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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.

kilonova
UV-optical-IR
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The X-ray counterpart to the gravitational-wave 
event GW170817
E. Troja1,2, L. Piro3, H. van Eerten4, R. T. Wollaeger5, M. Im6, O. D. Fox7, N. R. Butler8, S. B. Cenko2,9, T. Sakamoto10, C. L. Fryer5, 
R. Ricci11, A. Lien2,12, R. E. Ryan Jr7, O. Korobkin5, S.-K. Lee6, J. M. Burgess13, W. H. Lee14, A. M. Watson14, C. Choi6, S. Covino15, 
P. D’Avanzo15, C. J. Fontes5, J. Becerra González16,17, H. G. Khandrika7, J. Kim6, S.-L. Kim18, C.-U. Lee18, H. M. Lee19, 
A. Kutyrev1,2, G. Lim6, R. Sánchez-Ramírez3, S. Veilleux1,9, M. H. Wieringa20 & Y. Yoon6

A long-standing paradigm in astrophysics is that collisions—
or mergers—of two neutron stars form highly relativistic and 
collimated outflows (jets) that power γ-ray bursts of short (less 
than two seconds) duration1–3. The observational support for 
this model, however, is only indirect4,5. A hitherto outstanding 
prediction is that gravitational-wave events from such mergers 
should be associated with γ-ray bursts, and that a majority of 
these bursts should be seen off-axis, that is, they should point 
away from Earth6,7. Here we report the discovery observations 
of the X-ray counterpart associated with the gravitational-wave 
event GW170817. Although the electromagnetic counterpart at 
optical and infrared frequencies is dominated by the radioactive 
glow (known as a ‘kilonova’) from freshly synthesized rapid 
neutron capture (r-process) material in the merger ejecta8–10, 
observations at X-ray and, later, radio frequencies are consistent 
with a short γ-ray burst viewed off-axis7,11. Our detection of X-ray 
emission at a location coincident with the kilonova transient 
provides the missing observational link between short γ-ray 
bursts and gravitational waves from neutron-star mergers, and 
gives independent confirmation of the collimated nature of the 
γ-ray-burst emission.

On 17 August 2017 at 12:41:04 universal time (ut; hereafter T0), 
the Advanced Laser Interferometer Gravitational-Wave Observatory 
(LIGO) detected a gravitational-wave transient from the merger of two 
neutron stars at a distance12 of 40 ± 8  Mpc. Approximately two seconds 
later, a weak γ-ray burst (GRB) of short duration (<2 s) was observed 
by the Fermi Gamma-ray Space Telescope13 and INTEGRAL14. The 
low luminosity of this γ-ray transient was unusual compared to the 
population of short GRBs at cosmological distances15 , and its physical 
connection with the gravitational-wave event remained unclear.

A vigorous observing campaign targeted the localization region 
of the gravitational-wave transient, and rapidly identified a source of 
bright optical, infrared and ultraviolet emission in the early-type galaxy  
NGC 499316,17. This source was designated ‘SSS17a’ by the Swope 
team16, but here we use the official IAU designation, AT 2017gfo.

AT 2017gfo was initially not visible at radio and X-ray wavelengths. 
However, on 26 August 2017, we observed the field with the Chandra  
X-ray Observatory and detected X-ray emission at the position  
of AT 2017gfo (Fig. 1). The observed X-ray flux (see Methods) implies 
an isotropic luminosity of 9 ×  1038  erg s− 1 if located in NGC 4993  
at a distance of about 40 Mpc. Further Chandra observations,  
performed between 1 and 2 September 2017, confirmed the presence 

1Department of Astronomy, University of Maryland, College Park, Maryland 20742-4111, USA. 2Astrophysics Science Division, NASA Goddard Space Flight Center, 8800 Greenbelt Road, Greenbelt, 
Maryland 20771, USA. 3INAF, Istituto di Astrofisica e Planetologia Spaziali, via Fosso del Cavaliere 100, 00133 Rome, Italy. 4Department of Physics, University of Bath, Claverton Down, Bath 
BA2 7AY, UK. 5Center for Theoretical Astrophysics, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA. 6Center for the Exploration for the Origin of the Universe, Astronomy 
Program, Department of Physics and Astronomy, Seoul National University, 1 Gwanak-ro, Gwanak-gu, Seoul 08826, South Korea. 7Space Telescope Science Institute, Baltimore, Maryland 21218, 
USA. 8School of Earth and Space Exploration, Arizona State University, Tempe, Arizona 85287, USA. 9Joint Space-Science Institute, University of Maryland, College Park, Maryland 20742, USA. 
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Figure 1 | Optical/infrared and X-ray images of the counterpart of 
GW170817. a, Hubble Space Telescope observations show a bright and 
red transient in the early-type galaxy NGC 4993, at a projected physical 
offset of about 2 kpc from its nucleus. A similar small offset is observed 

in less than a quarter of short GRBs5 . Dust lanes are visible in the inner 
regions, suggestive of a past merger activity (see Methods). b, Chandra 
observations revealed a faint X-ray source at the position of the optical/
infrared transient. X-ray emission from the galaxy nucleus is also visible.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

X-rays

peak, ∼15–30 days (Figure 3). As the peak is fairly broad, we
predict that the emission should remain detectable with the
VLA for weeks to months. As GW170817 is currently too
close to the Sun to be observable by X-ray and optical facilities,
radio observations will remain the only way to monitor the
transient emission during this time. Continued radio monitoring
of GW170817 will help us further narrow down this parameter
space, allowing for tighter constraints on the burst energy and
circumbinary density.

4. Predictions for Future Radio Emission
from the KN Ejecta

In addition to the relativistic jet, BNS mergers are also
expected to generate non-relativistic ejecta, which will produce
synchrotron emission at radio wavelengths once it decelerates
(Nakar & Piran 2011). This is the same ejecta that initially
generates the KN emission detected in the UV/optical/NIR
bands. Compared to the relativistic jet, this ejecta component
will decelerate on a significantly longer timescale due to

its larger mass, » :– M0.01 0.1 (Metzger & Bower 2014;
Hotokezaka & Piran 2015). The radio emission from the KN
ejecta is therefore expected to peak on timescales of months to
years (Nakar & Piran 2011; Metzger & Berger 2012; Metzger
& Bower 2014; Hotokezaka & Piran 2015). Searches for this
component following a subset of cosmological SGRBs have all
yielded deep non-detections, placing constraints on the kinetic
energy injected of21051 erg in these events (Metzger & Bower
2014; Fong et al. 2016; Horesh et al. 2016).
For the first time, we can make specific predictions for the

KN radio emission using the parameters inferred from
modeling of the UV/optical/NIR emission (Chornock et al.
2017; Cowperthwaite et al. 2017; Nicholl et al. 2017). The
KN emission requires two components: a “blue” component
with » :M M0.02ej and »v c0.3ej , and a “red” component
with »M 0.04ej :M and »v c0.1ej (Chornock et al. 2017;
Cowperthwaite et al. 2017; Nicholl et al. 2017). The predicted
radio emission from each component is shown in Figure 4 for
a fiducial density of = ´ -n 1 10 3 cm−3 (solid lines). The
shaded bands indicate the full range of possible densities

Figure 3. Simulated radio light curves for the four models also presented in Margutti et al. (2017), shown with all of our radio upper limits (triangles; s3 ) and
detections (circles). The emission peaks on a timescale of ∼15–30 days, but should remain detectable at 6 GHz for weeks to months. We note that the observations at
19.2 days were taken under poor weather conditions, which can lead to flux decorrelation at high frequencies of 10 GHz. Our final 10 GHz upper limit may therefore
underestimate the true flux density at this epoch.
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• unique event in astronomy, 
maybe most important 
observation since SN 1987A

• unprecedented level of multi-
messenger observations

• confirms association of BNS to 
SGRBs 

• kilonova provides strong 
evidence for synthesis of 
r-process material

Kilonovae



The kilonova of GW170817
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• red kilonova properties: 

Mej ~ 4-5x10-2Msun

vej ~ 0.08-0.14c
Ye < 0.25
XLa ~ 0.01

Kilpatrick+ 2017
Kasen+ 2017
Kasliwal+ 2017
Drout+ 2017
Cowperthwaite+ 2017
Chornock+ 2017
Villar+ 2017
Coughlin+ 2018
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Figure 1. Complete UVOIR light curves, along with the models with the highest likelihood scores. Solid lines represent the realizations of
highest likelihood for each model, while shaded regions represent the 1� uncertainty ranges. For some bands there are multiple lines that
capture subtle differences between filters.

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

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

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

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

4. RESULTS OF THE KILONOVA MODELS

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

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

ej = 0.019+0.001
-0.001 M�, vblue

ej = 0.257+0.009
-0.007c,

Mred
ej = 0.047+0.002

-0.002 M�, vred
ej = 0.151+0.004

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

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

Villar+ 2017

red KN

blue KN• blue kilonova properties: 

Mej ~ 10-2Msun

vej ~ 0.2-0.3c
Ye > 0.25
XLa < 10-4

Kilpatrick+ 2017
Kasen+ 2017
Nicholl+ 2017
Villar+ 2017
Coughlin+ 2018

two (“red-blue”) or multiple components expected from merger simulations 
(we shall see later)

heavy r-process elements!

Kilonovae

‘lanthanide-free’

‘lanthanide-rich’
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The r-process and s-process

Kilonovae

The heavy elements (A > 62) are formed by 
neutron capture onto seed nuclei 

rapid neutron capture (r-process): 
timescale for neutron capture shorter than for 𝛃-decay 

slow neutron capture (s-process): 
timescale for neutron capture longer than for 𝛃-decay 

n p e-n
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Movie: r-process nucleosynthesis from NS merger remnant disks

r-process nucleosynthesis in disk outflows

Siegel & Metzger 2018
Siegel & Metzger 2017, PRL

Kilonovae

nuclear reaction 
network 
(SkyNet)

• neutron captures
• photo-dissociations

• 𝛂-, 𝛃-decays

• fission
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Fig: heating rates from r-process nucleosynthesis in simulations of 
post-merger disk outflows (lanthanide rich).

