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IntroducLon



Gravita'onal waves
• Gravita'onal waves (GW): the ripples of curvature that propagate 

with the speed of light  

• GW sources for ground-based GW detectors 

• Compact	binary	mergers	

• Core collapse Super Novae 

• Rota'ng Neutron stars 

• Primordial GW (Infla'on)  

• Cosmic Strings 

• Compact	Binary—Binary composed of black-holes (BHs) and/or  
neutron stars (NSs)— efficiently emit gravita'onal waves shrinking 
their orbital separa'on, and the objects gradually merge 

• Observa'on of gravita'onal waves provides us to the physical 
informa'on of the binary (masses, spins, inclina'on…)

advanced	LIGO

advanced	Virgo

KAGRA

hQps://
www.ligo.caltech.edu/

hQp://gwcenter.icrr.u-
tokyo.ac.jp/

hQp://www.virgo-
gw.eu/

https://www.ligo.caltech.edu/
http://gwcenter.icrr.u-tokyo.ac.jp/
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Electromagne'c Counterparts 
to NS binary mergers

• Various transient EM counterparts are 
proposed for NS binary mergers 

• for example, 

• short-hard gamma-ray-burst 

• AUerglow 

• cocoon emission 

• kilonovae/macronovae 

• radio flare, etc. 

• Host galaxy iden'fica'on, remnant 
proper'es, environment  

• Possible synthesis site of r-process nuclei
Ref:	B.	Metzger	and	E.	Berger	2012



Gravita'onal-wave 
Astronomy

• Since 14th of September 2015, many 
GW events have been detected 

• Binary BH (BBH; BH-BH) 

• GW150914, GW151226, 
GW170104, GW170608, 
GW170814 

• Binary NS (BNS; NS-NS)  
GW170817  
 
→Simultaneous detec'on of 
electromagne'c (EM) counterparts

properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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GW170817:  
Binary Neutron star Merger

• On 17th of August 2017, advanced 
LIGO and advanced Virgo reported 
the first detec'on of gravita'onal 
waves from a binary BNS merger 

• Electromagne'c (EM) 
counterparts to GW170817 were 
observed over the en're 
wavelength range  (from radio to 
gamma wavelengths)

∼100 s (calculated starting from 24 Hz) in the detectors’
sensitive band, the inspiral signal ended at 12∶41:04.4 UTC.
In addition, a γ-ray burst was observed 1.7 s after the
coalescence time [39–45]. The combination of data from
the LIGO and Virgo detectors allowed a precise sky
position localization to an area of 28 deg2. This measure-
ment enabled an electromagnetic follow-up campaign that
identified a counterpart near the galaxy NGC 4993, con-
sistent with the localization and distance inferred from
gravitational-wave data [46–50].
From the gravitational-wave signal, the best measured

combination of the masses is the chirp mass [51]
M ¼ 1.188þ0.004

−0.002M⊙. From the union of 90% credible
intervals obtained using different waveform models (see
Sec. IV for details), the total mass of the system is between
2.73 and 3.29 M⊙. The individual masses are in the broad
range of 0.86 to 2.26 M⊙, due to correlations between their
uncertainties. This suggests a BNS as the source of the
gravitational-wave signal, as the total masses of known
BNS systems are between 2.57 and 2.88 M⊙ with compo-
nents between 1.17 and ∼1.6 M⊙ [52]. Neutron stars in
general have precisely measured masses as large as 2.01#
0.04 M⊙ [53], whereas stellar-mass black holes found in
binaries in our galaxy have masses substantially greater
than the components of GW170817 [54–56].
Gravitational-wave observations alone are able to mea-

sure the masses of the two objects and set a lower limit on
their compactness, but the results presented here do not
exclude objects more compact than neutron stars such as
quark stars, black holes, or more exotic objects [57–61].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron star–black hole system is not
ruled out, the consistency of the mass estimates with the
dynamically measured masses of known neutron stars in
binaries, and their inconsistency with the masses of known
black holes in galactic binary systems, suggests the source
was composed of two neutron stars.

II. DATA

At the time of GW170817, the Advanced LIGO detec-
tors and the Advanced Virgo detector were in observing
mode. The maximum distances at which the LIGO-
Livingston and LIGO-Hanford detectors could detect a
BNS system (SNR ¼ 8), known as the detector horizon
[32,62,63], were 218 Mpc and 107 Mpc, while for Virgo
the horizon was 58 Mpc. The GEO600 detector [64] was
also operating at the time, but its sensitivity was insufficient
to contribute to the analysis of the inspiral. The configu-
ration of the detectors at the time of GW170817 is
summarized in [29].
A time-frequency representation [65] of the data from

all three detectors around the time of the signal is shown in
Fig 1. The signal is clearly visible in the LIGO-Hanford
and LIGO-Livingston data. The signal is not visible

in the Virgo data due to the lower BNS horizon and the
direction of the source with respect to the detector’s antenna
pattern.
Figure 1 illustrates the data as they were analyzed to

determine astrophysical source properties. After data col-
lection, several independently measured terrestrial contribu-
tions to the detector noise were subtracted from the LIGO
data usingWiener filtering [66], as described in [67–70]. This
subtraction removed calibration lines and 60 Hz ac power
mains harmonics from both LIGO data streams. The sensi-
tivity of the LIGO-Hanford detector was particularly
improved by the subtraction of laser pointing noise; several
broad peaks in the 150–800 Hz region were effectively
removed, increasing the BNS horizon of that detector
by 26%.

FIG. 1. Time-frequency representations [65] of data containing
the gravitational-wave event GW170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12∶41:04
UTC. The amplitude scale in each detector is normalized to that
detector’s noise amplitude spectral density. In the LIGO data,
independently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as
described in the text. This noise mitigation is the same as that
used for the results presented in Sec. IV.
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In the mid-1960s, gamma-ray bursts (GRBs) were discovered
by the Vela satellites, and their cosmic origin was first established
by Klebesadel et al. (1973). GRBs are classified as long or short,
based on their duration and spectral hardness(Dezalay et al. 1992;
Kouveliotou et al. 1993). Uncovering the progenitors of GRBs
has been one of the key challenges in high-energy astrophysics
ever since(Lee & Ramirez-Ruiz 2007). It has long been
suggested that short GRBs might be related to neutron star
mergers (Goodman 1986; Paczynski 1986; Eichler et al. 1989;
Narayan et al. 1992).

In 2005, the field of short gamma-ray burst (sGRB) studies
experienced a breakthrough (for reviews see Nakar 2007; Berger
2014) with the identification of the first host galaxies of sGRBs
and multi-wavelength observation (from X-ray to optical and
radio) of their afterglows (Berger et al. 2005; Fox et al. 2005;
Gehrels et al. 2005; Hjorth et al. 2005b; Villasenor et al. 2005).
These observations provided strong hints that sGRBs might be
associated with mergers of neutron stars with other neutron stars
or with black holes. These hints included: (i) their association with
both elliptical and star-forming galaxies (Barthelmy et al. 2005;
Prochaska et al. 2006; Berger et al. 2007; Ofek et al. 2007; Troja
et al. 2008; D’Avanzo et al. 2009; Fong et al. 2013), due to a very
wide range of delay times, as predicted theoretically(Bagot et al.
1998; Fryer et al. 1999; Belczynski et al. 2002); (ii) a broad
distribution of spatial offsets from host-galaxy centers(Berger
2010; Fong & Berger 2013; Tunnicliffe et al. 2014), which was
predicted to arise from supernova kicks(Narayan et al. 1992;
Bloom et al. 1999); and (iii) the absence of associated
supernovae(Fox et al. 2005; Hjorth et al. 2005c, 2005a;
Soderberg et al. 2006; Kocevski et al. 2010; Berger et al.
2013a). Despite these strong hints, proof that sGRBs were
powered by neutron star mergers remained elusive, and interest
intensified in following up gravitational-wave detections electro-
magnetically(Metzger & Berger 2012; Nissanke et al. 2013).

Evidence of beaming in some sGRBs was initially found by
Soderberg et al. (2006) and Burrows et al. (2006) and confirmed

by subsequent sGRB discoveries (see the compilation and
analysis by Fong et al. 2015 and also Troja et al. 2016). Neutron
star binary mergers are also expected, however, to produce
isotropic electromagnetic signals, which include (i) early optical
and infrared emission, a so-called kilonova/macronova (hereafter
kilonova; Li & Paczyński 1998; Kulkarni 2005; Rosswog 2005;
Metzger et al. 2010; Roberts et al. 2011; Barnes & Kasen 2013;
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Grossman et al.
2014; Barnes et al. 2016; Tanaka 2016; Metzger 2017) due to
radioactive decay of rapid neutron-capture process (r-process)
nuclei(Lattimer & Schramm 1974, 1976) synthesized in
dynamical and accretion-disk-wind ejecta during the merger;
and (ii) delayed radio emission from the interaction of the merger
ejecta with the ambient medium (Nakar & Piran 2011; Piran et al.
2013; Hotokezaka & Piran 2015; Hotokezaka et al. 2016). The
late-time infrared excess associated with GRB 130603B was
interpreted as the signature of r-process nucleosynthesis (Berger
et al. 2013b; Tanvir et al. 2013), and more candidates were
identified later (for a compilation see Jin et al. 2016).
Here, we report on the global effort958 that led to the first joint

detection of gravitational and electromagnetic radiation from a
single source. An ∼ 100 s long gravitational-wave signal
(GW170817) was followed by an sGRB (GRB 170817A) and
an optical transient (SSS17a/AT 2017gfo) found in the host
galaxy NGC 4993. The source was detected across the
electromagnetic spectrum—in the X-ray, ultraviolet, optical,
infrared, and radio bands—over hours, days, and weeks. These
observations support the hypothesis that GW170817 was
produced by the merger of two neutron stars in NGC4993,
followed by an sGRB and a kilonova powered by the radioactive
decay of r-process nuclei synthesized in the ejecta.

Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the 90% credible regions from
LIGO (190 deg2; light green), the initial LIGO-Virgo localization (31 deg2; dark green), IPN triangulation from the time delay between Fermi and INTEGRAL (light
blue), and Fermi-GBM (dark blue). The inset shows the location of the apparent host galaxy NGC 4993 in the Swope optical discovery image at 10.9 hr after the
merger (top right) and the DLT40 pre-discovery image from 20.5 days prior to merger (bottom right). The reticle marks the position of the transient in both images.

958 A follow-up program established during initial LIGO-Virgo observations
(Abadie et al. 2012) was greatly expanded in preparation for Advanced LIGO-
Virgo observations. Partners have followed up binary black hole detections,
starting with GW150914 (Abbott et al. 2016a), but have discovered no firm
electromagnetic counterparts to those events.
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Mul'-messenger Astronomy 

• Single event, but many physics 
• Constraints on NS masses, spins 

, and NS equa'on of state (NS 'dal deformability) 
• associa'on of kilonova/macronova (?): mass ejec'on 

, r-process synthesis 
• AUerglow, radio flare: constraints on rela'vis'c jet 

,  environment of the event 
• Host galaxy: Hubble parameter, GW propaga'on speed 
• etc… 

• …and many tasks and problems 

• accurate	GW	template	for	BNSs	
• accurate	kilonovae/macronovae	lightcurve	predicBon	
• Existence of rela'vis'c jet 

cocoon emission?, structured jet?

low-spin case and (1.0, 0.7) in the high-spin case. Further
analysis is required to establish the uncertainties of these
tighter bounds, and a detailed studyof systematics is a subject
of ongoing work.
Preliminary comparisons with waveform models under

development [171,173–177] also suggest the post-
Newtonian model used will systematically overestimate
the value of the tidal deformabilities. Therefore, based on
our current understanding of the physics of neutron stars,
we consider the post-Newtonian results presented in this
Letter to be conservative upper limits on tidal deform-
ability. Refinements should be possible as our knowledge
and models improve.

V. IMPLICATIONS

A. Astrophysical rate

Our analyses identified GW170817 as the only BNS-
mass signal detected in O2 with a false alarm rate below
1=100 yr. Using a method derived from [27,178,179], and
assuming that the mass distribution of the components of
BNS systems is flat between 1 and 2 M⊙ and their
dimensionless spins are below 0.4, we are able to infer
the local coalescence rate density R of BNS systems.
Incorporating the upper limit of 12600 Gpc−3 yr−1 from O1
as a prior, R ¼ 1540þ3200

−1220 Gpc−3 yr−1. Our findings are

consistent with the rate inferred from observations of
galactic BNS systems [19,20,155,180].
From this inferred rate, the stochastic background of

gravitational wave s produced by unresolved BNS mergers
throughout the history of the Universe should be compa-
rable in magnitude to the stochastic background produced
by BBH mergers [181,182]. As the advanced detector
network improves in sensitivity in the coming years, the
total stochastic background from BNS and BBH mergers
should be detectable [183].

