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Background/Mo8va8on

• Various	transient	electromagnePc	(EM)	
counterparts	are	proposed	for	NS	binary	
mergers	

• for	example,	

• short-hard	gamma-ray-burst	
• AVerglow	
• cocoon	emission	
• kilonovae/macronovae	
• radio	flare,	etc.	

• Host	galaxy	idenPficaPon  
,	remnant	properPes,	environment		

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



Kilonova/Macronova

• A	Kilonova/macronova	is	a	electromagnePc	(EM)  
	emission	which	expected	to	be	associate	with	 
a	NS	binary	merger.	

• Ejected	material	is	neutron-rich  
→heavy	radioacPve	nuclei	would	be	synthesized	 
in	the	ejecta	by	the	so-called	 
r-process	nucleosynthesis 
 
→EM	emission	in	opPcal	and	infrared	wavelengths	
could	occur	by	radioacPve	decays	of	heavy	elements 
:	kilonova/macronova 
 
			Li	&	Paczyński	1998,	Kulkarni	2005, 
			Metzger	et	al.	2010	… Ref:	K.	Hotokezaka	et	al.	2013



Overview

Merger	/	Mass	ejec6on 
~	10ms	—	10	s

R-process	nucleosynthesis 
~	1	s

Photon	diffusion  
~0.1	days	—	~100	days	
→	Kilonova	emission

Expanding	ejecta

Radioac6ve	decay 
&	thermaliza6on
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Mass Ejec8on Mechanisms
• In	the	last	decades,	many	efforts	have	been	made	to	study	
the	mass	ejecPon	process	and	evoluPon	of	the	merger	
remnant	performing	numerical-relaPvity	simulaPons	

• Dynamical	mass	ejec6on  
mass	ejecPon	driven	by	Pdal	interacPon  
																					or 
shock	heaPng	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	ejec6on  
mass	ejecPon	from	the	merger	remnant	driven	by	 
magnePc	fields	/	effecPve	viscosity	/	neutrino	heaPng	 
(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,ChrisPe	et	al.	2019,Fujibayashi	et	al.	2020)  

Dynamical	mass	ejecPon  
@merger

Post-merger	mass	ejecPon  
@aVer	merger



Ejecta property
Type Remnant Mdyn Ye,dyn Mpm Ye,pm

BNS MNS/
SMNS ~0.001 Msun* 0.1-0.5** ~0.01-0.1 Msun 0.3-0.5

HMNS ~0.001-0.01 
Msun* 0.1-0.5** ~>0.01 Msun 0.3-0.5 (tlife~>1 s) 

0.1-0.3? (tlife<<1 s)

BH 
(prompt 

collapse)
<0.001 Msun* <0.1?

<0.001 Msun 
(~0.01 Msun  

for asym. case)
0.1-0.3?

BHNS Tidal 
disruption

~0.001-0.05 
Msun <0.1 ~0.001-0.1 Msun 0.1-0.3?

No tidal 
disruption 0 - 0 -

*Dynamical ejecta  ~0.01 Msun  can be formed  for asymmetric cases
** Ye of dynamical ejecta is high (>0.3) in the polar region

< vdyn >⇡ 0.2� 0.3 c
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R-process nucleosynthesis

Credit)	Sho	Fujibayashi
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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.
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Radioac8ve hea8ng
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Figure 5. Heating rates as functions of t (days after the merging) for selected trajectories (top left) and those mass-averaged (top right; also shown are those from
β-decay, fission, and α-decay). In each panel, the heating rates for the solar r-process pattern (q̇solar−r ) and the analytical approximation (q̇analytic) are shown by
black-solid and short-dashed lines, respectively. Lower panels are the same as the upper panels but for those relative to q̇analytic. Long-dashed lines indicate the factor
of two ranges from unity (short-dashed line).
(A color version of this figure is available in the online journal.)

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

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

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

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

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

5. SUMMARY

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

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

α	decay

Spontaneous	fission

*The	contribuPon	of	the	spontaneous	fissions	to	the	heaPng	rate	is	highly	uncertain	 
due	to	the	uncertainty	in	the	β-decay	and	spontaneous	fission	lifePmes	of	the	parents	nuclide 

	(e.g.,	Wanajo	et	al.	2014;	Zhu	et	al.	2018;	Wanajo	2018)
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earlier time ti, defined by

Epart(t) = E0 �
tZ

ti

 ⇢0

✓
t0

t0

◆�3

dt0 = 0, (31)

which is satisfied by

ti =

✓
 ⇢0t30t

2

2E0t2 +  ⇢0t30

◆1/2

. (32)

The number of live particles at time t is then

N(t) =
✏̇0t0
2E0

ln

"
1 + 2

✓
t

tine↵

◆2
#

(33)

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

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

fp(t) =
Ėth

Ėrad

=

ln


1 + 2

⇣
t

tineff,p

⌘2
�

2
⇣

t
tineff,p

⌘2 . (34)

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

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

✓
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! ⌧(t) = ⌧0
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t

◆2

,

so

f�(t) = 1 � exp

"
�
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t

tine↵,�

◆�2
#

(35)

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

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

5. NUMERICAL RESULTS

In this section, we present numerical calculations
of thermalization e�ciencies as determined by model-
ing the 3-dimensional transport of �-rays, fission frag-
ments, and ↵- and �-particles in a magnetized expand-
ing medium. Our calculations used the time-evolving
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0.6

0.8

1.0
f(

t)

fission fragments �-particles
�-particles
�-rays

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

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

5.1. Thermalization e�ciencies

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

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

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

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

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

Thermaliza8on
ref)	Barnes	et	al.	2016

• Conversion	efficiency	of	gamma	ray	energy	and	the	kinePc	energy	of	charged	parPcles	 
to	the	ejecta	thermal	energy	evolves	with	Pme	through	the	evoluPon	of	density.		 
(Barnes	et	al.	2016,	Kasen	&	Barnes	2019,	Waxman	et	al.	2019.	Hotokezaka	&	Nakar	2019)	

γ:	photo-ioniza6on		
β,	α,	fission	fragments:	collisional	ioniza6on	/excita6on
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Ejecta opacity

The	ejecta	opacity	varies	significantly	(0.1—10	cm^2/g)	depending	parPcularly	on	 
whether	lanthanide	elements	are	synthesized	or	not,	which	reflects	the	electron	fracPon,	Ye,	of	ejecta. 

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

ref)	Tanaka	et	al.	2018,	2019
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Figure 1. Element abundances in the ejecta of NS mergers at
t = 1 day after the merger. The orange line shows abundances for
dynamical ejecta (Wanajo et al. 2014), which is derived by averag-
ing the nucleosynthesis results of Ye = 0.10 − 0.40 assuming a flat
Ye distribution. The blue and green lines show the nucleosynthesis
results from trajectories of Ye = 0.25 and 0.30, respectively, which
represent the abundance patterns of high-Ye post-merger ejecta.
Black points connected with the line show the solar abundance
ratios of r-process elements (Simmerer et al. 2004).

inantly by neutrino heating (Wanajo & Janka 2012;
Perego et al. 2014; Fujibayashi et al. 2017) and nuclear
recombination (Fernández & Metzger 2013). These
components are as a whole denoted as “post-merger”
ejecta in this paper. The post-merger ejecta can consist
of less neutron rich material than in the dynamical
ejecta (Just et al. 2015; Martin et al. 2015; Wu et al.
2016; Lippuner et al. 2017); neutrino absorption as well
as a high temperature caused by viscous heating makes
ejected material less neutron rich or electron fraction Ye

(number of protons per nucleon) higher. If the ejecta
are free from Lanthanide elements, the emission from
post-merger ejecta can be brighter and bluer, which can
be called “blue kilonova” (Metzger & Fernández 2014;
Kasen et al. 2015). However, due to the lack of atomic
data of r-process elements, previous studies assume
opacities of Fe for Lanthanide-free ejecta. To predict
emission properties of kilonova, systematic atomic data
for r-process elements are important (see Kasen et al.
2013; Fontes et al. 2017; Wollaeger et al. 2017).
In this paper, we newly perform atomic structure cal-

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

2. ATOMIC STRUCTURE CALCULATIONS

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

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

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

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

2.1. HULLAC

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

[

cα · p+ (β − 1)c2 + U(r)
]

ϕnljm = εnljϕnljm, (1)

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

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

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

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

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).
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Table 1. Planck mean opacity for element
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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).
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Dependence on ρ and T
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• Opacity	depends	on	the	temperature	and	density	of	ejecta	 
through	the	change	in	the	ionizaPon	levels	and	the	saturaPon	of	line	absorpPon.

*The	Planck	mean	value	can	overesPmate	the	effect	of	opacity	in	the	expanding	media	(c.f.	expansion	opacity)
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Kilonova	lightcurve	
predicPon



• A	Kilonova/macronova	model	with	mulPple	components	well	interprets	the	opPcal-Infrared	observaPon  
(see	e.g.,	Kasliwal	et	al.	2017,	Cowperthwaite	et	al.	2017,	Kasen	et	al.	2017,	Villar	et	al.	2017)	

• early-blue	component	(~1day)	from	lanthanide-free	ejecta	(~0.01	M_sun,	opacity	~0.1-1	cm^2/g) 
+	long-lasPng	red	component	(~10days)	from	lanthanide-rich	ejecta	(~0.04	M_sun,	opacity	~10	cm^2/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:  
Kilonova/macronova with mul8ple 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

The	contribu6on	from	each	ejecta	component	to	the	lightcurves	is	separately	calculated	
and	composited	for	most	of	the	kilonova	models	employed	for	the	parameter	es6ma6on



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 interac8on between 
different ejecta components

RadiaPve	transfer	of	photons	in	mulPple	ejecta	components	 
has	a	large	impact	on	the	lightcurve	predicPons 

(see	Perego	et	al.	2017,	Wollaeger	et	al.	2017,	Bulla	2019	for	studies	with	similar	setups 
	and	also	Matsumoto	et	al.	2018	for	reprocessing	models	in	different	context)

Dynamical	mass	ejec6on  
@merger

Post-merger	mass	ejec6on  
@aber	merger

ref)	Shibata-san’s	slide



• A	wavelength-dependent	Monte-Carlo	 
radiaPve	transfer	simulaPon	code 
	(M.	Tanaka	et	al.	2013,	2014,	2017)	

• Temperature,	ionizaPon	level,	  
and	opacity	are	calculated	consistently	 
with	the	radiaPve	filed	

• The	abundance	paxern	and	nuclear	heaPng	rate	
are	given	based	on	r-process	nucleosynthesis	
calculaPons	by	(Wanajo	et	al.	2014)	

• New	line	list	derived	by	systemaPc	atomic	
structure	calculaPons	for	all	the	r-process	
elements	from	Z=26	to	92	  
(up	to	3rd	ionizaPon	states,	Tanaka	et	al.	2019)	

• The	density,	velocity,	and	Ye	profiles	of	ejecta	
based	on	predicPons	of	numerical-relaPvity	
simulaPons.	

Radia8ve transfer simula8on

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

(⇢, T )
<latexit sha1_base64="jWZ6xMeFRitZOUgCS5UVVTNvnyE="></latexit>

Xion(⇢, T )
<latexit sha1_base64="GFM+slHqU66gu2HLVpmXvpZJGzM="></latexit>

Lorentz	transforma6on

comoving	frame

Lab.	frame

photon	absorp6on/
emission,	scacering

update	temperature, 
opacity,	ioniza6on	levels

photon	propaga6on



Ejecta profile
• Axisymmetric	&	homologous	expanding	ejecta 
 
 
 
 
 

• Angular	dependence	of	density	and	Ye	distribuPon	 
is	taken	into	account	for	dynamical	ejecta	

Ref:	Kiuchi	et	al.	2017,	Hotokezaka	et	al.	2018
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Post-merger	ejecta:
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Effect of radia8ve transfer of photons in 
mul8ple 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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Effect of radia8ve transfer of photons in 
mul8ple ejecta components

・Hea6ng	up	of	the	dynamical	ejecta
2

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

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

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

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

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

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

2. METHOD AND MODEL

We calculate lightcurves and spectra of kilono-
vae/marconovae by employing a wavelength-dependent
radiative transfer code (Tanaka & Hotokezaka 2013;
Tanaka et al. 2017, 2018). The photon transfer is cal-
culated by the Monte Carlo method for given ejecta
density structure and element abundances. The nu-
clear heating rates are given based on the results of
r-process nucleosynthesis calculations by Wanajo et al.
(2014). We also consider the time-dependent thermal-
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Fig. 12.— The grizJHK-band light curves observed from the polar direction for the models which approximately reproduce the observed
peak brightness of GW170817. The solid and dashed curves denote the models with mildly lanthanide-rich (GW170817 YM, Xpm,lan ⇡ 0.025)
and lanthanide-free (GW170817 YH, Xpm,lan ⌧ 10�3) post-merger ejecta, respectively. light curves observed from 0�  ✓ < 20� and
20�  ✓ < 28� are shown for the model with mildly lanthanide-rich (GW170817 YM) and lanthanide-free (GW170817 YH) post-merger ejecta,
respectively. For a reference, we also plot the data points of GW170817 (Villar et al. 2017).

Fig. 13.— The spectra at t ⇡ 1.5 days (top panel) and t ⇡
3.5 days (bottom panel) observed from the polar direction for
the models which approximately reproduce the observed peak
brightness of GW170817. The blue and green curves denote the
models with mildly lanthanide-rich (GW170817 YM) and lanthanide-
free (GW170817 YH) post-merger ejecta, respectively. The black
curves denotes the spectra of GW170817 taken with VLT/X-
Shooter (Pian et al. 2017; Smartt et al. 2017). Spectra observed
from 0�  ✓ < 20� and 20�  ✓ < 28� are shown for the
model with mildly lanthanide-rich (GW170817 YM) and lanthanide-
free (GW170817 YH) post-merger ejecta, respectively.

namical ejecta mass (SMNS DYN0.01) particularly for the
late phase (t . 4 days), but yet, it is fainter than that
observed in GW170817. Indeed, we find that the post-

merger ejecta more massive than 0.1 M� is needed for
the JHK-band emission to be as bright as that observed
in GW170817 for the late phase (t � 6 days) in the pres-
ence of ejecta acceleration. Thus, these results indicate
that faint emission observed for t & 5 days does not
always imply small ejecta mass, and the data points in
early phase (t & 3 days) are crucial to estimate the ejecta
properties from the observation.