Heating rates

Siegel & Metzger 2018

Siegel & Metzger 2017, PRL

homologous 
expansion

Kilonovae

those times, which are 500 points uniformly sampled in
logspace between 10−2 and 103 days (however, points before
0.05 days and after 200 days have zero weight and thus do not
contribute to the fitting error, as explained above). The fit error
used for finding the optimal fit parameters is the sum of squares
of the log difference, i.e.,

w t tfit error ln ln , 5
i

i i i
2( )( ) ( )ˆ ( )� �å= -

where wi is the weight of time ti. This error measure works well
for the optimization algorithm to find the best parameters, but it
carries little physical meaning. To be able to intuitively judge
the quality of a particular fit, we define the mean fractional log
error as

t t
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where the average runs over all times ti such that
t0.1 days 100 days.i- - We only fit the total heating rate,

but we also provide the average heating contribution due to
fission reactions in the fit window.

The best and worst heating rate fits, as well as some fits of
intermediate quality, are shown in Figure 7. About 80% of all
high-resolution sym0 fits have ln ln 0.5%� � -áD and
about 95% have a mean fractional log error of at most 1%.
Since we do not include β-delayed fission reactions, the heating
due to fission in our fit window (0.1–100 days) is solely due to
spontaneous fission and it is close to constant during the fit

window because there is usually one nuclide that dominates the
fission heating. In 85% of all cases it varies by less than a factor
of two within the fit window, and in 99% of all cases it varies
by less than a factor of three. Thus it is sufficient to report
the geometric mean of the heating rate due to fission over
the fit window. Fits to the heating rates over our entire
parameter space are available at http://stellarcollapse.org/
lippunerroberts2015.

2.6. Dominant Nuclear Decays

To determine the particular nuclei that are likely to power
kilonovae, we integrate the fractional heating contributions of
all nuclides to find out which nuclides contribute most to the
heating. For a single nucleosynthesis calculation, we know the
total heating rate ò(t) as a function of time and we can calculate
the heating rate òi(t) due to nuclide i as a function of time. òi(t)
is calculated as

t N t Q Y t , 7i iA
i

( ) ( ) ( ) ( )�
�

å l=
a

a a
Î

where α is an index of a reaction in the reaction network and it
runs over the set ,i� which is the set of all reactions that destroy
exactly one nuclide i. NA is the Avogadro constant in baryon
g−1, λα(t) is the reaction rate of reaction α in s−1, Qα is the
energy released in reaction α in erg, and Yi(t) is the number
abundance of nuclide i in baryon−1. Note that the total heating
rate is t t

i i( ) ( )� �å= , where i runs over all nuclear species in
the network.
At any given time t, we can now calculate the fractional

heating contribution of nuclide i as òi(t)/ò(t), which is the
fraction of the total heating rate at time t that is solely due to the
decay of nuclide i. These fractional heating contributions tell us
which nuclides dominate the heating at a given time. To
quantify which nuclides dominate the heating over a period of
time, we define the integrated fractional heating contribution fi
as

f
t t
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where t0=0.1 days and t1=100 days are the beginning and
end of our heating rate fit window. We integrate in logspace to
equally weigh contributions at early and late times. Since we
know òi and ò only at specific time steps tk, we approximate the
integral as

f
t t
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If no tk is equal to t0 or t1, we add these two endpoints to the
sum and interpolate òi and ò at those points.
Note that we calculate fi for each nuclide i in a single

nucleosynthesis calculation. So we should really say
f Y s, , ,i e( )t because fi will be different for the same nuclide i
in different nucleosynthesis calculations since different
amounts of nuclide i are be produced, depending on Ye, s,
and τ. To get an idea of which nuclides have the biggest
influence on the heating rate over a range of Ye, s, and τ, we
average fi over multiple nucleosynthesis calculations in our
parameter space. We call this the average integrated fractional

Figure 7. Some heating rate fits showing the fits with the largest and smallest
error, and fits with errors in between. The heating rate is only fitted inside the fit
window (0.1–100 days). We use a power law with up to two exponential
terms, or up to three exponential terms without a power law show in
Equation (4), whichever produces the best fit. The fit error ln ln� �áD ñ is
defined in Equation (6). As the second and third case from the top show, the fit
can be quite bad outside the fit window. This is no surprise since we do not fit
the data outside the fit window and because we only use up to three exponential
terms. In reality, there are hundreds of individual nuclides contributing to the
total heating rate and each one contributes a different exponential term.
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Fig: heating rates from r-process 
nucleosynthesis for individual 
trajectories, varying electron fraction, 
specific entropy and the expansion 
timescale.

bumps and wiggles appear for 
lanthanide-poor conditions due to 
dominance of individual isotopes

Lippuner & Roberts 2015

Bumps due to single isotopes expected even in lanthanide-rich scenario on timescales ~months
may lead to observational identification of specific isotopes   Wu+ 2018
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Fig: Example of thermalization efficiencies for all particles, 
assuming ejecta with Mej = 5e-3 Msun, v0 = 0.2c.

Thermalization efficiency

Kilonovae

Fig: Thermalization efficiency of all 
particles convolved with their 
fractional energy generation.

Barnes+ 2016

=bE 0.5 MeV,0 , =aE 6 MeV,0 , and =E 125 MeVff,0 . For
g-rays, we take k = 0.1¯ cm2 g−1, which gives

»gt 1.4ineff, days.
As we will see in Section 5, the approximate analytic

expressions Equations (32) and (33) agree fairly well with our
numerical results.

5. NUMERICAL RESULTS

In this section, we present numerical calculations of
thermalization efficiencies as determined by modeling the
three-dimensional (3D) transport of g-rays, fission fragments,
and a- and b-particles in a magnetized expanding medium. Our
calculations used the time-evolving emission spectra intro-
duced in Section 2.5, accounted for the time-dependent
partition of radioactive energy among different decay products,
and incorporated the detailed, energy-dependent energy-loss
rates derived in Section 3. The flux tube approximation was
used to model charged particle transport, allowing us to explore
the sensitivity of our results to the architecture of the ejecta’s
magnetic field. Additional details of our transport method are
given in the Appendix.

5.1. Thermalization Efficiencies

Figure 10 presents the numerically calculated thermalization
efficiency, f (t), of all particles for the fiducial ejecta model
(Mej= ´ -

:M5 10 3 and vej= c0.2 .) Fission fragments ther-
malize most efficiently, having 2f t 0.5( ) out to ~t 15 days.
α- and b-particle thermalization is slightly lower, reaching

=f t 0.5( ) around a week post-merger, while f (t) for g-rays is
much lower, falling below 0.5 by ~t 1 day.

For massive particles, we show f (t) for radial (dotted lines),
toroidal (solid lines), and lightly tangled (l = 0.25; dashed
lines) magnetic field geometries. The magnetic field config-
uration affects thermalization in three ways.

1. Diffusion: Radial or lightly tangled fields allow particles
to diffuse outward into regions of lower density, and lead
to lower f (t).

2. Escape: Radial fields that allow charged particles to
escape before they have completely thermalized will
lower f (t). This is most important for b-particles, which
move faster than the ejecta.

3. Frame-to-frame effects: Particles in a homologous flow
lose energy, as measured in the co-moving frame (cmf),
as they move through the ejecta. These frame-to-frame
losses reduce the amount of kinetic energy a particle has
to thermalize, and therefore reduce f (t). Radial fields and
lightly tangled fields, which allow particles to move fairly
freely through the ejecta, facilitate frame-to-frame effects.
These losses are most important for a-particles and
fission fragments, which have velocities of the order of
vej, and thus have substantially different cmf energies in
different regions of the ejecta.

In light of the above, it is not surprising that toroidal fields
maximize f t ;( ) toroidal fields hold particles at one position in
velocity space, preventing diffusion, escape, and frame-to-
frame losses. Radial fields, in contrast, enhance all three of
these effects and hence minimize f (t). Thermalization in
random fields falls between these two extremes. This behavior
holds for all ejecta models studied.
While the trends shown in Figure 10—i.e., that

> » >a b gf t f t f t f tff ( ) ( ) ( ) ( )—are consistent across ejecta
models, the values of f (t) can vary significantly with Mej and
vej. Figure 11 illustrates the variance and clarifies the
dependence of f (t) on the ejecta parameters. For each point
(Mej, vej) in parameter space, and for each particle type, we plot
t50—the time at which f (t) drops to 50%. (Cases in which

= >f t 30 days 50%( ) are omitted from Figure 11.) To show
how sensitive thermalization is to magnetic fields, we include
results for radial (top panel) and toroidal (bottom panel) field
geometries.
The thermalization of all particles increases with Mej and

decreases with vej. The changes in efficiency are especially
dramatic for massive particles. For the heaviest ejecta mass
considered ( = ´ -

:M M5 10ej
2 ), massive particles thermalize

Figure 9. Analytic thermalization efficiencies calculated with Equations (32)
and (33). We use =t 10 day, and r = ´ -7.9 100

15 cm−3, corresponding to a
uniform density ejecta with the same mass and energy as our fiducial model.
For a’s, b ’s, and fission fragments we take =E 6, 1,0 and 125 MeV,
respectively.

Figure 10. Thermalization efficiencies f (t) for all particles in an ejecta with
= ´ -

:M M5 10ej
3 and =v c0.2ej (our fiducial model). Fission fragments

thermalize most efficiently, followed by a-particles, b-particles, and g -rays.
For charged particles, we plot f (t) for radial (dotted lines), toroidal (solid lines),
and moderately tangled (l = 0.25; dashed lines) magnetic fields. Toroidal
fields thermalize most efficiently, followed by random, then radial fields.
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times, g-rays thermalize inefficiently, and supply very little
heating after ~t 1 day. While a-decay produces less than
∼10% of the total energy, the α-particles thermalize fairly
efficiently, and so contribute a significant fraction of the total
thermalized energy.

