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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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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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(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
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Overview & focus of talk

Fernandez & Metzger 2016

This talk: • Theoretical (ab-initio) modelling of EM counterparts 
(see Eleonora Troja’s talk for observational perspective)

• Focus on stellar-mass objects involving matter (BNS, NSBH, single BHs)



2nd theme: production of heavy elements

Siegel 2022, Nature Rev. Phys.
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How does the universe 
populate the periodic table?

0123456789();: 

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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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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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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Siegel 2022, Nature Rev. Phys.

Combi & Siegel 2023a GRB jet (?!)

Contribution to Galactic r-process from NS-BH systems likely subdominant to irrelevant
Chen+ 2021

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

• plasma instabilities (Kelvin-Helmholtz, Rayleigh-Taylor, Magnetorotational Instability)
• MHD effects, weak interactions, neutrino quantum kinetics, equation of state effects, …
• dynamical spacetime, gravitational waves, non-linear (magneto-)hydrodynamics

EM counterparts are powered by matter outflows
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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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GRB jet (?!)
Siegel 2022, Nature Rev. Phys.

Combi & Siegel 2023a

• Complex post-merger physics not well understood
• Interpretation of future observations need ab-initio modeling of 

non-thermal and thermal electromagnetic emission
• Key to understand central engines of gamma-ray bursts
• Key to understand synthesis of heavy elements

EM counterparts are powered by matter outflows



I.
The theoretical minimum —

what it takes to model such events



Theoretical machinery: a multi-physics challenge

Daniel Siegel
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General Relativity

Nuclear Physics, weak interactions

Neutrino radiation transport

{Fully coupled! Gas/plasma dynamics

Gravity

Nuclear EOS
nuclear reactions,
neutrino interactions
neutrino heating & cooling
(leakage, M0, M1, Monte Carlo)
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How strongly gravitating systems create heavy elements

(Micaela Oertel’s talk)
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General Relativity
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{Fully coupled! Gas/plasma dynamics

Gravity

neutrino heating & cooling
(leakage, M0, M1, Monte Carlo)

General Relativity in 3+1 split: 
evolution and constraint equations

see also Helvi Witek’s talk

system of first-order hyperbolic PDEs   +        elliptical PDEs            
(e.g. BSSN system)                     (constraints/initial data)
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system of conservation equations 

fluxes source terms
conserved 
variables Gourgoulhon 2012
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BNS post-merger: multi-physics, multi-scales challenge

Daniel Siegel

Recent developments:

Other microphysics: bulk viscosity, non-ideal hydrodynamics, …

Neutrino radiation transport
• ray-by-ray (M0), two-moment (M1), Monte-Carlo transport

Nuclear Physics, weak interactions

• EOS and finite-temperature effects, phase transitions
• nucleosynthesis across ejecta components, param. space 
• weak interactions neglected, neutrino fast flavour conversions

Radice 2017, 2022 
Nedora+ 2021
Palenzuela+ 2022
Combi & Siegel 2023a,b
Kiuchi+ 2024
Aguilera-Miret+ 2024
Ciolfi+ 2020
Ruiz+ 2016

Andersson+ 2022
Shibata+ 2021

Magnetohydrodynamics

angular momentum transport, dynamo, 
magnetic fields across various scales, …

• role of turbulence in the remnant

MHD subgrid models, LES, viscous hydrodynamics

• magnetic topology across scales, jet formation, short GRBs
• beyond MHD: resistive MHD

Raithel+ 2022
Most+ 2020
Bauswein+ 2019

Fujibayashi+ 2020
Shibata+ 2021
Kawaguchi+ 2021
Li & Siegel 2021
Fernandez+ 2022
Just+ 2022

Foucart+ 2018, 2020
Li & Siegel 2021
Radice+ 2022

Most+ 2022



II  Electromagnetic counterparts of 
dynamical ejecta



GRMHD simulations of BNS mergers with weak interactions 11
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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

fast, high-Ye (>0.25), shock-heated ejecta drives 
shock wave into the ISM

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.
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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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Figure 8. Average electron fraction hYei vs. rms angular spread
✓ej of the ejecta. The data points show the results from our fiducial
subset of simulations. We only include models with total ejecta
mass larger than 5 ⇥ 10�5 M�. The shock-heated component of
the ejecta is absent in the cases with prompt-BH formation.

outflows from these binaries are dominated by the tidal
ejection of material. The two outliers with ✓ej = 20�25
degrees are the SFHo M140140 LK and SFHo M144139 LK,
which also undergo prompt collapse, but have outflows
mostly driven by shocks. With the possible exception of
the binaries resulting in prompt BH formation, all oth-
ers show a clear correlation between hYei and ✓ej. This
suggests that a constrain on the opening angle of the dy-
namical ejecta, perhaps obtained by combining the ob-
servation of multiple systems with di↵erent orientations,
could constrain the strength of the bounce of the massive
NS after merger and the composition of the dynamical
ejecta.

Overall, we find good qualitative agreement between
our results for the dynamical ejecta and those reported
in previous studies that adopted a more idealized treat-
ment for the EOS of NSs and/or approximate GR (Ho-
tokezaka et al. 2013a; Bauswein et al. 2013; Dietrich
et al. 2017b,a). At the same time, there are substan-
tial quantitative di↵erences in the dynamical ejecta mass
and properties from those studies, as well as with other
works that considered a limited number of binary con-
figurations, but included full-GR and neutrino e↵ects
(Sekiguchi et al. 2015, 2016). The total ejecta mass is
also not fully converged in our simulations (Table 2).
While there appear to be robust trends and correlations
between ejecta properties, binary parameters, and the
EOS of NSs, more comprehensive and better resolved
studies would be needed to create reliable quantitative
models of the dynamical ejecta.

3.1.2. Fast Moving Ejecta

Metzger et al. (2015) re-analyzed data from Bauswein
et al. (2013) and identified 106 SPH particles, corre-
sponding to ⇠10�4 M� of material, that were dynami-
cally ejected with velocities in excess of 0.6 c. If indeed
present, these fast moving ejecta would expand su�-
ciently rapidly to still contain a significant fraction of free
neutrons at freeze out. The decay of the neutrons in the
outermost part of the ejecta would then produce a bright
UV/optical counterpart to the merger on a timescale of
several minutes to an hour (Kulkarni 2005; Metzger et al.
2015). On the other hand, because of the small number
of SPH particles, it cannot be excluded that this fast
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simulations.

component of the ejecta is due to numerical noise, as
also recognized by Metzger et al. (2015).

More recently, a fast moving component of the dynam-
ical ejecta was proposed as a possible origin for the syn-
chrotron radiation detected from GW170817 in the first
⇠100 days (Mooley et al. 2017; Hotokezaka et al. 2018b).
This interpretation is currently disfavored on the light
of more recent observations showing an abrupt decline
in the source luminosity in all bands (Alexander et al.
2018) and VLBI observations showing apparent superlu-
minal motion of the radio source indicative of collimation
of the outflow (Mooley et al. 2018; Ghirlanda et al. 2018).
Nevertheless, such fast moving component of the outflows
was identified in Hotokezaka et al. (2018b) using data
from the simulations of Kiuchi et al. (2017). The latter
simulations, however, employed piecewise polytropic fits
to the cold NS EOS augmented with an ideal-gas compo-
nent to describe thermal e↵ects. These approximations
a↵ect the thermodynamical properties of the shocks re-
sponsible for the ejection of this material (Bauswein et al.
2013), so they need to be independently verified.

