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Kilonova
• A	kilonova	(a.k.a	macronova)	is	a	electromagne%c	

(EM)	emission	which	expected	to	be	associate	with	 
a	neutron	star	(NS)	binary	merger.	

• Ejected	material	is	neutron-rich  
→heavy	radioac%ve	nuclei	would	be	synthesized	 
in	the	ejecta	by	the	so-called	 
r-process	nucleosynthesis 
 
→EM	emission	in	op%cal	and	infrared	wavelengths	
could	occur	by	radioac%ve	decays	of	heavy	elements 
:	kilonova 
 
			Li	&	Paczyński	1998,	Kulkarni	2005, 
			Metzger	et	al.	2010	…

Ref:	K.	Hotokezaka	et	al.	2013
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Numerical	rela%vity	simula%on	for	a	NS-NS	merger
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ref)	Li	&	Paczyński	1998

Meje :ejecta mass

veje :expanding velocity

 :opacity

f : energy conversion rate
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energy conversation rate 
(heating rate)

Key	quan%%es	which	characterize	kilonova	light	curves



Ejecta opacity

The	ejecta	opacity	varies	significantly	(0.1—10	cm2/g)	depending	on	  
whether	lanthanide	elements	are	synthesized	or	not,	which	reflects	the	electron	frac%on,	Ye,	of	ejecta. 

(Kasen	et	al.	2013,	Barnes	et	al.	2013,	Tanaka	et	al.	2013)

ref)	Tanaka	et	al.	2018,	2019

Ye =
[p]

[p] + [n]
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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).

10 M. Tanaka et al.

Table 1. Planck mean opacity for element
mixture

Ye X(La)a X(La+Ac)b κ c

cm2 g−1

0.10 7.1× 10−2 1.7× 10−1 d 27.0

0.15 2.6× 10−1 2.6× 10−1 32.9

0.20 1.1× 10−1 1.1× 10−1 22.3

0.25 5.5× 10−3 5.5× 10−3 5.60

0.30 3.4× 10−7 3.4× 10−7 5.36

0.35 0.0 0.0 3.30

0.40 0.0 0.0 0.96

Note— a Mass fraction of lanthanide ele-
ments.
b Mass fraction of lanthanide and actinide
elements.
c Average Planck mean opacity for
T = 5, 000− 10, 000 K (ρ = 1× 10−13 g cm−3

and t = 1 day after the merger).
d 1.1× 10−1 excluding elements with Z ≥ 93,
for which no atomic data are available.

For the ease of applications in analytical models, we
give average values of the Planck mean opacities in Table
1. However, it is emphasized that the average opacities
are derived only at T = 5, 000− 10, 000 K and there is
a strong temperature dependence at T < 5, 000 K. Fur-
thermore, the expansion opacities also depend on the
density (and thus, the position in the ejecta) as well
as the time after the merger. Therefore, we need full
numerical calculations to quantitatively connect obser-
vational properties with abundance distributions.

4.2. Light curves

In this section, we apply our new opacity data to
radiative transfer simulations of kilonovae. We use
a Monte-Carlo radiative transfer code developed by
Tanaka & Hotokezaka (2013); Tanaka et al. (2014) and
further updated by Kawaguchi et al. (2018) to in-
clude special-relativistic effects. We adopt a simple
one-dimensional ejecta model with a power-law den-
sity structure ρ ∝ r−3 from v = 0.05c to v = 0.2c
(Metzger et al. 2010; Metzger 2017), which gives an av-
erage velocity of ⟨v⟩ = 0.1c. The total mass is set to be
Mej = 0.03M⊙.
To see the effects of opacities, we perform simula-

tions by changing the abundances of r-process elements.
We show three cases with different Ye ranges: high
Ye (Ye = 0.30 − 0.40, no lanthanide), intermediate Ye

(Ye = 0.20−0.30, lanthanide fraction of ∼ 5×10−3), and
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Figure 10. Multi-color light curves in optical (griz)
and NIR (JHK) filters for the models with high Ye (Ye =
0.30−0.40, top), intermediate Ye (Ye = 0.20−0.30, middle),
and low Ye (Ye = 0.10 − 0.20, bottom) compared with the
observed light curves of GW170817/AT2017gfo (compiled by
Villar et al. 2017).

10 M. Tanaka et al.

Table 1. Planck mean opacity for element
mixture

Ye X(La)a X(La+Ac)b κ c

cm2 g−1

0.10 7.1× 10−2 1.7× 10−1 d 27.0

0.15 2.6× 10−1 2.6× 10−1 32.9

0.20 1.1× 10−1 1.1× 10−1 22.3

0.25 5.5× 10−3 5.5× 10−3 5.60

0.30 3.4× 10−7 3.4× 10−7 5.36

0.35 0.0 0.0 3.30

0.40 0.0 0.0 0.96

Note— a Mass fraction of lanthanide ele-
ments.
b Mass fraction of lanthanide and actinide
elements.
c Average Planck mean opacity for
T = 5, 000− 10, 000 K (ρ = 1× 10−13 g cm−3

and t = 1 day after the merger).
d 1.1× 10−1 excluding elements with Z ≥ 93,
for which no atomic data are available.

For the ease of applications in analytical models, we
give average values of the Planck mean opacities in Table
1. However, it is emphasized that the average opacities
are derived only at T = 5, 000− 10, 000 K and there is
a strong temperature dependence at T < 5, 000 K. Fur-
thermore, the expansion opacities also depend on the
density (and thus, the position in the ejecta) as well
as the time after the merger. Therefore, we need full
numerical calculations to quantitatively connect obser-
vational properties with abundance distributions.

4.2. Light curves

In this section, we apply our new opacity data to
radiative transfer simulations of kilonovae. We use
a Monte-Carlo radiative transfer code developed by
Tanaka & Hotokezaka (2013); Tanaka et al. (2014) and
further updated by Kawaguchi et al. (2018) to in-
clude special-relativistic effects. We adopt a simple
one-dimensional ejecta model with a power-law den-
sity structure ρ ∝ r−3 from v = 0.05c to v = 0.2c
(Metzger et al. 2010; Metzger 2017), which gives an av-
erage velocity of ⟨v⟩ = 0.1c. The total mass is set to be
Mej = 0.03M⊙.
To see the effects of opacities, we perform simula-

tions by changing the abundances of r-process elements.
We show three cases with different Ye ranges: high
Ye (Ye = 0.30 − 0.40, no lanthanide), intermediate Ye

(Ye = 0.20−0.30, lanthanide fraction of ∼ 5×10−3), and
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Figure 10. Multi-color light curves in optical (griz)
and NIR (JHK) filters for the models with high Ye (Ye =
0.30−0.40, top), intermediate Ye (Ye = 0.20−0.30, middle),
and low Ye (Ye = 0.10 − 0.20, bottom) compared with the
observed light curves of GW170817/AT2017gfo (compiled by
Villar et al. 2017).

Lanthanide-poor	case

Lanthanide-rich	case



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

• A	Kilonova	model	with	mul%ple	components	well	interprets	the	op%cal-Infrared	observa%on  
(see	e.g.,	Kasliwal	et	al.	2017,	Cowperthwaite	et	al.	2017,	Kasen	et	al.	2017,	Tanaka	et	al.	2017,	Villar	et	al.	2017)	

• early-blue	component	(~1day)	from	lanthanide-free	ejecta	(~0.01	M_sun,	opacity	~0.1-1	cm2/g) 
+	long-las%ng	red	component	(~10days)	from	lanthanide-rich	ejecta	(~0.04	M_sun,	opacity	~10	cm2/g)
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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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GW170817:  
A Kilonova with mul<ple components

Ref:	D.	Kasen	et	al.	2017

Red	kilonova	
			M	~	0.03	Msun	
			v	~	0.1	c

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

as	post-merger	ejecta??