The total heating efficiency has the expected dependence on
the ejecta parameters: greater masses and lower velocities lead
to higher f ttot ( ), as shown in Figure 14. Thermalization for the
low-mass and high-velocity models falls below 0.5 within a
few days, and below 0.2 by 5–7 days. The high-mass and low-
velocity models thermalize much more efficiently, sustaining

>f t 0.5tot ( ) out to 1t 1 week, and not falling below
=f t 0.2tot ( ) until t∼15–20 days. There is also variation

within each model (up to a factor of ∼2) due to uncertainties in
the magnetic field.

5.2.1. Dependence on Nuclear Physics

The radioactive energy generation—and therefore the
thermalization—depends on r-process yields, which in turn
are sensitive to variations in nuclear physics models and
astrophysical conditions. To explore this effect, we consider r-
process yields computed for different mass models, and for
different initial Ye of the ejected matter.

The yields differ primarily in the amount of translead nuclei
synthesized relative to lighter r-process elements. Mendoza-
Temis et al. (2015) have shown that the production of translead
nuclei is sensitive to nuclear physics inputs, in particular to
neutron separation energies near N=130. As discussed in

Section 2.3, the production of translead nuclei also depends on
initial electron fraction, decreasing as Ye,0 increases.
R-process yields could impact thermalization in two ways.

First, different yields have different abundance-averaged
compositional properties, and could give rise to different
thermalization rates. Second, because nuclei heavier than lead
decay mainly by fission and a-emission, while lighter nuclei
undergo b-decay, the amount of translead material will alter the
relative importance of a- and b-decay. Since all a-decay
energy is transferred to energetic a-particles, which thermalize
efficiently, while 270% of b-decay energy goes to g-rays and
neutrinos, which do not, enhanced a-decay may increase
thermalization. Based on these arguments, we expect that
differences in the amounts of translead nuclei will result in
different f ttot ( ), and therefore, differences in predicted kilonova
light curves.
To explore the strength of these effects, we compare the

thermalization efficiency for three different compositions: the
reference r-process yields (based on the FRDM mass model);
yields for the DZ31 mass model, which predicts increased
production of translead nuclei (see Figure 1); and yields from a
calculation using the FRDM model with =Y 0.25e,0 .
We found that the DZ31 model predicts a composition

whose abundance-averaged properties and emission spectra are
very similar to those predicted by the FRDM model. We
therefore expect that the different yields found for the DZ31
model will not significantly change f (t) for individual particles.
In contrast, the high-Ye,0 composition has average composi-
tional properties and emission spectra that diverge from the
reference case (FRDM, =Y 0.04e,0 ), so we calculate for this
composition f (t) of all individual decay products for our
fiducial ejecta ( = ´ -

:M M5 10ej
3 , =v c0.2ej ). The therma-

lization timescales, plotted in Figure 11 as open triangles, are
similar to those for the standard low-Ye,0 composition. For both
the DZ31 and high-Ye,0 cases then, impacts on f ttot ( ) are the
results of differences in the relative importance of each heating
channel, not differences in how efficiently individual decay
products thermalize.

Figure 13. Bottom panel: the fractional energy generation associated with each
type of particle, from r-process simulations using the FRDM mass model. The
division of b -decay energy among b-particles, g -rays, and neutrinos was
calculated for our representative SPH trajectory with =Y 0.04e, 0 . Top panel:
the fractions from the bottom panel, convolved with f (t) for each particle, for
the fiducial model with random magnetic fields. The total thermalization
efficiency, ftot, plotted as a dashed black line, is the sum of the particle-specific
curves. β- and a-particles supply most of the thermalized energy.

Figure 14. Total thermalization efficiencies for different ejecta models (Mej, vej)
using FRDM energy-generation rates. The fiducial model is plotted in black.
Other curves differ from the fiducial model in Mej or vej only. The width of the
curves reflects the variation in f (t) for different magnetic field configurations;
the curves are bounded on top by f ttot ( ) for a toroidal field and on bottom by
f ttot ( ) for a radial field configuration.
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In Figure 19, we compare the detected flux to J-band light
curves for various ejecta models, and find the observed flux is
consistent with 1 1´ - -

: :M M M5 10 102
ej

1 . This mass is
higher than what is typically predicted for the dynamical ejecta
from a binary NS merger, suggesting that if the kilonova
interpretation is correct, the progenitor of GRB130603B was
perhaps an NSBH merger, or that the mass ejected was
significantly enhanced by post-merger disk winds.

Our mass estimate here is an improvement over earlier work
which neglected detailed thermalization, and gives substan-
tially different results. For example, Piran et al. (2014)
suggested ~ :M M0.02ej , less than half our new value.
However, we have not accounted for viewing angle effects.

If the ejected material is mainly confined to the equatorial
plane, the emission will be brighter when the system is viewed
face-on (Roberts et al. 2011), which would reduce the inferred
mass somewhat. In an oblate ejecta, thermalization will also be
more efficient, which could have a small impact on mass
measurements. Finally, we note that different nuclear mass
models predict different rates of radioactive heating and
differing f ttot ( ), which introduces additional uncertainties into
our mass estimate. Radiation transport simulations in three
dimensions with time-dependent thermalization models will
better constrain Mej.

6.4. Late-time Light Curve

Late-time kilonova light curves may probe the history of r-
process nucleosynthesis in CO mergers. At ∼2 days after
merger, fission ceases to be important, and a- and b-decay
dominate the kilonova’s energy supply. Energy from a-decay
is transferred entirely to fast a-particles, which thermalize

Figure 17. Synthetic bolometric light curves calculated with Sedona for three
different treatments of thermalization: full thermalization (blue curves);
Sedonaʼs original thermalization scheme, which deposits charged particle
energy but explicitly tracks the deposition of g -ray energy (lime curves); and
the time-dependent f ttot ( ) from our numerical simulations (red curves). Light
curves in the top and bottom panels adopt f ttot ( ) given by random fields and
the FRDM mass model. To illustrate the effect of uncertainties in f ttot ( ) on
light curves, we plot for our fiducial model (middle panel) Lbol for a range of
magnetic fields (thick red curve) and for the DZ31 mass model (red dashed
curve). Accounting for time-dependent thermalization efficiencies has a
significant impact on kilonova luminosity, particularly for models with lower
masses and higher velocities. For our fiducial model, the predicted luminosity
is lower by a factor of 12 at peak, and by 10 days is lower by an factor of 5.

Figure 18. Select broadband light curves for our fiducial ejecta model for two
treatments of thermalization: full f ttot ( ) (left panel), and the cruder treatment
employed in earlier kilonova calculations (right panel). The curves are dimmer
in the newer models, reflecting the reduction in thermalized energy, but
relationships between the light curves in the various bands is mostly
unchanged, so the kilonova colors are preserved.

Figure 19. Absolute (AB) J-band light curves for several ejecta models. As in
earlier figures, the width of the curves is produced by differences in f ttot ( ) due
to different magnetic field configurations. The excess IR flux (gold star)
suggests an ejected mass between ´ -5 10 2 and -

:M10 1 .
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Fig: Impact of thermalization efficiency on kilonova 
lightcurves (bolometric luminosity). The fiducial model 
has parameters Mej = 5e-3 Msun, v0 = 0.2c.
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abundances, although the third peak is slightly overproduced
relative to the second peak. The abundance patterns of
Ye=0.01 and Ye=0.19 are very similar because both cases
are neutron-rich enough to produce nuclides with A  250,
which eventually undergo fission. As the ejecta becomes less
neutron-rich (Ye=0.25 and Ye= 0.50), the full r-process is no
longer produced; there are not enough neutrons available per
seed nucleus to reach the third peak. At Ye=0.25, the first and

second r-process peaks are produced. The right panel of
Figure 1 shows the final abundances of cases with Ye=0.25,
τ=7.1 ms, and different initial entropies. Here, the electron
fraction is too high to get to the third r-process peak at most
entropies (all the cases with entropies between 10 and

k75 baryonB
1- have virtually identical final abundances as

the s k10 baryonB
1= - case). At s k100 baryonB

1= - the
third r-process peak is obtained because the initial composition

Figure 1. Final abundances of some selected nucleosynthesis calculations. Left: Ye=0.01, 0.19, 0.25, 0.50, s k10 baryon ,B
1= - and τ=7.1 ms. The full r-process is

made, with substantial amounts of lanthanides and actinides, for Ye=0.01 and Ye=0.19. The Ye=0.25 trajectory is neutron-rich enough to make the second
r-process peak, but not the third and not a significant amount of lanthanides. In the symmetric case (Ye = 0.5), mostly 4He and iron-peak elements are produced. Right:
Ye=0.25, s k1.0, 3.2, 10, 100 baryon ,B

1= - and τ=7.1 ms. With s k1 baryonB
1= - a jagged r-process is obtained because there are only few free neutrons per

seed nucleus available and nuclides with even neutron numbers are favored. Even though there are not many free neutrons available, there is still a significant amount
of lanthanides in the s k1 baryonB

1= - case because the initial seed nuclei are very heavy. At higher entropies, the initial seeds become lighter and the initial free
neutron abundance increases. However, the increase in the initial free neutron abundance is not enough to offset the decrease in the initial mass of the seeds and so we
obtain a less complete r-process. The situation is reversed at s k100 baryon ,B

1= - where there is a very high neutron-to-seed ratio. In that case, a significant fraction of
α particles are also captured on the seed nuclei. This leads to a full r-process in the s k100 baryonB

1= - case.

