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Neutron star mergers

Remnants / outflow formed in the merger/post-merger phase  
will be the source of the electromagnetic counterparts
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Electromagne,c Counterparts 
to NS binary mergers

• Various	transient	EM	counterparts	are	
proposed	for	NS	binary	mergers	

• for	example,	

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

• Host	galaxy	idenAficaAon,	remnant	
properAes,	environment		

• Possible	synthesis	site	of	r-process	nuclei

Ref:	B.	Metzger	and	E.	Berger	20123
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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 

• Controls the 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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FIG. 5 (color online). Same as Fig. 4 but for simulationswith and
without (denoted as no heat) the neutrino heating for SFHo [red and
magenta (no heat)] and DD2 [blue and light blue (no heat)].
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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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FIG. 3 (color online). Luminosity curves of νe (red solid), ν̄e
(blue dashed), and heavy (green dotted dashed) neutrinos for
TM1 (top), DD2 (middle), and SFHo (bottom).
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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 t1 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
(x15 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
(withx15 km) settles into a rigidly rotating state, i.e.,

8 xd d xln ln 0. On the other hand, in the outer region with
x15 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
(t0.3 s), wherein the density gradient at the NS surface is
not sufficiently large. However, for t0.3 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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M1 method is not always guaranteed to provide physically correct results. 
(see, e.g., H. Nagakura et al. 2017 & 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 methods
F. Foucart et al. 2020

GR Monte-Carlo RHD:  
  N. Roth & D. Kasen 2015 
  Ryan et al. 2015 
  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-

3D: physically accurate,  
but computationally expensive

Developing an axisymmetric (2d) code would be useful for longterm simulations and systematic studies! 
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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

<latexit sha1_base64="tc1DxkmiY64VBQnYQqCb2zmnqg4="></latexit>

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

Radiation feedbackphoton/ν production

photon/ν packet  

Opacity
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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 (3rd order)  
for hydro & geodesic solver 

• isotropic scattering 
(as a first step)

Equilibrium torus (log rest mass density)
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Thermalization test
Case 1 (gas dom.) Case 2 (rad dom.)
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Multi-energy (neutrino)
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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 
applicable for radiation flied 
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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“Addition” of radiation field
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Higher-order scheme
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*including feed back from  
radiation field during t~t+Δt

Guarantees 2nd order accuracy for time integration 
*hydro scheme reduces to SSP-RK3 for the case that radiation field is negligible
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Convergence test
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Eddington Limit
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Prescription for optically thick region
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PrescripAon:		
(Foucart	et	al.	2020,	Fleck	&	Cummings	1971)
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Thermal	Amescale
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Shock tube
: radiation pressure dom.  gas
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efl ⇡ erad @ thermal equilibrium
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Shock tube
radiation pressure dom.  gas 

(the packet number was not sufficient...)
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Next steps/tasks
Rest-mass density Radiation energy density
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Summary
• We develop an axisymmetric (2d) GR-MCRHD code  
as a tool to study NS binary mergers in the the post-merger phase 

• Most of the infrastructures are implemented: 
• photon/ν packet transfer, hydrodynamics 
, appropriate matter-radiation interaction 

• Higher-order time integration MC scheme  
for matter-radiation interaction is implemented and demonstrated 
 (for the first time, as far as I know) 

• prescription for optically thick region (needs further tests) 

• Tasks and problems to be solved: 

• more simple/robust treatment of optically thick / thermalized region 

• more realistic microphysical process 
(Compton scattering, energy-dependent cross-section) 

• implementing dissipation/ang. mom. transport process in hydrodynamics 
(viscosity, magnetic fields) 

• parallelization / optimization 20