The clear di↵erence among the SMNS models and the
fiducial model is also found in the optical light curves ob-
served from the equatorial direction. The SMNS models
with highly accelerated ejecta exhibit brighter iz-band
emission than that of the fiducial model, and it is as
bright as that observed in GW170817 for t ⇡ 1–2 days.
This reflects the fact that optical photons emitted from
the high-velocity part of post-merger ejecta are less ab-
sorbed by the dynamical ejecta because the column den-
sity measured from the equatorial direction is small.

6.3. BH-NS cases (NS tidal disruption cases)

Figure 16 shows grizJHK light curves for the BH-NS
ejecta models for which the NS is supposed to be tidally
disrupted. As is expected from the presence of mas-
sive and highly lanthanide-rich dynamical ejecta, the
BH-NS ejecta models show bright emission in particular
in the JHK-band. The izJHK-band emission observed
from the polar direction is much brighter than that in
GW170817, while the griz-band emission is as bright
as that in GW170817. In particular, the BH-NS ejecta
model with 0.02 M� post-merger ejecta coincidently re-
produces the gr-band data points of GW170817. This
implies that kilonovae of BH-NS mergers could be as
bright as in GW170817 in the optical wavelengths, but
at the same time, emission in the JHK-band would be
much brighter. Focusing on the models with the same
total ejecta mass (HMNS YL and BHNS A), we found that
the kilonova of the BH-NS model is always brighter in

Models	
GW170817-YM:	Ye,pm=0.2-0.4	(Xlan~0.03),		0°<θ<21°	
GW170817-YH:	Ye,pm=0.3-0.4	(Xlan<<1),					21°<θ<28°
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Kilonova	lightcurves	could	show	large	diversity	reflecPng	the	variety	 
in	the	binary	parameters	or	the	binary	composiPon  
(see	also	e.g.	Gompertz	et	al.	2018,	Rossi	et	al.	2019)
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Remnant NS Life8me

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

Ref:	Metzger	&	Fernández	et	al.	2014	
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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)

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⟩

)(

#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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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
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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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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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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.

MNRAS 441, 3444–3453 (2014)

 at K
yoto U

niversity Library on M
ay 16, 2016

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

Ye	distribuPon	of	ejecta

equatorial

polar



Ye dependence
OpPcal/infrared	EM	data	points	observed	in  

GW170817	summarized	by	Villar	et	al.	2017	(D=40Mpc)

Ye : 0.3� 0.4(Xlan ⌧ 1)
<latexit sha1_base64="E7kt5XDFkZpwNPfMX7c4/TAEGCU="></latexit><latexit sha1_base64="E7kt5XDFkZpwNPfMX7c4/TAEGCU="></latexit><latexit sha1_base64="E7kt5XDFkZpwNPfMX7c4/TAEGCU="></latexit><latexit sha1_base64="E7kt5XDFkZpwNPfMX7c4/TAEGCU="></latexit>

Ye : 0.2� 0.4(Xlan ⇡ 0.025)
<latexit sha1_base64="YNU/R4z1xQyI5mSUsxZ4ODQYwuQ="></latexit><latexit sha1_base64="YNU/R4z1xQyI5mSUsxZ4ODQYwuQ="></latexit><latexit sha1_base64="YNU/R4z1xQyI5mSUsxZ4ODQYwuQ="></latexit><latexit sha1_base64="YNU/R4z1xQyI5mSUsxZ4ODQYwuQ="></latexit>

Ye : 0.1� 0.3(Xlan ⇡ 0.15)
<latexit sha1_base64="f11LHVeY/ZmsxATETgfMs22dMFc="></latexit><latexit sha1_base64="f11LHVeY/ZmsxATETgfMs22dMFc="></latexit><latexit sha1_base64="f11LHVeY/ZmsxATETgfMs22dMFc="></latexit><latexit sha1_base64="f11LHVeY/ZmsxATETgfMs22dMFc="></latexit>

Solid:

Dashed:

Doxed:

Mpm = 0.03M�,Md = 0.01M�

vpm,max = 0.10 c, fd,pol = 0.01
<latexit sha1_base64="IGvzgh0KHniIFLoHYznmr54PFc0="></latexit><latexit sha1_base64="IGvzgh0KHniIFLoHYznmr54PFc0="></latexit><latexit sha1_base64="IGvzgh0KHniIFLoHYznmr54PFc0="></latexit><latexit sha1_base64="IGvzgh0KHniIFLoHYznmr54PFc0="></latexit>

Mpm = 0.03M�,Md = 0.01M�

vpm,max = 0.10 c, fd,pol = 0.01
<latexit sha1_base64="IGvzgh0KHniIFLoHYznmr54PFc0="></latexit><latexit sha1_base64="IGvzgh0KHniIFLoHYznmr54PFc0="></latexit><latexit sha1_base64="IGvzgh0KHniIFLoHYznmr54PFc0="></latexit><latexit sha1_base64="IGvzgh0KHniIFLoHYznmr54PFc0="></latexit>

Ye,pm
<latexit sha1_base64="PCdfmGObIA3MGdTicBMywO2sfHc="></latexit>

Ye,pm
<latexit sha1_base64="PCdfmGObIA3MGdTicBMywO2sfHc="></latexit>

Ye,pm
<latexit sha1_base64="PCdfmGObIA3MGdTicBMywO2sfHc="></latexit>

13

-18

-17

-16

-15

-14

-13

-12

-11
0.5 1 2 3 4 5 6 7 8 10

AB
ab
so
lu
te
m
ag
ni
tu
de

t [day]

Ye Dependence, pole (0°≤θ<20°)

g
r
i
z

-18

-17

-16

-15

-14

-13

-12

-11
0.5 1 2 3 4 5 7 10 14

AB
ab
so
lu
te
m
ag
ni
tu
de

t [day]

Ye Dependence, pole (0°≤θ<20°)

J
H
K

-18

-17

-16

-15

-14

-13

-12

-11
0.5 1 2 3 4 5 6 7 8 10

AB
ab
so
lu
te
m
ag
ni
tu
de

t [day]

Ye Dependence, equator (86°≤θ<90°)
-18

-17

-16

-15

-14

-13

-12

-11
0.5 1 2 3 4 5 7 10 14

AB
ab
so
lu
te
m
ag
ni
tu
de

t [day]

Ye Dependence, equator (86°≤θ<90°)

HMNS-YH (Fiducial)
HMNS-YM
HMNS-YL

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

low	Ye	(lanthanide-rich) low	Ye	(lanthanide-rich)

Ref:	KK,	Shibata,	Tanaka	2019	
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remnant, because the ejecta profile would be modified
by the increase in its kinetic energy. Indeed, the rota-
tional kinetic energy of the NS could be as large as ⇡ 1-
2⇥1053 erg for the case of mass shedding limit (e.g., Shi-
bata et al. 2017; Margalit & Metzger 2017; Shibata et al.
2019), and it is su�ciently large to modify the velocity
distribution of the ejecta even if only a small fraction of
the rotational kinetic energy is converted to the kinetic
energy of ejecta, which is typically ⇠ 1049–1051 erg. In
this work, for simplicity, we focus on the case that the
activity of the remnant NS contributes only to changing
the ejecta profile. There may also be a case that the rem-
nant activity directly a↵ects the light curves (Wollaeger
et al. 2019).

Black hole-neutron star merger (BH-NS): — BH-NS merg-
ers can be also associated with the EM counterparts if the
NS is tidally disrupted before the merger (Rosswog 2005;
Shibata & Taniguchi 2008; Etienne et al. 2009; Lovelace
et al. 2013; Kyutoku et al. 2015; Foucart et al. 2019, 2018;
Kawaguchi et al. 2016). Masses of dynamical ejecta and
the remnant torus can be much more and/or less massive
than those formed in a NS-NS merger, and their values
depend strongly on the parameters of the binary, such as
the NS radius, mass ratio of the BH to the NS, and, in
particular, the BH spin. Because of the absence of the
strong shock heating e↵ect in the merger and post-merger
processes, Ye of the dynamical ejecta keeps the original
value of the NS, Ye . 0.1 (Rosswog et al. 2013; Just
et al. 2015; Foucart et al. 2017; Kyutoku et al. 2018). Ye
of the remnant torus and that of the post-merger ejecta
could raise due to viscous heating, but yet, a substantial
amount of the post-merger ejecta would be lanthanide-
rich as in the prompt collapse of NS-NS cases.

3. METHOD

3.1. Radiative Transfer simulation

We calculate the light curves of kilonovae/macronovae
by a wavelength-dependent radiative transfer simulation
code (Tanaka & Hotokezaka 2013; Tanaka et al. 2017,
2018). The photon transfer is calculated by a Monte
Carlo method for given ejecta profiles of density, ve-
locity, and element abundance. The nuclear heating
rates are determined employing the results of r-process
nucleosynthesis calculations by Wanajo et al. (2014).
We also consider the time-dependent thermalization ef-
ficiency following an analytic formula derived by Barnes
et al. (2016). Axisymmetry is imposed for the matter
profile, such as the density, temperature, abundance dis-
tribution. Special-relativistic e↵ects on photon transfer
and light travel time e↵ects are fully taken into account.

For photon-matter interaction, we consider the same
physical processes as in Tanaka & Hotokezaka (2013);
Tanaka et al. (2017, 2018); bound-bound, bound-free,
and free-free transitions and electron scattering for a
transfer of optical and infrared photons. For the bound-
bound transitions, which have a dominant contribution
in the optical and infrared wavelengths, we use the for-
malism of the expansion opacity (Eastman & Pinto 1993;
Kasen et al. 2006). For atomic data, the updated line
list calculated in Tanaka et al. (2019) is employed. This
line list is constructed by an atomic structure calculation
for all the elements from Z = 26 to Z = 92, and sup-
plemented by Kurucz’s line list for Z < 26 (Kurucz &
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Fig. 2.— Density profile of the ejecta employed in the radiative
transfer simulation for NS-NS merger models. The red and blue
regions denote the dynamical and post-merger ejecta, respectively.
Homologous expansion of the ejecta and axisymmetry around the
rotational axis (z-axis) are assumed in the simulation. The top
panel denotes the case of the fiducial model (HMNS YH) in Table 1
for which we assume that the outer edge of the post-merger ejecta
is slower than the inner edge of the dynamical ejecta. The bottom
panel denotes the case of SMNS DYN0.01 in Table 1. In this model,
we suppose that the post-merger ejecta is accelerated by the energy
injection from the merger remnant.

Bell 1995), where Z is the atomic number. The updated
atomic data include up to triply ionization for all the
ions. The ionization and excitation states are calculated
under the assumption of local thermodynamic equilib-
rium (LTE) by using the Saha ionization and Boltzmann
excitation equations.

3.2. Ejecta profile

In this work, we employ ejecta models that consist of
two parts; the dynamical ejecta with non-spherical ge-
ometry and post-merger ejecta with spherical geometry.
In particular, we employ three di↵erent types of ejecta
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Hi-Ye ejecta from BH accre8on torus? 

• Recent	GR	viscous	RHD	simulaPon	suggests	that	Hi-Ye	ejecta	(Ye>0.3)	may	also	be	formed	in	the	
absence	of	remnant	MNS	if	the	ejecPon	Pmes	scale	is	long	(~>0.3	s)(See	also	Fujibayashi	et	al.	2020)

Ref:	Fujibayashi	et	al.	2020

average	ejecta	Ye
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FIG. 7. Several quantities for models K8, K8h, K8n, Y8, and K6. Average cylindrical radius (top left), average specific entropy
(top right), and average value of Ye (middle left) of the matter located outside the black hole as functions of time. The middle
right panel shows the time evolution of the total neutrino luminosity, L⌫ . The bottom two panels show an e�ciency of the
neutrino emission defined by the total neutrino luminosity, L⌫ , divided by the rest-mass energy accretion rate of the matter
into the black hole, c

2
dMfall/dt (left) and total mass of the ejecta component Meje (bottom right) as functions of time. For

model K8, the results with a higher resolution run are also plotted and show their weak dependence on the grid resolution.

neutrino cooling plays a negligible role and viscous heat-
ing can be fully available for driving the wind.

To examine the significance of the neutrino heating (ir-
radiation) e↵ect, we also performed a simulation without
neutrino heating (model K8n). Our result shows that the
neutrino heating does not play a substantial role for the
mass ejection; the mass ejection rate and ejecta veloc-
ity are not substantially influenced by the neutrino heat-
ing. The reason for this is that the neutrino luminosity
is not very high during the mass ejection stage in our

model (see Fig. 7(d)): Only in the early stage of the disk
evolution with t . 20 ms, the total luminosity exceeds
1053 erg/s, while for t > 100 ms for which the mass ejec-
tion becomes active, the luminosity drops to < 1052 erg/s
exponentially, resulting in the small contribution to the
mass ejection by the neutrino heating.1 This result is in
broad agreement with that of Ref. [14].

1
We note that the maximum energy obtained from neutrinos per
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FIG. 10. Average value of Ye (left) and and average velocity (right) of the ejecta as functions of time for models with
Mdisk = 0.1M� (top) and for models C8, K8, and E8 (bottom). Here, the average velocity is determined only for the ejecta
component that escapes from r = 2000 km.

not have the component with Ye � 0.2. One possible
reason for the di↵erence of our results from the previ-
ous ones is that the equation of state and/or treatment
of the weak interaction (e.g., electron and positron cap-
ture) that we employ may be di↵erent from those in the
previous studies. Another reason is that in our simula-
tion we do not have any mechanism for the mass ejection
which is more e�cient than the viscosity driven ejection.
In the following, we describe these points in more detail.

