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Photon	absorp,on/emission	
(bound-bound)

Photon	diffusion	
~0.1	days	—	~100	days	

→	Kilonova
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Radioac,ve	decay	
&	thermaliza,on

Merger	/	Mass	ejec,on	
~	10ms	—	10	s

Gravita,onal	waves
Binary	neutron	star	merger

Kilonova:	Overview

R-process	nucleosynthesis	
~	1	s
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Keys for the realistic prediction of Kilonova

• Light	curve	/	spectra • RadiaQve	transfer	calculaQon

• Ejecta	mass,	velocity,	and	
thermodynamics	property

• Element/Isotope	abundances		
and	radioacQve	heaQng	rate

• Opacity	table	/	transiQon	rate

• Numerical	relaQvity	simulaQon	
in	the	merger		
and	post	merger	phase

• Nucleosynthesis	calculaQon	

• Atomic	structure	calculaQon		
/	experimental	data



Origin	of	ejecta	in	GW170817
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GW170817:	Summarized	in	Villar	et	al.	2017

OpQcal	
~1day

Infrared	
~10	days

• A	Kilonova	with	mulQple	ejecta	components	well	interprets	the	opQcal-Infrared	observaQon	in	GW170817	
(e.g.,	Kasliwal	et	al.	2017,	Drout	et	al.	2017,	Cowperthwaite	et	al.	2017,	Kasen	et	al.	2017,	Villar	et	al.	2017)	

• MulQ-band	light	curve	fi^ng	by	the	combinaQon	of	1d	models	implies	

• early	opQcal	component	(~1day)	from	a	“blue	component”	

	(~0.01	M_sun,	opacity	~0.1-1	cm^2/g,	v~0.3	c)	→	too	massive/fast	to	be	shock	/	viscous	driven	ejecta?	

• long-lasQng	infrared	component	(~10days)	from	a	“red	component”	

	(~0.05-0.1	M_sun,	opacity	~10	cm^2/g,	v~0.1	c)	→	too	massive	to	be	Qdally	driven	dynamical	ejecta?

Dynamical	ejecta	
@	merger	phase	

	
high	opacity	(,dal	driven)	
low	opacity	(shock	driven)

Post-merger	ejecta	
@	Post-merger	phase	

low	opacity?	(viscous	driven)	
mildly	high	opacity?	(MHD	driven)



Post-merger	ejecta

Dynamical	ejecta	(Qdal	driven)	
lanthanide	rich

Effect of geometry and radiative interaction 
between multiple ejecta components

Taking	the	radiaQve	transfer	effect	of	photons	in	the	mulQple	ejecta	components	of		
non-spherical	morphology	into	account	has	a	large	impact	on	the	lightcurve	predicQons	

(see	also	Kasen	et	al.	,	Perego	et	al.	2017,	Wollaeger	et	al.	2017,	Bulla	et	al.	2019	)

Dynamical	mass	ejec,on	
@merger

Post-merger	mass	ejec,on	
@aZer	merger

absorpQon/	
reemission



Effect	on	ejecta	parameter	esQmaQon

• Light	curves	consistent	with	the	observaQon	of	GW170817	can	be	reproduced	by		
the	ejecta	profile	consistent	with	numerical	merger	simulaQons,	such	as		
	
		Dynamical	ejecta:	Lanthanide-rich	ejecta,		~0.001-0.01	Msun			
+Post-merger	ejecta:	Lanthanide-poor	ejecta:	~0.01-0.1	Msun	
	
,	if	the	effects	of	ejecta	geometry	and	radiaQve	interacQon	between	
mulQple	ejecta	components		are	taken	into	account	
(e.g.,	Perego	et	al.	2017,		Tanvir	et	al.	2017,	KK	et	al	2018,	Bulla	et	al.	2019,	Almualla	et	al.	2022,	Kedia	et	al.	2022)
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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-

KK	et	al.	2018

7

Table 3. Resultant posteriors for Mej,pm, Mej,dyn, �, and ✓obs for each of the models explored
in this section. Uncertainties are shown at the 15th and 85th percentiles.

Model Parameters

⌘(✓) Mej,dyn [⇥10�3
M�] Mej,pm [M�] � [deg] ✓obs [deg]

1 4.57+21.88
�2.48 0.110+0.0488

�0.0302 44.29+11.85
�13.69 32.01+19.38

�19.00

sin2(✓) 3.09+18.29
�1.51 0.0912+0.209

�0.032 36.03+14.04
�12.77 24.86+24.89

�17.43

kawaguchi (fd = 0.01) 19.05+35.90
�11.98 0.0832+0.0456

�0.0405 26.95+12.28
�8.03 37.87+15.77

�19.50

kawaguchi (varied fd) 5.89+15.49
�3.43 0.0977+0.0645

�0.0236 29.32+17.25
�10.16 25.84+18.18

�17.72

log10(Mej,dyn/M�) = �2.23+0.56
�0.38
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Figure 7. Corner plot showing the resulting posteriors for
our model with fd as a free parameter. We can see that all
of our inferred parameters are within reasonable ranges and
that the distribution for fd is centered around 0.50.

with the sin2(✓) and the Kawaguchi functional forms
both outperforming the model with no angular depen-
dence. The sin2(✓) dependence improves the fit across
all bands by ⇠50%.
When using the Kawaguchi equation – parameterized

by fd, which is approximately the ratio of the density
in the polar region (0  ✓  ⇡/4) to that in the equa-
torial region (⇡/4  ✓  ⇡/2) – to study the angular
dependence, we found that fd ⇠ 0.50 is most suitable.
Fitting for fd especially improves performance in the
redder bands, decreasing the WMSE by 34% when con-
sidering lightcurves in the i-band and onwards.

Although we explored one specific aspect of the ejecta
structure in this work, and there have been other re-
cent explorations of di↵erent kilonova ejecta morpholo-
gies (Darbha & Kasen 2020; Heinzel et al. 2021; Ko-
robkin et al. 2021), there is still much to explore. There
are countless other geometries that could be considered
for the kilonova ejecta, so an interesting path forward
would be performing inference on a “super-geometry”
that samples a much wider range of possible ejecta mor-
phologies.
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Keys for the realistic prediction of Kilonova

• Light	curve	/	spectra • RadiaQve	transfer	calculaQon

• Ejecta	mass,	velocity,	and	
thermodynamics	property

• Element/Isotope	abundances		
and	radioacQve	heaQng	rate

• Ejecta	/	abundance	profile	in	the	
homologously	expanding	phase	

• Opacity	table	/	transiQon	rate

• Numerical	relaQvity	simulaQon	
in	the	merger		
and	post	merger	phase

• Nucleosynthesis	calculaQon	

• Longterm	Hydrodynamics	
evoluQon	of	ejecta

• Atomic	structure	calculaQon		
/	experimental	data



Long-term	hydrodynamics	evoluQon	of	ejecta

expansion/	interac,on	between	
ejecta	components

Homologously	expanding	phase	
&	kilonova	(~>1000	s)

？
The	ejecta	profile	at	the	,me	of	kilonova	emission		

is	not	trivial	only	from	
	the	simula,ons	in	the	ejecta	forma,on	,me	scale	

(see	also	Rosswog	et	al.	2014,	Grossman	et	al.	2014,	Fernandez	et	al.	2015,	2017,	
Foucart	et	al.	2021,	Wu	et	al.	2021,	Collins	et	al.	2022,	

	Neuweiler	et	al.	2022,	Just	et	al.	2023)

Dynamical	mass	ejec,on	
@merger

Post-merger	mass	ejec,on	
@aZer	merger

Ejecta	forma,on:	
t<~10	s



Comprehensive	EM	predicQon	from	merger	simulaQons

~100ms

3D	GR-R-HD	BNS	merger	simula,on

15

FIG. 8. Snapshots of the rest-mass density in units of g/cm3, temperature (kBT in units of MeV), specific entropy s in units
of kB, and electron fraction Ye at selected time slices for model MNS75a with the high-resolution run. The arrows denote the
velocity field of (vx, vz).

that in the neutron star. Also, the kinetic energy is al-
ways dominated by that of the neutrons star and does
not change significantly. For these reasons, the shapes of
the curves of EB and EB/Ekin are similar to each other.

The evolution of the electromagnetic energy inside the
neutron star after the saturation of its growth depends
strongly on the choice of �c, which determines the dissi-

pation timescale (for S⌦ = 0) given by

⌧dis ⇡

(kc)2

4⇡�c

� ↵dkc

��1

⇡ 0.1�20↵
�1

d,�4

⇣
0.75��1

20
↵
�1

d,�4
�
�1

c,8 � 1
⌘�1

s, (4.2)

where � := 2⇡/k, �20 := �/(20 km), ↵d,�4 := ↵d/10�4,
and �c,8 := �c/108 s�1, respectively. Note that if ⌧dis is
negative, the system is unstable for the ↵-dynamo with

	Long-term	axisymmetric		
GR-R-viscous/MHD	simula,on	(~1	s-10	s)

Axisymmetrize	

Extract	ejecta	component

EM	counterpart	predicQon

GR-HD	simula,on	for	the	longterm	
ejecta	evolu,on		(~0.1	d)	

KK	et	al.	2021,	2022

KK	et	al.	2021,	2022

Radia,ve	transfer	simula,on/	
Synchrotron	emission	calcula,on
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AT2017gfo (Waxman et al. 2018)
MNS75a
MNS70a
�=0.04
Total

Total heating rate

S.	Fujibayashi	et	al.	2020,	
M.	Shibata	et	al.	2021

MulQ-color	RT	code:		
Tanaka	et	al,	2013,2014,	KK.	et.	al.	2018,	2021	
Opacity	Table:		
Tanaka	et	al.	2020,	Domoto	et	al.	2021,	2022	
Synchrotron	calculaQon:	
Hotokezaka	et	al.	2018	



Models:	Various	BNS	cases	with	different	fates
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Mtot < Mth

prompt	collapse
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Mtot � Mth

M1/M2>>1

M1/M2~1

MNS	formaQon

delayed	collapse

• Long-lived	remnant	(>>1s)	cases	(S.	Fujibayashi	et	al.	2020)	
1.25	Msun-1.25	Msun,		1.35	Msun-1.35	Msun,	DD2	EOS	(13.2	km@1.35	Msun)	

• Long-lived	remnant	with	strong	magne,c	dynamo	effects	(M.	Shibata	et	al.	2021)	

• Short-lived	remnant	(<20	ms)	cases	(S.	Fujibayashi	et	al.	2022)	
Mtot	=	2.7	Msun,	2.8	Msun,		M1/M2=0.8-1.0,	SFHo	EOS	(11.9	km@1.35	Msun)	

long-lived	remnant



Long-lived	remnant	case
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Mtot < Mth

MNS	formaQon

No	BH	formaQon	
unQl	>>	1s

Rest-mass	density Ye@	T=5GK

Snapshot	at	t=0.1	day

DD2	EOS,	1.25	Msun	+	1.25	Msun
S.	Fujibayashi	et	al.	2020,	

KK	et	al.	2021,	2022

BroadBand	magnitudes

Data	points:		GW170817/AT2017gfo	(Villar	et	al.	2017)

KK	et	al.	2021,	2022
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Long-lived	remnant	cases		
with	significant	magneQc	dynamo	effects

Model	:	1.35	Msun	+	1.35	Msun	(	DD2	EOS	)
Density profile @ t = 0.1 d

Significant MHD (dynamo) effect

MNS75aMNS70aα=0.04 (viscous)

Electron fraction profile @ t = 0.1 d

MNS80
<latexit sha1_base64="RxNHQ5oMfysr4FxL/yVN2G4D1/4="></latexit>

Ye =
[e]

[p] + [n]

Shibata	et	al.	2021,	KK	et	al.	2022

• RelaQvisQc	jet	can	also	affect	the	resultant	light	curves	by	modifying	ejecta	profiles	(see	NaQvi,	Klion	et	al.	2020)

X-ray	band	(1	keV,	200	Mpc)

Radio	band	(3	GHz,	200	Mpc)
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Short-lived	remnant	cases

MNS	formaQon

delayed	collapse	
within	20	ms
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GW170817:		
short	(<~10ms)	or	long-lived	(>>1s)?

