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neutrino heating of the surrounding accretion disk (e.g., Metzger &
Fernández 2014; Perego et al. 2014; Martin et al. 2015), but the
velocity of this material 0.1 c is also too low (Table 1).

2.2. Magnetized, Neutrino-heated Wind

A standard neutrino-heated wind cannot explain the
observed properties of the blue KN, but the prospects are
better if the merger remnant possesses a strong magnetic field.
Due to the large orbital angular momentum of the initial binary,
the remnant is necessarily rotating close to its mass-shedding
limit, with a rotation period P=2π/Ω≈0.8–1 ms, where Ω is
the angular rotation frequency. The remnant is also highly
magnetized, due to amplification of the magnetic field on small
scales to 1016 G by several instabilities (e.g., Kelvin–
Helmholtz, magnetorotational) which tap into the free energy
available in differential rotation (e.g., Price & Rosswog 2006;
Siegel et al. 2013; Zrake & MacFadyen 2013; Kiuchi
et al. 2015). As a part of this process, and the longer-term
MHD evolution of its internal magnetic field (e.g.,
Braithwaite 2007), the rapidly spinning remnant could acquire
a large-scale surface field, though its strength is likely to be
weaker than the small-scale field.

In the presence of rapid rotation and a strong ordered
magnetic field, magnetocentrifugal forces accelerate matter
outward from the HMNS along the open field lines in addition

to the thermal pressure from neutrino heating (Figure 1). A
magnetic field thus enhances the mass-loss rate and velocity of
the HMNS wind (Thompson et al. 2004; Metzger et al. 2007),
in addition to reducing its electron fraction as compared to the
equilibrium value obtained when the flow comes into
equilibrium with the neutrinos, Ye,ν (e.g., Metzger et al. 2008c).
A key property quantifying the dynamical importance of the

magnetic field is the wind magnetization
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leaving the NS surface, B is the average surface magnetic field
strength, fopen is the fraction of the NS surface threaded by open
magnetic field lines, Ṁ tot=fopenṀ is the total mass-loss rate,
and Ṁ is the wind mass-loss rate when fopen=1 limit (which
in general will be substantially enhanced from the purely
neutrino-driven value estimated in Equation (1)). In what
follows, we assume the split-monopole magnetic field structure
( fopen=1), which is a reasonable approximation if the
magnetosphere is continuously “torn open” by latitudinal
differential rotation (Siegel et al. 2014), neutrino heating of
the atmosphere in the closed-zone region (Thompson 2003;
Komissarov & Barkov 2007; Thompson & ud-Doula 2017),
and by the compression of the nominally closed field zone by
the ram pressure of the surrounding accretion disk (Parfrey
et al. 2016). However, our results can also be applied to the
case fopen = 1, as would characterize a more complex magnetic
field structure, provided that the ratio B M f2

open
1µ -˙ can be

scaled-up accordingly to obtain the same value of σ needed by
observations.
Upon reaching the fast magnetosonic surface (outside of the

light cylinder), the outflow achieves a radial four-velocity vγ ;
cσ1/3 (Michel 1969). Winds with σ ? 1 thus become
ultrarelativistic, reaching a bulk Lorentz factor γ? 1 in the range
σ1/3  γ�σ, depending on how efficiently additional magnetic
energy initially carried out by Poynting flux is converted into
kinetic energy outside of the fast surface. By contrast, winds with
σ<1 attain subrelativistic speeds given by7
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where in the final line we have taken Rns=15 km and the
factor 3 accounts for the additional conversion of the wind
Poynting flux (two-thirds of its flow energy near the fast
surface) into bulk kinetic energy at larger radii.
Figure 2 shows the values of σ (or, equivalently, asymptotic

four-velocity; top axis) and Ṁ from a suite of steady-state, one-
dimensional, neutrino-heated, magnetocentrifugal wind solu-
tions calculated by Metzger et al. (2008c) for an assumed
neutrino luminosity L 1.6 1052» ´n erg s−1, similar to that
from the hot post-merger remnant at early times ∼0.1–1 s after