Figure 2. Frame from the animation of the nucleosynthesis calculation for Ye=0.01, s k10 baryon ,B
1= - and τ=7.1 ms. The frame shows the full extent of the

r-process just when free neutrons get exhausted. The plot in the upper left corner shows the temperature, density, and heating rate as function of time. The colored
bands in the chart of nuclides correspond to the mass bins in the histogram at the bottom. The histogram shows the mass fractions on a linear scale while the blue curve
shows the abundances as a function of mass on a logarithmic scale. The full animations are available at http://stellarcollapse.org/lippunerroberts2015.
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Figure 1. Complexity of the elements (top panel) and their mass fractions in the r-process ejecta of neutron star mergers (bottom panel). The top panel plots the
number of states in the ground configuration for singly ionized ions, as estimated using the simple permutation counting of Equation (1). The pattern of peaks reflects
the filling of valance shells, with the color shading giving the orbital angular momentum l (yellow = s, blue = p , green = d, red = f). The bottom panel plots the mass
fractions determined in Roberts et al. (2011) by post-processing the hydrodynamical simulation of tidal tail ejecta.
(A color version of this figure is available in the online journal.)

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

C = Πi

gi!
ni!(gi − ni)!

, (1)

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

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

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

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

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

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

2. OPACITY OF RAPIDLY EXPANDING EJECTA

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

2

atomic number Z

shells: s  p  d  f

open shells

opacity:

configurations: Nconf = ⇧i
gi!

ni!(gi � ni)!
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Fortunately, NSMs are also accompanied by coincident elec-
tromagnetic (EM) signals that inform physical processes at work
during the merger (e.g. Metzger & Berger 2012; Kelley, Mandel
& Ramirez-Ruiz 2013; Piran, Nakar & Rosswog 2013). One such
counterpart is a thermal IR/optical transient powered by the ra-
dioactive decay of heavy elements synthesized in the merger ejecta
(a ‘kilonova’; Li & Paczyński 1998; Metzger et al. 2010; Goriely,
Bauswein & Janka 2011; Roberts et al. 2011; Piran et al. 2013;
Grossman et al. 2014; Tanaka et al. 2014). Kilonovae are partic-
ularly promising EM counterparts because (1) their generation is
relatively robust, requiring only a modest amount of unbound ejecta;
(2) their signal is independent of the existence of a dense surround-
ing external medium; and (3) unlike a GRB, kilonovae are relatively
isotropic. A candidate kilonova was recently detected following the
GRB 130603B (Berger, Fong & Chornock 2013; Tanvir et al. 2013).

If the merger ejecta is sufficiently neutron-rich for r-process
nucleosynthesis to reach the Lanthanides (A ! 139), the optical
opacity becomes much higher than that of iron-group elements
(Kasen, Badnell & Barnes 2013), resulting in emission that is redder,
dimmer, and more slowly evolving (Barnes & Kasen 2013; Tanaka
& Hotokezaka 2013). Although such unusually red colours may be
beneficial in distinguishing NSM transients from unrelated astro-
physical sources, the current lack of sensitive wide-field infrared
telescopes could make EM follow-up across the large sky error re-
gions provided by Advanced LIGO/Virgo even more challenging
(e.g. Hanna, Mandel & Vousden 2014; Kasliwal & Nissanke 2013;
Metzger, Kaplan & Berger 2013; Nissanke, Kasliwal & Georgieva
2013).

The matter ejected dynamically following an NSM is likely to be
sufficiently neutron rich (as quantified by the electron fraction Ye "
0.3) to produce a red kilonova (e.g. Rosswog 2005; Duez et al. 2010;
Bauswein, Goriely & Janka 2013b). Dynamical expulsion is not the
only source of ejecta, however. A robust consequence of the merger
process is the formation of a remnant torus surrounding the central
HMNS. Outflows from this accretion disc over longer, viscous time-
scales also contribute to the merger ejecta (e.g. Metzger, Quataert &
Thompson 2008a; Surman et al. 2008; Dessart et al. 2009; Lee,
Ramirez-Ruiz & López-Cámara 2009; Metzger, Piro & Quataert
2008b; Wanajo & Janka 2012). The more isotropic geometry of
disc winds suggests that they may contribute a distinct component
to the kilonova light curve for most viewing angles (Barnes & Kasen
2013; Grossman et al. 2014).

Fernández & Metzger (2013a, hereafter FM13) calculated the
viscous evolution of remnant BH accretion discs formed in NSMs
using two-dimensional, time-dependent hydrodynamical simula-
tions. Over several viscous times, FM13 found that a frac-
tion ∼several per cent of the initial disc mass is ejected as a moder-
ately neutron-rich wind (Ye ∼ 0.2) powered by viscous heating and
nuclear recombination. Although the higher entropy of the outflow
as compared to the dynamical ejecta results in subtle differences
in composition (e.g. a small quantity of helium), the disc outflows
likely produce Lanthanide elements with sufficient abundance to
result in a similarly red kilonova as with the dynamical ejecta.

FM13 included the effects of self-irradiation by neutrinos on
the dynamics and composition of the disc. Due to the relatively
low accretion rate and radiative efficiency at the time of the peak
outflow, neutrino absorption had a sub-dominant contribution to the
disc evolution. This hierarchy is important because a large neutrino
flux tends to drive Ye to a value higher than that in the disc mid-
plane (e.g. Metzger et al. 2008a; Surman et al. 2008, 2014). If
neutrino irradiation is sufficient to drive Ye ! 0.3−0.4, the nuclear
composition of the disc outflows would be significantly altered,

Figure 1. Relation between the observed kilonova and the properties of the
ejecta that powers it. Material ejected dynamically in the equatorial plane
is highly neutron rich (Ye < 0.1), producing heavy r-process elements that
include Lanthanides. This results in emission that peaks in the near-infrared
and lasts for ∼1 week (‘late red bump’) due to the high opacity. Outflows
from the remnant disc are more isotropic and also contribute to the kilonova.
If the HMNS is long-lived, then neutrino irradiation can increase Ye to a
high enough value (Ye ∼ 0.4) that no Lanthanides are formed, resulting
in emission peaking at optical wavelengths (‘early blue bump’). If BH
formation is prompt, outflows from the disc remain neutron rich, and their
contribution is qualitatively similar to that of the dynamical ejecta.

resulting in a distinct additional component visible in the kilonova
emission.

By ignoring the influence of a central HMNS, FM13 implic-
itly assumed a scenario in which BH formation was prompt or the
HMNS lifetime very short. Here, we extend the study of FM13 to
include the effects of neutrino irradiation from a long-lived HMNS.
As we will show, the much larger neutrino luminosity of the HMNS
has a profound effect on the quantity and composition of the disc
outflows, allowing a direct imprint of the HMNS lifetime on the
kilonova (Fig. 1). As in FM13, our study includes many approxi-
mations that enable us to follow the secular evolution of the system.
We focus here on exploring the main differences introduced by the
presence of an HMNS, and leave more extensive parameter space
studies or realistic computations for future work.

The paper is organized as follows. In Section 2, we describe the
numerical model employed. Our results are presented in Section 3,
separated into dynamics of the outflow (Section 3.1) and composi-
tion (Section 3.2). A summary and discussion follows in Section 4.
Appendix A describes in more detail the upgrades to the neutrino
physics implementation relative to that of FM13.

2 N U M E R I C A L M O D E L

Our numerical model largely follows that described in FM13. Here,
we summarize the essential modifications needed to model the pres-
ence of an HMNS.

2.1 Equations and numerical method

We use FLASH3.2 (Dubey et al. 2009) to solve the time-dependent
hydrodynamic equations in two-dimensional, axisymmetric
spherical geometry. Source terms include the pseudo-Newtonian
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Figure 7. Wavelength-dependent line expansion opacities resulting from
Autostructure-derived linelists. The opacity of the lanthanides (Nd, Ce) is
much higher than iron and its d-shell homologue, osmium, especially in the
infrared.
(A color version of this figure is available in the online journal.)

(Z = 58) is comparable to, though slightly less than, that of
neodymium. This confirms that species with similar complexity
measures have roughly similar opacities, which we use to derive
approximate opacities for r-process mixtures (Section 6).

5.1. Uncertainties and Comparison to Existing Data

Our derived opacities must possess some error, since the
Autostructuremodel energies do not exactly match the exper-
imental values (Figure 2). To estimate how sensitive the results
are to the detailed level energy structure and configuration or-
dering, we examined the Nd ii opacities derived from the three
different optimization schemes described in Section 3. The re-
sulting variation provides an estimate of our level of uncertainty.

Figure 8 shows that the opacities calculated using the opt1 and
opt3 models are quite similar, while the opt2 model opacities are
lower by a factor of ∼5 at some wavelengths. The opt2 model
has relatively higher energy levels, and hence smaller excited
state LTE level populations, which is presumably the reason
for the lower opacities. The opt1 and opt3 models had similar
level energies, but the ground state configuration and ordering
were different. These results suggest that what matters most
to the opacities is the energy level spacing, and not the exact
configuration ordering. Given that the low lying opt3 Nd ii level
energies reproduce the experiment fairly well, we suspect that
further fine tuning of the Autostructure model is unlikely to
change the resulting opacity by much more than a factor of ∼2.

We have also compared our Autostructure opacities to
existing line data from the VALD database, which collects
atomic data from a variety of sources (Heiter et al. 2008).
The only high-Z ions with enough lines in VALD to derive
expansion opacities are Ce ii and Ce iii, which have wavelengths
and oscillator strengths calculated by the Mons group (Biémont
et al. 1999; Palmeri et al. 2000; Quinet & Biémont 2004).
The approach taken by the Mons group to determine atomic
structure is the same as that of Kurucz, viz., calculations with
Cowan’s code utilizing extensive experimental energies. In
Figure 9, we compare the expansion opacities of Ce calculated
using the VALD linelist and our own Autostructure list. The
agreement in both the mean- and wavelength-dependent values
is good to a factor of ∼2. Our conclusions about the size and
wavelength dependence of the lanthanide opacities are therefore

Figure 8. Variations in the wavelength-dependent expansion opacity for
pure neodymium (Z = 60) ejecta obtained using different Autostructure
optimization approaches. These calculations adopt a density ρ = 10−13 g cm−3,
temperature T = 4000 K, time since ejection tej = 1 days, and a wavelength
binning ∆λ = 0.01λ.
(A color version of this figure is available in the online journal.)

confirmed when using radiative data from independent structure
calculations.

