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Outflows power EM transients

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

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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Siegel 2022, Nature Rev. Phys.

Combi & Siegel 2023a

GRB jet (?!)

• plasma instabilities
(Kelvin-Helmholtz, Rayleigh-Taylor, Magnetorotational Instability)

• weak interactions, MHD effects, magnetically & neutrino-driven stellar and disk winds
• dynamical spacetime, gravitational waves, non-linear (magneto-)hydrodynamics



B. Margalit / Metzger 2020

Remnant diversity & distribution

Margalit & Metzger 2019

Delayed BH formation produces 
massive accretion disks:

~70-9x % of BNS mergers (?)

Expect r-process in BNS mergers 
dominated by accretion disk

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

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

Expected ejecta 
distribution for 

galactic BNS 
distribution

(based on ejecta fitting 
formulae by

                                 )Krüger & Foucart 2020

• Focus here on BNS (NS-BH subdominant wrt r-process) Chen+ 2021

• Support from early blue post-merger ejecta Combi & Siegel 2023b

• Further support from collapsar accretion disks Siegel+ 2019



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

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

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

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

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

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

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

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

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

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

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

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

3.2. Ejecta dynamics and fast outflow

Two types of ejecta can be distinguished at merger:
tidal and shock-heated ejecta. Tidal torques extract
material from the surface of the stars during the final
inspiral and merger process, creating spiral arms that
expand into the orbital plane as they transport angu-
lar momentum outwards, expelling cold, neutron-rich
material (Ye ⇠< 0.1) into the interstellar medium (see
Fig. 7, first panel) [we need to reorder figures in the or-
der of reference in the text]. Because neutrons stars are
more compact in general relativity compared to New-
tonian gravity, these tidal tails are not as prominent
here as in Newtonian simulations (e.g., Rosswog et al.
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FIG. 5. Mass histogram of the ejecta as a function of the electron fraction (left), the entropy per baryon (center), and the
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and post-merger ejecta, respectively.
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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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Figure 9. Cumulative distribution of ejecta velocities for the
(1.35 + 1.35) M� binary with four EOSs and at the reference res-
olution. Neutrino re-absorption has not been included in these
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, 
Bauswein+ 2013, Rosswog+ 2023
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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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SFHo: �B = 0.02, n = 0.004 cm�3

LS220: �B = 0.04, n = 0.01 cm�3

APR: �B = 0.03, n = 0.004 cm�3

Chandra 0.1-10 keV

VLA 3GHz ⇥10�3

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

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

timescale of years

Hajela+ 2022
Troja+ 2022

Balasubramanian+ 2021
Nedora+ 2021

Hotokezaka+ 2018

~5x10-6 Msun 
>0.6c ejecta

Helps distinguish BNS vs. NS-BH

• full numerical solution of 
Fokker-Planck equation
(Syn+IC cooling, Syn self-
Compton, self-absorption)

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

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

3.2. Ejecta dynamics and fast outflow

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

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

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

Fast dynamical ejecta: neutron precursor

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

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

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

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

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

(b) Collapsars—the collapse of rapidly rotating massive stars, thought to generate long gamma-ray bursts and their accom-
panying Type Ic-bl supernovae (H/He deficient with broad lines)75—may synthesize r-process elements in a way similar
to post-merger accretion disks30. Material from the collapsing stellar progenitor circularizes in an accretion disk around a
newly-formed black hole. The accretion flow may be dense enough to give rise to neutron-rich outflows that may synthesize
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SFHo
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APR4

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

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

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

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

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

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

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

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

3.2. Ejecta dynamics and fast outflow

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

Nuclear 
heating, directly 

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

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

3.2. Ejecta dynamics and fast outflow

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

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

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

Fast dynamical ejecta: neutron precursor

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

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

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

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

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

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

Nuclear 
heating, directly 

from tracers
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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

8 Combi & Siegel

SFHo

LS220

APR4

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

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

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

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

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

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

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

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

3.2. Ejecta dynamics and fast outflow

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

distinguish BNS vs. NS-BH

Combi & Siegel 2023a



Early UV/optical emission: 
Threatened by highly ionized La at high temperatures?
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Figure 16. Gas temperature of our ejecta structure as a
function of velocity coordinate and time for the SFHo model.
The white line represents the location of the photosphere,
indicating that the local gas temperature stays below the
temperature regime of ⇡ 80000K for an opacity boost due
to highly ionized states of lanthanides (Banerjee et al. 2022).

where a is the radiation constant, hAi is the average1831

mass number as obtained from the nucleosynthesis cal-1832

culations (Sec. 4), and mu is the atomic mass unit (see1833

also Just et al. (2022)). In agreement with the model1834

calculations of Banerjee et al. (2022), we find a 70000K1835

temperature regime at low velocity coordinates v ⇠ 0.2 c1836

and early times ⇠<1 h, in which high ionization states of1837

lanthanides can be realized. However, the photosphere1838

in our merger ejecta resides at much lower gas tempera-1839

tures at all times, leading us to conclude that the opacity1840

boost from highly ionized lanthanides is unlikely to sig-1841

nificantly a↵ect the early kilonova emission in practice.1842

5.4. Impact of “lanthanides pockets” on the kilonova1843

and its nebular phase1844

At late times, the kilonova reaches a nebu-1845

lar phase, in which the ejecta material becomes1846

optically thin and the electromagnetic emission1847

driven by radioactivity is dominated by emis-1848

sion lines (Hotokezaka et al. 2021). The spec-1849

tral signatures of this late-time phase can contain1850

unique information about atomic species synthe-1851

sized by neutron capture.1852

Our simulations show that the azimuthal dis-1853

tribution of the electron fraction for soft EOSs is1854

non-uniform because of the preferred direction1855

of core bounces (see Sec. 3.3 and Fig. 8). The1856

ejected material contains “pockets” of neutron-1857

rich material that synthesizes lanthanides and1858

actinides. The opacity of these pockets is thus1859

significantly higher than the surrounding ejecta,1860

Figure 17. Upper part: Skymap of mass-weighted opac-
ity for unbound dynamical ejecta in soft EOS runs (here:
SFHo), computed using the Ye distribution extracted from
the simulation at a distance of ⇡440 km from the merger site
and using Eq. (27). For soft EOS a latidudinally and az-
imuthally dependent opacity profile emerges due to inhomo-
geneous shock heating/reprocessing of tidal ejecta (Sec. 3.3),
giving rise to ‘lanthanide/actinide pockets’, which might lead
to interesting observational consequences both in the early
kilonova lightcurve and the late-time nebular phase. Lower

part: Corresponding skymap of mass-weighted quo-

tient of radial and azimuthal velocities.

Figure 18. Same as Figure 17, but for the sti↵ LS220

EOS simulation. The opacity distribution is more

uniform in the azimuthal direction and shows the

expected latitudinal dependence.

which has undergone stronger heating due to1861

shocks during the dynamical merger phase. The1862

resulting “opacity pockets” are illustrated in the1863

upper panel of Figure 17, extracted at a distance1864

of ⇡440 km from the merger site. For the sti↵1865

EOS, these lanthanide pockets are absent and the1866

opacity distribution is more uniform, see Figure1867

18.1868

If the structure of these pockets is preserved to1869

larger distances (late times), this will have an im-1870

pact on the observable properties of the nebular1871

emission since the dominant nebular lines are de-1872

termined by elements that dominate the cooling1873

of the plasma. We estimate angular spreading1874

of the ejecta based on the mass-weighted radial1875

(hvri) and azimuthal (hv�i) velocities extracted at1876

⇡440 km, as shown in the lower panel of Fig. 171877

in the case of SFHo. In general, we observe that1878

Such a velocity gradient corresponds to a mean free path ofΔvt
at a time t. The corresponding absorption coefficient within the
wavelength bin of λ to λ+Δλ is written as (Kasen et al. 2013)

( ) ( )
vt ct

N
1 1

. 3expa l
l
l

=
D

=
D

In this expression, only strong lines are considered. To include
the contribution from the weak lines, a modified version
derived by Eastman & Pinto (1993) is used:
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e
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where λl is the transition wavelength in a chosen wavelength
interval of Δλ. The Sobolev optical depth at the transition
wavelength (τl) is calculated as

( )e
m c
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2

e
t

p
l=

where nl is the number density of the lower level of the
transition and fl is the oscillator strength of the transition. Then,
we can calculate the expansion opacity as the absorption
coefficient per unit mass density:

( ) ( ) ( ). 6exp
expk l

a l
r

=

Using this formalism, we calculate the opacity for a single-
element ejecta with density ρ= 10−10 g cm−3 at t∼ 0.1 days.

