, in
order of increasing initial He core mass:

CC: Relatively low mass He cores end their lives in a core col-
lapse (CC, blue on the left of Figure 2) event without losing mass

to pair-production driven pulses. For these models, the layers
which are unstable to pair production (if any) are not massive
enough to cause an episode of mass ejection. In this mass range,
the outcome of core-collapse is most likely BH formation, pos-
sibly associated with a weak SN with large fallback (Ott et al.
2018; Kuroda et al. 2018; Chan et al. 2018, 2020). We return on
the “explodability” of our grid of models in Section 7.

PPI+CC: With increasing MHe,init, the pair instability becomes
progressively more violent. The energy release by thermonuclear
explosions causes significant radial expansion. Increasing fur-
ther in mass, models experience one or more mass loss episodes,
before the core is stabilized by the consumption of fuel and en-
tropy losses to neutrinos, and the stars finally collapse (PPI+CC,
green in Figure 2).

PISN: For 80 M� . MHe,init . 200 M�, our models are com-
pletely disrupted in a PISN, and produce no remnant (yellow
vertical area in Figure 2). Our lowest mass model going PISN
and leaving no remnant has MHe,init = 80.75 M�, corresponding
to a maximum CO core mass of ⇠ 55 M� (see also Farmer et al.
2019).

CC: For extremely massive cores, MHe,init & 200 M�, the
energy release by the explosive thermonuclear burning triggered
by the pair instability is insu�cient to fully disrupt the star. This
happens because most of that energy is used to photodisintegrate

Article number, page 5 of 22

Renzo+ 2020a

Farell+ 21, Vink+ 21

Safarzadeh & Haiman 2020

Woosley & Heger 2021, …



More massive examples populate the PISN mass gap

No. 1, 1999 COLLAPSARS 271

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

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

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

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

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

e

collapsewind

GRB jetCollapse of massive, 
rapidly rotating 
progenitors 
> 130 Msun

A&A proofs: manuscript no. ppisn_CSM

Fig. 1. Evolution of a massive He core undergoing (pulsational) pair instability evolution. Three final outcomes are possible: full disruption without
a compact remnant (4a.), formation of a BH because of the photodisintegration instability (4c.), or episodic mass loss (4b.) and final stabilization
of the core, followed by a regular core-collapse event.

getic enough to reverse the collapse into an explosion and disrupt
the star, (e.g., Bond et al. 1984; Fryer et al. 2001; Heger et al.
2003, step 4c in Figure 1). In these cases, the final fate is core
collapse (CC), forming a massive black hole (BH). Therefore, if
these stellar explosions do occur in nature, a “PISN black hole
mass gap” (also called “second mass gap”1) is expected between
the most massive BH that can be formed without encountering a
PISN fate and the least massive BH formed because of the pho-
todisintegration instability.

The most massive BHs below the gap result from the evo-
lution of He cores with final masses just below ⇠ 60 M� (e.g.,
Yoon et al. 2012; Woosley 2017; Farmer et al. 2019). In these
stars, the explosive burning of step 3 in Figure 1 releases less
energy and thus is only able to eject a fraction of the outer layers
of the star. This produces a mass-loss pulse (step 4b in Figure 1),
1 The “first gap” is the apparent lack of compact objects with masses
between the maximum neutron star mass, max{MNS} ' 2 M� and the
least massive BH known min{MBH} ' 5 M�, (e.g., Farr et al. 2011, but
see also Wyrzykowski et al. 2016; Wyrzykowski & Mandel 2019).

without fully disrupting the star (Rakavy & Shaviv 1967; Fra-
ley 1968; Woosley et al. 2002, 2007; Woosley 2017, 2019). This
phenomenon is the lower-mass analog of a PISN, a pulsational
pair-instability (PPI). The star may undergo multiple such pulses
until the combined e↵ects of pulsational mass loss, entropy loss
to neutrinos (step 5 in Figure 1), and fuel consumption stabi-
lizes the core (Woosley 2017; Marchant et al. 2019; Farmer et al.
2019; Leung et al. 2019). Ultimately, this star is likely to collapse
to a BH, possibly with an associated supernova (SN), at step 7 in
Figure 1.