Figure 1. Schematic diagram of the neutrino-irradiated wind from a
magnetized HMNS. Neutrinos from the HMNS heat matter in a narrow layer
above the HMNS surface, feeding baryons onto open magnetic field lines at a
rate that is substantially enhanced by magnetocentrifugal forces from the purely
neutrino-driven mass-loss rate (e.g., Thompson et al. 2004; Metzger et al.
2007). Magnetic forces also accelerate the wind to a higher asymptotic velocity
v≈vB≈0.2–0.3 c (Equation (5)) than the purely neutrino-driven case v 
0.1 c (Equation (2)), consistent with the blue KN ejecta. Though blocked by the
accretion disk directly in the equatorial plane, the outflow has its highest rate of
mass-loss rate, kinetic energy flux, and velocity at low latitudes near the last
closed field lines (Vlasov et al. 2014). The wind velocity ∝σ1/3 ∝ B2/3/Ṁ1/3

may increase by a factor of ∼2 over the HMNS lifetime (Figure 4) as its mass-
loss rate Ṁ subsides, or its magnetic field B is amplified, resulting in internal
shocks on a radial scale R vt t10 1ssh rem

10
rem~ ~ ( ) cm, substantially larger

than the wind launching point. This late re-heating of the ejecta leads to
brighter KN emission within the first few hours after the merger (Figure 3).
Relativistic breakout of the shocks as the magnetar wind becomes
transrelativistic on a similar timescale might also give rise to gamma-ray
emission.

7 This result can be understood to order of magnitude by noting that
vB≈RAΩ, where RA is the Alfvén radius at which B2/8π≈ρ v2/2, where v
and ρ=Ṁ/4πvr2 are the velocity and density of the wind at radius r
(Thompson et al. 2004).
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Figure 4. Volume renderings of the Bernoulli criterion (blue colormap) indicating unbound material, the disk contour at
⇢ = 1010 g cm�3 (red), and magnetic field lines for models B0 (left) and B15-high (right) at t� tmap = 20.9ms. 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 hut ' 1.5, and red to material with hut ' 2� 5.
We note that for rendering purposes we have excluded part of the unbound ejecta in equatorial region.

after t � tmap ' 15 ms. The mass ejection rate for sim-
ulation B0 in this phase is Ṁej = 2.4 ⇥ 10�3 M� s�1,
which are at the very high end compared to the val-
ues predicted by Thompson et al. (2001) for a neutrino-
driven wind from the HMNS. For simulations B15-
low we find Ṁej = 4.6 ⇥ 10�2 M� s�1, for simula-
tion B15-med Ṁej = 5.6 ⇥ 10�2 M� s�1, and finally
Ṁej = 1.2 ⇥ 10�1 M� s�1. These outflow rates are a
factor ' 20 (for simulations B15-low and B15-med) and
a factor ' 100 (for simulation B15-high) higher than
in the hydrodynamic simulation B0 and are consistent
with a magnetized wind (Thompson et al. 2004) from
the HMNS that ejects neutron-rich material along the
rotation axis of the remnant. We can also use Ṁej to es-
timate the total ejecta amount for the simulations. For
this we average the mass accretion rates over the period
of quasi-steady-state evolution and integrating this over
the simulation time. We find Mej = 5.8 ⇥ 10�5 M� for
simulation B0, Mej = 1.1⇥10�3 M� for B15-low, Mej =
1.4 ⇥ 10�3 M� for B15-med, and Mej = 3.5 ⇥ 10�3 M�
for B15-high. These ejecta masses can be significantly
larger for longer-lived remnants and can be the domi-
nant ejecta component when compared to the dynamical
ejecta (10�4 M� < Mej < 10�2 M�) and winds driven
from a BH accretion disk.

The broad distribution in velocity space of the ejecta
with a significant fraction of material with velocities in
the range of 0.3c < v

r
< 0.5c sets it apart from the

dynamical ejecta v
r
< 0.3c and winds driven from an

accretion disk v
r
< 0.1c (Fahlman & Fernández 2018).

