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Photon	absorption/emission 
(bound-bound)
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Photon	diffusion 
~0.1	days	—	~100	days


→	Kilonova
Radioactive	decay 
&	thermalization

R-process	nucleosynthesis 
~	1	s

Merger	/	Mass	ejection 
~	10ms	—	10	s

Gravitational	waves
Binary	merger

Kilonova:	Overview

Li & Paczynski 1998, and e.g., Kulkarni 2005, Metzger et al. 2010, Hotokezaka et al. 2014, Tanaka et al. 2013, 
2014, Kasen et al. 2013, 2015, Barnes et al. 2016, Wollaeger et al. 2018, Tanaka et al. 2018, Wu et al. 2019, 

Kawaguchi et al. 2018, Hotokezaka & Nakar 2019, Kawaguchi et al. 2019, Bulla 2019, Zhu et al. 2020, Darbha & 
Kasen 2020, Korobkin et al. 2020, Bulla et al. 2021, Zhu et al. 2021, Barnes et al. 2021, Nativi et al. 2020, 

Kawaguchi et al. 2021, Wu et al. 2021, Just et al. 2021b, Curtis et al. 2021, Wollaeger et al. 2021, Just et al. 
2022, Bulla et al. 2020, Hotokezaka et al. 2022, Pognan et al. 2021, 2022, Banerjee et al. 2022, Neuweiler et al. 

2022, Collins et al. 2022, Fontes  et al. 2022…



Keys for the realistic prediction of Kilonova

• Light	curve	/	spectra • Radiative	transfer	calculation

• Ejecta	mass,	velocity,	and	
thermodynamics	property

• Elemental/Isobaric	abundances	 
and	radioactive	heating	rate/ 
thermalization	efficiency

• Ejecta	/	abundance	profile	in	the	
homologously	expanding	phase	

• Opacity	table	/recombination/	
collision

• Numerical	relativity	simulation	
in	the	merger	 
and	post	merger	phase

• Nucleosynthesis	calculation/
thermalization	simulation

• Longterm	Hydrodynamics	
evolution	of	ejecta

• Atomic	structure	calculation/ 
experimental	data



the	Long-term	hydrodynamics	evolution	of	ejecta

expansion/	interaction	
between

Homologously	expanding	phase 
&	kilonova	(~>1000	s)

The	ejecta	profile	in	the	homologously	expanding	
phase	is	not	trivial	only	from 

	the	simulations	in	the	ejecta	formation	time	scale 
(see	also	Rosswog	et	al.	2014,	Grossman	et	al.	2014,	Fernandez	et	al.	2015,	2017,	
Foucart	et	al.	2021,	Wu	et	al.	2021,	Collins	et	al.	2022,	Neuweiler	et	al.	2022)

Dynamical	mass	ejection 
@merger

Post-merger	mass	ejection 
@after	merger

Ejecta	formation: 
t<~10	s ？



the long-term evolution of merger ejecta 
& 

the kilonova light curve

K.	Kawaguchi	et	al.	2021,	ApJ.,	913,	100

K.	Kawaguchi	et	al.	2022,	ApJ.,	933,	22



Model: BNS with a Long-lived remnant NS
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Mtot < Mth

prompt	collapse
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Mtot � Mth

M1/M2>>1

M1/M2~1

MNS	formation

delayed	collapse

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



Long-term

Hydrodynamics	simulation


~10000s

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

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

Fujibayashi	et	al.	2020

Ejecta	property

(density,	velocity,	pressure)
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• Relativistic	Eulerian	hydrodynamics	code	 
with	a	fixed	background	spacetime	metric 
(axis	&	equatorial	symmetry） 

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


• Set	outflow	data	obtained	 
by	Numerical	relativity	simulations	of	BNS	mergers	 
as	the	inner	boundary	condition	(r=8000km)	 
in	the	ejecta	hydrodynamics	simulation 
（dynamical+post	merger	ejecta)


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


• Radioactive	heating	is	incorporated	in 
each	fluid-element	referring	the	heating	rate	
obtained	by	the	pre-computed	nucleosynthesis	
calculation


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

axisymmetrize

3D 
~100ms

~10s



Result:	Hydrodynamical	simulation

• ~>1000	s	: 
homologously	expanding	phase

Meje = 0.096M�
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vave = 0.08 c

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

deviation	from	homologous	expansion

internal	energy	contribution 
(~sound	speed)

0.1day
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f =
1

c2

Z 300 d

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

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

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

2. ATOMIC STRUCTURE CALCULATIONS

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

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

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

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

2.1. HULLAC

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

[

cα · p+ (β − 1)c2 + U(r)
]

ϕnljm = εnljϕnljm, (1)

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

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

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

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

Wanajo	et	al.	2014,	Tanaka	el	al.	2020
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Setup:Radiative	transfer	simulation
• Multi-wavelength	Monte-Carlo	Radiative	transfer	code 

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


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


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


• homologous	expansion	can	be	safely	assumed

• the (thermal) energy deposition rate and element 

abundance in each fluid element are determined  

from the	result	of	nucleosynthesis	calculation


• an analytical thermalization efficiency model of Barnes 
et al. 2016 is applied to the (thermal) energy deposition 
rate


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


• (up to the 3rd ionization states)


• Excitation & ionization state populations are determined 
from Saha’s equation assuming  

the	local-thermodynamical	equilibrium	(LTE)

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

(⇢, T )
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Xion(⇢, T )
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Lorentz	transformation

comoving	frame

Lab.	frame

	(Homologous	expansion)

photon	absorption/
emission,	scattering

update	temperature, 
opacity,	ionization	

levels

photon	propagation



Result:Radiative	transfer	
simulation

f =
1

c2

Z 300 d

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

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

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

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

• The blue (optical) emission is enhanced for a model in 
which the outflow in θ<30° is suspended after t~200ms 

• may suggest that the remnant in GW170817  
is unlikely to be a long-lived NS, but might have 
collapsed to a black hole in a short time scale (~100ms) 