B. Remnant

Binary neutron star mergers may result in a short- or long-
lived neutron star remnant that could emit gravitational
waves following the merger [184–190]. The ringdown of
a black hole formed after the coalescence could also produce
gravitational waves, at frequencies around 6 kHz, but the
reduced interferometer response at high frequencies makes
their observation unfeasible. Consequently, searches have
been made for short (tens of ms) and intermediate duration
(≤ 500 s) gravitational-wave signals from a neutron star
remnant at frequencies up to 4 kHz [75,191,192]. For the
latter, the data examined start at the time of the coalescence
and extend to the end of the observing run on August 25,
2017. With the time scales and methods considered so far
[193], there is no evidence of a postmerger signal of

FIG. 5. Probability density for the tidal deformability parameters of the high and low mass components inferred from the detected
signals using the post-Newtonian model. Contours enclosing 90% and 50% of the probability density are overlaid (dashed lines). The
diagonal dashed line indicates the Λ1 ¼ Λ2 boundary. The Λ1 and Λ2 parameters characterize the size of the tidally induced mass
deformations of each star and are proportional to k2ðR=mÞ5. Constraints are shown for the high-spin scenario jχj ≤ 0.89 (left panel) and
for the low-spin jχj ≤ 0.05 (right panel). As a comparison, we plot predictions for tidal deformability given by a set of representative
equations of state [156–160] (shaded filled regions), with labels following [161], all of which support stars of 2.01M⊙. Under the
assumption that both components are neutron stars, we apply the function ΛðmÞ prescribed by that equation of state to the 90% most
probable region of the component mass posterior distributions shown in Fig. 4. EOS that produce less compact stars, such as MS1 and
MS1b, predict Λ values outside our 90% contour.
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Today,	I	will	talk	about	our	recent	works	for	modelling		 
electromagneLc	counterparts	from	binary	neutron	star	

mergers



ElectromagneLc	counterparts	
to	binary	neutron	stars:	
Kilonovae/Macronovae



Mass Ejec'on
•  A frac'on of NS material would be ejected 

from the system during the merger 

• Ejected material is neutron-rich 
→heavy radioac've nuclei would be 
synthesised in the ejecta by the so-called  
r-process nucleosynthesis 
 
→EM emission in op'cal and NIR 
wavelengths could occur by radioac've 
decays of heavy elements 
: kilonova/macronova (r-process nova) 
 
   Li & Paczyński 1998, Kulkarni 2005 
   , Metzger et al. 2010 … Ref:	K.	Hotokezaka	et	al.	2013



• Kilonova/macronova	is	expected	to	be	
nearly	isotropic	emission.	  
(cf.																				for	sGRB)	

• The	peak	Lme	of	the	emission	will	come	
in  
	~1—10	days.  
(cf.	~1	year		for	radio	flare)	

• The	most	of	the	emission	occurs	in	
around	opBcal	and	infrared.		

• The	mass,	velocity,	morphology,	and	
the	composiBon(electron	fracBon)	of	
the	ejecta	characterize	the	lightcurve	of	
the	kilonova/macronova.

Proper'es of  
kilonovae / macronovae
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Ejecta opacity

The	value	of	κ	can	vary	significantly	depending	on	 
the	electron	fracLon	Ye	of	ejecta	κ	=	0.1—10	cm^2/g.	

(Kasen	et	al.	2013,	Barnes	et	al.	2013,	Tanaka	et	al.	2013)
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Figure 5. Line expansion opacities for mixture of elements in
the ejecta of NS mergers (see Figure 1). The orange line represents
the opacity in the dynamical ejecta, which is calculated with the
abundance pattern of Ye = 0.10 − 0.40. The blue and green lines
represent the opacities in the high-Ye post-merger ejecta, which
are calculated with the abundance patterns of Ye = 0.25 and 0.30,
respectively. All the calculations assume ρ = 1 × 10−13 g cm−3,
T = 5, 000 K, and t = 1 day after the merger.

Layer 0 calculations with GRASP2K gives Nd iii opaci-
ties lower than more realistic (Layer 1 and Layer 2) cal-
culations. This is because the Layer 0 calculations give
higher energy levels (Figure 2), which reduces the con-
tribution of bound-bound transitions involving excited
levels for a given temperature.
For the Er ions, we find that two atomic codes give

larger discrepancies in the energy levels compared with
the cases of Nd ions. As in the case of Nd iii, opacities of
Er ii and Er iii from HULLAC calculations are slightly
smaller that those from GRASP2K calculations because
HULLAC calculations give slightly higher energy levels
for the excited energy levels. However, the difference in
the opacity is only up to a factor of about 2. Therefore,
we conclude that a relatively simplified calculations with
the HULLAC code gives opacities with sufficient accura-
cies for astronomical applications.
Finally we calculate the opacities for mixture of ele-

ments. We use the HULLAC results which cover more
elements and ionization states. Because we have atomic
structure calculations for a small number of elements, we
assume the same bound-bound transition properties for
the elements with the same open shell (see Figure 1).
For open f-shell elements, the former and latter halfs are
replaced with Nd and Er, respectively. For the heavy
elements with Z > 71, we repeat to use the data of Ru,
Te, Nd, and Er. For the elements with Z < 32, we use
Kurucz’s line list (Kurucz & Bell 1995). We neglect the
contribution of open s-shell elements because the total
fraction of these elements are small in the ejecta (Figure
1) and the opacities are subdominant (Figure 3).
As a result of high opacity of Lanthanide elements,

the opacities for the mixture of elements depends sig-
nificantly on Ye. Figure 5 shows the line expansion
opacity for the element mixture in the dynamical ejecta
(Ye = 0.10 − 0.40) and high-Ye ejecta (Ye = 0.25 and
0.30). If the ejecta is completely Lanthanide free as in the
case of Ye = 0.30, the line expansion opacity is smaller
than that in the Lanthanide-rich ejecta by a factor of
> 10 near the middle of optical range (∼ 5000 Å). How-
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Figure 6. Bolometric light curves of simple NS merger models
with Mej = 0.01M⊙ and vch = 0.1c. The solid curves show the re-
sults with the wavelength-dependent radiative transfer for different
abundance ratios according to Figure 1: Ye = 0.10−0.40 (orange),
Ye = 0.25 (green), and Ye = 0.30 (blue). The dashed lines shows
the results with the gray radiative transfer with the gray opacity
of 1.0 and 10.0 cm2 g−1 from top to bottom. For all the models,
the analytic heating rates are used and constant thermalization
efficiency (ϵ = 0.25) is assumed.

ever, small inclusion of Lanthanide elements dramatically
enhances the opacities as shown in the case of Ye = 0.25.
This demonstrates the importance of accurate Ye deter-
mination in the merger simulations for the accurate pre-
diction of kilonova signals.

4. RADIATIVE TRANSFER SIMULATIONS

We perform radiative transfer simulations by using
our new atomic data. We use three-dimensional, time-
dependent, wavelength-dependent Monte Carlo radia-
tive transfer code (Tanaka & Hotokezaka 2013). The
code takes into account electron scattering and bound-
bound, bound-free, and free-free transitions as sources
of opacity. In the previous version of the code
(Tanaka & Hotokezaka 2013; Tanaka et al. 2014; Tanaka
2016), we use the VALD database (Piskunov et al. 1995;
Ryabchikova et al. 1997; Kupka et al. 1999, 2000) for the
bound-bound transitions, while in this paper we use our
atomic data presented in Section 2 and treat element
mixture by using representative elements as described in
Section 3. To save the memory space in the computation,
we use a subset of the line list including the transitions
whose lower level energy is E1 < 5, 10, 15 eV for neutral
atom and singly and doubly ionized ions, respectively
(Subset 1 in Table 1) and whose oscillator strengths are
log(gfl) ≥ −3.0 (Subset 2 in Table 1). We confirm that
the use of this subset does not significantly affect the
calculated light curves and spectra.

4.1. Simple models

To study the effect of the element abundances (or Ye)
on the light curves, we calculate the light curves for the
three different abundance patterns displayed in Figure
1. For ease to extract the effect of opacities on the
element abundances, we employ a simple model of NS
merger ejecta, of which parameters are set to be the
same for three cases. The ejecta mass is taken to be
Mej = 0.01M⊙. The density structure of the ejecta is

ref)	Tanaka	et	al.	2018
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Figure 1. Element abundances in the ejecta of NS mergers at
t = 1 day after the merger. The orange line shows abundances for
dynamical ejecta (Wanajo et al. 2014), which is derived by averag-
ing the nucleosynthesis results of Ye = 0.10 − 0.40 assuming a flat
Ye distribution. The blue and green lines show the nucleosynthesis
results from trajectories of Ye = 0.25 and 0.30, respectively, which
represent the abundance patterns of high-Ye post-merger ejecta.
Black points connected with the line show the solar abundance
ratios of r-process elements (Simmerer et al. 2004).

inantly by neutrino heating (Wanajo & Janka 2012;
Perego et al. 2014; Fujibayashi et al. 2017) and nuclear
recombination (Fernández & Metzger 2013). These
components are as a whole denoted as “post-merger”
ejecta in this paper. The post-merger ejecta can consist
of less neutron rich material than in the dynamical
ejecta (Just et al. 2015; Martin et al. 2015; Wu et al.
2016; Lippuner et al. 2017); neutrino absorption as well
as a high temperature caused by viscous heating makes
ejected material less neutron rich or electron fraction Ye
(number of protons per nucleon) higher. If the ejecta
are free from Lanthanide elements, the emission from
post-merger ejecta can be brighter and bluer, which can
be called “blue kilonova” (Metzger & Fernández 2014;
Kasen et al. 2015). However, due to the lack of atomic
data of r-process elements, previous studies assume
opacities of Fe for Lanthanide-free ejecta. To predict
emission properties of kilonova, systematic atomic data
for r-process elements are important (see Kasen et al.
2013; Fontes et al. 2017; Wollaeger et al. 2017).
In this paper, we newly perform atomic structure cal-

culations for selected r-process elements. Using these
data, we perform radiative transfer simulations and
study the impact of element abundances to kilonova
emission. In Section 2, we show methods and results of
our atomic structure calculations. In Section 3, we cal-
culate opacities with these atomic data and discuss the
dependence on the elements. We then apply our data
for radiative transfer simulations in Section 4, and show
light curves of kilonova from dynamical and post-merger
ejecta of NS mergers. Finally we give summary in Sec-
tion 5.

2. ATOMIC STRUCTURE CALCULATIONS

We perform atomic structure calculations for Se (Z =
34), Ru (Z = 44), Te (Z = 52), Ba (Z = 56), Nd
(Z = 60) and Er (Z = 68). These elements are se-

lected to systematically study the opacities of elements
with different open shells: Ba is an open s-shell element,
Se and Te are open p-shell elements, Ru is an open d-
shell element, and Nd and Er are open f-shell elements.
We focus on neutral atom and singly and doubly ionized
ions because these ionization states are most common in
kilonova at t ∼> 1 day after the merger (Kasen et al. 2013;
Tanaka & Hotokezaka 2013).
In Figure 1, these elements are shown with three dif-

ferent abundance patterns in the ejecta of NS merg-
ers. While relativistic simulations of NS mergers predict
wide ranges of Ye between 0.05 and 0.45, the detailed
Ye distributions depend on the NS masses and their ra-
tios as well as the adopted nuclear equations of state
(Sekiguchi et al. 2015, 2016). In this paper, we assume
a flat mass distribution between Ye = 0.10 and 0.40 as
representative of dynamical ejecta. As shown in Figure
1 (orange line), the dynamical ejecta consist of a wide
range of r-process elements from the first (Z = 34) to
third (Z = 78) abundance peaks. For the post-merger
ejecta, we consider single Ye models of 0.25 (green) and
0.30 (blue) for simplicity. The former represents a case
that contains the second (Z = 52) abundance peak and a
small amount of Lanthanides. The latter is a Lanthanide-
free model without elements of Z > 50. For all the mod-
els, the nucleosynthesis abundances of each Ye are taken
from Wanajo et al. (2014).
For the atomic structure calculations, we use two dif-

ferent codes, HULLAC (Bar-Shalom et al. 2001) and
GRASP2K (Jönsson et al. 2013). The HULLAC code,
which employs a parametric potential method, is used
to provide atomic data for many elements while the
GRASP2K code, which enables more ab-initio calcu-
lations based on the multiconfiguration Dirac-Hartree-
Fock (MCDHF) method, is used to provide benchmark
calculations for a few elements. Such benchmark calcula-
tions are important because systematic improvement of
the accuracies is not always obtained with the HULLAC
code especially when little data are available in NIST
Atomic Spectra Database (ASD, Kramida et al. 2015).
By using these two codes, we also study the influence
of the accuracies of atomic calculations to the opacities.
Tables 1 and 2 summarize the list of ions for atomic struc-
ture calculations. In the following sections, we describe
our methods to calculate the atomic structures and tran-
sition probabilities.

