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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	

• Characterizes the nucleosynthesis 	
in the outflow	

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

• The moment formalism M1(M0) method is 	
used for the recent merger simulations to 	
account for neutrino transport	
(e.g., K. Thorne 1981, M. Shibata et al. 2011,  McKinney et al. 2014, Sadowski 
et al. 2014, , Y. Sekiguchi et al. 2015, 2016, Takahashi et al. 2016, F. Foucart et 
al. 2015, Just et al. 2015, D. Radice et al. 2016, Kuroda et al.2016, D. Radice et 
al. 2022, P. Cheong et al. 2024 , F. Schianchi et al. 2024)

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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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 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

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) method



Roth & Kasen 2015, Ryan et al. 2015, 2022, Miller et al. 2019, 2020, 	
Curtis et al. 2023, Sprouse et al. 2023, Mukhopadhyay et al. 2024, 	
Foucart et al. 2017, 2018, 2020, 2022, 2023, 2025, KK+2023,2025ab

Monte-Carlo (MC) based	
Radiation Hydrodynamics

• Monte-Carlo radiative transfer:	
numerical technique that statistically simulates the 
scattering, absorption, and propagation of to model 
radiative transfer	
(photons: e.g., Lucy 1999, Kasen+ 2006, Sim+ 2007, Jerkstrand+ 2011, Tanaka & 
Hotokezaka 2013, Kerzendorf+2014, Wollaeger+2014, KK+2018, Bulla 2019)	

• Advantage:	

• Straightforward incorporation of 	
complicated energy and angular dependences	

• Converges to the solution of the Boltzmann eq.	
in large #MC packet	
(no need of auxiliary closure relation)	

• Disadvantage:	

• MC shot noise: suffers from statistical noise due to 
the finite #MC packet that converges only slowly 	
(∝ 1/√N)

Matter field

Radiative 	
FeedbackEmissivity

ν packet 	

emission

Opacity

absorption

scattering

propagation 
(geodesic)

Random 	
event
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We develop a MC based GRνRHD code for axisymmetric systems	
to study the long-term (~1s) post-merger dynamics of neutron star binary mergers



Numerical Issues
1. Stiff source term in energy equation 

 
 
 
→ Implicit Monte-Carlo  Method prescription (Fleck & Cummings 1971) 

2. Stiff source term in terms lepton number equation	
/ unbalance in                 number changes during pair process 	
      (                             is not guaranteed if             are evolved separately)  
 
→ Numerical limiter / correction 

3. Matter-radiation coupling 
 

Operator splitting for matter/radiation sectors: 1st order time convergence 
 
→ Higher order time integration scheme
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Application
Kawaguchi, Fujibayashi, Shibata, PRD, (2025a, 2025b)



• Equation of state	
• non-relativistic proton / neutron / α	
• photon	
• relativistic electrons/positrons	

• Neutrino interaction (me neglected)	

•  	
•  	
•  

Method / Setup / Model
• Axisymmetry / Equatorial plane symmetry	
• Fixed spacetime (Kerr-Schild coordinate)	
• Matter field	

GR viscous-hydrodynamics	
(Shibata+ 2017, KK+ 2025a)	

• Radiation field	
our 2nd order MC scheme	
Multi-species Implicit MC prescription	
+ numerical limiters for stable / correct evolution	
(KK+ 2023, 2025a)
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*Bold: fiducial setup

Model parameters:

Initial profile for a BH-tours system (fiducial model)

<latexit sha1_base64="cHxUwNNr/a3TAdTxZgYyyXl4Edk="></latexit>

⌫̄e + p ⌦ e+ + n
<latexit sha1_base64="7h3P4SM1NsUfxD5a702/Sx6IbXo="></latexit>

⌫i + p ! ⌫i + p
<latexit sha1_base64="/wkFvAVkBBEyImr5S21L/sO8rCw="></latexit>

⌫i + n ! ⌫i + n
<latexit sha1_base64="IgZNLaYJ4yYzZ+s5O5GqNWdrHrk="></latexit>

⌫i + ⌫̄i ⌦ e� + e+

<latexit sha1_base64="CQzUt0kOupk3/O5H9c2H2YwsGAM="></latexit>

⌫e + n ⌦ e� + p

Initial profiles: quasi-equilibrium configurations 
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Results (fiducial model)