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

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

6 L. Nativi et al.

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

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

MNRAS 000, 1–13 (2020)

ref)	Nativi	et	al.	2020

a	model	in	which	the	outflow	 
in	θ<30°	is	suspended	after	t~200ms -19
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possible non-LTE effect

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

KK	et	al.	2021,	2022	

8 K. Hotokezaka et al.

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

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

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

!4f45d, 4f35d6s!4f46s,

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

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

MNRAS 000, 1–15 (2020)

Nd	case:

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

prompt	collapse
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Mtot � Mth

M1/M2>>1

M1/M2~1

MNS	formation

delayed	collapse



Long-lived strongly magnetized remnant MNS

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

2.2. Magnetized, Neutrino-heated Wind

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

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

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

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

open
1r �˙ can be

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

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

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

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

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

10
rem_ _ ( ) cm, substantially larger

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

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

4

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

e.g. Metzger & Bower 2014, Horesh et al. 2016 
Shibata et al. 2017, Metzger et al. 2018, Beniamini & Lu 2021
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Erot ⇠ 1052 ergRotational kinetic energy of MNS:

Metzger et al. 2018



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

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

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

pation timescale (for S⌦ = 0) given by

⌧dis ⇡

(kc)2

4⇡�c

� ↵dkc

��1

⇡ 0.1�20↵
�1

d,�4

⇣
0.75��1

20
↵
�1

d,�4
�
�1

c,8 � 1
⌘�1

s, (4.2)

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

~100ms

3D	GRRHD	BNS	merger	simulation

	Long-term	GR-R-MHD	simulation	(~3	s) 
with	mean-field	dynamo	terms

GR-HD	simulation	for	the	longterm	
ejecta	evolution		(~0.1	d)

Axisymmetrize	

Extract	ejecta	component

EM	counterpart	 
prediction

Shibata	et	al.	2021,	KK	et	al.	2022
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Ejecta profile
Model	:	1.35	Msun	+	1.35	Msun	(	DD2	EOS	)

Density profile @ t = 0.1 d

Significant MHD (dynamo) effect

MNS75aMNS70aα=0.04 (viscous)

Electron fraction profile @ t = 0.1 d

MNS80
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Ye =
[e]

[p] + [n]

Shibata	et	al.	2021,	KK	et	al.	2022



Kilonova emission
Kilonova Lightcurves 

(data: GW170817/AT2017gfo)
Density profile @ t = 0.1 d

MNS75a

MNS70a

α=0.04 
(viscous)

Significant M
H
D (dynam

o) effect

KK	et	al.	2022	

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

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

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

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

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



Synchrotron emission from  
the ISM-ejecta interaction 
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(see	also	Hotokezaka	&	Piran	et	al.	2015)

70a,b	<	75a,b	<	80

Significant	MHD	(dynamo)	effect

Surface density for radio trangent >170 uJy :   
< 0.013 deg-2. (Dobie et al. 2022) 

→80 like BNS fraction  ~< 30 % (for log n=-3, RBNS~300 Gpc-3 yr-1)
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Ongoing work
Mass ejeciton and nucleosynthesis in NS-NS mergers leaving hypermassive NSs 13
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Figure 6. Total isobaric abundances for all the models,
which are normalized by that of 153Eu. The solar r-residuals
are adopted from Prantzos et al. (2020).

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

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

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

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

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

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

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

Black-hole neutron-star merger

Study for a BNS with a short-lived remnant NS

Preliminary

Fujibayashi	et	al.	2022	

MNS	formation

delayed	collapse

Hayashi	et	al.	2022	
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FIG. 1. The snapshot for the rest-mass density ⇢ (g/cm3), magnetic-field strength b =
p

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

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

p
x2 + y2. The average is performed

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

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

From Fig. 2, we find the so-called butterfly structure [88]
irrespective of the grid resolution: The polarity of the
toroidal magnetic field is reversed due to the turbulent
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a	long-term	3D	hydrodynamics	simultion	of	ejecta	evolution



Summary
• Great progress has been made for the realistic prediction of EM 
counterparts of BNS mergers particularly since the first detection 

• We have developed a framework to predict the light curves of  
the EM counterparts consistently from the merger simulation, 
incorporating the longterm hydrodynamics evolution of ejecta 

• Employing the ejecta profile in the homologously expanding phase 
has a great impact on predicting the kilonova light curves even 
qualitatively 

• Not only lanthanides but also the 1st-peak r-process elements  
can play an important role for opacity 

• More other possibly missing parts to fully interpret the observation data  

• non-LTE effect, Jet-ejecta interaction …



• The 2nd order accuracy in time and space is achieved in our code (in the limit of infinite packet numbers)

Thermalization test Radiation mediated shock

Development of a Monte-Carlo based 
Radiative hydrodynamics code with a higher-order integration scheme

KK	et	al.	arXiv:2209.12472

Conversion test

Radiation energy densityRest-mass density

Now	implementing	realistic	microphysics…



Thank	you	for	listening!



Appendix



• A	neutron	star	(NS)	binary	merger: 
one	of	the	main	target	for	ground-
based	gravitational	wave	detectors	
(LIGO,	Virgo,	KAGRA)


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


• Merger	Precursor

• short-hard	gamma-ray-burst

• Afterglow

• cocoon	emission

• kilonovae/macronovae

• radio	flare,	etc.