We assume local thermodynamic equilibrium (LTE) to
calculate the ionization fraction of the elements by solving the
Saha ionization equation and to determine the population of the
excited levels via Boltzmann statistics. The low density of the
neutron star merger ejecta (ρ∼ 10−10 g cm−3 even at t∼ 0.1
days) is not enough to establish LTE via collisional processes
alone. Nevertheless, LTE can be established via radiative
transitions in the optically thick regions inside the photosphere,
especially in the early time when most of the ejecta are
optically thick.

LTE might not be valid if the nonthermal processes from the
radioactive decay significantly affect ionization and excitation.
However, Kasen et al. (2013) find that the ratio of
the nonthermal to thermal excitation rate at t∼ 1 day, when
the radioactive power released per particle is∼1 eV s−1 and

the typical transition energy is ∼1 eV at the temperature
T∼ 5000 K, is negligible (the ratio is∼10−8). Extending the
calculation to early time at t ∼ 0.1 days, when the radioactive
power released per particle can be as high as
∼80 eV s−1 (Metzger et al. 2010) and the typical transition
energy can be as high as ∼10 eV at the temperature T∼ 105 K,
we find that the ratio is not significant (a rough estimate shows
that the ratio is about�10−8). A similar argument can be made
for the nonthermal ionization at the early time. Hence, it is
expected that the nonthermal processes do not make the system
largely deviated from LTE at the timescale of interest. At a later
time, when the ejecta become less dense and more transparent,
larger deviation from LTE is expected (for more discussion on
non-LTE opacity, see Pognan et al. 2022).
The expansion opacities for lanthanides are exceptionally

high (left panel of Figure 2). For instance, the expansion
opacity at its peak reaches 1000 cm gexp

2 1k ~ - for Eu at
T∼ 70,000 K. On the other hand, the opacity of the light r-
process element Cd can reach only up to 1 cm gexp

2 1k ~ -

under the same condition. This is due to the significantly higher
number of the energy levels in the highly ionized lanthanides
(Figure 1).
The expansion opacities show a strong wavelength depend-

ence, with a higher value at shorter wavelengths (left panel of
Figure 2). This is caused by the larger number of transitions at
the shorter wavelengths. Moreover, the opacities for lantha-
nides show distinct peaks at short wavelengths (e.g., see
λ∼ 500 Å and λ∼ 1200 Å in Figure 2), which is due to the
fact that there are numerous strong transitions at these
wavelengths.
The temperature dependence of the expansion opacity is

estimated by convolving it with the blackbody function to
calculate the Planck mean opacity (see right panel of Figure 2).
The Planck mean opacities for different elements show distinct
peaks at temperatures T∼ 5000 K and T∼ 70,000 K. At the
high temperature, Eu has the maximum opacity among the
other two lanthanides. On the other hand, the opacity for Nd is
highest at low temperature.
The opacity at high temperature reflects the density of energy

levels. At the temperature T∼ 70,000 K, where the opacity
peaks appear, lanthanides are ionized to ∼VII–IX. At this
ionization range, the level density of lanthanides is the highest
(Section 2.1). We argue that, at high temperature, relatively
high energy levels contribute to the opacity. This is in contrast

Figure 2. The expansion opacity as a function of wavelength at T = 70,000 K (left panel) and the Planck mean opacity as a function of temperature (right panel) at
ρ = 10−10 g cm−3 and t = 0.1 days for lanthanides Nd, Sm, and Eu. Opacity of the light r-process element Cd is also shown for comparison (Banerjee et al. 2020).
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• highly ionized lanthanides at T ~ 7000 K boost opacities by orders of magnitude

• early kilonova photosphere, however, resides at high velocity (low-T) coordinates

Likely not a big concern for early UV/optical emission

‘boosted’ opacities



II.
Non-thermal EM from long-lived 

remnant NSs



EM emission from systems with long-lived NSs

Siegel & Ciolfi 2016 a,b

• Erot ~ 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



III.
Post-merger EM phenomena: 

Jets & kilonovae

Combi & Siegel 2023bLargely based on:



Post-merger: B-field amplification
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Magnetic field amplification during merger & within remnant: 

• Kelvin-Helmholtz instability (KHI)

• Turbulence stirred by double-core bounces

• Magnetorotational Instability (MRI; envelope + disk)

• magnetic winding (providing inverse turbulent cascade)

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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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 (providing inverse turbulent cascade)
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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
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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)

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

• Self-consistent formation of a ‘jet’ 
from a remnant NS

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

• Self-consistent formation of a ‘jet’ 
from a remnant NS

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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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

B-field breaks out 
of the star

See Pablo 
Bosch’s talk!
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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
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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.

6

The Astrophysical Journal Letters, 901:L37 (8pp), 2020 October 1 Mösta et al.

(starting with large-scale poloidal 
field post-merger)

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

• Self-consistent formation of a ‘jet’ 
from a remnant NS

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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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
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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

B-field breaks out 
of the star
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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

B-field breaks out 
of the star
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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].
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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.

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
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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].
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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.
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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
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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.
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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.

Neutrino-driven EM-dominated

flow reaches expected velocity

Properties broadly in agreement with 
1D wind solutions of Metzger+ 2018
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• Quasi-steady neutrino-driven wind 

(pre-breakout, t < 25-30 ms)
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wind (post-breakout, t > 35 ms)
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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].
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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.

4

0 10 20 30 40 50

t [ms]

10�2

10�1

100

101

hupolari [c]

�1/3
polar [c]

�polar ⇥ 100
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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

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

flow reaches expected velocity

Properties broadly in agreement with 
1D wind solutions of Metzger+ 2018
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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, 
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Polar MHD outflows: UV/blue precursor
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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, 
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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

The synthesis of heavy elements in the Universe

• t < 35ms mass ejection dominated by 
non-axisymmetric modes

• Strong boost once MHD turbulence 
sets in (t > 40ms), reaching 2x10-2 
Msun within 50ms post-merger

spiral waves
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MHD turbulence
jet emergence
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• Accretion disk rapidly spreads 
radially due to enhanced angular 
momentum transport
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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
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Figure 13. Upper panel: relative strength of total hydrody-
namic stress (Reynolds and advective stresses) and magnetic
stresses (Maxwell stress) acting on the post-merger plasma
at t ⇡ 50ms. Lower panel: number of grid points per wave-
length �MRI of the fastest-growing unstable MRI mode at the
same time instance, indicating that the MRI is well resolved.

the remnant. Previous work without weak interactions
found hot magnetized material surrounding the remnant,
which inflates rapidly [53, 77, 78]. The emergence of a
large-scale toroidal field then spreads quasi-isotropically,
forming a ‘magnetic bubble’ that expands and drives
low-velocity winds to large scales [25, 79]. Here, neu-
trino cooling helps to reduce baryon pollution in polar
regions and neutrino absorption overcomes the ram pres-
sure of low-angular momentum fallback material in the
polar ‘funnel’ and generates a neutrino-driven outflow in
polar directions. Neutrino absorption and high magnetic
pressure help to establish and stabilize a magnetic tower
structure. In this wind environment, the jet head is able
to propagate and to successfully break out of the merger
debris.