Our previous simulations (Radice et al. 2016b) did not
show evidences for the presence of a fast moving com-
ponent of the ejecta. However, in Radice et al. (2016b)
we only considered one equal mass configuration with
Ma = Mb = 1.39 M� simulated using the LS220 EOS.
While, Metzger et al. (2015) considered a large sample
of EOSs and binary masses. In our new simulations we
find evidence for a fast moving component of the outflow
with asymptotic velocities in excess of 0.6 c (Table 2).
The amount of the fast moving ejecta strongly depends
on the EOS and other binary parameters. For instance,
for total binary masses up to 2.8 M�, with the exceptions
of the simulations performed with viscosity, discussed in
a companion paper (Radice et al. 2018b), the LS220 EOS
does not seem to predict appreciable amount of fast out-
flows, in agreement with Radice et al. (2016b). On the
other hand, binaries simulated with the BHB⇤�, DD2,
or SFHo EOSs, as well as higher-mass LS220 binaries,
typically eject ⇠10�6�10�5 M� of fast-moving material.
This is still one or two orders of magnitude less than
reported in Metzger et al. (2015), but suggest that the
ejection of at least a small amount of fast material does
indeed take place during NS mergers. That said, given
the small overall mass involved, we cannot completely ex-

Radice+ 2018

See also: Hotokezaka+ 2018, Dean+ 2021

~5x10-6 Msun 
>0.6c ejecta
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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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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.

Fast dynamical ejecta: X-ray to radio afterglow

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

timescale of years
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>0.6c ejecta

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 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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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.

Hajela+ 2022
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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
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• 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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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
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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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Yp ⇠ 0.1 � 0.4

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 
neutrons
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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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Yp ⇠ 0.1 � 0.4

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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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

~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

GW170817 
kilonova
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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.

distinguish BNS vs. NS-BH
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ratio and ejecta mass. This dependence is also given (to
first order) in Tab. 1.

3. POPULATIONS AND FUTURE CONSTRAINTS

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

3.1. Merger Outcome Statistics

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

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

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

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

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

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

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

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

3.2. Future EOS Constraints

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

Siegel & Ciolfi 2016 a,b

• Erot ~ 1052-1053erg rotational energy powers non-
thermal and thermal emission

• Pulsar wind nebulae similar to SN remnants, but 
with differing radiative processes due to high 
compactness Metzger+ 2014

• non-thermal nebula emission across the EM band, 
once ejecta optically thin to nebula radiation

• ‘magnetar-supported’ kilonovae Li+ 2018
Metzger+ 2018

Sarin+ 2022

thermal 
emission

non-thermal 
emission

Siegel & Ciolfi 2016 a,b



IV  Post-merger physics: 
Jets & massive blue kilonovae



Kilonovae—illuminating merger ejecta

• Ejecta parameters: mass, velocity, composition (Ye)

• Kilonova emission (color: ‘red’ vs. ‘blue’) very sensitive to composition/weak 

interactions (high opacities of lanthanides)  

Metzger+ 2010

0123456789();: 

Alternatively, large scatter in light r- process ele-
ments may arise from separate events or sources 
that predominantly or exclusively produce these ele-
ments. Magnetorotational (or ‘jet- driven’) supernovae 
(BOX 2; FIG. 2) may be a candidate41. In such explosions, 
instabilities in the 3D structure of the jet likely limit 
r- process nucleosynthesis in jet- driven outflows to light 
r- process elements only42. Additional evidence for this 
conclusion comes from the fact that any synthesized, 
high- opacity lanthanide material would likely mix with 
the supernova- powering 56Ni and, thus, shift the asso-
ciated supernova to redder colours, incompatible with 
observations of broad- lined type Ic supernovae50. The 
latter argument does not apply if an anti- correlation41 
between the production of heavy r- process material 
and 56Ni exists. However, such an anti- correlation may 
not be preserved to larger scales, where a successful 
jet may produce significant amounts of 56Ni to power 
broad- lined type Ic supernovae142.

Chemical evolution
Valuable information and constraints on whether or not 
neutron- star mergers are the dominant r- process site 
are encoded in observations of r- process enrichment 
as a function of cosmic time (or metallicity) in various 
astrophysical environments. Such enrichment histo-
ries are typically recorded in terms of spectroscopically 
derived tracer abundances in stellar atmospheres, such 
as europium, an almost pure r- process element in the 
Solar System (FIG. 1).

Owing to their relative rareness and substantial 
delay with respect to star formation, owing to the 
gravitational- wave- driven inspiral of the binary, it is an 
open question whether neutron- star mergers can act on 
the timescale of the first supernovae to explain the high 
europium abundances of the oldest metal- poor stars in 
the Milky Way halo143–146. Another challenge relates to 

recent observations of strong r- process enrichment in a 
small subset of ultra- faint dwarf galaxies that orbit the 
Milky Way32,147. Mergers require sufficiently small ‘kick’ 
velocities ≲10 km s−1 (resulting from the supernovae that 
give birth to the neutron stars) to remain within the shal-
low gravitational potentials of these dwarfs. They also 
require a sufficiently short merger time to enrich these 
galaxies within their short star- formation histories of 
several hundred million years. Whether both conditions 
can be met simultaneously with sufficient probability 
and efficiency is a matter of debate148,149. Arguably even 
more constraining are observations of inhomogeneous 
r- process enrichment within globular clusters in the 
Milky Way halo150,151. The short star- formation histories 
of such clusters of ≲10 million years requires ultra- fast 
mergers, which seem implausible151,152. Furthermore, 
the observed decreasing trend of europium abundances 
relative to iron in the high- metallicity stars of the Milky 
Way disc are in tension with mergers50,63,153,154. This is 
because the delay time distribution of mergers relative 
to star formation follows the same behaviour as that of 
the iron- producing type Ia supernovae, resulting in a flat 
rather than the observed decreasing trend.

Challenges with merger- based enrichment related to 
delay times and kick velocities can be circumvented by 
rare types of core- collapse supernovae, such as collap-
sars or magnetorotational supernovae (if heavy r- process 
producing). These occur promptly without significant 
delay relative to star formation50,112,143,144. In addition, 
such sources also provide a natural explanation for the 
observed decreasing abundance trend of heavy r- process 
elements in stars of the Milky Way disc50,112,154.

Additional perspectives are offered by measurements 
of radioactive isotopes. The abundance of the actinide 
nuclide 244Pu in the current interstellar medium recon-
structed from depositions in the deep- sea crust and 
sediments over the past ~10–20 million years (REFS33,34) 
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Fig. 3 | The kilonova scenario61. Neutron- rich, ultra- dense merger ejecta (M ~ 0.01 M⊙), initially dissociated into individual 
neutrons and protons (proton fraction Yp ~ 0.1–0.4), undergo rapid expansion (v ~ 0.05–0.4c) upon ejection from the merger 
site. Rapid neutron capture onto newly formed light seed particles proceeds during the first second of expansion (BOX 1), 
while the ejecta quickly loses internal energy owing to adiabatic expansion. Radioactive decay of neutron- rich nuclei 
created by the r- process heats material at late times (heating rate ∝ time−1.3) and leads to thermal emission once the 
photon- diffusion timescale becomes comparable to the expansion timescale (that is, the ejecta become transparent  
to photons), on a timescale of days to a week. Kilonova emission is sensitive to the range of synthesized r- process nuclei 
and, thus, probes the initial conditions set by the merger, such as the proton fraction, outflow velocity and ejected mass. 
Simulation snapshots show a binary neutron- star merger, with dynamical ejecta indicated by yellow contours.
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Post-merger physics: MHD phenomena & r-process

Mösta+ 2020, Curtis+ 2023

The synthesis of heavy elements in the Universe

ò=L T r dV
r

r i
iejecta 0

1 0 where we include only material in the
integral that has −h ut>2. During steady-state operation
we find ~ -L 10 erg sejecta

50 1 for simulation B15-low and
~ -L 10 erg sejecta

51 1 for simulation B15-high, while simula-
tion B15-nl does not have material with −h ut>2. These
results indicate that neutrino effects, i.e., neutrino cooling
reducing baryon pollution in the polar region, are important
for the emergence of the jet and that turbulent magnetic field

amplification can significantly boost its Lorentz factor and
energetics.