6. OPACITIES OF r-PROCESS MIXTURES

Although we have only calculated atomic structure models
for a few ions, the results (Figure 7) suggest that ions of
similar complexity have roughly similar opacities. This allows
us to construct approximate r-process mixtures based on the
representative cases.

In an r-process mixture, the abundance of any individual
lanthanide is relatively low (!1%). Nevertheless, these species
likely dominate the total opacity. In fact, the opacity will depend
rather weakly on the exact lanthanide abundance. This is because
for the conditions found in NSM ejecta, many of the strong
lanthanides lines are extremely optically thick (τs ≫ 1). Such
lines contribute equally to the expansion opacity regardless of
the ion’s abundance, just as long as that abundance remains high
enough to keep τs above unity.

We illustrate this weak dependence on lanthanide abundance
in Figure 10, by computing the opacity of a mixture of
neodymium and iron. Decreasing the Nd mass fraction by a
factor of 10 (from 100% to 10%) only reduces the total opacity
of the mixture by ∼40%. Decreasing the Nd mass fraction by
two orders of magnitudes (from 100% to 1%) reduces the total
opacity of the mixture by a factor of five. We find that the Nd
opacity dominates over that of iron as long as its mass fraction
is "10−4.

The actual r-process ejecta from NSMs will be a heteroge-
neous mixture of many high Z elements. This multiplicity of
species should enhance the opacity, as each ion contributes a
distinct series of lines. To estimate the opacity of the mixture,
we assume the line data of Nd is representative of all f-shell
species (the lanthanides) and that iron is representative of all
d-shell elements. We ignore the s-shell and p-shell elements
since their opacities will be very low. We then construct the
expansion opacity of the mixture by generalizing Equation (9)

κmix(λ) =
∑

Z

ξZ

ρctej

∑

i

λi

∆λi

(1 − exp[−τi(ρZ)]) (15)
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Figure 1. Snapshots of the magnetic field strength (color-coded in logarithmic scale and Gauss) and rest-mass density contours in the (x, z) plane at representative
times for model dip-60. Magnetic field lines are drawn in red in the left panel. The leftmost inset shows a magnification of the HMNS, the other ones show a
horizontal cut at z = 120 km.
(A color version of this figure is available in the online journal.)

Figure 2. Same as Figure 1, but for model dip-6.
(A color version of this figure is available in the online journal.)

Figure 3. Same as Figure 1, but for model rand.
(A color version of this figure is available in the online journal.)

field geometry and could be absent if the field is randomly
distributed.

In all of the configurations considered, the mag-
netized baryon-loaded outflow has rest-mass densities
∼108–109 g cm−3 and is ejected from the star with velocities
v/c ! 0.1, in the isotropic part, and v/c ! 0.3, in the colli-
mated part.

Defining the isotropic luminosity as

LEM ≡ −
∮

r=Rd

dΩ
√

−g (T
EM

)rt , (2)

where dΩ is the solid-angle element, g is the determinant
of the spacetime metric, and T

EM

µν is the EM part of the

3

wind
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Figure 13. Colormaps of the log of the mass-loss rate per steradian (d2M/dt dΩ, in units of M⊙ s−1 str−1) for the no-spin BNS merger model at 10 ms (top left),
30 ms (top right), 60 ms (bottom left), and 100 ms (bottom right) after the start of the VULCAN/2D simulation, and depicting the mass loss associated with the initial
transient, followed by the neutrino-driven wind. The displayed region covers 2000 × 2000 km2. Regions that are infalling or denser than 1010 g cm−3 are shown in
red, and velocity vectors, overplotted in black, have a length saturated at 7% of the width of the display for a magnitude of 30,000 km s−1. Note the concomitant mass
loss from the poles down to midlatitudes (the wind) and the expansion of BNS merger material at near-equatorial latitudes.
(A color version of this figure is available in the online journal.)

is on the order of 2×1052 erg in the torus disk, regions with den-
sities between 1011 and 1014 g cm−3. Similar conditions in the
core-collapse context yield powerful, magnetically (and ther-
mally) driven explosions (LeBlanc & Wilson 1970; Bisnovatyi-
Kogan et al. 1976; Akiyama et al. 2003; Ardeljan et al. 2005;
Moiseenko et al. 2006; Obergaulinger et al. 2006; Burrows
et al. 2007a; Dessart et al. 2007). Rotation dramatically en-
hances the rate of mass ejection by increasing the density
rather than the velocity of the flow, even possibly halting ac-
cretion and inhibiting the formation of a black hole (Dessart
et al. 2008). In the present context, the magneto-rotational
effects, which we do not include here, would considerably
enhance the mass flux of the neutrino-driven wind. Impor-
tantly, the loss of differential rotational energy needed to fa-
cilitate the gravitational instability is at the same time de-
laying it through the enhanced mass loss it induces. Work is
needed to understand the systematics of this interplay, and how
much rotational energy the back hole is eventually endowed
with.

Oechslin et al. (2007), using a conformally flat approximation
to GR and an SPH code, find that BNS mergers of the type
discussed here and modeled with the Shen EOS avoid the
general-relativistic gravitational instability for many tens of
milliseconds after the neutron stars first come into contact.
Baumgarte et al. (2000), and more recently Morrison et al.
(2004), Duez et al. (2004, 2006), and Shibata et al. (2006),
using GR (and for some using a polytropic EOS), find that
imposing even modest levels of differential rotation yields a
significant increase by up to 50% in the maximum mass that can
be supported stably, in particular pushing this value beyond that
of the merger remnant mass after coalescence. Surprisingly,
Baiotti et al. (2008), using a full GR treatment but with a
simplified (and soft) EOS, find prompt black hole formation
in such high-mass progenitors. Despite this lack of consensus,
the existence of neutron stars with a gravitational mass around
2 M⊙ favors a high incompressibility of nuclear matter, such
as in the Shen EOS, and suggests that SMNSs formed through
BNS merger events may survive for tens of milliseconds before

Dessart+ 2009

wind
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disk outflows

outflows
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The Astrophysical Journal Letters, 778:L16 (5pp), 2013 November 20 Hotokezaka et al.

Figure 1. Rest-mass density profiles on the meridional plane for the NS–NS (SLy, Mtot = 2.7M⊙,Q = 1.0) (left) and BH–NS (H4, Q = 3, χ = 0.75) (right) models
at 8.8 ms after the onset of the merger. The red arrows show the velocity profiles of the ejecta.
(A color version of this figure is available in the online journal.)

simulation using SACRA code (Yamamoto et al. 2008). We
follow the dynamical ejecta with the numerical-relativity simu-
lation until the head of the ejecta reaches ≃1000 km (see Ho-
tokezaka et al. 2013 and Kyutoku et al. 2013 for details). After
that, the density and velocity structures of the ejecta are mod-
eled assuming homologous expansion (Rosswog et al. 2013a).
For the simulations, we employ a piecewise polytropic EOS with
which the cold EOSs of neutron-star matter are well fitted (Read
et al. 2009). For systematic studies of the dependence of mass
ejection on the cold EOSs of neutron-star matter, we consider
five cold EOSs: APR4 (Akmal et al. 1998) and SLy (Douchin &
Haensel 2001) as soft EOSs, ALF2 (Alford et al. 2005) as a mod-
erate EOS, and H4 (Glendenning & Moszkowski 1991; Lackey
et al. 2006) and MS1 (Müller & Serot 1996) as stiff EOSs.7
To take into account the effects of shock heating, we add the
thermal pressure as a Γ-law ideal gas EOS. The ejecta masses
obtained with this approximation of thermal effects agree with
those obtained with tabulated finite-temperature EOSs within
errors of several tens of percent for NS–NS mergers (Bauswein
et al. 2013).

For NS–NS mergers, we choose the total gravitational mass
of the binary Mtot = 2.6 M⊙–2.8 M⊙ and the mass ratio8

Q = 1.0–1.25. For BH–NS mergers, the gravitational mass of
the neutron star MNS is fixed to be 1.35 M⊙ and the mass ratio
is chosen to be Q = 3–7. The nondimensional spin parameter
of the black hole χ is chosen as χ = 0.75. We also perform
the simulations for Q = 7 and χ = 0.5. These parameters,
ejecta masses Mej, and averaged ejecta velocities ⟨vej⟩/c of the
progenitor models are summarized in Table 1.

The morphologies of the ejecta for NS–NS and BH–NS
mergers are compared in Figure 1. This figure plots the profiles
of the density and velocity fields at 8.8 ms after the onset of
the merger. Note that the ejecta velocities are in the small range
between ∼ 0.1c and ∼ 0.3c irrespective of the progenitor model.
However, the ejecta mass and morphology depend sensitively
on the progenitor models. In Table 1, we summarize these
properties of the NS–NS and BH–NS ejecta.

NS–NS ejecta. As shown in Figure 1, the NS–NS ejecta have
a spheroidal shape, rather than a torus or a disk, irrespective of
Q and EOS as long as a hypermassive neutron star is formed
after the merger. The reason is as follows. The origin of the

7 In this Letter, “soft” and “stiff” EOSs mean those which reproduce the radii
R1.35 ! 12 km and R1.35 " 13.5 km, respectively. Here R1.35 is the radius of a
cold, spherical neutron star with the gravitational mass 1.35 M⊙. For all the
EOSs, the maximum masses of spherical neutron stars are larger than ≃2 M⊙.
8 The mass ratio is defined by Q = m1/m2 with m1 " m2, where m1 and m2
are the component masses of a binary.