Ref. [26] place a large-scale dipolar field structure onto
a neutron-star merger remnant and its surroundings, ob-
tained by purely hydrodynamical merger evolution 17ms
after merger. The authors find that this global magnetic
field structure rapidly leads to the formation of a polar
jet structure somewhat similar to that obtained in the
present paper. Here, the emergence of twin polar jets is
obtained self-consistently by turbulent amplification of
an initially vanishing toroidal magnetic field pre-merger
and magnetic winding without ad-hoc prescriptions for
the magnetic field post-merger. Previous work found a
timescale for the emergence of global magnetic field struc-
tures and associated winds to require &170 ms [77]. Here,
we demonstrate by including all relevant microphysical
processes that twin jets can emerge by only a few tens of
ms post-merger.

Figure 14. Spacetime diagrams of the mass outflow through a
spherical shell with radius 300 km averaged in the azimuthal
(left) and polar (right) direction as a function of time and
polar and azimuthal angle, respectively.

Global outflow properties

Spiral waves driven by non-axisymmetric modes in the
remnant neutron star, similar to those observed in pre-
vious hydrodynamic simulations [29, 64], are imprinted
in and are associated with the dominant mass outflow
during the first ⇡30 ms post-merger (Fig. 14 and Fig. 5
of the main text). Once the accretion disk spreads ra-
dially due to MHD e↵ects and a steady-state dynamo
emerges (see above), the outflow enhances drastically
(around t ⇡ 35 ms), quickly dominating the total cumu-
lative mass ejection. Furthermore, the plasma outflow
becomes more spherical in this latter phase (cf. Fig. 14).

Roughly 95% of the total cumulative ejected mass of
& 2 ⇥ 10�2M� by t & 55 ms is carried by disk winds
(Fig. 15), which have a narrow velocity profile of v ⇡
(0.05 � 0.2)c (cf. Fig. 6 of the main text). The kinetic
energy of the outflow, however, is dominated by the polar
component including the jet (polar angle ✓ . 30�), which
extends to asymptotic velocities of v & 0.6c (see Fig. 6
of the main text). Only about 1% of the total outflows
originate from within the jet core (✓ . 20�).

Polar outflow

Figure 16 reports several luminosities in the polar re-
gion where outflows dominate over accretion in the im-
mediate vicinity of the stellar surface (✓ . 30�). Prior
to the jet emergence t . 30 ms, the kinetic power of the
outflow roughly equals the total power absorbed by neu-

• Stresses of global magnetic field may 
play a role

Post-merger disk evolution & outflows

stationary
MHD turbulence

Maxwell stresses comparable to 
Reynolds+advective
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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.

spiral waves
m=1, m=2, … 

MHD turbulence
jet emergence



• Disk Ye decreases from ~0.25 to 
~0.15 once MHD turbulence 
established

• Disk enters stationary, self-regulated 
state based on electron degeneracy
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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

<latexit sha1_base64="OIx8EROMICojBLiSHrqByIwRlpc="></latexit>

Ṁ & 1M�/s, Mdisk ' 0.19M�
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• Quasi-spherical outflows quickly 
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Figure 13. Upper panel: relative strength of total hydrody-
namic stress (Reynolds and advective stresses) and magnetic
stresses (Maxwell stress) acting on the post-merger plasma
at t ⇡ 50ms. Lower panel: number of grid points per wave-
length �MRI of the fastest-growing unstable MRI mode at the
same time instance, indicating that the MRI is well resolved.

the remnant. Previous work without weak interactions
found hot magnetized material surrounding the remnant,
which inflates rapidly [53, 77, 78]. The emergence of a
large-scale toroidal field then spreads quasi-isotropically,
forming a ‘magnetic bubble’ that expands and drives
low-velocity winds to large scales [25, 79]. Here, neu-
trino cooling helps to reduce baryon pollution in polar
regions and neutrino absorption overcomes the ram pres-
sure of low-angular momentum fallback material in the
polar ‘funnel’ and generates a neutrino-driven outflow in
polar directions. Neutrino absorption and high magnetic
pressure help to establish and stabilize a magnetic tower
structure. In this wind environment, the jet head is able
to propagate and to successfully break out of the merger
debris.

Ref. [26] place a large-scale dipolar field structure onto
a neutron-star merger remnant and its surroundings, ob-
tained by purely hydrodynamical merger evolution 17ms
after merger. The authors find that this global magnetic
field structure rapidly leads to the formation of a polar
jet structure somewhat similar to that obtained in the
present paper. Here, the emergence of twin polar jets is
obtained self-consistently by turbulent amplification of
an initially vanishing toroidal magnetic field pre-merger
and magnetic winding without ad-hoc prescriptions for
the magnetic field post-merger. Previous work found a
timescale for the emergence of global magnetic field struc-
tures and associated winds to require &170 ms [77]. Here,
we demonstrate by including all relevant microphysical
processes that twin jets can emerge by only a few tens of
ms post-merger.

Figure 14. Spacetime diagrams of the mass outflow through a
spherical shell with radius 300 km averaged in the azimuthal
(left) and polar (right) direction as a function of time and
polar and azimuthal angle, respectively.

Global outflow properties

Spiral waves driven by non-axisymmetric modes in the
remnant neutron star, similar to those observed in pre-
vious hydrodynamic simulations [29, 64], are imprinted
in and are associated with the dominant mass outflow
during the first ⇡30 ms post-merger (Fig. 14 and Fig. 5
of the main text). Once the accretion disk spreads ra-
dially due to MHD e↵ects and a steady-state dynamo
emerges (see above), the outflow enhances drastically
(around t ⇡ 35 ms), quickly dominating the total cumu-
lative mass ejection. Furthermore, the plasma outflow
becomes more spherical in this latter phase (cf. Fig. 14).

Roughly 95% of the total cumulative ejected mass of
& 2 ⇥ 10�2M� by t & 55 ms is carried by disk winds
(Fig. 15), which have a narrow velocity profile of v ⇡
(0.05 � 0.2)c (cf. Fig. 6 of the main text). The kinetic
energy of the outflow, however, is dominated by the polar
component including the jet (polar angle ✓ . 30�), which
extends to asymptotic velocities of v & 0.6c (see Fig. 6
of the main text). Only about 1% of the total outflows
originate from within the jet core (✓ . 20�).

Polar outflow

Figure 16 reports several luminosities in the polar re-
gion where outflows dominate over accretion in the im-
mediate vicinity of the stellar surface (✓ . 30�). Prior
to the jet emergence t . 30 ms, the kinetic power of the
outflow roughly equals the total power absorbed by neu-
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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 (from early post-merger)

• Outflows are protonized to Ye~0.35 by 

strong neutrino irradiation

• Fast ejecta dominated by polar outflows up 

to v ~ 0.6c

• Disk outflows mostly v ~ 0.1-0.2 c

• Outflows of first 50ms in good agreement 

with blue GW170817 kilonova (2x10-2 Msun)
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Conclusions

Daniel Siegel

• NS mergers give rise to various r-process ejecta / kilonova components with a broad 
range of properties

• First self-consistent generation of a jet structure and fast winds from remnant NS

• First self-consistent ab initio modelling of multiple EM counterparts from NR simulations 
with relativistic effects underway, exciting detection prospects

• Early winds from NS+disk consistent with blue kilonova of GW170817, jet outflows 
provide ~hr precursor signal
Late winds from black hole+disk consistent with red kilonova of GW170817

• Non-thermal + magnetar enhanced kilonovae from mergers with long-lived remnant NS, 
exciting detection prospects

• Post-merger ejecta likely to dominate on a population scale

• polar MHD + "-driven winds

• Spiral waves

• MHD disk turbulence

• Mass ejection in a GW170817-like event: find elements of previously proposed mechanisms

• Only 50 ms NS lifetime required to obtain lanthanide-free (blue) KN ejecta with 
~2 x 10-2 Msun with properties similar to GW170817

subdominant here

dominates first 30 ms

dominates > 30ms 



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
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Figure 9. Snapshots of the electron fraction (upper part) and magnetic field (lower part) in the meridional plane at di↵erent
times after merger for the APR EOS run. White contours indicate rest-mass densities of ⇢ = {109, 1010, 1010.5, 1011, 1014} g cm�3.