In our simulation, the mass ejection occurs only af-
ter the viscous heating and angular momentum trans-
port proceed at least for several hundreds milliseconds,
which causes the matter in the disk to expand to r &
103 km. We do not find any other major components for
mass ejection like the neutrino-wind component, which is
found in Ref. [14]. As we already mentioned in Sec. III B,
in this viscous evolution process, associated with the de-
crease of the density and with the decrease of the degree
of electron degeneracy, the value of Ye in the disk gradu-
ally increases from a low value of Ye ⇠ 0.1 to higher values
Ye & 0.2 until the weak interaction freezes out (i.e., the
temperature of the disk decreases below kT ⇠ 2 MeV;
e.g., see Fig. 7 and Appendix A). The value of Ye is de-
termined approximately by the condition that electron
and positron capture rates are identical. After the freeze
out of the weak interaction, the average of Ye approaches

asymptotically ⇠ 0.3 (for ↵⌫ = 0.05). This asymptotic
value is slightly larger than that in a previous study [14],
and this suggests that the di↵erence in the equation
of state, treatment of the weak interaction, and initial
thermodynamical condition (e.g., temperature) might re-
sult in the di↵erence in the values of Ye among di↵erent
groups.

For the late stage with lower temperature of kT .
2 MeV, the weak interaction does not play a role any
longer because the timescale for the weak interaction pro-
cess becomes longer than the viscous timescale (see Ap-
pendix A). This results in the freeze out of the value of
Ye in the disk. Since the Ye distribution of the ejecta is
just the reflection of that in the disk, the value of Ye for
the ejecta thus determined is not very small but rather
large as & 0.25 (for ↵⌫ = 0.05). We note that in our sim-
ulation, most of the ejecta component experiences the
weak interaction process during the viscous evolution of
the disk, resulting in the relatively high value of Ye. This
indicates that the low Ye ejecta with Ye ⇠ 0.1 found in
the previous studies would be driven before experiencing
the weak interaction processes su�ciently.

For higher values of ↵⌫ , the weak interaction freezes
out earlier (much earlier than 1 s) because faster expan-
sion occurs for the disk. Since the duration to increase
the value of Ye is shorter, Ye becomes smaller for larger
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= µp � µn,

Qh

pc
= µn � µp, (A4)
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log
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⇣
hftih

ec/pc/s
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=

8
><

>:

3.2 (unblocked and µe < Qec/pc)

2.6 (unblocked and µe > Qec/pc)

2.6 + 25.9/T9 (blocked),

(A5)

where T9 = T/109 K. µn and µp denote the relativistic
(including the mass) chemical potential of neutrons and
protons, respectively. Here, “blocked” and “unblocked”
cases imply that hNi � 40 or hZi  20 and that hNi < 40
and hZi > 20, respectively. hNi and hZi denote the av-
erage neutron and proton numbers of the heavy nuclei,
respectively. Note that we do not consider the updates
for the electron/positron capture on heavy nuclei in [64],
which play a minor role in the present case owing to the
freeze out of weak interaction at su�ciently high temper-
ature (see below).

The reaction rates are functions of ⇢, T , and Ye. We
can derive the electron fraction in the equilibrium, Ye,eq,
at each density and temperature by equating the electron
and positron capture rates as

Rf

ec
(⇢, T, Ye,eq) + Rh

ec
(⇢, T, Ye,eq)

= Rf

pc
(⇢, T, Ye,eq) + Rh

pc
(⇢, T, Ye,eq). (A6)

Here we do not consider the blocking by neutrinos, be-
cause it is important only for the case that the optical
depth to neutrinos is large. Note that the disk material
is supposed to be optically thin to neutrinos except for
the very early epoch of the disk evolution (i.e., t . 0.1 s).

Figure 14 plots the contour of Ye,eq (black curves) to-
gether with the distribution of Ye for the disk material
(color plots) in the ⇢–T plane at selected time slices,
t = 0, 0.03, 0.1, and 0.3 s of the simulation for model
K8. Here, we employ the DD2 equation of state to de-
termine the mass fractions, average mass number, and
chemical potentials in Eqs. (A1)–(A3) as functions of ⇢,
T , and Ye. Due to the viscous heating/angular momen-
tum transport and resulting expansion, the density and
temperature in the disk decrease. On the other hand,
the specific entropy increases. Thus, the distribution of
the disk matter moves basically to the bottom left region
gradually. Figure 14 also displays the weak interaction
timescale at each point, teq, which is defined as the in-
verse of Eq. (A1) with Ye = Ye,eq.

In an early stage of the disk evolution, the condition of
t > teq is satisfied for the majority of the disk matter so
that the values of Ye approach Ye,eq. For t . 0.1 s, a part
of the disk matter has high density with & 1010 g/cm3,
and hence, until t = 0.1 s, we still have the material with

Ye < 0.1. However, because of the expansion of the disk,
the density goes below ⇠ 1010 g/cm3 and then the values
of Ye have to be larger than ⇠ 0.2 at t = 0.3 s. Also
the increase of the entropy by the viscous heating helps
leptonization of the disk.

It is still possible to eject the low Ye material from the
disk in the presence of the mass ejection mechanism with
a short timescale of . 0.1 s. As discussed in Sec. III D,
one possibility is the Lorentz force by the aligned mag-
netic field, which is not taken into account in this work.
If such a mechanism works for t . 0.1 s, a fraction of
the low Ye material may be ejected. However, for the
purely viscous mass ejection with the timescale & 0.3 s,
the ejecta cannot have the small values of Ye . 0.2. This
agrees totally with the results of our numerical simula-
tions.

The dependence of teq on the temperature shows that
for kT & 2 MeV, teq . 0.2 s and for kT & 1.4 MeV,
teq . 1 s. Thus, when the temperature decreases below
⇠ 2 MeV/k, the neutrino cooling timescale, which has the
same order of magnitude as teq in the region where the
baryon dominates the internal energy, becomes longer
than the viscous timescale, and as a result, the freeze
out of the weak interaction occurs. This e↵ect is also
observed in our numerical results.

Appendix B: Dependence on the disk compactness

To show the dependence of the viscous evolution on
the initial compactness of the disk, we here compare the
results for models K8 and D8. Figure 15 displays the
evolution of the same quantities for the matter located
outside the black hole as in Fig. 9 bur for models K8
and D8. It is found that the values of Mfall and Meje for
model D8 are larger and smaller than those for model K8,
respectively. For model D8, the ejecta mass is ⇡ 15% of
the initial disk mass, which is appreciably smaller than
that for models with less compact disk like K8 and Y8 for
which the ejecta mass is & 20% of the initial disk mass
(see Table II).

Because the larger fraction of the disk mass falls into
the black hole in the early stage of the viscous evolution,
the disk mass for model D8 becomes smaller than for
model K8 during the long-term viscous evolution. Due
to this reason, the timescale to reach the freeze out of the
weak interaction for model D8 is slightly shorter than for
model K8 (see Sec. III C). However, besides this small dif-
ference, the evolution process for two models is quite sim-
ilar each other. The final average value of Ye for model
D8 is only slightly smaller than for model K8. As a re-
sult, the average value of Ye and the mass histogram for
the ejecta is not very di↵erent between two models. The
average velocity of the ejecta is also approximately the
same for two models (see Table II).

23

FIG. 14. Distribution of disk matter in the ⇢-T plane for model K8 at t = 0 (upper left), 0.03 s (upper right), 0.1 s (lower left),
and 0.3 s (lower right). Each point shows the density and temperature at a certain grid point in the simulation result. Ye at
each grid point is displayed in color points. The black curves show the contours of Ye,eq. Behind the ⇢-T distribution of the
simulation, we also plot (by shaded color) the weak interaction timescale at each bin, teq, which is defined as the inverse of
Eq. (A1) with Ye = Ye,eq. In the plane, there is a region for which Ye,eq should be higher than 0.6 [65]. We cannot calculate
the electron/positron capture rates in such a region because Ye > 0.6 is out of range of the tabulated equation of state, and
thus, the timescale there is defined as the geometric mean of Eqs. (A1) and (A2) with Ye = 0.6 .

the late stage of the disk evolution, because its luminos-
ity is too low to significantly change the electron fraction
in the disk.

The reaction rates of the electron and positron capture
on free nucleons and heavy nuclei are written as (see,
e.g., Ref. [63])

Rec = Xp�
f

ec
+

Xh

hAih
�h

ec
, (A1)

Rpc = Xn�
f

pc
+

Xh

hAih
�h

pc
, (A2)

where Xn, Xp, and Xh are the mass fractions of neutron,
proton, and heavy nuclei, hAih is the average mass num-

ber of heavy nuclei, and �f/h
ec/pc is the rate of each reaction

which has the unit of (time)�1. Here, the superscripts,
“f” and “h”, indicate the capture on free nucleons and
heavy nuclei, respectively. The reaction rates are written

by the integration with respect to the energy as [65]

�f/h
ec/pc =

ln 2

hftif/hm5
ec

10

Z 1

0

d! !2(! � Qf/h
ec/pc)

2

⇥

vuut1 � m2
ec

4

(! � Qf/h
ec/pc)

2

Fe(! � Qf/h
ec/pc)

⇥ ⇥(! � Qf

ec/pc � mec
2), (A3)

where hfti is the so-called ft-value of these reactions, Fe

is the distribution function of electrons, which is assumed
to be the Fermi-Dirac form, and Q is the Q-value of these
reactions. For the capture processes by free nucleons,
hftif

ec/pc ⇡ 1035 s, Qf

ec
= (mp�mn)c2, and Qf

pc
= (mn�

mp)c2. For the capture processes by heavy nuclei, we
follow the approximations in Ref. [63] for ft-values and
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FIG. 14. Distribution of disk matter in the ⇢-T plane for model K8 at t = 0 (upper left), 0.03 s (upper right), 0.1 s (lower left),
and 0.3 s (lower right). Each point shows the density and temperature at a certain grid point in the simulation result. Ye at
each grid point is displayed in color points. The black curves show the contours of Ye,eq. Behind the ⇢-T distribution of the
simulation, we also plot (by shaded color) the weak interaction timescale at each bin, teq, which is defined as the inverse of
Eq. (A1) with Ye = Ye,eq. In the plane, there is a region for which Ye,eq should be higher than 0.6 [65]. We cannot calculate
the electron/positron capture rates in such a region because Ye > 0.6 is out of range of the tabulated equation of state, and
thus, the timescale there is defined as the geometric mean of Eqs. (A1) and (A2) with Ye = 0.6 .
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ity is too low to significantly change the electron fraction
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The reaction rates of the electron and positron capture
on free nucleons and heavy nuclei are written as (see,
e.g., Ref. [63])
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where Xn, Xp, and Xh are the mass fractions of neutron,
proton, and heavy nuclei, hAih is the average mass num-

ber of heavy nuclei, and �f/h
ec/pc is the rate of each reaction

which has the unit of (time)�1. Here, the superscripts,
“f” and “h”, indicate the capture on free nucleons and
heavy nuclei, respectively. The reaction rates are written
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where hfti is the so-called ft-value of these reactions, Fe

is the distribution function of electrons, which is assumed
to be the Fermi-Dirac form, and Q is the Q-value of these
reactions. For the capture processes by free nucleons,
hftif

ec/pc ⇡ 1035 s, Qf

ec
= (mp�mn)c2, and Qf
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= (mn�

mp)c2. For the capture processes by heavy nuclei, we
follow the approximations in Ref. [63] for ft-values and

total	ejected	mass
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FIG. 4. Snapshots for the rest-mass density in units of g/cm3, temperature (kT ) in units of MeV, specific entropy per baryon
in units of k, and electron fraction Ye for selected time slices for model K8. Only for the first panel (t = 0) the plotted region is
300 km⇥300 km, and for others, it is 2000 km⇥2000 km. We note that the rest-mass density, the value of Ye, and temperature
of the atmosphere artificially added is ⇡ 10 g/cm3, 0.5, and ⇡ 0.036 MeV/k, respectively (cf. the first panel).

average quantities are defined by

Rmat :=

r
I

Mmat

, (3.3)

hsi :=
1

Mmat

Z

out

⇢⇤s d3x, (3.4)

hYei :=
1

Mmat

Z

out

⇢⇤Ye d3x, (3.5)

where ⇢⇤ := ⇢
p

�gut, and I and Mmat denote a moment
of inertia and rest mass of the matter located outside the

15

FIG. 8. The same as Fig 4 but for model C8. For the last two panels at t = 4 and 6 s, the plots are made for an enlarged region
of 5000 km⇥5000 km.

creases to 5 ⇥ 109 K (referred to as 5GK: note that the
temperature of the ejecta component in general decreases
down to ⇠ 3 GK monotonically during the ejection pro-
cess).

The average values of Ye for the ejecta with ↵⌫ = 0.05
are ⇠ 0.3 and depend very weakly on the initial condition
for the disk profiles of density, angular velocity, and Ye.
On the other hand, it decreases significantly with the

increase of the viscous coe�cient. As Fig. 11(a) shows
that the distribution shifts to the lower side of Ye with
the increase of ↵⌫ . This result can be expected from
Fig. 7(c), which shows that for the matter outside the
black hole, the asymptotic average values of Ye is ⇠ 0.32,
0.29, and 0.27 for ↵⌫ = 0.05, 0.10, and 0.15, respectively.
These values agree approximately with the average value
of Ye for the ejecta. This agreement indicates that the



Comparison among various models (polar)

• We	may	be	able	to	infer	the	type	of	the	central	engine	for	kilonovae	 
by	observaPon	of	the	peak	brightness	and	Pme	of	peak	in	the	mulPple	band.