• Host	galaxy	identification,	remnant	
properties,	environment	

Ref:	B.	Metzger	and	E.	Berger	2012

Electromagnetic Counterparts 
of Neutron star binary mergers



Kilonova emission
Kilonova Lightcurves 

(polar view. data: AT2017gfo) Density profile @ t = 0.1 d
MNS80KK	et	al.	2022	

Radiative	transfer	simulation	code	 
&	opacity	data:	 

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

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

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

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

from the polar direction (0�  ✓  20�), reflecting the
similar ejecta profile. As we described already, the dif-
ference in the polar light curves is primarily due to the
di↵erent density structure and the di↵erent fractions of
the 1st r-process peak elements in the polar region. The
similarity in the light curves for the low-�c MHD mod-
els and the viscous model implies that the results of vis-
cous hydrodynamics simulations can provide a good phe-
nomenological model for the first-principle MHD model,
in the case that the intrinsic MHD e↵ects such as the
magneto-centrifugal e↵ect (Blandford & Payne 1982) are
not very strong.
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As found in Figure 8, the viewing angle dependence of
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for the other models, reflecting the approximately spher-
ical ejecta profile and the confinement of the lanthanide-
rich dynamical ejecta component in the equatorial re-
gion. This feature is advantageous for the observation
of the kilonovae from the o↵-axis directions.

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

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

�
1
]

2.5 days

-3
3 3.5 days

4000 5500 7500 10500 14500 20000

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

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

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

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

decades later30. However, no spectroscopic confirmation of the com-
position of neutron stars has ever been made. The identification here of
an element that could only have been synthesised so quickly under an
extreme neutron flux, provides the first direct spectroscopic evidence
that neutron stars comprise neutron-rich matter.
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Figure 5 | A unified kilonova model explaining the optical/infrared counterpart of 

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

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

, vk = 0.3c 

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

, 

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

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

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

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

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

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

AT 2017gfo. 
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Neutrino-matter interaction
• Neutrino-matter interaction plays  
an important role in the merger/post-merger  
phase of a BNS merger: 

• Determines the thermodynamical property  
of the remnant NS and disk 

• Determines nucleosynthesis in the outflow 

• Possible mechanism for launching  
a relativistic outflow / jet (pair-annihilation) 

• The moment formalism M1(M0) method is  
often used for the latest merger simulations to  
take the effect of neutrino transport into account 
(K. Thorne 1981, M. Shibata et al. 2011, Y. Sekiguchi et al. 2015, 2016 
, F. Foucart et al. 2015, D. Radice et al. 2016,  
see also McKinney et al. 2014, Sadowski et al. 2014, Takahashi et al. 2016  
for GR-RMHD)

The mass-distribution histograms also shift towards the
higher Ye side due to the neutrino heating. However, the
distributions still show a broad feature even without
the neutrino heating. This suggests that the positron capture
resulting from the strong shock heating due to general
relativistic gravity is primarily responsible for making the
Ye distribution broad for DD2 and SFHo. For much stiffer
EOS like TM1, the neutrino heating would play a relatively
major role. Although our treatment for the neutrino transfer
is an approximate one, our results indicate that the neutrino
heating plays an important role in determining the chemical
properties of the ejecta.

IV. SUMMARY AND DISCUSSION

We have reported the first numerical results of radiation-
hydrodynamics simulations in general relativity focusing on
the properties of the dynamical ejecta of the equal-mass BNS
merger with typical mass of each neutron star (1.35M⊙).
Three modern finite-temperature EOS are employed to
clarify the dependence of the ejecta properties on the
EOS. We found that the total mass of the ejecta is larger
for softer EOS (giving smaller-radius neutron stars), and it
exceeds 0.01M⊙ only for the case that R1.35 ≲ 12 km, as
indicated in [14]. As shown in [10,12], the electromagnetic
luminosity of the ejecta by the radioactive decay of the
r-process elements would depend sensitively on the ejecta
mass, and hence, the predicted range of the luminosity spans
in a wide range due to the uncertainty of the nuclear-
matter EOS.
We also found that the averaged value of Ye of the ejecta

is higher for softer EOS like SFHo in which R1.35 is smaller,
reflecting the fact that the shock heating is more efficient.

For all of the models, the value of Ye for the ejecta has a
broad distribution between ∼0.1 and 0.45, in contrast with
the previous studies [15,16]. Here, both the strong shock
associated with general relativistic gravity and the weak
interactions play crucial roles for this. Such a broad
distribution may be well suited for producing the universal
[7] solar-abundance pattern of r-process elements as
illustrated in [17].
For the EOS but for SFHo, the dynamical ejecta mass is

of order 10−3M⊙. In this case, a rather higher merger rate
of≳10−4 yr−1 than the present estimates of the galactic rate
(a few 10−5 yr−1) [35] is necessary to explain the amount of
heavy r-process elements [36,37], if the dynamical ejecta
from binary neutron-star mergers are responsible for their
production. In regards to this point, SFHo is an attractive
EOS. We will study consequences of our results on the
synthesis of heavy elements in the forthcoming paper. If
EOS are not very soft like SFHo, some other contributions,
such as mergers of black-hole–neutron-star binaries [38],
disk winds from accretion torus around a merger remnant
black hole [34,39], and magnetorotational supernova
explosions [40] may be necessary. In such cases, however,
it is not clear whether the universality requirement can be
achieved or not.
In this work, we focused only on the equal-mass binary

case and did not explore the dependence of the results on the
binary parameters such as the total mass and the mass ratio.
As reported in [14], the relative importance of the tidal
interactions and the shock heating in the dynamical mass
ejection depends on the binary parameters. It is interesting to
explore the dependence of the results on binary parameters
for SFHo and the resulting abundance profile in the future
work, because the observed abundance patterns of the metal-
poor, r-rich stars show some diversity in the lower mass-
number region [7]. Also, we did not continue our simulations
beyond 30–40 ms after the onset of merger. For the longer
time scales, magnetohydrodynamic processes [41], viscous
heating, and nuclear recombination [42] could be important.
Self-consistent studies of these effects in the BNS merger
also have to be done in the future.
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For TM1, the results are basically similar to those for
DD2 except for the fact that the tidally ejected component
is more dominant and the eþ capture is less efficient. Also,
the neutrino-driven wind appears to play a major role for
the mass ejection (see the curve for t − tM−6 > 5 ms of
Fig. 1) because the total ejecta mass for this EOS is rather
small. Here, note that it is not easy to exclude the effect of