The final mass-averaged abundances for the dynami-1333

cal ejecta of each simulation are shown in the top panel1334

of Fig. 10, with solar r-process abundances added for1335

comparison as black dots. The second (mass number1336

A ⇠ 130) and third (A ⇠ 195) r-process peak are well-1337

reproduced in all simulations—a robust 2nd-to-3rd peak1338

r-process is obtained irrespective of the EOS. This is1339

because, as far as dynamical ejecta is concerned, weak1340

interactions involving both emission and absorption of1341

neutrinos (chiefly via e++n $ p+⌫̄e and e�+p $ n+⌫e)1342

only have a finite (⇠< few ms; Fig. 6) amount of time to1343

increase the electron fraction of merger material from1344

the cold, highly neutron-rich conditions Ye ⇠ 0.05�0.151345

of the colliding NSs via direct shock heating at the colli-1346

sion interface, via reheating of neutron-rich tidal mate-1347

rial by shock waves from the oscillating merger remnant1348

(Sec. 3.2), and via absorption of strong neutrino radi-1349

ation from the hot remnant NS that is being formed.1350

Provided a dominant fraction of the ejecta remains at1351

Ye ⇠< 0.25 around 5GK when NSE breaks down, as1352

satisfied here (cf. Fig. 10, bottom panel), a su�ciently1353

high neutron-to-seed ratio can be achieved, such that1354

a pile-up of material in the fission region at freeze-out1355

occurs. The subsequent decay via fission then guaran-1356

tees, depending on the fission model, a robust r-process1357

pattern in the region A ⇡ 120 � 180 (Mendoza-Temis1358

et al. 2015). The robustness of the 2nd-to-3rd peak r-1359

process abundance pattern largely independent of the1360

EOS is in agreement with other recent BNS simulations1361

including weak interactions and approximate neutrino1362

transport (Radice et al. 2018; Kullmann et al. 2022).1363

The robustness of the pattern also holds when extended1364

to non-equal mass mergers, which suppress the amount1365

of high-Ye material and increase the neutron-rich tidal1366

ejecta component (and thus the nucleon-to-seed ratio).1367

For all runs, we find actinide abundances at the level of1368

uranium similar to solar abundances.1369

Some deviations from the solar abundance pattern1370

visible in Fig. 10 are likely the result of nuclear in-1371

put data for the nucleosynthesis calculations. Since we1372

employ the FRDM mass model for nucleosynthesis, the1373

third r-process peak is systematically shifted to the right1374

(slightly higher mass numbers) for all simulations, which1375

has been attributed to neutron captures after freeze-1376

out combined with relatively slower �-decays of third-1377

peak nuclei in the FRDM model (Eichler et al. 2015;1378

Mendoza-Temis et al. 2015; Caballero et al. 2014). The1379

trough in abundances between A ⇠ 140 � 170 relative1380

to solar is likely due to the fission fragment distribution1381

employed here, as pointed out by r-process sensitivity1382

studies (e.g., Eichler et al. 2015; Mendoza-Temis et al.1383

2015).1384

The first r-process peak is under-produced in all mod-1385

els, which is due to only partially reprocessed ejecta ma-1386

terial with respect to the original cold, neutron-rich mat-1387

ter (Ye ⇠ 0.05 � 0.1) of the individual NSs (see above).1388

Reproducing the first solar r-process abundances re-1389

quires a Ye-distribution that extends well above 0.251390

for a significant fraction of the ejecta (e.g., Lippuner1391

& Roberts 2015). Given that the mean of the Ye distri-1392

bution is slightly higher for SFHo and APR, these models1393

have a larger fraction of first peak material, which is1394

however still under-produced with respect to solar val-1395

ues. Light r-process elements in the first-to-second r-1396

process peak region are preferentially synthesized in the1397

post-merger phase in winds launched from a remnant1398

neutron star and from the accretion disk around the1399

remnant, which can give rise to broad Ye-distributions1400

(e.g., Perego et al. 2014; Lippuner et al. 2017; Siegel1401

& Metzger 2018; De & Siegel 2021). We defer a more1402

MHD turbulence
(heating)

neutrino
cooling

hot corona

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

Siegel & Metzger, PRL 2017
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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

17/18

Post-merger BH-disk ejecta
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Figure 9. Snapshots of the electron fraction (upper part) and magnetic field (lower part) in the meridional plane at di↵erent
times after merger for the APR EOS run. White contours indicate rest-mass densities of ⇢ = {109, 1010, 1010.5, 1011, 1014} g cm�3.

The final mass-averaged abundances for the dynami-1333

cal ejecta of each simulation are shown in the top panel1334

of Fig. 10, with solar r-process abundances added for1335

comparison as black dots. The second (mass number1336

A ⇠ 130) and third (A ⇠ 195) r-process peak are well-1337

reproduced in all simulations—a robust 2nd-to-3rd peak1338

r-process is obtained irrespective of the EOS. This is1339

because, as far as dynamical ejecta is concerned, weak1340

interactions involving both emission and absorption of1341

neutrinos (chiefly via e++n $ p+⌫̄e and e�+p $ n+⌫e)1342

only have a finite (⇠< few ms; Fig. 6) amount of time to1343

increase the electron fraction of merger material from1344

the cold, highly neutron-rich conditions Ye ⇠ 0.05�0.151345

of the colliding NSs via direct shock heating at the colli-1346

sion interface, via reheating of neutron-rich tidal mate-1347

rial by shock waves from the oscillating merger remnant1348

(Sec. 3.2), and via absorption of strong neutrino radi-1349

ation from the hot remnant NS that is being formed.1350

Provided a dominant fraction of the ejecta remains at1351

Ye ⇠< 0.25 around 5GK when NSE breaks down, as1352

satisfied here (cf. Fig. 10, bottom panel), a su�ciently1353

high neutron-to-seed ratio can be achieved, such that1354

a pile-up of material in the fission region at freeze-out1355

occurs. The subsequent decay via fission then guaran-1356

tees, depending on the fission model, a robust r-process1357

pattern in the region A ⇡ 120 � 180 (Mendoza-Temis1358

et al. 2015). The robustness of the 2nd-to-3rd peak r-1359

process abundance pattern largely independent of the1360

EOS is in agreement with other recent BNS simulations1361

including weak interactions and approximate neutrino1362

transport (Radice et al. 2018; Kullmann et al. 2022).1363

The robustness of the pattern also holds when extended1364

to non-equal mass mergers, which suppress the amount1365

of high-Ye material and increase the neutron-rich tidal1366

ejecta component (and thus the nucleon-to-seed ratio).1367

For all runs, we find actinide abundances at the level of1368

uranium similar to solar abundances.1369

Some deviations from the solar abundance pattern1370

visible in Fig. 10 are likely the result of nuclear in-1371

put data for the nucleosynthesis calculations. Since we1372

employ the FRDM mass model for nucleosynthesis, the1373

third r-process peak is systematically shifted to the right1374

(slightly higher mass numbers) for all simulations, which1375

has been attributed to neutron captures after freeze-1376

out combined with relatively slower �-decays of third-1377

peak nuclei in the FRDM model (Eichler et al. 2015;1378

Mendoza-Temis et al. 2015; Caballero et al. 2014). The1379

trough in abundances between A ⇠ 140 � 170 relative1380

to solar is likely due to the fission fragment distribution1381

employed here, as pointed out by r-process sensitivity1382

studies (e.g., Eichler et al. 2015; Mendoza-Temis et al.1383

2015).1384

The first r-process peak is under-produced in all mod-1385

els, which is due to only partially reprocessed ejecta ma-1386

terial with respect to the original cold, neutron-rich mat-1387

ter (Ye ⇠ 0.05 � 0.1) of the individual NSs (see above).1388

Reproducing the first solar r-process abundances re-1389

quires a Ye-distribution that extends well above 0.251390

for a significant fraction of the ejecta (e.g., Lippuner1391

& Roberts 2015). Given that the mean of the Ye distri-1392

bution is slightly higher for SFHo and APR, these models1393

have a larger fraction of first peak material, which is1394

however still under-produced with respect to solar val-1395

ues. Light r-process elements in the first-to-second r-1396

process peak region are preferentially synthesized in the1397

post-merger phase in winds launched from a remnant1398

neutron star and from the accretion disk around the1399

remnant, which can give rise to broad Ye-distributions1400

(e.g., Perego et al. 2014; Lippuner et al. 2017; Siegel1401

& Metzger 2018; De & Siegel 2021). We defer a more1402

MHD turbulence
(heating)