Mass ejeciton and nucleosynthesis in NS-NS mergers leaving hypermassive NSs 13
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Figure 6. Total isobaric abundances for all the models,
which are normalized by that of 153Eu. The solar r-residuals
are adopted from Prantzos et al. (2020).

Figure 7. Total elemental abundance distributions for all
the models. The solid and dashed curves denote the dis-
tributions at the end of computation (1 yr) and at 13 Gyr,
respectively (all trans-Pb nuclei except for Th and U are as-
sumed to have decayed). Stellar abundances of J0954+5246
(open circles; Holmbeck et al. 2018), CS 31082-001 (crosses;
Siqueira Mello et al. 2013), and DES J033523-540407 (filled
circles; Ji & Frebel 2018) are also shown. The grey curve
denotes the solar r-residual pattern (Prantzos et al. 2020).
Each distribution is normalized by that of Eu (Z = 63).

peak nuclei, which compensates the underproduced first
peak nuclei in the dynamical ejecta. The ratio of post-
merger to dynamical ejecta mass is larger for the merger
of more asymmetric binaries (see Table 2), resulting in
more contribution to the production of the first peak
nuclei. Hence, the total nucleosynthetic yield approxi-
mately reproduces the solar pattern for both equal-mass
and asymmetric merger cases.

Figure 6 shows the total nucleosynthetic yields for all
the models explored in this study.4 It is found that
the pattern of the solar r-residuals is reasonably repro-
duced irrespective of the mass ratio of the binaries, in
particular for those between A ⇠ 140 and 200. In ad-
dition, more asymmetric models lead to less production
for A < 140 and more production for A > 200, respec-
tively, in the abundances normalized by that of 153Eu
(as representative of lanthanide nuclei).

In Fig 7, the elemental abundance distributions
for all the models are compared to those measured
in metal-poor stars J0954+5246 (with the highest
measured Th/Eu abundance ratio, Holmbeck et al.
2018), CS 31082-001 (Siqueira Mello et al. 2013), and
DES J033523-540407 (with the lowest measured Th/Eu
abundance ratio, Ji & Frebel 2018), which are enhanced
in r-process elements. Here, Y (Z) is the abundance
of the element with atomic number Z. The calculated
abundance patterns agree approximately with those for
such r-process-enhanced metal-poor stars, in particular
for the elements between Z = 56 and 79. Our results
exhibit a variation in the production of lighter elements,
which can be also found in the r-process-enhanced stars
(Siqueira Mello et al. 2014).

Asymmetric mergers (SFHo125-145, 120-150, and
125-155) result in the higher ratio of actinide (Th and U)
to Eu owing to the ejection of more matter with very low
electron fraction Ye . 0.1. The Th/Eu abundance ratio
spans �0.84  log [Y (Th)/Y (Eu)]  �0.63 at 13 Gyr
(given this being the ages of r-process-enhanced stars)
after the merger for models investigated here. Such a
variation in the Th/Eu ratio can also be found in r-
process-enhanced stars (�0.95  log [Y (Th)/Y (Eu)] 
�0.12; see Fig. 7), although the enhancement of Th in
our result is below the level of the so-called “actinide-
boosted” stars such as J0954+5246 and CS 31082-001.

The Th/Eu ratios for models SFHo125145, 120-150
and 125-155 are very similar, although the fraction of
the matter with Ye < 0.1 in the dynamical ejecta for
model SFHo125-155 is approximately three times larger
than that for model SFHo125-145. This implies that the
Th/Eu ratio converges to log [Y (Th)/Y (Eu)] ⇡ �0.33
(at 1 yr after the merger) with a reduction of the binary
mass ratio, which is likely to be the upper limit for the
binary neutron-star merger models with the SFHo EOS
and the GEF fission-fragment distributions (for the im-
pact of fission fragments to lanthanide production, see,
e.g., Goriely 2015).

4 The tables of nucleosynthetic yields are available upon request
to the authors.

abundances) in DD2-125M. Note that our 2D postmerger
simulations contain the dynamical ejecta. In fact, the
independent nucleosynthesis results (displayed by the dotted
lines in the left panel of Figure 14) by using the tracers from
corresponding 3D simulations (Table 2) are in reasonable
agreement with those from 2D simulations (solid lines, except
for DD2-125M-h) for the heavy r-process nuclei (A>130).
For DD2-125M, the masses of these nuclei in 2D (blue solid
line) are about a factor of a few larger than those in 3D (blue
dotted line), indicating that the marginally bound material in
the dynamical phase is pushed out by the subsequent early
viscosity-driven outflows (Section 3.1). It is interesting to note
that the resultant abundance patterns (except for DD2-125M-h)
are quite similar to those in the ejecta from BH accretion disks
(expected to be formed after massive binary NS mergers)
explored in Fujibayashi et al. (2020).

Overall, the abundance patterns are similar among the
models with the same viscous parameter (i.e., except for DD2-
125M-h), being independent of the NS masses and EOSs
adopted. While the abundances lighter than A=110 are in
good agreement with the solar r-residual pattern, the heavier
nuclei are sizably underabundant (for αvis=0.04). This is a
consequence of the fact that the relatively low entropies
(∼10–20 kB; Figure 7) and mild neutron richness (Ye∼
0.25–0.5, Figure 8) in the bulk of postmerger ejecta give the
nucleosynthesis-relevant conditions for either of NSE, nuclear
quasi-statistical equilibrium, or only a weak r-process (e.g.,
Wanajo et al. 2011, 2018). Conversely, model DD2-125M-h
results in the solar r-process-like abundance pattern because of
its relatively neutron-rich ejecta (Ye∼0.1–0.35; bottom-right
panel in Figure 11).

The outcomes for the models with our fiducial choice of
αvis=0.04 (DD2-125M, SFHo-125H, and DD2-135M) con-
flict with the robustness of elemental abundance patterns over a
wide range of atomic numbers (in particular for Z�56 and to
a lesser extent for Z>38) among all the r-process-enhanced
(or “main” r-process) stars in the Galaxy (e.g., Cowan et al.
2019). In the right panel of Figure 14, the measured
abundances of such a star, CS31081–001 (crosses; Siqueira
Mello et al. 2013), are compared with those of our models,

along with the solar r-residual pattern (gray line; Prantzos et al.
2020), which are normalized with respect to Zr (Z=40). We
find that the calculated abundance patterns except for DD2-
125M-h are rather consistent with those of HD122563 (circles;
Cowan et al. 2005; Honda et al. 2006; Roederer et al. 2012b),
one of the r-process-deficient metal-poor stars showing a
descending abundance trend and referred to as a “weak”
r-process star (Wanajo & Ishimaru 2006). Thus, low-mass NS
binaries may be the sources of such weak r-process-like
signatures found in metal-poor stars.13 Alternatively, the
viscosity in the disk should be effectively as large as
αvis=0.10, which is adopted in DD2-125M-h for reproducing
the solar r-process abundance pattern.
As displayed in Figure 15, each model with αvis=0.04

exhibits a solar r-process-like abundance pattern over a wide
range of A (∼80–200) only when the time elapsed for the
postmerger phase is below 0.2 s. Even if a central remnant
collapsed at this epoch (e.g., by the replacement of the binary
mass with a larger one or the EOS with a softer one), the
subsequent mass ejection from a BH accretion disk would add
a substantial amount of material with A<130 as found in
Fujibayashi et al. (2020). We conclude, therefore, that the
binary NS systems explored in this study, that is, those ejecting
small (∼0.001Me) and large (>0.05Me) masses in the
dynamical and postmerger phases, respectively, cannot be the
predominant source of the Galactic r-process material, given
that our choice of αvis=0.04 is representative. This implies
that the frequency of the low-mass binary NS mergers, leading
to long-lived massive NSs as remnants, would be rather low,
given that the binary NS mergers were the predominant site of
r-process nucleosynthesis. However, if the viscous effect is
effectively large with αvis∼0.1, or in other words, in the
presence of an efficient mass-ejection process in the early
postmerger phase, this conclusion is significantly modified, as
we already mentioned in the previous paragraph.

Figure 14. Left: masses (solid lines; in units of Me) of nucleosynthesis products at the end of simulation as functions of atomic mass number for models DD2-125M
(blue), DD2-125M-h (cyan), SFHo-125H (green), and DD2-135M (red). The solar r-residual masses (Prantzos et al. 2020) are also plotted for comparison purposes, in
which the values are shifted to match the mass of 82Se in DD2-135M. The dotted lines with different colors show the masses of dynamical ejecta for corresponding
models computed in 3D. Right: comparison of the abundance patterns for the explored models and the stellar abundances of CS31082–001 (crosses; Siqueira Mello
et al. 2013) and HD122563 (circles; Honda et al. 2006; Ge from Cowan et al. 2005; Cd and Lu from Roederer et al. 2012b). Also plotted is the solar r-residual pattern
(gray line, Prantzos et al. 2020). Each abundance distribution is normalized with respect to Zr (Z=40).

13 Note that the weak r-process-like stars observed to date exhibit no
substantial enhancement of light neutron-capture elements (e.g., having normal
Sr/Fe values; Aoki et al. 2017). It is not clear, therefore, if the abundances of
such a star represent a single (or a few) nucleosynthesis event.
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Long-lived	cases	
Fujibayashi	et	al.	2020

Short-lived	cases	
Fujibayashi	et	al.	2022

GW170817	v.s.	Kilonova	model	light	curves

Nucleosynthesis	yields	v.s.	Solar	abundances
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Quasi-Scaling	law?
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Summary
• Constructing realistic EM counterpart models is crucial to interpret  
the observations not only quantitatively but even qualitatively sense: 

• Radiative interaction between the multiple ejecta components with non-spherical 
geometry can change the whole picture of the interpretation 

• Employing ejecta profiles in the homologously expanding phase  
can also has a great impact on predicting the kilonova light curves 

• Direct, comprehensive prediction from merger simulations is now feasible,  
which also helps us to reduce the number of the model parameters 

• Formation of a short-lived (<20ms) or a long-lived (>>1s) remnant with significant 
magnetic dynamo effects is not likely to be the case in GW170817. 

• Still many questions: blackbody-like spectra and the absorption like features, 
nucleosynthesis yields… 
May be more other possibly missing ingredients needed to interpret the observation 
data fully consistently: magnetic field dynamo effects, non-LTE effect, jet-ejecta 
interaction…and various uncertainties/varieties  

• new events and those multifaceted/integrated investigation are crucial!