artificial atmosphere in grid-based simulations, in particular
when the ejecta mass is low (≲10−3M⊙) as in the case of
TM1. The contamination in mass would be ∼10−4M⊙
when the ejecta expand to ∼2000 km in our setting of the
atmosphere with density ∼103 g=cm3, while it would be of
order of percent if the ejecta are as massive as ∼10−2M⊙.
The contamination in Ye would be at a similar level. For
this reason, in the following, we basically consider DD2 as
a representative of a stiff (or moderately stiff) EOS.
For SFHo, shock waves are formed several times during

the merger phase as the MNS oscillates with a high
amplitude, and, hence, a certain fraction of matter origi-
nally ejected by the tidal interaction is subsequently heated
up by shocks (s increases), resulting in the increase of the
values of Ye via weak interactions. On the other hand, other
parts less influenced by the shock heating preserve the
neutron-rich nature of the original neutron stars. As a result
of these two facts, the ejecta can have higher values of s and
Ye than for DD2 and TM1 even in the orbital plane with
an appreciably inhomogeneous distribution of Ye (see the
middle panel of Fig. 2). Because a BH is formed at ∼10 ms
after the onset of merger for SFHo, the strong neutrino
emission region is swallowed into the BH and neutrino
luminosity decreases to≲1053 ergs=s. Hence, there is a less
clear neutrino-driven ejecta component for this EOS (see
the bottom panel of Fig. 3).
The upper panel of Fig. 4 shows the time evolution of

averaged values of Ye (hYei) from which the effect on Ye of

FIG. 2 (color online). Contours of the electron fraction, Ye (left half), and the entropy per baryon, s (right half), in x-y (lower) and x-z
(upper) planes. Left panel: for DD2 at 8.5 ms after the merger. Middle panel: for SFHo at 5.0 ms after the merger. Right panel: for SFHo
at 15.0 ms after the merger.
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which includes both the ejecta that already escaped from and
still stays inside the sphere of r=resc. In order to derive the
electron fraction of the different ejecta components, we also
define the flux-weighted average electron fraction of the
material passing through the sphere at a given time by
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3.3.2. Contribution of Different Ejecta Components

In Figure 5, the ejecta mass (top left), mass-ejection rate
(bottom left), ejecta velocity (top right), and average electron
fraction (bottom left) for models DD2-135M, DD2-135M-irr,
and DD2-135M-v0 are compared to explore the contribution of
the effects of neutrino irradiation and viscosity. Here, we focus

on the models of the remnant of the merger with a large
total gravitational mass of 2.7Me. The following discussion
is also provided for models DD2-125M and SFHo-125M.
At the very beginning of the simulation, unbound material of
Mej,tot≈0.004Me was present, reflecting the merger process
for this model. This amount is somewhat larger than that shown
in Table 2 because of the difference in the definition of ejecta
(see Sections 2.3 and 2.5). For the inviscid model DD2-135M-
v0, Mej,tot peaks at t∼0.1 s and then decreases, indicating that
part of the ejecta was not actually the ejecta component, and it
falls back to the central region. Its saturated value for t1 s,
≈0.003Me, is the actual mass of the ejecta. With the viscosity,
on the other hand, a larger amount of material is ejected as
described below.
For model DD2-135M, it is found that Mej,tot increases at

three different times, t∼0.01, ∼0.1, and ∼1 s (see the top
right panel of Figure 5). The first increase of Mej,tot at
t∼0.01 s is also found for model DD2-135M-irr but absent for
model DD2-135M-v0, and therefore, this increase is due to the
viscous effect. This is the contribution of the early viscosity-
driven ejecta. By comparing models DD2-135M and DD2-
135M-v0, the contribution of this component for our choice of
the viscous parameter (αvis=0.04) is found to be ∼0.01Me.
The second increase at t∼0.1 s is absent for model DD2-
135M-irr, and hence, we confirm that this ejecta is driven by
neutrino irradiation. By comparing models DD2-135M and
DD2-135M-irr, the contribution of this neutrino-driven comp-
onent is found to be ∼0.01Me. The contribution of neutrino
irradiation is fairly large compared to DD2-135M-v0 because
of the large neutrino luminosity of the remnant due to the
viscous heating (see Figure 3). The third one at t∼1 s, which

Figure 5. Ejecta masses (Mej,tot and Mej,esc; top left), ejecta velocities (Vej; top right), mass-ejection rates (dMej,esc/dt; bottom left), and average electron fraction (Ye,ej;
bottom right) for models DD2-125M, DD2-135M-irr, and DD2-135M-v0. In the top-left panel, the solid and dashed curves show Mej,tot and Mej,esc, respectively.
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neutrino cooling. When the neutrino cooling rate becomes
lower than the viscous heating rate, the disk material begins to
be ejected because most of the viscous heating is used for the
disk expansion. This late-time viscosity-driven ejecta consists
mainly of the material with Ye=0.3–0.35 and s/kB≈10
(panels for t>0 s of Figure 1; see also Section 3.3.3). The
dynamics of the system among the explored models is quite
similar to each other, although the properties of the ejecta
depend quantitatively on the EOS, mass of the massive NS, and
the magnitude of αvis.

3.2. Remnant Massive NS and Disk

3.2.1. Radius of the NS Surface

In this section, we present the time evolution of quantities
related to the massive NS and the disk surrounding it for each
model. First, we describe how we distinguish the disk from the
outer part of the massive NS.