2.1. HULLAC

HULLAC (Hebrew University Lawrence Livermore
Atomic Code, Bar-Shalom et al. 2001) is an integrated
code for calculating atomic structures and cross sections
for modeling of atomic processes in plasmas and emission
spectra. The latest version (9-601k) of HULLAC is used
in the present work to provide atomic data for Se i-iii, Ru
i-iii, Te i-iii, Nd i-iii, and Er i-iii. In HULLAC, fully
relativistic orbitals are used for calculations of atomic
energy levels and radiative transition probabilities. The
orbital functions ϕnljm are solutions of the single elec-
tron Dirac equation with a local central-field potential
U(r) which represents a nuclear field and a spherically
averaged interaction with other electrons in atoms,

[

cα · p+ (β − 1)c2 + U(r)
]

ϕnljm = εnljϕnljm, (1)

Ye =
[p]

[p] + [n]
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Mass Ejec'on Mechanisms
• Merger process and evolu'on of the merger remnant 

have been studied by 
NR simula'ons in the last decades revealing the mass 
ejec'on process 

• Dynamical	mass	ejecBon  
mass ejec'on driven by 'dal interac'on 
                     or 
shock hea'ng during the collision 
(e.g., Hotokezaka et al. 2013; Bauswein et al. 2013; 
Sekiguchi et al. 2016; Radice et al. 2016; Dietrich et al. 
2017; Bovard et al. 2017) 

• Post-merger	mass	ejecBon  
mass ejec'on from the merger remnant driven by viscous 
and neutrino hea'ng  
(e.g., Dessart et al. 2009; Metzger & Fern ández 2014; 
Perego et al. 2014; Just et al. 2015; Shibata et al. 2017; 
Lippuner et al. 2017; Fujibayashi et al. 2018, Siegel et al. 
2018, Fernandez et al.2018) 

Dynamical	mass	ejecLon  
@merger

Post-merger	mass	ejecLon  
@aler	merger



Dynamical mass ejec'on

NR	simulaLon	considering	neutrino	transport 
and	its	effect	on	the	Ye

Ref:	Y.	Sekiguchi	et	al.	2016
SLff	EOS	(DD2,	R~13.2	km):	1.30-1.40	M_sun	

              p+νe → n+ e+

               n+νe → p+ e−

Shock	heaLng	driven

Tidal	torque	driven



Dynamical mass ejec'on
The Astrophysical Journal Letters, 778:L16 (5pp), 2013 November 20 Hotokezaka et al.
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Figure 2. Ejecta masses as a function of the compactness of the neutron star, which is defined by GMtot/2R1.35c
2 and GMNS/R1.35c

2 for NS–NS and BH–NS models,
respectively. Left panel: NS–NS models. Each point shows the ejecta mass for the equal mass cases. Error bars denote the dispersion of the ejecta masses due to
the various Q. Right panel: BH–NS models. The filled and open symbols correspond to the models with (Q, χ ) = (3–7, 0.75) and (7, 0.5), respectively. The blue
shaded region in each panel shows the ejecta masses allowed in order to reproduce the observed near-infrared excess of GRB 130603B, 0.02 ! Mej/M⊙ ! 0.07 and
0.02 ! Mej/M⊙ ! 0.1 for the NS–NS and BH–NS models, respectively. The lower and upper bounds are imposed by hypothetical high- and low-heating models,
respectively.
(A color version of this figure is available in the online journal.)

as a hypermassive neutron star with a lifetime of !10 ms is
formed after the merger. More massive NS–NS mergers result
in hypermassive neutron stars with a lifetime of "10 ms or in
black holes. For such a case, the ejecta mass decreases with
increasing Mtot because of the shorter duration of mass ejection.

BH–NS ejecta. Tidal disruption of a neutron star results in
anisotropic mass ejection for a BH–NS merger (Kyutoku et al.
2013). As a result, the ejecta is concentrated near the binary
orbital plane as shown in Figure 1, and it is shaped like a disk
or crescent.

The amount of ejecta for the BH–NS models is smaller for
more compact neutron star models with fixed values of χ and Q
as shown in Figure 2. This is because tidal disruption occurs in
a less significant manner. This dependence of the BH–NS ejecta
on the compactness of neutron stars is opposite to the case of
the NS–NS ejecta.

More specifically, the amount of ejecta is

5 × 10−4 " Mej/M⊙ " 10−2 (soft EOSs),

4 × 10−2 " Mej/M⊙ " 7 × 10−2 (stiff EOSs), (2)

for χ = 0.75 and 3 # Q # 7. For χ = 0.5, the ejecta mass is
smaller than that for χ = 0.75. Only the stiff EOS models can
produce large amounts of ejecta more than 0.01 M⊙ for χ = 0.5
and Q = 7.

For both NS–NS and BH–NS merger models, winds driven
by neutrino/viscous/nuclear-recombination heating or the mag-
netic field from the central object might provide ejecta in addi-
tion to the dynamical ejecta (Dessart et al. 2009; Wanajo & Janka
2012; Kiuchi et al. 2012; Fernández & Metzger 2013). However,
it is not easy to estimate the amount of wind ejecta, because it
depends strongly on the condition of the remnant formed after
the merger. In this Letter, we focus only on the dynamical ejecta.

3. RADIATIVE TRANSFER SIMULATIONS
FOR THE EJECTA

For the NS–NS and BH–NS merger models described in
Section 2, we perform radiative transfer simulations to obtain

the light curves of the radioactively powered emission from
the ejecta using the three-dimensional, time-dependent, multi-
frequency Monte Carlo radiative transfer code (Tanaka &
Hotokezaka 2013). For a given density structure of the ejecta
and elemental abundances, this code computes the emission
in the ultraviolet, optical, and near-infrared wavelength ranges
by taking into account the detailed r-process opacities. In this
Letter, we include r-process elements with Z $ 40 assuming the
solar abundance ratios by Simmerer et al. (2004). More details
of the radiation transfer simulations are described in Tanaka &
Hotokezaka (2013); Tanaka et al. (2013).

The heating rate from the radioactive decay of r-process
elements is one of the important ingredients of radiative transfer
simulations. As a fiducial-heating model, we employ the heating
rate computed with the abundance distribution that reproduces
the solar r-process pattern (see Tanaka et al. 2013 for more
detail). Heating is due to β-decays only, which increase atomic
numbers from the neutron-rich region toward the β-stability
line without changing the mass number A. This heating rate is in
reasonable agreement with those from previous nucleosynthesis
calculations (Metzger et al. 2010; Goriely et al. 2011; Grossman
et al. 2013) except for the first several seconds.

We note that quantitative uncertainties could exist in the
heating rate as well as in the opacities. As an example, the
heating rate would be about a factor 2 higher if the r-process
abundances of A ∼ 130 (or those produced with the electron
fraction of Ye ∼ 0.2) were dominant in the ejecta (Metzger
et al. 2010; Grossman et al. 2013). To take into account such
uncertainties, we also consider the cases in which the light
curves of mergers are twice and half as luminous (high- and low-
heating models; only explicitly shown for the NS–NS models
in Figure 3) as those computed with the fiducial-heating model.

4. LIGHT CURVES AND POSSIBLE
PROGENITOR MODELS

The computed light curves and observed data in r and
H-band are compared in Figure 3. The left panel of Figure 3
shows the light curves of the NS–NS merger models SLy
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Figure 2. Color-coded distributions for density, temperature, Ye, and S/kB (from left to right) on the x–y (lower panels), x–z (positive sides of top panels), and y–z
(negative sides of top panels) planes at the end of simulation.
(A color version of this figure is available in the online journal.)
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Figure 3. Mass fractions outside 150 km from the center vs. Ye (top) and S/kB
(bottom) at the end of simulation for the x–y, x–z, and y–z planes. The widths
of Ye and S/kB are chosen to be ∆Ye = 0.01 and ∆S/kB = 1, respectively.
(A color version of this figure is available in the online journal.)

for the orbital and non-orbital planes, respectively (with higher
values for higher Ye), which are sizably greater than those in
Goriely et al. (2011, S/kB ∼ 1–3) with the Shen’s EOS.

3. THE r-PROCESS

The nucleosynthesis analysis makes use of the thermody-
namic trajectories of the ejecta particles traced on the orbital
plane. A representative particle is chosen from each Ye-bin (from
Ye = 0.09 to 0.44 with the interval of ∆Ye = 0.01 (Figure 3).
For simplicity, we analyze only the x-y components because of
the dominance of the ejecta masses close to the orbital plane.
Each nucleosynthesis calculation is initiated when the tempera-
ture decreases to 10 GK, where the initial composition is given
by Ye and 1 − Ye for the mass fractions of free protons and
neutrons.

The reaction network consists of 6300 species from single
neutrons and protons to the Z = 110 isotopes. Experimental
rates, when available, are taken from the latest versions of REA-
CLIB7 (Cyburt et al. 2010) and Nuclear Wallet Cards.8 Other-
wise, the theoretical estimates of fusion rates9 (TALYS; Goriely
et al. 2008) and β-decay half-lives (GT2; Tachibana et al.
1990) are adopted, where both are based on the same nuclear
masses (HFB-21; Goriely et al. 2010). Theoretical fission prop-
erties adopted are those estimated on the basis of the HFB-14
mass model. For fission fragments, a Gaussian-type distribution
is assumed with emission of four prompt neutrons per event.
Neutrino captures are not included, which make only slight
shifts of Ye (typically an increase of ∼0.01 from 10 GK to
5 GK).

The hydrodynamical trajectories end with temperatures
∼5 GK. Further temporal evolutions are followed by the density
drop such as t−3 and with the temperatures computed with the
EOS of Timmes & Swesty (2000) by adding the entropies gen-
erated by β-decay, fission, and α-decay. This entropy generation

7 https://groups.nscl.msu.edu/jina/reaclib/db/index.php
8 http://www.nndc.bnl.gov/wallet/
9 http://www.astro.ulb.ac.be/pmwiki/Brusslib/Brusslib
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slows the temperature drop around 1 GK (e.g., Korobkin et al.
2012). The effect is, however, less dramatic than those found
in previous works because of the higher ejecta entropies in our
result.

Figure 4 (top) displays the final nuclear abundances for
selected trajectories. We find a variety of nucleosynthetic
outcomes: iron-peak and A ∼ 90 abundances made in nuclear
quasi-equilibrium for Ye ! 0.4, light r-process abundances for
Ye ∼ 0.2–0.4, and heavy r-process abundances for Ye " 0.2.
In contrast to previous works, we find no fission recycling;
the nuclear flow for the lowest Ye (=0.09) trajectory reaches
A ∼ 280, the fissile point by neutron-induced fission, only at the
freezeout of r-processing. Spontaneous fission plays a role for
forming the A ∼ 130 abundance peak, but only for Ye < 0.15.

Figure 4 (bottom) shows the mass-averaged nuclear abun-
dances by weighting the final yields for the representative
trajectories with their Ye mass fractions on the orbital plane
(Figure 3). We find a good agreement of our result with the
solar r-process abundance distribution over the full-A range of
∼90–240 (although the pattern would be somewhat modified
by adding non-orbital components). This result, differing from
the previous works exhibiting the production of A ! 130 nu-
clei only, is a consequence of the wide Ye distribution predicted
from our full GR, neutrino transport simulation. Note also that

fission plays a subdominant role for the final nucleosynthetic
abundances. The second (A ∼ 130) and rare-Earth-element
(A ∼ 160) peak abundances are dominated by direct produc-
tion from the trajectories of Ye ∼ 0.2. Our result reasonably
reproduces the solar-like abundance ratio between the second
(A ∼ 130) and third (A ∼ 195) peaks as well, which is difficult
to explain by fission recycling.

Given that the model is representative of NS–NS mergers, our
result gives an important implication; the dynamical ejecta of
NS–NS mergers can be the dominant origin of all the Galactic
r-process nuclei. Other contributions from, e.g., the BH-torus
wind after collapse of HMNSs, as invoked in the previous
studies to account for the (solar-like) r-process universality,
may not be needed. The amount of entirely r-processed ejecta
Mej ≈ 0.01 M⊙ with present estimates of the Galactic event rate
(a few 10−5 yr−1, e.g., Dominik et al. 2012) is also compatible
with the mass of the Galactic r-process abundances as also
discussed in previous studies (Korobkin et al. 2012; Bauswein
et al. 2013).