Too	massive	as	
dynamical	ejecta??

See	e.g.,	Metzger+18,	 
Waxman+18

What	is	the	origin	of	blue/red	kilonova?

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

Blue	(lanthanide-free)

Red	(lanthanide-rich)

ref)	Tanaka-san’s	slide

※radiaGon	transfer	effect	among	the	mulGple	ejecta	components	would	change	the	ejecta	mass	esGmaGon



Mass Ejec<on Mechanisms
• In	the	last	decades,	many	efforts	have	been	made	to	study	
the	mass	ejec%on	process	and	evolu%on	of	the	merger	
remnant	performing	numerical-rela%vity	simula%ons	

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

• Post-merger	mass	ejecGon  
mass	ejec%on	from	the	merger	remnant	driven	by	 
effec%ve	viscosity	and/or	neutrino	hea%ng	 
(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)  

Dynamical	mass	ejec%on  
@merger

Post-merger	mass	ejec%on  
@auer	merger
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Kilonova	lightcurves	could	show	large	diversity	reflec%ng	the	variety	 
in	the	binary	parameters	or	the	binary	composi%on  
(see	also	e.g.	Gompertz	et	al.	2018,	Rossi	et	al.	2019)



Radia<ve transfer simula<on
• A	wavelength-dependent	Monte-Carlo	 

radia%ve	transfer	simula%on	code 
	(Tanaka	et	al.	2013,	2014,	2017, 
	Kawaguchi	et	al.	2018,	2019)	

• 	The	density,	velocity,	and	Ye	profiles	of	ejecta	 
based	on	predic%ons	of	numerical-rela%vity	simula%ons.	  
(e.g.,	Dietrich	et	al.	2016,	Hotokezaka	et	al.	2018,	
Metzger&Fernandez	et	al.	2014,	Fujibayashi	et	al.	2018)	

• Axisymmetric	&	homologous	expanding	ejecta		

• The	abundance	pavern	and	nuclear	hea%ng	rate	based	on	
nucleosynthesis	calcula%ons  
	(Wanajo	et	al.	2014)	

• New	line	list	derived	by	systema%c	atomic	structure	
calcula%ons	for	all	the	r-process	elements	from	 
Z=26	to	92	(Tanaka	et	al.	2019)

Ref:	Wanajo	et	al.	2014
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Figure 4. Final nuclear abundances for selected trajectories (top) and that mass-
averaged (bottom; compared with the solar r-process abundances).
(A color version of this figure is available in the online journal.)

slows the temperature drop around 1 GK (e.g., Korobkin et al.
2012). The effect is, however, less dramatic than those found
in previous works because of the higher ejecta entropies in our
result.

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

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

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

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

4. RADIOACTIVE HEATING

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

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

Our result shows that the heating rate for the lowest Ye
(=0.09) is the greatest after 1 day with a few times larger values
than those in previous works (with Ye ∼ 0.02–0.04 in Goriely
et al. 2011; Rosswog et al. 2014). In our case, the radioactive
heating is dominated by the spontaneous fissions of 254Cf and
259,262Fm. It should be noted that the heating from spontaneous
fission is highly uncertain because of the many unknown half-
lives and decay modes of nuclides reaching to this quasi-stable
region (A ∼ 250–260 with T1/2 of days to years). In fact,
tests with another set of theoretical estimates show a few times
smaller rates after ∼1 day (because of diminishing contributions
from 259,262Fm), being similar to the previous works. It appears
difficult to obtain reliable heating rates with currently available
nuclear data when fission plays a dominant role.

4

7

Ejecta	density	profile	for	a	NS-NS	merger

Elements	abundance



Post-merger ejecta�
Ye ~ 0.05−0.5

→κ ~ 10 cm2 / g
M ~ 10−2M⊙

v / c = 0.1−0.9

Dynamical ejecta�
Ye ~ 0.3−0.4

→κ ~ 0.1 cm2 / g
M ~ 3×10−2M⊙

v / c = 0.03−0.1

absorption�
Main energy source� Reprocessed Emission:  

Remnant  
   MNS 

Photon interac<on among 
different ejecta components

Radia%ve	transfer	of	photons	among	the	mul%ple	ejecta	components	 
has	a	large	impact	on	the	lightcurve	predic%ons 

(see	Perego	et	al.	2017,	Wollaeger	et	al.	2017	for	studies	with	similar	setups 
	and	also	Matsumoto	et	al.	2018	for	reprocessing	models	in	different	context)

Dynamical	mass	ejecGon  
@merger

Post-merger	mass	ejecGon  
@aLer	merger



Effect of radia<ve transfer of photons in 
mul<ple ejecta components

2

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

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

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

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

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

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

2. METHOD AND MODEL

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

2

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

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

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

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

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

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

2. METHOD AND MODEL

We calculate lightcurves and spectra of kilono-
vae/marconovae by employing a wavelength-dependent
radiative transfer code (Tanaka & Hotokezaka 2013;
Tanaka et al. 2017, 2018). The photon transfer is cal-
culated by the Monte Carlo method for given ejecta
density structure and element abundances. The nu-
clear heating rates are given based on the results of
r-process nucleosynthesis calculations by Wanajo et al.
(2014). We also consider the time-dependent thermal-
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2

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

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

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

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

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

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

2. METHOD AND MODEL

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

• Life	%me	of	the	remnant	NS	has	a	large	impact	on	the	Ye	distribu%on	of	the	post	merger	ejecta: 
low	(high)	Ye	→	large	(small)	lanthanide	frac%on	(See	also	Lippuner	et	al.	2017)

Ref:	Metzger	&	Fernández	et	al.	2014	

Diagnosing BH formation with kilonovae 3449

3.2 Composition

Free nuclei recombine into α-particles once the temperature de-
creases to T ! 1010 K. Heavier elements start to form once the
temperature decreases further, T ! 5 × 109, via the reaction
4He(αn,γ )9Be(α,n)12C. After 12C forms, additional α−captures
produce heavy ‘seed’ nuclei with characteristic mass Ā ≃ 90−120
and charge Z̄ ≃ 35 (the ‘α-process’; Woosley & Hoffman 1992).
Whether nucleosynthesis proceeds to heavier r-process nuclei of
mass A depends on the ratio of free neutrons to seed nuclei once
the α-process completes. Since the formation of 12C is the rate-
limiting step in forming seeds, this critical ratio depends primarily
on three quantities (e.g. Hoffman, Woosley & Qian 1997; appendix
C of FM13): the electron fraction Ye, entropy S, and the expansion
time-scale texp at times just following α-particle formation (T ∼
5 × 109 K).

A mass-flux average of each of these three quantities is given
in Table 1 for most models (see FM13 for a description of the
calculation method). The radial position for the average is chosen so
that the mass-flux averaged temperature is approximately 5 × 109 K.
The average is separated between equatorial and polar latitudes (60◦

from the mid-plane and 30◦ from the axis, respectively). In the case
of prompt BH formation or very shortly lived HMNS (tns ≤ 10 ms),
there is never enough material in the polar regions to achieve the
desired temperature, and hence the average is not computed there.
After collapse to a BH, the polar region is evacuated, so the radius
for the average is obtained for times less than the HMNS lifetime
(but averaged thermodynamic quantities are computed using the
whole evolution).