It is not trivial to define the boundary that divides these two
components, because the material of the massive NS is
continuously connected to the disk (i.e., the density varies
continuously). We use the angular velocity profile to define the
NS and disk components, respectively. The top panel of
Figure 2 shows the angular velocity profile along the equatorial
plane at selected time slices for DD2-125M. At t=0, the
system including the high-density region of the remnant
(x15 km) is entirely in a differentially rotating state. The
angular velocity is small in the central region, peaks at ≈10 km,
and then decreases with the radius. This is the typical rotational

profile of a merger remnant (e.g., Shibata et al. 2005). Within a
few milliseconds after the simulation begins, the rotational
profile of this region changes to become rigid due to a viscous
angular momentum transport process, the timescale of which is
estimated by Equation (16). This is clearly illustrated in the
middle panel of Figure 2, which shows the logarithmic
derivative of the angular velocity with respect to the cylindrical
radius, i.e., 8d d xln ln . For t>0.01 s, the innermost region
(withx15 km) settles into a rigidly rotating state, i.e.,

8 xd d xln ln 0. On the other hand, in the outer region with
x15 km, its value gradually approaches the Keplerian value
of −1.5, which is the expected feature of the disk. We define
the NS radius, RNS, as the innermost cylindrical radius that
satisfies 8 � �d d xln ln 0.1 on the equatorial plane.
Although the value is defined along the equatorial direction,
we employ this in all polar angle directions to define the NS
region (i.e., the NS region is assumed to be spherical).
We note that defining the NS surface in terms of density is

nontrivial particularly in an early stage of the evolution
(t0.3 s), wherein the density gradient at the NS surface is
not sufficiently large. However, for t0.3 s, the density can
also be used to separate the two regions because the density gap
between those regions becomes very large.
The bottom panel of Figure 2 shows the angular velocity

evolution for model DD2-135M-v14, in which the viscosity is
switched off for the region with the rest-mass density above
1014 g cm−3 to clarify that the inner region of the NS does not
have a significant impact on the early viscosity-driven ejecta
(for this model, 8d dxln is positive or close to zero inside the

Figure 1. Snapshots for model DD2-125M at t=0, 1, 2, and 4 s. Each panel with the color bars displays the profiles of the rest-mass density (top left), temperature
(top right), entropy (bottom left), and electron fraction (bottom right).
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Limitation of M1 method 
(truncated-moment formalism) 

and lose their directivity. Such an unphysical collision works to
prevent the radiation from being transferred to the central
region. As a result, the radiation energy density around the
origin becomes much smaller, R tt∼3×10−7, (see dark blue
region in panel (b) of Figure 4). Also, our method guarantees
cylindrical symmetry, while the M1 method shows an
unphysical wave pattern with an n=4 mode. This wave
pattern evidently appears for the M1 method with the Cartesian
coordinate close to the origin. The results of the present test
indicate that our method is suitable for evaluating the radiation
fields accurately in the optically thin region where the radiation
from the surrounding area is concentrated. Such a situation
would appear around the rotation axis of the accretion disk, for
instance.

4.4. Shadow

In this test, we show the propagation of radiation around gas
clouds, which are optically thick for the absorption. The
simulation region is set to be 0�x�7 and 0�y�7, and a
resolution of Nx=Ny=200 (Δx=Δy=7/200) is employed.
In this computational domain, two clouds with a radius of 0.5 are
located at (x, y)=(2.5, 5) (upper cloud) and (x, y)=(2.5, 2)
(lower cloud). The clouds are optically thick for absorption
(ρκabs=1.5 and κsca=0), and the region around the clouds is
very optically thin. We ignore the emission (arad=0). The cells
of the cloud are assigned a uniform velocity of 0.9 in the 2π/9
direction from the x-axis, but none of the cells in this test are
evolved hydrodynamically. Note that we only solve the radiation
moment equation and radiation transfer equation, and the cloud
remains stationary in this test. The angular resolution for the
specific intensity is �RN 62¯ , where R̄ is the angle measured
from the x-direction in the x–y plane.

Figure 3. (Top panel) Distribution of the radiation energy density at t=10
using our method. The two radiation beams cross each other. (Bottom panel)
Same as the top panel but using the M1 method. Unphysical radiation collision
occurs.

Figure 4. Profiles of the radiation energy density (a) for our method and (b) for
the M1 method. In our method, the radiation reaches the origin. A low radiation
energy density region is formed in the M1 method due to the unphysical
collision.
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unphysical wave pattern with an n=4 mode. This wave
pattern evidently appears for the M1 method with the Cartesian
coordinate close to the origin. The results of the present test
indicate that our method is suitable for evaluating the radiation
fields accurately in the optically thin region where the radiation
from the surrounding area is concentrated. Such a situation
would appear around the rotation axis of the accretion disk, for
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In this test, we show the propagation of radiation around gas
clouds, which are optically thick for the absorption. The
simulation region is set to be 0�x�7 and 0�y�7, and a
resolution of Nx=Ny=200 (Δx=Δy=7/200) is employed.
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located at (x, y)=(2.5, 5) (upper cloud) and (x, y)=(2.5, 2)
(lower cloud). The clouds are optically thick for absorption
(ρκabs=1.5 and κsca=0), and the region around the clouds is
very optically thin. We ignore the emission (arad=0). The cells
of the cloud are assigned a uniform velocity of 0.9 in the 2π/9
direction from the x-axis, but none of the cells in this test are
evolved hydrodynamically. Note that we only solve the radiation
moment equation and radiation transfer equation, and the cloud
remains stationary in this test. The angular resolution for the
specific intensity is �RN 62¯ , where R̄ is the angle measured
from the x-direction in the x–y plane.

Figure 3. (Top panel) Distribution of the radiation energy density at t=10
using our method. The two radiation beams cross each other. (Bottom panel)
Same as the top panel but using the M1 method. Unphysical radiation collision
occurs.