Thus magnetized winds, possibly in combination with
spiral-wave driven outflows (Nedora et al. 2019), can ex-
plain the blue component of the kilonova in GW170817,
as anticipated by Metzger et al. (2018). Taking into
account the outflow rates observed in the simulations,
results from other published numerical studies (Shibata
et al. 2017; Radice 2017; Nedora et al. 2019), and the
inferred overall mass ejected by the NSM in GW170817,
our results suggest a plausible scenario in which the
merger remnant collapsed to BH on a timescale of
O(100 ms). This is consistent with earlier interpreta-
tion of the event based on both the red and blue kilonova
observations (Margalit & Metzger 2017).

To illustrate the nature and geometry of the outflow,
accretion disk, and magnetic field structure we show 3D
volume renderings of the Bernoulli criterion in combi-
nation with a density contour for simulations B0 and
B15-high in Fig. 4. For simulation B15-high on the right
we also show streamlines of the magnetic field. These
renderings make the additional emergence of a relativis-
tic jet for simulation B15-high immediately obvious (red

Mösta+ 2020

Start with 1015G poloidal 
B-field after merger, short 

lived remnant (~20ms)
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velocity from the axis to higher polar angles can be approximately
reproduced by q q q q= = +v v 0 1r r

a
0( ) ( ) [ ( ) ], where the

parameters q0( , a) vary significantly in time. For instance, at
120ms after merger θ0 ; 43°.5, a;3.46 (error <15%), while at
180ms after merger θ0 ; 25°.8, a;1.14 (error <7%).

We close the present Section with a note on the opacity. As
confirmed in a number of studies (e.g., Perego et al. 2014;
Fujibayashi et al. 2018), neutrino irradiation (not included here)
has the effect of significantly raising the electron fraction of the
MNS wind material, leading to ejecta having Ye;0.25–0.40.
The r-process nucleosynthesis is then mostly limited to heavy
elements with A140 and the resulting opacity remains rather

low, i.e., ∼0.1–1 cm2 g−1 (e.g., Tanaka et al. 2018). This is in
agreement with the blue kilonova requirement.

4. Conclusions

We analyzed the outcome of a BNS merger simulation
showing the formation of a magnetically driven collimated
outflow along the rotation axis of the MNS remnant. Such an
outflow is associated with the gradual build-up of a helical
magnetic field structure due to the action of the strong
differential rotation within the MNS core. We found that the
magnetically enhanced mass flow rate and velocity in the polar
direction leads to an ejecta component that would represent a
viable explanation for the puzzling blue kilonova in
AT 2017gfo.9 In particular, for the case at hand, we obtained
a robust estimate for the mass of the unbound material in the
range ;0.010–0.028Me, with 95% of the mass ejection
occurring within ;190 ms after merger. This result shows that
MNS baryon winds, when a magnetically driven collimated
outflow is able to emerge, can lead to an ejecta mass that is
consistent with the blue kilonova observation of 2017 August.
The radial velocities that we found are limited to a maximum of
;0.2c, consistent with the lower end of the range estimated
from the observations. We also discuss possible effects that,
when taken into account, could further increase the ejecta
velocities. Finally, we noted that the expected opacities of the
MNS wind material are also fully compatible with a blue
kilonova.
Our findings, in combination with those reported in Ciolfi

(2020a), support a scenario for the BNS merger of 2017 August
in which (i) the blue kilonova was mainly powered by
radioactive decay within the magnetically driven baryon wind
from a metastable MNS, possibly with a significant contrib-
ution from shock-driven dynamical ejecta, (ii) the eventual
collapse of the MNS formed an accreting BH system able to
launch the relativistic jet that powered the short gamma-ray
burst GRB 170817A (e.g., Abbott et al. 2017c; Mooley et al.
2018; Ghirlanda et al. 2019), and (iii) the baryon wind from the
accretion disk around the BH provided the dominant contrib-
ution to the red kilonova.
While we refer here to a single merger simulation, a more