The average electron fraction of the material is a monotonic
function of the HMNS lifetime. This is a direct consequence of
the higher level of neutrino irradiation introduced by the HMNS.
A rough estimate of the change in Ye over a thermal time in the

boundary layer yields

#Ye ∼ Qν#t

⟨εν⟩/mn

∼ 1
(

Qν

1021 erg g−1 s−1

) (
10 MeV

⟨εν⟩

) (
#t

10 ms

)
, (1)

where Qν is the specific neutrino heating rate (Fig. 2c), ⟨εν⟩ is the
mean neutrino energy, and #t is the time interval. Irradiation by the
HMNS can thus introduce changes of order unity in the electron
fraction over the time it takes the polar outflow to be launched.
Similar considerations apply to the equatorial outflow, although the
fact that this ejecta originates in regions of the disc that are both
farther out in radius and shadowed by the inner regions causes the
changes in Ye to be less pronounced.

It is worth keeping in mind that we are imposing equal lumi-
nosities of electron neutrinos and antineutrinos from the HMNS
(Section 2.3). In the limit of high irradiation, neutrinos drive Ye

towards (Qian & Woosley 1996)

Y eq
e ≃

[
1 + ϵν̄e − # + #2/ϵν̄e

ϵνe + # + #2/ϵνe

]−1

, (2)

where # = 1.293 MeV is the neutron–proton mass difference, and
ϵνi

is the ratio of the mean square energy to the mean energy of
the distribution, ⟨E2

ν ⟩/⟨Eν⟩. Our Fermi–Dirac spectrum with zero
chemical potential implies ϵνi

≃ 4 kTνi
, hence Y eq

e ≃ 0.52.
The distribution of thermodynamic properties of material with

positive velocity – evaluated at the same radii as the averages in
Table 1 – is shown in Fig. 4. The electron fraction of the equatorial
material has a peak that tracks the average value, with a long tail to
high Ye for longer HMNS lifetime. In contrast, the polar material has
more material with lower Ye for longer tns. This is a reflection of the

Figure 4. Mass histograms of material with positive velocity, evaluated at radii such that the mass-flux-weighted temperature is ∼5 × 109 K. The counting
is restricted to latitudes within 60◦ of the mid-plane (top) and within 30◦ of the polar axis (bottom). Shown are the distributions of electron fraction (a,e),
entropy (b,f), expansion time (c,g), and maximum mass number of r-process elements (d,h) obtained from equations (3) assuming seed nuclei with Ā = 90
and Z̄ = 36. Different curves correspond to models with different HMNS lifetime, as labelled. The polar outflow has a peak Amax below the Lanthanides
(A ! ALa = 139).
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Diagnosing BH formation with kilonovae 3449

3.2 Composition

Free nuclei recombine into α-particles once the temperature de-
creases to T ! 1010 K. Heavier elements start to form once the
temperature decreases further, T ! 5 × 109, via the reaction
4He(αn,γ )9Be(α,n)12C. After 12C forms, additional α−captures
produce heavy ‘seed’ nuclei with characteristic mass Ā ≃ 90−120
and charge Z̄ ≃ 35 (the ‘α-process’; Woosley & Hoffman 1992).
Whether nucleosynthesis proceeds to heavier r-process nuclei of
mass A depends on the ratio of free neutrons to seed nuclei once
the α-process completes. Since the formation of 12C is the rate-
limiting step in forming seeds, this critical ratio depends primarily
on three quantities (e.g. Hoffman, Woosley & Qian 1997; appendix
C of FM13): the electron fraction Ye, entropy S, and the expansion
time-scale texp at times just following α-particle formation (T ∼
5 × 109 K).

A mass-flux average of each of these three quantities is given
in Table 1 for most models (see FM13 for a description of the
calculation method). The radial position for the average is chosen so
that the mass-flux averaged temperature is approximately 5 × 109 K.
The average is separated between equatorial and polar latitudes (60◦

from the mid-plane and 30◦ from the axis, respectively). In the case
of prompt BH formation or very shortly lived HMNS (tns ≤ 10 ms),
there is never enough material in the polar regions to achieve the
desired temperature, and hence the average is not computed there.
After collapse to a BH, the polar region is evacuated, so the radius
for the average is obtained for times less than the HMNS lifetime
(but averaged thermodynamic quantities are computed using the
whole evolution).

The average electron fraction of the material is a monotonic
function of the HMNS lifetime. This is a direct consequence of
the higher level of neutrino irradiation introduced by the HMNS.
A rough estimate of the change in Ye over a thermal time in the

boundary layer yields

#Ye ∼ Qν#t

⟨εν⟩/mn

∼ 1
(

Qν

1021 erg g−1 s−1

) (
10 MeV

⟨εν⟩

) (
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)
, (1)

where Qν is the specific neutrino heating rate (Fig. 2c), ⟨εν⟩ is the
mean neutrino energy, and #t is the time interval. Irradiation by the
HMNS can thus introduce changes of order unity in the electron
fraction over the time it takes the polar outflow to be launched.
Similar considerations apply to the equatorial outflow, although the
fact that this ejecta originates in regions of the disc that are both
farther out in radius and shadowed by the inner regions causes the
changes in Ye to be less pronounced.

It is worth keeping in mind that we are imposing equal lumi-
nosities of electron neutrinos and antineutrinos from the HMNS
(Section 2.3). In the limit of high irradiation, neutrinos drive Ye

towards (Qian & Woosley 1996)

Y eq
e ≃

[
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, (2)

where # = 1.293 MeV is the neutron–proton mass difference, and
ϵνi

is the ratio of the mean square energy to the mean energy of
the distribution, ⟨E2

ν ⟩/⟨Eν⟩. Our Fermi–Dirac spectrum with zero
chemical potential implies ϵνi

≃ 4 kTνi
, hence Y eq

e ≃ 0.52.
The distribution of thermodynamic properties of material with

positive velocity – evaluated at the same radii as the averages in
Table 1 – is shown in Fig. 4. The electron fraction of the equatorial
material has a peak that tracks the average value, with a long tail to
high Ye for longer HMNS lifetime. In contrast, the polar material has
more material with lower Ye for longer tns. This is a reflection of the

Figure 4. Mass histograms of material with positive velocity, evaluated at radii such that the mass-flux-weighted temperature is ∼5 × 109 K. The counting
is restricted to latitudes within 60◦ of the mid-plane (top) and within 30◦ of the polar axis (bottom). Shown are the distributions of electron fraction (a,e),
entropy (b,f), expansion time (c,g), and maximum mass number of r-process elements (d,h) obtained from equations (3) assuming seed nuclei with Ā = 90
and Z̄ = 36. Different curves correspond to models with different HMNS lifetime, as labelled. The polar outflow has a peak Amax below the Lanthanides
(A ! ALa = 139).
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3.2 Composition

Free nuclei recombine into α-particles once the temperature de-
creases to T ! 1010 K. Heavier elements start to form once the
temperature decreases further, T ! 5 × 109, via the reaction
4He(αn,γ )9Be(α,n)12C. After 12C forms, additional α−captures
produce heavy ‘seed’ nuclei with characteristic mass Ā ≃ 90−120
and charge Z̄ ≃ 35 (the ‘α-process’; Woosley & Hoffman 1992).
Whether nucleosynthesis proceeds to heavier r-process nuclei of
mass A depends on the ratio of free neutrons to seed nuclei once
the α-process completes. Since the formation of 12C is the rate-
limiting step in forming seeds, this critical ratio depends primarily
on three quantities (e.g. Hoffman, Woosley & Qian 1997; appendix
C of FM13): the electron fraction Ye, entropy S, and the expansion
time-scale texp at times just following α-particle formation (T ∼
5 × 109 K).