Appendix



Longterm	ejecta	evoluQon	(long-lived	case)
Rest-mass	density	profile	

	(1.25-1.25	Msun:	DD2)
Fujibayashi	et	al.	2020	

KK	et	al.	2021

Reaches	Homologous	expansion	phase	at	~1000s	



Caveats:	many	uncertainQes/varieQes
• Model	systemaQcs/uncertainty	

• ejecta	profile	
		

• nuclear	model	

• opacity	

• LC	modeling	

• NS		equaQon	of	state		

• Astrophysical	variety	

• NS	mass,	spin,	(eccentricity)	

• binary	composiQon	(NSNS,	BHNS…)	

• viewing	angle	

• environment
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Figure 3. Comparison of total e↵ective heating rates are shown for the same set of models as in Fig. 3; all models assume
Mej = 0.05 and vej = 0.15. The e↵ective heating rate for an individual nuclear model is shown as a colored line. The grey band
shows the range of e↵ective heating rates from all simulations.
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Figure 4. Fractional heating rates assuming di↵erent theoretical nuclear models. All simulations are performed with symmetric
fission yields and KZ spontaneous fission rates.

barriers. We explore barrier e↵ects on the populations of long-lived fissioning species further in Section 5. Lastly we
note that although we mostly see late-time heating as being dominated by spontaneous fission and ↵-decay, this is
the case when we consider �-decay rates calculated based on Möller et al. (2019), as described in Section 2.2. When
instead D3C⇤ �-decay rates are adopted, we see markedly lower actinide production, thereby minimizing the heating
impact from other decay channels and keeping �-decay heating as the dominant source throughout the calculation,
yielding similar heating patterns as our higher Ye simulations, as shown by the dark purple line in Fig. 3(b). Thus
we caution that the full impact of processes such as spontaneous fission and ↵-decay would have to be more carefully
evaluated for a broader set of �-decay reaction rate calculations.
We now turn to an illustration of the e↵ect of varying the astrophysical conditions for a fixed theoretical nuclear

mass model. Fig. 5 shows the comparison of four nuclear models, and for each we use a set of simulations with electron
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Mej = 0.05 and vej = 0.15. The e↵ective heating rate for an individual nuclear model is shown as a colored line. The grey band
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Figure 4. Fractional heating rates assuming di↵erent theoretical nuclear models. All simulations are performed with symmetric
fission yields and KZ spontaneous fission rates.

barriers. We explore barrier e↵ects on the populations of long-lived fissioning species further in Section 5. Lastly we
note that although we mostly see late-time heating as being dominated by spontaneous fission and ↵-decay, this is
the case when we consider �-decay rates calculated based on Möller et al. (2019), as described in Section 2.2. When
instead D3C⇤ �-decay rates are adopted, we see markedly lower actinide production, thereby minimizing the heating
impact from other decay channels and keeping �-decay heating as the dominant source throughout the calculation,
yielding similar heating patterns as our higher Ye simulations, as shown by the dark purple line in Fig. 3(b). Thus
we caution that the full impact of processes such as spontaneous fission and ↵-decay would have to be more carefully
evaluated for a broader set of �-decay reaction rate calculations.
We now turn to an illustration of the e↵ect of varying the astrophysical conditions for a fixed theoretical nuclear

mass model. Fig. 5 shows the comparison of four nuclear models, and for each we use a set of simulations with electron

ref)	Zhu	et	al.	2020,	Barnes	et	al.	2020

EffecQve	heaQng	rate	for	various	nuclear	models

←atomic experiment

←GW

      ←KN afterglow (fast tail)

←NS observation

←nuclear experiment

←GRB 
after glow

←Chemical 
abundance



Ingredients

• Ejecta	property	:	
mass,	(internal	energy),	velocity,	composiQon,	geometry	

• HeaQng	source	

• Opacity



Ejecta	property
• Dynamical	mass	ejec,on	
mass	ejecQon	driven	by		
Qdal	interacQon/	collisional	shock	heaQng	
	
	
	
(e.g.,	Bauswein	et	al.	2013,	Hotokezaka	et	al.	2013,	Sekiguchi	et	al.	2016,	Radice	et	al.	2016,	Dietrich	et	al.	2017,	
Bovard	et	al.	2017,	Kiuchi	et	al.	2018,	Foucart	et	al.	2018,	Bernuzzi	et	al.	2020,	Just	et	al.	2021,	Kullmann	et	al.	
2022,	Combi	et	al.	2022,	Foucart	et	al.	2022)	

• Post-merger	mass	ejec,on	
mass	ejecQon	from	the	merger	remnant	driven	by		
magneQc	fields	/	effecQve	viscosity	/	neutrino	heaQng/	
alpha	recombinaQon		
	
	
	
(e.g.,	Dessart	et	al.	2009;	Metzger	&	Fernández	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,	ChrisQe	et	al.	2019,	Millar	et	
al.	2019,	Fujibayashi	et	al.	2020,	Ciolfi	&	Kalinani	2020,	Foucart	et	al.	2020,	Ferńandez	et	al.	2020,	Mosta	et	al.	
2020,	Nedora	et	al.	2021,	Shibata	et	al.	2021,	De	&	Siegel	2021,	Li	&	Siegel	2021,	Just	et	al.	2021,	2022,	
Fujibayashi	et	al.	2022,	Kiuchi	et	al.	2022)	

• Rela,vis,c	jets	
(e.g.,	Rezzolla	et	al.	2011,	Ruiz	et	al.	2016,	2021,	Sun	et	al.	2022)		

Different	ejec,on	mechanism	results	in	ejecta		
with	different	velocity	and	composi,on	(electron	frac,on),		
and	geometory

Dynamical	mass	ejec,on	
@merger

Post-merger	mass	ejec,on	
@aZer	merger
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HeaQng	Source
• Radioac,ve	decay	

(e.g.,	Li	et	al.	1998,	Qian	et	al.	2008,	Korobkin	et	al.	2012,	
Wanajo	et	al.	2014,	Lippuner	et	al.	2015)	

• β	decay	(high	energy	e,	γ,	ν)/	
α	decay/	Spontaneous	fission	

• Thermaliza,on	
(e.g.,	Metzger	et	al.	2010,	Hotokezaka	et	al.	2016,		

Barnes	et	al.	2016,	Kasen	et	al.	2018,		
Waxman	et	al.	2019,	Hotokezaka	et	al.	2020)	

• photo-ionizaQon	(γ)	
collisional	ionizaQon	/excitaQon	
(β-electron,	α	parQcle,	nuclei)	

• Another	possible	energy	source:		

• Free	neutron	decay	(~a	few	hours)	
(e.g.,	Metzger	et	al.	2014,	Go}lieb	et	al.	2020)	

• Release	of	Internal	energy	(cocoon)	
(e.g.,		Nakar	et	al.	2017,	Piro	et	al.	2017,		
Kasliwal	et	al.	2017,	Go}lieb	et	al.	2020)	

• a	new-born	magnetor	/	BHfall-back	accreQon	
(e.g.,	Yu	et	al.	2013,	Wang	et	al.	2013,	Metzger	et	al.	2014,	
Kisaka	et	al.	2015,	Matsumoto	et	al.	2018,	Li	et	al.	2018)
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Figure 5. Heating rates as functions of t (days after the merging) for selected trajectories (top left) and those mass-averaged (top right; also shown are those from
β-decay, fission, and α-decay). In each panel, the heating rates for the solar r-process pattern (q̇solar−r ) and the analytical approximation (q̇analytic) are shown by
black-solid and short-dashed lines, respectively. Lower panels are the same as the upper panels but for those relative to q̇analytic. Long-dashed lines indicate the factor
of two ranges from unity (short-dashed line).
(A color version of this figure is available in the online journal.)

In our result, the total heating rate is dominated by β decays
all the time because of the small ejecta amount of Ye < 0.15.
The radioactive heating after ∼1 day is mostly due to the β
decays from a small number of species with precisely measured
half-lives. Uncertainties in nuclear data are thus irrelevant. The
mass-averaged heating rate for t ∼ 1–10 days is smaller than
q̇analytic and q̇solar−r because of the overabundances near A =
100 (Figure 4, bottom) that do not significantly contribute to
heating. The differences are, however, well within about a factor
of two. In conclusion, if merger ejecta have a solar r-process-
like abundance pattern, q̇solar−r (and q̇analytic) serves as a good
approximation for kilonova emission.10

It is important to note that our merger simulation exhibits
different Ye distributions between the orbital and polar direc-
tions (Figure 3). Multi-dimensional information of nucleosyn-
thetic abundances will be necessary when we discuss the angler

10 These heating rates correspond to the heating efficiency, defined by
f ≡ Q̇ tpeak/Mej c

2 (Q̇, and tpeak are the total heating rate and peak time of a
kilonova transient, Li & Paczyński 1998), of f/10−6 ≈ 1 and 0.5 for tpeak = 1
and 10 days, respectively, with the thermalization factor of 0.5 (Metzger et al.
2010).

dependences of kilonova emission (Roberts et al. 2011;
Grossman et al. 2014).

5. SUMMARY

We examined r-process calculations based on the full GR,
approximate neutrino transport simulation of the NS–NS merger
with the equal masses (=1.3 M%) of NSs. In contrast to
previous studies, the merger ejecta exhibited a wide range of
Ye ≈ 0.09–0.45 that led to the nucleosynthetic abundance
distribution being in good agreement with the solar r-process
pattern. Given that the model is representative, our result (with
the present estimate of the Galactic event rate) implies that
NS–NS mergers can be the major origin of all the r-process
elements in the Galaxy.

Our result also indicates that the radioactive heating (which
powers a kilonova transient) after ∼1 day from the merging
is dominated by the β decays of a small number of species
with measured half-lives. The total heating rates are thus
well approximated by the β decays of the solar r-process-like
abundances as well as by the approximation of ∝ t−1.3. Detailed
multi-dimensional information of nucleosynthesis abundances

5
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earlier time ti, defined by

Epart(t) = E0 �
tZ

ti

 ⇢0

✓
t0

t0

◆�3

dt0 = 0, (31)

which is satisfied by

ti =

✓
 ⇢0t30t

2

2E0t2 +  ⇢0t30

◆1/2

. (32)

The number of live particles at time t is then

N(t) =
✏̇0t0
2E0

ln

"
1 + 2

✓
t

tine↵

◆2
#

(33)

where tine↵ is the ine�ciency timescale defined in the
previous section.

It is now straightforward to calculate the ratio fp of
thermalized to emitted energy for a massive particle of
type p,

fp(t) =
Ėth

Ėrad

=

ln


1 + 2

⇣
t

tineff,p

⌘2
�

2
⇣

t
tineff,p

⌘2 . (34)

Eq. 34 can be used to estimate the thermalization
e�ciencies of massive particles, where the relevant
timescales tine↵,p are given by Eq.s 22 (�-particles), 26
(↵-particles), and 27 (fission fragments).

For �-rays, the thermalization e�ciency is approxi-
mately equal to the interaction probability: f�(t) ⇡
1 � e�⌧ . We can estimate the optical depth ⌧ ⇡ ⇢�Rej
using ̄� , the �-ray opacity averaged over the emission
spectrum. Optical depth is related to tine↵,� by

✓
tine↵,�

t0

◆2

= ⇢0̄�R0 = ⌧0

! ⌧(t) = ⌧0

✓
t

t0

◆�2

=

✓
tine↵,�

t

◆2

,

so

f�(t) = 1 � exp

"
�
✓

t

tine↵,�

◆�2
#

(35)

Figure 9 shows our analytic thermalization functions
for Mej = 5 ⇥ 10�3M�, and vej = 0.2c, using the expres-
sions for tine↵ derived in §3. For massive particles, we
used E�,0 = 0.5 MeV, E↵,0 = 6 MeV, and E↵,0 = 125
MeV. For �-rays, we take ̄ = 0.1 cm2 g�1, which gives
tine↵,� ⇡ 1.4 days.

As we will see in §5, the approximate analytic expres-
sions Eq.s 34 and 35 agree fairly well with our numerical
results.