• Mass accretion rate/neutrino luminosity/mass ejection consistent with previous studies 	
(e.g., Fujibayashi+2020)	
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BH-torus: Result
Total neutrino luminosity / pair annihilation rate Ejecta mass evolution (>2000km)

Ejecta velocity & Ye

• Broadly in agreement with the previous studies (e.g., Richers et al. 2015, Just et al. 2016, Fujibayashi et al. 2020ab, Miller et al. 2020)

of αvis. However, the timescale on which the efficiency is
maintained is more than 5 times longer for the model with a
smaller value of αvis, indicating that the smaller value of
αvis leads to more efficient neutrino emission in the BH-
torus system.
We find that the time evolution of the neutrino lumi-

nosity agrees well with the results of similar models in the

previous study employing the leakage and moment
schemes [24]. In fact, we found that for both models with
αvis ¼ 0.05 and 0.15, the total neutrino luminosity of the
present simulations agrees with the results of the K8 and
K8s models in the previous study within ≈30% after
t ¼ 20 ms and up to the onset of mass ejection. Since
the radiative transfer schemes in [24] and this paper are

FIG. 7. Time evolution of various quantities related to neutrino emission: the neutrino luminosity (top left), neutrino number emission
rate (top right), average energy of emitted neutrino (middle left), neutrino emission efficiency with respect to the mass accretion rate
(middle right), total neutrino luminosity and pair annihilation rate (bottom left), and pair annihilation efficiency with respect to the total
neutrino luminosity (bottom right).
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V. RESULTS

In this section, we present the results of the simulations
for a BH-torus system. We also compare our results with
the models in the previous study [24] with similar setups
(K8 and K8s). The main differences between the previous
simulation setups and the present work are as follows: In
the previous work, (1) the spacetime is dynamically
evolved, (2) neutrino radiative transport is solved by a
gray moment scheme in combination with a leakage
method [76,116,136], (3) neutrino interactions with heavy
nuclei, nucleon-nucleon bremsstrahlung, and plasmon
decay are considered in addition to those considered in
the present work while νeν̄e pair process is neglected, and
(4) the DD2 EOS [137] extended to low-density and low-
temperature ranges by an EOS of [138] is employed with
taking larger NSE ensembles of heavy nuclei into account.
In both previous and present studies, the initial condition is
prepared employing the same BH and torus masses and BH
spin with similar setups for the inner and outer radii of the
torus. On the other hand, the self-gravity of the torus is
taken into account for constructing the initial condition,
and the initial radiation fields are set to be zero in the
previous study.

A. Evolution process

Figure 2 shows the total accreted mass and mass
accretion rate on to the BH as functions of time. Based
on the α-thin or Shakura-Sunyaev disk model [130], the
viscous timescale can be estimated by

τvis ¼
R2

hν
∼ 0.7 s

!
αvis
0.05

"−1! hcs
0.075c3

"−1

×
!

H
9 km

"−1! R
85 km

"
2

: ð75Þ

Here, we employed the typical mass-averaged values for
the torus radius, R, and specific enthalpy weighted sound

speed, hcs measured at t ¼ 20 ms when the system settled
into a quasistationary evolution phase. Figure 2 shows that
more than ≈70% of the initial torus mass is accreted onto
the BH within the viscous timescale. The accretion is more
rapid for the model with a large value of αvis due to more
efficient angular momentum transport. The accretion rate
decreases with time due to the decrease in the torus mass
and outward expansion of the torus. In particular, the
accretion rate is strongly suppressed after the onset of the
outflow (≈1 s and ≈0.3 s for αvis ¼ 0.05 and 0.15, respec-
tively, see Fig. 6), at which the neutrino cooling timescale
becomes longer than the viscous timescale (see below for
more details). The evolution of the total mass of the
accreted matter agrees within ≈5% with the similar models
in the previous study [24] (K8 and K8s).
Figure 3 displays the evolution of the baryon mass