neutrino
cooling

hot corona

heating-cooling imbalance in corona & 
nuclear recombination launches disk outflow
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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
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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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where mº =( )E T 0F is the Fermi energy. Furthermore, for
degenerate matter, free e± pairs can only be obtained from
around the Fermi edge E;μ with width D QE 4 , which is
very narrow ( mD Q E E 4 1); from Equation (49), one
finds that for
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i.e., e± creation is heavily suppressed. Higher electron
degeneracy η≡μ/Θ results in less electrons and positrons
(cf. Equations (49) and (53)). This decreases the neutrino
emission via charged-current interactions and pair annihilation
(cf. Equations (27)–(30)); i.e., it results in a lower cooling rate
and higher temperatures. Higher temperatures, in turn, decrease
μ (cf. Equation (52)) and thus increase the degeneracy, i.e., η.
Because of this negative feedback loop, whenever the disk
enters the (strongly) degenerate regime, it will tend to self-
regulate its degeneracy and maintain a state of mild electron
degeneracy η∼ 1. Indeed, as shown by Figure 5, soon after
reaching the quasi-stationary state, the disk has regulated itself
to mild degeneracy η∼1 in the inner parts of the disk in which
neutrino cooling is energetically important (r60 km or
r14 gravitational radii) and qualitatively remains in this
state throughout the remainder of the simulation.

In the hot and dense matter of the inner parts of the disk,
electron and positron capture (cf. Equations (27) and (28)) are
the dominant cooling reactions. The equilibrium Ye that results
from conditions of mild degeneracy in this neutrino-transparent
matter is then determined by equal rates of e± capture,
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i.e., Equations (49), (51), and (54) determine Ye for a given
ρ and T. For mild degeneracy η1, one can show that from
Equation (54), the equilibrium Ye is approximately given by

(Beloborodov 2003)
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2.531 is the neutron–proton mass difference in units of the
electron mass. A very mild electron degeneracy η�1 in hot
matter Θ≈1 is therefore sufficient to generate conditions of
neutron richness Ye<0.5. For the hot Θ1 and mildly
degenerate conditions η1 of the inner parts of the disk, the
resulting neutron richness adjusts to an equilibrium value of
typically Ye∼0.1 or lower (see Figure 5).
The presence of this self-regulation mechanism to mild

electron degeneracy, which implies a low Ye∼0.1, is
important to allow for the generation of neutron-rich outflows
that can undergo r-process nucleosynthesis (Sections 4.4 and
5). It forces the disk to keep a reservoir of neutron-rich material
despite the ongoing protonization process in the rest of the disk
—neutron-rich material that is continuously fed into the
outflows to keep the overall mean electron fraction Ȳe of the
outflow rather low over the lifetime of the disk ( ~Ȳ 0.2e ; see
TableII of Siegel & Metzger 2017 and Section 5.2). This
results in the possibility of generating a robust second-to-third-
peak r-process (cf. Section 5) and thus the production of a
significant amount of lanthanide material in the outflow. Due to
its high opacity, this material can then produce a red KN, as
observed in the recent GW170817 event.

4.4. Magnetic Dynamo, Disk Corona, and Generation of
Outflows

Magnetic stresses generated by MHD turbulence via the
MRI mediate angular momentum transport and thus energy
dissipation in the disk. Turbulence also dissipates magnetic
energy, which, however, is regenerated through a dynamo (e.g.,
Parker 1955; Brandenburg et al. 1995). The balance of the two
processes results in a saturated steady turbulent, quasi-
equilibrium state, which is characterized by a roughly constant
ratio of magnetic to internal energy in the disk.
Figure 6 shows the temporal evolution of the density-

averaged ratio of electromagnetic to internal energy á ñ ˆe e DEM int

Figure 5. Electron fraction Ye and normalized electron chemical potential η=μ/Θ at t=43 ms (left), t=130 ms (center), and t=250 ms (right), showing a mildly
degenerate state and low Ye in the inner parts of the disk as a result of self-regulation (Section 4.3).
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where mº =( )E T 0F is the Fermi energy. Furthermore, for
degenerate matter, free e± pairs can only be obtained from
around the Fermi edge E;μ with width D QE 4 , which is
very narrow ( mD Q E E 4 1); from Equation (49), one
finds that for
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i.e., e± creation is heavily suppressed. Higher electron
degeneracy η≡μ/Θ results in less electrons and positrons
(cf. Equations (49) and (53)). This decreases the neutrino
emission via charged-current interactions and pair annihilation
(cf. Equations (27)–(30)); i.e., it results in a lower cooling rate
and higher temperatures. Higher temperatures, in turn, decrease
μ (cf. Equation (52)) and thus increase the degeneracy, i.e., η.
Because of this negative feedback loop, whenever the disk
enters the (strongly) degenerate regime, it will tend to self-
regulate its degeneracy and maintain a state of mild electron
degeneracy η∼ 1. Indeed, as shown by Figure 5, soon after
reaching the quasi-stationary state, the disk has regulated itself
to mild degeneracy η∼1 in the inner parts of the disk in which
neutrino cooling is energetically important (r60 km or
r14 gravitational radii) and qualitatively remains in this
state throughout the remainder of the simulation.

In the hot and dense matter of the inner parts of the disk,
electron and positron capture (cf. Equations (27) and (28)) are
the dominant cooling reactions. The equilibrium Ye that results
from conditions of mild degeneracy in this neutrino-transparent
matter is then determined by equal rates of e± capture,

=- +˙ ˙ ( )n n ; 54e p e n

i.e., Equations (49), (51), and (54) determine Ye for a given
ρ and T. For mild degeneracy η1, one can show that from
Equation (54), the equilibrium Ye is approximately given by

(Beloborodov 2003)
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2.531 is the neutron–proton mass difference in units of the
electron mass. A very mild electron degeneracy η�1 in hot
matter Θ≈1 is therefore sufficient to generate conditions of
neutron richness Ye<0.5. For the hot Θ1 and mildly
degenerate conditions η1 of the inner parts of the disk, the
resulting neutron richness adjusts to an equilibrium value of
typically Ye∼0.1 or lower (see Figure 5).
The presence of this self-regulation mechanism to mild

electron degeneracy, which implies a low Ye∼0.1, is
important to allow for the generation of neutron-rich outflows
that can undergo r-process nucleosynthesis (Sections 4.4 and
5). It forces the disk to keep a reservoir of neutron-rich material
despite the ongoing protonization process in the rest of the disk
—neutron-rich material that is continuously fed into the
outflows to keep the overall mean electron fraction Ȳe of the
outflow rather low over the lifetime of the disk ( ~Ȳ 0.2e ; see
TableII of Siegel & Metzger 2017 and Section 5.2). This
results in the possibility of generating a robust second-to-third-
peak r-process (cf. Section 5) and thus the production of a
significant amount of lanthanide material in the outflow. Due to
its high opacity, this material can then produce a red KN, as
observed in the recent GW170817 event.