4. Discussion

We have carried out dynamical GRMHD simulations of
a magnetized hypermassive NS formed in a BNS merger
including a nuclear EOS and neutrino cooling and heating. We
have run simulations at three different resolutions of up to

Figure 5. (a)–(e) v r (r being the radius in spherical coordinates) histograms of unbound material at different times during simulations B0 (black), B15-low (blue), B15-
med (cyan), and B15-high (green). We bin the distribution with the mass of the ejected material. (f) Mass outflow rate Mej as a function of post-mapping time -t tmap
for simulations B0 (black), B15-low (blue), B15-med (cyan), and B15-high (light green). We calculate the average (averaged over spheres of r0<r<r1) outflow rate
as ( ) ò r= - -M g Wv dV r r

r

r r
ej 1 0

1
0

1 with r0=44.3 km and r1=192.1 km and only include material in the integral if the Bernoulli criterion −hut>1 indicates that

this material is unbound.

Figure 6. Volume renderings of the Bernoulli criterion (blue colormap) indicating unbound material and the disk contour at r = -10 g cm10 3 (red) for models B0
(left), B15-nl (center left), model B15-low (center right), and B15-high (right). The renderings depict the simulations at - =t t 15.1 msmap for B15-nl, at
- =t t 19.4 msmap for B0 and B15-low, and at - =t t 20.9 msmap for B15-high. The different times are chosen to depict the simulations toward the end of steady-

state operation of the outflows that is at different times -t tmap due to the different collapse times (see Figure 1). Additionally, we show magnetic field lines for
simulations B15-nl, B15-low, and B15-high in the lower quadrant of the renderings. The z-axis is the rotation axis of the HMNS and we show the innermost 357 km.
The colormap is chosen such that blue corresponds to material with lower Lorentz factors −hut ; 1, while yellow corresponds to material with −h ut ; 1.5, and red to
material with −h ut ; 2–5. We note that for rendering purposes we have excluded part of the unbound ejecta in the equatorial region.
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(starting with large-scale poloidal 
field post-merger)

sense, our simulations demonstrate how (meta)stable neutron
star remnants can naturally produce conditions favorable to jet
launching. As such, they complement previous works, where
large-scale coherent field structures were manually super-
imposed on the postmerger system (Shibata et al. 2011; Siegel
et al. 2014; Mösta et al. 2020).

3.2. Electromagnetic Outbursts and Jet-like Outflows

We next focus on the propagation of the flares and
relativistic outflows. In Figure 3, we track the evolution of
the flares on scales of 1400 km from the star. We focus
explicitly on the high target magnetization DD2 case, although
the behavior is qualitatively similar in all cases.

Starting at early times (Figure 3, left panel), we can see that a
strongly magnetized region, b2? ρ, is building up close to the
star, which gives rise to periodic flaring episodes (see also
Figure 2). We can clearly identify multiple flaring episodes
(white regions at distances >800 km). This is most prominently
shown in the center panel of Figure 3, where a compressed
pancake-shaped magnetically dominated bubble is visible,
which propagates outward with Lorentz factors Γ> 2.

The continued emission of flares produces open field lines
that ultimately pave the wave for driving a continued
relativistic outflow. At times >15 ms after merger (see
Figure 3, right panel), we can indeed see that a sustained
magnetically dominated relativistic outflow sets in. The flow
structure is helical (in line with, e.g., Ciolfi 2020) and features a
distinct substructure. This structure roughly resembles internal
kink instabilities seen in magnetic tower jets launched from
rotating protoneutron stars (Bromberg & Tchekhovskoy 2016).
In order to capture the properties of the final outflow pattern
more quantitatively, Figure 4 shows the relativistic vertical
velocity component Γv z for both DD2 cases, where Γ is the
Lorentz factor. We can see that low-density material inside the
outflow has been strongly heated up as indicated by the
entropies, s, per baryon. This also allows us to precisely track
the location of the flares as they move outward, as seen in
Figure 2. Indeed, we can identify distinct substructures of low
entropy—high velocity regions and vice versa. In the high-

magnetization target case (left panel), we find that there are
distinct bursts with Lorentz factors Γ> 3, consistent with
similar flares launched in premerger magnetospheres (Most &
Philippov 2022a). In between the flares we observe subbursts at
Lorentz factors Γ; 2, providing a distinct time-variable
substructure to the outflow. These flares have the potential to
further accelerate as they propagate outward, with their
evolution likely being similar to the boosted fireball sGRB
model of Duffell & MacFadyen (2013), as well as the fireball
model for white dwarf mergers (Beloborodov 2014). While our
simulations can capture the initial launching of flares and jet-
like outflows, the later evolution will be dominated by the
density of the environment. Our simulations require the use of a
(constant) density floor ρatm;× 105 g cm−3 (see, e.g., Poudel
et al. 2020 for a recent discussion). At large distances
(>1000 km) this becomes comparable to densities in the flares
and outflows and will contaminate them, causing b2/ρ to drop.

Figure 3. Propagation of the flares away from the merger site. Several flaring episodes are visible in the center panel. Shown in color is the magnetization σ = b2/ρ,
where b2 is the comoving magnetic field energy density, and ρ is the baryon rest-mass density. All times, t, are stated relative to the time of merger, tmer.

Figure 4. Same as Figure 3 (right panel), but showing the entropy s per baryon
and vertical velocity component Γv z of the outflow. Shown are target
magnetizations σ = 0.01 (left) and σ = 0.001 (right) for the models using the
DD2 equation of state. A distinct quasiperiodic substructure is visible in the
mildly relativistic outflows for both models.
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Post-merger: B-field amplification

Magnetic field amplification during merger & within remnant: 

• Kelvin-Helmholtz instability (KHI)

• Turbulence stirred by double-core bounces

• Magnetorotational Instability (MRI; envelope + disk)

• magnetic winding

inverse cascade,
buoyancy,
neutrinos
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Magnetic tower with neutrinos—a ‘jet’ emerges

magnetization

• Neutrino absorption in polar 
regions helps generating magnetic 
tower and ‘stabilizing’ jet structure

• Self-consistent formation of a ‘jet’ 
from a remnant NS
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� = LEM/Ṁ ⇠ 5� 10

• Maximum terminal Lorentz factor

rest-mass 
density

• Jet head propagates with v ~ 0.6c 
through dynamical ejecta and 
breaks out by ~50ms

Combi & Siegel 2023b, PRL

NS able to power short GRBs ?! 