exhaustive understanding of magnetically driven MNS winds
will require the exploration of a large variety of BNS systems
and their diverse physical conditions (including different EOS;
e.g., Ai et al. 2020). Nonetheless, the present study already
provides new important indications on the qualitative proper-
ties of this mass-ejection channel. For the first time, we traced
the full process, from the initial development of the baryon
wind until the suppression of the outgoing mass flow. We
found that the wind material is almost entirely expelled within a
limited time window, which for the specific case is between
about 50 and 200 ms after merger. On the one hand, this
implies a lower limit on the MNS lifetime when this ejecta
component is present (here 50 ms). On the other hand, it
shows that there is a maximum achievable ejecta mass via this
channel that remains nearly unchanged for any MNS lifetime
above a certain value (here ≈200 ms). The time at which mass
ejection is mostly over also marks the beginning of the
separation between the unbound material moving outwards and

Figure 2. Top panel: time evolution of the mass flow rates across spherical
surfaces of radius 1180 and 2360 km, for both the total mass and the unbound
mass. Dashed lines correspond to the exponential profiles used for the
extrapolation at later times. Bottom panel: analogous plot for the cumulative
mass flows.

Figure 3. Total and unbound cumulative mass flowing across spherical
surfaces of different radii in the late time limit (i.e., maximum achievable for a
sufficiently long-lived MNS). The values refer to the MNS wind only,
excluding dynamical ejecta contributions. The ultimate ejecta mass (in the late
time and large distance limit) has to be within the range defined by the shaded
region.

9 We note that the same ejection mechanism may also offer a viable
explanation for other blue kilonova candidates found in association with earlier
short GRBs (e.g., Troja et al. 2018; Lamb et al. 2019).
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• Jet-like helical structure emerges 
• Isotropic matter distribution (no accretion disk)  

Collimated outflow 
• Breaking out around 170 ms 
• Radial velocities reach 0.2-0.3c 

Compatibility with GRB 170817A 

• Not enough jet core energy 
• Outflow too heavy

BNS Beyond 100 ms

Magnetar scenario disfavoured  
for producing a SGRB jet
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Figure 1. 3D distribution of angular momentum density flux Jr
from the DD2 simulation with turbulent viscosity at ⇠43.5 ms
after merger. Jr is shown on a central region of (89⇥89⇥60) km3

covering the remnant NS and disk, and it is given in units where
c = G = M� = 1.

fects are broadly compatible with the results from simu-
lations, e.g. (Perego et al. 2017; Kawaguchi et al. 2018).
The early blue kN however, remains a challenging as-
pect to model. Both semi-analytical and radiation trans-
port models require ejecta properties di↵erent from those
found in simulations. In particular, simulations cannot
produce ejecta with the large velocities and electron frac-
tion inferred from the electromagnetic data (Fahlman
and Fernández 2018).

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

2. METHOD

We perform 3+1 NR simulations of two binaries with
mass M = (1.364 + 1.364)M� and NS described by the
microphysical EOS HS(DD2) (Typel et al. 2010; Hempel
and Scha↵ner-Bielich 2010) and LS220 (Lattimer and
Swesty 1991). The simulations include the merger and
the remnant evolution for a timescale of at least 30 ms
and up to 100 ms depending on the binary. The results
presented here are representative cases producing a long-
lived NS remnant (DD2) and a short-lived NS (LS220)

from a larger set of simulations that will be presented
elsewhere.

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

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

3. RESULTS

The key dynamical feature of relevance here is the de-
velopment of spiral arms in the remnant (Shibata and
Uryu 2000; Shibata and Taniguchi 2006; Bernuzzi et al.
2014; Kastaun and Galeazzi 2015; Bernuzzi et al. 2016;
East et al. 2016; Paschalidis et al. 2015; Radice et al.
2016b; Lehner et al. 2016). The hydrodynamic insta-
bility is monitored by a decomposition in Fourier modes
e�im� of the Eulerian rest-mass density on the equatorial
plane [see Eq. (1) of (Radice et al. 2016b)] and charac-
terized by the development of a m = 2 followed by a
m = 1 mode (East et al. 2016; Paschalidis et al. 2015;
Radice et al. 2016b; Lehner et al. 2016; Bernuzzi et al.
2014; Kastaun and Galeazzi 2015). In the short-lived
remnant (LS220) the m = 1 mode is subdominant with
respect to the m = 2, and it reaches a maximum close
to the collapse (Bernuzzi et al. 2014). Instead, in the
long-lived remnant (DD2) the m = 1 becomes the domi-
nant mode at ⇠20 ms and persists throughout the rem-
nant’s lifetime, while the m = 2 e�ciently dissipates via
gravitational-wave emission (Bernuzzi et al. 2016; Radice
et al. 2016b). Considering the turbulent viscosity e↵ect,
we find that the m = 2 mode is suppressed more rapidly
in presence of viscosity than without viscosity. By con-