*since	the	lightcurves	for	t<1day	are	not	reliable	for	our	calculaPon,	we	define	the	peak	magnitude	as	the	brightest	point	aVer	t=1day.	
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SMNS:		
cases	that	the	remnant	NS	survives	 
for	a	long	Pme	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	aVer	the	merger
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The 2nd NS-NS: GW190425
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Table 1. Source properties for GW190425: we give ranges encompassing the 90% credible intervals for the
PhenomPv2NRT model; in Appendix D we demonstrate these results are robust to systematic uncertainty
in the waveform. Mass values are quoted in the frame of the source, accounting for uncertainty in the source
redshift. For the primary mass we give the 0-90% interval, while for the secondary mass and mass ratio we
give the 10-100% interval: the uncertainty on the luminosity distance means that there is no well-defined
equal-mass bound for GW190425. The quoted 90% upper limits for ⇤̃ are obtained by reweighting its
posterior distribution as detailed in Appendix E.1.

Low-spin prior (� < 0.05) High-spin prior (� < 0.89)

Primary mass m1 1.62 – 1.88M� 1.61 – 2.52M�

Secondary mass m2 1.45 – 1.69M� 1.12 – 1.68M�

Chirp mass M 1.44+0.02
�0.02 M� 1.44+0.02

�0.02 M�

Detector-frame chirp mass 1.4868+0.0003
�0.0003 M� 1.4873+0.0008

�0.0006 M�

Mass ratio m2/m1 0.8 – 1.0 0.4 – 1.0

Total mass mtot 3.3+0.1
�0.1 M� 3.4+0.3

�0.1 M�

E↵ective inspiral spin parameter �e↵ 0.013+0.01
�0.01 0.058+0.11

�0.05

Luminosity distance DL 161+67
�73 Mpc 159+69

�71 Mpc

Combined dimensionless tidal deformability ⇤̃  600  1100

Figure 3. The posterior distribution of the component
masses m1 and m2 in the source frame for the low-spin
(� < 0.05; orange) and high-spin (� < 0.89; blue) analyses.
Vertical lines in the one-dimensional plots enclose 90% of the
probability and correspond to the ranges given in Table 1.
The one-dimensional distributions have been normalized to
have equal maxima. A dashed line marks the equal-mass
bound in the two-dimensional plot.

et al. 2006). With a mass ratio of 0.93, it is expected
to have �e↵ between 0.008 and 0.012 (90% credibility
interval) when marginalized over mass and equation of
state (EoS) uncertainties (see Appendix E.3 for details).
The fastest-spinning Galactic-field BNS, which contains
the 17ms pulsar J1946+2052 (Stovall et al. 2018), has
�e↵ in the range [0.012, 0.018] assuming aligned spin for

the pulsar and negligible spin for its companion, similar
to the Double Pulsar.
For the results reported herein we used the LALIn-

ference library’s nested sampling algorithm and val-
idated results using the LALInference MCMC sam-
pling algorithm and the Bilby (Ashton et al. 2019) li-
brary with the Dynesty (Speagle 2019) nested sam-
pling algorithm. When comparing the high-spin prior
results using the di↵erent algorithms, we see . 3% dif-
ferences in the median parameter values and the credible
intervals are consistent and reproducible. Meanwhile,
the runs using the low-spin priors show no such di↵er-
ences.
We show the posteriors for a wider range of source

parameters in Appendix C.

4.1. Neutron star matter

Because of its large mass, the discovery of GW190425
suggests that gravitational-wave analyses can access
densities several times above nuclear saturation (see,
e.g., Figure 4 in Douchin & Haensel 2001) and probe
possible phase transitions inside the core of a neutron
star (Oertel et al. 2017; Tews et al. 2019; Essick et al.
2019). However, binaries comprised of more massive
stars are described, for a fixed EoS, by smaller values of
the leading-order tidal contribution to the gravitational-
wave phasing ⇤̃ (Flanagan & Hinderer 2008). These are
intrinsically more di�cult to measure. For GW190425,
this is exacerbated by the fairly low SNR of the event
compared to GW170817. Overall, we find that con-
straints on tides, radius, possible p–g instabilities (Wein-
berg et al. 2013; Venumadhav et al. 2013; Weinberg
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Table 1. Source properties for GW190425: we give ranges encompassing the 90% credible intervals for the
PhenomPv2NRT model; in Appendix D we demonstrate these results are robust to systematic uncertainty
in the waveform. Mass values are quoted in the frame of the source, accounting for uncertainty in the source
redshift. For the primary mass we give the 0-90% interval, while for the secondary mass and mass ratio we
give the 10-100% interval: the uncertainty on the luminosity distance means that there is no well-defined
equal-mass bound for GW190425. The quoted 90% upper limits for ⇤̃ are obtained by reweighting its
posterior distribution as detailed in Appendix E.1.

Low-spin prior (� < 0.05) High-spin prior (� < 0.89)

Primary mass m1 1.62 – 1.88M� 1.61 – 2.52M�

Secondary mass m2 1.45 – 1.69M� 1.12 – 1.68M�

Chirp mass M 1.44+0.02
�0.02 M� 1.44+0.02

�0.02 M�

Detector-frame chirp mass 1.4868+0.0003
�0.0003 M� 1.4873+0.0008

�0.0006 M�

Mass ratio m2/m1 0.8 – 1.0 0.4 – 1.0

Total mass mtot 3.3+0.1
�0.1 M� 3.4+0.3

�0.1 M�

E↵ective inspiral spin parameter �e↵ 0.013+0.01
�0.01 0.058+0.11

�0.05

Luminosity distance DL 161+67
�73 Mpc 159+69

�71 Mpc

Combined dimensionless tidal deformability ⇤̃  600  1100

1.50 1.75 2.00 2.25 2.50 2.75 3.00

m1 (M�)

1.0

1.2

1.4

1.6

1.8

m
2
(M

�
)

� < 0.89

� < 0.05

Figure 3. The posterior distribution of the component
masses m1 and m2 in the source frame for the low-spin
(� < 0.05; orange) and high-spin (� < 0.89; blue) analyses.
Vertical lines in the one-dimensional plots enclose 90% of the
probability and correspond to the ranges given in Table 1.
The one-dimensional distributions have been normalized to
have equal maxima. A dashed line marks the equal-mass
bound in the two-dimensional plot.

et al. 2006). With a mass ratio of 0.93, it is expected
to have �e↵ between 0.008 and 0.012 (90% credibility
interval) when marginalized over mass and equation of
state (EoS) uncertainties (see Appendix E.3 for details).
The fastest-spinning Galactic-field BNS, which contains
the 17ms pulsar J1946+2052 (Stovall et al. 2018), has
�e↵ in the range [0.012, 0.018] assuming aligned spin for

the pulsar and negligible spin for its companion, similar
to the Double Pulsar.
For the results reported herein we used the LALIn-

ference library’s nested sampling algorithm and val-
idated results using the LALInference MCMC sam-
pling algorithm and the Bilby (Ashton et al. 2019) li-
brary with the Dynesty (Speagle 2019) nested sam-
pling algorithm. When comparing the high-spin prior
results using the di↵erent algorithms, we see . 3% dif-
ferences in the median parameter values and the credible
intervals are consistent and reproducible. Meanwhile,
the runs using the low-spin priors show no such di↵er-
ences.
We show the posteriors for a wider range of source

parameters in Appendix C.

4.1. Neutron star matter

Because of its large mass, the discovery of GW190425
suggests that gravitational-wave analyses can access
densities several times above nuclear saturation (see,
e.g., Figure 4 in Douchin & Haensel 2001) and probe
possible phase transitions inside the core of a neutron
star (Oertel et al. 2017; Tews et al. 2019; Essick et al.
2019). However, binaries comprised of more massive
stars are described, for a fixed EoS, by smaller values of
the leading-order tidal contribution to the gravitational-
wave phasing ⇤̃ (Flanagan & Hinderer 2008). These are
intrinsically more di�cult to measure. For GW190425,
this is exacerbated by the fairly low SNR of the event
compared to GW170817. Overall, we find that con-
straints on tides, radius, possible p–g instabilities (Wein-
berg et al. 2013; Venumadhav et al. 2013; Weinberg

Ref)	Abbot	et	al.	(2020)
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• GW190425 

• D=156±41Mpc	(Ini6al	announce)	
• 10,000 deg2 (A:BAYESTAR)  

->7,500 deg2(B:LALInference) 

• No EM counterparts was found. 

• GROWTH: Coughlin et al. 2019 

• ZTF: g & r band 

• 1st Night: ~0.1days 
~>20.4 mag (median)  (A: 36% B:19%)  

• 2nd	Night:	~1days  
~>21	mag		(median)	(A:	46%	B:21%)	

• 3rd Night: ~2 days 
~>21 mag? (median) (A: 46% B:21% ?) 

• Palomar Gakni-IR: J band 

• ~> 15.5 mag (median)
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Figure 2. The limiting magnitude as a function of time for
S190425z. On the top row is ZTF, while the bottom row is
Palomar Gattini-IR, with the left, middle, and right panels
corresponding to observations on the first, second, and third
nights. The red and green triangles correspond to the r- and
g-band limits from ZTF, while the black triangles correspond
to the J-band limits from Palomar Gattini-IR.

sulting from the low signal-to-noise ratio in Advanced
Virgo; it spanned ⇠ 10,000 deg2, which is nearly a “pi of
the sky.” The updated LALInference skymap (Singer et
al. 2019c), released at 2019-04-26 15:32:37 UTC, reduced
the localization region requiring coverage by ⇡ 25% to
⇠ 7500 deg2. The all-sky averaged distance to the source
is 156± 41Mpc.
In this paper, we describe an ⇠ 8000 square degree

search for the KN counterpart to a single-detector GW
event. Our campaign emphasizes the key role played
by both large FOV telescopes like ZTF and Palomar
Gattini-IR, as well as the associated follow-up systems.
We demonstrate that our strategy for tiling the sky, vet-
ting candidates, and pursuing follow-up is robust, and
capable of promptly reducing 338,646 transient alerts
from ZTF to a handful of interesting candidates for
follow-up. Our paper is structured as follows. We de-
scribe our observing plan in Section 2. The identified
candidates, including their follow-up, are detailed in Sec-
tion 3. We summarize our conclusions and future out-
look in Section 4.

2. OBSERVING PLAN

Because S190425z came during Palomar night-time
(2019-04-25 08:18:05 UTC), it occurred concurrently
with ongoing survey observations by both ZTF and
Palomar Gattini-IR. Within the 90% localization, ap-
proximately 44% of the original BAYESTAR map was
observable from Palomar over the whole night, corre-
sponding to ⇡ 5000 deg2. The GW event was auto-

matically ingested into the GROWTH ToO Marshal, a
database we specifically designed to perform target-of-
opportunity follow-up of events localized to large sky-
error regions, including GW, neutrino, and gamma-ray
burst events (Coughlin et al. 2019c). Amongst sev-
eral other features, the ToO marshal allows us to di-
rectly trigger the telescope queue for certain facilities
to which GROWTH has access, namely ZTF, Palomar
Gattini-IR, DECam, Kitt Peak EMCCD Demonstrator
(KPED) on the Kitt Peak 84 inch telescope (Coughlin
et al. 2019d), the Lulin One-meter Telescope (LOT) in
Taiwan and the GROWTH-India telescope2 (Bhalerao
et al., in prep.). We provide a brief description of each
instrument in Table 1.
Triggering ToO observations for survey instruments

like ZTF and Palomar Gattini-IR halts their ongoing
survey observations and redirects them to observe only
certain fields as directed by an observation plan. The
observation plan generated by the ToO marshal relies
on gwemopt (Coughlin et al. 2018, 2019e), a code that
optimizes the telescope scheduling process for gravita-
tional wave follow-up. gwemopt handles both synoptic
and galaxy-targeted search strategies; we employed the
former to conduct observations with some of our facil-
ities, Palomar Gattini-IR, GROWTH-India and ZTF,
and the latter for scheduling observations with KPED.
The coverage for both ZTF and Palomar Gattini-IR is
shown in Figure 1, and the limiting magnitudes as a
function of time in Figure 2.

2.1. ZTF

Serendipitously, after the BNS merger time and be-
fore the GW alert was distributed, ZTF had already
observed 1920 deg2 of the sky in the r-band, corre-
sponding to ⇠ 19% of the initial BAYESTAR map and
⇠ 12% of the LALInference map. This overlap between
ongoing survey observations and the LIGO-Livingston-
only localization is unsurprising as both of the Advanced
LIGO interferometers have maximum sensitivity in the
sky overhead in North America (Finn & Cherno↵ 1993;
Kasliwal & Nissanke 2014).
ZTF triggered ToO observations lasting three hours

starting at 2019-04-25 09:19:07.161 UT, one hour after
the trigger time. On night 1, our observing strategy in-
volved a sequence of g-r-g band exposure blocks; each
exposure was 30 s, with a typical depth of 20.4 mag,
which is the normal duration of exposures during ZTF
survey operation. The g-r-g sequence is the baseline
observing strategy for GW follow-up with ZTF as it is
specifically designed to capture the inter- and intra-night

2 https://sites.google.com/view/growthindia/
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Figure 1. Coverage of S190425z. (Left) The top and bottom rows show the ⇡ 47 deg2 ZTF tiles and the ⇡ 25 deg2 Palo-
mar Gattini-IR tiles respectively on the 90% probability region of the initial BAYESTAR skymap, along with the identified
transients highlighted in Table 3. For the ZTF observations, the numbering scheme is 1: ZTF19aarykkb, 2: ZTF19aarzaod, 3:
ZTF19aasckwd, 4: ZTF19aasfogv, 5: ZTF19aasejil, 6: ZTF19aaryxjf, 7: ZTF19aascxux, 8: ZTF19aasdajo, 9: ZTF19aasbamy,
10: ZTF19aasckkq, 11: ZTF19aarycuy, 12: ZTF19aasbphu, 13: ZTF19aasbaui, 14: ZTF19aarxxwb, 15: ZTF19aashlts. (Right)
We show the tilings of the two telescopes on the final LALInference map. We only include the tiles in the inner 90% probability
region for each skymap.