Novel BH GRB jet formation mechanism:
NS jet ‘seeds’ BH jet
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Figure 18. Kilonova light curves in the UV/B bands generated
by the post-merger ejecta, viewed along the polar axis (thick
lines) and the equatorial plane (dashed lines) at a distance of
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signal due to free neutron decay in fast dynamical ejecta (dot-
dashed lines) as computed for this merger setup in CS23.
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Polar MHD outflows: UV/blue precursor

4

Figure 4. Total unbound mass flux Ṁtot through a spherical
shell with radius 300 km and associated density averaged local
four-velocity u = vr�, magnetization �, and expected velocity
at the magnetosonic surface, �1/3, in polar regions (✓ . 30�).

averaged velocity hvi ⇡ 0.1c.
As accretion blocks outward radial mass flux in equa-

torial regions over timescales of interest, the neutrino
and magnetically-driven wind from the remnant totaling
1 ⇥ 10�3M� escapes in polar directions (✓ . 30�) with
only 0.2 ⇥ 10�3M� being launched within the jet core.
The dominant contribution to ejected material, however,
is launched as winds from the accretion disk. Disk winds
intensify after ⇡ 30 ms when angular momentum trans-
port by spiral waves through the compact bound merger
debris, magnetic stresses in the vicinity of the star, and
the onset of magnetohydrodynamic turbulence driven by
the magnetorotational instability have established and
enlarged the accretion disk to a radius of &150 km with
approximate inflow–outflow equilibrium. The onset of
strongly enhanced disk winds also coincides with the
first cycles of an emerging dynamo as evident from a
‘butterfly diagram’ similar to that obtained in previous
work [32]. Despite intense neutrino irradiation from the
remnant, the disk then settles into a self-regulated state
of moderate electron degeneracy µe/kBT ⇠ 1 [16, 32],
which implies high neutron-richness of Ye ⇡ 0.1 � 0.15
[16, 68, 69] (Fig. 5). The mass averaged Ye of the disk
indeed shifts from ⇡0.25 (t < 30 ms) to ⇡0.15 as it ap-
proaches a quasi-stationary state with an accretion rate
of &1M� s�1 and mass of ⇡0.19M�.

Nucleosynthesis & kilonova.—Figure 6 shows proper-
ties of unbound outflows at the onset of neutron capture
reactions (T ⇡ 5 GK) as sampled by multiple families
of ⇡ 2 ⇥ 104 unbound passive tracer particles injected
into the simulation domain (see CS23 for details of tracer
placement). Fast outflow speeds > 0.2c are almost exclu-
sively associated with polar outflows. As a result of neu-
trino absorption but high outflow speeds due to magnetic
fields, material ejected from the highly neutron-rich de-
generate surface layer of the star is protonized to asymp-
totic values of Ye ⇡ 0.3 � 0.4, much lower than Ye ⇡ 0.5
as in purely neutrino-driven winds of hot proto-neutron
stars, even in the presence of fast rotation [60]. Outflows
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Figure 5. Meridional snapshot along the rotational axis
showing the electron fraction (top) and electron degener-
acy ⌘ = µe/kBT (bottom) with density contours at ⇢ =
[107.5, 108, 109.75, 1013] g cm�3 as yellow, black, purple, and
white solid lines, respectively, ⇡ 50ms post-merger. The ac-
cretion disk is in a self-regulated state of moderate degeneracy
(⌘ ⇠ 1), which implies high neutron-richness (Ye ⇡ 0.15).

from the self-regulated neutron-rich reservoir of the disk
are protonized by absorption of intense neutrino radia-
tion from the remnant (cf. Figs. 2, 5) to a mass averaged
value of hYei ⇡ 0.3 at 5GK.

Nucleosynthesis calculations based on the unbound
tracer particles are conducted with the nuclear reaction
network SkyNet [71] using 7843 nuclides and 140 000 nu-
clear reactions with the setup described in Refs. [19] and
CS23. They start in nuclear statistical equilibrium at
a temperature of T = 7GK and take neutrino irradia-
tion into account using neutrino fluxes directly extracted
from our simulation as in Ref. [19]. Final abundances at
t = 109 s are shown in Fig. 6. Elements beyond the 2nd
r-process peak (A ⇡ 130) are entirely suppressed, similar
to results of long-term 2D hydrodynamical simulations of
similar systems [72], but di↵erent from Ref. [73], which
may result in part from di↵erences in the treatment of
neutrino absorption in the nuclear network calculation.

We compute kilonova light curves based on angular-
dependent ejecta mass profiles extracted from the simula-
tion, using the method presented in CS23. The resulting
kilonova signal from post-merger ejecta is consistent with
observations of GW170817 in the UV and blue bands up
to several days (Fig. 7). Underestimation on timescales
&5 d can be explained by additional ‘redder’ (lanthanide
bearing) components [8] not included here, which can be
generated by neutron-richer accretion disk winds upon
collapse of the remnant into a BH [9, 16, 19, 32]. The
⇠day kilonova is determined by the disk outflows. Fast
material from the jet region carries most of the kinetic
energy but only 10% of the total ejected mass; the latter

polar outflows accretion, 
fallback

n precursor early polar wind outflows
bulk dynamical ejecta (kilonova)

• Break-out of fast polar wind material 
from surrounding dynamical ejecta 
creates UV precursor signal to the 
kilonova

Combi & Siegel 2023b, PRL
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Figure 15. Total (dynamical + post-merger) cumulative
ejected mass within the polar regions including the jet (✓ .
30�; green solid line) and total solid angle (jet and disk out-
flows; red solid line) as a function of time.

Figure 16. Various luminosities extracted in the polar region
✓  30�. Shown are the electromagnetic (Poynting) luminos-
ity LEM and the kinetic power Ėk extracted at a radius of
25 km, as well as the total absorbed neutrino power Q̇net in
the corresponding gain layer (a volume between r = 6km and
r = 40 km).

trinos, as expected for a neutrino-driven wind. As the jet
emerges the kinetic power rises by more than an order of
magnitude and approaches the Poynting luminosity of
the emergent jet, which extracts rotational energy from
the rotating remnant neutron star.

Figure 17 shows rest-mass density profiles along the
jet axis at various epochs. Prior to and after the emer-
gence of the jet a ⇢ / r�2 wind profile is established as
expected from mass conservation for a steady state wind
with mass-loss rate and velocity set in the gain region
close to the neutron-star surface (see the main text).

The magnetized polar wind with enhanced mass-loss
rate of Ṁ ⇡ 1 ⇥ 10�2M� s�1 (enhanced by approx-
imately one order of magnitude relative to the prior
purely neutrino-driven wind), a poloidal field strength
of ⇠ few ⇥ 1014 G (Fig. 10), a neutrino luminosity of
L⌫ ⇠ few⇥1052 erg s�1, mass-averaged speed hui ⇡ c�1/3

(� ⇡ 0.1; see the main text), and mass-averaged Ye ⇡
0.3 � 0.4 is in broad agreement with the 1D wind solu-
tions of Ref. [24].

Figure 17. Rest-mass density profiles along the rotational
(jet) axis, obtained by averaging over a cylindrical volume
$cyl < 12 km, for di↵erent times with a frequency of ⇡ 1.5
ms. The blue (early times; neutrino-driven wind) to red (late
times; neutrino and magnetically driven outflow) solid lines
show the emergence of a stationary (/ z�2) wind profile in
both wind regimes. The associated mass-loss rate increases
by an order of magnitude as the wind becomes strongly mag-
netized.

Kilonova light curves from polar and disk winds

Figure 18 illustrates the contributions of polar outflows
versus disk outflows to the kilonova emission. When ob-
served near the polar axis, the fast polar outflows associ-
ated with the jet can greatly boost the emission by an or-
der of magnitude in the UV and blue bands on timescales
of a few hours after merger. Dissipation of magnetic en-
ergy into heat not considered here may further enhance
the emission. Also shown are the kilonova precursor sig-
nals due to free neutron decay in fast dynamical ejecta
computed in CS23. The polar outflow component peaks
somewhat later than the .1 h peak timescale of the neu-
tron precursor, but with similar or higher magnitudes
than the neutron precursor. Both emission components
strongly overlap in time and create a prolonged precursor
signal .1 � few h.