Table 1
Parameters of the Progenitor Models and Their Ejecta Properties

EOS Type R1.35 Mtot/M⊙ Q χ Mej/10− 2 M⊙ ⟨vej⟩/c
APR4 NS–NS 11.1 2.6–2.9 1.0–1.25 · · · 0.01–1.4 0.22–0.27
SLy NS–NS 11.4 2.6–2.8 1.0–1.25 · · · 0.8–2.0 0.20–0.26
ALF2 NS–NS 12.4 2.6–2.8 1.0–1.25 · · · 0.15–0.55 0.22–0.24
H4 NS–NS 13.6 2.6–2.8 1.0–1.25 · · · 0.03–0.40 0.18–0.26
MS1 NS–NS 14.4 2.6–2.8 1.0–1.25 · · · 0.06–0.35 0.18–0.20

APR4 BH–NS 11.1 5.4–10.8 3.0–7.0 0.75 0.05–1.0 0.23–0.27
ALF2 BH–NS 12.4 5.4–10.8 3.0–7.0 0.75 2.0–4.0 0.25–0.29
H4 BH–NS 13.6 5.4–10.8 3.0–7.0 0.75 4.0–5.0 0.24–0.29
MS1 BH–NS 14.4 5.4–10.8 3.0–7.0 0.75 6.5–8.0 0.25–0.30

APR4 BH–NS 11.1 10.8 7.0 0.5 #10− 4 · · ·
ALF2 BH–NS 12.4 10.8 7.0 0.5 0.02 0.27
H4 BH–NS 13.6 10.8 7.0 0.5 0.3 0.29
MS1 BH–NS 14.4 10.8 7.0 0.5 1.7 0.30

ejecta for NS–NS mergers can be divided into two parts: the
contact interface of two neutron stars at the collision and the tidal
tails formed during an early stage of the merger. At the contact
interface, the kinetic energy of the approaching velocities of the
two stars is converted into thermal energy through shock heating.
The heated matter at the contact interface expands into the
low-density region. As a result, the shocked matter can escape
even toward the rotational axis and the ejecta shape becomes
spheroidal. By contrast, the tidal tail component is asymmetric
and the ejecta is distributed near the equatorial plane.

Numerical simulations of NS–NS mergers show that the total
amount of ejecta is in the range 10− 4–10− 2 M⊙ depending on
Mtot, Q, and the EOS (see Figure 2). The more compact neutron
star models with soft EOSs produce a larger amount of ejecta,
because the impact velocities and subsequent shock heating
effects at merger are larger. More specifically, the amount of
ejecta is

10− 4 ! Mej/M⊙ ! 2 × 10− 2 (soft EOSs),

10− 4 ! Mej/M⊙ ! 5 × 10− 3 (stiff EOSs). (1)

Bauswein et al. (2013) show a similar dependence of the
ejecta masses on the EOSs and Mej ! 0.01 M⊙ for stiff EOS
models. According to these results, it is worth noting that the
ejecta masses of the stiff EOS models are likely to be at most
0.01 M⊙.

The dependence of the ejecta mass on the total mass of
the binary is rather complicated as shown in Figure 2. The
ejecta mass increases basically with increasing Mtot as long
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Figure 1. Rest-mass density profiles on the meridional plane for the NS–NS (SLy, Mtot = 2.7M⊙,Q = 1.0) (left) and BH–NS (H4, Q = 3, χ = 0.75) (right) models
at 8.8 ms after the onset of the merger. The red arrows show the velocity profiles of the ejecta.
(A color version of this figure is available in the online journal.)

simulation using SACRA code (Yamamoto et al. 2008). We
follow the dynamical ejecta with the numerical-relativity simu-
lation until the head of the ejecta reaches ≃1000 km (see Ho-
tokezaka et al. 2013 and Kyutoku et al. 2013 for details). After
that, the density and velocity structures of the ejecta are mod-
eled assuming homologous expansion (Rosswog et al. 2013a).
For the simulations, we employ a piecewise polytropic EOS with
which the cold EOSs of neutron-star matter are well fitted (Read
et al. 2009). For systematic studies of the dependence of mass
ejection on the cold EOSs of neutron-star matter, we consider
five cold EOSs: APR4 (Akmal et al. 1998) and SLy (Douchin &
Haensel 2001) as soft EOSs, ALF2 (Alford et al. 2005) as a mod-
erate EOS, and H4 (Glendenning & Moszkowski 1991; Lackey
et al. 2006) and MS1 (Müller & Serot 1996) as stiff EOSs.7
To take into account the effects of shock heating, we add the
thermal pressure as a Γ-law ideal gas EOS. The ejecta masses
obtained with this approximation of thermal effects agree with
those obtained with tabulated finite-temperature EOSs within
errors of several tens of percent for NS–NS mergers (Bauswein
et al. 2013).

For NS–NS mergers, we choose the total gravitational mass
of the binary Mtot = 2.6 M⊙–2.8 M⊙ and the mass ratio8

Q = 1.0–1.25. For BH–NS mergers, the gravitational mass of
the neutron star MNS is fixed to be 1.35 M⊙ and the mass ratio
is chosen to be Q = 3–7. The nondimensional spin parameter
of the black hole χ is chosen as χ = 0.75. We also perform
the simulations for Q = 7 and χ = 0.5. These parameters,
ejecta masses Mej, and averaged ejecta velocities ⟨vej⟩/c of the
progenitor models are summarized in Table 1.

The morphologies of the ejecta for NS–NS and BH–NS
mergers are compared in Figure 1. This figure plots the profiles
of the density and velocity fields at 8.8 ms after the onset of
the merger. Note that the ejecta velocities are in the small range
between ∼ 0.1c and ∼ 0.3c irrespective of the progenitor model.
However, the ejecta mass and morphology depend sensitively
on the progenitor models. In Table 1, we summarize these
properties of the NS–NS and BH–NS ejecta.

NS–NS ejecta. As shown in Figure 1, the NS–NS ejecta have
a spheroidal shape, rather than a torus or a disk, irrespective of
Q and EOS as long as a hypermassive neutron star is formed
after the merger. The reason is as follows. The origin of the

7 In this Letter, “soft” and “stiff” EOSs mean those which reproduce the radii
R1.35 ! 12 km and R1.35 " 13.5 km, respectively. Here R1.35 is the radius of a
cold, spherical neutron star with the gravitational mass 1.35 M⊙. For all the
EOSs, the maximum masses of spherical neutron stars are larger than ≃2 M⊙.
8 The mass ratio is defined by Q = m1/m2 with m1 " m2, where m1 and m2
are the component masses of a binary.

Table 1
Parameters of the Progenitor Models and Their Ejecta Properties

EOS Type R1.35 Mtot/M⊙ Q χ Mej/10− 2 M⊙ ⟨vej⟩/c
APR4 NS–NS 11.1 2.6–2.9 1.0–1.25 · · · 0.01–1.4 0.22–0.27
SLy NS–NS 11.4 2.6–2.8 1.0–1.25 · · · 0.8–2.0 0.20–0.26
ALF2 NS–NS 12.4 2.6–2.8 1.0–1.25 · · · 0.15–0.55 0.22–0.24
H4 NS–NS 13.6 2.6–2.8 1.0–1.25 · · · 0.03–0.40 0.18–0.26
MS1 NS–NS 14.4 2.6–2.8 1.0–1.25 · · · 0.06–0.35 0.18–0.20

APR4 BH–NS 11.1 5.4–10.8 3.0–7.0 0.75 0.05–1.0 0.23–0.27
ALF2 BH–NS 12.4 5.4–10.8 3.0–7.0 0.75 2.0–4.0 0.25–0.29
H4 BH–NS 13.6 5.4–10.8 3.0–7.0 0.75 4.0–5.0 0.24–0.29
MS1 BH–NS 14.4 5.4–10.8 3.0–7.0 0.75 6.5–8.0 0.25–0.30

APR4 BH–NS 11.1 10.8 7.0 0.5 #10− 4 · · ·
ALF2 BH–NS 12.4 10.8 7.0 0.5 0.02 0.27
H4 BH–NS 13.6 10.8 7.0 0.5 0.3 0.29
MS1 BH–NS 14.4 10.8 7.0 0.5 1.7 0.30

ejecta for NS–NS mergers can be divided into two parts: the
contact interface of two neutron stars at the collision and the tidal
tails formed during an early stage of the merger. At the contact
interface, the kinetic energy of the approaching velocities of the
two stars is converted into thermal energy through shock heating.
The heated matter at the contact interface expands into the
low-density region. As a result, the shocked matter can escape
even toward the rotational axis and the ejecta shape becomes
spheroidal. By contrast, the tidal tail component is asymmetric
and the ejecta is distributed near the equatorial plane.

Numerical simulations of NS–NS mergers show that the total
amount of ejecta is in the range 10− 4–10− 2 M⊙ depending on
Mtot, Q, and the EOS (see Figure 2). The more compact neutron
star models with soft EOSs produce a larger amount of ejecta,
because the impact velocities and subsequent shock heating
effects at merger are larger. More specifically, the amount of
ejecta is

10− 4 ! Mej/M⊙ ! 2 × 10− 2 (soft EOSs),

10− 4 ! Mej/M⊙ ! 5 × 10− 3 (stiff EOSs). (1)

Bauswein et al. (2013) show a similar dependence of the
ejecta masses on the EOSs and Mej ! 0.01 M⊙ for stiff EOS
models. According to these results, it is worth noting that the
ejecta masses of the stiff EOS models are likely to be at most
0.01 M⊙.