KN, the ultraviolet/optical/near-IR emission generated
by the radioactive decay of r-process elements (Lattimer
& Schramm 1974; Li & Paczynski 1998; Metzger et al.
2010; Roberts et al. 2011; Rosswog 2015; Kasen et al.
2017). The ZTF and Palomar Gattini-IR surveys are our
discovery engines, and the Global Relay of Observatories
Watching Transients Happen (GROWTH) network1 is
our follow-up network. GROWTH uses a variety of fa-
cilities worldwide across various wavelengths to perform
rapid follow-up and classification of objects.
There are many survey systems participating in the

searches for GW counterparts. Amongst many oth-
ers, the Dark Energy Camera (DECam; Flaugher et al.
2015), the Gravitational-wave Optical Transient Ob-
server (GOTO; O’Brien 2018), the Panoramic Survey
Telescope and Rapid Response System (Pan-STARRS;
Kaiser et al. 2010; Chambers et al. 2016), the All-Sky
Automated Survey for Supernovae (ASASSN; Shappee
et al. 2014) and Asteroid Terrestrial-impact Last Alert
System (ATLAS; Tonry et al. 2018) all have performed
observations of events during the third observing run.
ZTF provides a competitive addition to these systems,
given its depth (mAB ⇠ 20.6 in 30 s), wide field of view

1 http://growth.caltech.edu/

(FOV ⇡ 47 deg2 per exposure), and average cadence
of ⇠ 3 days over the entire accessible sky. In particu-
lar, the cadence is important for establishing candidate
history when performing target of opportunity (ToO)
observations. The SGRB program, that has covered
localization regions spanning thousands of square de-
grees (Coughlin et al. 2019c), demonstrated that ZTF
is capable of detecting GW170817-like sources out to
the Advanced LIGO/Virgo detection horizon at about
(⇠200Mpc; Abbott et al. 2018). In addition, Palo-
mar Gattini-IR (Moore & Kasliwal 2019, De et al. in
prep.) is covering the entire visible northern sky every 2
nights to a J-band depth of ⇡ 15.5� 16 AB mag. With
its 25 deg2 FOV and near-infrared sensitivity, Palomar
Gattini-IR provides a complementary system for ob-
jects that are expected to be as red as KNe (Metzger
2017), albeit at lower sensitivity (a source as bright as
GW170817 would be detected at ⇠20Mpc).
The first BNS detection of O3, LIGO/Virgo S190425z,

was a single detector event discovered by the Advanced
LIGO-Livingston detector, with Virgo also observing at
the time (Singer et al. 2019b). Occurring at 2019-04-
25 08:18:05 UTC, the estimated false alarm rate was
1 in 70,000 years, with a high likelihood of being a
binary neutron star. The first reported BAYESTAR
skymap provided an extremely coarse localization, re-

Ref)	Coughlin	et	al.	(2019)
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GW190425: Kilonova detectability
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come detectable. On the other hand, the lanthanide-
rich disk outflow is concealed by the lanthanide-rich dy-
namical ejecta and becomes undetectable in the equa-
torial direction despite their similar composition. This
is ascribed to the low temperature and density of the
dynamical ejecta, where the latter increases the expan-
sion opacity as far as the medium is optically thick (see,
e.g., Equation (1) of Kawaguchi et al. 2019). Because
gravitational-wave detections are biased toward polar di-
rections (Schutz 2011), the dynamical ejecta may tend
to enhance the detectability.
We caution that enhancement in the polar direction

due to the dynamical ejecta is only marginal for the
cases relevant to GW190425, particularly taking uncer-

tain microphysics in radiation-transfer simulations into
account (Kawaguchi et al. 2019). For the r -band mag-
nitude to exceed 21mag significantly for 150Mpc, the
dynamical ejecta as massive as & 0.01M� are required,
which is comparable to the mass of the disk outflow.
Such vigorous dynamical mass ejection is unlikely to oc-
cur for low-mass black hole–neutron star binaries. This
might be possible with asymmetric binary neutron stars,
whose kilonova/macronova may be characterized by the
disk outflow with relatively massive dynamical ejecta.

4. DISCUSSION

Table 1. Detectability of the kilonovae/macronovae from GW190425-like events with respect
to the binary type and the merger outcome

Binary typea Merger Outcomeb Detectable?c

low-mass BH–NS

La-poor disk YES

La-poor disk+La-rich dyn. ⇡YES

La-rich disk YES if equatorial

La-rich disk+La-rich dyn. YES if polar

weak/no disruption (small radius) NO

asymmetric NS–NS
La-poor disk+La-rich dyn. YES if polar

La-rich disk+La-rich dyn. YES if polar

symmetric NS–NS
massive neutron star (large maximum mass) YES if polar

prompt collapse NO

Note—Parentheses in the “Merger outcome” column indicate the required neutron-star prop-
erties. Any binary type becomes trivially undetectable if the ejection e�ciency happens to
be low.

aBH: black hole, NS: neutron star
bLa-rich: lanthanide rich, La-poor: lanthanide poor, disk: disk outflow of ⇠ 10�2M�, dyn.:
dynamical ejecta of & 10�4M�

c⇡YES: except for highly equatorial directions heavily obscured by lanthanide curtains, polar:
observed from the polar direction avoiding lanthanide curtains, equatorial: observed from
the equatorial direction with a small distance

Although huge uncertainties are inevitable, we specu-
late implications of possible future detections of kilono-
vae/macronovae from GW190425-like events by a survey
like Coughlin et al. (2019) (see Table 1 for the sum-
mary of detectability). Because a successful detection
will tell us the host galaxy and its distance, accuracy
in determining the viewing angle will be improved by
mitigating the degeneracy in the gravitational-wave am-
plitude. First, if it turns out that we are in the equa-
torial direction of the event, the dynamical ejecta may
be . 10�4M� for the disk outflow to avoid lanthanide

curtains. This case may support the hypothesis of a low-
mass black hole–neutron star binary if massive and lumi-
nous dynamical ejecta of & 0.01M� are rejected by fur-
ther follow-up observations. If the dynamical ejecta are
massive, asymmetric binary neutron stars are favored.
Second, if we are in the polar direction, the lanthanide-
rich disk outflow without dynamical ejecta is not pre-
ferred. This may disfavor lanthanide-rich disk outflows
after tidal disruption of neutron stars with small radii of
. 12.5 km by low-mass black holes. Any detection will
not support binary neutron stars resulting in prompt

Ref)	Kyutoku	et	al.	(2020)

• A	successful	detecPon	of	kilonova	emission	with	the	informaPon	of	viewing	angle	 
will	enable	us	to	constrain	the	types	of	mergers	for	GW190425-like	events.



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	was	found  

• upper	limits	to	the	optical	/near	infrared  
	emission	are	obtained	for	the	whole	sky	region.

Can	we	constrain	the	binary	parameters	from	EM	upper	limits?

Ref)	Andreoni	et	al.	(2019)

GROWTH on S190814bv 5

Figure 1. Top row – Locations of DECam exposures processed in this analysis (black circles) relative to the S190814bv
LALInference skymap (The LIGO Scientific Collaboration and the Virgo Collaboration 2019b), with color linearly proportional
to localization probability density. Bottom row – Bounding box of the top two plots (black square) relative to a global projection
of the LALInference skymap.



Upper	limits	to	optical	/	near	infrared	emission

Shaded	regions	denote	 
the	uncertainty	due	to	the	
error	bar	in	the	distance	
measurement		
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Fig. 2.— The griz-band light curves of a BH-NS kilonova model for Md = 0.02M� and Mpm = 0.02M�. The shaded regions denote the
uncertainty in the brightness due to the error bar of the luminosity distance (The LIGO Scientific Collaboration and the Virgo Collaboration
2019). The upper limits obtained by DECam (Andreoni et al. 2019) for 90% credible sky localization, and those obtained by ZTF (Singer
et al. 2019) and Pan-STARRS (Smartt et al. 2019) for ⇡ 50% of the 90% credible sky localization (The LIGO Scientific Collaboration and
the Virgo Collaboration 2019) are shown. The purple, light blue, blue and green curves and points denote the lightcurves and upper limits
for the g, r, i, and z band filters, respectively.

Fig. 3.— The same as Figure 2 but for the model with Md = 0.02M� and Mpm = 0.04M�.

limits are always satisfied as far as the kilonova model is
consistent with the upper limit in the z-band obtained at
3.43 d. Thus, in the following, we focus on the constraint
on the ejecta mass based on this upper limit.

3.1. The upper limit to the total ejecta mass

In this subsection, we focus on the constraint on the
total ejecta mass based on the upper limit of the z-band
brightness obtained in Andreoni et al. (2019). To derive a
conservative constraint on the total ejecta mass, we first
show that the faintest emission in the z-band at 3.43 d
is obtained approximately by the models only with the
post-merger ejecta within the models of fixed total ejecta
mass. Then, based on this fact, we argue the constraint
on the total ejecta mass based on the models only with
the post-merger ejecta.
The brightness of the emission depends on the ratio be-

tween the dynamical and post-merger ejecta mass even
among the fixed total ejecta mass models. As an illus-
tration, Figure 4 and Figure 5 show the brightness of
the z-band emission at t = 3.43 d as functions of ✓obs
and Mpm for the models with Md + Mpm = 0.06M�,
respectively. For the models that take the fission frag-
ment into account, we find that the z-band brightness
observed from ✓obs . 45� at t = 3.43 d for the models

with the same total ejecta mass increases approximately
monotonically as the ratio Md/Mpm increases, and the
faintest emission is realized for the model only with the
post-merger ejecta. This is mostly due to the fact that
the specific deposition rate of thermal photons, which is
determined by the radioactive heating rate and the ther-
malization e�ciency, is higher for the dynamical ejecta
than the post-merger ejecta, while the di↵erence in the
opacity is also responsible for the di↵erence in the bright-
ness.
In contrast, the dependence of the z-band brightness

at t = 3.43 d on the ratio Md/Mpm is more complicated
for ✓obs & 45�. The emission becomes faint as the ratio
Md/Mpm decreases for Md & 0.01M�, but the bright-
ness increases again for Md . 0.001M�. This is due to
the fact that with the decrease of Md the emission from
the dynamical ejecta becomes less significant and only its
own blocking e↵ect of photons plays a role (Kasen et al.
2015; Bulla 2019a; Kawaguchi et al. 2019). For such a
situation, the emission becomes bright as the dynamical
ejecta mass decreases.
Dependence of the emission on the ratio Md/Mpm is

di↵erent for the case in which the contribution from the
fission fragments to the heating rate is omitted. For such
cases, the z-band brightness observed from ✓obs . 45� at

Ref)	Andreoni	et	al.	2019,	Singer	et	al.	2019	,Smartt	et	al.	2019,	Kawaguchi	et	al.	(2020)
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limits in the whole 90% credible sky region of the event
are obtained by their e↵orts.
The upper limit to the ejecta mass is discussed

in Gomez et al. (2019) and Andreoni et al. (2019) based
on the upper limits to the EM counterparts. By employ-
ing an 1d analytical model of Villar et al. (2017), Gomez
et al. (2019) explore the ranges of ejecta mass, veloc-
ity, and opacity in which the kilonova emission is consis-
tent with the upper limits obtained by their observation
(see Figure 4 in Gomez et al. (2019)). Andreoni et al.
(2019) employ an 1d kilonova model of Hotokezaka &
Nakar (2019) and a 2d kilonova model of Bulla (2019a);
Dhawan et al. (2020) and suggest that the total ejecta
mass should be less than 0.04M� for the face-on ob-
servation or less than 0.03M� for the ejecta opacity
. 2 cm2/g for D = 215Mpc. However, there are several
remarks for the kilonova models employed in the previ-
ous work. For the 1d models, simplified semi-analytical
models are employed for radiative transfer with a con-
stant gray opacity, and the e↵ect of multiple ejecta com-
ponents with non-spherical geometry is not considered.
For the 2d radiative transfer model, the ejecta model
with simplified geometry and heating rate are employed,
and the temperature and opacity evolution is given a
priori. The temperature and opacity evolution of the
ejecta as well as the radiative transfer e↵ect between the
multiple ejecta components with non-spherical geometry
are crucial for the quantitative prediction of the kilo-
nova lightcurves (Kawaguchi et al. 2018; Bulla 2019a;
Kawaguchi et al. 2019; Darbha & Kasen 2020). Thus,
while these previous models may give a semi-quantitative
idea for the constraint, an independent quantitative anal-
ysis deserves to be performed in a wider range of ejecta
parameter space.
In this paper we report our study for constraining

the ejecta mass of S190814bv by performing the ra-
diative transfer simulations for BH-NS kilonovae with
the detailed opacity and heating rate models. In this
study, kilonova lightcurves are calculated by employing
the ejecta model motivated by numerical-relativity sim-
ulations (e.g., Foucart et al. 2014; Kyutoku et al. 2015;
Foucart et al. 2015; Kyutoku et al. 2018; Foucart et al.
2019; Metzger & Fernández 2014; Wu et al. 2016; Siegel
& Metzger 2017, 2018; Fernández et al. 2019; Christie
et al. 2019; Fujibayashi et al. 2020) and by systematically
varying the mass of ejecta components. This paper is or-
ganized as follows: The setups for the radiative transfer
simulation and the ejecta model employed in this work
are described in Section 2. In Section 3, we show the up-
per limits to the ejecta mass of S190814bv. We compare
our results with the previous study by Andreoni et al.
(2019) in Section 4. Implications to the future observa-
tion are presented in Section 4. An idea to constrain the
NS mass-radius relation by joint analysis employing the
upper limit to the ejecta mass with the GW parameter
estimation is also discussed in Section 4. We summarize
this work in Section 5. Throughout the paper, magni-
tudes are given in the AB magnitude system.