4.4. Magnetic Dynamo, Disk Corona, and Generation of
Outflows

Magnetic stresses generated by MHD turbulence via the
MRI mediate angular momentum transport and thus energy
dissipation in the disk. Turbulence also dissipates magnetic
energy, which, however, is regenerated through a dynamo (e.g.,
Parker 1955; Brandenburg et al. 1995). The balance of the two
processes results in a saturated steady turbulent, quasi-
equilibrium state, which is characterized by a roughly constant
ratio of magnetic to internal energy in the disk.
Figure 6 shows the temporal evolution of the density-
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Figure 5. Electron fraction Ye and normalized electron chemical potential η=μ/Θ at t=43 ms (left), t=130 ms (center), and t=250 ms (right), showing a mildly
degenerate state and low Ye in the inner parts of the disk as a result of self-regulation (Section 4.3).
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Figure 9. Snapshots of the electron fraction (upper part) and magnetic field (lower part) in the meridional plane at di↵erent
times after merger for the APR EOS run. White contours indicate rest-mass densities of ⇢ = {109, 1010, 1010.5, 1011, 1014} g cm�3.

The final mass-averaged abundances for the dynami-1333

cal ejecta of each simulation are shown in the top panel1334

of Fig. 10, with solar r-process abundances added for1335

comparison as black dots. The second (mass number1336

A ⇠ 130) and third (A ⇠ 195) r-process peak are well-1337

reproduced in all simulations—a robust 2nd-to-3rd peak1338

r-process is obtained irrespective of the EOS. This is1339

because, as far as dynamical ejecta is concerned, weak1340

interactions involving both emission and absorption of1341

neutrinos (chiefly via e++n $ p+⌫̄e and e�+p $ n+⌫e)1342

only have a finite (⇠< few ms; Fig. 6) amount of time to1343

increase the electron fraction of merger material from1344

the cold, highly neutron-rich conditions Ye ⇠ 0.05�0.151345

of the colliding NSs via direct shock heating at the colli-1346

sion interface, via reheating of neutron-rich tidal mate-1347

rial by shock waves from the oscillating merger remnant1348

(Sec. 3.2), and via absorption of strong neutrino radi-1349

ation from the hot remnant NS that is being formed.1350

Provided a dominant fraction of the ejecta remains at1351

Ye ⇠< 0.25 around 5GK when NSE breaks down, as1352

satisfied here (cf. Fig. 10, bottom panel), a su�ciently1353

high neutron-to-seed ratio can be achieved, such that1354

a pile-up of material in the fission region at freeze-out1355

occurs. The subsequent decay via fission then guaran-1356

tees, depending on the fission model, a robust r-process1357

pattern in the region A ⇡ 120 � 180 (Mendoza-Temis1358

et al. 2015). The robustness of the 2nd-to-3rd peak r-1359

process abundance pattern largely independent of the1360

EOS is in agreement with other recent BNS simulations1361

including weak interactions and approximate neutrino1362

transport (Radice et al. 2018; Kullmann et al. 2022).1363

The robustness of the pattern also holds when extended1364

to non-equal mass mergers, which suppress the amount1365

of high-Ye material and increase the neutron-rich tidal1366

ejecta component (and thus the nucleon-to-seed ratio).1367

For all runs, we find actinide abundances at the level of1368

uranium similar to solar abundances.1369

Some deviations from the solar abundance pattern1370

visible in Fig. 10 are likely the result of nuclear in-1371

put data for the nucleosynthesis calculations. Since we1372

employ the FRDM mass model for nucleosynthesis, the1373

third r-process peak is systematically shifted to the right1374

(slightly higher mass numbers) for all simulations, which1375

has been attributed to neutron captures after freeze-1376

out combined with relatively slower �-decays of third-1377

peak nuclei in the FRDM model (Eichler et al. 2015;1378

Mendoza-Temis et al. 2015; Caballero et al. 2014). The1379

trough in abundances between A ⇠ 140 � 170 relative1380

to solar is likely due to the fission fragment distribution1381

employed here, as pointed out by r-process sensitivity1382

studies (e.g., Eichler et al. 2015; Mendoza-Temis et al.1383

2015).1384

The first r-process peak is under-produced in all mod-1385

els, which is due to only partially reprocessed ejecta ma-1386

terial with respect to the original cold, neutron-rich mat-1387

ter (Ye ⇠ 0.05 � 0.1) of the individual NSs (see above).1388

Reproducing the first solar r-process abundances re-1389

quires a Ye-distribution that extends well above 0.251390

for a significant fraction of the ejecta (e.g., Lippuner1391

& Roberts 2015). Given that the mean of the Ye distri-1392

bution is slightly higher for SFHo and APR, these models1393

have a larger fraction of first peak material, which is1394

however still under-produced with respect to solar val-1395

ues. Light r-process elements in the first-to-second r-1396

process peak region are preferentially synthesized in the1397

post-merger phase in winds launched from a remnant1398

neutron star and from the accretion disk around the1399

remnant, which can give rise to broad Ye-distributions1400

(e.g., Perego et al. 2014; Lippuner et al. 2017; Siegel1401

& Metzger 2018; De & Siegel 2021). We defer a more1402
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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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Figure 9. Snapshots of the electron fraction (upper part) and magnetic field (lower part) in the meridional plane at di↵erent
times after merger for the APR EOS run. White contours indicate rest-mass densities of ⇢ = {109, 1010, 1010.5, 1011, 1014} g cm�3.