4. RADIOACTIVE HEATING

The r-processing ends a few 100 ms after the merging. The
subsequent abundance changes by β-decay, fission, and α-decay
are followed up to t = 100 days; the resulting radioactive
heating is relevant for kilonova emission. Figure 5 displays the
temporal evolutions of the heating rates for selected trajectories
(top left) and those mass-averaged (top right). For comparison,
the heating rate for the nuclear abundances with the solar
r-process pattern (for A # 90, q̇solar−r ; the same as that used in
Hotokezaka et al. 2013b; Tanaka et al. 2014), β-decaying back
from the neutron-rich region, is also shown in each panel. The
short-dashed line indicates an analytical approximation defined
by q̇analytic ≡ 2 × 1010 t−1.3 (in units of erg g−1 s−1; t is time
in day, e.g., Metzger et al. 2010). The lower panels show the
heating rates relative to q̇analytic.

Overall, each curve reasonably follows q̇analytic by ∼1 day.
After this time, the heating is dominated by a few radioactivities
and becomes highly dependent on Ye. Contributions from the
ejecta of Ye > 0.3 are generally unimportant after ∼1 day. We
find that the heating for Ye = 0.34 turns to be significant after
a few tens of days because of the β-decays from 85Kr (half-life
of T1/2 = 10.8 yr; see Figure 4 for its large abundance), 89Sr
(T1/2 = 50.5 days), and 103Ru (T1/2 = 39.2 days). Heating rates
for Ye = 0.19 and 0.24, the abundances of which are dominated
by the second peak nuclei, are found to be in good agreement
with q̇solar−r . This is due to a predominance of β-decay heating
from the second peak abundances, e.g., 123Sn (T1/2 = 129 days)
and 125Sn (T1/2 = 9.64 days) around a few tens of days.

Our result shows that the heating rate for the lowest Ye
(=0.09) is the greatest after 1 day with a few times larger values
than those in previous works (with Ye ∼ 0.02–0.04 in Goriely
et al. 2011; Rosswog et al. 2014). In our case, the radioactive
heating is dominated by the spontaneous fissions of 254Cf and
259,262Fm. It should be noted that the heating from spontaneous
fission is highly uncertain because of the many unknown half-
lives and decay modes of nuclides reaching to this quasi-stable
region (A ∼ 250–260 with T1/2 of days to years). In fact,
tests with another set of theoretical estimates show a few times
smaller rates after ∼1 day (because of diminishing contributions
from 259,262Fm), being similar to the previous works. It appears
difficult to obtain reliable heating rates with currently available
nuclear data when fission plays a dominant role.
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Ye par'ally becomes large due to shock hea'ng and neutrino irradia'on 
(cf. NS Ye~<0.1) Yet, lanthanide is synthesised→　κ~10cm^2/g
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Evolu'on aUer the merger

• For Mtot<2.8 M_sun, NS + disk likely to remain aUer the merger.  
→neutrino irradia'on from the remnant NS would be important   



Evolu'on of Remnant NS & 
torus: Effec've viscosity
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FIG. 7. Same as Fig. 6, but for the ↵ parameter. The black-dashed horizontal lines are the time-averaged values for the 12.5
m run in Table I.
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Turbulence	in	the	contact	surface→amplificaLon	of	magneLc	field	
→effecLve	viscosity	would	play	a	role

Ref:	K.	Kiuchi	et	al.	2015,	2017	
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Viscous-radia've simula'on
Numerical-relaLvity	simulaLon	considering	 

the	effects	of	physical	viscosity	and	neutrino	radiaLon

Ref:	S.	Fujibayashi	et	al.	2018	
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Figure 8. Time evolution of the baryon mass (panel (a)), kinetic
energy (panel (b)), and average velocity (panel (c)) of the ejecta,
mass ejection rate (panel (d)), and ratio of Ṁ

b,ej

to Ṁ
b,MNS

(panel
(e)). For all the panels, di↵erent colors of the curves indicate the
results for di↵erent models DD2-135135-0.00-H, DD2-135135-0.01-
H, DD2-135135-0.02-H, DD2-135135-0.04-H.

which is shown in the panel (b) of Fig. 8. Here, we as-
sumed that the internal energy of the ejecta would be
totally transformed into the kinetic energy during the
subsequent expansion. Unlike the mass accretion rate
and the neutrino emission rate shown in Sec. 3.3, the
mass and kinetic energy of the ejecta monotonically in-
crease with ↵

vis

for t . 0.2 s.
The panel (c) shows the evolution of the average veloc-

ity of the ejecta, which is defined by V
ej

=
p

2E
k,ej

/M
b,ej

.
For the early viscosity-driven ejecta, which is ejected for
t . 0.2 s, the average velocity is in the range 0.15–0.2 c,
and monotonically increases with ↵

vis

as the mass and
the kinetic energy of the ejecta. This is because the shock
driven by the early viscous e↵ect on the MNS is stronger
for the higher viscosity parameter model.

In our simulations, we suppose that the viscosity sud-
denly arises after the merger remnant settles to a quasi-
stationary state. We should note that the variation of
the quasi-equilibrium configuration occurs only if the vis-
cous e↵ect is enhanced after the dynamical phase of the
merger ends, e.g., by MHD turbulence induced by the
significantly amplified magnetic fields at the onset of the
merger (Kiuchi et al. 2014, 2015b, 2017).

Figure 9. Same figures as panels (a)–(c) of Fig. 8 but for the
material ejected toward the polar angle 0�  ✓  30� (solid curves)
and 30� < ✓  90� (dotted curves) by the late-time viscosity-driven
mass ejection for t � 0.5 s for the models DD2-135135-0.02-H (red
curves) and DD2-135135-0.04-H (green curves), respectively.

3.4.2. Late-time Viscosity-driven Mass Ejection

The mass ejection for t & 0.2 s is driven primarily by
the viscous e↵ects in the torus. The ejecta is launched
mainly toward the polar region for the relatively early
time with t . 1 s, as found in panels (4)–(6) of Fig. 2.
However, the major mass ejection mechanism is subse-
quently changed as discussed below. In the following, we
focus only on the models for ↵

vis

= 0.02 and 0.04 be-
cause long-term simulations are performed only for these
models.

Figure 9 shows the evolution of the mass, kinetic en-
ergy, and average velocity of the ejecta that becomes
unbound after t = 0.5 s for the components toward the
polar direction of 0�  ✓  30� and the other (equa-
torial) direction of 30� < ✓  90�, respectively. From
this figure, it is found that the material ejected toward
the polar direction has smaller than or approximately as
large as that ejected toward the equatorial direction. On
the other hand, the polar ejecta has larger kinetic energy
than that of the equatorial ejecta because the average ve-
locity of the polar ejecta is larger (⇠ 0.15 c) than that of
the equatorial ejecta (⇠ 0.05 c). This clearly shows that
there are two components for the ejecta in the late time.

As found in the top panel, for ↵
vis

= 0.04, the mass
ejection in this late-phase (for t & 0.5 s) is primarily
towards the equatorial direction, while for the fiducial
model (↵

vis

= 0.02), the equatorial mass ejection is as
weak as the polar one up to t ⇠ 2.7 s.

For ↵
vis

= 0.04, the early viscosity-driven mass ejec-
tion continues for later time than that for the fiducial
(↵

vis

= 0.02) model because the shock driven by the
early viscous e↵ect on the MNS is stronger for the larger
viscosity parameter models. This is the reason for the
larger mass ejection rate toward the equatorial direc-

16 S.Fujibayashi, K.Kiuchi, N.Nishimura, Y.Sekiguchi, and M.Shibata

Figure 13. Same as Figure 12 but at t = 1 s. For ↵
vis

= 0.02 (top panels), the ejecta shown in these panels is composed mainly of the
viscosity-driven component toward the polar direction, while for ↵

vis

= 0.04 (bottom panels), it is composed primarily of the viscosity-driven
component toward the equatorial direction.

Figure 14. Mass histogram of the ejecta as a function of Y
e

(left) and s/k
B

(right) at t = 1.3 s. The distributions of the elec-
tron fraction (left panel) and the specific entropy (right panel) are
plotted. The red and green curves denote the results for the models
DD2-135135-0.04-H and DD2-135135-0.02-H, respectively.

Figure 15. Mass fraction of the nuclei as a function of atomic
number for the model DD2-135135-0.04-H at t = 1.3 s. The dif-
ferent color curves correspond to the results in di↵erent angular
regions. The shaded region indicates the range of the lanthanide
elements (Z =57–71).

Ref:	S.	Fujibayashi	et	al.	2018	

Ejecta mass ~0.01—0.1 M_sun, typical velocity 0.03 — 0.15 c 
depending on the viscous parameter and the life'me of the remnant NS
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Figure 13. Same as Figure 12 but at t = 1 s. For ↵
vis

= 0.02 (top panels), the ejecta shown in these panels is composed mainly of the
viscosity-driven component toward the polar direction, while for ↵

vis

= 0.04 (bottom panels), it is composed primarily of the viscosity-driven
component toward the equatorial direction.

10-5

10-4

10-3

10-2

 0  0.1  0.2  0.3  0.4  0.5

M
as

s 
p

er
 b

in
 [

M
su

n
]

Ye

Figure 14. Mass histogram of the ejecta as a function of Y
e

(left) and s/k
B

(right) at t = 1.3 s. The distributions of the elec-
tron fraction (left panel) and the specific entropy (right panel) are
plotted. The red and green curves denote the results for the models
DD2-135135-0.04-H and DD2-135135-0.02-H, respectively.

Figure 15. Mass fraction of the nuclei as a function of atomic
number for the model DD2-135135-0.04-H at t = 1.3 s. The dif-
ferent color curves correspond to the results in di↵erent angular
regions. The shaded region indicates the range of the lanthanide
elements (Z =57–71).
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if remnant neutron star is sufficiently long-lived,  
post-merger ejecta would typically have Ye>0.25 due to neutrino irradia'on  

→ lanthanide-free → κ~0.1-1 cm^2/g

Ref:	S.	Fujibayashi	et	al.	2018	
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Note:prompt collapse case

if the merger remnant collapse to a black hole  
promptly (or in a short 'me scale t<<1s), 

post-merger ejecta would be lanthanide-rich 
(see e.g., Wu et al. 2016, Siegel et al. 2018, Fernandez et al. 2018)

Ref:	Siegel	et	al.	2018	

plane around the BH (cf. Equations (64), (65), and (68)). This
geometry more closely resembles neutrino emission from the
disk, as most of the emission is confined to regions close to the
midplane (cf. Figure 7, bottom panel) and the effective
emission rates OQ eff

i
are indeed sharply peaked around some

characteristic emission radius O�r Rem, i (cf. Figure 11, top
panel). In analogy to Equation (70), the neutrino distribution
function in this case is given by
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Here r and θ denote the radial coordinate and polar angle,
respectively, and GR denotes the azimuthal angle that

parameterizes the neutrino emission ring. Furthermore,
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is the distance between a spatial point (r, θ) and the neutrino
emission ring at position fR (cf. Figure B2 of Fernández &
Metzger 2013).
Figure 15 reports detailed abundance yields, including

neutrino absorption, computed with the two methods outlined
above, in comparison to previous results obtained by neglecting
neutrino absorption (Siegel & Metzger 2017). It is reassuring
that these results do not depend on the method by which
neutrino absorption is included; both approaches lead to
essentially the same abundance yields. This is not surprising,
given that the source of neutrino radiation with a diameter of
essentially 60–80 km is sufficiently compact compared to the
spatial size of the entire disk and outflows (cf. Section 4.5).
With neutrino absorption included, the production of the

entire range of r-process nuclei from the first to the third peak
of the r-process can be explained. Including neutrino absorp-
tion dramatically improves the agreement between the
abundance yields of the lighter nuclei from the first to the
second r-process peak (A∼80–120) compared to the observed
solar system abundances. This is due to neutrinos irradiating
part of the outflow and the outer parts of the disk, thereby
raising Ye in part of the outflow (see Figure 16), which
enhances the production of lighter r-process nuclei. However, a
strong second-to-third-peak r-process is still maintained. The
fact that the outflow well reaches the production of third-peak
elements at the required level to explain solar abundances, even
in the presence of strong neutrino irradiation, is at least in part
due to the self-regulation mechanism discussed in Section 4.3,
which continuously releases very neutron-rich material into the
outflow. The excellent agreement with observed abundances is
also reflected in the bottom panel of Figure 15, which compares
the abundance yields from our simulation including neutrino
absorption with observed abundances in metal-poor stars in the
halo of the Milky Way.

