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Neutron star merger  => gravita7onal waves 
                                       => ejec7on of material

Sekiguchi+15, 16

Mass ~ 10-3 - 10-2 Msun    Velocity ~ 0.1 - 0.2 c

Top view Side view

10-3 - 1 sec



r-process in NS merger

(C) Nobuya Nishimura

n-capture: ~ 1 sec 
Decay: sec - days - weeks



Gamma-rays 
β/α par7cles

Op7cal+infrared 
photons

Kilonova

Interac7on with maXer  
mainly via bound-bound transi7ons

ρ ~ 10-13 g cm-3  (n ~ 109 cm-3) 

Τ ~ 5,000 K 
(neutral - doubly ionized gas)

R ~ 1014-15 cm

~ day - weeks



GW170817: op7cal/infrared light curves
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Opacity calcula7ons for NS merger
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open p-shell

open d-shell

open f shell

Kasen+13: Sn II, Ce II-III, Nd I-IV, Os II
Fontes+17: Ce I-IV, Nd I-IV, Sm I-IV, U I-IV

MT+18: Se I-III, Ru I-III, Te I-III, Nd I-III, Er I-III
Wollaeger+17: Se, Br, Zr, Pd, Te

Kasen+17: all lanthanides

Status of atomic calcula7ons for kilonova

MT+19: all r-process elements
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Figure 2. Planck mean opacities for all the elements. The opacities are calculated by assuming ρ = 1× 10−13 g cm−3, and
t = 1 day after the merger. Blue and red lines present the opacities for T = 5, 000 and 10,000 K, respectively.

bution of the energy levels becomes wider for higher Z

in a given shell. (2) At the same time, the number of
states is the largest for the half-closed shell since it gives
the highest complexity, i.e., the number of combinations
formed from different quantum numbers is the largest.
For the case of lanthanides (Z = 57 − 71), the total

number of levels is the largest for Eu or Gd which have
half closed 4f -shells, depending on the ionization states.
But the distribution of the energy levels is pushed up as
Z increases, and thus, the number of low-lying levels
is not necessarily higher than that of other lanthanide
elements. This is the reason why the opacities of these
complex elements are not always higher than those of
the other lanthanides (Section 3).

3. OPACITY

In a typical timescale of kilonova emission (t ∼> 1
day), bound-bound transitions play the dominant role
for the opacities in near ultraviolet, optical, and in-
frared wavelengths (Kasen et al. 2013; Barnes & Kasen
2013; Tanaka & Hotokezaka 2013). To evaluate the
bound-bound opacities in rapidly expanding medium,
such as supernova or neutron star merger ejecta, ex-
pansion opacities are commonly used (Karp et al. 1977;
Eastman & Pinto 1993; Kasen et al. 2006). In the ho-
mologous expansion, the expansion opacity is expressed
by

κexp(λ) =
1

ctρ

∑

l

λl

∆λ
(1− e−τl), (1)

where summation is taken over all the transitions within
the wavelength bin ∆λ in radiative transfer simulations.
Here τl is the Sobolev optical depth for each bound-

bound transition;

τl =
πe2

mec
flntλl, (2)

where n is the number density in a lower level of the
transition and fl and λl are the oscillator strength and
transition wavelength, respectively. Whenever not ex-
plicitly mentioned, the expansion opacities shown in this
paper are evaluated at t = 1 day after the merger by as-
suming density of ρ = 1×10−13 g cm−3, which is typical
for the ejecta mass of Mej ∼ 10−2M⊙ and the ejecta ve-
locity of v ∼ 0.1c.
Our simulations assume local thermodynamic equilib-

rium (LTE), and ionization states are calculated by solv-
ing Saha equation. Population of excited states follow
the Boltzmann distribution. By the exponential depen-
dence of the population of excited states (n ∝ e−E/kT ),
bound-bound transitions from lower energy levels have
much higher contributions to the total opacities.
Figure 2 shows the overview of the opacity as a func-

tion of atomic number: the Plank mean opacities are
shown for T = 5, 000 and 10,000 K for all the elements.
In the following sections, properties of the opacities are
discussed for each open shell of the elements.