5. NUMERICAL RESULTS

In this section, we present numerical calculations
of thermalization e�ciencies as determined by model-
ing the 3-dimensional transport of �-rays, fission frag-
ments, and ↵- and �-particles in a magnetized expand-
ing medium. Our calculations used the time-evolving

0 5 10 15 20 25 30
Days

0.0

0.2

0.4

0.6

0.8

1.0

f(
t)

fission fragments �-particles
�-particles
�-rays

Figure 9. Analytic thermalization e�ciencies, calculated with
Eq.s 34 and 35. We use t0 = 1 day, and ⇢0 = 7.9 ⇥ 10�15 cm�3,
corresponding to a uniform density ejecta with the same mass and
energy as our fiducial model. For ↵’s, �’s, and fission fragments
we take E0 = 6, 1, and 125 MeV, respectively.

emission spectra introduced in §2.5, accounted for the
time-dependent partition of radioactive energy among
di↵erent decay products, and incorporated the detailed,
energy-dependent energy loss rates derived in §3. The
flux tube approximation was used to model charged par-
ticle transport, allowing us to explore the sensitivity of
our results to the architecture of the ejecta’s magnetic
field. Additional details of our transport method are
given in the Appendix.

5.1. Thermalization e�ciencies

Figure 10 presents the numerically calculated thermal-
ization e�ciency, f(t), of all particles for the fiducial
ejecta model (Mej= 5 ⇥ 10�3M� and vej= 0.2c.) Fission
fragments thermalize most e�ciently, having f(t) & 0.5
out to t ⇠ 15 days. Alpha- and �-particle thermaliza-
tion is slightly lower, reaching f(t) = 0.5 around a week
post-merger, while f(t) for �-rays is much lower, falling
below 0.5 by t ⇠ 1 day.

For massive particles, we show f(t) for radial (dot-
ted lines), toroidal (solid lines), and lightly tangled (� =
0.25; dashed lines) magnetic field geometries. The mag-
netic field configuration a↵ects thermalization in three
ways:

1. Di↵usion: Radial or lightly tangled fields allow
particles to di↵use outward into regions of lower
density, and lead to lower f(t).

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

3. Frame-to-frame e↵ects: Particles in a homolo-
gous flow lose energy, as measured in the co-moving
frame (cmf), as they move through the ejecta.
These frame-to-frame losses reduce the amount of
kinetic energy a particle has to thermalize, and
therefore reduce f(t). Radial fields and lightly
tangled fields, which allow particles to move fairly

ref)	Wanajo	et	al.	2014

ref)	Barnes	et	al.	2016
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Opacity
• Bound-bound	transision	opacity		
of	heavy	elements	dominates	opacity	
in	kilonova	ejecta	
(e.g.,	Barnes	et	al.	2013,	Kasen	et	al.	2013,	2015,		
Metzger	et	al.	2014,	Tanaka	et	al.	2013,	2018,	2020,		
Fontes	et	al.	2020,	2022)	

• Strong	dependence	on	the	element	
abundances,	such	as	the	presence	of	
lanthanide	elements	

• Not	only	lanthanides:	
Opacity	of	the	1st-peak	r-process	elements,	
such	as,	Zr	and	Y	also	play	important	roles		
(see	Watson	et	al.	2019,	KK	et	al.	2020,	2021,		
RisQks	et	al.	2022,	Gillanders	et	al.	2022)	

• Also	crucial	to	take	the	wavelegnth,		
density,	temparature,	and	temporal	
denependence	into	account
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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)

Lanthanides
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Figure 8. Same as Figure 3 but for s-shell elements.
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Figure 9. Top: Abundance distribution for different Ye (Wanajo et al. 2014). Bottom left: Expansion opacity as a function
of wavelength for each Ye. Bottom right: Planck mean opacity as a function of temperature for each Ye.

ture. Since the ionization potentials of d-shell elements
are generally higher than those of f -shell elements, the
applicable temperature range is wider for high Ye cases,
where d-shell elements dominate the opacities.
Note that the opacity of κ = 0.1−0.5 cm2 g−1 is often

used for blue kilonovae because it gives a good approxi-
mation for Type Ia supernova. However, the opacities of

mixture of r-process elements are almost always higher
than κ = 0.1− 0.5 cm2 g−1 even for high Ye, except for
a low temperature (T < 2, 000 K). This is because Fe
is not necessarily representative of d-shell elements and
the contribution of Fe-like elements (Ru and Os) is low
compared with other d-shell elements at T < 10, 000 K
(Figure 5).

Wanajo	et	al.	2014,	Tanaka	el	al.	2020
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Diffusion	and	Nebular	phases

• OpFcally	thick	Diffusion	phase:	t<<t_thin	
complex	spaQal	&	geometrical	dependence	/	simple	microphysics	(LTE)	

• OpFcally	thin	Nebular	phase:	t>>t_thin	
simple	spaQal	&	geometrical	dependence	/complex	microphysics	(non-LTE)
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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. 

 &

��� ��� ��� ��� ��� ���
ZDYHOHQJWK��PLFURQV�

���

���

���

���

���

���

���

���

���

UH
OD
WL
Y
H
�I
OX
[
�B

	
��
S
OX
V�
R
II
VH
W�

W� �����GD\

W� �����GD\

W� �����GD\

W� �����GD\

D OLJKW�U�SURFHVV�FRPSRQHQW

KHDY\�U�SURFHVV�FRPSRQHQW

FRPSRVLWH

� � � � � �� �� ��
GD\V�VLQFH�PHUJHU

����

���

���

E
UR
D
G
E
D
Q
G
�O
X
P
LQ
R
VL
W\
��
	
B
	
��
d
(
;
d
�H
UJ
V�
V�

d
�

E J������������ P�

U������������ P�

L������������ P�

M������������ P�

K������������ P�

N������������ P�

Ref:	D.	Kasen	et	al.	2017

• Fiong	of	mul,-band	lightcurves	of	con,nuum	emission	tells	us	many	about	ejecta	property	

• A	Kilonova	model	consist	of	mulQple	ejecta	components	well	interprets	the	opQcal-Infrared	observaQon	in	GW170817	
(e.g.,	Kasliwal	et	al.	2017,	Drout	et	al.	2017,	Cowperthwaite	et	al.	2017,	Kasen	et	al.	2017,	Villar	et	al.	2017)	
	
						early	opQcal	component	(~1day)	from	a	lanthnide	free	“blue	component”	

• 														long-lasQng	infrared	component	(~10days)	from	a	lanthanide	rich	“red	component”		

• AlternaQve	interpretaQon:	e.g.,	the	cental	engine	acQvity	powered	emission	(e.g.,	Matsumoto	et	al.	2018,	Li	et	al.	2018)	

• Early	phase	light	curve	will	be	cri,cal	for	determining	emission	mechanism		(I.	Arcavi	et	al.	2018,	Banerjee	et	al.	2020,	2022)



Spectra	analysis

・Probable	idenQficaQon	of	SrII	line:	

　(Watson	et	al.	2019,	Domoto	et	al.	2021	,	Gillanders	et	al.	2022)	

N.	Domoto	et	al.	2022

・He	I	line	with	NLTE	effect?		(Perego	2021)	
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Figure 4 | Spectral series of AT2017gfo 1.5–4.5 days after the merger. Data
are shown in grey and have been smoothed slightly. A model (solid red lines)
consisting of a blackbody (blue dotted lines) with P Cygni profiles (red transparent
fill) for the Sr lines is shown. The rest (black) and observed (blue) positions of the
model’s Sr lines are shown, with the blueshift indicated by arrows. Green dotted
lines show the Gaussian emission profiles added to ensure the overall continuum
is not biased. A vertical offset has been applied to each spectrum for clarity, with
zero flux indicated by the dashed horizontal line segment. Bottom panels show the
residuals between model and data.

from Sr is also 1,050 nm. This adds to our confidence in the line iden-
tification based on the simple thermal r-process absorption model.

We further confirm our results using TARDIS, extending the code’s
atomic database to include elements up to 92U with the latest Ku-
rucz linelists24 with its 2.31 million lines. Our TARDIS models pro-
duce results very similar to our static-code models, reproducing the
spectra well (Extended Data Fig. 6). In particular, the P Cygni emis-
sion/absorption structure is well-reproduced as expected, confirming
our LTE and MOOG modelling, and showing Sr dominating the fea-
tures around 1µm.

From the detection of Sr, it is clearly important to consider lighter
r-process elements in addition to the lanthanide elements in shaping
the kilonova emission spectrum. Observations of abundances in stars
in dwarf galaxies6 suggest that large amounts of Sr are produced to-
gether with Ba (Z=56) in infrequent events, implying the existence of a
site that produces both light and heavy r-process elements together in
quantity, as found in some models25, 26. This is consistent with our spec-
tral analysis of AT2017gfo and analyses of its lightcurve27, 28. Together
with the differences observed in the relative abundances of r-process
Ba and Sr in stellar spectra29, this suggests that the relative efficiencies
of light and heavy r-process production could vary substantially from
merger to merger.

Extreme-density stars composed of neutrons were proposed shortly
after the discovery of the neutron13, and identified with pulsars three

decades later30. However, no spectroscopic confirmation of the com-
position of neutron stars has ever been made. The identification here of
an element that could only have been synthesised so quickly under an
extreme neutron flux, provides the first direct spectroscopic evidence
that neutron stars comprise neutron-rich matter.
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Figure 8. Comparison between the synthetic spectra (blue) and the observed spectra of AT2017gfo (gray, Pian et al. 2017;
Smartt et al. 2017) at t = 1.5, 2.5, and 3.5 days after the merger (dark to light colors). Spectra are vertically shifted for
visualization. Gray shade shows the regions of strong atmospheric absorption.

By contrast, the situation is different for the case of
Ce. To investigate the effect of the Ce amount on the
spectra, we perform the same calculations for Ce as done
for La above. The resultant spectra at t = 2.5 days af-
ter the merger are shown in the right panel of Figure
9. We find that the absorption feature at λ ∼ 14000
Å diminishes as the mass fraction of Ce is substantially
reduced (blueish curves). Also, the absorption feature
disappears as well even when the mass fraction of Ce is
substantially increased (pink curve). Because Ce lines
appreciably contribute to the total opacity, the higher
Ce mass fraction results in the higher total opacity. As a
result, the photosphere shifts outward compared to that
in the L model. This makes the photospheric tempera-
ture lower, and thus, the Ce III lines disappear.
The amount of Ce affects not only absorption features

but also overall spectral shapes. The spectra become
redder and bluer when X(Ce) is increased and reduced,
respectively. This is because Ce has high opacity in the
NIR region and the most dominant opacity source at
the NIR wavelengths in this model. As contribution of
other heavy elements to the total opacity is subdomi-

nant, even if the mass fractions of all the elements with
mass number larger than 100 are varied by a factor of
10, the results are almost same as those in the right
panel of Figure 9. Note that the element species that
dominate the opacity depend on the ejecta conditions
(such as density, temperature, and epoch), but gener-
ally lanthanide elements with a small atomic number
(e.g., Ce and Nd) tend to have larger contribution as
they have more transitions from low-lying energy levels
(Tanaka et al. 2020; Even et al. 2020).
We roughly estimate the mass fraction of Ce presented

in the ejecta of AT2017gfo from our calculations. It is
difficult to determine the exact amount of lanthanides
from absorption features, because Ce has complex effects
on spectral formation as discussed above. Nevertheless,
our demonstration suggests that a certain amount of
Ce must have been present in order to explain the ab-
sorption features as well as the NIR fluxes. However,
a too large amount of Ce diminishes the absorption
features. As a result, the mass fraction of Ce is esti-
mated to be between 1/3 and 30 times that of the L
model to account for the absorption feature, i.e., X(Ce)

・Probable	idenQficaQon	of	LaIII	and	CeIII	lines:	

　(Domoto	et	al.	2022)	

More	informa,on	about	element	abundance:	
atomic	data	with	accurate	line		
wavelengths	are	required



Nebula	phase	spectra
• Accurate	atomic	data		

(ionizaQon/excitaQon	rate	
	recombinaQon	rate)		
+	Non-LTE	treatment	

• Nd	
	(Hotokezaka	et	al.	2021)	

• Au	and	Pt	
	(Gillander	et	al.	2021)		

• Se	/	W,	Os,	Rh,	Ce	
(Hotokezaka	et	al.	2022)	

• See	also	Pognan	et	al.	2021,	2022	
for	the	study	for	non-LTE	property

10 K. Hotokezaka et al.

Figure 11. Same as figure 10 but for the dynamical ejecta model at 20 day (left) and the slow wind model at 80 day (right).

other emission lines and reduce the emission at _ . 1 `m. In fact,
Nd II and Nd III respectively have ⇠ 50 and ⇠ 15 resonance lines in
the range of 0.4 . _ . 1 `m and 0.4 . _ . 0.65 `m. This radiation
transfer e�ect is not accounted for in our modeling, and thus, our
modeling likely overpredicts the optical emission.