A mass-flux average of each of these three quantities is given
in Table 1 for most models (see FM13 for a description of the
calculation method). The radial position for the average is chosen so
that the mass-flux averaged temperature is approximately 5 × 109 K.
The average is separated between equatorial and polar latitudes (60◦

from the mid-plane and 30◦ from the axis, respectively). In the case
of prompt BH formation or very shortly lived HMNS (tns ≤ 10 ms),
there is never enough material in the polar regions to achieve the
desired temperature, and hence the average is not computed there.
After collapse to a BH, the polar region is evacuated, so the radius
for the average is obtained for times less than the HMNS lifetime
(but averaged thermodynamic quantities are computed using the
whole evolution).

The average electron fraction of the material is a monotonic
function of the HMNS lifetime. This is a direct consequence of
the higher level of neutrino irradiation introduced by the HMNS.
A rough estimate of the change in Ye over a thermal time in the

boundary layer yields

#Ye ∼ Qν#t

⟨εν⟩/mn

∼ 1
(

Qν

1021 erg g−1 s−1

) (
10 MeV

⟨εν⟩

) (
#t

10 ms

)
, (1)

where Qν is the specific neutrino heating rate (Fig. 2c), ⟨εν⟩ is the
mean neutrino energy, and #t is the time interval. Irradiation by the
HMNS can thus introduce changes of order unity in the electron
fraction over the time it takes the polar outflow to be launched.
Similar considerations apply to the equatorial outflow, although the
fact that this ejecta originates in regions of the disc that are both
farther out in radius and shadowed by the inner regions causes the
changes in Ye to be less pronounced.

It is worth keeping in mind that we are imposing equal lumi-
nosities of electron neutrinos and antineutrinos from the HMNS
(Section 2.3). In the limit of high irradiation, neutrinos drive Ye

towards (Qian & Woosley 1996)
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e ≃

[
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where # = 1.293 MeV is the neutron–proton mass difference, and
ϵνi

is the ratio of the mean square energy to the mean energy of
the distribution, ⟨E2

ν ⟩/⟨Eν⟩. Our Fermi–Dirac spectrum with zero
chemical potential implies ϵνi

≃ 4 kTνi
, hence Y eq

e ≃ 0.52.
The distribution of thermodynamic properties of material with

positive velocity – evaluated at the same radii as the averages in
Table 1 – is shown in Fig. 4. The electron fraction of the equatorial
material has a peak that tracks the average value, with a long tail to
high Ye for longer HMNS lifetime. In contrast, the polar material has
more material with lower Ye for longer tns. This is a reflection of the

Figure 4. Mass histograms of material with positive velocity, evaluated at radii such that the mass-flux-weighted temperature is ∼5 × 109 K. The counting
is restricted to latitudes within 60◦ of the mid-plane (top) and within 30◦ of the polar axis (bottom). Shown are the distributions of electron fraction (a,e),
entropy (b,f), expansion time (c,g), and maximum mass number of r-process elements (d,h) obtained from equations (3) assuming seed nuclei with Ā = 90
and Z̄ = 36. Different curves correspond to models with different HMNS lifetime, as labelled. The polar outflow has a peak Amax below the Lanthanides
(A ! ALa = 139).
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3448 B. D. Metzger and R. Fernández

Figure 2. Snapshots in the evolution of models tInfA3p15 (stable HMNS, top) and t000A3 (prompt BH, bottom). The nine contiguous panels on the left
show density (a,b), neutrino heating (c,d), and viscous heating (e,f) at time 0.03 s, corresponding approximately to 10 orbits at the initial density peak. The two
panels on the right (g,h) show the electron fraction at time 2.3 s (800 orbits at the initial density peak). The white contours show the gain surface, inside which
emission of neutrinos and antineutrinos dominates over their absorption by nuclei. Models suppress neutrino and viscous source terms below a density of
10 g cm−3 (FM13) for numerical reasons (as in the polar region of panels d and f).

Figure 3. Mass-loss rate in unbound material at 10 000 km (solid lines)
and net accretion rate at 30 km (dotted lines) as a function of time. Shown
are three models that illustrate the difference between prompt BH formation
(t000A3p15, red), infinitely lived HMNS (tInfA3p15, black), and an inter-
mediate case with tns = 100 ms (t100A3p15). Mass fluxes are computed
over the full range of polar angles. Mass ejection before 1 s occurs on the
thermal time of the disc, while the late-time wind happens due to weak
freezeout (Metzger et al. 2009).

material, and subsequent generation of a rarefaction wave. The
velocity becomes negative from inside out, and the initial phase of
accretion is interrupted. This cutoff in the mass-loss is quite steep,
as shown in Fig. 3 for the model with tns = 100 ms. The equatorial
regions of the disc relax to the BH configuration, and the late-time
outflow appears at the expected time of ∼1 s. The fluid at polar
latitudes, which was previously supported mostly by gas pressure,

collapses into the hole leaving an evacuated polar cavity. A fraction
of the material still manages to escape, however, as shown in Table 1.

Decreasing the viscosity of the disc (model pA1p15) relative to
the fiducial tns = ∞ case (tInfA3p15) results in a smaller amount
of equatorially ejected material. The main reason for this difference
lies in that viscous heating is more centrally concentrated for lower
α. The accretion luminosity is also smaller by a factor of ∼2, re-
sulting in less neutrino heating in equatorial regions on the thermal
time-scale of the disc. The time-integrated neutrino energy deposi-
tion at polar latitudes differs only by ∼10 per cent, however.

Increasing the rotation period of the star (model pA3p20) results
in less mass ejected along the poles, with a smaller decrease in
the equatorial ejection relative to the fiducial model. This result
can be traced back to the behaviour of the boundary layer. Since
the fluid is forced to corotate with the star at the surface, a lower
rotation rate implies a lower centrifugal force, which allows the
boundary layer to spread more material to high latitudes (the com-
ponent of the centrifugal force tangential to the stellar surface points
towards the mid-plane; e.g. Inogamov & Sunyaev 2010). This ex-
cess of material is able to attenuate more neutrino flux, decreases
the heating, resulting in less mass ejection (with a smaller electron
fraction).

Finally, removing irradiation from the HMNS while keeping
the reflecting boundary and self-irradiation from the disc (model
pA3p15xs) results in a lower amount of mass ejected in equatorial
regions. As in the case of lower α, there is less neutrino heating
at larger radii on the disc mid-plane. The decrease in the equato-
rial mass ejection relative to the fiducial model is less than in the
low-α case, however, because viscous heating is unchanged. The
fact that the amount of mass ejected along the poles is compara-
ble (with smaller Ye, however) shows that viscous heating is also a
fundamental agent in driving the polar outflow.
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show density (a,b), neutrino heating (c,d), and viscous heating (e,f) at time 0.03 s, corresponding approximately to 10 orbits at the initial density peak. The two
panels on the right (g,h) show the electron fraction at time 2.3 s (800 orbits at the initial density peak). The white contours show the gain surface, inside which
emission of neutrinos and antineutrinos dominates over their absorption by nuclei. Models suppress neutrino and viscous source terms below a density of
10 g cm−3 (FM13) for numerical reasons (as in the polar region of panels d and f).