For calculating our light curves, we use the geomet-
rical multi-angle axisymmetric kilonova approach with
the detailed heating rates of Ref. [80] as implemented
in CS23. We calculate the �-decay, ↵-decay, and fis-
sion heating rates taking into account elements up to
A = 135 and abundance distributions consistent with
our nuclear reaction network calculations. We use opac-
ity values consistent with the ones obtained in Ref. [81]
for the early stages (⇡ 0.1 � 1 day) of a lanthanide-free
kilonova. In particular, as a minimal assumption, we use
 = 0.5 cm2g�1 for v > 0.2c, corresponding to the jet
component, and  = 10 cm2g�1 for v < 0.2, correspond-
ing to the disk wind. We have also checked that our
results are largely insensitive to using a more detailed,
Ye-binned opacity prescription as employed in CS23.

Post-merger disk evolution & outflows
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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 15. Total (dynamical + post-merger) cumulative
ejected mass within the polar regions including the jet (✓ .
30�; green solid line) and total solid angle (jet and disk out-
flows; red solid line) as a function of time.

Figure 16. Various luminosities extracted in the polar region
✓  30�. Shown are the electromagnetic (Poynting) luminos-
ity LEM and the kinetic power Ėk extracted at a radius of
25 km, as well as the total absorbed neutrino power Q̇net in
the corresponding gain layer (a volume between r = 6km and
r = 40 km).

trinos, as expected for a neutrino-driven wind. As the jet
emerges the kinetic power rises by more than an order of
magnitude and approaches the Poynting luminosity of
the emergent jet, which extracts rotational energy from
the rotating remnant neutron star.

Figure 17 shows rest-mass density profiles along the
jet axis at various epochs. Prior to and after the emer-
gence of the jet a ⇢ / r�2 wind profile is established as
expected from mass conservation for a steady state wind
with mass-loss rate and velocity set in the gain region
close to the neutron-star surface (see the main text).

The magnetized polar wind with enhanced mass-loss
rate of Ṁ ⇡ 1 ⇥ 10�2M� s�1 (enhanced by approx-
imately one order of magnitude relative to the prior
purely neutrino-driven wind), a poloidal field strength
of ⇠ few ⇥ 1014 G (Fig. 10), a neutrino luminosity of
L⌫ ⇠ few⇥1052 erg s�1, mass-averaged speed hui ⇡ c�1/3

(� ⇡ 0.1; see the main text), and mass-averaged Ye ⇡
0.3 � 0.4 is in broad agreement with the 1D wind solu-
tions of Ref. [24].

Figure 17. Rest-mass density profiles along the rotational
(jet) axis, obtained by averaging over a cylindrical volume
$cyl < 12 km, for di↵erent times with a frequency of ⇡ 1.5
ms. The blue (early times; neutrino-driven wind) to red (late
times; neutrino and magnetically driven outflow) solid lines
show the emergence of a stationary (/ z�2) wind profile in
both wind regimes. The associated mass-loss rate increases
by an order of magnitude as the wind becomes strongly mag-
netized.

Kilonova light curves from polar and disk winds

Figure 18 illustrates the contributions of polar outflows
versus disk outflows to the kilonova emission. When ob-
served near the polar axis, the fast polar outflows associ-
ated with the jet can greatly boost the emission by an or-
der of magnitude in the UV and blue bands on timescales
of a few hours after merger. Dissipation of magnetic en-
ergy into heat not considered here may further enhance
the emission. Also shown are the kilonova precursor sig-
nals due to free neutron decay in fast dynamical ejecta
computed in CS23. The polar outflow component peaks
somewhat later than the .1 h peak timescale of the neu-
tron precursor, but with similar or higher magnitudes
than the neutron precursor. Both emission components
strongly overlap in time and create a prolonged precursor
signal .1 � few h.

For calculating our light curves, we use the geomet-
rical multi-angle axisymmetric kilonova approach with
the detailed heating rates of Ref. [80] as implemented
in CS23. We calculate the �-decay, ↵-decay, and fis-
sion heating rates taking into account elements up to
A = 135 and abundance distributions consistent with
our nuclear reaction network calculations. We use opac-
ity values consistent with the ones obtained in Ref. [81]
for the early stages (⇡ 0.1 � 1 day) of a lanthanide-free
kilonova. In particular, as a minimal assumption, we use
 = 0.5 cm2g�1 for v > 0.2c, corresponding to the jet
component, and  = 10 cm2g�1 for v < 0.2, correspond-
ing to the disk wind. We have also checked that our
results are largely insensitive to using a more detailed,
Ye-binned opacity prescription as employed in CS23.

Post-merger disk evolution & outflows
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Figure 10. Upper panel: Toroidal magnetic field as a function
of height z above the orbital plane, radially averaged within
a cylindrical radius $cyl  12 km, at early (t = 9ms; blue
lines) to late (t = 60ms; red lines) times, with a frequency
of ⇡ 1.5ms. The time sequence shows the break-out of the
toroidal structures from the stellar surface and the emergence
of a / z�1 magnetic tower structure above the stellar surface
(z ⇡ 10 km). Lower panel: large-scale view of the toroidal
(upper half of domain) and poloidal (lower half of domain)
magnetic field in the meridional plane at ⇡55ms post-merger,
showing a mildly relativistic, moderately magnetized (� ⇠ 1)
jet structure.

stresses (Maxwell stress) associated with MRI-driven tur-
bulence in the disk and the expulsion of magnetic fields
from the remnant become comparable to or larger than
the total hydrodynamic stresses (Reynolds stress and ad-
vective stresses; upper panel of Fig. 13) at about 30 ms,
which leads to strong radial spreading and reconfigura-
tion of the accretion disk within only 10 � 15 ms. Fully
developed, steady-state MHD turbulence in the disk and
an associated dynamo with a cycle of a few ms emerge by
⇡40 ms as illustrated by the emerging ‘butterfly’ pattern
in Fig. 12.

Figure 11. Jet structure in terms of the specific internal en-
ergy (top) once it has successfully broken out of the ejecta
envelope (represented by rest-mass density; bottom).

Figure 12. Spacetime diagram of the x-component (az-
imuthal/toroidal component) of the magnetic field in the Eu-
lerian frame, radially averaged between 25 and 60 km from
the rotation axis in the meridional (yz) plane, as a function
of height z relative to the disk midplane. A stationary dy-
namo and strongly enhanced mass outflows emerge at around
40ms as indicated by the ‘butterfly’ pattern.

Comparison with previous work including magnetic
fields in the post-merger phase

The post-merger evolution of systems with (meta-
)stable remnant neutron stars as obtained from numeri-
cal simulations is sensitive to the microphysics included
in the simulations. The inclusion of weak interactions
allows the plasma to cool via neutrino emission and thus
significantly reduces baryon pollution in the vicinity of
the merger remnant immediately after merger. Due to
fallback flows becoming less ‘pu↵y’, neutrino cooling en-
ables the formation of a massive accretion disk around

butterfly dynamo signature

stationary
MHD turbulence
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Figure 6. Top: Unbound mass distribution in terms of elec-
tron fraction (left) and asymptotic expansion velocity (right)
as sampled by tracer particles, normalized by the total ejected
mass, with separate histrograms for the polar outflows. Ye is
extracted at the onset of neutron-capture reactions at 5GK.
Bottom: Final nucleosynthetic abundances at 109 s from re-
action network calculations for post-merger ejecta, compared
to observed solar abundances [70] (arbitrary normalization).

dominates the signal on a few-hours timescale and can
boost the ⇠ hr UV/blue signal depending on the line of
sight. In direction of the jet, the signal is enhanced by
up to 1.5 magnitudes, reaching similar luminosities to the
kilonova precursor signal from free neutron decay in fast
dynamical ejecta [74] when the boost due to relativistic
e↵ects is taken into account (CS23).