The final mass-averaged abundances for the dynami-1333

cal ejecta of each simulation are shown in the top panel1334

of Fig. 10, with solar r-process abundances added for1335

comparison as black dots. The second (mass number1336

A ⇠ 130) and third (A ⇠ 195) r-process peak are well-1337

reproduced in all simulations—a robust 2nd-to-3rd peak1338

r-process is obtained irrespective of the EOS. This is1339

because, as far as dynamical ejecta is concerned, weak1340

interactions involving both emission and absorption of1341

neutrinos (chiefly via e++n $ p+⌫̄e and e�+p $ n+⌫e)1342

only have a finite (⇠< few ms; Fig. 6) amount of time to1343

increase the electron fraction of merger material from1344

the cold, highly neutron-rich conditions Ye ⇠ 0.05�0.151345

of the colliding NSs via direct shock heating at the colli-1346

sion interface, via reheating of neutron-rich tidal mate-1347

rial by shock waves from the oscillating merger remnant1348

(Sec. 3.2), and via absorption of strong neutrino radi-1349

ation from the hot remnant NS that is being formed.1350

Provided a dominant fraction of the ejecta remains at1351

Ye ⇠< 0.25 around 5GK when NSE breaks down, as1352

satisfied here (cf. Fig. 10, bottom panel), a su�ciently1353

high neutron-to-seed ratio can be achieved, such that1354

a pile-up of material in the fission region at freeze-out1355

occurs. The subsequent decay via fission then guaran-1356

tees, depending on the fission model, a robust r-process1357

pattern in the region A ⇡ 120 � 180 (Mendoza-Temis1358

et al. 2015). The robustness of the 2nd-to-3rd peak r-1359

process abundance pattern largely independent of the1360

EOS is in agreement with other recent BNS simulations1361

including weak interactions and approximate neutrino1362

transport (Radice et al. 2018; Kullmann et al. 2022).1363

The robustness of the pattern also holds when extended1364

to non-equal mass mergers, which suppress the amount1365

of high-Ye material and increase the neutron-rich tidal1366

ejecta component (and thus the nucleon-to-seed ratio).1367

For all runs, we find actinide abundances at the level of1368

uranium similar to solar abundances.1369

Some deviations from the solar abundance pattern1370

visible in Fig. 10 are likely the result of nuclear in-1371

put data for the nucleosynthesis calculations. Since we1372

employ the FRDM mass model for nucleosynthesis, the1373

third r-process peak is systematically shifted to the right1374

(slightly higher mass numbers) for all simulations, which1375

has been attributed to neutron captures after freeze-1376

out combined with relatively slower �-decays of third-1377

peak nuclei in the FRDM model (Eichler et al. 2015;1378

Mendoza-Temis et al. 2015; Caballero et al. 2014). The1379

trough in abundances between A ⇠ 140 � 170 relative1380

to solar is likely due to the fission fragment distribution1381

employed here, as pointed out by r-process sensitivity1382

studies (e.g., Eichler et al. 2015; Mendoza-Temis et al.1383

2015).1384

The first r-process peak is under-produced in all mod-1385

els, which is due to only partially reprocessed ejecta ma-1386

terial with respect to the original cold, neutron-rich mat-1387

ter (Ye ⇠ 0.05 � 0.1) of the individual NSs (see above).1388

Reproducing the first solar r-process abundances re-1389

quires a Ye-distribution that extends well above 0.251390

for a significant fraction of the ejecta (e.g., Lippuner1391

& Roberts 2015). Given that the mean of the Ye distri-1392

bution is slightly higher for SFHo and APR, these models1393

have a larger fraction of first peak material, which is1394

however still under-produced with respect to solar val-1395

ues. Light r-process elements in the first-to-second r-1396

process peak region are preferentially synthesized in the1397

post-merger phase in winds launched from a remnant1398

neutron star and from the accretion disk around the1399

remnant, which can give rise to broad Ye-distributions1400

(e.g., Perego et al. 2014; Lippuner et al. 2017; Siegel1401

& Metzger 2018; De & Siegel 2021). We defer a more1402
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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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FIG. 3. Time evolution of various quantities. (a) Electromagnetic energy. The dashed and dotted curves denote the poloidal
and toroidal components, respectively. The inset shows the total electromagnetic energy evolution at the merger. (b) Volume-
averaged MRI quality factor for selected cuto↵ rest-mass densities. (c) Shakura-Sunyaev ↵M parameter for selected foliation
rest-mass densities. (d) Neutrino luminosity for the electron (⌫e), anti-electron (⌫̄e), and heavy species (⌫x). (e) Mass ejection
rate (blue) and mass accretion rate onto the BH (green). (f) Baryonic mass outside the horizon (green) and ejecta (blue). The
inset shows the ejecta around the merger time, and the color-shaded region denotes the baryonic mass conservation error. The
BH formation time is t � tmerger ⇡ 0.017 s. In panels (b) and (c), the blow-up and the rapid decrease behavior, respectively,
indicate the disappearance of the fluid elements with the corresponding rest-mass density.

FIG. 4. Butterfly diagram for the azimuthally-averaged
toroidal magnetic field on a sphere with a radius of R ⇡
50 km.
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Figure 9. Snapshots of the electron fraction (upper part) and magnetic field (lower part) in the meridional plane at di↵erent
times after merger for the APR EOS run. White contours indicate rest-mass densities of ⇢ = {109, 1010, 1010.5, 1011, 1014} g cm�3.

The final mass-averaged abundances for the dynami-1333

cal ejecta of each simulation are shown in the top panel1334

of Fig. 10, with solar r-process abundances added for1335

comparison as black dots. The second (mass number1336

A ⇠ 130) and third (A ⇠ 195) r-process peak are well-1337

reproduced in all simulations—a robust 2nd-to-3rd peak1338

r-process is obtained irrespective of the EOS. This is1339

because, as far as dynamical ejecta is concerned, weak1340

interactions involving both emission and absorption of1341

neutrinos (chiefly via e++n $ p+⌫̄e and e�+p $ n+⌫e)1342

only have a finite (⇠< few ms; Fig. 6) amount of time to1343

increase the electron fraction of merger material from1344

the cold, highly neutron-rich conditions Ye ⇠ 0.05�0.151345

of the colliding NSs via direct shock heating at the colli-1346

sion interface, via reheating of neutron-rich tidal mate-1347

rial by shock waves from the oscillating merger remnant1348

(Sec. 3.2), and via absorption of strong neutrino radi-1349

ation from the hot remnant NS that is being formed.1350

Provided a dominant fraction of the ejecta remains at1351

Ye ⇠< 0.25 around 5GK when NSE breaks down, as1352

satisfied here (cf. Fig. 10, bottom panel), a su�ciently1353

high neutron-to-seed ratio can be achieved, such that1354

a pile-up of material in the fission region at freeze-out1355

occurs. The subsequent decay via fission then guaran-1356

tees, depending on the fission model, a robust r-process1357

pattern in the region A ⇡ 120 � 180 (Mendoza-Temis1358

et al. 2015). The robustness of the 2nd-to-3rd peak r-1359

process abundance pattern largely independent of the1360

EOS is in agreement with other recent BNS simulations1361

including weak interactions and approximate neutrino1362

transport (Radice et al. 2018; Kullmann et al. 2022).1363

The robustness of the pattern also holds when extended1364

to non-equal mass mergers, which suppress the amount1365

of high-Ye material and increase the neutron-rich tidal1366

ejecta component (and thus the nucleon-to-seed ratio).1367

For all runs, we find actinide abundances at the level of1368

uranium similar to solar abundances.1369

Some deviations from the solar abundance pattern1370

visible in Fig. 10 are likely the result of nuclear in-1371

put data for the nucleosynthesis calculations. Since we1372

employ the FRDM mass model for nucleosynthesis, the1373

third r-process peak is systematically shifted to the right1374

(slightly higher mass numbers) for all simulations, which1375

has been attributed to neutron captures after freeze-1376

out combined with relatively slower �-decays of third-1377

peak nuclei in the FRDM model (Eichler et al. 2015;1378

Mendoza-Temis et al. 2015; Caballero et al. 2014). The1379

trough in abundances between A ⇠ 140 � 170 relative1380

to solar is likely due to the fission fragment distribution1381

employed here, as pointed out by r-process sensitivity1382

studies (e.g., Eichler et al. 2015; Mendoza-Temis et al.1383

2015).1384

The first r-process peak is under-produced in all mod-1385

els, which is due to only partially reprocessed ejecta ma-1386

terial with respect to the original cold, neutron-rich mat-1387

ter (Ye ⇠ 0.05 � 0.1) of the individual NSs (see above).1388

Reproducing the first solar r-process abundances re-1389

quires a Ye-distribution that extends well above 0.251390

for a significant fraction of the ejecta (e.g., Lippuner1391

& Roberts 2015). Given that the mean of the Ye distri-1392

bution is slightly higher for SFHo and APR, these models1393

have a larger fraction of first peak material, which is1394

however still under-produced with respect to solar val-1395

ues. Light r-process elements in the first-to-second r-1396

process peak region are preferentially synthesized in the1397

post-merger phase in winds launched from a remnant1398

neutron star and from the accretion disk around the1399

remnant, which can give rise to broad Ye-distributions1400

(e.g., Perego et al. 2014; Lippuner et al. 2017; Siegel1401

& Metzger 2018; De & Siegel 2021). We defer a more1402
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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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Figure 9. Snapshots of the electron fraction (upper part) and magnetic field (lower part) in the meridional plane at di↵erent
times after merger for the APR EOS run. White contours indicate rest-mass densities of ⇢ = {109, 1010, 1010.5, 1011, 1014} g cm�3.