Figure 3. Mass-loss rate in unbound material at 10 000 km (solid lines)
and net accretion rate at 30 km (dotted lines) as a function of time. Shown
are three models that illustrate the difference between prompt BH formation
(t000A3p15, red), infinitely lived HMNS (tInfA3p15, black), and an inter-
mediate case with tns = 100 ms (t100A3p15). Mass fluxes are computed
over the full range of polar angles. Mass ejection before 1 s occurs on the
thermal time of the disc, while the late-time wind happens due to weak
freezeout (Metzger et al. 2009).

material, and subsequent generation of a rarefaction wave. The
velocity becomes negative from inside out, and the initial phase of
accretion is interrupted. This cutoff in the mass-loss is quite steep,
as shown in Fig. 3 for the model with tns = 100 ms. The equatorial
regions of the disc relax to the BH configuration, and the late-time
outflow appears at the expected time of ∼1 s. The fluid at polar
latitudes, which was previously supported mostly by gas pressure,

collapses into the hole leaving an evacuated polar cavity. A fraction
of the material still manages to escape, however, as shown in Table 1.

Decreasing the viscosity of the disc (model pA1p15) relative to
the fiducial tns = ∞ case (tInfA3p15) results in a smaller amount
of equatorially ejected material. The main reason for this difference
lies in that viscous heating is more centrally concentrated for lower
α. The accretion luminosity is also smaller by a factor of ∼2, re-
sulting in less neutrino heating in equatorial regions on the thermal
time-scale of the disc. The time-integrated neutrino energy deposi-
tion at polar latitudes differs only by ∼10 per cent, however.

Increasing the rotation period of the star (model pA3p20) results
in less mass ejected along the poles, with a smaller decrease in
the equatorial ejection relative to the fiducial model. This result
can be traced back to the behaviour of the boundary layer. Since
the fluid is forced to corotate with the star at the surface, a lower
rotation rate implies a lower centrifugal force, which allows the
boundary layer to spread more material to high latitudes (the com-
ponent of the centrifugal force tangential to the stellar surface points
towards the mid-plane; e.g. Inogamov & Sunyaev 2010). This ex-
cess of material is able to attenuate more neutrino flux, decreases
the heating, resulting in less mass ejection (with a smaller electron
fraction).

Finally, removing irradiation from the HMNS while keeping
the reflecting boundary and self-irradiation from the disc (model
pA3p15xs) results in a lower amount of mass ejected in equatorial
regions. As in the case of lower α, there is less neutrino heating
at larger radii on the disc mid-plane. The decrease in the equato-
rial mass ejection relative to the fiducial model is less than in the
low-α case, however, because viscous heating is unchanged. The
fact that the amount of mass ejected along the poles is compara-
ble (with smaller Ye, however) shows that viscous heating is also a
fundamental agent in driving the polar outflow.
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Fig. 10.— The grizJHK-band light curves for lanthanide-free (HMNS YH; Solid curves, Xpm,lan ⌧ 10�3), mildly lanthanide-rich (HMNS YM;
Dashed curves, Xpm,lan ⇡ 0.025), and highly lanthanide-rich (HMNS YL; Dotted curves, Xpm,lan ⇡ 0.14) post-merger ejecta. Here, Xpm,lan

denotes the lanthanide mass fraction of the post-merger ejecta. For a reference, we also plot the data points of GW170817 (Villar et al.
2017).

ting region is lanthanide-free. We also note that this
shows the importance of employing the complete atomic
line list for the light curve prediction.

We note that, however, there is a drawback in these
models. Neither models reproduce the grizJ-band light
curves for t � 2–4 days due to too steep decline in the
model light curves. Both models in Figure 12 exhibit
too fast and exponential-like decline feature in the griz-
band light curves compared to the observation (see also
the spectrum for . 7000Å at 3.5 day in Figure 13).
On the other hand, the observed griz-band light curves
of GW170817 exhibits approximately power-law like de-
cline for the late phase. Actually, it is natural to have
exponential-like decline feature by employing the power-
like heating rate because the spectrum declines exponen-
tially in the high-frequency part if the spectrum is ap-
proximately the black-body. Indeed, the similar draw-
back is also found in the model proposed in Waxman

et al. (2018), though the ejecta configuration, treatment
of radiative transfer, and the energy deposition rate are
di↵erent from our model (see Figure 10 in the reference).
The observed power-law like decline of the optical light
curves for the late phase may indicate that additional
ejecta components of which di↵usion timescales are dif-
ferent from the post-merger ejecta models may be needed
to explain the griz-band light curves below & �14 mag
or mapp & 19 mag, where mapp denotes the apparent
magnitude. For example, such power-law like feature for
the late phase are described by the superposition of light
curves from three ejecta components with di↵erent dif-
fusion timescales for the model proposed in Villar et al.
(2017) (see Figure 4 in the reference).

Alternatively, this issue may be due to our assump-
tion for the heating rate. The model of the radioactive
heating rate which we employ for the post-merger ejecta
is derived based on a nucleosynthesis calculation for the

Ye dependence
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Prompt collapse case

• Both	dynamical	ejecta	and	remnant	torus	mass	are 
	significantly	suppressed	for	most	of	the	prompt	collapse	cases.	 
(*however,	it	depends	on	the	mass	ra%o;	see	Kiuchi	et	al.	2019a)	

• In	addi%on,	post-merger	ejecta	would	be	lanthanide-rich 
	in	the	absence	of	ν	irradia%on	from	the	remnant	NS  
(see	e.g.,	Just	et	al.	2015,	Wu	et	al.	2016,	Siegel	et	al.	2018,	Fernandez	et	al.	2018)
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Figure 2. Ejecta masses as a function of the compactness of the neutron star, which is defined by GMtot/2R1.35c
2 and GMNS/R1.35c

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

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

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

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

More specifically, the amount of ejecta is

5 × 10−4 " Mej/M⊙ " 10−2 (soft EOSs),

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

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

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

3. RADIATIVE TRANSFER SIMULATIONS
FOR THE EJECTA

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

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

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

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

4. LIGHT CURVES AND POSSIBLE
PROGENITOR MODELS

The computed light curves and observed data in r and
H-band are compared in Figure 3. The left panel of Figure 3
shows the light curves of the NS–NS merger models SLy
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GW170817:– We begin by analyzing GW170817
(blue shaded region of Fig. 1) and use the
publicly available “low spin” posterior samples
(https://dcc.ligo.org/LIGO-P1800061) published by the
LIGO Scientific and Virgo Collaborations (LVC) [1, 22].
As these sample use the sky localization obtained from
EM observations, they already incorporate EM informa-
tion. Under the assumption that the merging objects
are two NSs described by the same EOS [10, 11], we
can further restrict the posterior distribution. Finally,
we discard from our sample those systems with viewing
angles which are inconsistent with those allowed by the
analysis of the GRB afterglow by [32]. These restrictions
more tightly constrain the tidal deformability [11], in
particular showing that the GW data disfavors values
of ⇤̃ > 1000, motivating us to conservatively restrict
⇤̃  1100 in the following EM analysis.