density, temperature, entropy per baryon, and Ye profiles
for the model with αvis ¼ 0.05. The system evolution is
broadly in agreement with that found in the previous
study [24]. In the first few tens of ms, the outer layer of
the torus blows up due to the relaxation from the initial
condition. After that, the system gradually settles into a
quasistationary evolution phase, in which the torus gradu-
ally expands due to the angular momentum transport by the
viscosity. The Ye values also increase in time due to weak
interaction following the decrease in the baryon mass
density [24]. During this phase, the viscosity contentiously
heats-up the torus, but the outflow is still suppressed
because neutrino cooling is efficient. This quasistationary
expansion phase lasts up to ≈1 s for the model with
αvis ¼ 0.05. But as the torus expands and the baryon mass
density and temperature of the torus decrease, neutrino
cooling becomes inefficient. Then after ≈1 s, eventually
convective motions in the torus are activated and the
outflow starts to form.
Figure 4 displays the same as in Fig. 3 but for the model

with αvis ¼ 0.15. The evolution process is broadly the same
as for the model with αvis ¼ 0.05, although the transient

FIG. 2. Total accreted mass (left) and mass accretion rate (right) onto the BH as functions of time.
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However, the ejecta Ye values of the present simulations
are higher by more than 0.05 than the similar models of the
previous study (see Fig. 10 of [24]). One reason for this is
the difference in the Ye evolution of the torus. The average
Ye evolution of the matter is more rapid for the models in
the present work (see Fig. 5). In addition, the time at which
the mass ejection sets in is delayed by a factor of ≈2 in the
present models compared to the previous results. Hence,
the Ye values at the onset of mass ejection is higher for the
models in the present work than for those in the previous
study with the similar setups. However, we note again that a
fair comparison with the previous results is not easy
because the present simulations are not performed until
mass ejection is saturated.

C. Neutrinos

We next focus on the property of neutrino emission from
the system. Figure 7 shows the time evolution of various
quantities related to neutrino emission. The neutrino
luminosity of electron antineutrinos is always higher than
those of other species by more than a factor of 2 at t ¼
0.01 s and becomes dominant for t > 0.3 s thereafter. This
is also the case for the number emission rate. This indicates
that the matter is kept leptonized during the evolution.
Heavy-lepton type neutrinos always have the smallest
contribution to the total luminosity, and it is typically more
than an order of magnitude smaller than that of electron
neutrinos.
For the first 20 ms, the model with αvis ¼ 0.15 shows

higher luminosity than the model with αvis ¼ 0.05 due to

the higher mass accretion rate (see Fig. 2). However, the
model with αvis ¼ 0.15 shows more rapid decline in the
luminosity, which becomes fainter than for αvis ¼ 0.05 for
t > 0.03 s because the torus expands more rapidly. The
neutrino luminosity at the onset of mass ejection is larger
for the model with the larger value of αvis. We can
understand this from the fact that mass ejection sets in
approximately at the time that the neutrino cooling rate
drops below the total viscous heating rate (t ≈ 1 s for αvis ¼
0.05 and t ≈ 0.3 s for αvis ¼ 0.15), which comes earlier for
the model with the larger value of αvis due to the larger
heating rate. We also note that the total viscous heating rate
at the onset of mass ejection is lower for αvis ¼ 0.05 due to
the torus expansion and mass decrease, which further
reduces the neutrino luminosity at that time. After the
mass ejection sets in, the neutrino luminosity decreases
even steeper reflecting that the rapid decrease in the density
and temperature due to the accelerated matter expansion.
The average energy of neutrinos emitted is largest for

heavy-lepton type neutrinos, followed by electron antineu-
trinos, and finally electron neutrinos. This reflects the fact
that the respective last scattering surfaces of the neutrinos
are located further inside with higher matter temperature.
The average neutrino energy shows approximately the
same evolution regardless of the value of αvis until the
onset of mass ejection. However, at onset of the mass
ejection, which happens earlier for the model with larger
values of αvis, the neutrino energy rapidly decrease reflect-
ing the rapid decrease in the matter temperature (see Fig. 5).
The neutrino emission efficiency with respect to the mass

accretion rate is at most 6% independent of the values

FIG. 6. Top panels: time evolution of the ejecta mass (left), average velocity of ejecta (middle), and mass-averaged Ye (right). Bottom
panels: ejecta mass distribution as a function of latitudinal angle (left), velocity (middle), and Ye (right) at the end of simulations (1.6 and
1.2 s for the models with αvis ¼ 0.05 and 0.15, respectively).
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However, the ejecta Ye values of the present simulations
are higher by more than 0.05 than the similar models of the
previous study (see Fig. 10 of [24]). One reason for this is
the difference in the Ye evolution of the torus. The average
Ye evolution of the matter is more rapid for the models in
the present work (see Fig. 5). In addition, the time at which
the mass ejection sets in is delayed by a factor of ≈2 in the
present models compared to the previous results. Hence,
the Ye values at the onset of mass ejection is higher for the
models in the present work than for those in the previous
study with the similar setups. However, we note again that a
fair comparison with the previous results is not easy
because the present simulations are not performed until
mass ejection is saturated.