3.1. f-shell elements

Open f -shell elements, lanthanides and actinides,
have larger opacities than the elements with other open
shells (Kasen et al. 2013; Tanaka & Hotokezaka 2013;
Fontes et al. 2017; Tanaka et al. 2018; Wollaeger et al.
2018; Fontes et al. 2019). Due to the large number of
energy levels with small energy spacing, the opacities

Lanthanide

Fe

Element dependence

Depends not only on elements  
but also on T and ρ (which evolve with 7me) 

Be careful about interpreta7ons with constant opaci7es
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simulations for dynamic NSNS ejecta, for other cases we use a parametrized treatment with 
numerical values based on existing hydrodynamic studies.

2.1. NSNS merger simulations

The NSNS simulations of this paper make use of the Smooth Particle Hydrodynamics (SPH) 
method, see [72–75] for recent reviews. Our code is an updated version of the one that was 
used in earlier studies [11, 76–78]. We solve the Newtonian, ideal hydrodynamics equa-
tions for each particle a:
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Figure 2. Summary of various rate constraints. The lines from the upper left to lower 
right indicate the typical ejecta mass required to explain all r-process/all r-process with 
A  >  80/all r-process with A  >  130 for a given event rate (lower panel per year and 
Milky Way-type galaxy, upper panel per year and Gpc3). Also marked is the compiled 
rate range from Abadie et al (2010) for both double neutron stars and neutron star black 
hole systems and (expected) LIGO upper limits for O1 to O3 (Abbott et al 2016b). 
The dynamic ejecta results from some hydrodynamic simulations are also indicated: 
the double arrow denoted ‘nsns Bauswein  +  13’ indicates the ejecta mass range found 
in [23], ‘nsns Rosswog 13’ refers to [24], ‘nsns Hotokezaka  +  13’ to [25], ‘nsbh 
Foucart  +  14’ to [26] and ‘nsbh Kyutoku  +  13’ to [27].

S Rosswog et alClass. Quantum Grav. 34 (2017) 104001

Rosswog+17, Hotokezaka+15, 18

Constraints from the total amount in our Galaxy

Supernova rate

GW

GW170817
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Fig. 1.— Density profile of the ejecta employed in the radiative-
transfer simulation. The red and blue regions denote the dynamical
and post-merger ejecta, respectively. Homologous expansion of the
ejecta and axisymmetry with respect to the z-axis are assumed in
the simulation.

est high-resolution numerical-relativity simulation (Ho-
tokezaka et al. 2018). We adopt a power-law density
distribution of / r�3 and / r�6 for the post-merger and
dynamical ejecta, respectively, following the numerical-
relativity results. To take the morphology of the dynami-
cal ejecta into account, the density for ✓  ⇡/4 is set to be
⇡ 1000 times smaller than that for ✓ � ⇡/4, and the low-
and high-density regions are smoothly connected employ-
ing a logistic function, {1 + exp [�20 (✓ � ⇡/4)]}�1 (see
Figure 1.) The total masses of the post-merger and dy-
namical ejecta are set to be 0.02 M� and ⇡ 0.009 M�,
respectively. The latest numerical-relativity simulations
show that these are reasonable values (e.g., Hotokezaka
et al. 2013; Dietrich et al. 2017; Metzger & Fernández
2014; Fujibayashi et al. 2018). Following the numerical-
relativity results (Sekiguchi et al. 2016; Shibata et al.
2017; Fujibayashi et al. 2018), the element abundances
are determined by r-process nucleosynthesis calculations
by Wanajo et al. (2014) assuming flat Ye distributions
from 0.3–0.4 and 0.1–0.4 for the post-merger and dy-
namical ejecta, respectively. Note that the post-merger
ejecta often has a component of Ye & 0.4, which does not
contribute significantly to heating because the heavy ele-
ments are not synthesized from such component (Wanajo
et al. 2014; Kasen et al. 2015). Here, the mass of 0.02M�
required for the post-merger ejecta is for the component
with Ye . 0.4.

3. RESULTS

Figure 2 compares the observed ugrizJHK-band
lightcurves of SSS17a (Villar et al. 2017) and those of
our kilonova/macronova model. As a fiducial model
to interpret the lightcurves of SSS17a, we employ the
lightcurves observed from 20�  ✓  28� taking into ac-
count the results of the gravitational-wave data-analysis
of GW170817 (Abbott et al. 2017a). We find that
both optical and NIR lightcurves of SSS17a are approx-
imately reproduced by a setup motivated by numerical-
relativity simulations. In particular, the ugri and zJHK-
band lightcurves of the model agree with the data points
within 1 mag for t  2.5 days and t  9 days, respec-
tively.