Lehner+ 2016, Nedora+ 2019

Combi & Siegel 2021

Mass ejection: disk winds & spiral waves

competition btw. MRI 
and spiral waves
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Mass ejection: composition

Chiefly determined by:
(radiation transport!)
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absorption dominated, non-degenerate: Qian & Woosley 1996

absorption and emission important, degenerate
      typically low Ye: Beloborodov 2001

final Ye of disk outflow strongly depends on ejection path 
and timescale as it traverses different regimes (details of 
accretion disk evolution matter):

trapped, emission+absorption mostly emission mostly absorption Ye freeze out

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

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

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

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

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

4. RESULTS OF THE KILONOVA MODELS

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

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

ej = 0.019+0.001
-0.001 M�, vblue

ej = 0.257+0.009
-0.007c,

Mred
ej = 0.047+0.002

-0.002 M�, vred
ej = 0.151+0.004

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

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

Villar+ 2017
Eur. Phys. J. A (2019) 55: 203 Page 3 of 20

purpose of this discussion we choose the nominal values
by [34,35,51,56],

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

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

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

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

Uncertainties

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

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

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

3 Interpretation of the GW170817 kilonova

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

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

Dynamical ejecta

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

BNS merger simulations: dynamical ejecta

Siegel 2019

Krüger & Foucart 2020

Post-merger evolution and nucleosynthesis

Fitting formulae:
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Importance of weak interactions:

neutrino emission

viscous heating (MRI)

Ignition threshold: De & Siegel 2021

Accretion rate parametrizes importance of weak interactions

1D alpha-disk model

Siegel & Metzger, PRL 2017

Weak interactions are key for 
composition, nucleosynthesis, kilonova
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Ignition of weak interactions
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analytic estimate
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ejecta Ye emission dominated
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ejecta Ye emission dominated
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ejecta Ye absorption dominated
Miller+ 2019
Li & Siegel, PRL 2021

ejecta Ye emission dominated
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Ṁ ⇡ 1M�s
�1

medium 
<latexit sha1_base64="EqEXMuikbtsggHMbKy8Dunj+nPY=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyoWJcFN26ECvYB7VAyaaYNzWSG5I5Qhn6EGxeKuPV73Pk3pu0stPVA4HDOPeTeEyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnGScD+iQyVCwShaqd0bxJjdT/vlilt15yCrxMtJBXI0+uUvm2RpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn83XnZIzqwxIGGv7FJK5+juR0ciYSRTYyYjiyCx7M/E/r5tieONnQiUpcsUWH4WpJBiT2e1kIDRnKCeWUKaF3ZWwEdWUoW2oZEvwlk9eJa2LqnddvXy4qtRreR1FOIFTOAcPalCHO2hAExiM4Rle4c1JnBfn3flYjBacPHMMf+B8/gB9fo+l</latexit>

Ṁ

GRMHD+M1

80 100 120 140 160 180 200 220
mass number A

−9

−8

−7

−6

−5

−4

−3

−2

lo
g(

A
bu

nd
an

Fe
)

)C
1)C
solar r-proFess

Li & Siegel, PRL 2021

Post-merger evolution and nucleosynthesis



Daniel Siegel

MHD vs. !-disks

Fernandez+ 2013, 2020, Just+ 2015, 2021, Fujibayashi+ 2018, 2020

GRMHD evolution of NS merger discs 3383

Figure 8. Power generated by the GRMHD model at a radius rout = 109 cm
≃ 2 000rg, separated into components (rest mass, kinetic, electromagnetic,
and thermal) according to equations (34) and (36)–(38). The blue line shows
a power-law fit to the electromagnetic power for t > 1 s.