Figure 10 shows the total spectra at 40 and 80 day for the
fiducial model with the fractional ion abundances shown in figure
7. The Nd II lines dominate the total spectrum particularly in the
nIR band. The spectral shape does not change significantly from 40
to 80 day while the amplitude decreases by a factor of ⇠ 10. This
freeze-out of the nebular spectrum is a characteristic feature of the
NSM nebular emission.

The spectra of the dynamical ejecta and slow wind models are
shown in figure 11. For dynamical ejecta, each line is significantly
broaden because of the fast expansion velocity, 0.22. As a result,
the structures are completely smeared out. Nevertheless, there are
two distinct peaks around the optical and IR bands. On the contrary,
for the slow wind model, more lines can be seen in the IR region
(1 . _ . 20 `m) and the optical emission is very weak. The spectral
shape does not evolve significantly during the nebular phase in the
both models.

We show the detectability of the structure of the nebular spec-
trum by the James Webb Space Telescope (JWST) for a future kilo-
nova event in figure 12. The JWST is promising to resolve the
spectral structure of the nebular emission around 40 day for events
out to ⇠ 100 Mpc.

6 CONCLUSION AND DISCUSSION

The emission-line nebular phase of the NSM ejecta is studied by
using a one-zone nebula model under non-LTE, in which the ejecta
is considered to be composed of one of lanthanide elements, Nd.
The atomic data necessary for the modeling are calculated by using
the atomic structure codes, GRASP2K and HULLAC. We find that the
kinetic temperature and ionization fraction are nearly constant with
time after the thermalization break of the beta-decay heating rate.
Consequently, the spectral shape of the emergent emission is also
expected to be frozen after the break. For the ejecta parameters of
"ej = 0.05"� and E0 = 0.12, we show that Nd II and Nd III
are the most abundant ions and the kinetic temperature approaches
⇡ 5000 K.

The high ionization e�ciency of the V-decay heating rate re-
sults in a deviation in the ionization state from LTE. In particular,
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Figure 12. Spectrum at 40 day for the fiducial model at a distance of
100 Mpc. Also depicted are the 1f sensitivity curves of NIRSpec FS and
MIRI LRS with 104 s integration.

we find that the neutral fraction is significantly suppressed in the
nebular phase. Although we do not account for the velocity distri-
bution in this work, we speculate that this deviation can occur even
at the earlier times, e.g., . 1 week, in the outer ejecta, where the
expansion velocity is faster. Depending on the mass and velocity,
this e�ect leads to either the enhancement or suppression of singly
ionized lanthanides, which has a crucial impact on the ejecta opac-
ity (Tanaka et al. 2020; Barnes et al. 2020) and a�ects the color
evolution of kilonovae (Kawaguchi et al. 2020).

The emergent emission line spectrum of the pure Nd nebula
consists of a broad structure from ⇠ 0.5`m to 20`m with two dis-
tinct peaks around ⇠ 1 `m and ⇠ 10 `m. Fine-structure transitions
produce the mid-IR peak. This spectral structure may be an unique
feature of lanthanide-rich nebulae. It is worth emphasizing that indi-
vidual M1 lines are more pronounced at _ . 1 `m because the line
population in this wavelength region is less dense. Importantly, the
JWST will be able to resolve such structure in the nIR and midIR
regions for events at ⇠ 100 Mpc. Note, however, that this struc-
ture may be suppressed once more elements are included. Another
caveat of our modelling is that we have neglected the absorption
due to line overlapping, which may lead to an overestimate of the
optical-nIR emission (_ . 1 `m), where Nd II and Nd III have a
number of permitted lines.

We use a crude approximation for the collisional strength of
forbidden lines, i.e.,⌦� = 1, in the case of the GRASP2K calculation.

MNRAS 000, 1–15 (2020)
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Figure 8. Kinetic temperature evolution for the dynamical ejecta model (left: "ej = 0.02"� and E0 = 0.22) and slow wind model (right: "ej = 0.05"� and
E0 = 0.052). The fiducial model (wind) is also shown as a dash-dotted curve for comparison. The time scales on which the ejecta enters the nebular phase for
the dynamical ejecta and slow models are ⇡ 10 day and 70 day, respectively.

Figure 9. Normalized spectra for Nd II, Nd III, and Nd IV. Here we use a kinetic temperature of )4 = 4500 K, an electron density of =4 = 1.6 · 104 cm�3, and
electron fraction of j = 1. These values roughly correspond to those around 40 day after merger in the fiducial model. Solid, dashed, and dash-dotted curves
depict the total spectrum, the contribution of E1 transitions, and the contribution of M1 transitions, respectively. Also shown as vertical lines are individual E1
(blue) and M1 (red) lines. The Doppler broadening of each line at a frequency a8 is incorporated by using a Gaussian distribution with a standard deviation of
⇡ (E0/2)a8 = 0.1a8 .
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• A	neutron	star	(NS)	binary	merger:	
one	of	the	main	target	for	ground-
based	gravitaQonal	wave	detectors	
(LIGO,	Virgo,	KAGRA)	

• Various	transient	EM	counterparts	
that	associate	with	NS	binary	mergers:	

• Merger	Precursor	
• short-hard	gamma-ray-burst	
• A~erglow	
• cocoon	emission	
• kilonovae/macronovae	
• radio	flare,	etc.	

• Host	galaxy	idenQficaQon,	remnant	
properQes,	environment	

Ref:	B.	Metzger	and	E.	Berger	2012

Electromagnetic Counterparts 
of Neutron star binary mergers
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Not	only	lanthanides:	
Opacity	of	the	1st-peak	r-process	elements

• a	large	amount	of	1st	r-process	peak	elements	
including	Zr	(Z=40)	and	Y	(Z=39)	are	present		
in	the	polar	high	velocity	region	

• Zr	and	Y	(d-shell	element)	have	a	great	contribuQon	
	to	the	opacity	in	the	opQcal	band	(	~>4000	Å)	
(see	also	Watson	et	al.	2019,	Gillanders	et	al.	2022)
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Possible Non-LTE effect in Diffusion phase

see	also	Q.	Pognan	et	al.	2021,2022	for	the	study	of	non-LTE	property	
and	J.	Barnes	et	al.	2021	for	the	impact	of	heaQng	rate	uncertainty	to	the	ionizaQon	structure

KK	et	al.	2021,	2022	

8 K. Hotokezaka et al.

Figure 5. Cooling function of Nd II with and without the radiation trapping e�ect (left) and at di�erent densities (right).

Figure 6. Rate coe�cients for dielectronic recombination (DR) and radiative recombination (RR). The rate coe�cients of dielectronic recombination are
obtained by using HULLAC. For dielectronic recombination, each line shows the contribution of a specific configuration of the autoionizing state W=;, where W
denotes the core configuration, = and ; denote the principal and orbital angular momentum quantum numbers of the captured electron. The range of = and ; of
each autoionizing state included in the calculation are described in the text.
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Figure 7. Evolution of fractional ion abundances, Nd I – Nd IV (left) and kinetic temperature (right) for the fiducial model. The ionization degree and kinetic
temperature increase until the thermalization time Cth and then become roughly constant with time.

these ions have two distinct peaks, one around 5–10 `m produced
by fine structure transitions and another around optical-nIR region.
Nd II has among the richest spectral structure and its luminosity per
atom is the brightest. The dense emission line distribution and the
Doppler broadening result in a continuum-like spectrum with some
structures. We find that the following transitions predominately
produce the Nd II spectrum: 4f35d2

!4f45d, 4f35d6s!4f46s,

4f35d6s!4f45d, 4f46p!4f45d, 4f46p!4f46s, and 4f45d!4f46s.
The Nd III and Nd IV spectra are produced by the transitions:
4f35d!4f4 and 4f4 !4f4 for Nd III and 4f3 !4f3 for Nd IV. Note
that individual M1 lines are more pronounced at _ . 1 `m because
the line population in this wavelength region is less dense.

There are more E1 transition lines at _ . 1 `m for Nd II and
Nd III (see figure 3). This implies that these E1 lines may absorb

MNRAS 000, 1–15 (2020)

Nd	case:

Hotokezaka	et	al.	2020
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Caveats:	many	uncertainQes/varieQes
• Model	systemaQcs/uncertainty	

• ejecta	profile	
		

• nuclear	model	

• opacity	

• LC	modeling	

• NS		equaQon	of	state		

• Astrophysical	variety	

• NS	mass,	spin,	(eccentricity)	

• binary	composiQon	(NSNS,	BHNS…)	

• viewing	angle	

• environment
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Figure 3. Comparison of total e↵ective heating rates are shown for the same set of models as in Fig. 3; all models assume
Mej = 0.05 and vej = 0.15. The e↵ective heating rate for an individual nuclear model is shown as a colored line. The grey band
shows the range of e↵ective heating rates from all simulations.
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Figure 4. Fractional heating rates assuming di↵erent theoretical nuclear models. All simulations are performed with symmetric
fission yields and KZ spontaneous fission rates.

barriers. We explore barrier e↵ects on the populations of long-lived fissioning species further in Section 5. Lastly we
note that although we mostly see late-time heating as being dominated by spontaneous fission and ↵-decay, this is
the case when we consider �-decay rates calculated based on Möller et al. (2019), as described in Section 2.2. When
instead D3C⇤ �-decay rates are adopted, we see markedly lower actinide production, thereby minimizing the heating
impact from other decay channels and keeping �-decay heating as the dominant source throughout the calculation,
yielding similar heating patterns as our higher Ye simulations, as shown by the dark purple line in Fig. 3(b). Thus
we caution that the full impact of processes such as spontaneous fission and ↵-decay would have to be more carefully
evaluated for a broader set of �-decay reaction rate calculations.
We now turn to an illustration of the e↵ect of varying the astrophysical conditions for a fixed theoretical nuclear

mass model. Fig. 5 shows the comparison of four nuclear models, and for each we use a set of simulations with electron
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Figure 4. Fractional heating rates assuming di↵erent theoretical nuclear models. All simulations are performed with symmetric
fission yields and KZ spontaneous fission rates.