In our model, the long-lasting NIR lightcurves are re-
produced by the dynamical ejecta of which mass is much
smaller than that estimated by the previous studies em-
ploying a simple composited model of ejecta compo-
nents (e.g., Kasliwal et al. 2017; Cowperthwaite et al.
2017; Kasen et al. 2017; Villar et al. 2017). This can
be understood by the irradiation from the post-merger
ejecta to the dynamical ejecta. The mass of the post-
merger ejecta is also smaller than that estimated by pre-
vious studies. This is due to the di↵usion of photons
preferentially to the polar direction by which the lumi-
nosity is e↵ectively enhanced in the polar direction in
the presence of the optically thick dynamical ejecta in
the equatorial plane. Indeed, we find that the total lu-
minosity integrated over all the viewing angles is smaller
by a factor of 2–3 than the isotropic luminosity observed
from 20�  ✓  28� (see also Kasen et al. 2015).

The right panel of Figure 2 shows the lightcurves of the
model observed from the equatorial direction (86�  ✓ 
90�). The ugriz-band luminosity is much smaller than
that observed from 20�  ✓  28�, while similar mag-
nitudes of luminosity are found in the JHK-bands. This
reflects the fact that photons from the post-merger ejecta
are entirely absorbed by the dynamical ejecta concen-
trated in the equatorial plane. This suggests that bright
emissions in ugriz-band as found in SSS17a would not be
observed for a similar NS merger if it is observed from
the direction of the orbital plane.

Figure 3 shows the time evolution of optical and NIR
spectral energy distribution of the kilonova/macronova
model observed from 20�  ✓  28�. As shown in the
observation of SSS17a (e.g., Waxman et al. 2017), the
spectra of our model agree approximately with black-
body spectra for t ⇡1–7 days. Figure 4 shows the
(isotropic) bolometric luminosity, Lbol, e↵ective temper-
ature, Te↵ , photospheric radius, rph, and photospheric
velocity, vph, of the kilonova/macronova model. Te↵ and
rph are first obtained by the blackbody fit of the spec-
tra, and then, Lbol and vph are calculated by Lbol =
4⇡r2

ph�T 4
e↵ and vph = rph/t, respectively, where � is

the Stefan-Boltzmann constant. We find that all these
quantities calculated from the lightcurves observed from
20�  ✓  28� agree with the observation (Waxman et al.
2017). In particular, vph ⇡ 0.3 c is realized for t  2 days
due to photons reprocessed in the dynamical ejecta. We
here stress that the presence of the low-density dynami-
cal ejecta in the polar region is the key to interpret the
observed value of vph. Indeed, we find that the value of
vph cannot be as large as 0.25 c for & 1 day if the low-
density dynamical ejecta region in ✓  ⇡/4 is absent.

Figure 4 also shows the photospheric quantities calcu-
lated from the lightcurves observed from the equatorial
direction (86�  ✓  90�). The luminosity and tempera-
ture of the lightcurves are lower than those observed from
20�  ✓  28� by a factor of 3–4 and 2–3 at ⇠ 1 day,
respectively, and a larger radius and higher velocity are
realized for the photosphere. These di↵erences clearly re-
flect the density and velocity profiles of ejecta such that
optically thick dynamical ejecta in the equatorial plane
is present outside the post-merger ejecta.

NS mergers are also considered to be important syn-
thesis sites of r-process nuclei in the universe (Lattimer
& Schramm 1974; Eichler et al. 1989; Korobkin et al.

Disk wind 
0.02 Msun

Dynamical ejecta 
0.01 Msun
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Fig. 2.— Optical and NIR lightcurves of SSS17a compared with the kilonova model observed from 20�  ✓  28� (left panel) and
86�  ✓  90� (right panel). The optical and NIR data points are taken from Villar et al. (2017). We assume that SSSa17 is at a distance
of 40 Mpc. All the magnitudes are given in AB magnitudes. Note that the large deviation of the model lightcurves in H-band may be due
to the incompleteness of the line list for the opacity estimation.
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Fig. 3.— Time evolution of optical and NIR spectral energy dis-
tribution of the kilonova/macronova model. The spectra at t =1.4,
3.7, and 6.8 days are shown. All the spectra are observed from
20�  ✓  28� at a distance of 40 Mpc. The green solid curves
denote the best blackbody fits of the spectra.