Given the impact on the distribution of BH masses (Bel-
czynski et al. 2016; Woosley 2017; Marchant et al. 2019;
Stevenson et al. 2019), the recent direct detection of grav-
itational waves (Abbott et al. 2017; Abbott et al. 2019)
has revived the interest in PPI evolution. Moreover, the
follow-up of gravitational wave merger events is driving
large observational e↵orts in time-domain astronomy, with
new and upcoming facility such as the Zwicky Transient
Factory (Bellm 2014), Large Synoptic Supernova Survey
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Wind mass 
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> 50 Msun
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Fig. 2. Final BH masses as a function of the initial He core mass. The scale in the horizontal direction is logarithmic. The colors in the background
indicate the approximate range for each evolutionary path, see also Section 3. The right panel shows the masses inferred from the first ten binary
BH mergers detected by LIGO/Virgo, with a red shade to emphasize the overlap between PPI and CC, and green and blue hatches to indicate the
fate of the progenitor in di↵erent BH mass ranges.

3. Overview of the evolution of the progenitors

Figure 2 shows the BH masses resulting from our grid as a
function of the initial He core mass (MHe,init, bottom axis)
and approximate maximum CO core mass reached during the
evolution (MCO, top axis). Both can decrease because of PPI
mass-loss episodes toward the end of the evolution. We es-
timate the BH mass as the mass coordinate where the bind-
ing energy of the collapsing star reaches 1048 ergs, to allow
for the possibility of mass loss during the CC from, either
a weak explosion (Ott et al. 2018; Chan et al. 2020), or
ejection of a fraction of the envelope due to neutrino losses
(Nadezhin 1980; Lovegrove & Woosley 2013). This estimate is
typically within a few 0.01 M� of the total final mass of the He
star. We do not account for other energy loss terms during the
core collapse, such as neutrinos themselves which might carry
away (part of) the core binding energy. This e↵ect is typically
estimated to be . 10% of the precollapse core rest mass en-
ergy (e.g., O’Connor & Ott 2011; Belczynski et al. 2016; Spera
& Mapelli 2017), and can shift our BH mass estimates further
down.

The colored background in the left panel of Figure 2 indi-
cates approximately the evolutionary path for the corresponding
mass range. The four possibilities are summarized as follows, in
order of increasing initial He core mass:

CC: Relatively low mass He cores end their lives in a core col-
lapse (CC, blue on the left of Figure 2) event without losing mass

to pair-production driven pulses. For these models, the layers
which are unstable to pair production (if any) are not massive
enough to cause an episode of mass ejection. In this mass range,
the outcome of core-collapse is most likely BH formation, pos-
sibly associated with a weak SN with large fallback (Ott et al.
2018; Kuroda et al. 2018; Chan et al. 2018, 2020). We return on
the “explodability” of our grid of models in Section 7.

PPI+CC: With increasing MHe,init, the pair instability becomes
progressively more violent. The energy release by thermonuclear
explosions causes significant radial expansion. Increasing fur-
ther in mass, models experience one or more mass loss episodes,
before the core is stabilized by the consumption of fuel and en-
tropy losses to neutrinos, and the stars finally collapse (PPI+CC,
green in Figure 2).

PISN: For 80 M� . MHe,init . 200 M�, our models are com-
pletely disrupted in a PISN, and produce no remnant (yellow
vertical area in Figure 2). Our lowest mass model going PISN
and leaving no remnant has MHe,init = 80.75 M�, corresponding
to a maximum CO core mass of ⇠ 55 M� (see also Farmer et al.
2019).

CC: For extremely massive cores, MHe,init & 200 M�, the
energy release by the explosive thermonuclear burning triggered
by the pair instability is insu�cient to fully disrupt the star. This
happens because most of that energy is used to photodisintegrate
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• populate the PISN mass gap 
‘from above’

• compact massive progenitors 
>130 Msun

• endowed with parametrized 
rotation profile (fK, rb)

Siegel+ 2022, arXiv:2111.03094



Ejecta composition reflects accretion process

• Various nucleosynthesis regimes, see also 
Siegel, Barnes, Metzger 2019, Nature