Figure 15. Top: final mean elemental abundances for the fiducial case without
neutrino absorption as in Siegel & Metzger (2017) and including neutrino
absorption according to a spherical blackbody light-bulb scheme (see the text;
“ν abs. BB sphere”) and ringlike blackbody emission (see the text; “ν abs. BB
ring”). For reference, observed solar system abundances from Arnould et al.
(2007) are added, scaled to match the fiducial mean abundances at A=130.
Bottom: comparison of abundances including neutrino absorption according to
the ringlike blackbody emission to the observed abundances in metal-poor halo
stars (Sneden et al. 2003; Roederer & Lawler 2012; Roederer et al. 2012)
showing � � �Y Ylog log 12Z 1 , scaled such that � �( )Y Ylog Z Z,CS22892 052

2 is
minimized in the range 55�Z�75.

Figure 16. Comparison of the mass distributions of unbound tracer particles
in terms of their electron fraction at �t t5GK for the fiducial case without
neutrino absorption, as in Siegel & Metzger (2017), and including neutrino
absorption according to a spherical blackbody light-bulb scheme (see the text;
“ν abs. BB sphere”) and ringlike blackbody emission (see the text; “ν abs.
BB ring”).
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midplane (cf. Figure 7, bottom panel) and the effective
emission rates OQ eff

i
are indeed sharply peaked around some

characteristic emission radius O�r Rem, i (cf. Figure 11, top
panel). In analogy to Equation (70), the neutrino distribution
function in this case is given by

!R �O O O O O O O( ¯ ) ( ¯ ) ( )f E r T L R N f E T, , ; , ,
1
2

, , 71em, FDi i i i i i i

where

Q T
�O

O

O O¯
( )N

L

R T4
72

em,
2 7

16
4i

i

i i

and

! ¨Q
G

R G
�O

O Q

O
⎜ ⎟⎛
⎝

⎞
⎠ ( )

( )R

r

d

D r R r
1

2 2 , , ,
. 73em,

2

0

2
R

em, R
2i

i

i

Here r and θ denote the radial coordinate and polar angle,
respectively, and GR denotes the azimuthal angle that

parameterizes the neutrino emission ring. Furthermore,

R G� � �O O⎜ ⎟
⎡
⎣⎢

⎛
⎝

⎞
⎠

⎤
⎦⎥ ( )D r

R

r

R

r
1 2 sin cos 74em,

2
em,

R

1 2
i i

is the distance between a spatial point (r, θ) and the neutrino
emission ring at position fR (cf. Figure B2 of Fernández &
Metzger 2013).
Figure 15 reports detailed abundance yields, including

neutrino absorption, computed with the two methods outlined
above, in comparison to previous results obtained by neglecting
neutrino absorption (Siegel & Metzger 2017). It is reassuring
that these results do not depend on the method by which
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given that the source of neutrino radiation with a diameter of
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spatial size of the entire disk and outflows (cf. Section 4.5).
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entire range of r-process nuclei from the first to the third peak
of the r-process can be explained. Including neutrino absorp-
tion dramatically improves the agreement between the
abundance yields of the lighter nuclei from the first to the
second r-process peak (A∼80–120) compared to the observed
solar system abundances. This is due to neutrinos irradiating
part of the outflow and the outer parts of the disk, thereby
raising Ye in part of the outflow (see Figure 16), which
enhances the production of lighter r-process nuclei. However, a
strong second-to-third-peak r-process is still maintained. The
fact that the outflow well reaches the production of third-peak
elements at the required level to explain solar abundances, even
in the presence of strong neutrino irradiation, is at least in part
due to the self-regulation mechanism discussed in Section 4.3,
which continuously releases very neutron-rich material into the
outflow. The excellent agreement with observed abundances is
also reflected in the bottom panel of Figure 15, which compares
the abundance yields from our simulation including neutrino
absorption with observed abundances in metal-poor stars in the
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Figure 16. Comparison of the mass distributions of unbound tracer particles
in terms of their electron fraction at �t t5GK for the fiducial case without
neutrino absorption, as in Siegel & Metzger (2017), and including neutrino
absorption according to a spherical blackbody light-bulb scheme (see the text;
“ν abs. BB sphere”) and ringlike blackbody emission (see the text; “ν abs.
BB ring”).
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h! ! !iD ≡ R
! ! !Dd3x=

R
Dd3x, with D ¼ ffiffiffi

γ
p

ρW the con-
served rest-mass density and γ the determinant of the spatial
metric. This ratio stays roughly constant for t > 20 ms (in a
time-averaged sense) and thus indicates that a steady
turbulent state of the disk is indeed achieved.
Optically thin neutrino cooling in the midplane is bal-

anced by MHD-driven heating, and the disk regulates itself
to a mildly degenerate state with low Ye [66]. The latter
results from a negative feedback process: higher electron
degeneracy μe=kBT results in less electrons (lower Ye) and
positrons, causing less neutrino emission, i.e., a lower
cooling rate, therefore higher temperatures, and thus lower
degeneracy; the resulting state is independent of the
initial conditions. Figure 3 shows the disk once it has

fully self-regulated itself into this mildly degenerate state
(μe=kBT ∼ 1). The inner disk remains neutron-rich
(Ye ≈ 0.1) over the course of the simulation up to radii
r≲ 60 km (≲14 gravitational radii), consistent with
previous one-dimensional models of neutrino-cooled disks
[26,67].
Above the disk midplane powerful thermal outflows are

generated. These are the result of a heating-cooling
imbalance: in regions of lower density, viscous heating
from MHD-driven turbulence and energy release from
recombination of free nucleons into α particles exceeds
cooling by neutrino emission, and the weak interactions
essentially “freeze out” (although further mixing can still
change Ye). In the polar funnel these outflows possess high-
Ye (>0.2) and high specific entropy (s≳ 100kB=b), while
the denser equatorially directed outflows have lower
specific entropy (∼10kB=b) and lower Ye.
Thermodynamic properties of the outflow are recorded

by 104 passive tracer particles that are advected with the
fluid. We place these tracer particles of equal mass in the
initial setup with a probability proportional to the con-
served rest-mass density D ¼ ffiffiffi

γ
p

ρW. Table II and Fig. 4
characterize the outflow properties relevant to the r process,
including Ye, s, and the expansion time scale texp ¼ r=v,
where v denotes the three-velocity (e.g., [68]). These
quantities are evaluated for each tracer particle at the last
time t ¼ t5 GK when the temperature of the particle drops
below 5 GK. At 5 GK, NSE breaks down and full nuclear
reaction network calculations are required to track nuclear
abundances. We distinguish between total outflow, defined
as all tracer particles that have reached r ≥ 103 km by the
end of the simulation, and unbound outflow, defined as
those that are additionally unbound according to the
Bernoulli criterion −hut > 1, where ut is the time compo-
nent of the four-velocity.
By the end of the simulation, ≈ð16 − 23Þ% of the initial

disk mass has been ejected into unbound outflows with
v ≈ ð0.03 − 0.1Þc and asymptotic speeds of v ≈ 0.1c after
conversion of residual specific enthalpy to kinetic energy.
With the disk still launching outflows by the end of
the simulation, our GRMHD setup potentially unbinds
significantly more mass compared to two-dimensional,

FIG. 3. Snapshots of electron fraction, normalized electron
chemical potential, and contours of rest-mass density ρ ¼
½107; 108; 109; 1010; 1011& g cm−3 at t ¼ 43 ms, when the disk
has fully self-regulated itself to mild electron degeneracy (the BH
interior is masked).

FIG. 4. Mass distributions of the unbound disk outflow as measured by tracer particles in terms of electron fraction, specific entropy,
expansion time scale (all at t ¼ t5 GK), and outflow velocity at r ¼ 103 km.
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kilonova/macronova from  
different components 

• Dynamical	mass	ejecBon  
M~0.0001—0.01 M_sun, v~0.1-0.2 c  
Ye~0.1-0.5 
→t_peak~10 days, 
long-las'ng, dim, low temperature	  
(red)	kilonova 

• Post-merger	mass	ejecBon  
M~0.01—0.1 M_sun, v~0.03-0.15 c  
Ye~0.3-0.4 
(if remnant NS is sufficiently long-lived)  
→t_peak~1 days, 
short-las'ng, bright, high temperature  
(blue)	kilonova

Post-merger ejecta�

Ye ~ 0.05−0.5

→κ ~ 10 cm2 / g
M ~ 10−2M⊙

v / c = 0.1−0.9

Dynamical ejecta�

Ye ~ 0.3−0.4

→κ ~ 0.1 cm2 / g
M ~ 3×10−2M⊙

v / c = 0.03−0.1

Remnant  
   MNS 



SSS17a (GW170817)
Ref:	Waxman	et	al.	2017
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Figure 5 | A unified kilonova model explaining the optical/infrared counterpart of 

GW170817. The model is the superposition of the emission from two spatially distinct 

ejecta components: a ‘blue’ kilonova (light r-process ejecta with M = 0.025M
!

, vk = 0.3c 

and Xlan = 10"4) plus a ‘red’ kilonova (heavy r-process ejecta with M = 0.04M
!

, 

vk = 0.15c, and Xlan = 10"1.5). a, Optical–infrared spectral time series, where the black line 

is the sum of the light r-process (blue line) and heavy r-process (red line) contributions. 

b, Composite broadband light curves. The light r-process component produces the rapidly 

evolving optical emission while the heavy r-process component produces the extended 

infrared emission. The composite model predicts a distinctive colour evolution, spectral 

continuum shape and infrared spectral peaks, all of which resemble the properties of 

AT 2017gfo. 
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Mul'ple component 
 Kilonovae/macronovae

• Kilonova/macronova	model	with	mulLple	components	well	interprets	the	observaLon  
(see	e.g.,	Kasliwal	et	al.	2017,	Cowperthwaite	et	al.	2017,	Kasen	et	al.	2017,	Villar	et	al.	2017)	

• early-blue	component	(~1day)	from	lanthanide-free	ejecta	 
 
+	long-lasLng	red	component	(~10days)	from	lanthanide-rich	ejecta	

Ref:	D.	Kasen	et	al.	2017

Red	kilonova	
			M	~	0.03	Msun	
			v	~	0.1	c

Blue	kilonova		
			M	~	0.02	Msun	
			v	~	0.25c Too	fast		

as	post-merger	ejecta??

Too	massive	as	
dynamical	ejecta??

See	e.g.,	Metzger+18,	 
Waxman+18

What	is	the	origin	of	blue/red	kilonova?

Post-merger	ejecta		
Inside	of	dynamical	ejecta	
(less	dynamical	ejecta	 
near	the	pole)

Blue	(lanthanide-free)

Red	(lanthanide-rich)

ref)	Tanaka-san’s	slide



Problems
• MulLple	component	ejecta	kilonova/macronova	seem	to	work,	but…	

!

!

!

• lanthanide-rich	ejecta		with	>0.01	M_sun	seems	too	large	  
for	the	dynamical	ejecta	(typically	less	than	0.01	M_sun)	

• velocity	of	lanthanide-free	ejecta	~0.3	c	is	too	high	for	the	post-merger	ejecta 
(typically	~0.05-0.1	c)	

• Tension	between	observed	properLes	and	predicLons	of	numerical	relaLvity? 
(e.g.,	Waxman	et	al.	2017,	Metzger	et	al.	2018,	Matsumoto	et	al.	2018)	

• Photon	interplay	between	the	dynamical	&	post-merger	ejecta	is	not	taken	into	
account	(	only	simple	composiBon	of	each	lightcurve)
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Radia've transfer between 
different ejecta components

Post-merger ejecta�
Ye ~ 0.05−0.5

→κ ~ 10 cm2 / g
M ~ 10−2M⊙

v / c = 0.1−0.9

Dynamical ejecta�
Ye ~ 0.3−0.4

→κ ~ 0.1 cm2 / g
M ~ 3×10−2M⊙

v / c = 0.03−0.1

absorption�

Main energy source� Reprocessed Emission:  

Remnant  
   MNS 

We	perform	an	axisymmetric	radiaLve	transfer	simulaLon	for	kilonovae/macronovae 
taking	the	interplay	of	mulLple	ejecta	components	of	non-spherical	morphology	into	account. 
(see	Perego	et	al.	2017,	Wollaeger	et	al.	2017	for	studies	with	similar	setups 
	and	also	Matsumoto	et	al.	for	reprocessing	models	in	different	context)	



Radia've transfer simula'on
• We	employ	a	wavelength-dependent	Monte-Carlo	radiaLve	transfer	simulaLon	code  

(M.	Tanaka	et	al.	2013,	2014,	2017)	

• 	The	density,	velocity,	and	Ye	profiles	of	ejecta	are	employed	within	the	range	of	predicLons	 
by	numerical-relaLvity	simulaLons.	  
(e.g.,	Dietrich	et	al.	2016,	Hotokezaka	et	al.	2018,	Metzger&Fernandez	et	al.	2014 
,	Fujibayashi	et	al.	2018)	

• The	abundance	paQern	and	nuclear	heaLng	rate	are	given	based	on	r-process	nucleosynthesis	
calculaLons	by	(Wanajo	et	al.	2014)	

• RealisLc	opacity	table	constructed	by	the	atomic	structure	calculaLons 
(Se,	Ru,	Te,	Nd,	and	Er)

improved	points!