2. METHOD

2.1. Radiative Transfer simulation

We calculate the light curves of kilonova models for
BH-NS mergers by a wavelength-dependent radiative
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Fig. 1.— Ejecta density profile employed in the radiative transfer
simulation. The density profile for Md = Mpm = 0.02M� is shown
as an example. The red and orange regions denote the dynamical
and post-merger ejecta, respectively. Homologous expansion of the
ejecta and axisymmetry around the rotational axis (z-axis) are
assumed in the simulation.

transfer simulation code (Tanaka & Hotokezaka 2013;
Tanaka et al. 2017, 2018; Kawaguchi et al. 2019). The
photon transfer is calculated by a Monte Carlo method
for given ejecta profiles of density, velocity, and element
abundance. The nuclear heating rates are determined by
employing the results of r-process nucleosynthesis cal-
culations by Wanajo et al. (2014). We also consider
the time-dependent thermalization e�ciency following
an analytic formula derived by Barnes et al. (2016). Ax-
isymmetry is imposed for the matter profile, such as the
density, temperature, and abundance distribution. The
ionization and excitation states are calculated under the
assumption of local thermodynamic equilibrium (LTE)
by using the Saha ionization and Boltzmann excitation
equations. Special-relativistic e↵ects on photon transfer
and light travel time e↵ects are fully taken into account.
For photon-matter interaction, we consider bound-

bound, bound-free, and free-free transitions and elec-
tron scattering for a transfer of optical and infrared pho-
tons (Tanaka & Hotokezaka 2013; Tanaka et al. 2017,
2018). The formalism of the expansion opacity (Eastman
& Pinto 1993; Kasen et al. 2006) and the updated line
list calculated in Tanaka et al. (2019) are employed for
the bound-bound transitions. The line list is constructed
by an atomic structure calculation for the elements from
Z = 26 to Z = 92, and supplemented by Kurucz’s line
list for Z < 26 (Kurucz & Bell 1995), where Z is the
atomic number. In particular, we restrict the line list for
the transitions of which ln(glfl) is larger than �2.5 to
reduce the computational cost, where gl and fl denote
the statistical weight and the oscillator strength of the
transition, respectively. By this prescription, the line list
includes ⇡ 7⇥106 lines. We find that the griz-band emis-
sion obtained by employing this restricted line list results
to be uniformly brighter by ⇡ 0.2mag than those em-
ploying the line list with ln(glfl) > �3. While we should
note that uncertainties in the opacity table, heating rate,
and the ejecta profile could be larger than this prescrip-
tion, the brightness of the model lightcurves shown in
this paper is reduced by 0.2mag to correct this e↵ect.

2.2. Ejecta profile

Md
<latexit sha1_base64="JAGdOv4G+x5tmHEzzOgnrtkPAYQ="></latexit>

Mpm
<latexit sha1_base64="B0gnOeufH0zdUEYLSpJzuBM8v2M="></latexit>

Mpm = 0.02M�
<latexit sha1_base64="3gpK2aKgV+nOCdNeyTZhAEhY+xs="></latexit>

Md = 0.02M�
<latexit sha1_base64="P6FrEEqHWbzT9D2nG8qM/scpjMo="></latexit>

✓obs
<latexit sha1_base64="f4rDWM/fobDpR3AYHgYLAugkTlQ="></latexit>

The upper limit z=22.3 @ t=3.43 d gives the 
strongest constraint on the lightcurve 

(Andreoni et al. 2019 ) 
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Fig. 6.— The brightness of the z-band emission at t = 3.43 d
as a function of ejecta mass for the model only with the post-
merger ejecta. The curves plotted at the center of filled regions
denote the brightness for D = 267 Mpc, while the curves plotted
at the lower and upper edges denote the brightness assuming D =
267±52 Mpc, respectively (The LIGO Scientific Collaboration and
the Virgo Collaboration 2019). The black horizontal line shows
the upper limit to the z-band emission at 3.43 d for S190814bv
obtained by DECam (Andreoni et al. 2019). We note that there is
no viewing angle dependence for the model only with the spherical
post-merger ejecta.

tion, the z-band brightness observed from ✓obs . 45� at
t = 3.43 d increases as the ratio Md/Mpm increases for
the fixed total ejecta mass and for the case that the fis-
sion fragments plays an important role. This indicates
that the obtained upper limit to the emission could be
informative to constrain the dynamical ejecta mass. Fur-
thermore, for BH-NS mergers, the connection between
the dynamical ejecta mass and the binary parameters,
such as the mass of each component, BH spin, and NS
radius, is expected to be predicted relatively more accu-
rately by numerical-relativity simulations than the post-
merger ejecta or the dynamical ejecta for NS-NS merg-
ers (Hotokezaka et al. 2013; Kyutoku et al. 2015; Dietrich
& Ujevic 2017; Foucart et al. 2018). This is because the
dynamical ejecta is driven approximately purely by grav-
itational torque for BH-NS mergers, while shocks and
magnetically driven turbulence also play important roles
for the others. Thus, the constraint on the dynamical
ejecta mass could be useful for constraining parameters
of observed binaries as we discuss in Section 4.
Numerical-relativity simulations for BH-NS mergers

suggest that remnant torus (gravitationally bounded
component of the material that remains after the merger)
is typically more massive than the dynamical ejecta (e.g.,
Kyutoku et al. 2015; Foucart et al. 2019). This indi-
cates that a significant amount of the post-merger ejecta
would always be accompanied with the massive dynami-
cal ejecta. In fact, for example, numerical-relativity sim-
ulations for BH-NS mergers (e.g., Kyutoku et al. 2015;
Foucart et al. 2019) show that the mass of the remnant
torus is typically larger than the dynamical ejecta mass
by a factor of more than 3. Magneto-hydrodynamics or

viscous hydrodynamics simulations for the BH-accretion
torus systems (Fernández & Metzger 2013; Metzger &
Fernández 2014; Just et al. 2015; Siegel & Metzger 2017,
2018; Fernández et al. 2019; Christie et al. 2019; Fu-
jibayashi et al. 2020) suggest that ⇡ 20–30% of the rem-
nant torus could be ejected from the system. Hence, the
post-merger ejecta mass is likely to be larger than or com-
parable with the dynamical ejecta mass. In the following,
we focus particularly on the models with Mpm = Md.
This is because the brightness in the griz-bands for a
given epoch & 0.3 d increases monotonically as the
post-merger ejecta mass increases for the models with
a fixed amount of the dynamical ejecta, and thus, the
models with Mpm = Md provide a conservative up-
per limit to the dynamical ejecta mass for given upper
limit to the emission as long as focusing on the cases
of Mpm � Md (see Appendix A for the upper limit to
the dynamical ejecta mass assuming more conservative
setup, Mpm = 0.5Md).
The left panel in Figure 7 shows the z-band brightness

at 3.43 d after the merger as a function of ✓obs for
the models with (Md,Mpm) = (0.02M�, 0.02M�),
(0.03M�, 0.03M�), (0.04M�, 0.04M�), and
(0.05M�, 0.05M�) together with the upper limit
by DECam (Andreoni et al. 2019). In the following,
we focus on the results assuming D = 319 Mpc to
obtain conservative upper limits. Here, D = 319 Mpc
is the 1� far edge of the posterior inferred by the
GW analysis (The LIGO Scientific Collaboration and
the Virgo Collaboration 2019), and the lower edge
of the shaded region in Figure 7 corresponds to the
predicted brightness for D = 319 Mpc. We note that the
estimated distance should depend on the viewing angle,
and larger and smaller distance would be favored for the
face-on and edge-on observation, respectively, due to the
correlation in determining GW amplitude (for example,
see Abbott et al. (2020) for the case of GW190425).
If ✓obs  45�, the emission in the z-band at 3.43 d

for the model with (Md,Mpm) = (0.03M�, 0.03M�)
is brighter than 22.3 mag for the inferred 1� range
of the luminosity distance. This indicates that the
ejecta with Md = Mpm � 0.03M� is unlikely to be
driven in S190814bv if ✓obs  45�. For a smaller value
of ✓obs, the upper limit to the ejecta mass becomes
tighter. For ✓obs  20�, the model with (Md,Mpm) =
(0.02M�, 0.02M�) is disfavored or only marginally con-
sistent with the upper limit to the z-band emission at
3.43 d. On the other hand, the models with Mpm =
Md  0.04M� cannot be ruled out if ✓obs & 60�. The
models with Mpm = Md � 0.05M� is always disfavored
regardless of the viewing angle.
The right panel of Figure 7 shows the same as the left

panel but for the models in which the contribution from
the fission fragments to the heating rate is omitted. The
z-band emission becomes fainter by ⇡ 1 and ⇡ 2 mag for
the polar and equatorial direction, respectively, than the
results shown in the left panel of Figure 7. The brightness
observed from the equatorial direction is a↵ected more
significantly than that observed from the polar direction
by omitting the fission fragments because it is dominated
by the emission from the dynamical ejecta in our models,
in which the fission fragments have a large impact on the
heating rate. Due to the fainter emission, the upper limit
to the ejecta mass is weaker for the models without the

5

Fig. 4.— The brightness of the z-band emission at t = 3.43 d as a function of the viewing angle, ✓obs, for several models with Md+Mpm =
0.06M�. The values in the legend denote (Md,Mpm) in the unit of M�. The left and right panels show the results that take into account
and omit the contribution from the fission fragments to the heating rate, respectively. We note that there is no viewing angle dependence
for the model only with the spherical post-merger ejecta.
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Fig. 5.— The brightness of the z-band emission at t = 3.43 d as a function of Mpm for the models with Md + Mpm = 0.06M�. The
left and right panels show the results that take into account and omit the contribution from the fission fragments to the heating rate,
respectively. The dashed line denotes the brightness for the model with Mpm = 0.06M� and Md = 0.00M�.

the fission fragments, and the model only with the post-
merger ejecta always gives the brightest lightcurve.
If ✓obs  45�, the model only with the post-merger

ejecta provides the conservative upper limit to the total
ejecta mass for the upper limit to the z-band emission
at 3.43 d. Figure 6 shows the brightness of the z-band
emission at t = 3.43 d as a function of ejecta mass for
the model only with the post-merger ejecta. For D �
267Mpc, only weak upper limits are obtained, and the
model with . 0.1M� is always consistent with the upper
limit to the emission. On the other hand, assuming an
optimistic distance of 215 Mpc, the upper limit to the
emission obtained by Andreoni et al. (2019) implies that
the total ejecta mass should be less than ⇡ 0.06M� and
⇡ 0.07M� for the models with and without the fission

fragments, respectively.
The constrains become much weaker if ✓obs & 60�, be-

cause the faintest emission for this case is realized in the
presence of a fraction of the dynamical ejecta; for the
case that the blocking e↵ect of the dynamical ejecta is
significant. For such a situation, the emission is sup-
pressed by 1–2 mag than the case with the same total
ejecta mass but only with the post-merger ejecta, and as
a consequence, the total ejecta mass as large as 0.1M� is
consistent with the observation even assuming D = 215
Mpc.

3.2. The upper limit to the dynamical ejecta mass

In this section, we focus on the upper limit to the dy-
namical ejecta mass. As shown in the previous subsec-

2

limits in the whole 90% credible sky region of the event
are obtained by their e↵orts.
The upper limit to the ejecta mass is discussed

in Gomez et al. (2019) and Andreoni et al. (2019) based
on the upper limits to the EM counterparts. By employ-
ing an 1d analytical model of Villar et al. (2017), Gomez
et al. (2019) explore the ranges of ejecta mass, veloc-
ity, and opacity in which the kilonova emission is consis-
tent with the upper limits obtained by their observation
(see Figure 4 in Gomez et al. (2019)). Andreoni et al.
(2019) employ an 1d kilonova model of Hotokezaka &
Nakar (2019) and a 2d kilonova model of Bulla (2019a);
Dhawan et al. (2020) and suggest that the total ejecta
mass should be less than 0.04M� for the face-on ob-
servation or less than 0.03M� for the ejecta opacity
. 2 cm2/g for D = 215Mpc. However, there are several
remarks for the kilonova models employed in the previ-
ous work. For the 1d models, simplified semi-analytical
models are employed for radiative transfer with a con-
stant gray opacity, and the e↵ect of multiple ejecta com-
ponents with non-spherical geometry is not considered.
For the 2d radiative transfer model, the ejecta model
with simplified geometry and heating rate are employed,
and the temperature and opacity evolution is given a
priori. The temperature and opacity evolution of the
ejecta as well as the radiative transfer e↵ect between the
multiple ejecta components with non-spherical geometry
are crucial for the quantitative prediction of the kilo-
nova lightcurves (Kawaguchi et al. 2018; Bulla 2019a;
Kawaguchi et al. 2019; Darbha & Kasen 2020). Thus,
while these previous models may give a semi-quantitative
idea for the constraint, an independent quantitative anal-
ysis deserves to be performed in a wider range of ejecta
parameter space.
In this paper we report our study for constraining

the ejecta mass of S190814bv by performing the ra-
diative transfer simulations for BH-NS kilonovae with
the detailed opacity and heating rate models. In this
study, kilonova lightcurves are calculated by employing
the ejecta model motivated by numerical-relativity sim-
ulations (e.g., Foucart et al. 2014; Kyutoku et al. 2015;
Foucart et al. 2015; Kyutoku et al. 2018; Foucart et al.
2019; Metzger & Fernández 2014; Wu et al. 2016; Siegel
& Metzger 2017, 2018; Fernández et al. 2019; Christie
et al. 2019; Fujibayashi et al. 2020) and by systematically
varying the mass of ejecta components. This paper is or-
ganized as follows: The setups for the radiative transfer
simulation and the ejecta model employed in this work
are described in Section 2. In Section 3, we show the up-
per limits to the ejecta mass of S190814bv. We compare
our results with the previous study by Andreoni et al.
(2019) in Section 4. Implications to the future observa-
tion are presented in Section 4. An idea to constrain the
NS mass-radius relation by joint analysis employing the
upper limit to the ejecta mass with the GW parameter
estimation is also discussed in Section 4. We summarize
this work in Section 5. Throughout the paper, magni-
tudes are given in the AB magnitude system.