AT2017gfo:– In the second phase of our work, we
analyze the light curves of AT2017gfo (red shaded re-
gion in Fig. 1). We fit the observational data [3, 14, 33]
with the 2-component radiative transfer model of [29].
The usage of multiple components, proposed prior to
the discovery of GW170817 [34], is motivated by di↵er-
ent ejecta mechanisms contributing to the total r-process
yields of BNS mergers. The first type of mass ejection
are “dynamical ejecta” generated during the merger pro-
cess itself. Dynamical ejecta are typically characterized
by a low-electron fraction when they are created by tidal
torque, but the electron fraction can extend to higher
values (and thus the lanthanide abundance be reduced)
in the case of shock-driven ejecta. In addition to dynam-
ical ejecta, disk winds driven by neutrino energy, mag-
netic fields, viscous evolution and/or nuclear recombi-
nation (e.g. [35–45]) leads to a large quantity of ejecta,
which in many cases exceeds that of the dynamical com-
ponent. The ejecta components employed in our kilonova
light curve analysis are related to these di↵erent physi-
cal ejecta mechanisms: the first ejecta component is as-
sumed to be proportional to dynamical ejecta, mej,1 =
↵�1 mdyn, while the second ejecta component arises from
the disk wind and is assumed to be proportional to the
mass of the remnant disk, mej,2 = ⇣ mdisk. By fitting
the observed lightcurves with the kilonova models [29]
withing a Gaussian Process Regression framework [14],
we obtain for each component posterior distributions for
the ejecta mass mej, the lanthanide mass fraction Xlan

(related to the initial electron fraction), and the ejecta
velocity vej.

The values of mej, Xlan, and vej obtained from our
kilonova analysis are related to the properties of the bi-
nary and EOS using new phenomenological fits to nu-
merical relativity simulations, which we briefly described
below. First, we revisit the phenomenological fit pre-
sented in [46] between the disk mass and tidal deforma-
bility ⇤̃ to correlate the disk mass, mdisk, to the prop-
erties of the merging binary. Simulations following the
merger aftermath suggest that the disk mass is accumu-
lated primarily through radial redistribution of matter in
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FIG. 2: Disk masses as a function of the ratio between the
total mass and the threshold mass for prompt BH formation.
The disk mass estimates are obtained from the numerical rel-
ativity simulations presented in [46]. The errorbars refer to
(0.5mdisk + 5 ⇥ 10�4M�) as stated in the original work of
[46]. The threshold mass for prompt BH formation is com-
puted following [47]. We present our best fit, Eq. (D2), in
the top panel and show the absolute and fractional errors of
the phenomenological fit in the middle and bottom panel. We
compare our results with the original version of the fit pre-
sented in [46].

the post-merger remnant. Thus, the lifetime of the rem-
nant prior to its collapse is related to its stability and
found to strongly correlate with the disk mass [28]. We
find that the lifetime in turn is governed to a large de-
gree by the ratio of M/Mthr, where M is the total binary
mass and Mthr is the threshold mass [47] above which the
merger results in prompt (dynamical timescale) collapse
to a black hole, which depends on the NS compactness
and thus ⇤̃. Therefore, M/Mthr, rather than ⇤̃ alone,
provides a better measure of the stability of the post-
merger remnant, and following the arguments above, is
expected to correlate with mdisk.
Fig. 2 shows, based on the suite of numerical relativity

simulations of [46], that there indeed exists a relatively
tight correlation between the accretion disk mass and
M/Mthr. For our analysis, we will use

log10 (mdisk [Mtot/Mthr]) =

max

✓
�3, a

✓
1 + b tanh


c�Mtot/Mthr

d

�◆◆
, (1)

with Mthr(MTOV, R1.6M�) as discussed in [47] and the
Appendix, to describe the disk mass. The fitting pa-
rameters of Eq. (D2) are a = �31.335, b = �0.9760,
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GW170817:– We begin by analyzing GW170817
(blue shaded region of Fig. 1) and use the
publicly available “low spin” posterior samples
(https://dcc.ligo.org/LIGO-P1800061) published by the
LIGO Scientific and Virgo Collaborations (LVC) [1, 22].
As these sample use the sky localization obtained from
EM observations, they already incorporate EM informa-
tion. Under the assumption that the merging objects
are two NSs described by the same EOS [10, 11], we
can further restrict the posterior distribution. Finally,
we discard from our sample those systems with viewing
angles which are inconsistent with those allowed by the
analysis of the GRB afterglow by [32]. These restrictions
more tightly constrain the tidal deformability [11], in
particular showing that the GW data disfavors values
of ⇤̃ > 1000, motivating us to conservatively restrict
⇤̃  1100 in the following EM analysis.

AT2017gfo:– In the second phase of our work, we
analyze the light curves of AT2017gfo (red shaded re-
gion in Fig. 1). We fit the observational data [3, 14, 33]
with the 2-component radiative transfer model of [29].
The usage of multiple components, proposed prior to
the discovery of GW170817 [34], is motivated by di↵er-
ent ejecta mechanisms contributing to the total r-process
yields of BNS mergers. The first type of mass ejection
are “dynamical ejecta” generated during the merger pro-
cess itself. Dynamical ejecta are typically characterized
by a low-electron fraction when they are created by tidal
torque, but the electron fraction can extend to higher
values (and thus the lanthanide abundance be reduced)
in the case of shock-driven ejecta. In addition to dynam-
ical ejecta, disk winds driven by neutrino energy, mag-
netic fields, viscous evolution and/or nuclear recombi-
nation (e.g. [35–45]) leads to a large quantity of ejecta,
which in many cases exceeds that of the dynamical com-
ponent. The ejecta components employed in our kilonova
light curve analysis are related to these di↵erent physi-
cal ejecta mechanisms: the first ejecta component is as-
sumed to be proportional to dynamical ejecta, mej,1 =
↵�1 mdyn, while the second ejecta component arises from
the disk wind and is assumed to be proportional to the
mass of the remnant disk, mej,2 = ⇣ mdisk. By fitting
the observed lightcurves with the kilonova models [29]
withing a Gaussian Process Regression framework [14],
we obtain for each component posterior distributions for
the ejecta mass mej, the lanthanide mass fraction Xlan

(related to the initial electron fraction), and the ejecta
velocity vej.