Figure 4. Profiles of the radiation energy density (a) for our method and (b) for
the M1 method. In our method, the radiation reaches the origin. A low radiation
energy density region is formed in the M1 method due to the unphysical
collision.
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M1 method do not always guarantee to provide physically correct results. 
(see, e.g., H. Nagakura et al. 2017, Jiang et al. 2014, 2022, Y. Asahina et al. 2020 

 for grid-based full-Boltzmann method in GR)

M1-method Full Boltzmann (grid-based)
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Monte Carlo radiation transport
F. Foucart et al. 2020

GR Monte-Carlo RHD:  
  N. Roth & D. Kasen 2015 
  Ryan et al. 2015, 2022 
  Miller et al. 2019, 2020 
  F. Foucart et al. 2017, 2018, 2020 

Neutron star merger simulation 
(GRHD+MCRadiation)

MC transort in NSNS mergers 5

Figure 1. Snapshot of the MC simulation with the largest number of packets, 5ms after merger. We show the density (Left),
temperature (Center), and electron fraction (Right) in the equatorial plane (Top) and a vertical slice passing through the center
of the remnant (Bottom). We can see the post-merger hypermassive neutron star at the center of the figures, surrounded by a
dense torus. Low-density outflows are launched mostly along the edges of the torus.

Table 1. Matter outflows in our 3 simulations. We provide the total ejected mass, average Ye of the ejecta, and average
asymptotic velocity of the ejecta. We also provide these same quantities for the polar ejecta, defined as unbound material with
a velocity vector inclined by less than 45� with respect to the rotation axis.

Sim Mej (10
�3M�) hYeiej hviej Mej,pol (10

�3M�) hYeiej,pol hviej,pol
MC-low 11.56 0.135 0.214c 0.53 0.228 0.192c

MC-high 8.25 0.130 0.206c 0.49 0.234 0.191c

M1 8.31 0.129 0.201c 0.34 0.259 0.184c

⇠ 5ms, a massive torus forms around the dense merger remnant, while a neutrino-driven wind develops along the
edges of the torus and in the polar regions. Figure 1 shows the main properties of the remnant 5ms after merger: the
density, temperature, and electron fraction. The compact remnant reaches temperatures up to ⇠ 60MeV, and remains
neutron rich (Ye . 0.1). The surrounding torus has temperature of a few MeVs and higher Ye (0.15-0.25), while the
polar outflows are even less neutron rich. The main roles of neutrinos are to cool the system and, for ⌫e and ⌫̄e, drive
changes in Ye.
The mass, composition, velocity, and geometry of the outflows are of particular interest, as they set the main

observable properties of kilonovae (Barnes & Kasen 2013). High-Ye outflows produce optical kilonovae evolving on
timescales of days and do not produce the heaviest r-process nuclei, while low-Ye outflows produce infrared, week-

MC transort in NSNS mergers 7

Figure 4. Left: Angular distribution of the electron antineutrinos leaving the grid (3� 5)ms after merger; ✓ is the angle with
respect to the angular momentum vector, i.e. polar neutrinos are on the left, equatorial neutrinos on the right, and each bin
covers the same surface area. Center: Neutrino luminosity in the high resolution MC simulation and the M1 simulation. Right:
Average (number-weighted) energy of neutrinos leaving the computational grid in the same simulations.

ejecta has Ye ⇠ 0.2, is close to the orbital plane (✓ > 60�), and is observed (1 � 2)ms post-merger and in the final
snapshot. It is thus most likely ejected during core bounces, from the hottest regions of the remnant, where neutrino
pressure is the most significant. This would most naturally explain the properties of the excess ejecta, and the fact
that the neutrino luminosity surprisingly varies less with MC sampling rate than the ejected mass (see below). Fig. 3
also shows why it is so di�cult to accurately estimate the amount of unbound material in a simulation: the steepness
of the Lorentz factor distributions implies that a very small error in the estimated location of the boundary between
bound and unbound material has large e↵ects on the predicted mass of unbound material. The second, more minor
di↵erence is that the cuto↵ of the velocity distribution is slightly lower in both MC simulations (vmax ⇠ 0.5) than with
M1 (vmax ⇠ 0.55).
The properties of neutrinos escaping the system are summarized in Fig. 4. After the first 2ms, the average energy

of neutrinos and the ⌫e and ⌫̄e luminosities in the M1 and MC simulations agree within ⇠ 20%. The ⌫x luminosity,
on the other hand, is nearly twice as large in the MC simulation. Di↵erences between the two MC simulations are
negligible compared to di↵erences between MC and M1. The luminosity of heavy-lepton neutrinos is one of the most
uncertain observable in our M1 scheme, because a large region close to the neutron star surface has negligible a but
large s. In that region, neutrinos are trapped, but out of thermal equilibrium with the fluid. As the energy closure is
the most ad-hoc part of our M1 algorithm, and the di↵usion rate of neutrinos strongly depends on the choice of energy
spectrum, this is a particularly di�cult situation. The MC scheme has no particular reason to perform poorly in that
regime: while it corrects large absorption opacities, its treatment of high-scattering regions is better motivated than
that of the grey M1 scheme. Nevertheless, it may be premature to assume that the MC scheme provides the better
answer, as the two schemes may be impacted in di↵erent ways by the grid resolution.
The angular distribution of neutrinos shows clearer di↵erences between simulations (Fig. 4), and is much better

captured by the MC algorithm than by the M1 algorithm. In polar regions, there is a nearly 50% excess of neutrinos
in the M1 scheme, due to artificial radiation shocks caused by the analytical closure (Foucart et al. 2018). This mildly
impacts the composition of the winds, and would lead to large errors in the calculation of the energy deposited by ⌫⌫̄

annihilation in polar regions.
Finally, we report on simulation costs: the two MC simulations cost 230k and 310k CPU-hrs on the Frontera cluster,

at 30k and 40k CPU-hrs per millisecond at the end of the evolution (the merger phase is costlier). The M1 simulation
is not directly comparable at early times, as it was performed on the Comet cluster, but it evolved at 35k CPU-hrs
per millisecond by the end of the evolution on Frontera. The new MC code is thus competitive with our best M1
code, and cheap enough to be used for at least small parameter space surveys of neutron star mergers on (10� 20)ms
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Monte-Carlo method: 
Procedure

absorption

scattering

emission propagation 
(geodesic)