Conclusion.—These results provide strong evidence for
massive (& 10�2M�) kilonovae such as GW170817 with
early (⇠ day) blue and late-time (⇠ week) red emission
being dominated by post-merger disk outflows. This pro-
vides additional support to the conjecture of Ref. [2]
that outflows from accretion disks are the main astro-
physical site of the Galactic r-process. In particular,
we show that binaries consistent with GW170817 and
typical of galactic BNS require a remnant lifetime of
only ⇡ 50 ms to generate a lanthanide-poor blue kilo-
nova component of &2 ⇥ 10�2 M� with expansion veloc-
ity v ⇡ 0.1c and lightcurves consistent with GW170817.
While we find elements of previously proposed mecha-
nisms such as magnetized winds from the remnant [24]
and spiral waves [29], bulk mass ejection here is due
to a combination of a magnetic jet (� ⇠ 5 � 10) that
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Figure 7. Kilonova light curves of the ⇡ 2 ⇥ 10�2M� post-
merger ejecta in various UV and blue bands, compared to
observed data (dots) and upper limits (triangles) of the
GW170817 kilonova [8]. The kilonova lightcurves are com-
puted for a distance of 40Mpc and an observer angle of 35�

wrt. the rotational axis, as inferred for GW170817 [3, 75].

emerges . 30 ms post-merger, associated global mag-
netic stresses, and the onset of magnetohydrodynamic
turbulence, which reconfigure the accretion disk, enhanc-
ing outflows that quickly dominate the cumulative post-
merger mass ejected. At &50 ms post-merger the accre-
tion disk with mass of ⇡ 0.19M� and accretion rate of
& 1M� s�1 is in a self-regulated neutrino-cooled state
with properties in good agreement with initial condi-
tions of previous work [16, 19, 32]. We conclude that
upon collapse of the remnant and its neutrino irradia-
tion, lanthanide-bearing outflows of & 0.05M� (⇠ 30%
of the remaining disk mass [16–18, 27, 32, 76]) consis-
tent with the red kilonova emission of GW170817 are
generated over the subsequent few hundred milliseconds
[16, 17, 19, 32].

The rapid and self-consistent emergence of a weakly
magnetized (� ⇠ 0.1), mildly relativistic (v .0.6c) wind
from a merger remnant reported here leads to a ⇠ hr
UV/blue kilonova signal that can be degenerate with the
kilonova precursor signal from free neutron decay in the
fast tail of dynamical merger ejecta. This novel precur-
sor provides an additional discriminant to distinguish be-
tween BNS and NS–black-hole mergers and highlights the
importance of early UV and optical follow-up observa-
tions of future merger events. The successful break-out
of the jet from the surrounding merger debris found here
may have additional non-thermal emission signatures.

The results also suggest a novel formation mechanism
for the central engine of short gamma-ray bursts. Upon
collapse of the remnant, the magnetic jet ‘seeds’ the black
hole with magnetic flux and forms a strongly magnetized
(� = LEM/Ṁ � 1), highly-relativistic jet, owing to the
absence of baryon loading from the stellar wind. The
emergence of a jet structure from small-scale turbulent
fields in the final BH–disk configuration of binary systems
with long-lived remnants has so far remained elusive in
numerical simulations. The results here suggest that jets

Nucleosynthesis & kilonova
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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
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likely post-merger 
NS-disk ejecta !

Combi & Siegel 2023b, PRL



MHD turbulence
(heating)

neutrino
cooling

hot corona

heating-cooling imbalance in corona & 
nuclear recombination launches disk outflow

De & Siegel 2021
Fernandez+ 2020
Just+ 2021
Fahlman & Fernandez 2022

Siegel & Metzger, PRL 2017
Combi & Siegel 2023a

• Detailed nucleosynthesis 
varies across parameter 
space

• Total ejecta can dominate 
all other channels

Siegel & Metzger 2018
Fernandez+ 2019
Kiuchi+ 2022

Long-term post-merger disk ejecta
• Weak interactions are key 

for composition, 
nucleosynthesis, kilonova

• Self-regulation keeps disk 
neutron-rich: 

light & heavy r-process
Siegel & Metzger, PRL 2017
Chen & Beloborodov 2007

• Long-term (~s) outflows 
generated by self-
sustained MRI dynamo

BH
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nuclear recombination launches disk outflow

De & Siegel 2021
Fernandez+ 2020
Just+ 2021
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Siegel & Metzger, PRL 2017
Combi & Siegel 2023

• Detailed nucleosynthesis 
varies across parameter 
space

• Total ejecta can dominate 
all other channels

Siegel & Metzger 2018
Fernandez+ 2019
Kiuchi+ 2022

• Weak interactions are key 
for composition, 
nucleosynthesis, kilonova

• Self-regulation keeps disk 
neutron-rich: 

light & heavy r-process
Siegel & Metzger, PRL 2017
Chen & Beloborodov 2007

• Long-term (~s) outflows 
generated by self-
sustained MRI dynamo

accretion rate,
ignition of weak interactions

De & Siegel 2021

BH

Long-term post-merger disk ejecta



V  Other multi-messenger sources: 

Collapsars, long GRBs, super-kilonovae



Collapsars

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

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

“failed explosion” (direct collapse to a BH)

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

core collapse

BH formation

accretion disk
Formation

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

MacFadyen & Woosley 1999

No. 1, 1999 COLLAPSARS 271

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

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

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

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

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

e

collapsewind

GRB jet

The synthesis of heavy elements in the Universe



Post-merger physics in other systems: collapsars
Siegel, Barnes, Metzger 2019, Nature
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accretion rate nucleosynthesis in disk outflow nucleosynthesis bands:

Siegel, Barnes, Metzger 2019, Nature

The synthesis of heavy elements in the Universe
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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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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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a c

b
Ye

degeneracy

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



Extraordinary GRB 221009A

If GRB 𝛾-ray luminosity tracks accretion rate, absence of r-process expected 
here, due to neutrino irradiation killing neutron-richness

Blanchard+, Siegel 2024, Nature Astronomy

• Brightest gamma-ray burst of all 
time (L𝛾, iso ~ 1e54 erg/s)

• JWST +168d & +170d 
observations reveal ordinary 
GRB SN Ic-BL

MNi ~ 0.09 Msun, 
comparable brightness to 
SN 1998bw at similar epoch

• No evidence of r-process

*exceptionally* luminous GRBs may produce limited r-process

JWST



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, …

Farell+ 21, Vink+ 21

Safarzadeh & Haiman 20

Woosley & Heger 21, …



More massive collapsars 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

Pair Instability 
supernova with 
complete disruption

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

Article number, page 2 of 22

Wind mass 
loss up to 
> 50 Msun

GW190521
r-process 
element 
production
~1-10 Msun

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+ 2020

• populate the PISN mass gap 
‘from above’

• compact massive progenitors 
>130 Msun

• endowed with parametrized 
rotation profile (fK, rb)

Siegel+ 2022



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

light 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
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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

16 Siegel et al.
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Figure 8. The flux per unit wavelength at bolometric
peak for each of the five models defined in Tab. 2. All
spectra have broad absorption features consistent with a
high-velocity outflow, and a low-temperature, pseudo-black
body spectrum, consistent with a high-opacity composition.
These spectra distinguish superKNe from other classes of
SNe, which are much bluer, and from other dust-enshrouded
explosions, in which broad absorption features are absent.