barriers. We explore barrier e↵ects on the populations of long-lived fissioning species further in Section 5. Lastly we
note that although we mostly see late-time heating as being dominated by spontaneous fission and ↵-decay, this is
the case when we consider �-decay rates calculated based on Möller et al. (2019), as described in Section 2.2. When
instead D3C⇤ �-decay rates are adopted, we see markedly lower actinide production, thereby minimizing the heating
impact from other decay channels and keeping �-decay heating as the dominant source throughout the calculation,
yielding similar heating patterns as our higher Ye simulations, as shown by the dark purple line in Fig. 3(b). Thus
we caution that the full impact of processes such as spontaneous fission and ↵-decay would have to be more carefully
evaluated for a broader set of �-decay reaction rate calculations.
We now turn to an illustration of the e↵ect of varying the astrophysical conditions for a fixed theoretical nuclear

mass model. Fig. 5 shows the comparison of four nuclear models, and for each we use a set of simulations with electron

ref)	Zhu	et	al.	2020
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Model: BNS with a Long-lived remnant NS
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Mtot < Mth

prompt	collapse
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Mtot � Mth

M1/M2>>1

M1/M2~1

MNS	formaQon

delayed	collapse

• DD2-125M	in	Fujibayashi	et	al.	2020:		
1.25	Msun-1.25	Msun,		DD2	EOS	(13.1	km@1.25	Msun)	
The	remnant	massive	NS	survives	for	~>8	s	a~er	the	merger



Long-term	
Hydrodynamics	simula,on	

~10000s

z

x0 <latexit sha1_base64="E0ZfhsSTvWHE7d6YGAw7knxBRig="></latexit>rin = rext

Long-term	Hydrodynamics	simulaQon	of	ejecta
GR-viscous-νR-HD	BNS	merger	simulaQon		

(Merger:3D;	Post-merger:2D)

Fujibayashi	et	al.	2020

Ejecta	property	
(density,	velocity,	pressure)
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• RelaQvisQc	Eulerian	hydrodynamics	code		
with	a	fixed	background	spaceQme	metric	
(axis	&	equatorial	symmetry）	

r:	log	uniform,	θ:	uniform	mesh	
(r:1024	,	θ:128	grid	points)		

• Set	ou�low	data	obtained		
by	Numerical	relaQvity	simulaQons	of	BNS	mergers		
as	the	inner	boundary	condiQon	(r=8000km)		
in	the	ejecta	hydrodynamics	simulaQon	
（dynamical+post	merger	ejecta)	

• The	long-term	hydrodynamics	evoluQon		
of	the	ejecta	is	followed	unQl	it	reaches		
the	homologously	expanding	phase	(~0.1	day)	

• RadioacQve	heaQng	is	incorporated	in	
each	fluid-element	referring	the	heaQng	rate	
obtained	by	the	pre-computed	nucleosynthesis	
calculaQon	

• Ideal	Γ-law	equaQon	of	state	
（Γ=4/3;	rad.	press.	dom.）

axisymmetrize

3D	
~100ms

~10s



Result:	Hydrodynamical	simulaQon

• ~>1000	s	:	
homologously	expanding	phase

Meje = 0.096M�
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vave = 0.08 c

Rest-mass	density	evoluQon r.m.s.	average	velocity

deviaQon	from	homologous	expansion

internal	energy	contribuQon	
(~sound	speed)

0.1day
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f =
1

c2

Z 300 d

0.1 d
✏̇(t)dt
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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)

Lanthanides
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Figure 9. Top: Abundance distribution for different Ye (Wanajo et al. 2014). Bottom left: Expansion opacity as a function
of wavelength for each Ye. Bottom right: Planck mean opacity as a function of temperature for each Ye.

ture. Since the ionization potentials of d-shell elements
are generally higher than those of f -shell elements, the
applicable temperature range is wider for high Ye cases,
where d-shell elements dominate the opacities.
Note that the opacity of κ = 0.1−0.5 cm2 g−1 is often

used for blue kilonovae because it gives a good approxi-
mation for Type Ia supernova. However, the opacities of

mixture of r-process elements are almost always higher
than κ = 0.1− 0.5 cm2 g−1 even for high Ye, except for
a low temperature (T < 2, 000 K). This is because Fe
is not necessarily representative of d-shell elements and
the contribution of Fe-like elements (Ru and Os) is low
compared with other d-shell elements at T < 10, 000 K
(Figure 5).

Wanajo	et	al.	2014,	Tanaka	el	al.	2020
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[p] + [n]
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Setup:RadiaQve	transfer	simulaQon
• Mul,-wavelength	Monte-Carlo	Radia,ve	transfer	code 

 (M. Tanaka et al. 2013, 2014, 2017, Kawaguchi 2018, 2020) 

• KN light curves during 0.1 -30day aDer the merger 

• The	snapshot	of	the	rest-mass	&	internal-energy	density	
profile	at	t=0.1	day	obtained by  the ejecta hydrodynamics 
simulaIon 

• homologous	expansion	can	be	safely	assumed	
• the (thermal) energy deposiIon rate and element 

abundance in each fluid element are determined  

from the	result	of	nucleosynthesis	calcula,on	

• an analyIcal thermalizaIon efficiency model of Barnes 
et al. 2016 is applied to the (thermal) energy deposiIon 
rate 

• bound-bound	opacity: 
Z=26~92: line opacity table by systemaIc atomic calculaIons 
 (Tanaka et al 2020 
Z<26: experimental data (Kurucz & Bell 1995) 

• (up to the 3rd ionizaIon states) 

• ExcitaIon & ionizaIon state populaIons are determined 
from Saha’s equaIon assuming  

the	local-thermodynamical	equilibrium	(LTE)

T
<latexit sha1_base64="8GnVxJYZ26upDia8NMftA7HW5dg="></latexit>

(⇢, T )
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Xion(⇢, T )
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Lorentz	transforma,on

comoving	frame

Lab.	frame	
	(Homologous	expansion)

photon	absorp,on/
emission,	scavering

update	temperature,	
opacity,	ioniza,on	

levels

photon	propaga,on



Result:RadiaQve	transfer	
simulaQon

f =
1

c2

Z 300 d

0.1 d
✏̇(t)dt
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High-Ye/lanthanide	free	in	the	polar	region,	
but	not	blue	(not	bright	in	opQcal	wavelength)

• Contrary to a naive expectation from the large ejecta mass and low lanthanide fraction in the polar region,  
the optical (g, r-band) emission is not as bright as that in GW170817/AT2017gfo.
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Opacity	of	the	1st-peak	r-process	elements

• a large amount of 1st r-process peak elements including Zr 
(Z=40) and Y (Z=39) are present in the polar high velocity region 

• Zr and Y (d-shell element) have a great contribution 
 to the opacity in the optical band ( ~>4000 Å) 
(see also Watson et al. 2019, Gillanders et al. ,  
Ristilc et al. 2022)
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What	is	the	origin	of	GW170817?

• The blue (optical) emission is enhanced for a model in 
which the outflow in θ<30° is suspended after t~200ms 
• may suggest that the remnant in GW170817  
is unlikely to be a long-lived NS, but might have 
collapsed to a black hole in a short time scale (~100ms) 

• Relativistic jets may revive the blue emission of the KN 
by blowing up the ejecta with Zr and Y 
(see Nativi, Klion et al. 2020) 

• non-LTE effects on ionization states may also be important

6 L. Nativi et al.

Figure 2. Vertical slices (the y = 0 plane) for the two di↵erent jet models: Jet49 on the left and Jet51 on the right. Both panels show the
rest-mass density distribution on a logarithmic scale (left-hand side) and electron fraction distribution (right-hand side). In the Ye map
colours from red to yellow mark the lanthanide-rich ejecta, while the light-blue one represent the lanthanide-poor. Since the jet launch
occurs at di↵erent times for the two cases we show both cases at 60 ms after jet launch (roughly 65 (Jet51) and 115 (Jet49) ms from
the beginning of the simulation, corresponding to 170 and 220 ms after the first contact).

Figure 3. Vertical slice (y = 0 plane) of the log-scaled distribution of Lorentz factor � for the jet model Jet51 from the same snapshot
of the Fig. 2 (right). The jet undergoes a strong first collimation shock and stays collimated after breaking out from the ejecta. (The
leading shock is an artifact from our chosen density and pressure gradients in the ambient medium, but carries essentially no mass and
energy and therefore has no impact on the simulation.)

MNRAS 000, 1–13 (2020)

ref)	NaQvi	et	al.	2020
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possible non-LTE effect

see Pognan et al. 2021,2022 for the non-LTE discussion 
and Barnes et al. 2021 for the impact of heating rate uncertainty to the ionization structure

KK	et	al.	2021,	2022	

8 K. Hotokezaka et al.

Figure 5. Cooling function of Nd II with and without the radiation trapping e�ect (left) and at di�erent densities (right).

Figure 6. Rate coe�cients for dielectronic recombination (DR) and radiative recombination (RR). The rate coe�cients of dielectronic recombination are
obtained by using HULLAC. For dielectronic recombination, each line shows the contribution of a specific configuration of the autoionizing state W=;, where W
denotes the core configuration, = and ; denote the principal and orbital angular momentum quantum numbers of the captured electron. The range of = and ; of
each autoionizing state included in the calculation are described in the text.
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Figure 7. Evolution of fractional ion abundances, Nd I – Nd IV (left) and kinetic temperature (right) for the fiducial model. The ionization degree and kinetic
temperature increase until the thermalization time Cth and then become roughly constant with time.

these ions have two distinct peaks, one around 5–10 `m produced
by fine structure transitions and another around optical-nIR region.
Nd II has among the richest spectral structure and its luminosity per
atom is the brightest. The dense emission line distribution and the
Doppler broadening result in a continuum-like spectrum with some
structures. We find that the following transitions predominately
produce the Nd II spectrum: 4f35d2

!4f45d, 4f35d6s!4f46s,

4f35d6s!4f45d, 4f46p!4f45d, 4f46p!4f46s, and 4f45d!4f46s.
The Nd III and Nd IV spectra are produced by the transitions:
4f35d!4f4 and 4f4 !4f4 for Nd III and 4f3 !4f3 for Nd IV. Note
that individual M1 lines are more pronounced at _ . 1 `m because
the line population in this wavelength region is less dense.

There are more E1 transition lines at _ . 1 `m for Nd II and
Nd III (see figure 3). This implies that these E1 lines may absorb

MNRAS 000, 1–15 (2020)

Nd	case:

Hotokezaka	et	al.	2020
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Model: BNS with a Long-lived remnant NS
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Long-lived strongly magnetized remnant MNS

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

2.2. Magnetized, Neutrino-heated Wind

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

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

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

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

open
1r �˙ can be

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

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

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

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

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

10
rem_ _ ( ) cm, substantially larger

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

7 This result can be understood to order of magnitude by noting that
vB≈RAΩ, where RA is the Alfvén radius at which B2/8π≈ρ v2/2, where v
and ρ=Ṁ/4πvr2 are the velocity and density of the wind at radius r
(Thompson et al. 2004).

4

The Astrophysical Journal, 856:101 (10pp), 2018 April 1 Metzger, Thompson, & Quataert

e.g. Metzger & Bower 2014, Horesh et al. 2016 
Shibata et al. 2017, Metzger et al. 2018, Beniamini & Lu 2021
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Electromagnetic counterparts of  
 a NS merger with a strongly magnetized long-lived MNS 

15

FIG. 8. Snapshots of the rest-mass density in units of g/cm3, temperature (kBT in units of MeV), specific entropy s in units
of kB, and electron fraction Ye at selected time slices for model MNS75a with the high-resolution run. The arrows denote the
velocity field of (vx, vz).

that in the neutron star. Also, the kinetic energy is al-
ways dominated by that of the neutrons star and does
not change significantly. For these reasons, the shapes of
the curves of EB and EB/Ekin are similar to each other.