2. METHOD

2.1. Radiative Transfer simulation

We calculate the light curves of kilonova models for
BH-NS mergers by a wavelength-dependent radiative
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Fig. 1.— Ejecta density profile employed in the radiative transfer

simulation. The density profile for Md = Mpm = 0.02M� is shown
as an example. The red and orange regions denote the dynamical
and post-merger ejecta, respectively. Homologous expansion of the
ejecta and axisymmetry around the rotational axis (z-axis) are
assumed in the simulation.

transfer simulation code (Tanaka & Hotokezaka 2013;
Tanaka et al. 2017, 2018; Kawaguchi et al. 2019). The
photon transfer is calculated by a Monte Carlo method
for given ejecta profiles of density, velocity, and element
abundance. The nuclear heating rates are determined by
employing the results of r-process nucleosynthesis cal-
culations by Wanajo et al. (2014). We also consider
the time-dependent thermalization e�ciency following
an analytic formula derived by Barnes et al. (2016). Ax-
isymmetry is imposed for the matter profile, such as the
density, temperature, and abundance distribution. The
ionization and excitation states are calculated under the
assumption of local thermodynamic equilibrium (LTE)
by using the Saha ionization and Boltzmann excitation
equations. Special-relativistic e↵ects on photon transfer
and light travel time e↵ects are fully taken into account.
For photon-matter interaction, we consider bound-

bound, bound-free, and free-free transitions and elec-
tron scattering for a transfer of optical and infrared pho-
tons (Tanaka & Hotokezaka 2013; Tanaka et al. 2017,
2018). The formalism of the expansion opacity (Eastman
& Pinto 1993; Kasen et al. 2006) and the updated line
list calculated in Tanaka et al. (2019) are employed for
the bound-bound transitions. The line list is constructed
by an atomic structure calculation for the elements from
Z = 26 to Z = 92, and supplemented by Kurucz’s line
list for Z < 26 (Kurucz & Bell 1995), where Z is the
atomic number. In particular, we restrict the line list for
the transitions of which ln(glfl) is larger than �2.5 to
reduce the computational cost, where gl and fl denote
the statistical weight and the oscillator strength of the
transition, respectively. By this prescription, the line list
includes ⇡ 7⇥106 lines. We find that the griz-band emis-
sion obtained by employing this restricted line list results
to be uniformly brighter by ⇡ 0.2mag than those em-
ploying the line list with ln(glfl) > �3. While we should
note that uncertainties in the opacity table, heating rate,
and the ejecta profile could be larger than this prescrip-
tion, the brightness of the model lightcurves shown in
this paper is reduced by 0.2mag to correct this e↵ect.

2.2. Ejecta profile

✓obs
<latexit sha1_base64="f4rDWM/fobDpR3AYHgYLAugkTlQ="></latexit>

The upper limit z=22.3 @ t=3.43 d gives the 
strongest constraint on the lightcurve 

(Andreoni et al. 2019 ) 

Only	with	post	merger	ejecta

Ref)	Kawaguchi	et	al.	(2020)

Mtot . 0.1 (0.07)M�
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Fig. 9.— Upper limit to the dynamical ejecta mass, Md, as a function of viewing angle, ✓obs, consistent with the upper limits. The top
and bottom panels denote the results for the upper limits to the z-band emission at 3.43 d obtained by DECam (Andreoni et al. 2019) and
the K-band emission at t = 10.5 d obtained by VISTA (Ackley et al. 2020), respectively. The left and right panels show the results that
take into account and omit the contribution from the fission fragments to the heating rate, respectively. The dashed, solid, and dash-dotted
curves denote the upper limits to the dynamical ejecta mass obtained assuming D = 319 Mpc, 267 Mpc, and 215 Mpc, respectively.

models employed.
Finally, we compare our results with those of Ack-

ley et al. (2020) obtained by employing the 2d kilonova
model of Barbieri et al. (2019). Barbieri et al. (2019) con-
sider the model with multiple ejecta components com-
posed of the dynamical ejecta with non-spherical geom-
etry and the post-merger ejecta with a spherical and
equatorial-dominated density profile (/ sin2✓). The
opacity of each ejecta component is given by a constant
value under the gray approximation, while 15 cm2/g and
5 cm2/g are employed for the dynamical and post-merger
components, respectively. Then the luminosity is calcu-
lated by determining the ejecta region from which pho-
tons can di↵use out, which is the extension of the meth-
ods introduced by Piran et al. (2013) and Kawaguchi
et al. (2016). The dynamical and post-merger ejecta are

discretized in the radial and latitudinal cells, respectively,
so that the viewing angle dependence of the lightcurves
can be taken into account. The spectra are calculated by
integrating the photon contribution from each discretized
cell of ejecta in which blackbody emission is assumed.
✓obs = 30� is assumed in their analysis.

Ackley et al. (2020) conclude that Md � 0.1M� is ex-
cluded with high confidence, which is consistent with our
results of ✓obs  45�. They also show thatMd � 0.01M�
and Mpm � 0.1M� are disfavored at approximately 1�
confidence. Although their results are broadly consistent
with ours, they give a slightly tighter constraints to the
ejecta mass. We suspect that a relatively small value of
opacity (5 cm2/g) employed for the post-merger ejecta is
responsible for this di↵erence (see Appendix B). This
indicates that employing a realistic setup for the ejecta

Constraint	on	the	dynamical	ejecta	mass

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)			
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limits in the whole 90% credible sky region of the event
are obtained by their e↵orts.
The upper limit to the ejecta mass is discussed

in Gomez et al. (2019) and Andreoni et al. (2019) based
on the upper limits to the EM counterparts. By employ-
ing an 1d analytical model of Villar et al. (2017), Gomez
et al. (2019) explore the ranges of ejecta mass, veloc-
ity, and opacity in which the kilonova emission is consis-
tent with the upper limits obtained by their observation
(see Figure 4 in Gomez et al. (2019)). Andreoni et al.
(2019) employ an 1d kilonova model of Hotokezaka &
Nakar (2019) and a 2d kilonova model of Bulla (2019a);
Dhawan et al. (2020) and suggest that the total ejecta
mass should be less than 0.04M� for the face-on ob-
servation or less than 0.03M� for the ejecta opacity
. 2 cm2/g for D = 215Mpc. However, there are several
remarks for the kilonova models employed in the previ-
ous work. For the 1d models, simplified semi-analytical
models are employed for radiative transfer with a con-
stant gray opacity, and the e↵ect of multiple ejecta com-
ponents with non-spherical geometry is not considered.
For the 2d radiative transfer model, the ejecta model
with simplified geometry and heating rate are employed,
and the temperature and opacity evolution is given a
priori. The temperature and opacity evolution of the
ejecta as well as the radiative transfer e↵ect between the
multiple ejecta components with non-spherical geometry
are crucial for the quantitative prediction of the kilo-
nova lightcurves (Kawaguchi et al. 2018; Bulla 2019a;
Kawaguchi et al. 2019; Darbha & Kasen 2020). Thus,
while these previous models may give a semi-quantitative
idea for the constraint, an independent quantitative anal-
ysis deserves to be performed in a wider range of ejecta
parameter space.
In this paper we report our study for constraining

the ejecta mass of S190814bv by performing the ra-
diative transfer simulations for BH-NS kilonovae with
the detailed opacity and heating rate models. In this
study, kilonova lightcurves are calculated by employing
the ejecta model motivated by numerical-relativity sim-
ulations (e.g., Foucart et al. 2014; Kyutoku et al. 2015;
Foucart et al. 2015; Kyutoku et al. 2018; Foucart et al.
2019; Metzger & Fernández 2014; Wu et al. 2016; Siegel
& Metzger 2017, 2018; Fernández et al. 2019; Christie
et al. 2019; Fujibayashi et al. 2020) and by systematically
varying the mass of ejecta components. This paper is or-
ganized as follows: The setups for the radiative transfer
simulation and the ejecta model employed in this work
are described in Section 2. In Section 3, we show the up-
per limits to the ejecta mass of S190814bv. We compare
our results with the previous study by Andreoni et al.
(2019) in Section 4. Implications to the future observa-
tion are presented in Section 4. An idea to constrain the
NS mass-radius relation by joint analysis employing the
upper limit to the ejecta mass with the GW parameter
estimation is also discussed in Section 4. We summarize
this work in Section 5. Throughout the paper, magni-
tudes are given in the AB magnitude system.

2. METHOD

2.1. Radiative Transfer simulation

We calculate the light curves of kilonova models for
BH-NS mergers by a wavelength-dependent radiative
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Fig. 1.— Ejecta density profile employed in the radiative transfer
simulation. The density profile for Md = Mpm = 0.02M� is shown
as an example. The red and orange regions denote the dynamical
and post-merger ejecta, respectively. Homologous expansion of the
ejecta and axisymmetry around the rotational axis (z-axis) are
assumed in the simulation.

transfer simulation code (Tanaka & Hotokezaka 2013;
Tanaka et al. 2017, 2018; Kawaguchi et al. 2019). The
photon transfer is calculated by a Monte Carlo method
for given ejecta profiles of density, velocity, and element
abundance. The nuclear heating rates are determined by
employing the results of r-process nucleosynthesis cal-
culations by Wanajo et al. (2014). We also consider
the time-dependent thermalization e�ciency following
an analytic formula derived by Barnes et al. (2016). Ax-
isymmetry is imposed for the matter profile, such as the
density, temperature, and abundance distribution. The
ionization and excitation states are calculated under the
assumption of local thermodynamic equilibrium (LTE)
by using the Saha ionization and Boltzmann excitation
equations. Special-relativistic e↵ects on photon transfer
and light travel time e↵ects are fully taken into account.
For photon-matter interaction, we consider bound-

bound, bound-free, and free-free transitions and elec-
tron scattering for a transfer of optical and infrared pho-
tons (Tanaka & Hotokezaka 2013; Tanaka et al. 2017,
2018). The formalism of the expansion opacity (Eastman
& Pinto 1993; Kasen et al. 2006) and the updated line
list calculated in Tanaka et al. (2019) are employed for
the bound-bound transitions. The line list is constructed
by an atomic structure calculation for the elements from
Z = 26 to Z = 92, and supplemented by Kurucz’s line
list for Z < 26 (Kurucz & Bell 1995), where Z is the
atomic number. In particular, we restrict the line list for
the transitions of which ln(glfl) is larger than �2.5 to
reduce the computational cost, where gl and fl denote
the statistical weight and the oscillator strength of the
transition, respectively. By this prescription, the line list
includes ⇡ 7⇥106 lines. We find that the griz-band emis-
sion obtained by employing this restricted line list results
to be uniformly brighter by ⇡ 0.2mag than those em-
ploying the line list with ln(glfl) > �3. While we should
note that uncertainties in the opacity table, heating rate,
and the ejecta profile could be larger than this prescrip-
tion, the brightness of the model lightcurves shown in
this paper is reduced by 0.2mag to correct this e↵ect.

2.2. Ejecta profile

✓obs
<latexit sha1_base64="f4rDWM/fobDpR3AYHgYLAugkTlQ="></latexit>

Ref)	Kawaguchi	et	al.	(2020)
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Fig. 7.— The brightness of the z-band emission at t = 3.43 d as a function of viewing angle, ✓obs. The left panel shows the lightcurves for
the models with (Md,Mpm) = (0.02M�, 0.02M�) (blue solid), (0.03M�, 0.03M�) (green dashed), (0.04M�, 0.04M�) (purple dotted),
and (0.05M�, 0.05M�) (orange dotted). The right panel is the same as the left panel but for the models in which the contribution from
the fission fragments to the heating rate is omitted. The curves plotted at the center of shaded regions denote the brightness for D = 267
Mpc, while the curves plotted at the lower and upper edges denote the brightness assuming D = 267 ± 52 Mpc, respectively (The LIGO
Scientific Collaboration and the Virgo Collaboration 2019). The black horizontal lines in the left and right plots show the upper limits to
the z-band emission at 3.43 d for S190814bv obtained by DECam (Andreoni et al. 2019).

Fig. 8.— The same as Figure 7 but for the brightness of the K-band emission at t = 10.5 d with the upper limit obtained by VISTA (Ackley
et al. 2020).

of ✓obs, the upper limit to the ejecta mass becomes
tighter. For ✓obs  20�, the model with (Md,Mpm) =
(0.02M�, 0.02M�) is disfavored or only marginally con-
sistent with the upper limit to the z-band emission at
3.43 d. On the other hand, the models with Mpm =
Md  0.04M� cannot be ruled out if ✓obs & 60�. The
models with Mpm = Md � 0.05M� is always disfavored
regardless of the viewing angle.

The right panel of Figure 7 shows the same as the left
panel but for the models in which the contribution from
the fission fragments to the heating rate is omitted. The
z-band emission becomes fainter by ⇡ 1 and ⇡ 2 mag for
the polar and equatorial direction, respectively, than the
results shown in the left panel of Figure 7. The brightness
observed from the equatorial direction is a↵ected more
significantly than that observed from the polar direction
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Fig. 11.— The allowed region of the NS mass and radius for Md  0.03M� with Mc = 2.5M� and 3.0M�. Each white curve with
the e↵ective spin value denotes the NS mass and radius for which Md = 0.03M� is predicted by the fitting formula (Kawaguchi et al.
2016; Coughlin et al. 2017) using the corresponding value of the e↵ective spin. The NS mass and radius are allowed only in the left side
of the curve for a given upper limit to the e↵ective spin. We note that the boundaries of the deeper-color regions are determined by
Md ��Md = 0.03M� to take the estimated error of the fitting formula, �Md, into account (see Kawaguchi et al. (2016) for the detail).

Fig. 12.— The same as Figure 11 but for Md  0.01M�.

4/8-m class telescopes are crucial (Nissanke et al. 2013).
We showed that the constraint on the dynamical ejecta

mass can be used to constrain the mass-radius relation of
a NS by combining the binary parameter inferred by the
GW data analysis, such as the chirp mass and e↵ective
spin. We showed that a BH-NS event with the chirp
mass smaller than . 3M� and e↵ective spin larger than
& 0.5 can provide interesting indication to the NS mass-
radius relation by this analysis if the dynamical ejecta
mass . 0.03M� is obtained.