• Ejecta contains high-opacity, 
lanthanide-rich material, 
XLa~ 10-4–10-2

Super-kilonovae from massive collapsars 9

Figure 2. Collapse evolution for a representative stellar
model 250.25 with typical rotation parameters p = 4.5,
fK = 0.3 and rb = 1.5⇥109 cm. Top: fallback rates Ṁfb onto
the BH (direct; blue), onto an accretion disk (yellow), and
total (green), as a function of the total cumulative collapsed
mass Mfb. Dotted lines indicate the corresponding evolution
when ignoring the e↵ect of a jet. Center and bottom: evo-
lution of angular momenta (center) and masses (bottom) as
determined by Eqs. (9)–(14).

have a direct impact on disk accretion, it has minor indi-675

rect consequences on nucleosynthesis in the disk winds676

due to its e↵ect on the BH mass (cf. Eq. (26)). For677

somewhat larger values of rb, the situation changes and678

direct fallback onto the BH may extend to late times679

even in the presence of a jet, due to the overall lower680

angular momentum budget of the progenitor star out-681

side the polar cone with opening angle ✓jet. For more682

Figure 3. Top: accretion rate at which ejecta is being pro-
duced as a function of cumulative ejecta mass for model
250.25 with p = 4.5, fkep = 0.3, and rb = 1.5 ⇥ 109 cm.
The nucleosynthesis regimes according to Eq. (26) are color-
coded. Bottom: corresponding mass fraction of 56Ni syn-
thesized in disk outflows and of 4He in the accretion disk.
The vertical dashed line refers to the time tdiss at which
only 50% of ↵-particles are dissociated in the disk. For
t > tdiss we ignore further 56Ni production in the outflows.
⌅ [TODO:explain red dashed line on top panel] ⌅

extreme scenarios, fallback onto the disk may become683

close to non-existent.684

As soon as the disk forms, most angular momentum685

resides in the disk rather than the BH in this model686

(cf. Fig. 2, center panel). The majority of this is being687

blown o↵ in the ejecta, while a subdominant amount is688

transferred to the BH as disk matter gradually accretes689

through the ISCO onto the BH. For significantly larger690

values of rb this trend reverses, and most angular mo-691

mentum is transferred to the BH rather than the ejecta692

as less material accretes through a disk.693

The top panel of Fig. 3 shows the history of ejecta694

production in the model discussed above. Shown is the695

instantaneous accretion state Mdisk/tvisc of the disk as a696

function of the cumulative ejected wind mass, together697

with the nucleosynthesis regimes defined in Eq. (26).698

This evolution shows a ‘sweep’ through most nucleosyn-699

thesis regimes, typical of the models considered here.700

Nucleosynthesis regimes change during the evolution as701

56Ni

full r-process

limited r-process

representative model

Mej, r-p ~ 1–20 Msun

Mej, Ni56 ~ 0.05–1 Msun

MBH ~ 60–130 Msun

• At high accretion rates, flow neutronizes

Mej ~ 10–60 Msun

Beloborodov 2003, Siegel & Metzger 2017, Siegel+ 2019

• parameter space scan

Siegel+ 2022, arXiv:2111.03094

Derivation of various nucleosynthesis regimes 
as function of BH mass, see appendix of

Relatively little Fe co-production, can get to [Eu/Fe]~5 at [Fe/H] ~-5
(higher than current record holder               )Cain+ 2020
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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.