C. Neutrinos

We next focus on the property of neutrino emission from
the system. Figure 7 shows the time evolution of various
quantities related to neutrino emission. The neutrino
luminosity of electron antineutrinos is always higher than
those of other species by more than a factor of 2 at t ¼
0.01 s and becomes dominant for t > 0.3 s thereafter. This
is also the case for the number emission rate. This indicates
that the matter is kept leptonized during the evolution.
Heavy-lepton type neutrinos always have the smallest
contribution to the total luminosity, and it is typically more
than an order of magnitude smaller than that of electron
neutrinos.
For the first 20 ms, the model with αvis ¼ 0.15 shows

higher luminosity than the model with αvis ¼ 0.05 due to

the higher mass accretion rate (see Fig. 2). However, the
model with αvis ¼ 0.15 shows more rapid decline in the
luminosity, which becomes fainter than for αvis ¼ 0.05 for
t > 0.03 s because the torus expands more rapidly. The
neutrino luminosity at the onset of mass ejection is larger
for the model with the larger value of αvis. We can
understand this from the fact that mass ejection sets in
approximately at the time that the neutrino cooling rate
drops below the total viscous heating rate (t ≈ 1 s for αvis ¼
0.05 and t ≈ 0.3 s for αvis ¼ 0.15), which comes earlier for
the model with the larger value of αvis due to the larger
heating rate. We also note that the total viscous heating rate
at the onset of mass ejection is lower for αvis ¼ 0.05 due to
the torus expansion and mass decrease, which further
reduces the neutrino luminosity at that time. After the
mass ejection sets in, the neutrino luminosity decreases
even steeper reflecting that the rapid decrease in the density
and temperature due to the accelerated matter expansion.
The average energy of neutrinos emitted is largest for

heavy-lepton type neutrinos, followed by electron antineu-
trinos, and finally electron neutrinos. This reflects the fact
that the respective last scattering surfaces of the neutrinos
are located further inside with higher matter temperature.
The average neutrino energy shows approximately the
same evolution regardless of the value of αvis until the
onset of mass ejection. However, at onset of the mass
ejection, which happens earlier for the model with larger
values of αvis, the neutrino energy rapidly decrease reflect-
ing the rapid decrease in the matter temperature (see Fig. 5).
The neutrino emission efficiency with respect to the mass

accretion rate is at most 6% independent of the values

FIG. 6. Top panels: time evolution of the ejecta mass (left), average velocity of ejecta (middle), and mass-averaged Ye (right). Bottom
panels: ejecta mass distribution as a function of latitudinal angle (left), velocity (middle), and Ye (right) at the end of simulations (1.6 and
1.2 s for the models with αvis ¼ 0.05 and 0.15, respectively).
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Mass accretion rate 



Pair process kernel
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!̄
.

Moment(-like) decomposition model for pair process kernel

→Pair annihilation rate (effective absorption rate) for single neutrino

Fitting functions ( φ1 and φ2 )

Accurate calculation of neutrino pair annihilation rate employing full distribution function information 	
by introducing approximate moment(-like) decomposition of the interaction kernel	

 
*Reduces to the exact expression in non-degenerate and high ν-energy limit

Bruenn 1985
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(2) For x ≫ 1; x̄ ≫ 1 and ηe ≪ 1

ϕ1ðxÞϕ1ðx̄Þ − ϕ2ðxÞϕ2ðx̄Þ ≈ 1: ðC10Þ
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∂
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Here, xmin and xmax denote the minimum and maximum of
the fitting range. The condition (1) is required to uniquely
determine ϕ1 and ϕ2. The condition (2) is required so that
the exact expression of the kernel function in the limit of
neglecting the phase space blocking for electrons and
positrons and the electron mass is reproduced [105,116].
The condition (3) is also required so that the kernel function
approximated employing ϕ1 and ϕ2 has the appropriate
asymptotic behavior with respect to the neutrino energy.
The condition (4) is required so that the total neutrino/
antineutrino emissivity is well reproduced for ην ¼ 0 case.
We tabulate ϕ1 and ϕ2 for the range of x∈ ½xmin; xmax$ ¼