The values of mej, Xlan, and vej obtained from our
kilonova analysis are related to the properties of the bi-
nary and EOS using new phenomenological fits to nu-
merical relativity simulations, which we briefly described
below. First, we revisit the phenomenological fit pre-
sented in [46] between the disk mass and tidal deforma-
bility ⇤̃ to correlate the disk mass, mdisk, to the prop-
erties of the merging binary. Simulations following the
merger aftermath suggest that the disk mass is accumu-
lated primarily through radial redistribution of matter in
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FIG. 2: Disk masses as a function of the ratio between the
total mass and the threshold mass for prompt BH formation.
The disk mass estimates are obtained from the numerical rel-
ativity simulations presented in [46]. The errorbars refer to
(0.5mdisk + 5 ⇥ 10�4M�) as stated in the original work of
[46]. The threshold mass for prompt BH formation is com-
puted following [47]. We present our best fit, Eq. (D2), in
the top panel and show the absolute and fractional errors of
the phenomenological fit in the middle and bottom panel. We
compare our results with the original version of the fit pre-
sented in [46].

the post-merger remnant. Thus, the lifetime of the rem-
nant prior to its collapse is related to its stability and
found to strongly correlate with the disk mass [28]. We
find that the lifetime in turn is governed to a large de-
gree by the ratio of M/Mthr, where M is the total binary
mass and Mthr is the threshold mass [47] above which the
merger results in prompt (dynamical timescale) collapse
to a black hole, which depends on the NS compactness
and thus ⇤̃. Therefore, M/Mthr, rather than ⇤̃ alone,
provides a better measure of the stability of the post-
merger remnant, and following the arguments above, is
expected to correlate with mdisk.
Fig. 2 shows, based on the suite of numerical relativity

simulations of [46], that there indeed exists a relatively
tight correlation between the accretion disk mass and
M/Mthr. For our analysis, we will use

log10 (mdisk [Mtot/Mthr]) =

max

✓
�3, a

✓
1 + b tanh


c�Mtot/Mthr

d

�◆◆
, (1)

with Mthr(MTOV, R1.6M�) as discussed in [47] and the
Appendix, to describe the disk mass. The fitting pa-
rameters of Eq. (D2) are a = �31.335, b = �0.9760,
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plane around the BH (cf. Equations (64), (65), and (68)). This
geometry more closely resembles neutrino emission from the
disk, as most of the emission is confined to regions close to the
midplane (cf. Figure 7, bottom panel) and the effective
emission rates OQ eff

i
are indeed sharply peaked around some

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

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

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

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

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

2 is
minimized in the range 55�Z�75.

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

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
1µ -˙ can be

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

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

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

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

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

10
rem~ ~ ( ) cm, substantially larger

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

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

4

The Astrophysical Journal, 856:101 (10pp), 2018 April 1 Metzger, Thompson, & Quataert• If	the	remnant	NS	survives	for	sufficiently	
long	%me,	the	rota%onal	energy	of	the	
remnant	NS	could	be	an	addi%onal	 
energy	source	to	the	ejecta	 
by	releasing	it	via	magne%c	fields	

• Even	if	the	energy	injected	into	 
the	ejecta	is	lost	due	to	adiaba%c	cooling	
and	does	not	directly	reflected	to	the	
lightcurves,	the	velocity	profile	of	 
the	ejecta	would	be	modified

Ref:	Mar{nez-Pinedo		et	al	2012,	
Metzger	et	al.	2018

Ek,eje ⇠ 1049 � 1051 erg
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Rota%onal	kine%c	energy	of		a	rigidly	rota%ng	NS	 
at	maximum	mass	(ref:	Shibata	et	al.	2019)

c.f.	typical	total	kine%c	energy	of	ejecta

Erot ⇡ 2⇥ 1053 erg
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*rela%vis%c	jets	would	also	be	 
the	cause	of	energy	injec%on/ejecta	accelera%on 

(e.g.	Govlieb	et	al.	2017)
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v = 0.3 c� 0.9 c
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Dynamical	ejecta:
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Post-merger	ejecta:
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*correspond	to	the	case	for	which	~10%	of	the	rota%onal	kine%c	energy	of	remnant	NS, 
	~1052	erg,	is	converted	to	the	ejecta	kine%c	energy
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Black hole-Neutron star  
(BH-NS) merger

• If	the	NS	is	Gdally	disrupted  
substan%al	amount	of	material	would	remain/ejected	
auer	the	merger 
 
 
 
 
 
For	BHNS	merger,	lanthanide	frac%on	of	the	ejecta	 
would	be	higher	in	the	absent	of	shock	hea%ng	 
and	neutrino	irradia%on  
	(e.g.	Just	et	al.	2015,	Foucart	et	al.	2017,Kyutoku	et	al.	2018)	  

• Kilonova	emission	would	also	be	different	due	to	
difference	in	the	ejecta	morphology	and	composi%on	

• Whether	NS	is	%dally	disrupted	or	not,	 
and	the	remnant	disk/ejecta	mass	depends	 
strongly	on	the	binary	parameters.

21

9

FIG. 9. Rest-mass density (top), temperature (middle), and electron fraction (bottom) profiles on the equatorial plane at
3ms after the onset of merger, when the mass and electron fraction of the ejecta approximately settle to asymptotic values.
Note the di↵erent spatial scale compared to Figs. 1, 2 and 3. Black (top) and white (middle and bottom) curves indicate the
unbound component identified by the conditions ut < �1 (shown only for ⇢ � 106.5 g cm�3 to match the top row), which are
indistinguishable from hut < �1 on panels presented here [11]. The velocity vector vi ⌘ ui/ut is overplotted on the rest-mass
density profiles. We also show isodensity contours for ⇢ = 107 (yellow-dotted), 109 (orange-dashed), and 1011 g cm�3 (light
blue-solid) on the temperature and electron-fraction profiles.

D. Convergence

We check the convergence of our results by simulating
the DD2 model with a low resolution of �x = 400m,
which is coarser by ⇡ 50% than our fiducial run. Figure

14 shows various quantities derived by the high- (dis-
cussed so far) and low-resolution simulations. By con-
servatively assuming first-order convergence, the error in
the high-resolution results will be twice the di↵erence be-
tween high- and low-resolution ones. While some physical

5

FIG. 5. Minimum aligned component of the BH spin required for a 1.35M� NS to disrupt, as a function of NS radius and BH mass. We show
results for the fit from FF12 (left), and the updated formula presented here (right). Solid black curves are contours of constant �BH,min =
0, 0.5, 0.7, 0.9, while dashed black curves are for �BH,min = 0.25, 0.6, 0.8. The updated results are less favorable to disruption for near-equal
mass systems, and more favorable for large mass ratios.
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Black hole-Neutron star

*note	that	the	ejecta	mass	from	BH-NS	merger	could	have	a	large	variety	depending	on	the	binary	parameters
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Fig. 16.— The grizJHK-band light curves for the BH-NS ejecta models. The solid curves denote the result of the BH-NS ejecta model
with 0.02M� post-merger ejecta and 0.02M� dynamical ejecta (BHNS A). Dashed curves denote the results of the BH-NS ejecta models
(BHNS B) with more massive post-merger ejecta (0.04M�) and less massive dynamical ejecta (0.01M�). Dotted curves denote the results
for the model only with dynamical ejecta (BHNS DYN). For a reference, we also plot the data points of GW170817 (Villar et al. 2017).

models (the models referred to as HMNS ...) are in the
region of peak brightness ⇡ �16.5–15.5 mag and time
of peak ⇡ 2–5 days, the SMNS models (SMNS DYN0.01

and SMNS DYN0.003) in ⇡ �16.5 mag and . 2 days, the
prompt-collapse models (BH PM0.001 and BH PM0.01) in
& �15 mag and . 2.5 days. The peak magnitude and
time of peak observed from the equatorial direction
also show approximately the same qualitative feature,
while the brightness at the peak is typically fainter by
⇡ 0.5 mag than that observed from the polar direction.
This indicates that we may be able to infer the type of
the central engine for kilonovae by observing the peak of
the light curves in the infrared bands.