2012; Wanajo et al. 2014). Figure 5 compares the el-
emental abundance in our model with the solar abun-
dance. Though some abundance peaks are smaller than
those of the solar abundance, broadly speaking, the mass-
averaged element abundance of our model reproduces the
trend of the solar abundance for a wide range of r-process
elements, in particular, including the first (Z = 34) abun-
dance peaks.

4. DISCUSSION & CONCLUSION

In this letter, we showed a result of an axisymmetric
radiative-transfer simulation for a kilonova/macronova
with a setup indicated by numerical-relativity simula-
tions. In particular, the interplay of multiple non-
spherical ejecta components via photon transfer are con-
sistently taken into account in the lightcurve prediction.

We found that the optical and NIR lightcurves of
SSS17a are reproduced naturally by the numerical-
relativity-simulation-motivated model observed from
20�  ✓  28�. In particular, we showed that the ob-
served NIR lightcurves can be interpreted by the emis-
sion from the dynamical ejecta of which mass is con-
sistent with the prediction of numerical relativity. The
observed lightcurves are reproduced by a smaller mass
of the post-merger ejecta than that estimated by pre-
vious studies (e.g., Kasliwal et al. 2017; Cowperthwaite
et al. 2017; Kasen et al. 2017; Perego et al. 2017; Vil-
lar et al. 2017) because the e↵ect of the photon di↵usion
preferentially to the polar direction is taken into account.
The observed blue optical lightcurves as well as the pho-
tospheric velocity of ⇡ 0.3 c can be interpreted by the
photon-reprocessing in the low-density dynamical ejecta,
which locates in the polar region above the post-merger
ejecta.

Our results indicate that there is no tension between
the prediction of numerical-relativity simulations and the
observation of SSS17a, and that the interplay of the mul-
tiple non-spherical ejecta components plays a key role for
predicting kilonova/macronova lightcurves. Note that
our model requires ⇠ 0.01M� as the mass of the dynam-

(1) Viewing angle

NIR

Op7cal

Kawaguchi, Shibata, MT 2018, ApJ, 865, L21

GW170817 (~30 deg)
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Fig. 1.— Density profile of the ejecta employed in the radiative-
transfer simulation. The red and blue regions denote the dynamical
and post-merger ejecta, respectively. Homologous expansion of the
ejecta and axisymmetry with respect to the z-axis are assumed in
the simulation.

est high-resolution numerical-relativity simulation (Ho-
tokezaka et al. 2018). We adopt a power-law density
distribution of / r�3 and / r�6 for the post-merger and
dynamical ejecta, respectively, following the numerical-
relativity results. To take the morphology of the dynami-
cal ejecta into account, the density for ✓  ⇡/4 is set to be
⇡ 1000 times smaller than that for ✓ � ⇡/4, and the low-
and high-density regions are smoothly connected employ-
ing a logistic function, {1 + exp [�20 (✓ � ⇡/4)]}�1 (see
Figure 1.) The total masses of the post-merger and dy-
namical ejecta are set to be 0.02 M� and ⇡ 0.009 M�,
respectively. The latest numerical-relativity simulations
show that these are reasonable values (e.g., Hotokezaka
et al. 2013; Dietrich et al. 2017; Metzger & Fernández
2014; Fujibayashi et al. 2018). Following the numerical-
relativity results (Sekiguchi et al. 2016; Shibata et al.
2017; Fujibayashi et al. 2018), the element abundances
are determined by r-process nucleosynthesis calculations
by Wanajo et al. (2014) assuming flat Ye distributions
from 0.3–0.4 and 0.1–0.4 for the post-merger and dy-
namical ejecta, respectively. Note that the post-merger
ejecta often has a component of Ye & 0.4, which does not
contribute significantly to heating because the heavy ele-
ments are not synthesized from such component (Wanajo
et al. 2014; Kasen et al. 2015). Here, the mass of 0.02M�
required for the post-merger ejecta is for the component
with Ye . 0.4.