½10−2; 102$ in a logarithmically uniform manner. For ηe ¼ 0
and each value of ηe logarithmically selected in the range of
[0.3, 14], we determine the values of ϕ1 and ϕ2 by
minimizing the following quantity under the conditions
given above:

Z
xmax

xmin

dx
Z

xmax

xmin

dx̄Δðx; x̄Þ2 ðC14Þ

with

Δðx; x̄Þ ¼ W½hIsymiðx; x̄Þ$
−W½ϕ1ðxÞϕ1ðx̄Þ − ϕ2ðxÞϕ2ðx̄Þ$: ðC15Þ

Here, W is a function introduced to control the weight of
the fitting. After several trial, we decided to use the
following form of W to ensure that ϕ1 and ϕ2 have the
desired asymptotic behavior

WðIÞ ¼ − ln
!
1

I
− 1

"
: ðC16Þ

Figure 14 shows the values of ϕ1 and ϕ2 as functions of x
and ηe obtained by the fitting. We can see that both ϕ1 and
ϕ2 become small for a large value ηe. This reflects the fact
that the cross section of pair annihilation is suppressed for
the case that electrons are highly degenerate.
Figure 15 compares hIsymi and hIsymmodeli for several values

of ηe and x̄ as functions of x. For ηe ≤ 3, we find that
hIsymmodeli and hIsymi agree within the standard deviation of
Isym around the angle averaged. For ηe ≥ 10, the deviation
of hIsymmodeli from hIsymi is large particularly when hIsymi
shows the steep change in its value. However, the asymp-
totic values for x ≪ 1 and x ≫ 1 are still correctly
reproduced.
Neglecting the Fermi blocking effect of neutrinos, the

energy-integrated neutrino emissivity and number emis-
sivity of pair process in the thermal equilibrium,Qpair;th and
Λpair;th, respectively, are given by

FIG. 14. ϕ1 and ϕ2 as functions of x and ηe obtained by the numerical fitting.
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Average Fitting Error : ≲ 10 %

Target neutrino information



Pair annihilation / Relativistic outflows

Relativistic outflow is launched in the pole region up to ~200 ms  	
by taking electron-type pair annihilation into account (see also Just et al. 2016)
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Pair annihilation deposition rate
Total pair annihilation energy deposition rate v.s. Mass accretion rate

2306 I. Zalamea and A. M. Beloborodov

Figure 2. Colour-coded and contour plot for log10 Qt
νν̄ around an accre-

tion disc with Ṁ = 1 M! s−1. The black hole has mass M = 3 M! and
spin parameter a = 0.95. The horizon sphere (black) has the radius rh ≈
1.3GM/c2, and the inner edge of the disc (the marginally stable orbit) is at
rms ≈ rg = 2GM/c2. Arrows show the projection of Qi

νν̄/Q
t
νν̄ on the plane

of the figure. The white curve is where the radial component of injected
momentum Qr

νν̄ changes sign. It roughly indicates the region where the
deposited energy may be lost into the black hole rather than escape in an
outflow. Disc Model A with viscosity parameter α = 0.1 (Section 2.1) was
used in the calculation. Practically the same Qt

νν̄ is found for Models B and
C, and for different α (e.g. α = 0.01).

3.1 Energy deposition from νν̄ → e+e−

Figs 2 and 3 show Qt
νν̄ for an accretion disc with Ṁ = 1 M! s−1

around a black hole of mass M = 3M!. In Fig. 2 the black hole
is assumed to be rapidly rotating (a = 0.95), and in Fig. 3 it is
non-rotating (a = 0). In the case of a = 0.95, the deposition rate
Qt

νν̄ peaks closer to the black hole and reaches much higher values,
because the disc extends to smaller radii and emits a higher neutrino
flux.