The peak magnitudes in the iJ-band for the polar emis-
sion agree with each other within ⇡ 0.5 mag among the
various models except the prompt collapse (BH PM0.001

and BH PM0.01) and SMNS (accelerated ejecta) mod-
els (SMNS DYN0.01 and SMNS DYN0.003). The results of

the prompt collapse (BH PM0.001 and BH PM0.01) and
SMNS (accelerated ejecta) models (SMNS DYN0.01 and
SMNS DYN0.003) show brighter and fainter peak bright-
ness in the i or J-band than the other models by more
than 1 mag, respectively. The peak magnitudes in the J-
band for the equatorial emission also show approximately
the same qualitative feature. This indicates that we may
be able to distinguish the prompt collapse and SMNS
cases by the other cases from the observation of the peak
brightness in the near-infrared bands.

We note that the peak magnitude and time of peak
for a BH-NS merger would have diversity reflecting the
large variety of ejecta mass depending on the binary pa-
rameters. For example, the peak emission would be faint
and the light curves would decline fast as is the case
for the prompt collapse models if NS tidal disruption
only weakly occurs and only small amount of ejecta is
launched. Thus, we should note that a kilonova for a



Black hole-Neutron star  
(BH-NS) merger

• If	the	NS	is	Gdally	disrupted  
substan%al	amount	of	material	would	remain/ejected	
auer	the	merger 
 
 
 
 
 
For	BHNS	merger,	lanthanide	frac%on	of	the	ejecta	 
would	be	higher	in	the	absent	of	shock	hea%ng	 
and	neutrino	irradia%on  
	(e.g.	Just	et	al.	2015,	Foucart	et	al.	2017,Kyutoku	et	al.	2018)	  

• Kilonova	emission	would	also	be	different	due	to	
difference	in	the	ejecta	morphology	and	composi%on	

• Whether	NS	is	%dally	disrupted	or	not,	 
and	the	remnant	disk/ejecta	mass	depends	 
strongly	on	the	binary	parameters.

23

9

FIG. 9. Rest-mass density (top), temperature (middle), and electron fraction (bottom) profiles on the equatorial plane at
3ms after the onset of merger, when the mass and electron fraction of the ejecta approximately settle to asymptotic values.
Note the di↵erent spatial scale compared to Figs. 1, 2 and 3. Black (top) and white (middle and bottom) curves indicate the
unbound component identified by the conditions ut < �1 (shown only for ⇢ � 106.5 g cm�3 to match the top row), which are
indistinguishable from hut < �1 on panels presented here [11]. The velocity vector vi ⌘ ui/ut is overplotted on the rest-mass
density profiles. We also show isodensity contours for ⇢ = 107 (yellow-dotted), 109 (orange-dashed), and 1011 g cm�3 (light
blue-solid) on the temperature and electron-fraction profiles.

D. Convergence

We check the convergence of our results by simulating
the DD2 model with a low resolution of �x = 400m,
which is coarser by ⇡ 50% than our fiducial run. Figure

14 shows various quantities derived by the high- (dis-
cussed so far) and low-resolution simulations. By con-
servatively assuming first-order convergence, the error in
the high-resolution results will be twice the di↵erence be-
tween high- and low-resolution ones. While some physical

5

FIG. 5. Minimum aligned component of the BH spin required for a 1.35M� NS to disrupt, as a function of NS radius and BH mass. We show
results for the fit from FF12 (left), and the updated formula presented here (right). Solid black curves are contours of constant �BH,min =
0, 0.5, 0.7, 0.9, while dashed black curves are for �BH,min = 0.25, 0.6, 0.8. The updated results are less favorable to disruption for near-equal
mass systems, and more favorable for large mass ratios.
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Comparison among various models (polar)

• Comparison	of	peak	%me	vs.	peak	magnitude*	among	various	models
*since	the	lightcurves	for	t<1day	are	not	reliable	for	our	calcula%on,	we	define	the	peak	magnitude	as	the	brightest	point	auer	t=1day.	
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SMNS:		
cases	that	the	remnant	NS	survives	 
for	a	long	%me	scale	(>>1	s)	

HMNS: 
cases	that	the	remnant	NS	survives	 
temporarily	and	eventually	collapses	to	a	BH	

Prompt	collapse:	  
cases	that	the	NSs	collapses	to	a	BH	 
immediately	auer	the	merger



Summary
• We	perform	radia%ve	transfer	simula%ons	for	kilonova	lightcurves	in	

various	situa%ons	employing	ejecta	profiles	predicted	by	numerical-
rela%vity	simula%ons.	

• We	demonstrate	that	kilonova	lightcurves	could	show	large	diversity	
reflec%ng	the	variety	in	the	binary	parameters	or	the	binary	
composi%on.	

• The	difference	in	the	ejecta	proper%es	would	be	imprinted	in	the	
differences	  
in	the	peak	brightness	and	Gme	of	peak,	and	this	indicates	that	  
we	may	be	able	to	infer	the	type	of	the	central	engine	for	kilonovae	
by	observa%on	of	the	peak	in	the	mul%ple	band	lightcurves.
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S190814bv:	a	BH-NS	merger	candidate
• Aug.	14,	2019	21:10:39	UTC,	

detection	of	a	BH-NS	merger	
candidates	has	been	reported		

• False	alarm	rate:~	1	/	1025	yrs.	

• Distance:	~267±52	Mpc	  
(c.f.	GW170817:	~40	Mpc)	

• Sky	localization:	23	deg2(90%)	

• No	electromagnetic	counterpart	
has	been	found

Can	we	constrain	the	binary	parameters	from	EM	upper	limits?

Ref)	https://gracedb.ligo.org/superevents/S190814bv/view/



Constraint	on	the	ejecta	mass

• Employing	optical/near	infrared	upper	limits	for	the	50%	probable	sky	region  
	(GCN	25360,25381,25417,25455),

Shaded	regions	denote	 
the	uncertainty	due	to	the	
error	bar	in	the	distance	
measurement		

Pre
lim
ina
ry�

Md≦Mpm	is	assumed  
since	the	remnant	torus	mass	 
is	typically	much	larger	than		 
the	dynamical	ejecta	mass 
	(see	e.g.,	Kyutoku	et	al.	2015)			



Summary
• We	perform	radia%ve	transfer	simula%ons	for	kilonova	lightcurves	in	various	situa%ons	

employing	ejecta	profiles	predicted	by	numerical-rela%vity	simula%ons.	

• We	demonstrate	that	kilonova	lightcurves	could	show	large	diversity	reflec%ng	the	variety	
in	the	binary	parameters	or	the	binary	composi%on.	

• The	op%cal	lightcurves	become	dim	and	show	shallow	decline	  
as	the	lanthanide	fracGon	of	the	post-merger	ejecta	increases,	while	much	brighter	
infrared	lightcurves	are	seen	in	the	model	with	large	value	of	lanthanide	frac%on.	

• The	op%cal	lightcurves	from	a	BH-NS	merger	ejecta	could	be	as	bright	as	those	observed	
in	GW170817	for	the	case	that	sufficiently	large	amount	of	maver	is	ejected	 
(say	>0.02	Msun)	while	the	infrared	lightcurves	would	be	much	brighter	at	the	same	%me.	

• The	difference	in	the	ejecta	proper%es	would	be	imprinted	in	the	differences	 
in	the	peak	brightness	and	Gme	of	peak,	and	this	indicates	that	  
we	may	be	able	to	infer	the	type	of	the	central	engine	for	kilonovae	by	observa%on	of	
the	peak	in	the	mul%ple	band	lightcurves.