The dependence of the ejecta mass on the total mass of
the binary is rather complicated as shown in Figure 2. The
ejecta mass increases basically with increasing Mtot as long

2
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tidal ejecta

two models employing the H4 EOS produce a HMNS
collapsing to a BH within few tens of ms.
The inspiral phase is shown in Fig. 1, depicting the

separation versus orbital phase. We observe a clear trend
for the impact of the EOS: the more compact the stars

(see Table I), the more orbits before merger. Note the
oscillations around the overall decrease in separation
correspond to the residual eccentricity of the initial data.
Correcting the eccentricity might lead to some quantitative
changes, but not enough to affect the general trend

TABLE II. Outcome of our BNS mergers.MBH and JBH are black hole mass and angular momentum 3.4 ms after formation (only for
collapsing models).Mblk and Rblk are bulk mass and bulk radius (see text for definitions), while νc and νmax denote the remnants central
and maximum rotation rates, all computed 20 ms after merger. fmerge is the gravitational wave instantaneous frequency at the time of
merger, fpm is the frequency of the maximum in the post-merger part of the gravitational wave power spectrum, and f10 is the average
instantaneous frequency during the first 10 ms after merger (see Sec. VIII). Mdisk is the mass outside the apparent horizon, or the mass
outside r > 20 km if no black hole is formed. Mfb is the bound mass outside r > 60 km. Both are measured at t ¼ 3.4 ms after black
hole formation, or t ¼ 20 ms after merger if no black hole is formed. Finally,Mej and vesc are our estimates for the total ejected mass and
the average escape velocity. The values in brackets for the APR4 model refer to the high-resolution run (the measures absent for the
standard resolution run were not implemented at the time).

Model APR4 equal APR4 unequal MS1 equal MS1 unequal H4 equal H4 unequal

MBH [M⊙] " " " " " " " " " " " " 2.49 2.42
JBH=M2

BH " " " " " " " " " " " " 0.63 0.57
Mblk [M⊙] (2.47) 2.42 2.35 2.25 2.48 2.37
Mblk=Rblk (0.30) 0.30 0.21 0.21 0.27 0.26
νc [kHz] 0.73 (0.69) 0.64 0.34 0.27 0.69 0.52
νmax [kHz] 1.65 (1.64) 1.59 0.99 1.01 1.35 1.24
fmerge [kHz] 2.12 (2.12) 2.09 1.46 1.36 1.54 1.51
fpm [kHz] 3.35 (3.33) 3.24 2.03 2.09 2.54 2.55
f10 [kHz] 3.33 (3.32) 3.25 1.97 1.96 2.45 2.36
Mdisk [M⊙] (0.201) 0.252 0.387 0.479 0.126 0.211
Mfb [M⊙] (0.121) 0.133 0.180 0.191 0.105 0.175
Mej [10−2 M⊙] 1.31 (1.27) 0.74 0.08 0.09 0.07 0.10
vesc [c] (0.12) 0.10 0.10 0.10 0.11 0.13

FIG. 2. Rest mass density evolution on equatorial plane for the APR4 equal-mass (top row) and unequal-mass (bottom row) models.
The contours indicate matter ejected that is unbound according to the geodesic criterion (see Sec. VII). The times of the snapshots denote
the time after merger.
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• tidally ejected prior/at merger 
(leaking out of Lagrange points)

• fast: v ~ 0.2c
• cold, neutron-rich material from 

(’T ~ 0 K’, s < 10 kB, Ye < 0.1)

fast red kilonova transient fast blue kilonova transient

• squeezed out from the shock interface at merger
• fast: v > 0.2c
• shock-heated      hot: T ~ 10 MeV
• strong neutrino emission raises Ye

(Ye > 0.25)

Mtot .10�3M�



Winds from remnant (metastable) NS

Daniel Siegel

neutrino-driven winds

Kilonovae

magnetically driven winds

• reabsorption of neutrinos drives 
wind off the surface (similar to “gain 
layer” in core-collapse SNe)

• slow: v <~ 0.1c
• hot: T ~ 10 MeV 
• Ye > 0.25 (due to reabsorption of 

neutrinos)
•

• magnetic field amplification in stellar interior 
generates enhanced magnetic pressure that 
drives a wind from the surface layers 
(toroidal field gradients)

• slow: v <~ 0.1c
• hot: T ~ 10 MeV
• Ye > 0.25 (due to neutrinos irradiation)
•

1694 DESSART ET AL. Vol. 690

Figure 13. Colormaps of the log of the mass-loss rate per steradian (d2M/dt dΩ, in units of M⊙ s−1 str−1) for the no-spin BNS merger model at 10 ms (top left),
30 ms (top right), 60 ms (bottom left), and 100 ms (bottom right) after the start of the VULCAN/2D simulation, and depicting the mass loss associated with the initial
transient, followed by the neutrino-driven wind. The displayed region covers 2000 × 2000 km2. Regions that are infalling or denser than 1010 g cm−3 are shown in
red, and velocity vectors, overplotted in black, have a length saturated at 7% of the width of the display for a magnitude of 30,000 km s−1. Note the concomitant mass
loss from the poles down to midlatitudes (the wind) and the expansion of BNS merger material at near-equatorial latitudes.
(A color version of this figure is available in the online journal.)

is on the order of 2×1052 erg in the torus disk, regions with den-
sities between 1011 and 1014 g cm−3. Similar conditions in the
core-collapse context yield powerful, magnetically (and ther-
mally) driven explosions (LeBlanc & Wilson 1970; Bisnovatyi-
Kogan et al. 1976; Akiyama et al. 2003; Ardeljan et al. 2005;
Moiseenko et al. 2006; Obergaulinger et al. 2006; Burrows
et al. 2007a; Dessart et al. 2007). Rotation dramatically en-
hances the rate of mass ejection by increasing the density
rather than the velocity of the flow, even possibly halting ac-
cretion and inhibiting the formation of a black hole (Dessart
et al. 2008). In the present context, the magneto-rotational
effects, which we do not include here, would considerably
enhance the mass flux of the neutrino-driven wind. Impor-
tantly, the loss of differential rotational energy needed to fa-
cilitate the gravitational instability is at the same time de-
laying it through the enhanced mass loss it induces. Work is
needed to understand the systematics of this interplay, and how
much rotational energy the back hole is eventually endowed
with.

Oechslin et al. (2007), using a conformally flat approximation
to GR and an SPH code, find that BNS mergers of the type
discussed here and modeled with the Shen EOS avoid the
general-relativistic gravitational instability for many tens of
milliseconds after the neutron stars first come into contact.
Baumgarte et al. (2000), and more recently Morrison et al.
(2004), Duez et al. (2004, 2006), and Shibata et al. (2006),
using GR (and for some using a polytropic EOS), find that
imposing even modest levels of differential rotation yields a
significant increase by up to 50% in the maximum mass that can
be supported stably, in particular pushing this value beyond that
of the merger remnant mass after coalescence. Surprisingly,
Baiotti et al. (2008), using a full GR treatment but with a
simplified (and soft) EOS, find prompt black hole formation
in such high-mass progenitors. Despite this lack of consensus,
the existence of neutron stars with a gravitational mass around
2 M⊙ favors a high incompressibility of nuclear matter, such
as in the Shen EOS, and suggests that SMNSs formed through
BNS merger events may survive for tens of milliseconds before

Dessart+ 2009
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slow blue kilonova transient
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Figure 1. Snapshots of the magnetic field strength (color-coded in logarithmic scale and Gauss) and rest-mass density contours in the (x, z) plane at representative
times for model dip-60. Magnetic field lines are drawn in red in the left panel. The leftmost inset shows a magnification of the HMNS, the other ones show a
horizontal cut at z = 120 km.
(A color version of this figure is available in the online journal.)

Figure 2. Same as Figure 1, but for model dip-6.
(A color version of this figure is available in the online journal.)

Figure 3. Same as Figure 1, but for model rand.
(A color version of this figure is available in the online journal.)

field geometry and could be absent if the field is randomly
distributed.

In all of the configurations considered, the mag-
netized baryon-loaded outflow has rest-mass densities
∼108–109 g cm−3 and is ejected from the star with velocities
v/c ! 0.1, in the isotropic part, and v/c ! 0.3, in the colli-
mated part.

Defining the isotropic luminosity as

LEM ≡ −
∮

r=Rd

dΩ
√

−g (T
EM

)rt , (2)

where dΩ is the solid-angle element, g is the determinant
of the spacetime metric, and T

EM

µν is the EM part of the

3

wind
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(in certain regime both mechanisms can act together and generate massive fast ejecta)
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Post-merger accretion disk outflows
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Kilonovae

• imbalance of viscous heating from 
MHD turbulence and neutrino 
cooling off the disk midplane leads to 
formation of hot corona that launches 
thermal winds, further acceleration by 
seed particle formation
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• migrates to higher latitudes

Siegel & Metzger 2018

magnetic energy is generated 
in the mid-plane

• dissipates into heat off the 
mid-plane

“hot corona”

hot corona launches 
thermal outflows 
(neutron-rich wind)

NS post-merger accretion disk 
are cooled from the mid-plane 
by neutrinos (rather than from 
the EM photosphere)!

Kilonovae

Accretion disk dynamo & generation of outflows
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Kilonovae

• imbalance of viscous heating from 
MHD turbulence and neutrino 
cooling off the disk midplane leads to 
formation of hot corona that launches 
thermal winds, further acceleration by 
seed particle formation

• slow: v ~ 0.1c
• hot: T ~ 10 MeV
• Ye < 0.25 if central object is a BH 

(due to self-regulation mechanism; 
details see ICTP colloquium)

• massive outflows (may dominate mass 
ejection in binary NS mergers):

Mtot & 0.3 � 0.4Mdisk

& 10�2M�

slow red kilonova (BH)
slow blue kilonova (long-lived remnant)

Lippuner+ 2017

cf. also: 
Fernandez+ 2018
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Figure 1. Snapshots of the magnetic field strength (color-coded in logarithmic scale and Gauss) and rest-mass density contours in the (x, z) plane at representative
times for model dip-60. Magnetic field lines are drawn in red in the left panel. The leftmost inset shows a magnification of the HMNS, the other ones show a
horizontal cut at z = 120 km.
(A color version of this figure is available in the online journal.)

Figure 2. Same as Figure 1, but for model dip-6.
(A color version of this figure is available in the online journal.)

Figure 3. Same as Figure 1, but for model rand.
(A color version of this figure is available in the online journal.)

field geometry and could be absent if the field is randomly
distributed.

In all of the configurations considered, the mag-
netized baryon-loaded outflow has rest-mass densities
∼108–109 g cm−3 and is ejected from the star with velocities
v/c ! 0.1, in the isotropic part, and v/c ! 0.3, in the colli-
mated part.