3. RESULTS

Figure 2 compares the observed ugrizJHK-band
lightcurves of SSS17a (Villar et al. 2017) and those of
our kilonova/macronova model. As a fiducial model
to interpret the lightcurves of SSS17a, we employ the
lightcurves observed from 20�  ✓  28� taking into ac-
count the results of the gravitational-wave data-analysis
of GW170817 (Abbott et al. 2017a). We find that
both optical and NIR lightcurves of SSS17a are approx-
imately reproduced by a setup motivated by numerical-
relativity simulations. In particular, the ugri and zJHK-
band lightcurves of the model agree with the data points
within 1 mag for t  2.5 days and t  9 days, respec-
tively.

In our model, the long-lasting NIR lightcurves are re-
produced by the dynamical ejecta of which mass is much
smaller than that estimated by the previous studies em-
ploying a simple composited model of ejecta compo-
nents (e.g., Kasliwal et al. 2017; Cowperthwaite et al.
2017; Kasen et al. 2017; Villar et al. 2017). This can
be understood by the irradiation from the post-merger
ejecta to the dynamical ejecta. The mass of the post-
merger ejecta is also smaller than that estimated by pre-
vious studies. This is due to the di↵usion of photons
preferentially to the polar direction by which the lumi-
nosity is e↵ectively enhanced in the polar direction in
the presence of the optically thick dynamical ejecta in
the equatorial plane. Indeed, we find that the total lu-
minosity integrated over all the viewing angles is smaller
by a factor of 2–3 than the isotropic luminosity observed
from 20�  ✓  28� (see also Kasen et al. 2015).

The right panel of Figure 2 shows the lightcurves of the
model observed from the equatorial direction (86�  ✓ 
90�). The ugriz-band luminosity is much smaller than
that observed from 20�  ✓  28�, while similar mag-
nitudes of luminosity are found in the JHK-bands. This
reflects the fact that photons from the post-merger ejecta
are entirely absorbed by the dynamical ejecta concen-
trated in the equatorial plane. This suggests that bright
emissions in ugriz-band as found in SSS17a would not be
observed for a similar NS merger if it is observed from
the direction of the orbital plane.

Figure 3 shows the time evolution of optical and NIR
spectral energy distribution of the kilonova/macronova
model observed from 20�  ✓  28�. As shown in the
observation of SSS17a (e.g., Waxman et al. 2017), the
spectra of our model agree approximately with black-
body spectra for t ⇡1–7 days. Figure 4 shows the
(isotropic) bolometric luminosity, Lbol, e↵ective temper-
ature, Te↵ , photospheric radius, rph, and photospheric
velocity, vph, of the kilonova/macronova model. Te↵ and
rph are first obtained by the blackbody fit of the spec-
tra, and then, Lbol and vph are calculated by Lbol =
4⇡r2

ph�T 4
e↵ and vph = rph/t, respectively, where � is

the Stefan-Boltzmann constant. We find that all these
quantities calculated from the lightcurves observed from
20�  ✓  28� agree with the observation (Waxman et al.
2017). In particular, vph ⇡ 0.3 c is realized for t  2 days
due to photons reprocessed in the dynamical ejecta. We
here stress that the presence of the low-density dynami-
cal ejecta in the polar region is the key to interpret the
observed value of vph. Indeed, we find that the value of
vph cannot be as large as 0.25 c for & 1 day if the low-
density dynamical ejecta region in ✓  ⇡/4 is absent.

Figure 4 also shows the photospheric quantities calcu-
lated from the lightcurves observed from the equatorial
direction (86�  ✓  90�). The luminosity and tempera-
ture of the lightcurves are lower than those observed from
20�  ✓  28� by a factor of 3–4 and 2–3 at ⇠ 1 day,
respectively, and a larger radius and higher velocity are
realized for the photosphere. These di↵erences clearly re-
flect the density and velocity profiles of ejecta such that
optically thick dynamical ejecta in the equatorial plane
is present outside the post-merger ejecta.