Volume integration of Qt
νν̄ and Q

φ
νν̄ , as described by equa-

tion (16), gives the net energy deposition rate due to νν̄ annihilation
outside the black hole horizon, Ėνν̄ . Fig. 4 shows Ėνν̄ as a func-
tion of the disc accretion rate Ṁ for the two cases, a = 0 and a =
0.95. For all Ṁ , Ėνν̄ is much higher when the black hole is rapidly
rotating.

The results are sensitive to Ṁ and a, but remarkably insensitive
to two uncertainties in our disc model.

(i) The uncertainty in the vertical structure of the accretion disc
leads to a small uncertainty in Ėνν̄ as illustrated by two extreme
models described in Section 2.1: Model A and Model B. The re-
sults of both models are well approximated by simple Model C
(equation 4). Deviations of Model C from Model A arise mainly
where Model C does not accurately predict the neutrino flux from
the disc, i.e. where the disc is not strongly cooled by neutrino emis-
sion.

(ii) The uncertainty in viscosity parameter α ∼ 0.1 has almost
no effect on Ėνν̄ as long as Ṁ ign < Ṁ < Ṁ trap. In particular,

Figure 3. Same as Fig. 2 but for a non-rotating black hole, a = 0.

Figure 4. Ėνν̄ as a function of Ṁ for a non-rotating black hole (a = 0) and
for a rotating black hole (a = 0.95) of mass M = 3M!. Open symbols show
Model A and filled symbols show Model B (Section 2.1). The results of
both models are well approximated by simple Model C, which is shown in
the figure by lines; the line is dotted at low Ṁ where the disc is transparent
to neutrinos.

Model C in this range of Ṁ is explicitly independent of α. The two
characteristic accretion rates Ṁ ign and Ṁ trap depend on viscosity
parameter α (see equation 5); in Fig. 4 we assumed α = 0.1.

The dependence of Ėνν̄ on the black hole spin, for a fixed Ṁ =
1 M! s−1, is shown in Fig. 6. Instead of using the spin parameter
a directly, it is more instructive to plot Ėνν̄ versus radius of the
last (marginally stable) orbit rms. Then, one can see the power-law
dependence of Ėνν̄ on rms: Ėνν̄ ∝ r−4.8

ms . This power law is accurate
for rms > rg which corresponds to a < 0.9. For rms < rg, Ėνν̄
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As found in [88], an approximation relation of Lpair /
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9/4 is satisfied up to Ṁ ⇡ 1M�/s in our results.
The steep dependence of Lpair on the ISCO radius
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) is also consistent with our re-
sults [88]. A factor of ⇡ 3 smaller value of Lpair found for
MT02s08MB6 and MT02s08MB6v0025 compared to the
fiducial model can be explained by dependence of Lpair

on the BH mass (M�3/2
BH

).
We find that Lpair as a function of the accretion rate

Ṁ can be well approximated by a function
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where L0, Ṁ1, and Ṁ2 are the fitting parameters given
as follows as functions of ↵vis, �BH, and MBH:

L0 = 4.2⇥ 1052 erg/s↵
vis,0.05r

5/8
ms,0.8MBH,3, (14)

Ṁ1 = 0.020M�/s↵
5/3
vis,0.05M

4/3
BH,3, (15)

Ṁ2 = 2.2M�/s↵
1/3
vis,0.05r

12/5
ms,0.8MBH,3. (16)

Here, ↵vis,0.05 = ↵vis/0.05, rms,0.8 = rms(�BH)/rms(0.8)
and MBH,3 = MBH/(3M�). Ṁ1 and Ṁ2 can be inter-
preted as the mass accretion rates at which the neutrino
emission ignites due to the increase in the temperature
(Ṁign) and neutrino radiation starts to be trapped to the
accreted matter (Ṁtrap), respectively [88]. Accordingly,
the exponents of ↵vis for Ṁ1 and Ṁ2 are chosen to match
those of Ṁign and Ṁtrap in [88], within fitting errors. The
exponent of MBH for Ṁ1 is also chosen to match that
in [89]. The remaining exponents are assigned as sim-
ple rational numbers that approximately reproduce the
numerical fits.

We find that the results of the simulations for Lpair �
1046 erg/s are reproduced within 30% error by Eq. (13),
except for the model with �BH = 0 for which the maxi-
mum fitting error is 35%. Ṁ1 and Ṁ2 broadly agree with
those mass accretion rates given in [88]. L0 appears to
represent the maximum pair annihilation deposition rate
in the limit of a high mass accretion rate; however, the
regime with Ṁ & 1M�/s is not well calibrated in our
model and should be interpreted with care.