The evolution of the electromagnetic energy inside the
neutron star after the saturation of its growth depends
strongly on the choice of �c, which determines the dissi-

pation timescale (for S⌦ = 0) given by

⌧dis ⇡

(kc)2

4⇡�c

� ↵dkc

��1

⇡ 0.1�20↵
�1

d,�4

⇣
0.75��1

20
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d,�4
�
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c,8 � 1
⌘�1

s, (4.2)

where � := 2⇡/k, �20 := �/(20 km), ↵d,�4 := ↵d/10�4,
and �c,8 := �c/108 s�1, respectively. Note that if ⌧dis is
negative, the system is unstable for the ↵-dynamo with
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Ejecta profile
Model	:	1.35	Msun	+	1.35	Msun	(	DD2	EOS	)

Density profile @ t = 0.1 d
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Kilonova emission
Kilonova Lightcurves 

(data: GW170817/AT2017gfo)
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Tanaka	et	al.	2013,2017,2018,	KK	et	al.	2018
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Figure 9. gzK-band light curves for models MNS75a (solid curves), MNS70a (dash-dot curves), and the viscous model (↵ = 0.04;
short-dash curves). The top left, top right, bottom left, and bottom right panels denote the light curves observed from
0�  ✓  20�, 28�  ✓  35�, 59�  ✓  64�, and 86�  ✓  90�, respectively. The data points denote the observation data of
GW170817 taken from Villar et al. (2017).

polar region also plays an important role. In particu-
lar, the neutral and the first ionized atoms, of which the
fraction increases for t � 1 d, have great contributions
to the opacity in the optical wavelengths.

As found in Figure 8, the viewing angle dependence of
the gzK-band emission for model MNS75a is weaker than
for the other models, reflecting the approximately spher-
ical ejecta profile and the confinement of the lanthanide-
rich dynamical ejecta component in the equatorial re-
gion. This feature is advantageous for the observation
of the kilonovae from the o↵-axis directions.

Model MNS70a and the viscous model show approxi-
mately identical light curves, except for those observed

from the polar direction (0�  ✓  20�), reflecting the
similar ejecta profile. As we described already, the dif-
ference in the polar light curves is primarily due to the
di↵erent density structure and the di↵erent fractions of
the 1st r-process peak elements in the polar region. The
similarity in the light curves for the low-�c MHD mod-
els and the viscous model implies that the results of vis-
cous hydrodynamics simulations can provide a good phe-
nomenological model for the first-principle MHD model,
in the case that the intrinsic MHD e↵ects such as the
magneto-centrifugal e↵ect (Blandford & Payne 1982) are
not very strong.



Synchrotron emission from  
the ISM-ejecta interaction 
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Ongoing work
Mass ejeciton and nucleosynthesis in NS-NS mergers leaving hypermassive NSs 13
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Figure 6. Total isobaric abundances for all the models,
which are normalized by that of 153Eu. The solar r-residuals
are adopted from Prantzos et al. (2020).

Figure 7. Total elemental abundance distributions for all
the models. The solid and dashed curves denote the dis-
tributions at the end of computation (1 yr) and at 13 Gyr,
respectively (all trans-Pb nuclei except for Th and U are as-
sumed to have decayed). Stellar abundances of J0954+5246
(open circles; Holmbeck et al. 2018), CS 31082-001 (crosses;
Siqueira Mello et al. 2013), and DES J033523-540407 (filled
circles; Ji & Frebel 2018) are also shown. The grey curve
denotes the solar r-residual pattern (Prantzos et al. 2020).
Each distribution is normalized by that of Eu (Z = 63).

peak nuclei, which compensates the underproduced first
peak nuclei in the dynamical ejecta. The ratio of post-
merger to dynamical ejecta mass is larger for the merger
of more asymmetric binaries (see Table 2), resulting in
more contribution to the production of the first peak
nuclei. Hence, the total nucleosynthetic yield approxi-
mately reproduces the solar pattern for both equal-mass
and asymmetric merger cases.

Figure 6 shows the total nucleosynthetic yields for all
the models explored in this study.4 It is found that
the pattern of the solar r-residuals is reasonably repro-
duced irrespective of the mass ratio of the binaries, in
particular for those between A ⇠ 140 and 200. In ad-
dition, more asymmetric models lead to less production
for A < 140 and more production for A > 200, respec-
tively, in the abundances normalized by that of 153Eu
(as representative of lanthanide nuclei).

In Fig 7, the elemental abundance distributions
for all the models are compared to those measured
in metal-poor stars J0954+5246 (with the highest
measured Th/Eu abundance ratio, Holmbeck et al.
2018), CS 31082-001 (Siqueira Mello et al. 2013), and
DES J033523-540407 (with the lowest measured Th/Eu
abundance ratio, Ji & Frebel 2018), which are enhanced
in r-process elements. Here, Y (Z) is the abundance
of the element with atomic number Z. The calculated
abundance patterns agree approximately with those for
such r-process-enhanced metal-poor stars, in particular
for the elements between Z = 56 and 79. Our results
exhibit a variation in the production of lighter elements,
which can be also found in the r-process-enhanced stars
(Siqueira Mello et al. 2014).

Asymmetric mergers (SFHo125-145, 120-150, and
125-155) result in the higher ratio of actinide (Th and U)
to Eu owing to the ejection of more matter with very low
electron fraction Ye . 0.1. The Th/Eu abundance ratio
spans �0.84  log [Y (Th)/Y (Eu)]  �0.63 at 13 Gyr
(given this being the ages of r-process-enhanced stars)
after the merger for models investigated here. Such a
variation in the Th/Eu ratio can also be found in r-
process-enhanced stars (�0.95  log [Y (Th)/Y (Eu)] 
�0.12; see Fig. 7), although the enhancement of Th in
our result is below the level of the so-called “actinide-
boosted” stars such as J0954+5246 and CS 31082-001.

The Th/Eu ratios for models SFHo125145, 120-150
and 125-155 are very similar, although the fraction of
the matter with Ye < 0.1 in the dynamical ejecta for
model SFHo125-155 is approximately three times larger
than that for model SFHo125-145. This implies that the
Th/Eu ratio converges to log [Y (Th)/Y (Eu)] ⇡ �0.33
(at 1 yr after the merger) with a reduction of the binary
mass ratio, which is likely to be the upper limit for the
binary neutron-star merger models with the SFHo EOS
and the GEF fission-fragment distributions (for the im-
pact of fission fragments to lanthanide production, see,
e.g., Goriely 2015).

4 The tables of nucleosynthetic yields are available upon request
to the authors.
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bµbµ (G), electron fraction Ye, and
temperature T (kT in units of MeV) on the x-z plane with [�2000 km : 2000 km] for both x and z for model Q4B5L. Note
that the green region in Ye found in the left side at the first and second rows shows the dynamical ejecta and fall-back matter.
See also an animation: https://www2.yukawa.kyoto-u.ac.jp/~kota.hayashi/Q4B5L-2000a.mp4.

Q4B5H. Here, x, y, and z are defined with respect to
the black-hole center. The toroidal field is defined by
b'̄ = (xby � ybx)/

p
x2 + y2. The average is performed

with respect to the azimuthal angle ' = tan�1(y/x)

at the selected radius of r :=
p
x2 + y2 + z2 ⇡ 50 km.

From Fig. 2, we find the so-called butterfly structure [88]
irrespective of the grid resolution: The polarity of the
toroidal magnetic field is reversed due to the turbulent
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Figure 9. gzK-band light curves for models MNS75a (solid curves), MNS70a (dash-dot curves), and the viscous model (↵ = 0.04;
short-dash curves). The top left, top right, bottom left, and bottom right panels denote the light curves observed from
0�  ✓  20�, 28�  ✓  35�, 59�  ✓  64�, and 86�  ✓  90�, respectively. The data points denote the observation data of
GW170817 taken from Villar et al. (2017).

polar region also plays an important role. In particu-
lar, the neutral and the first ionized atoms, of which the
fraction increases for t � 1 d, have great contributions
to the opacity in the optical wavelengths.

As found in Figure 8, the viewing angle dependence of
the gzK-band emission for model MNS75a is weaker than
for the other models, reflecting the approximately spher-
ical ejecta profile and the confinement of the lanthanide-
rich dynamical ejecta component in the equatorial re-
gion. This feature is advantageous for the observation
of the kilonovae from the o↵-axis directions.

Model MNS70a and the viscous model show approxi-
mately identical light curves, except for those observed

from the polar direction (0�  ✓  20�), reflecting the
similar ejecta profile. As we described already, the dif-
ference in the polar light curves is primarily due to the
di↵erent density structure and the di↵erent fractions of
the 1st r-process peak elements in the polar region. The
similarity in the light curves for the low-�c MHD mod-
els and the viscous model implies that the results of vis-
cous hydrodynamics simulations can provide a good phe-
nomenological model for the first-principle MHD model,
in the case that the intrinsic MHD e↵ects such as the
magneto-centrifugal e↵ect (Blandford & Payne 1982) are
not very strong.
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GW170817 taken from Villar et al. (2017).

polar region also plays an important role. In particu-
lar, the neutral and the first ionized atoms, of which the
fraction increases for t � 1 d, have great contributions
to the opacity in the optical wavelengths.

As found in Figure 8, the viewing angle dependence of
the gzK-band emission for model MNS75a is weaker than
for the other models, reflecting the approximately spher-
ical ejecta profile and the confinement of the lanthanide-
rich dynamical ejecta component in the equatorial re-
gion. This feature is advantageous for the observation
of the kilonovae from the o↵-axis directions.

Model MNS70a and the viscous model show approxi-
mately identical light curves, except for those observed

from the polar direction (0�  ✓  20�), reflecting the
similar ejecta profile. As we described already, the dif-
ference in the polar light curves is primarily due to the
di↵erent density structure and the di↵erent fractions of
the 1st r-process peak elements in the polar region. The
similarity in the light curves for the low-�c MHD mod-
els and the viscous model implies that the results of vis-
cous hydrodynamics simulations can provide a good phe-
nomenological model for the first-principle MHD model,
in the case that the intrinsic MHD e↵ects such as the
magneto-centrifugal e↵ect (Blandford & Payne 1982) are
not very strong.
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Å

�
1
]

2.5 days

-3
3 3.5 days

4000 5500 7500 10500 14500 20000

Observed wavelength [Å]
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Figure 4 | Spectral series of AT2017gfo 1.5–4.5 days after the merger. Data
are shown in grey and have been smoothed slightly. A model (solid red lines)
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fill) for the Sr lines is shown. The rest (black) and observed (blue) positions of the
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is not biased. A vertical offset has been applied to each spectrum for clarity, with
zero flux indicated by the dashed horizontal line segment. Bottom panels show the
residuals between model and data.

from Sr is also 1,050 nm. This adds to our confidence in the line iden-
tification based on the simple thermal r-process absorption model.

We further confirm our results using TARDIS, extending the code’s
atomic database to include elements up to 92U with the latest Ku-
rucz linelists24 with its 2.31 million lines. Our TARDIS models pro-
duce results very similar to our static-code models, reproducing the
spectra well (Extended Data Fig. 6). In particular, the P Cygni emis-
sion/absorption structure is well-reproduced as expected, confirming
our LTE and MOOG modelling, and showing Sr dominating the fea-
tures around 1µm.