NS mergers are also considered to be important syn-
thesis sites of r-process nuclei in the universe (Lattimer
& Schramm 1974; Eichler et al. 1989; Korobkin et al.
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Fig. 2.— Optical and NIR lightcurves of SSS17a compared with the kilonova model observed from 20�  ✓  28� (left panel) and
86�  ✓  90� (right panel). The optical and NIR data points are taken from Villar et al. (2017). We assume that SSSa17 is at a distance
of 40 Mpc. All the magnitudes are given in AB magnitudes. Note that the large deviation of the model lightcurves in H-band may be due
to the incompleteness of the line list for the opacity estimation.
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Fig. 3.— Time evolution of optical and NIR spectral energy dis-
tribution of the kilonova/macronova model. The spectra at t =1.4,
3.7, and 6.8 days are shown. All the spectra are observed from
20�  ✓  28� at a distance of 40 Mpc. The green solid curves
denote the best blackbody fits of the spectra.

2012; Wanajo et al. 2014). Figure 5 compares the el-
emental abundance in our model with the solar abun-
dance. Though some abundance peaks are smaller than
those of the solar abundance, broadly speaking, the mass-
averaged element abundance of our model reproduces the
trend of the solar abundance for a wide range of r-process
elements, in particular, including the first (Z = 34) abun-
dance peaks.

4. DISCUSSION & CONCLUSION

In this letter, we showed a result of an axisymmetric
radiative-transfer simulation for a kilonova/macronova
with a setup indicated by numerical-relativity simula-
tions. In particular, the interplay of multiple non-
spherical ejecta components via photon transfer are con-
sistently taken into account in the lightcurve prediction.

We found that the optical and NIR lightcurves of
SSS17a are reproduced naturally by the numerical-
relativity-simulation-motivated model observed from
20�  ✓  28�. In particular, we showed that the ob-
served NIR lightcurves can be interpreted by the emis-
sion from the dynamical ejecta of which mass is con-
sistent with the prediction of numerical relativity. The
observed lightcurves are reproduced by a smaller mass
of the post-merger ejecta than that estimated by pre-
vious studies (e.g., Kasliwal et al. 2017; Cowperthwaite
et al. 2017; Kasen et al. 2017; Perego et al. 2017; Vil-
lar et al. 2017) because the e↵ect of the photon di↵usion
preferentially to the polar direction is taken into account.
The observed blue optical lightcurves as well as the pho-
tospheric velocity of ⇡ 0.3 c can be interpreted by the
photon-reprocessing in the low-density dynamical ejecta,
which locates in the polar region above the post-merger
ejecta.

Our results indicate that there is no tension between
the prediction of numerical-relativity simulations and the
observation of SSS17a, and that the interplay of the mul-
tiple non-spherical ejecta components plays a key role for
predicting kilonova/macronova lightcurves. Note that
our model requires ⇠ 0.01M� as the mass of the dynam-

NIR

Op7cal

(1) Viewing angle

Kawaguchi, Shibata, MT 2018, ApJ, 865, L21

- Op7cal emission can be suppressed by  1-2 mag (in r, i, and z-bands) 
- Near-infrared is almost unaffected
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Fig. 1.— Schematic picture for the post-merger evolution and the typical properties of ejecta for NS-NS and BH-NS binaries in various
situations. Mtot, Mmax,spin, Mthr, Md, Mtorus, and tlife are the total mass of the binary, maximum mass of a rigidly rotating NS, threshold
total mass for the prompt collapse, dynamical ejecta mass, remnant torus mass, and the timescale for the remnant to collapse to a BH,
respectively. The correspondence between each situation and kilonova models listed in Table 1 is summarized in the right side of the figure.
We note that this figure shows only a simplified overview for the typical scenarios, and quantitative properties of the post-merge evolution
and mass ejection depend on the detail of the binary parameters, such as the mass ratio, spins, and equation of state of NS (see references
mentioned in the main text).

due to electron/positron capture and the neutrino irradi-
ation from the remnant (Sekiguchi et al. 2015). The pre-
vious studies show that the dynamical ejecta in the polar
region can be lanthanide-free while that in the equato-
rial plane would remain to be lanthanide-rich. Ye of the
post-merger ejecta depends strongly on the lifetime of the
remnant NS. The previous studies also show that post-
merger ejecta would be lanthanide-free if the remnant
NS is su�ciently long-surviving (tlife & 1 s, where tlife is
the timescale for the remnant to collapse to a BH), while
a substantial amount of lanthanide is synthesized if the
remnant collapses to a BH in a short timescale (Metzger
& Fernández 2014; Perego et al. 2014; Wu et al. 2016;
Siegel & Metzger 2017; Fernández et al. 2019; Lippuner
et al. 2017; Fujibayashi et al. 2018).