The final mass-averaged abundances for the dynami-1333

cal ejecta of each simulation are shown in the top panel1334

of Fig. 10, with solar r-process abundances added for1335

comparison as black dots. The second (mass number1336

A ⇠ 130) and third (A ⇠ 195) r-process peak are well-1337

reproduced in all simulations—a robust 2nd-to-3rd peak1338

r-process is obtained irrespective of the EOS. This is1339

because, as far as dynamical ejecta is concerned, weak1340

interactions involving both emission and absorption of1341

neutrinos (chiefly via e++n $ p+⌫̄e and e�+p $ n+⌫e)1342

only have a finite (⇠< few ms; Fig. 6) amount of time to1343

increase the electron fraction of merger material from1344

the cold, highly neutron-rich conditions Ye ⇠ 0.05�0.151345

of the colliding NSs via direct shock heating at the colli-1346

sion interface, via reheating of neutron-rich tidal mate-1347

rial by shock waves from the oscillating merger remnant1348

(Sec. 3.2), and via absorption of strong neutrino radi-1349

ation from the hot remnant NS that is being formed.1350

Provided a dominant fraction of the ejecta remains at1351

Ye ⇠< 0.25 around 5GK when NSE breaks down, as1352

satisfied here (cf. Fig. 10, bottom panel), a su�ciently1353

high neutron-to-seed ratio can be achieved, such that1354

a pile-up of material in the fission region at freeze-out1355

occurs. The subsequent decay via fission then guaran-1356

tees, depending on the fission model, a robust r-process1357

pattern in the region A ⇡ 120 � 180 (Mendoza-Temis1358

et al. 2015). The robustness of the 2nd-to-3rd peak r-1359

process abundance pattern largely independent of the1360

EOS is in agreement with other recent BNS simulations1361

including weak interactions and approximate neutrino1362

transport (Radice et al. 2018; Kullmann et al. 2022).1363

The robustness of the pattern also holds when extended1364

to non-equal mass mergers, which suppress the amount1365

of high-Ye material and increase the neutron-rich tidal1366

ejecta component (and thus the nucleon-to-seed ratio).1367

For all runs, we find actinide abundances at the level of1368

uranium similar to solar abundances.1369

Some deviations from the solar abundance pattern1370

visible in Fig. 10 are likely the result of nuclear in-1371

put data for the nucleosynthesis calculations. Since we1372

employ the FRDM mass model for nucleosynthesis, the1373

third r-process peak is systematically shifted to the right1374

(slightly higher mass numbers) for all simulations, which1375

has been attributed to neutron captures after freeze-1376

out combined with relatively slower �-decays of third-1377

peak nuclei in the FRDM model (Eichler et al. 2015;1378

Mendoza-Temis et al. 2015; Caballero et al. 2014). The1379

trough in abundances between A ⇠ 140 � 170 relative1380

to solar is likely due to the fission fragment distribution1381

employed here, as pointed out by r-process sensitivity1382

studies (e.g., Eichler et al. 2015; Mendoza-Temis et al.1383

2015).1384

The first r-process peak is under-produced in all mod-1385

els, which is due to only partially reprocessed ejecta ma-1386

terial with respect to the original cold, neutron-rich mat-1387

ter (Ye ⇠ 0.05 � 0.1) of the individual NSs (see above).1388

Reproducing the first solar r-process abundances re-1389

quires a Ye-distribution that extends well above 0.251390

for a significant fraction of the ejecta (e.g., Lippuner1391

& Roberts 2015). Given that the mean of the Ye distri-1392

bution is slightly higher for SFHo and APR, these models1393

have a larger fraction of first peak material, which is1394

however still under-produced with respect to solar val-1395

ues. Light r-process elements in the first-to-second r-1396

process peak region are preferentially synthesized in the1397

post-merger phase in winds launched from a remnant1398

neutron star and from the accretion disk around the1399

remnant, which can give rise to broad Ye-distributions1400

(e.g., Perego et al. 2014; Lippuner et al. 2017; Siegel1401

& Metzger 2018; De & Siegel 2021). We defer a more1402
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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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Figure 9. Snapshots of the electron fraction (upper part) and magnetic field (lower part) in the meridional plane at di↵erent
times after merger for the APR EOS run. White contours indicate rest-mass densities of ⇢ = {109, 1010, 1010.5, 1011, 1014} g cm�3.

The final mass-averaged abundances for the dynami-1333

cal ejecta of each simulation are shown in the top panel1334

of Fig. 10, with solar r-process abundances added for1335

comparison as black dots. The second (mass number1336

A ⇠ 130) and third (A ⇠ 195) r-process peak are well-1337

reproduced in all simulations—a robust 2nd-to-3rd peak1338

r-process is obtained irrespective of the EOS. This is1339

because, as far as dynamical ejecta is concerned, weak1340

interactions involving both emission and absorption of1341

neutrinos (chiefly via e++n $ p+⌫̄e and e�+p $ n+⌫e)1342

only have a finite (⇠< few ms; Fig. 6) amount of time to1343

increase the electron fraction of merger material from1344

the cold, highly neutron-rich conditions Ye ⇠ 0.05�0.151345

of the colliding NSs via direct shock heating at the colli-1346

sion interface, via reheating of neutron-rich tidal mate-1347

rial by shock waves from the oscillating merger remnant1348

(Sec. 3.2), and via absorption of strong neutrino radi-1349

ation from the hot remnant NS that is being formed.1350

Provided a dominant fraction of the ejecta remains at1351

Ye ⇠< 0.25 around 5GK when NSE breaks down, as1352

satisfied here (cf. Fig. 10, bottom panel), a su�ciently1353

high neutron-to-seed ratio can be achieved, such that1354

a pile-up of material in the fission region at freeze-out1355

occurs. The subsequent decay via fission then guaran-1356

tees, depending on the fission model, a robust r-process1357

pattern in the region A ⇡ 120 � 180 (Mendoza-Temis1358

et al. 2015). The robustness of the 2nd-to-3rd peak r-1359

process abundance pattern largely independent of the1360

EOS is in agreement with other recent BNS simulations1361

including weak interactions and approximate neutrino1362

transport (Radice et al. 2018; Kullmann et al. 2022).1363

The robustness of the pattern also holds when extended1364

to non-equal mass mergers, which suppress the amount1365

of high-Ye material and increase the neutron-rich tidal1366

ejecta component (and thus the nucleon-to-seed ratio).1367

For all runs, we find actinide abundances at the level of1368

uranium similar to solar abundances.1369

Some deviations from the solar abundance pattern1370

visible in Fig. 10 are likely the result of nuclear in-1371

put data for the nucleosynthesis calculations. Since we1372

employ the FRDM mass model for nucleosynthesis, the1373

third r-process peak is systematically shifted to the right1374

(slightly higher mass numbers) for all simulations, which1375

has been attributed to neutron captures after freeze-1376

out combined with relatively slower �-decays of third-1377

peak nuclei in the FRDM model (Eichler et al. 2015;1378

Mendoza-Temis et al. 2015; Caballero et al. 2014). The1379

trough in abundances between A ⇠ 140 � 170 relative1380

to solar is likely due to the fission fragment distribution1381

employed here, as pointed out by r-process sensitivity1382

studies (e.g., Eichler et al. 2015; Mendoza-Temis et al.1383

2015).1384

The first r-process peak is under-produced in all mod-1385

els, which is due to only partially reprocessed ejecta ma-1386

terial with respect to the original cold, neutron-rich mat-1387

ter (Ye ⇠ 0.05 � 0.1) of the individual NSs (see above).1388

Reproducing the first solar r-process abundances re-1389

quires a Ye-distribution that extends well above 0.251390

for a significant fraction of the ejecta (e.g., Lippuner1391

& Roberts 2015). Given that the mean of the Ye distri-1392

bution is slightly higher for SFHo and APR, these models1393

have a larger fraction of first peak material, which is1394

however still under-produced with respect to solar val-1395

ues. Light r-process elements in the first-to-second r-1396

process peak region are preferentially synthesized in the1397

post-merger phase in winds launched from a remnant1398

neutron star and from the accretion disk around the1399

remnant, which can give rise to broad Ye-distributions1400

(e.g., Perego et al. 2014; Lippuner et al. 2017; Siegel1401

& Metzger 2018; De & Siegel 2021). We defer a more1402

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

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

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

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

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

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

17/18

• Detailed nucleosynthesis 
varies across parameter 
space

• Total ejecta can dominate 
all other channels

Siegel & Metzger 2018
Fernandez+ 2019
Kiuchi+ 2022

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