• The	grid	resoluLon	of	the	simulaLon	is	also	improved	by	an	oder	of	
magnitude	from	our	previous	works	by	imposing	axisymmetry.		

• special-relaLvisLc	effects	on	photon	transfer	are	fully	taken	into	account



Density distribu'on
2

relativistic simulations for binary NS mergers show that
the mass and velocity of the dynamical ejecta are typi-
cally 10�3–10�2 M� and 0.1–0.3 c, respectively, depend-
ing on the equation of state and each mass of NS, where c
is the speed of light. The electron fraction of the dynami-
cal ejecta distributes from 0.05–0.5, which leads to a large
value of opacity ⇡ 10 cm2/g. After the dynamical ejec-
tion, the mass ejection from the merger remnant driven
by viscous and neutrino heating follows (Dessart et al.
2009; Metzger & Fernández 2014; Just et al. 2015; Siegel
& Metzger 2017; Shibata et al. 2017; Fujibayashi et al.
2017) (we refer to these ejecta as post-merger ejecta.) It
is shown by general relativistic simulations considering
the e↵ects of physical viscosity and neutrino radiation
that 10�2–10�1 M� of the material can be ejected from
the massive NS and torus formed after the merger. The
velocity of the post-merger ejecta is typically . 0.1 c.
Due to the irradiation by neutrinos emitted from rem-
nant NS, the electron fraction of the post-merger ejecta
typically has a larger value (Ye ⇡ 0.3–0.4) than that of
the dynamical ejecta, and this leads to a smaller value of
opacity ⇡ 0.1 cm2/g.

Among the proposed models, a number of stud-
ies has shown that SSS17a is consistent with kilo-
nova/macronova models composed of two (or more)
ejecta components, such as the lanthanide-rich dynam-
ical ejecta with high opacity (⇡ 10 g/cm3) and the
lanthanide-free post-merger ejecta with low opacity (⇡
0.1 g/cm3) (Kasliwal et al. 2017; Cowperthwaite et al.
2017; Kasen et al. 2017; Tanaka et al. 2017; Villar et al.
2017). In such models, the blue optical emission observed
for ⇠ 1 day and the red near-infrared emission lasts for
⇠ 10 days are explained by the emissions from the post-
merger ejecta and the dynamical ejecta, respectively. On
the other hand, it is also pointed out that the ejecta pa-
rameters of the models that explain the observation are
inconsistent with the prediction of numerical-relativity
simulations. 10�2–10�1 M� is required for the mass of
the dynamical ejecta in these models to explain the near-
infrared lightcurves. However, it is an order magnitude
larger than the theoretical prediction. Moreover, a large
value of ejecta velocity & 0.1–0.3 c is required for the
post-merger component to explain the observed photo-
spheric velocity ⇡ 0.3 c (Kasliwal et al. 2017; Waxman
et al. 2017), while such high velocity is also not realized
in the numerical-relativity simulations (Fujibayashi et al.
2017).

In these kilonovae/macronovae models, contribution
from each ejecta component to the lightcurves is sep-
arately calculated and composited. However, in reality,
two ejecta components would interact each other through
the transfer of photons. Numerical-relativity simulations
give a picture that the post-merger ejecta are surrounded
by the dynamical ejecta because the latter has higher ve-
locity than the former. This suggests that a photon dif-
fuses from the post-merger ejecta cannot directly escape
from the system, but will be reprocessed in the dynami-
cal ejecta before it escapes.

In the presence of massive post-merger ejecta, the dy-
namical ejecta will be heated up. This implies that the
post-merger ejecta would be the main energy source for
the emission from the dynamical ejecta, and this gives
us a chance to explain the long-lasting near-infrared
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Fig. 1.— Density distributions of the ejecta employed in the
radiative-transfer simulation. Red and blue regions denote the re-
gions of the dynamical and the post-merger ejecta, respectively.
Axisymmetry with respect to the z-axis is imposed in the simula-
tion.

lightcurves by less massive dynamical ejecta. Numerical-
relativity simulations also show that most of the dynam-
ical ejecta is concentrated in ✓ � ⇡/4, and only a part of
the dynamical ejecta, which has high velocity, is present
in the polar region (✓  ⇡/4), where ✓ is the inclination
angle measured from the orbital axis of the binary (Ho-
tokezaka et al. 2013; Bauswein et al. 2013; Sekiguchi et al.
2016; Radice et al. 2016; Dietrich et al. 2017). However,
such low-density dynamical ejecta in the polar region can
still significantly modify the spectrum due to large opac-
ity determined by lanthinides (this is known as the lan-
thanide curtain e↵ect (Kasen et al. 2015; Wollaeger et al.
2017).) Since the dynamical ejecta have high velocity, we
can expect that the reprocess of photon in the dynami-
cal ejecta helps the photospheric velocity to be enhanced.
The gravitational-wave data analysis of GW170817 infers
that the event was observed from ✓ . 28� (Abbott et al.
2017a). Therefore, photon-reprocessing in both the low-
density and high-density dynamical ejecta would be im-
portant for the lightcurve prediction. A similar picture
was proposed and studied semi-analytically by Perego
et al. (2017) to explain the inconsistency between the
estimated mass of the dynamical ejecta and that of the
theoretical prediction.

In this letter, we perform an axisymmetric radiative-
transfer simulation for kilonovae/macronovae consider-
ing the interaction between two ejecta components. We
show that the near-infrared and optical lightcurves of
SSS17a can be explained by the ejecta model which
is consistent with the prediction of numerical-relativity
simulations.

2. METHOD AND MODEL

We calculate lightcurves and spectra of kilono-
vae/marconovae by employing a wavelength-dependent
radiative transfer code (Tanaka & Hotokezaka 2013;
Tanaka et al. 2017, 2018). The photon transfer is cal-
culated by the Monte Carlo method for given ejecta
density structure and element abundances. The nu-
clear heating rates are given based on the results of
r-process nucleosynthesis calculations by Wanajo et al.
(2014). We also consider the time-dependent thermal-

θ

Dynamical	ejecta:	0.009	M_sun,	0.08—0.9	c,	Ye=0.1-0.4,	p=-6  
Post-merger	ejecta:	0.02	M_sun,	0.025—0.08	c,	Ye=0.3-0.4,	p=-3 

*	This	setups	mimics	the	case	with	higher	density	and	Ye	of	 
the	dynamical	ejecta	in	the	polar	region

⇢ / r�p
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Axisymmetric

⇢⇥ 10�3
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Results:Light curves

Host	galaxy	NGC4993:	~40	Mpc	
GW	data	analysis	gave	a	constraint	on	θ	<~30°
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Fig. 2.— Optical and NIR lightcurves of SSS17a compared with the kilonova/macronova 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,
4.6, 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.

v
ph

are calculated by L
bol

= 4⇡r2

ph

�T 4

e↵

and v
ph

= r
ph

/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,
v
ph

⇡ 0.3 c is realized for t  2 days due to photons re-
processed in the dynamical ejecta. We here stress that
the presence of the low-density dynamical ejecta (or more
massive but higher Ye) in the polar region is the key to
interpret the observed value of v

ph

. Indeed, we find that
the value of v

ph

cannot be as large as 0.25 c for & 1 day
if the low-density dynamical ejecta region in ✓  ⇡/4 is
absent.

More detailed spectral features are also of interest for
comparison. Chornock et al. (2017); Kasliwal et al.
(2017); Nicholl et al. (2017); Tanvir et al. (2017) points
out that SSS17a shows featureless spectra in optical
wavelengths and some line-like features in infrared wave-
lengths. Similar behavior is indeed found in our model
at > 2 days. At early times (< 2 days), our model shows
a narrow features at ⇡ 5000 Å, which is not found in
the observations. However, given the incompleteness of
the line list and simplification in the Ye distribution,
these features should be more smeared out in reality.
Thus, it is too early to extract the velocities from the
observed/model spectra and further improvement and
investigation of the model is needed to interpret the ob-
served line features more quantitatively.

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-
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Important points

• A	smaller	value	of	mass	the	dynamical	ejecta	(<~0.01	M_sun)	than	
previous	studies	is	needed	for	reproducing	the	observed	
lightcurves,	which	agrees	with	the	predicLon	of	NR	simulaLons	

• Velocity	of	the	post-merger	ejecta	(~<0.05	c)	also	agrees	within	  
the	predicLon	of	NR	simulaLons	

• The	total	mass	of	ejecta	is	smaller	than	the	predicLon	of	previous	
studies	(~0.04-0.08	M_sun		->	~0.03	M_sun)



Hea'ng up of dynamical 
ejecta by post-merger ejecta

• post-merger	ejecta	irradiate	and	heat	up	the	dynamical	ejecta,	 
and	help	the	long-lasLng	NIR	lightcurves	to	be	reproduced	by	less	massive	
dynamical	ejecta	(see	also	Perego	et	al.	2017)

2

relativistic simulations for binary NS mergers show that
the mass and velocity of the dynamical ejecta are typi-
cally 10�3–10�2 M� and 0.1–0.3 c, respectively, depend-
ing on the equation of state and each mass of NS, where c
is the speed of light. The electron fraction of the dynami-
cal ejecta distributes from 0.05–0.5, which leads to a large
value of opacity ⇡ 10 cm2/g. After the dynamical ejec-
tion, the mass ejection from the merger remnant driven
by viscous and neutrino heating follows (Dessart et al.
2009; Metzger & Fernández 2014; Just et al. 2015; Siegel
& Metzger 2017; Shibata et al. 2017; Fujibayashi et al.
2017) (we refer to these ejecta as post-merger ejecta.) It
is shown by general relativistic simulations considering
the e↵ects of physical viscosity and neutrino radiation
that 10�2–10�1 M� of the material can be ejected from
the massive NS and torus formed after the merger. The
velocity of the post-merger ejecta is typically . 0.1 c.
Due to the irradiation by neutrinos emitted from rem-
nant NS, the electron fraction of the post-merger ejecta
typically has a larger value (Ye ⇡ 0.3–0.4) than that of
the dynamical ejecta, and this leads to a smaller value of
opacity ⇡ 0.1 cm2/g.

Among the proposed models, a number of stud-
ies has shown that SSS17a is consistent with kilo-
nova/macronova models composed of two (or more)
ejecta components, such as the lanthanide-rich dynam-
ical ejecta with high opacity (⇡ 10 g/cm3) and the
lanthanide-free post-merger ejecta with low opacity (⇡
0.1 g/cm3) (Kasliwal et al. 2017; Cowperthwaite et al.
2017; Kasen et al. 2017; Tanaka et al. 2017; Villar et al.
2017). In such models, the blue optical emission observed
for ⇠ 1 day and the red near-infrared emission lasts for
⇠ 10 days are explained by the emissions from the post-
merger ejecta and the dynamical ejecta, respectively. On
the other hand, it is also pointed out that the ejecta pa-
rameters of the models that explain the observation are
inconsistent with the prediction of numerical-relativity
simulations. 10�2–10�1 M� is required for the mass of
the dynamical ejecta in these models to explain the near-
infrared lightcurves. However, it is an order magnitude
larger than the theoretical prediction. Moreover, a large
value of ejecta velocity & 0.1–0.3 c is required for the
post-merger component to explain the observed photo-
spheric velocity ⇡ 0.3 c (Kasliwal et al. 2017; Waxman
et al. 2017), while such high velocity is also not realized
in the numerical-relativity simulations (Fujibayashi et al.
2017).

In these kilonovae/macronovae models, contribution
from each ejecta component to the lightcurves is sep-
arately calculated and composited. However, in reality,
two ejecta components would interact each other through
the transfer of photons. Numerical-relativity simulations
give a picture that the post-merger ejecta are surrounded
by the dynamical ejecta because the latter has higher ve-
locity than the former. This suggests that a photon dif-
fuses from the post-merger ejecta cannot directly escape
from the system, but will be reprocessed in the dynami-
cal ejecta before it escapes.