Long-lived super massive neutron star (SMNS): — Third
is the case in which the remnant NS survives for a long
period (tlife � 1s) or does not collapse to a BH. Such
a situation can be realized if the total mass of the bi-
nary is close to or smaller than the maximum mass of
a rigidly rotating NS (a supermassive NS; SMNS). For
such a case, the mass of the dynamical ejecta would be
relatively small (order of 10�3 M�) unless the mass ra-
tio of the binary is far from unity (Hotokezaka et al.
2013; Bauswein et al. 2013; Foucart et al. 2016; Radice

et al. 2016; Dietrich et al. 2017; Bovard et al. 2017). On
the other hand, the post-merger ejecta could be massive
(⇠ 0.01�0.1 M�) due to large remnant torus mass, and it
would be lanthanide-free due to neutrino irradiation (Fu-
jibayashi et al. 2018).

In addition, the rotational kinetic energy of the rem-
nant NS could be an additional energy source to the
ejecta by releasing it through the EM radiation, and
could modify the light curves for the early phase .
1 days (Metzger & Piro 2014; Shibata et al. 2017; Mar-
galit & Metzger 2017). We note that the e�ciency and
timescale for releasing the rotational kinetic energy of the
remnant NS to the ejecta are currently quite uncertain.
In particular, if the timescale of the energy injection is
much shorter than the timescale of the kilonova emission,
⇠ 1–10 days, energy injected into the ejecta would be
lost by adiabatic expansion, and would not be directly
reflected to the light curves. However, even for such a
case, the light curves could show di↵erent feature from
the case in the absence of the energy injection from the
remnant, because the ejecta profile would be modified
by the increase in its kinetic energy. Indeed, the rota-
tional kinetic energy of the NS could be as large as ⇡ 1-
2⇥1053 erg for the case of mass shedding limit (e.g., Shi-
bata et al. 2017; Margalit & Metzger 2017; Shibata et al.

Kawaguchi, Shibata, Tanaka 2019, arXiv:1908.05815
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Fig. 1.— Schematic picture for the post-merger evolution and the typical properties of ejecta for NS-NS and BH-NS binaries in various
situations. Mtot, Mmax,spin, Mthr, Md, Mtorus, and tlife are the total mass of the binary, maximum mass of a rigidly rotating NS, threshold
total mass for the prompt collapse, dynamical ejecta mass, remnant torus mass, and the timescale for the remnant to collapse to a BH,
respectively. The correspondence between each situation and kilonova models listed in Table 1 is summarized in the right side of the figure.
We note that this figure shows only a simplified overview for the typical scenarios, and quantitative properties of the post-merge evolution
and mass ejection depend on the detail of the binary parameters, such as the mass ratio, spins, and equation of state of NS (see references
mentioned in the main text).

due to electron/positron capture and the neutrino irradi-
ation from the remnant (Sekiguchi et al. 2015). The pre-
vious studies show that the dynamical ejecta in the polar
region can be lanthanide-free while that in the equato-
rial plane would remain to be lanthanide-rich. Ye of the
post-merger ejecta depends strongly on the lifetime of the
remnant NS. The previous studies also show that post-
merger ejecta would be lanthanide-free if the remnant
NS is su�ciently long-surviving (tlife & 1 s, where tlife is
the timescale for the remnant to collapse to a BH), while
a substantial amount of lanthanide is synthesized if the
remnant collapses to a BH in a short timescale (Metzger
& Fernández 2014; Perego et al. 2014; Wu et al. 2016;
Siegel & Metzger 2017; Fernández et al. 2019; Lippuner
et al. 2017; Fujibayashi et al. 2018).

Long-lived super massive neutron star (SMNS): — Third
is the case in which the remnant NS survives for a long
period (tlife � 1s) or does not collapse to a BH. Such
a situation can be realized if the total mass of the bi-
nary is close to or smaller than the maximum mass of
a rigidly rotating NS (a supermassive NS; SMNS). For
such a case, the mass of the dynamical ejecta would be
relatively small (order of 10�3 M�) unless the mass ra-
tio of the binary is far from unity (Hotokezaka et al.
2013; Bauswein et al. 2013; Foucart et al. 2016; Radice

et al. 2016; Dietrich et al. 2017; Bovard et al. 2017). On
the other hand, the post-merger ejecta could be massive
(⇠ 0.01�0.1 M�) due to large remnant torus mass, and it
would be lanthanide-free due to neutrino irradiation (Fu-
jibayashi et al. 2018).