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)

Siegel+ 2022



Super-Kilonovae are multimessenger events

20 Siegel et al.

Figure 10. Disk frequency evolution (Eq. 18) for three
progenitor models (250.25, 220.25, 200.25) with rotation
parameters p = 4.5, rb = 1.5 ⇥ 109 cm, and overall small
(fK = 0.3; top) or large (fK = 0.6; bottom) Keplerian an-
gular momentum parameter. Plotted is twice the orbital an-
gular frequency, which corresponds to the gravitational-wave
frequency of the m = 2 density mode of the gravitationally
unstable disk. The frequency evolution is largely controlled
by fK, with all models reflecting the ‘sad-trombone’ nature
of the gravitational-wave signal.

perKN events are expected to occur once every ⇠3 years1386

for our fiducial local superKN rate of 10 Gpc�3 yr�1
1387

(Sec. 4.1). Figure 11 shows the time evolution of the plus1388

and cross polarization strain calculated for the fiducial1389

progenitor model (Fig. 2) assuming a face-on orienta-1390

tion of the collapsar disk (◆ = 0). The maximum char-1391

acteristic strain hc (typically hc ⇠ 10�24
� 10�22) and1392

the frequency range of the gravitational wave emission1393

vary considerably across the {fK, rb} parameter space1394

(Figs. 19 and 20, Appendix E).1395

SuperKN collapsars are multi-band gravitational-1396

wave sources. Figures 12 and 14 compare the1397

gravitational-wave signal in frequency space to the sen-1398

sitivity of advanced LIGO (aLIGO), Cosmic Explorer1399

(CE), Einstein Telescope (ET), DECi-hertz Interferom-1400

eter Gravitational wave Observatory (DECIGO), and1401

Big Bang Observer (BBO). Gravitational-wave emission1402

typically starts at a few tens of Hz in the frequency band1403

of aLIGO, CE, and ET, and subsequently drifts into the1404

Figure 11. Plus and cross polarization strain amplitudes of
the l = m = 2 mode of gravitational waves resulting from the
gravitationally unstable collapsar disk of the fiducial model
shown in Fig. 2 with p = 4.5, fK = 0.3 and rb = 1.5⇥109 cm,
assuming a face-on orientation of the accretion disk (◆ = 0).
The emission starts a few seconds after the onset of collapse
and persists for several seconds until viscous draining of the
disk dominates fallback accretion and the disk becomes sta-
ble again at around 9 s after the onset of collapse.

Figure 12. Amplitude spectral density (ASD) of
gravitational-wave emission from the collapsar disk, shown
for three progenitor models (250.25, 220.25, 200.25) and
stellar rotation parameters p = 4.5, fK = 0.3, rb = 1.5 ⇥
109 cm at an assumed source distance of 200Mpc. The
shaded region for each curve shows the unphysical frequency
regime above the maximum disk frequency as plotted in
Fig. 10, which is ignored in the SNR calculations. Shown for
comparison are the measured or predicted noise curves for
aLIGO, CE, ET, DECIGO, and BBO with sensitivity curve
data from https://dcc.ligo.org/LIGO-T1500293/public and
Yagi & Seto (2011).

deciherz regime of DECIGO and BBO as the disk ex-1405

pands. The relative strain amplitude in these two di↵er-1406

ent bands encodes information about the total mass and1407

mass profile of the progenitors (Fig. 12). Lighter pro-1408

genitors typically give rise to louder gravitational-wave1409

signals over a narrower frequency band for the same ro-1410

tation profile.1411

• Gravitational instabilities in the accretion disk give rise to gravitational-wave 
emission observable with 3rd generation GW observatories 
(Cosmic Explorer, Einstein Telescope)

• GW frequency decreases as disk expands: distinctive “sad-trombone“ GW signal

20 Siegel et al.

Figure 10. Disk frequency evolution (Eq. 18) for three
progenitor models (250.25, 220.25, 200.25) with rotation
parameters p = 4.5, rb = 1.5 ⇥ 109 cm, and overall small
(fK = 0.3; top) or large (fK = 0.6; bottom) Keplerian an-
gular momentum parameter. Plotted is twice the orbital an-
gular frequency, which corresponds to the gravitational-wave
frequency of the m = 2 density mode of the gravitationally
unstable disk. The frequency evolution is largely controlled
by fK, with all models reflecting the ‘sad-trombone’ nature
of the gravitational-wave signal.

the instantaneous characteristic disk rotation frequency
may prove useful in searching and detecting such sources
with gravitational-wave detectors.
We calculate the gravitational wave strain of emitted

gravitational waves as described in Appendix E. Figures
11–14 present results for gravitational-wave emission,
evaluated for a typical distance of 200Mpc, at which su-
perKN events are expected to occur once every ⇠3 years
for our fiducial local superKN rate of 10 Gpc�3 yr�1

(Sec. 4.1). Figure 11 shows the time evolution of the plus
and cross polarization strain calculated for the fiducial
progenitor model (Fig. 2) assuming a face-on orienta-
tion of the collapsar disk (◆ = 0). The maximum char-
acteristic strain hc (typically hc ⇠ 10�24

� 10�22) and
the frequency range of the gravitational wave emission
vary considerably across the {fK, rb} parameter space
(Figs. 19 and 20, Appendix E).
SuperKN collapsars are multi-band gravitational-

wave sources. Figures 12 and 14 compare the

Figure 11. Plus and cross polarization strain amplitudes of
the l = m = 2 mode of gravitational waves resulting from the
gravitationally unstable collapsar disk of the fiducial model
shown in Fig. 2 with p = 4.5, fK = 0.3 and rb = 1.5⇥109 cm,
assuming a face-on orientation of the accretion disk (◆ = 0).
The emission starts a few seconds after the onset of collapse
and persists for several seconds until viscous draining of the
disk dominates fallback accretion and the disk becomes sta-
ble again at around 9 s after the onset of collapse.

gravitational-wave signal in frequency space to the sen-
sitivity of advanced LIGO (aLIGO), Cosmic Explorer

(CE), Einstein Telescope (ET), DECi-hertz Interferom-

eter Gravitational wave Observatory (DECIGO), and
Big Bang Observer (BBO). Gravitational-wave emission
typically starts at a few tens of Hz in the frequency band
of aLIGO, CE, and ET, and subsequently drifts into the
deciherz regime of DECIGO and BBO as the disk ex-
pands. The relative strain amplitude in these two di↵er-
ent bands encodes information about the total mass and
mass profile of the progenitors (Fig. 12). Lighter pro-
genitors typically give rise to louder gravitational-wave
signals over a narrower frequency band for the same ro-
tation profile.
The overall magnitude of the amplitude spectral den-

sity is largely determined by the progenitor angular mo-
mentum as illustrated in Fig. 14. In the limit of high
angular momentum (large value of the parameter fK)
for fixed rb, the instability and gravitational-wave emis-
sion are triggered earlier than for smaller values of fK
(cf. Fig. 9). This is because matter deposition in the
disk at early times is enhanced (rather than direct fall-
back onto the black hole). Under these conditions, the
gravitational-wave signal is relatively weak due to the
small disk and BH mass. Owing to enhanced viscos-
ity and enhanced accretion during the instability epoch,
disks that become unstable early on tend to stay rela-
tively light; the gravitational-wave signal thus remains
relatively weak throughout the fallback process. As a
result, these signals tend to peak late and thus in the de-
cihertz regime, which may only render them detectable

Siegel+ 2022

see Gottlieb+ 2024 for different GW mechanism in collapsar disks



Summary & conclusions

Daniel Siegel

• NS mergers give rise to various ejecta components with a broad range of properties

• First self-consistent ab initio modelling of multiple EM counterparts from NR simulations 
with relativistic effects underway, key to interpret future observations

• Late winds from black hole+disk consistent with red kilonova of GW170817

• Non-thermal + magnetar enhanced kilonovae from mergers with long-lived remnant NS 
are key to identify long-lived remnant

• jet/polar outflows create ~hr kilonova precursor 

• First self-consistent generation of twin polar jets 𝜎 ~ 5-10 and 𝛤 ~ few-10

NS central engine for short GRBs ?! 