In the presence of massive post-merger ejecta, the dy-
namical ejecta will be heated up. This implies that the
post-merger ejecta would be the main energy source for
the emission from the dynamical ejecta, and this gives
us a chance to explain the long-lasting near-infrared
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Fig. 1.— Density distributions of the ejecta employed in the
radiative-transfer simulation. Red and blue regions denote the re-
gions of the dynamical and the post-merger ejecta, respectively.
Axisymmetry with respect to the z-axis is imposed in the simula-
tion.

lightcurves by less massive dynamical ejecta. Numerical-
relativity simulations also show that most of the dynam-
ical ejecta is concentrated in ✓ � ⇡/4, and only a part of
the dynamical ejecta, which has high velocity, is present
in the polar region (✓  ⇡/4), where ✓ is the inclination
angle measured from the orbital axis of the binary (Ho-
tokezaka et al. 2013; Bauswein et al. 2013; Sekiguchi et al.
2016; Radice et al. 2016; Dietrich et al. 2017). However,
such low-density dynamical ejecta in the polar region can
still significantly modify the spectrum due to large opac-
ity determined by lanthinides (this is known as the lan-
thanide curtain e↵ect (Kasen et al. 2015; Wollaeger et al.
2017).) Since the dynamical ejecta have high velocity, we
can expect that the reprocess of photon in the dynami-
cal ejecta helps the photospheric velocity to be enhanced.
The gravitational-wave data analysis of GW170817 infers
that the event was observed from ✓ . 28� (Abbott et al.
2017a). Therefore, photon-reprocessing in both the low-
density and high-density dynamical ejecta would be im-
portant for the lightcurve prediction. A similar picture
was proposed and studied semi-analytically by Perego
et al. (2017) to explain the inconsistency between the
estimated mass of the dynamical ejecta and that of the
theoretical prediction.

In this letter, we perform an axisymmetric radiative-
transfer simulation for kilonovae/macronovae consider-
ing the interaction between two ejecta components. We
show that the near-infrared and optical lightcurves of
SSS17a can be explained by the ejecta model which
is consistent with the prediction of numerical-relativity
simulations.

2. METHOD AND MODEL

We calculate lightcurves and spectra of kilono-
vae/marconovae by employing a wavelength-dependent
radiative transfer code (Tanaka & Hotokezaka 2013;
Tanaka et al. 2017, 2018). The photon transfer is cal-
culated by the Monte Carlo method for given ejecta
density structure and element abundances. The nu-
clear heating rates are given based on the results of
r-process nucleosynthesis calculations by Wanajo et al.
(2014). We also consider the time-dependent thermal-
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Fig. 2.— Optical and near-infrared lightcurves of SSS17a compared with the kilonova model observed from 20�  ✓  28� (left panel)
and 86�  ✓  90� (right panel). The optical and near-infrared 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.
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Fig. 3.— Time evolution of optical and near-infrared spectral
energy distribution 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.

of the Ye distribution of our model. Thus, a radiative-
transfer simulation employing realistic Ye distribution
based on numerical-relativity simulations is required to
examine whether the solar abundance of r-process ele-
ment can be explained consistently by the ejecta param-
eters inferred from the observation.

4. DISCUSSION & CONCLUSION

In this letter, we perform an axisynmmetric radiative-
transfer simulation for a kilonova/macronova with a
setup suggested by numerical-relativity simulations.
In particular, the interaction between two ejecta
components–the dynamical ejecta and the post-merger
ejecta– via photon transfer is consistently taken into ac-
count in the lightcurve prediction. We found that the
near-infrared and optical lightcurves are explained semi-
quantitatively by the numerical-relativity-simulation-
motivated model without any fine tuning. In particular,
we showed that the observed near-infrared lightcurves
can be explained by the dynamical ejecta of which mass
is consistent with the prediction of numerical simula-
tions. The mass of the dynamical ejecta in our model is
also consistent with that estimated by a semi-analytical
model (Perego et al. 2017). The observed blue optical
lightcurves as well as the photospheric velocity of ⇡ 0.3 c
can be explained by the photon-reprocessing in the low-
density dynamical ejecta, which locates at the polar re-
gion on the top of the post-merger ejecta. Furthermore,
we found that the mass-averaged element abundance of
the ejecta model is consistent with the solar abundance
of r-process element. These results suggest that the pre-
diction of numerical-relativity simulations is robust.

While the kilonova/macronova model which we showed
in this letter agrees semi-quantitatively with the observa-
tional data points, some di↵erences are also found. Thus,
we need to seek what kind of ejecta profile can explain the
observation more accurately. For example, the e↵ective
temperature and the photospheric velocity (or the pho-
tospheric radius) of our model were slightly lower and
higher, respectively, than those obtained from the ob-
servations. This suggests that the column density of the
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2

relativistic simulations for binary NS mergers show that
the mass and velocity of the dynamical ejecta are typi-
cally 10�3–10�2 M� and 0.1–0.3 c, respectively, depend-
ing on the equation of state and each mass of NS, where c
is the speed of light. The electron fraction of the dynami-
cal ejecta distributes from 0.05–0.5, which leads to a large
value of opacity ⇡ 10 cm2/g. After the dynamical ejec-
tion, the mass ejection from the merger remnant driven
by viscous and neutrino heating follows (Dessart et al.
2009; Metzger & Fernández 2014; Just et al. 2015; Siegel
& Metzger 2017; Shibata et al. 2017; Fujibayashi et al.
2017) (we refer to these ejecta as post-merger ejecta.) It
is shown by general relativistic simulations considering
the e↵ects of physical viscosity and neutrino radiation
that 10�2–10�1 M� of the material can be ejected from
the massive NS and torus formed after the merger. The
velocity of the post-merger ejecta is typically . 0.1 c.
Due to the irradiation by neutrinos emitted from rem-
nant NS, the electron fraction of the post-merger ejecta
typically has a larger value (Ye ⇡ 0.3–0.4) than that of
the dynamical ejecta, and this leads to a smaller value of
opacity ⇡ 0.1 cm2/g.

Among the proposed models, a number of stud-
ies has shown that SSS17a is consistent with kilo-
nova/macronova models composed of two (or more)
ejecta components, such as the lanthanide-rich dynam-
ical ejecta with high opacity (⇡ 10 g/cm3) and the
lanthanide-free post-merger ejecta with low opacity (⇡
0.1 g/cm3) (Kasliwal et al. 2017; Cowperthwaite et al.
2017; Kasen et al. 2017; Tanaka et al. 2017; Villar et al.
2017). In such models, the blue optical emission observed
for ⇠ 1 day and the red near-infrared emission lasts for
⇠ 10 days are explained by the emissions from the post-
merger ejecta and the dynamical ejecta, respectively. On
the other hand, it is also pointed out that the ejecta pa-
rameters of the models that explain the observation are
inconsistent with the prediction of numerical-relativity
simulations. 10�2–10�1 M� is required for the mass of
the dynamical ejecta in these models to explain the near-
infrared lightcurves. However, it is an order magnitude
larger than the theoretical prediction. Moreover, a large
value of ejecta velocity & 0.1–0.3 c is required for the
post-merger component to explain the observed photo-
spheric velocity ⇡ 0.3 c (Kasliwal et al. 2017; Waxman
et al. 2017), while such high velocity is also not realized
in the numerical-relativity simulations (Fujibayashi et al.
2017).

In these kilonovae/macronovae models, contribution
from each ejecta component to the lightcurves is sep-
arately calculated and composited. However, in reality,
two ejecta components would interact each other through
the transfer of photons. Numerical-relativity simulations
give a picture that the post-merger ejecta are surrounded
by the dynamical ejecta because the latter has higher ve-
locity than the former. This suggests that a photon dif-
fuses from the post-merger ejecta cannot directly escape
from the system, but will be reprocessed in the dynami-
cal ejecta before it escapes.

In the presence of massive post-merger ejecta, the dy-
namical ejecta will be heated up. This implies that the
post-merger ejecta would be the main energy source for
the emission from the dynamical ejecta, and this gives
us a chance to explain the long-lasting near-infrared
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Fig. 1.— Density distributions of the ejecta employed in the
radiative-transfer simulation. Red and blue regions denote the re-
gions of the dynamical and the post-merger ejecta, respectively.
Axisymmetry with respect to the z-axis is imposed in the simula-
tion.

lightcurves by less massive dynamical ejecta. Numerical-
relativity simulations also show that most of the dynam-
ical ejecta is concentrated in ✓ � ⇡/4, and only a part of
the dynamical ejecta, which has high velocity, is present
in the polar region (✓  ⇡/4), where ✓ is the inclination
angle measured from the orbital axis of the binary (Ho-
tokezaka et al. 2013; Bauswein et al. 2013; Sekiguchi et al.
2016; Radice et al. 2016; Dietrich et al. 2017). However,
such low-density dynamical ejecta in the polar region can
still significantly modify the spectrum due to large opac-
ity determined by lanthinides (this is known as the lan-
thanide curtain e↵ect (Kasen et al. 2015; Wollaeger et al.
2017).) Since the dynamical ejecta have high velocity, we
can expect that the reprocess of photon in the dynami-
cal ejecta helps the photospheric velocity to be enhanced.
The gravitational-wave data analysis of GW170817 infers
that the event was observed from ✓ . 28� (Abbott et al.
2017a). Therefore, photon-reprocessing in both the low-
density and high-density dynamical ejecta would be im-
portant for the lightcurve prediction. A similar picture
was proposed and studied semi-analytically by Perego
et al. (2017) to explain the inconsistency between the
estimated mass of the dynamical ejecta and that of the
theoretical prediction.

In this letter, we perform an axisymmetric radiative-
transfer simulation for kilonovae/macronovae consider-
ing the interaction between two ejecta components. We
show that the near-infrared and optical lightcurves of
SSS17a can be explained by the ejecta model which
is consistent with the prediction of numerical-relativity
simulations.

2. METHOD AND MODEL

We calculate lightcurves and spectra of kilono-
vae/marconovae by employing a wavelength-dependent
radiative transfer code (Tanaka & Hotokezaka 2013;
Tanaka et al. 2017, 2018). The photon transfer is cal-
culated by the Monte Carlo method for given ejecta
density structure and element abundances. The nu-
clear heating rates are given based on the results of
r-process nucleosynthesis calculations by Wanajo et al.
(2014). We also consider the time-dependent thermal-
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Fig. 2.— Optical and near-infrared lightcurves of SSS17a compared with the kilonova model observed from 20�  ✓  28� (left panel)
and 86�  ✓  90� (right panel). The optical and near-infrared 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.
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Fig. 3.— Time evolution of optical and near-infrared spectral
energy distribution 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.

of the Ye distribution of our model. Thus, a radiative-
transfer simulation employing realistic Ye distribution
based on numerical-relativity simulations is required to
examine whether the solar abundance of r-process ele-
ment can be explained consistently by the ejecta param-
eters inferred from the observation.

4. DISCUSSION & CONCLUSION

In this letter, we perform an axisynmmetric radiative-
transfer simulation for a kilonova/macronova with a
setup suggested by numerical-relativity simulations.
In particular, the interaction between two ejecta
components–the dynamical ejecta and the post-merger
ejecta– via photon transfer is consistently taken into ac-
count in the lightcurve prediction. We found that the
near-infrared and optical lightcurves are explained semi-
quantitatively by the numerical-relativity-simulation-
motivated model without any fine tuning. In particular,
we showed that the observed near-infrared lightcurves
can be explained by the dynamical ejecta of which mass
is consistent with the prediction of numerical simula-
tions. The mass of the dynamical ejecta in our model is
also consistent with that estimated by a semi-analytical
model (Perego et al. 2017). The observed blue optical
lightcurves as well as the photospheric velocity of ⇡ 0.3 c
can be explained by the photon-reprocessing in the low-
density dynamical ejecta, which locates at the polar re-
gion on the top of the post-merger ejecta. Furthermore,
we found that the mass-averaged element abundance of
the ejecta model is consistent with the solar abundance
of r-process element. These results suggest that the pre-
diction of numerical-relativity simulations is robust.

While the kilonova/macronova model which we showed
in this letter agrees semi-quantitatively with the observa-
tional data points, some di↵erences are also found. Thus,
we need to seek what kind of ejecta profile can explain the
observation more accurately. For example, the e↵ective
temperature and the photospheric velocity (or the pho-
tospheric radius) of our model were slightly lower and
higher, respectively, than those obtained from the ob-
servations. This suggests that the column density of the
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photospheric velocity

• The	reprocess	of	photons	in	the	dynamical	ejecta	helps	the	
photospheric	velocity	to	be	enhanced
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relativistic simulations for binary NS mergers show that
the mass and velocity of the dynamical ejecta are typi-
cally 10�3–10�2 M� and 0.1–0.3 c, respectively, depend-
ing on the equation of state and each mass of NS, where c
is the speed of light. The electron fraction of the dynami-
cal ejecta distributes from 0.05–0.5, which leads to a large
value of opacity ⇡ 10 cm2/g. After the dynamical ejec-
tion, the mass ejection from the merger remnant driven
by viscous and neutrino heating follows (Dessart et al.
2009; Metzger & Fernández 2014; Just et al. 2015; Siegel
& Metzger 2017; Shibata et al. 2017; Fujibayashi et al.
2017) (we refer to these ejecta as post-merger ejecta.) It
is shown by general relativistic simulations considering
the e↵ects of physical viscosity and neutrino radiation
that 10�2–10�1 M� of the material can be ejected from
the massive NS and torus formed after the merger. The
velocity of the post-merger ejecta is typically . 0.1 c.
Due to the irradiation by neutrinos emitted from rem-
nant NS, the electron fraction of the post-merger ejecta
typically has a larger value (Ye ⇡ 0.3–0.4) than that of
the dynamical ejecta, and this leads to a smaller value of
opacity ⇡ 0.1 cm2/g.