In addition, the rotational kinetic energy of the rem-
nant NS could be an additional energy source to the
ejecta by releasing it through the EM radiation, and
could modify the light curves for the early phase .
1 days (Metzger & Piro 2014; Shibata et al. 2017; Mar-
galit & Metzger 2017). We note that the e�ciency and
timescale for releasing the rotational kinetic energy of the
remnant NS to the ejecta are currently quite uncertain.
In particular, if the timescale of the energy injection is
much shorter than the timescale of the kilonova emission,
⇠ 1–10 days, energy injected into the ejecta would be
lost by adiabatic expansion, and would not be directly
reflected to the light curves. However, even for such a
case, the light curves could show di↵erent feature from
the case in the absence of the energy injection from the
remnant, because the ejecta profile would be modified
by the increase in its kinetic energy. Indeed, the rota-
tional kinetic energy of the NS could be as large as ⇡ 1-
2⇥1053 erg for the case of mass shedding limit (e.g., Shi-
bata et al. 2017; Margalit & Metzger 2017; Shibata et al.
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Fig. 17.— Comparison of the peak magnitude (the brightest magnitude for t � 1 day) in the iJK-band observed from the polar direction
(0�  ✓  20�) among various kilonova models. Each point in the plot shows the time of peak and its magnitude for each kilonova model.
The light curves of which brightness is within ⇡ 1mag and ⇡ 0.5mag from the peak magnitude are shown in the plots for the i-band
and the JK-band, respectively. The blue, green, red, and black regions denote the regions in which the peak brightness and time of peak
approximately cluster for the SMNS, HMNS, prompt collapse, and BH-NS models (NS tidal disruption cases), respectively. We note that
the ejecta mass for BH-NS mergers could have a large variety depending on the binary parameters, and the peak brightness and time of
peak would become faint and shifted toward the early phase, respectively, (toward the direction of arrows in the figure) for small amount
of ejecta.

BH-NS merger could also exhibit peak brightness and
time of peak similar to those of the prompt collapse or
HMNS cases.

7. SUMMARY

We performed radiative transfer simulations for kilo-
nova light curves for a variety of ejecta profiles suggested
by latest numerical simulations. The radiative transfer
simulations were performed employing a new line list ob-
tained by systematic atomic structure calculations for all
the r-process elements (Tanaka et al. 2019).

We demonstrated the strong e↵ect of the radiative
transfer of photons in the multiple ejecta components
on the resulting light curve of kilonovae and clarified the

dependence of the light curves on the ejecta parameters.
We showed that the brightness of the optical light curves
observed in the polar direction could be enhanced by 50–
100% in the presence of optically thick dynamical ejecta
concentrated near the equatorial plane due to the prefer-
ential di↵usion to the polar direction. This indicates that
the ejecta mass could be overestimated by a factor of ⇠ 2
if one fails to take into account this e↵ect. We found that
such enhancement of the optical emission particularly for
the early phase of t . 2 days depends only weakly on the
dynamical ejecta mass as long as Md � 0.001 M�. In
addition, significant angular dependence of the optical
emission was found in the presence of dynamical ejecta
with Md � 0.001 M�. Indeed, we found that the optical
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Variety of kilonovae

Prompt  
Collapse to BH

Long-lived NS

GW => Mass (ini7al condi7on!) 
Kilonova brightness/color/7mescale => physics in NS merger



Summary

• Physics of kilonova 

• Systema0c opacity calcula0ons  
for all the elements from Z=30 to 89 (I, II, III, IV) 

• More direct connec0on between  
NS mergers and kilonova 

• Variety of kilonova 

• Viewing angle 
Op0cal: fainter for off-axis events (by 1-2 mag)  
Infrared: almost unchanged  

• Mass  
Less massive => long-lived NS => brighter by ~1 mag  
More massive => Prompt collapse to BH => fainter by 1-2 mag 
BH-NS => needs low-mass, spinning BH for kilonova