Random event
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(⇢, ux, uy, uz, eint, Ye)
Hydrodynamics

Radiation feedbackphoton/ν production

photon/ν packet  

Opacity
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Advantage and disadvantage
• Advantage: 

• Straightforward incorporation of the complicated frequency and 
angular dependence 

• Parallelization of packet evolutions is trivial 

• Disadvantage: 

• The Monte-Carlo shot noise: the slow convergence property of 
the statistical error due to the finite Monte-Carlo packets (∝ N-1/2) 

• The operator splitting method for the matter-radiation 
interaction: only 1st order accuracy in time

We develop a new Monte-Carlo based radiation 
hydrodynamics code with various improvements



Axisymmetric GR-MCRHD code
• Geodesic: 
4th order spatial interpolation 

• Hydrodynamics: 
GR hydro (fixed metric) 
3rd Order MUSCL 
+ Kurganov-Tadmor (central) 
scheme 

• Time integration: 
 SSP-RK3 (the 3rd order)  
for hydro & geodesic solver 

• isotropic scattering 
(as a first step)
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Code validation with Several Test Problems

• We confirmed that our code reproduces physically appropriate results with reasonable accuracy

Thermalization test Radiation mediated shock



absorption

reemission

scattering
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Prescription:	 
(Foucart	et	al.	2020,	Fleck	&	Cummings	1971)
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Optically thick shock tube
: radiation pressure dominant  system

40
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Time integration
• Operator splitting method is often 
employed for the coupling between 
radiation field and fluid part: 
→ time integration is 1st order for entire 
simulation 
N. Roth & D. Kasen 2015, Ryan et al. 2015,  Miller et al. 2019, 2020,  
F. Foucart et al. 2017, 2018, 2020 

• How can we implement higher-order time 
integration scheme? 

• Usual iterative higher-order time 
integration schemes are not  
directly applicable for radiation field 
described by MC packets 

• Algebraic addition of radiation field can 
be defined by appropriate thinning and 
joint of MC packets

Radiation field
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Higher-order scheme
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Convergence test

43

L2 norm:

18

FIG. 8. (Left panel) Laboratory-frame radiation energy density at t = 1.56 for various grid setups. The deviation of the result
for each grid setup from that for the finest grid setup, i.e., the one with 2048 grid points, is shown in the left-bottom panel.
(Right panel) L2 errors of the laboratory-frame radiation energy density for the 1D density clump problem with various grid
spacing.

ing our higher-order time integration scheme.
The number of the grids is set to be 16, 32, 64, 128,

and 2048, and the grid spacing�x for them is�x/�x0 =
1, 1/2, 1/4, 1/8, and 1/128, respectively, with �x0 being
the grid spacing of the computation with 16 grid points.
We choose�t = 0.5�x, and hence, the computation with
a finer grid setup is evolved with a smaller value of �t.
Ntrg is set to be 1.2⇥106 except for the computation with
�x/�x0 = 1/128, for whichNtrg = 1.2⇥105 is employed.
In order to compare the profile of fluid and radiation
among di↵erent grid resolutions, all the profiles of the
physical variables are averaged in the spatial bins which
agree with the grid structure of the run with �x = �x0.

The left panel of Figure 8 shows the laboratory-frame
radiation energy density at t = 1.56 for various grid se-
tups. Radiation is partially trapped by the fluid and such
a component follows the fluid motion, while gradually be-
coming more homogeneous due to di↵usion. A clump is
initially present around x = 0.5 and expands with time.
Subsequently, a dimple is formed at the location of the
initial peak. The time of the snapshot shown in the left
panel of Fig. 8 corresponds to the time at which a dimple
is formed for the first time. The deviation of the result
for each grid setup from those for the finest grid setup
(i.e., the one with 2048 grid points) is shown in the left
bottom part of Fig. 8. We find that the results converge
to the finest-grid one as the grid resolution is improved.

To discuss the convergence property of the solution,
quantitatively, we calculate the L2 deviation between the
solution with a finite value of �x, erad,�x(x), and that
at the limit of �x ! 1, erad,c(x), defined by

I(�x) =

vuut
R
1

0
[erad,�x(x)� erad,c(x)]

2 dx
R
1

0
erad,c(x)2dx

. (48)

Practically, we use the profile at t = 1.56 and approx-
imate erad,c(x) by the result with �x/�x0 = 1/128.
The right panel of Fig. 8 shows the results of I (�x)
for �x/�x0 =1, 1/2, 1/4, and 1/8. As the reference,
the results obtained by employing the operator splitting
scheme are also shown. The sequence of I (�x) obtained
by the higher-order scheme is approximately proportional
to �x2. Exceptionally, for �x/�x0 = 1/8, we obtain a
larger value of I (�x) than the trend of / �x2. In this
case, the error is likely to be dominated by the Monte-
Carlo shot noise.
The results employing the operator splitting scheme

are approximately proportional to �x. Since the imple-
mentation of the code other than the time integration
part is identical in between the higher-order scheme and
operator splitting scheme, this result suggests that the
L2 deviation employing the operator splitting scheme is
determined primarily by the time integration error.
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FIG. 8. (Left panel) Laboratory-frame radiation energy density at t = 1.56 for various grid setups. The deviation of the result
for each grid setup from that for the finest grid setup, i.e., the one with 2048 grid points, is shown in the left-bottom panel.
(Right panel) L2 errors of the laboratory-frame radiation energy density for the 1D density clump problem with various grid
spacing.
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a finer grid setup is evolved with a smaller value of �t.
Ntrg is set to be 1.2⇥106 except for the computation with
�x/�x0 = 1/128, for whichNtrg = 1.2⇥105 is employed.
In order to compare the profile of fluid and radiation
among di↵erent grid resolutions, all the profiles of the
physical variables are averaged in the spatial bins which
agree with the grid structure of the run with �x = �x0.