duce. As would be expected from simple Arnett-style982

(Arnett 1982) arguments, higher masses are generally983

associated with longer light-curve durations. This can984

be seen in the progression from model A to model D.985

However, as model E demonstrates, the shape of the986

light curve also depends on the presence of 56Ni in the987

ejecta. While the mass of r -process material burned988

in superKN outflows greatly exceeds that of 56Ni, the989

energy generated by the 56Ni decay chain, per unit mass,990

exceeds that of r -process decay by orders of magnitude991

(e.g., Metzger et al. 2010; Siegel et al. 2019). When992

56Ni is present, it can be the main source of radiation993

energy for the transient. As a result of the long half-life994

of the 56Ni daughter 56Co (⌧Co
1/2 ⇡ 77 days), the energy995

generation rate for 56Ni-producing systems is declining996

slowly just around the time the light curves reach their997

maxima. The e↵ect is a more extended light curve (see998

Khatami & Kasen 2019 and Barnes et al. 2021 for more999

detailed discussions).1000

Model E, which produces no 56Ni, has a relatively1001

short (⇠month) duration, despite its high mass (Mej =1002

60M�), owing to the steep decline of the r -process ra-1003

dioactivity that is its only source of energy. The qual-1004

itative di↵erence between models that burn even small1005

amounts of 56Ni and models that burn none points to1006

the importance of a careful treatment of nucleosynthesis1007

in disk outflows.1008

As is apparent from Fig. 7, the diversity of superKN1009

light curves allows them to mimic other types of SNe.1010

While superKNe do not produce su�cient 56Ni to ap-1011

proach the luminosity of SNe Ia, they can, at various1012

epochs, mimic the bolometric light curves of SNe Ic-bl,1013

SNe IIp as well as electron-capture SNe. However, the1014

high opacity of the r -process-enriched ejecta pushes the1015

superKN emission to redder wavelengths than what is1016

observed for other classes of SNe. This is illustrated in1017

Fig. 8, which shows the normalized spectra for models1018

A through E at bolometric peak.1019

Unlike other types of SNe, most of the superKN flux1020

emerges at near- and even mid-infrared wavelengths.1021

This is likely due to a combination of lower radioactive1022

heating per unit ejecta mass, as well as the high opacity1023

from r -process elements (particularly lanthanides and1024

actinides) and the high Mej, which work in concert to1025

increase the optical depth across the ejecta and push the1026

photosphere out to the exterior where temperatures are1027

cooler.1028

A second distinguishing feature of superKNe is their1029

broad absorption features. These are a product of our1030

assumed ejecta velocities (vej = 0.1c), which are higher1031

than what is inferred for all supernova other than the1032

hyper-energetic SNe Ic-bl. And while SNe Ic-bl pro-1033

duce spectra with similarly wide absorption features, in1034

the case of Ic-bl these features are found at much bluer1035

(4000 Å. � . 8000 Å) wavelengths. Thus, despite their1036

bolometric similarities, superKNe are spectroscopically1037

unique among SNe.1038

The peak photospheric temperatures of superKNe ⇠1039

1000 K are also similar to those required for solid con-1040

densation, suggesting the possibility of dust formation1041

in the ejecta (e.g., Takami et al. 2014; Gall et al. 2017).1042

Insofar as the optical/NIR opacity of ⇠µm sized dust1043

is roughly comparable to that of lanthanide-enriched1044

ejecta, dust formation would not qualitatively impact1045

the appearance of the transient. However, this does im-1046

ply potential degeneracy between the photometric sig-1047

natures of superKNe and other dust-enshrouded explo-1048

sions unrelated to r-process production, including stel-1049

lar mergers (e.g., Kasliwal et al. 2017). This degeneracy1050

with dusty transients can generally be broken by the pre-1051

dicted broad spectral features of superKNe (vej ⇠ 0.1c).1052

4. DISCOVERY PROSPECTS1053
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no

rm
al

iz
ed

flu
x

+
of

fs
et

A

tpk = 14.5 days

B

tpk = 29.5 days

C

tpk = 53.5 days

D

tpk = 58.5 days

E

tpk = 16.5 days

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.