From the detection of Sr, it is clearly important to consider lighter
r-process elements in addition to the lanthanide elements in shaping
the kilonova emission spectrum. Observations of abundances in stars
in dwarf galaxies6 suggest that large amounts of Sr are produced to-
gether with Ba (Z=56) in infrequent events, implying the existence of a
site that produces both light and heavy r-process elements together in
quantity, as found in some models25, 26. This is consistent with our spec-
tral analysis of AT2017gfo and analyses of its lightcurve27, 28. Together
with the differences observed in the relative abundances of r-process
Ba and Sr in stellar spectra29, this suggests that the relative efficiencies
of light and heavy r-process production could vary substantially from
merger to merger.

Extreme-density stars composed of neutrons were proposed shortly
after the discovery of the neutron13, and identified with pulsars three

decades later30. However, no spectroscopic confirmation of the com-
position of neutron stars has ever been made. The identification here of
an element that could only have been synthesised so quickly under an
extreme neutron flux, provides the first direct spectroscopic evidence
that neutron stars comprise neutron-rich matter.
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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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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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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-

Taking	the	radiaQve	transfer	effect	of	photons	in	the	mulQple	ejecta	components	of		
non-spherical	morphology	into	account	is	crucial	for	the	lightcurve	predicQon
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Mpm = 0.03M�,

Md = 0.003M�
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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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Table 1. List of the models and the key results for 3D simulations. tBH denotes the post-merger time at the black hole
formation and �BH is the dimensionless spin of the black hole. The results for simulations with �ximax = 150 m are listed. The
mass and dimensionless spin of the black hole as well as the disk and ejecta masses are measured at t = tBH + 30 ms.

Model M1/M� M2/M� M2/M1 tBH (ms) MBH/M� �BH Mdisk (10�2
M�) Mdyn (10�2

M�) hYe,dyni
SFHo135-135 1.35 1.35 1.00 13 2.56 0.67 1.2 0.69 0.23

SFHo130-140 1.40 1.30 0.93 16 2.55 0.67 3.0 0.46 0.24

SFHo125-145 1.45 1.25 0.86 17 2.54 0.66 3.6 0.54 0.16

SFHo120-150 1.50 1.20 0.80 18 2.50 0.64 6.5 0.37 0.13

SFHo125-155 1.55 1.25 0.81 3 2.68 0.75 4.3 0.86 0.09

in which the method for computing initial data is de-
scribed. To check that our conclusion does not de-
pend on the total mass of the system, we also employ a
more massive model for which the total mass is 2.8M�
(SFHo125-155). All these 3D models are listed in Ta-
ble 1.

For both 3D and 2D simulations, we use the
same tabulated equation of state (EOS) referred to
as SFHo (Steiner et al. 2013) with an extension
to lower-density (⇢ < 1.66 ⇥ 103 g/cm3) and lower-
temperature (kBT < 0.1 MeV) domains using the
Timmes (Helmholtz) EOS (Timmes & Swesty 2000).
The detailed procedure of the extension is described in
Appendix A of Hayashi et al. (2021). For the readers
who are interested in our handling for the heating by the
nuclear burning in the assumption of the nuclear statis-
tical equilibrium (NSE), we also refer to Appendix B of
Hayashi et al. (2021).

2.3. 3D simulation

The 3D simulations are performed with the latest
version of our radiation-hydrodynamics code in numer-
ical relativity (Sekiguchi 2010; Sekiguchi et al. 2015,
2016; Fujibayashi et al. 2020c), which solves Einstein’s
equation with a version of puncture-Baumgarte-Shapiro-
Shibata-Nakamura (BSSN) formalism with a Z4c con-
straint violation propagation scheme (Shibata & Naka-
mura 1995; Baumgarte & Shapiro 1999; Baker et al.
2006; Campanelli et al. 2006; Marronetti et al. 2008;
Hilditch et al. 2013). The Riemann solver is updated to
the one referred to as HLLC (for relativistic hydrody-
namics; Mignone & Bodo 2005), the details of which is
described in Kiuchi et al. (2022). The neutrino radiation
transport is treated with a version of the leakage scheme
incorporating a moment-based transport scheme. In this
method, neutrinos are separated into two components;
“trapped” and “streaming” neutrinos. The trapped neu-
trinos are assumed to be thermalized with the same lo-
cal temperature as the fluid and considered as a part of
the fluid, i.e., they comove with the fluid. The trapped

neutrinos leak out from the fluid in a rate depending
on their di↵usion timescale and become a streaming
component. The streaming neutrinos are solved with
a truncated-moment formalism with the so-called M1-
closure for estimating higher moments (see Thorne 1981;
Shibata et al. 2011). The absorption of streaming neu-
trinos is considered in an approximate manner, while
the pair-annihilation of them is not taken into account
in this study. The detail of the treatment for our ap-
proximate neutrino transfer is described in Sekiguchi &
Shibata (2011), Sekiguchi et al. (2012), and Fujibayashi
et al. (2017).

The simulations are performed using a fixed-mesh-
refinement (FMR) algorithm assuming the plane sym-
metry with respect to the z = 0 plane. Each refinement
level has the same half-cubic box region with the uni-
form grid spacing and the i-th level has a grid spacing of
�xi = 2�xi+1 (i =1, 2, . . . , imax�1) with �ximax the in-
put parameter. The i-th level has the computational do-
main of [�Li : Li]⇥[�Li : Li]⇥[0 : Li] with Li = N�xi.
We set imax = 13, �ximax = 150 m, and N = 258
for our fiducial model, with which L1 ⇡ 1.6 ⇥ 105 km.
Several simulations with the di↵erent grid resolution of
�ximax = 100, 200, and 250m are performed to check
the dependence of the results on the grid resolution.
For the resolutions of �ximax = 100, 200, and 250 m,
we set imax = 13 and N = 369, 193, and 137, with
which L1 ⇡ 1.5 ⇥ 105, 1.6 ⇥ 105, and 1.4 ⇥ 105 km, re-
spectively.

Because high-resolution shock-capturing schemes can-
not treat the vacuum state, we need to set a spurious
but tenuous atmosphere outside the neutron stars. In
these simulations, we set the constant atmosphere den-
sity profile to be ⇢atm = 103 g/cm3 for r  L13. We also
assume the power-law profile of the atmosphere density
⇢atm / 1/r3 for r > L13. The floor value of the atmo-
sphere density is determined to be ⇡ 0.166 g/cm3. The
atmosphere temperature is set to be 10�3 MeV/kB.

We also employ the reflux prescription at the FMR
boundary to ensure the baryon mass conservation. With
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Table 2. Setup and several key results of 2D simulations (see the text for details). The post-merger ejecta mass is defined by
the sum of the mass of tracer particles that experience the temperature larger than 10 GK.

Model �x0 (m) N L (km) ↵visHtur (m) Mpost (10�2
M�) Mpost/Mdyn

SFHo135-135 70 ! 200 937 ! 689 9237 ! 8908 400 0.22 0.32

SFHo130-140 70 ! 200 937 ! 689 9237 ! 8908 400 0.53 1.19

SFHo125-145 70 ! 200 937 ! 689 9237 ! 8908 400 0.69 1.26

SFHo120-150 70 ! 200 937 ! 689 9237 ! 8908 400 1.33 3.58

SFHo125-155 70 ! 200 937 ! 689 9237 ! 8908 400 0.83 0.99

SFHo120-150-lr 70 ! 300 937 ! 625 9237 ! 9055 400 – –

the help of it, the violation of the baryon mass conser-
vation is kept to be low, . 10�7M�, in all the simu-
lations. This enables us to investigate the fast-moving
component of the ejecta, the mass of which is very small
(see § 3.1).

Simulations for the fiducial models are performed until
the bulk of the ejecta reaches ⇠ 5000 km and cools down
su�ciently (less than 1 GK = 109K) for the post-process
nucleosynthesis calculations. It takes ⇠ 40–50 ms after
merger until such a state is achieved. Here, we note
that the 3D simulations are performed even after the
formation of the black hole. However, the mapping to
the 2D simulations is done just prior to the black-hole
formation, as we already mentioned.

2.4. 2D simulation

Following our previous work (Fujibayashi et al.
2020c), a general relativistic neutrino-radiation viscous-
hydrodynamics code is employed for the present simu-
lations. As in the 3D simulations, Einstein’s equation is
solved with a version of the puncture-BSSN formalism
with a Z4c scheme. To impose the axial symmetry, a
cartoon method is used (Alcubierre et al. 2001; Shibata
2000). The scheme for the neutrino transport is also
the same as in the 3D simulations. The shear viscous
e↵ect is taken into account using a simplified version of
the Israel-Stuart formalism (Israel & Stewart 1979) as
described in Shibata et al. (2017b). The kinematic vis-
cous parameter is modeled as ⌫vis = ↵viscsHtur, where
cs is the sound speed and Htur is the length-scale of
the turbulence generated hypothetically as a result of
magnetohydrodynamical instabilities. As in our previ-
ous study (Fujibayashi et al. 2020c), we set Htur = 10 km
and ↵vis = 0.04, which actually results in a constant vis-
cous-length scale of ↵visHtur = 400m (see Table 2).

The grid structure is the same as in the 2D sim-
ulations recently performed with the same code (Fu-
jibayashi et al. 2020c), in which the cylindrical coordi-
nates (R, z) are employed. In the inner cylindrical region
of R < 15 km and z < 15 km, a uniform grid with the
grid spacing of �x0 is set, while in the outer region, a

non-uniform grid is set with an increase rate of the grid
spacing of 1.01. The grid number N and the location of
the outer boundaries along each axis (denoted by L) are
listed in Table 2. We assume the plane symmetry with
respect to the z = 0 plane.

We employ the snapshots of the fiducial 3D models
with �ximax = 150m for preparing the initial condi-
tions of the 2D simulations. After mapping the 3D
data to the 2D one, we first perform high-resolution
simulations with the innermost grid spacing of �x0 =
70 m. Such a high resolution is particularly important
to simulate the formation and evolution of the black
hole in a good accuracy. In our previous work for a
spinning black hole surrounded by a disk (Fujibayashi
et al. 2020a), we have found that, to accurately fol-
low the evolution of the black hole with the dimension-
less spin of ⇠ 0.8 for 1 s, the finest grid spacing should
be �x0 . 0.018GMBH/c2 ⇡ 69 m(MBH/2.6M�), where
MBH is the mass of the black hole.

After the black-hole formation, the self-gravity of the
disk is minor compared to the gravitation exerted by
the black hole. In particular, after the viscous evo-
lution of the disk, the mass of the disk becomes less
than 1% of the black-hole mass, and in such a stage,
the self-gravitational e↵ect of the disk can be safely ig-
nored. Thus, we stop the time evolution of the gravi-
tational field for the phase in which the rest mass out-
side the apparent horizon is below 1% of the mass of
the black hole. After stopping the time evolution of
the gravitational field, the black-hole evolution does not
have to be followed with a high resolution any longer.
Thus, we carry out a regridding at the same time. In
the regridding process, all the geometrical and radia-
tion viscous-hydrodynamics quantities are mapped into
a coarser grid that has �x0 = 200 m with the same
increase rate of grid spacing, 1.01, and a uniform grid
spacing region, R  15 km and z  15 km. We do not
observe any artificial behaviors in the subsequent time
evolution due to the regridding process.

Mdyn	~	0.005-0.01	Msun,	Mpost~0.005-0.01	Msun

Fujibayashi	et	al.	2023
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possible	uncertainty	by	
non-LTE	effects	(to	ionizaQon	populaQon)
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Scaling	law?
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