The left panel of Figure 8 shows the laboratory-frame
radiation energy density at t = 1.56 for various grid se-
tups. Radiation is partially trapped by the fluid and such
a component follows the fluid motion, while gradually be-
coming more homogeneous due to di↵usion. A clump is
initially present around x = 0.5 and expands with time.
Subsequently, a dimple is formed at the location of the
initial peak. The time of the snapshot shown in the left
panel of Fig. 8 corresponds to the time at which a dimple
is formed for the first time. The deviation of the result
for each grid setup from those for the finest grid setup
(i.e., the one with 2048 grid points) is shown in the left
bottom part of Fig. 8. We find that the results converge
to the finest-grid one as the grid resolution is improved.

To discuss the convergence property of the solution,
quantitatively, we calculate the L2 deviation between the
solution with a finite value of �x, erad,�x(x), and that
at the limit of �x ! 1, erad,c(x), defined by

I(�x) =
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Practically, we use the profile at t = 1.56 and approx-
imate erad,c(x) by the result with �x/�x0 = 1/128.
The right panel of Fig. 8 shows the results of I (�x)
for �x/�x0 =1, 1/2, 1/4, and 1/8. As the reference,
the results obtained by employing the operator splitting
scheme are also shown. The sequence of I (�x) obtained
by the higher-order scheme is approximately proportional
to �x2. Exceptionally, for �x/�x0 = 1/8, we obtain a
larger value of I (�x) than the trend of / �x2. In this
case, the error is likely to be dominated by the Monte-
Carlo shot noise.
The results employing the operator splitting scheme

are approximately proportional to �x. Since the imple-
mentation of the code other than the time integration
part is identical in between the higher-order scheme and
operator splitting scheme, this result suggests that the
L2 deviation employing the operator splitting scheme is
determined primarily by the time integration error.

1d Clump evolution

the 2nd order accuracy in time and space is achieved in our code



Convergence test
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L2 norm:
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FIG. 6. (Left panel) Rest-mass density, velocity, and radiation energy density at t = 3 for the optically thick Sod’s problem.
The solid (“hydro+rad”) and dashed curves (“hydro”) show the results for the simulations in which the radiation field is solved
by the Monte-Carlo scheme and by a pure hydrodynamics simulation, respectively. (Right panel) L2 deviation between the
numerical solutions for the rest-mass density profile with finite values of Ntrg = 120, 360, 1200, 3600, 12000, and that at the
Ntrg ! 1 limit.

for the cases of ⌧therm = 1 and ⌧therm � 1 (i.e., without
applying the prescription), and of Ntrg = 1.2 ⇥ 103 for
both cases. We find that the L2 deviations computed
by Eq. (46) for these setups are ⇡ 0.015 and ⇡ 0.027,
while the numbers of packets per cell are ⇡ 2200 and
⇡ 1300, respectively (note that the increase in the num-
ber of packets for the computation with ⌧therm = 1 is
due to the additional packet creation/removal process of
the prescription). This implies that the improvement of
the L2 deviation for the computation with ⌧therm = 1 is
equivalent to that achieved by increasing the number of
packets by a factor of ⇡ 4 (see Fig. 6), while the actual
increase in the number of the packets is only by a factor
of ⇡ 2.

D. Convergence order with respect to the time
resolution

1. the one-zone problems

To demonstrate that a higher-order accuracy in time
is indeed achieved in our code, we show the convergence
property of the solutions for the fluid pressure dominant
case of the one-zone thermalization test and for the pure
scattering case of radiation dragging test performed in
Sec. IVA and Sec. IVB2, respectively.

To evaluate the convergence property of the numerical
solutions, we calculate the L2 errors of the solutions with
various values of �t, which is defined by

I(�t) =

vuut
Pn

k=0

⇥
T�t
gas

(k�t0)� T 0
gas

(k�t0)
⇤2

Pn
k=0

T 0
gas

(k�t0)
2

. (47)

Here, T�t
gas

(t) denotes the numerical solutions of fluid tem-
perature for the test problems obtained by a finite value
of �t and, T 0

gas
(t) denotes the numerical solutions of the

test problems at the �t ! 0 limit. �t0 denotes the
largest value of �t, and we consider the numerical solu-
tion for t = [0, n�t0]. For the one-zone thermalization
test and radiation dragging test, we set �t = tabs and 1,
respectively, with n = 5 for both cases. Since it is prac-
tically di�cult to obtain the exact solutions of the test
problems at the �t ! 0 limit, we approximate T 0

gas
(t)

with a numerical solution obtained with �t = �t0/128.
We set Ntrg to be 1.2⇥107 and 1.2⇥106 for the one-zone
thermalization test and radiation dragging test, respec-
tively. The large values of Ntrg are used to suppress the
Monte-Carlo shot noise and to focus only on the error
induced by the finite time resolution.

Figure 7 shows the results of I (�t) for �t/�t0 = 1,
1/2, 1/4, 1/8, 1/16, and 1/32. This shows that the se-
quence of I (�t) is approximately proportional to �t2

for both test problems if �t/�t0 & 0.2. If the numer-
ical error of the solution for Tgas due to the finite time
resolution is approximately proportional to �tp with the
convergence order, p, for a su�ciently small value of �t,
we expect that I(�t) is also proportional to �tp. Hence,
the behavior of I (�t) / �t2 suggests that the second-
order accuracy is indeed achieved with respect to the time
resolution.

As the reference, we also show the results in which
an operator splitting scheme is employed. For this case,
we clearly find that I (�t) is approximately proportional
to �t for both test problems, suggesting that the oper-
ator splitting scheme results in the first-order accuracy
in time for problems in which the fluid-radiation inter-
action is important. The error of the result obtained by

the 2nd order accuracy in time is achieved in our code



Tasks
• The implementation of realistic microphysics, such 
as the equation of state, emissivity, and opacity 

• Evolution in the dynamical spacetime 

• The implementation of the approximation method 
for highly optically thick regions 

• Efficient parallelization with MPI computing