In this section we explore the discovery prospects of1054

superKNe with future optical/infrared transient surveys1055

and via late-time infrared follow-up observations of en-1056

ergetic long GRBs. We then discuss how superKN emis-1057

sion could be enhanced by circumstellar interaction for1058

collapsars embedded in AGN disks.1059

4.1. Volumetric Rates1060

We begin by estimating the volumetric rate of su-1061

perKNe. One approach is to scale from the observed1062

rates of ordinary collapsars. The local (redshift z ' 0)1063

volumetric rate of classical long GRBs is ⇡ 0.6 � 21064

Gpc�3yr�1 (Wanderman & Piran 2010), which for an1065

assumed gamma-ray beaming fraction fb = 0.006 (Gold-1066

stein et al. 2016), corresponds to a total collapsar rate1067

of ⇡ 100 � 300 Gpc�3 yr�1. Under the assumption1068

that ordinary collapsars originate from stars of initial1069

mass MZAMS & 40M�, then the more massive stars1070

MZAMS & 250M� which generate helium core masses1071

above the PI mass gap (MBH & 130M�) will be less1072

common by at least a factor ⇠ (40/250)↵�1
⇠ 0.1� 0.31073

for an initial-mass function (IMF) dN?/dM? / M
�↵
? ,1074

where we consider values for the power-law index be-1075

tween ↵ = 2.35 for a Salpeter IMF and a shallower value1076

↵ ⇡ 1.8 (Schneider et al. 2018). This optimistically as-1077

sumes that (i) stars that massive exist (e.g., de Koter1078

et al. 1997; Crowther et al. 2016), and that (ii) these1079

can form helium cores such that MHe ' MZAMS, for1080

instance because of rotational mixing (e.g., Maeder &1081

Meynet 2000; Marchant et al. 2016; de Mink & Mandel1082

2016) or continuous accretion of gas (e.g., Cantiello et al.1083

2021; Jermyn et al. 2021; Dittmann et al. 2021). Various1084

processes act to remove mass from a massive star during1085

its evolution, and generally the more massive the star,1086

the larger its mass loss rate. Some of these mechanisms1087

(e.g., continuum-driven stellar winds and eruptive mass1088

loss phenomena, see also Renzo et al. 2020a) might oc-1089

cur even at low metallicity.1090

With the above estimate and caveats, we obtain an1091

optimistic maximum local rate of superKNe from mas-1092

sive collapsars of ⇠ 10 � 100 Gpc�3 yr�1. On the1093

other hand, the long GRB rate increases with redshift1094

in rough proportion to the cosmic star-formation rate1095

(SFR / (1 + z)3.4 for z . 1; e.g., Yüksel et al. 2008)1096

and hence the maximum rate of superKNe is larger at1097

redshift z & 1 by a factor ⇠ 10 than at z ' 0, corre-1098

sponding to a maximum superKN rate of ⇠ 100� 10001099

Gpc�3 yr�1 at z & 1.1100

The superKN rate question can be approached from1101

another perspective: What is the minimum birth-rate1102

of BHs in the PI mass gap to explain GW190521-like1103

merger events (Sec. 5.3) via the massive collapsar chan-1104

nel? The rate of GW190521-like mergers at z ' 0 was1105

estimated by LIGO/Virgo to be ⇠ 0.5 � 1 Gpc�3 yr�1
1106

(Abbott et al. 2020). This rate is smaller than the max-1107

imum superKN rate estimated above, consistent with1108

only a small fraction of BHs formed through this chan-1109

nel ending up in tight binaries that merge due to gravi-1110

tational waves at z ⇡ 0.1111

4.2. Discovery with Optical/Infrared Surveys1112

We now evaluate the prospects for discovering su-1113

perKNe with impending wide-field optical/infrared sur-1114

veys.1115

First, we explore the expected observable rates within1116

the Legacy Survey of Space and Time (LSST) conducted1117

with the Vera Rubin Observatory. LSST is currently set1118

to commence in early 2024 and will explore the southern1119

sky in optical wavelengths to a 5� stacked nightly visit1120

• representative models span a range of light curve morphologies

• red colors and distinctive spectra with and broad lines (v ~ 0.1c)

• r-process + 56Ni powered transients on timescales ~tens of days (‘scaled-up NS merger’)

• up to ~few per year detectable with wide field surveys (Roman Space Telescope)



Conclusions

Daniel Siegel

• Conjecture: hyper-accreting black hole disk outflows (mergers & collapsars) 
may dominate Galactic r-process 

• Magnetohydrodynamics: turbulence, angular momentum transport, jet generation

• Exploring post-merger physics & the origin of heavy elements will be a central theme 
for multi-messenger astrophysics for many years to come 

• massive collapsars can populate the PISN mass gap and generate “super-kilonovae”

• Post-merger physics in other strong-gravity-systems:
• r-process in collapsars (potentially dominant wrt mergers)

• Understanding neutron-star post-merger evolution is a multi-physics, 
multi-scale challenge with observable imprints of fundamental physics

• Equation of state of nuclear matter, weak interactions, nucleosynthesis

• neutrino radiation transport, flavour transformations

• dynamical ejecta in NS mergers unlikely main r-process site

• The main r-process originates in high-yield, low-rate events, both in early and late 
Galactic history