We thank Mattia Bulla for a valuable discussion and
the cross-comparison of the radiative transfer simulation
codes. Numerical computation was performed on Cray
XC40 at Yukawa Institute for Theoretical Physics, Kyoto
University and Sakura cluster at Max Planck Institute
for Gravitational Physics (Albert Einstein Institute).
This work was supported by Grant-in-Aid for Scien-
tific Research (JP16H02183, JP16H06342, JP17H01131,
JP15K05077, JP17K05447, JP17H06361, JP15H02075,
JP17H06363, 18H05859) of JSPS and by a post-K com-
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spin. We showed that a BH-NS event with the chirp
mass smaller than . 3M� and e↵ective spin larger than
& 0.5 can provide interesting indication to the NS mass-
radius relation by this analysis if the dynamical ejecta
mass . 0.03M� is obtained.

We thank Mattia Bulla for a valuable discussion and
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• A	strong	constraint	on	the	NS	mass-radius	relaPon	can	be	obtained	from	 
the	upper	limit	to	the	dynamical	ejecta	mass	(~0.03	Msun)	for	a	BH-NS	event	
with	the	chirp	mass	smaller	than	︎	3	Msun	and	effecPve	spin	larger	than	︎	0.5

Mc =
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Fig. 2.— The griz-band light curves of a BH-NS kilonova model for Md = 0.02M� and Mpm = 0.02M�. The shaded regions denote the
uncertainty in the brightness due to the error bar of the luminosity distance (The LIGO Scientific Collaboration and the Virgo Collaboration
2019). The upper limits to the EM counterparts obtained by DECam (Andreoni et al. 2019), ZTF (Singer et al. 2019), Pan-STARRS, VST,
and VISTA (Ackley et al. 2020) covering 70–97% of the sky localization probability (The LIGO Scientific Collaboration and the Virgo
Collaboration 2019) are shown. The purple, light blue, blue, green, and red curves and points denote the lightcurves and upper limits for
the g, r, i, z, and K band filters, respectively.

Fig. 3.— The same as Figure 2 but for the model with Md = 0.02M� and Mpm = 0.04M�.

94% of the sky localization probability (The LIGO Sci-
entific Collaboration and the Virgo Collaboration 2019),
respectively. Indeed, we find that the other upper limits
are always satisfied as far as the kilonova model is consis-
tent with these upper limits. Thus, in the following, we
focus on these upper limits to constrain the ejecta mass.
Note that, to obtain conservative results, we adapt 10.5
d as the time of the upper limit to the K-band obtained
by VISTA (Ackley et al. 2020), since the K-band bright-
ness is decreasing in such phase for the kilonova models
studied in this work.

3.1. The upper limit to the total ejecta mass

In this subsection, we focus on the upper limit to the
total ejecta mass. To derive a conservative result, we
first explore how the faintest emission is obtained among
the fixed total ejecta mass models. Then, we argue the
upper limit to the total ejecta mass based on the models.
The brightness of the emission depends on the ratio be-

tween the dynamical and post-merger ejecta mass among
the fixed total ejecta mass models. As an illustration,
Figure 4 and Figure 5 show the brightness of the z-band
emission at t = 3.43 d as functions of ✓obs and Mpm for
the models with Md + Mpm = 0.06M�, respectively.
For ✓obs . 45�, we find that the z-band brightness at

t = 3.43 d for the models with the same total ejecta
mass increases approximately monotonically as the ratio
Md/Mpm increases, and the faintest emission is realized
for the model only with the post-merger ejecta if the fis-
sion fragment is taken into account. This is mostly due
to the fact that the specific deposition rate of thermal
photons, which is determined by the radioactive heating
rate and the thermalization e�ciency, is higher for the
dynamical ejecta than the post-merger ejecta. We note
that the di↵erence in the opacity is also responsible for
the di↵erence in the brightness. However, for ✓obs . 45�,
this e↵ect is minor.
In contrast, the dependence of the z-band brightness

at t = 3.43 d on the ratio Md/Mpm is more complicated
for ✓obs & 45�. The emission becomes faint as the ratio
Md/Mpm decreases for Md & 0.01M�, but the bright-
ness increases again for Md . 0.001M�. This is due to
the fact that, with the decrease of Md, the emission from
the dynamical ejecta becomes less significant and only its
own blocking e↵ect of photons plays a role (Kasen et al.
2015; Kawaguchi et al. 2018; Bulla 2019a; Kawaguchi
et al. 2019). For such a situation, the emission becomes
bright as the dynamical ejecta mass decreases.
Dependence of the emission on the ratio Md/Mpm is

di↵erent for the case in which the contribution from the

7

Fig. 7.— The brightness of the z-band emission at t = 3.43 d as a function of viewing angle, ✓obs. The left panel shows the lightcurves for
the models with (Md,Mpm) = (0.02M�, 0.02M�) (blue solid), (0.03M�, 0.03M�) (green dashed), (0.04M�, 0.04M�) (purple dotted),
and (0.05M�, 0.05M�) (orange dotted). The right panel is the same as the left panel but for the models in which the contribution from
the fission fragments to the heating rate is omitted. The curves plotted at the center of shaded regions denote the brightness for D = 267
Mpc, while the curves plotted at the lower and upper edges denote the brightness assuming D = 267 ± 52 Mpc, respectively (The LIGO
Scientific Collaboration and the Virgo Collaboration 2019). The black horizontal lines in the left and right plots show the upper limits to
the z-band emission at 3.43 d for S190814bv obtained by DECam (Andreoni et al. 2019).
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Fig. 8.— The same as Figure 7 but for the brightness of the K-band emission at t = 10.5 d with the upper limit obtained by VISTA (Ackley
et al. 2020).

of ✓obs, the upper limit to the ejecta mass becomes
tighter. For ✓obs  20�, the model with (Md,Mpm) =
(0.02M�, 0.02M�) is disfavored or only marginally con-
sistent with the upper limit to the z-band emission at
3.43 d. On the other hand, the models with Mpm =
Md  0.04M� cannot be ruled out if ✓obs & 60�. The
models with Mpm = Md � 0.05M� is always disfavored
regardless of the viewing angle.

The right panel of Figure 7 shows the same as the left
panel but for the models in which the contribution from
the fission fragments to the heating rate is omitted. The
z-band emission becomes fainter by ⇡ 1 and ⇡ 2 mag for
the polar and equatorial direction, respectively, than the
results shown in the left panel of Figure 7. The brightness
observed from the equatorial direction is a↵ected more
significantly than that observed from the polar direction

9

Fig. 9.— Upper limit to the dynamical ejecta mass, Md, as a function of viewing angle, ✓obs, consistent with the upper limits. The top
and bottom panels denote the results for the upper limits to the z-band emission at 3.43 d obtained by DECam (Andreoni et al. 2019) and
the K-band emission at t = 10.5 d obtained by VISTA (Ackley et al. 2020), respectively. The left and right panels show the results that
take into account and omit the contribution from the fission fragments to the heating rate, respectively. The dashed, solid, and dash-dotted
curves denote the upper limits to the dynamical ejecta mass obtained assuming D = 319 Mpc, 267 Mpc, and 215 Mpc, respectively.

models employed.
Finally, we compare our results with those of Ack-

ley et al. (2020) obtained by employing the 2d kilonova
model of Barbieri et al. (2019). Barbieri et al. (2019) con-
sider the model with multiple ejecta components com-
posed of the dynamical ejecta with non-spherical geom-
etry and the post-merger ejecta with a spherical and
equatorial-dominated density profile (/ sin2✓). The
opacity of each ejecta component is given by a constant
value under the gray approximation, while 15 cm2/g and
5 cm2/g are employed for the dynamical and post-merger
components, respectively. Then the luminosity is calcu-
lated by determining the ejecta region from which pho-
tons can di↵use out, which is the extension of the meth-
ods introduced by Piran et al. (2013) and Kawaguchi
et al. (2016). The dynamical and post-merger ejecta are

discretized in the radial and latitudinal cells, respectively,
so that the viewing angle dependence of the lightcurves
can be taken into account. The spectra are calculated by
integrating the photon contribution from each discretized
cell of ejecta in which blackbody emission is assumed.
✓obs = 30� is assumed in their analysis.

Ackley et al. (2020) conclude that Md � 0.1M� is ex-
cluded with high confidence, which is consistent with our
results of ✓obs  45�. They also show thatMd � 0.01M�
and Mpm � 0.1M� are disfavored at approximately 1�
confidence. Although their results are broadly consistent
with ours, they give a slightly tighter constraints to the
ejecta mass. We suspect that a relatively small value of
opacity (5 cm2/g) employed for the post-merger ejecta is
responsible for this di↵erence (see Appendix B). This
indicates that employing a realistic setup for the ejecta
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the K-band emission at t = 10.5 d obtained by VISTA (Ackley et al. 2020), respectively. The left and right panels show the results that
take into account and omit the contribution from the fission fragments to the heating rate, respectively. The dashed, solid, and dash-dotted
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Fig. 7.— The brightness of the z-band emission at t = 3.43 d as a function of viewing angle, ✓obs. The left panel shows the lightcurves for
the models with (Md,Mpm) = (0.02M�, 0.02M�) (blue solid), (0.03M�, 0.03M�) (green dashed), (0.04M�, 0.04M�) (purple dotted),
and (0.05M�, 0.05M�) (orange dotted). The right panel is the same as the left panel but for the models in which the contribution from
the fission fragments to the heating rate is omitted. The curves plotted at the center of shaded regions denote the brightness for D = 267
Mpc, while the curves plotted at the lower and upper edges denote the brightness assuming D = 267 ± 52 Mpc, respectively (The LIGO
Scientific Collaboration and the Virgo Collaboration 2019). The black horizontal lines in the left and right plots show the upper limits to
the z-band emission at 3.43 d for S190814bv obtained by DECam (Andreoni et al. 2019).

Fig. 8.— The same as Figure 7 but for the brightness of the K-band emission at t = 10.5 d with the upper limit obtained by VISTA (Ackley
et al. 2020).

of ✓obs, the upper limit to the ejecta mass becomes
tighter. For ✓obs  20�, the model with (Md,Mpm) =
(0.02M�, 0.02M�) is disfavored or only marginally con-
sistent with the upper limit to the z-band emission at
3.43 d. On the other hand, the models with Mpm =
Md  0.04M� cannot be ruled out if ✓obs & 60�. The
models with Mpm = Md � 0.05M� is always disfavored
regardless of the viewing angle.

The right panel of Figure 7 shows the same as the left
panel but for the models in which the contribution from
the fission fragments to the heating rate is omitted. The
z-band emission becomes fainter by ⇡ 1 and ⇡ 2 mag for
the polar and equatorial direction, respectively, than the
results shown in the left panel of Figure 7. The brightness
observed from the equatorial direction is a↵ected more
significantly than that observed from the polar direction

ENGRAVE collaboration: Optical/near-infrared constraints on a NS-BH merger

Fig. 1. Coverage maps from the wide-field surveys as listed in Table 1 with the probability contours of the initial skymap (BAYESTAR) and the
refined skymap LALInference.

Observations were made with VISTA under the VINROUGE
programme at three epochs, the first over several nights post-
merger (beginning at MJD 58711.17), the second around a week
later, and the final epoch roughly seven weeks post-merger
which was used as our primary reference template. We only ob-
served in the Ks band (2.15 µm), to optimise our search for a
red KN component. A large majority of the LALInference lo-
calisation area (referred to here as ‘VISTA-wide’) was covered
at all three epochs, as shown in Fig. 1. The single tile covering
the highest likelihood region was re-imaged six times to provide
deeper limits in that area (referred to as ‘VISTA-deep’). Full de-

tails of the area covered, timing and representative depth reached
are given in Table 1.

Initial processing of the data was performed using a
pipeline based on VISTA Data Flow System (VDFS; González-
Fernández et al. 2018) modified for on-the-fly processing. Sub-
sequently, the VINROUGE in-house pipeline for the Identi-
fication of GW Counterparts through NIR Image Subtraction
(IGNIS) was used to aid the search for transient sources.

Using object lists generated from the VDFS pipeline for both
the science and template images, positions were cross-checked
to create a list in which the majority of objects visible across
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Summary
• The	radia6ve	transfer	effect	between	the	mul6ple	ejecta	components	with	non-spherical	geometry 

are crucial for the quan8ta8ve predic8on of the kilonova lightcurves. 

• We perform radia8ve transfer simula8ons for kilonova lightcurves in	various	situa6ons employing ejecta 
profiles predicted by numerical-rela6vity	simula6ons.	 
We demonstrate that kilonova lightcurves could show large	diversity reflec8ng the variety in the binary 
parameters or the binary composi8on. 

• We show that we may be able to infer	the	type	of	the	central	engine	for	kilonovae by the 
observa8on of the peak in the mul8ple band lightcurves. 

• We applied our theore8cal predic8on of mass ejec8on and kilonova models to the upper limits obtained 
by the EM follow up for the recent GW events. 

• We show that	some	types	of	central	engine	can	be	ruled	out for GW190425  if	the	event	is	within	
the	area	of	observa6on. We also show that a successful detec8on of kilonova emission with the 
informa8on of viewing angle will enable us to constrain the types of mergers for GW190425-like 
events. 

• We constrain	the total	ejecta	mass	to be less than 0.1	Msun for	the	face-on	observa6on	at the 
distance of	267	Mpc for S190814bv.  

• We show that the dynamical ejecta mass for S190814bv should be less than  
0.02	Msun,	0.03	Msun,	and	0.05	Msun for the viewing angle	≤	20°,	≤	45°,	and	for	≤	90°,	respec8vely.



Current work

• Comprehensive modeling of KN 
lightcurve based on NR simula8ons 

• -> need to evolve the ejecta profile 
un8l the homologous expansion phase 

• GRHD code (fixed metric):  
 
Sedov-Taylor: OK 
BH-torus: OK

 BH torus 

Outflow test 



• The	emission	is	expected	to	be	bright	in	the	op6cal	and	infrared	wavelength.		

• The	mass,	velocity,	morphology,	and	the	composi6on(electron	frac6on)	of	the	ejecta	characterize	
the	lightcurve	of	the	kilonova/macronova.

Proper8es of kilonovae / macronovae

Meje :ejecta mass

veje :expanding velocity

 :opacity

Order	EsPmaPon

f : energy conversion rate
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