3.2.1 Comparison with hydrodynamic models

The luminosity and mass flow rate for the hydrodynamic models
is computed using equations (33) and (34) with ut = −1,

√−g =
r2 sin θ , and (xr, xθ , xφ) = (r, θ , φ). Fig. 6 shows that the early
evolution of Lν in the GRMHD model deviates somewhat from
that of all the hydrodynamic models due to the delayed onset of
angular momentum transport by the MRI relative to the viscous
stress (Section 3.1). At late-times, the neutrino emission from the
GRMHD model is bracketed by that of the hydrodynamic models
with α = 0.03 − 0.1.

As with the neutrino luminosity, the late-time accretion history
of the GRMHD model is bracketed by the hydrodynamic models
with α = 0.03 − 0.1. A power-law fit to the accretion rate in the
GRMHD model for t > 1 s yields t−1.8, while in the hydrodynamic
models with α = 0.03−0.1 the dependence is t−1.9. Despite the
different treatment of gravity and processes driving angular mo-
mentum transport, the temporal slope of the mass accretion rate at
late times is essentially the same in all models.

The main difference between the accretion histories of GRMHD
and hydrodynamic models has to do with the level of stochasticity of
the fluid reaching the BH. Given that MRI-driven turbulence trans-
ports angular momentum, mass flow on to the BH in the GRMHD
model shows fluctuations throughout its evolution. In contrast, ac-
cretion is smooth for the hydrodynamic models for as long as neu-
trino cooling is important. Around the time when weak interactions
freeze out, the magnitude of the accretion rate drops from its initial
power-law evolution and becomes stochastic, latching on to a dif-
ferent power-law trajectory. While the GRMHD models does not
display such a marked transition in its accretion history, fluctuations
in the accretion rate show a visible modification around t ∼ 300 ms,
when neutrino cooling becomes unimportant.

3.3 Mass ejection

The total amount of unbound mass ejected at a radius of 109 cm
is shown in Table 1. In the GRMHD model, matter is considered
to be unbound when it satisfies the condition −(1 + γadϵ/ρ) ut =
−h ut > 1. This condition corresponds to a positive Bernoulli pa-
rameter in Newtonian gravity, accounting for the internal energy
available for conversion to kinetic energy via adiabatic expansion

Figure 9. Rest mass unbound outflow rate (equation 34 restricted to
−hut > 1) at rout = 109 cm as a function of time for the GRMHD model
(solid black line). A power-law fit to this mass-loss rate yields t−2.3 for t >

1 s. For comparison, we also show the outflow rates for the three hydrody-
namic models with varying α, as labelled. The dotted line shows the mass
accretion rate at the ISCO for the GRMHD model (cf. Fig. 7), and the grey
shaded area shows the fraction of the outflow in the GRMHD model that
satisfies the condition −ut > 1.

upon subsequent evolution. For comparison, we also use the more
restrictive ‘geodesic’ condition −ut > 1, which corresponds to de-
manding that the escape speed be locally exceeded in Newtonian
gravity, thus providing a lower limit on mass ejection (e.g. Kas-
taun & Galeazzi 2015; Bovard et al. 2017). The radius of 109 km
(≃2000 rg) is chosen such that most of the outflow can be measured
before the outer edge of the disc spreads to that point.

The GRMHD model ejects about 1.3 × 10−2 M⊙, or 39 per cent
of the initial torus mass. The mass ejection history at r = 109 cm
is shown in Fig. 9. The initial outflow reaches this radius by a time
of ∼40 ms, as can be seen from Fig. 4. This early outflow plateaus
at a time of ∼0.1 s, then slowly increases to a peak at t ∼ 1 s.
Thereafter, mass ejection decreases sharply with time, following
a t−2.3 dependence. By t = 9.3 s the mass outflow rate is a factor
300 lower than at its peak. At the end of the simulation, the rate
of change of the cumulative ejected mass satisfies dln Mej/dln t ≃
0.03, thus mass ejection is complete to within other uncertainties.