Among the proposed models, a number of stud-
ies has shown that SSS17a is consistent with kilo-
nova/macronova models composed of two (or more)
ejecta components, such as the lanthanide-rich dynam-
ical ejecta with high opacity (⇡ 10 g/cm3) and the
lanthanide-free post-merger ejecta with low opacity (⇡
0.1 g/cm3) (Kasliwal et al. 2017; Cowperthwaite et al.
2017; Kasen et al. 2017; Tanaka et al. 2017; Villar et al.
2017). In such models, the blue optical emission observed
for ⇠ 1 day and the red near-infrared emission lasts for
⇠ 10 days are explained by the emissions from the post-
merger ejecta and the dynamical ejecta, respectively. On
the other hand, it is also pointed out that the ejecta pa-
rameters of the models that explain the observation are
inconsistent with the prediction of numerical-relativity
simulations. 10�2–10�1 M� is required for the mass of
the dynamical ejecta in these models to explain the near-
infrared lightcurves. However, it is an order magnitude
larger than the theoretical prediction. Moreover, a large
value of ejecta velocity & 0.1–0.3 c is required for the
post-merger component to explain the observed photo-
spheric velocity ⇡ 0.3 c (Kasliwal et al. 2017; Waxman
et al. 2017), while such high velocity is also not realized
in the numerical-relativity simulations (Fujibayashi et al.
2017).

In these kilonovae/macronovae models, contribution
from each ejecta component to the lightcurves is sep-
arately calculated and composited. However, in reality,
two ejecta components would interact each other through
the transfer of photons. Numerical-relativity simulations
give a picture that the post-merger ejecta are surrounded
by the dynamical ejecta because the latter has higher ve-
locity than the former. This suggests that a photon dif-
fuses from the post-merger ejecta cannot directly escape
from the system, but will be reprocessed in the dynami-
cal ejecta before it escapes.

In the presence of massive post-merger ejecta, the dy-
namical ejecta will be heated up. This implies that the
post-merger ejecta would be the main energy source for
the emission from the dynamical ejecta, and this gives
us a chance to explain the long-lasting near-infrared
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Fig. 1.— Density distributions of the ejecta employed in the
radiative-transfer simulation. Red and blue regions denote the re-
gions of the dynamical and the post-merger ejecta, respectively.
Axisymmetry with respect to the z-axis is imposed in the simula-
tion.

lightcurves by less massive dynamical ejecta. Numerical-
relativity simulations also show that most of the dynam-
ical ejecta is concentrated in ✓ � ⇡/4, and only a part of
the dynamical ejecta, which has high velocity, is present
in the polar region (✓  ⇡/4), where ✓ is the inclination
angle measured from the orbital axis of the binary (Ho-
tokezaka et al. 2013; Bauswein et al. 2013; Sekiguchi et al.
2016; Radice et al. 2016; Dietrich et al. 2017). However,
such low-density dynamical ejecta in the polar region can
still significantly modify the spectrum due to large opac-
ity determined by lanthinides (this is known as the lan-
thanide curtain e↵ect (Kasen et al. 2015; Wollaeger et al.
2017).) Since the dynamical ejecta have high velocity, we
can expect that the reprocess of photon in the dynami-
cal ejecta helps the photospheric velocity to be enhanced.
The gravitational-wave data analysis of GW170817 infers
that the event was observed from ✓ . 28� (Abbott et al.
2017a). Therefore, photon-reprocessing in both the low-
density and high-density dynamical ejecta would be im-
portant for the lightcurve prediction. A similar picture
was proposed and studied semi-analytically by Perego
et al. (2017) to explain the inconsistency between the
estimated mass of the dynamical ejecta and that of the
theoretical prediction.

In this letter, we perform an axisymmetric radiative-
transfer simulation for kilonovae/macronovae consider-
ing the interaction between two ejecta components. We
show that the near-infrared and optical lightcurves of
SSS17a can be explained by the ejecta model which
is consistent with the prediction of numerical-relativity
simulations.

2. METHOD AND MODEL

We calculate lightcurves and spectra of kilono-
vae/marconovae by employing a wavelength-dependent
radiative transfer code (Tanaka & Hotokezaka 2013;
Tanaka et al. 2017, 2018). The photon transfer is cal-
culated by the Monte Carlo method for given ejecta
density structure and element abundances. The nu-
clear heating rates are given based on the results of
r-process nucleosynthesis calculations by Wanajo et al.
(2014). We also consider the time-dependent thermal-
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Angular dependence of 
photon diffusion

• Photons	diffuse	preferenLally	to	the	polar	direcLon	in	the	presence	of	the	
opLcally	thick	dynamical	ejecta	in	the	equatorial	plane,	 
and	then,	luminosity	is	effecLvely	enhanced	in	the	polar	direcLon 
→less	ejecta	mass	is	required	to	reproduced	observed	(isotropic)	luminosity
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relativistic simulations for binary NS mergers show that
the mass and velocity of the dynamical ejecta are typi-
cally 10�3–10�2 M� and 0.1–0.3 c, respectively, depend-
ing on the equation of state and each mass of NS, where c
is the speed of light. The electron fraction of the dynami-
cal ejecta distributes from 0.05–0.5, which leads to a large
value of opacity ⇡ 10 cm2/g. After the dynamical ejec-
tion, the mass ejection from the merger remnant driven
by viscous and neutrino heating follows (Dessart et al.
2009; Metzger & Fernández 2014; Just et al. 2015; Siegel
& Metzger 2017; Shibata et al. 2017; Fujibayashi et al.
2017) (we refer to these ejecta as post-merger ejecta.) It
is shown by general relativistic simulations considering
the e↵ects of physical viscosity and neutrino radiation
that 10�2–10�1 M� of the material can be ejected from
the massive NS and torus formed after the merger. The
velocity of the post-merger ejecta is typically . 0.1 c.
Due to the irradiation by neutrinos emitted from rem-
nant NS, the electron fraction of the post-merger ejecta
typically has a larger value (Ye ⇡ 0.3–0.4) than that of
the dynamical ejecta, and this leads to a smaller value of
opacity ⇡ 0.1 cm2/g.

Among the proposed models, a number of stud-
ies has shown that SSS17a is consistent with kilo-
nova/macronova models composed of two (or more)
ejecta components, such as the lanthanide-rich dynam-
ical ejecta with high opacity (⇡ 10 g/cm3) and the
lanthanide-free post-merger ejecta with low opacity (⇡
0.1 g/cm3) (Kasliwal et al. 2017; Cowperthwaite et al.
2017; Kasen et al. 2017; Tanaka et al. 2017; Villar et al.
2017). In such models, the blue optical emission observed
for ⇠ 1 day and the red near-infrared emission lasts for
⇠ 10 days are explained by the emissions from the post-
merger ejecta and the dynamical ejecta, respectively. On
the other hand, it is also pointed out that the ejecta pa-
rameters of the models that explain the observation are
inconsistent with the prediction of numerical-relativity
simulations. 10�2–10�1 M� is required for the mass of
the dynamical ejecta in these models to explain the near-
infrared lightcurves. However, it is an order magnitude
larger than the theoretical prediction. Moreover, a large
value of ejecta velocity & 0.1–0.3 c is required for the
post-merger component to explain the observed photo-
spheric velocity ⇡ 0.3 c (Kasliwal et al. 2017; Waxman
et al. 2017), while such high velocity is also not realized
in the numerical-relativity simulations (Fujibayashi et al.
2017).

In these kilonovae/macronovae models, contribution
from each ejecta component to the lightcurves is sep-
arately calculated and composited. However, in reality,
two ejecta components would interact each other through
the transfer of photons. Numerical-relativity simulations
give a picture that the post-merger ejecta are surrounded
by the dynamical ejecta because the latter has higher ve-
locity than the former. This suggests that a photon dif-
fuses from the post-merger ejecta cannot directly escape
from the system, but will be reprocessed in the dynami-
cal ejecta before it escapes.

In the presence of massive post-merger ejecta, the dy-
namical ejecta will be heated up. This implies that the
post-merger ejecta would be the main energy source for
the emission from the dynamical ejecta, and this gives
us a chance to explain the long-lasting near-infrared
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Fig. 1.— Density distributions of the ejecta employed in the
radiative-transfer simulation. Red and blue regions denote the re-
gions of the dynamical and the post-merger ejecta, respectively.
Axisymmetry with respect to the z-axis is imposed in the simula-
tion.

lightcurves by less massive dynamical ejecta. Numerical-
relativity simulations also show that most of the dynam-
ical ejecta is concentrated in ✓ � ⇡/4, and only a part of
the dynamical ejecta, which has high velocity, is present
in the polar region (✓  ⇡/4), where ✓ is the inclination
angle measured from the orbital axis of the binary (Ho-
tokezaka et al. 2013; Bauswein et al. 2013; Sekiguchi et al.
2016; Radice et al. 2016; Dietrich et al. 2017). However,
such low-density dynamical ejecta in the polar region can
still significantly modify the spectrum due to large opac-
ity determined by lanthinides (this is known as the lan-
thanide curtain e↵ect (Kasen et al. 2015; Wollaeger et al.
2017).) Since the dynamical ejecta have high velocity, we
can expect that the reprocess of photon in the dynami-
cal ejecta helps the photospheric velocity to be enhanced.
The gravitational-wave data analysis of GW170817 infers
that the event was observed from ✓ . 28� (Abbott et al.
2017a). Therefore, photon-reprocessing in both the low-
density and high-density dynamical ejecta would be im-
portant for the lightcurve prediction. A similar picture
was proposed and studied semi-analytically by Perego
et al. (2017) to explain the inconsistency between the
estimated mass of the dynamical ejecta and that of the
theoretical prediction.

In this letter, we perform an axisymmetric radiative-
transfer simulation for kilonovae/macronovae consider-
ing the interaction between two ejecta components. We
show that the near-infrared and optical lightcurves of
SSS17a can be explained by the ejecta model which
is consistent with the prediction of numerical-relativity
simulations.

2. METHOD AND MODEL

We calculate lightcurves and spectra of kilono-
vae/marconovae by employing a wavelength-dependent
radiative transfer code (Tanaka & Hotokezaka 2013;
Tanaka et al. 2017, 2018). The photon transfer is cal-
culated by the Monte Carlo method for given ejecta
density structure and element abundances. The nu-
clear heating rates are given based on the results of
r-process nucleosynthesis calculations by Wanajo et al.
(2014). We also consider the time-dependent thermal-
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Summary
• We	found	that	the	opLcal	and	NIR	lightcurves	as	well	as		
photospheric	velocity	of	SSS17a	are	reproduced	by	 
the	ejecta	model	which	is	within	the	predicLon	of	NR	simulaLons, 
and	thus,	there	is	no	tension	between	the	predicLon	of	
numerical-relaLvity	simulaLons	and	the	observaLon	of	SSS17a	

• The	interplay	of	the	mulLple	non-spherical	ejecta	components	via	
photons	plays	a	key	role	for	the	kilonova/macronova	lightcurves.	

• Our	model	can	be	examined	by	the	kilonova/macronova	
observed	from	different	inclinaLon  
	(for	BNS	with	similar	total	mass)	



Future work
•  Varia'ons of Kilonova/macronova lightcurves should be studied: 

 ex) smaller total mass system, a black hole-neutron star merger, 
      central engine models 

• Systema'c & Quan'ta've study varying ejecta parameters, such as the 
masses and velocity of dynamical and post merger ejecta, are needed 
to understand the variety of kilonova/macronova lightcurves  

• Combined analysis of gravita'onal waves and kilonova/macronova 
lightcurves (+other EMs)  
 
Gravita'onal waves → total mass, inclina'on, 'dal deformability  
Electromagne'c waves → ejecta mass, Ye (weak process) informa'on



Toward rapid KN predic'on: 
Gaussian Process Regression 

• Gaussian process regression 
model may be useful to 
interpolate the data point of RT 
simula'ons 

• RT simula'on ~1 Day /model → 
~1 Minutes/model

M
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M
dyn,eq = 0.001, 0.005, 0.01(⇥0.72)M�

M
dyn,polar = 10�5, 5⇥ 10�5, 10�4(⇥0.28)M�
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RT	Data	sets	(3×3×3=27	models)	
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Check	model