Novel BH-disk GRB jet formation mechanism

• NS+disk winds consistent with blue kilonova of GW170817

• Collapsars (BHs M~20-50 Msun) and super-kilonovae (BHs M > 50 Msun): 
multi-messenger sources for 3rd generation GW detectors, GRB and 
supernova-kilonova EM counterparts, prolific sources of r-process elements



Appendix



Remnant diversity & distribution

LVC 2023

O3 NS masses

• High-M wing largely 
determined by outlier and 
NSBH events

• BNS mass distribution may 
be genuinely different from 
NSBH (binary stellar 
evolution)

Galactic 
BNS

Galactic 
NSs



Super-Kilonovae detection prospects

• Targeted follow-up of very bright long GRBs in the IR with Roman, JWST 

• Blind searches with Optical/IR surveys (Rubin/Roman)14 Siegel et al.

Table 2. SuperKN Light Curve Models and Survey Detection Rates

Model
Mej vej MNi Mlrp XLa R(a)

Rubin
R(b)

Roman

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

a 8.6 0.1 0.019 0.83 1.4 0.01 0.02

b 31.0 0.1 0.012 8.28 17.0 0.03 0.4

c 35.6 0.1 0.087 23.2 4.0 0.1 2

d 50.0 0.1 0.53 9.59 0.53 0.1 4

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

yr�1 (see Sec. 4.2 for details).

We performed for the models of Tab. 2 one-904

dimensional radiation transport calculations carried out905

with Monte Carlo radiation transport code Sedona906

(Kasen et al. 2006; Kasen et al. in prep.). We adopted907

for each model a density profile such that the mass ex-908

ternal to the velocity coordinate v follows a power-law,909

910

M>v /

✓
v

vmin

◆�↵

, v � vmin. (31)911

Above, the minimum ejecta velocity vmin is determined912

by the characteristic velocity vej = (2Ekin/Mej)1/2 (with913

Ekin the ejecta kinetic energy), and the choice of power-914

law index ↵,915

vmin =

✓
↵� 2

↵

◆1/2

vej. (32)916

We take ↵ = 2.5 and vej = 0.1c for all models, consistent917

with predictions of accretion disk outflow velocities (e.g.918

Fernández et al. 2015; Siegel et al. 2019).919

The opacity of the outflowing gas, and therefore the920

nature of the transients’ electromagnetic emission, is921

sensitive to the abundance pattern in the ejecta. Specif-922

ically, lanthanides and actinides, and to a lesser extent923

elements in the d -block of the periodic table, contribute924

a high opacity, while the opacities of s- and p- block el-925

ements is significantly lower (Kasen et al. 2013; Tanaka926

et al. 2020).927

In this work, we predict the synthesis of helium, 56Ni,928

and light and heavy r -process material, but do not carry929

out detailed nucleosynthesis calculations, e.g. by post-930

processing fluid trajectories. The composition of each931

model is then solely a function of its Mej, MNi, Mlrp,932

and XLa. We assume that heavy (A > 136) r -process933

material is 41% lanthanides and actinides by mass, equal934

to the solar value of MLa/MA>136. The remainder is935

split between d -block and s/p-block elements (54% and936

5% by mass, respectively). For light r -process material,937

XLa = 0. We estimated it comprises 95% (5%) d -block938

(s-/p-block) elements by mass.939

The composition adopted for our radiation transport940

models is limited by both our imperfect knowledge of the941

details of nucleosynthesis and incomplete atomic data of942

the sort necessary to calculate photon opacities in the943

ejecta. Lanthanide and actinide mass (MLa) is divided944

among lanthanide elements following the solar pattern,945

with one adjustment: because the required atomic data946

is not available for atomic number Z=71, we redistribute947

the solar mass fraction of Z=71 to Z=70.948

Atomic data is also unavailable for most of the d -949

block elements produced by r -process (whether heavy or950

light). We thus distribute d -block mass evenly among951

elements with Z = 21�28 (excluding Z = 23 for lack of952

data), artificially increasing the mass numbers to A ⇠ 90953

to avoid overestimating the ion number density. All r -954

process s- and p-block material is modeled by the low-955

opacity filler Ca (Z = 20). 4He and 56Ni (as well as its956

daughter products 56Co and 56Fe) are straightforward957

to incorporate into the composition.958

Our radiation transport simulations include radioac-959

tivity from both the 56Ni decay chain and from the r -960

process. We explicitly track energy loss by �-rays from961

56Ni and 56Co, and assume that positrons from 56Co de-962

cay thermalize immediately upon production. We model963

r -process radioactivity using the results of Lippuner964

& Roberts (2015) for an outflow with (Ye, sB, ⌧exp) =965

(0.13, 32kB, 0.84 ms), with sB the initial entropy per966

baryon and ⌧exp the expansion timescale. To account for967

thermalization, we adjust the absolute radioactive heat-968

ing rate following the analytic prescription of Barnes969

et al. (2016).970

3.2.2. Radiation Transport Results971

The bolometric light curves of models A through E are972

presented in Fig. 7. For comparison, we also show the973

light curves of typical SNe of various subtypes: Type Ia974

SN 2011fe (Tsvetkov et al. 2013), Type Ic-bl SN 2002ap975

(Tomita et al. 2006), Type IIp SN 2013ab (Bose et al.976

2015), and the electron-capture SN 2018dz (Hiramatsu977

et al. 2021) .978

The superKN light curves exhibit considerable diver-979

sity, which is not surprising given the large ranges of980

ejecta and radioactive masses these systems may pro-981

• scaled-up, beaming corrected GRB rate using Salpeter IMF, out to z = 0.1 

• 10 deg2 Roman WFI survey with filters F062, F158 and F184 to ~27th mag

• detection = at least 3 SNR>3 points

Uncertainties: intrinsic event rates, stellar structure, accretion dynamics & wind 
composition/mixing, …

Rubin: sensitive to 
56Ni-rich, light r-
process models

Roman: sensitive to 
lanthanide-rich models



Novel post-merger physics: Neutrino oscillations

Free-streaming neutrinos:

Conditions for fast conversions:
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self-interaction

instability region: ubiquitous flavor conversions
~ns timescales

Li & Siegel 2021, PRL

The synthesis of heavy elements in the Universe

• GRMHD + M1 neutrino transport
• dispersion relation approach, approximate equipartition
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fast flavour 
conversions

switching on fast 
conversions

ejecta composition changes 
significantly (more neutron-rich)

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

• imprint in kilonova (becomes more ‘red’)

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

Li & Siegel 2021, PRL

• imprint in actinide-boost stars? Faroqui+ 2021

Novel post-merger physics: Neutrino oscillations

Other recent work: George+ 2020, Fernandez+ 2022, Just+ 2022



BH-disk nucleosynthesis regimes
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ejecta Ye absorption dominated
Miller+ 2019
Li & Siegel, PRL 2021

ejecta Ye emission dominated
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Post-merger accretion disk can ‘sweep 
through’ one or more regimes while 

viscously spreading

Post-merger evolution and nucleosynthesis

Chen & Beloborodov 2007
Siegel+ 2019
Siegel+ 2022



Nucleosynthesis regimes

ejecta Ye absorption dominated
Miller+ 2019
Li & Siegel, PRL 2021

ejecta Ye emission dominated
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Post-merger evolution and nucleosynthesis



Nucleosynthesis regimes

ejecta Ye absorption dominated
Miller+ 2019
Li & Siegel, PRL 2021

ejecta Ye emission dominated
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Ṁ =

8
<

:
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Li & Siegel, PRL 2021

Post-merger evolution and nucleosynthesis