Defining the isotropic luminosity as

LEM ≡ −
∮

r=Rd

dΩ
√

−g (T
EM

)rt , (2)

where dΩ is the solid-angle element, g is the determinant
of the spacetime metric, and T

EM

µν is the EM part of the

3

wind
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Figure 13. Colormaps of the log of the mass-loss rate per steradian (d2M/dt dΩ, in units of M⊙ s−1 str−1) for the no-spin BNS merger model at 10 ms (top left),
30 ms (top right), 60 ms (bottom left), and 100 ms (bottom right) after the start of the VULCAN/2D simulation, and depicting the mass loss associated with the initial
transient, followed by the neutrino-driven wind. The displayed region covers 2000 × 2000 km2. Regions that are infalling or denser than 1010 g cm−3 are shown in
red, and velocity vectors, overplotted in black, have a length saturated at 7% of the width of the display for a magnitude of 30,000 km s−1. Note the concomitant mass
loss from the poles down to midlatitudes (the wind) and the expansion of BNS merger material at near-equatorial latitudes.
(A color version of this figure is available in the online journal.)

is on the order of 2×1052 erg in the torus disk, regions with den-
sities between 1011 and 1014 g cm−3. Similar conditions in the
core-collapse context yield powerful, magnetically (and ther-
mally) driven explosions (LeBlanc & Wilson 1970; Bisnovatyi-
Kogan et al. 1976; Akiyama et al. 2003; Ardeljan et al. 2005;
Moiseenko et al. 2006; Obergaulinger et al. 2006; Burrows
et al. 2007a; Dessart et al. 2007). Rotation dramatically en-
hances the rate of mass ejection by increasing the density
rather than the velocity of the flow, even possibly halting ac-
cretion and inhibiting the formation of a black hole (Dessart
et al. 2008). In the present context, the magneto-rotational
effects, which we do not include here, would considerably
enhance the mass flux of the neutrino-driven wind. Impor-
tantly, the loss of differential rotational energy needed to fa-
cilitate the gravitational instability is at the same time de-
laying it through the enhanced mass loss it induces. Work is
needed to understand the systematics of this interplay, and how
much rotational energy the back hole is eventually endowed
with.

Oechslin et al. (2007), using a conformally flat approximation
to GR and an SPH code, find that BNS mergers of the type
discussed here and modeled with the Shen EOS avoid the
general-relativistic gravitational instability for many tens of
milliseconds after the neutron stars first come into contact.
Baumgarte et al. (2000), and more recently Morrison et al.
(2004), Duez et al. (2004, 2006), and Shibata et al. (2006),
using GR (and for some using a polytropic EOS), find that
imposing even modest levels of differential rotation yields a
significant increase by up to 50% in the maximum mass that can
be supported stably, in particular pushing this value beyond that
of the merger remnant mass after coalescence. Surprisingly,
Baiotti et al. (2008), using a full GR treatment but with a
simplified (and soft) EOS, find prompt black hole formation
in such high-mass progenitors. Despite this lack of consensus,
the existence of neutron stars with a gravitational mass around
2 M⊙ favors a high incompressibility of nuclear matter, such
as in the Shen EOS, and suggests that SMNSs formed through
BNS merger events may survive for tens of milliseconds before
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wind
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Figure 1. Rest-mass density profiles on the meridional plane for the NS–NS (SLy, Mtot = 2.7M⊙,Q = 1.0) (left) and BH–NS (H4, Q = 3, χ = 0.75) (right) models
at 8.8 ms after the onset of the merger. The red arrows show the velocity profiles of the ejecta.
(A color version of this figure is available in the online journal.)

simulation using SACRA code (Yamamoto et al. 2008). We
follow the dynamical ejecta with the numerical-relativity simu-
lation until the head of the ejecta reaches ≃1000 km (see Ho-
tokezaka et al. 2013 and Kyutoku et al. 2013 for details). After
that, the density and velocity structures of the ejecta are mod-
eled assuming homologous expansion (Rosswog et al. 2013a).
For the simulations, we employ a piecewise polytropic EOS with
which the cold EOSs of neutron-star matter are well fitted (Read
et al. 2009). For systematic studies of the dependence of mass
ejection on the cold EOSs of neutron-star matter, we consider
five cold EOSs: APR4 (Akmal et al. 1998) and SLy (Douchin &
Haensel 2001) as soft EOSs, ALF2 (Alford et al. 2005) as a mod-
erate EOS, and H4 (Glendenning & Moszkowski 1991; Lackey
et al. 2006) and MS1 (Müller & Serot 1996) as stiff EOSs.7
To take into account the effects of shock heating, we add the
thermal pressure as a Γ-law ideal gas EOS. The ejecta masses
obtained with this approximation of thermal effects agree with
those obtained with tabulated finite-temperature EOSs within
errors of several tens of percent for NS–NS mergers (Bauswein
et al. 2013).

For NS–NS mergers, we choose the total gravitational mass
of the binary Mtot = 2.6 M⊙–2.8 M⊙ and the mass ratio8

Q = 1.0–1.25. For BH–NS mergers, the gravitational mass of
the neutron star MNS is fixed to be 1.35 M⊙ and the mass ratio
is chosen to be Q = 3–7. The nondimensional spin parameter
of the black hole χ is chosen as χ = 0.75. We also perform
the simulations for Q = 7 and χ = 0.5. These parameters,
ejecta masses Mej, and averaged ejecta velocities ⟨vej⟩/c of the
progenitor models are summarized in Table 1.

The morphologies of the ejecta for NS–NS and BH–NS
mergers are compared in Figure 1. This figure plots the profiles
of the density and velocity fields at 8.8 ms after the onset of
the merger. Note that the ejecta velocities are in the small range
between ∼ 0.1c and ∼ 0.3c irrespective of the progenitor model.
However, the ejecta mass and morphology depend sensitively
on the progenitor models. In Table 1, we summarize these
properties of the NS–NS and BH–NS ejecta.

NS–NS ejecta. As shown in Figure 1, the NS–NS ejecta have
a spheroidal shape, rather than a torus or a disk, irrespective of
Q and EOS as long as a hypermassive neutron star is formed
after the merger. The reason is as follows. The origin of the

7 In this Letter, “soft” and “stiff” EOSs mean those which reproduce the radii
R1.35 ! 12 km and R1.35 " 13.5 km, respectively. Here R1.35 is the radius of a
cold, spherical neutron star with the gravitational mass 1.35 M⊙. For all the
EOSs, the maximum masses of spherical neutron stars are larger than ≃2 M⊙.
8 The mass ratio is defined by Q = m1/m2 with m1 " m2, where m1 and m2
are the component masses of a binary.

Table 1
Parameters of the Progenitor Models and Their Ejecta Properties

EOS Type R1.35 Mtot/M⊙ Q χ Mej/10− 2 M⊙ ⟨vej⟩/c
APR4 NS–NS 11.1 2.6–2.9 1.0–1.25 · · · 0.01–1.4 0.22–0.27
SLy NS–NS 11.4 2.6–2.8 1.0–1.25 · · · 0.8–2.0 0.20–0.26
ALF2 NS–NS 12.4 2.6–2.8 1.0–1.25 · · · 0.15–0.55 0.22–0.24
H4 NS–NS 13.6 2.6–2.8 1.0–1.25 · · · 0.03–0.40 0.18–0.26
MS1 NS–NS 14.4 2.6–2.8 1.0–1.25 · · · 0.06–0.35 0.18–0.20

APR4 BH–NS 11.1 5.4–10.8 3.0–7.0 0.75 0.05–1.0 0.23–0.27
ALF2 BH–NS 12.4 5.4–10.8 3.0–7.0 0.75 2.0–4.0 0.25–0.29
H4 BH–NS 13.6 5.4–10.8 3.0–7.0 0.75 4.0–5.0 0.24–0.29
MS1 BH–NS 14.4 5.4–10.8 3.0–7.0 0.75 6.5–8.0 0.25–0.30

APR4 BH–NS 11.1 10.8 7.0 0.5 #10− 4 · · ·
ALF2 BH–NS 12.4 10.8 7.0 0.5 0.02 0.27
H4 BH–NS 13.6 10.8 7.0 0.5 0.3 0.29
MS1 BH–NS 14.4 10.8 7.0 0.5 1.7 0.30

ejecta for NS–NS mergers can be divided into two parts: the
contact interface of two neutron stars at the collision and the tidal
tails formed during an early stage of the merger. At the contact
interface, the kinetic energy of the approaching velocities of the
two stars is converted into thermal energy through shock heating.
The heated matter at the contact interface expands into the
low-density region. As a result, the shocked matter can escape
even toward the rotational axis and the ejecta shape becomes
spheroidal. By contrast, the tidal tail component is asymmetric
and the ejecta is distributed near the equatorial plane.

Numerical simulations of NS–NS mergers show that the total
amount of ejecta is in the range 10− 4–10− 2 M⊙ depending on
Mtot, Q, and the EOS (see Figure 2). The more compact neutron
star models with soft EOSs produce a larger amount of ejecta,
because the impact velocities and subsequent shock heating
effects at merger are larger. More specifically, the amount of
ejecta is

10− 4 ! Mej/M⊙ ! 2 × 10− 2 (soft EOSs),

10− 4 ! Mej/M⊙ ! 5 × 10− 3 (stiff EOSs). (1)

Bauswein et al. (2013) show a similar dependence of the
ejecta masses on the EOSs and Mej ! 0.01 M⊙ for stiff EOS
models. According to these results, it is worth noting that the
ejecta masses of the stiff EOS models are likely to be at most
0.01 M⊙.

The dependence of the ejecta mass on the total mass of
the binary is rather complicated as shown in Figure 2. The
ejecta mass increases basically with increasing Mtot as long
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Overall ejecta mass per event:

. 10�3 � 10�2 M�
strongly depends on EOS and mass ratio
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