Using the more restrictive ‘geodesic’ criterion to determine the
gravitational binding of the outflow results in only 30 per cent of
the disc mass being ejected. Fig. 9 shows that nearly all the decrease
(compared to the Bernoulli criterion) arises in the late-time phase of
the outflow, after t = 1 s. At this time most of the material is ejected
thermally by nuclear recombination and dissipation of MHD turbu-
lence given the absence of neutrino cooling (Section 3.4.3). Since
material is ejected from larger radii in this phase, the outflow has not
yet undergone full adiabatic expansion and retains significant ther-
mal energy at a radius 109 cm. The gravitational binding criterion
does not affect the total kinetic or electromagnetic energy of the out-
flow. Instead, these quantities are dependent on the magnetization
and low-density cut (Section 2.4).

The physics of the polar unbound outflows in three-dimensional
GRMHD simulations of accretion discs around spinning black holes
has been studied by De Villiers et al. (2005) and Hawley & Krolik
(2006). They found that the jet core is magnetically dominated,
with a very low matter density, and contains field lines that are
primarily radial, with a degree of coiling that depends on the spin
of the black hole. Matter outflow was found to reside outside the jet
‘wall’, being confined from the jet side by centrifugal forces and on
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GRMHD outflows are early!

"-disk outflows 
starting at ~tvisc

• "-disks: viscous outflows, ejected late t > tvisc, Ye set by freeze-out in disk relative to tvisc 

• MHD-disks: outflows arise early (heating-cooling imbalance) t < tvisc, Ye set by weak physics early on
Siegel & Metzger 2017, 2018, Fernandez+ 2019, Miller+ 2019, Just 2021
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Neutrino fast flavour conversions

Daniel Siegel

Li & Siegel 2021, PRL

vacuum oscillations

matter interaction (“MSW")

self-interaction

Conditions for fast conversions:
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“Collisions”: emission, absorption
Diagonal: usual occupation number
Off-diagonal: flavour coherence

Kinetic equation for neutrino transport (similar for   ):
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Flavor evolution due to off-diagonal 
terms in    ;       can cause run-away 
modes (non-linearity)
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Neutrino oscillations in post-merger disks

Daniel Siegel

First astrophysical simulation with fast conversions, 
also relevant to core-collapse supernovae

vacuum oscillations

matter interaction
(MSW effect)

self-interaction
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ubiquitous flavor 
conversions

~ns timescales

Li & Siegel 2021, PRL

• GRMHD + M1 neutrino radiation transport
• First simulation with fast conversions included dynamically
• Dispersion relation approach
• Use equivalence principle in GRMHD+M1 formalism to compute 

dispersion relation locally
• Outcome of non-linear regime of instability still uncertain, assume 

approximate equipartition

Wu+ 2017
George+ 2020

Izaguirre+ 2017

Richers+ 2021
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Kinetic equation for neutrino transport:

Nagakura+ 2019
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Neutrinos & r-process: fast flavour conversions

Daniel Siegel

Li & Siegel 2021, PRL

switching on fast 
conversions

ejecta becomes more 
neutron rich
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Neutrinos & r-process: fast flavour conversions

Daniel Siegel
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• boost lanthanide mass fraction by factor ~2-few

• boost 3rd peak r-process elements by factor ~10

fast flavour conversions

can convert a kilonova from ‘blue’ to ‘red’ 
massive disks (                     ) can produce heavy r-process similar to solar
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Conclusions

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

• post-merger BH-accretion disk parameter space mostly determined 
by single parameter: accretion rate

multi-component kilonovae, relative strength determined by binary parameters

GRMHD & 3D crucial for nature of outflows, composition, r-process, kilonovae

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

various nucleosynthesis regimes

much of post-merger phenomenology still poorly understood

• first simulations with neutrino fast flavour conversions suggest 
observable imprint: boost in heavy elements and opacity

red kilonova possible even for very massive disks

r-process abundances can be similar to solar 

ejecta expected to be dominated by disk outflows

also important for early post-merger phase, much to be explored

Post-merger evolution and nucleosynthesis