We next pay attention to the spatial profile of the pair
annihilation deposition rate. Figure 5 shows the snap-
shots of the models with n = 1/5 (MT01s08ni5; top left),
�BH = 0.95 (MT01s095; top right) at t = 50ms, and the
model with Mtorus = 0.3M� at t = 100ms (MT03s08;
bottom left) (see Fig. 1 for the fiducial model; MT01s08).

The epoch for each model is chosen when the contribution
of pair annihilation energy deposition to the relativistic
outflow is approximately the largest. Figure 5 shows that
the pair annihilation deposition rate is always most sig-
nificant in the vicinity of the BH, and the profile of the
pair annihilation deposition rate is similar to each other
across the models with di↵erent setups. The funnel re-
gion of the positive net heating extends with the opening
angle of 30–45�, and the model with a geometrically thin
torus (see hH/Ri in Table I) tends to have a wide open-
ing angle. The high deposition rate region is extended
outside the funnel region regardless of the extent of the
low-density regions (< 106 g/cm3). This leads to a low
energy conversion e�ciency of the neutrino pair annihi-
lation to the relativistic outflow, as discussed below.
The right panel of Fig. 5 shows the radial profile of the

pair annihilation deposition rate within 45� from the pole
for the fiducial model. The deposition rate approximately
follows r�3 for r . 40 km, and decreases more rapidly for
larger radii approximately following r

�7. This radial de-
pendence of the deposition rate agrees with results found
in [70, 76, 88, 90, 91]. We find that the radial profile of
the deposition rate remains approximately the same over
time irrespective of the total deposition rate. We also
find that the radial profile is similar for the other mod-
els, but the radius at which the power-law index changes
is approximately proportional to rms.

D. Relativistic outflow properties

The left panel of Fig. 6 shows the outflow luminosity
for the matter components with hw > 10 and hw > 100,
Ljet,>10 and Ljet,>100, respectively, as functions of time
for the fiducial model and its variants with di↵erent val-
ues of ↵vis. We first pay attention to the results of the
fiducial setup (MT01s08; the purple curves in Fig. 6).
Initially, the matter with hw > 100 is absent and that
with hw > 10 is only present in the outflow. This reflects
the presence of the relatively high rest-mass density in
the polar region above the BH, which prevents the mat-
ter from having a high Lorentz factor due to the baryon
loading e↵ect [90].
After t = 20ms, the outflow component with hw > 100

starts appearing as the rest-mass density in the polar
region drops due to the expansion of the fireball created
in the region above the BH. Ljet,>100 increases until t =
40ms and reaches a value comparable to Ljet,>10. After
t = 40ms, both values of Ljet,>100 and Ljet,>10 decrease
approximately as / t

�2 until ⇡ 100ms, and exhibit shut
down thereafter.
The outflow luminosity of the relativistic components

is much smaller than the total pair annihilation deposi-
tion rate (see Fig. 3). This reflects the fact that only
a fraction of the pair annihilation deposition energy is
actually deposited in the low-density region, contribut-
ing to the launch of a relativistic outflow (see Fig. 5). In
fact, the evolution of Ljet,>10 and Ljet,>100 after reaching
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where L0, Ṁ1, and Ṁ2 are the fitting parameters given
as follows as functions of ↵vis, �BH, and MBH:

L0 = 4.2⇥ 1052 erg/s↵
vis,0.05r

5/8
ms,0.8MBH,3, (14)
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Fitting formula (gray dash curves)

 cf. Agarwal+ 2025
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Ṁ1 ⇠ Ṁign
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Ejet ⇠ 1047�48 erg/s <latexit sha1_base64="Il0CcV7V4FdieI2q00LlAneBw2Q="></latexit>

Eiso
jet ⇠ 1050�51 erg/s

<latexit sha1_base64="tLBpz7DdCDFG8uji73dwTnV5suQ="></latexit>

✓jet ⇡ 0.02� 0.2 rad
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�tjet ⇡ 0.1� 0.2 s

Relativistic outflow

may explain low-luminosity sGRBs / precursors	
(see also Just+2016)

Relativistic outflow luminosity Relativistic outflow opening angle

*the first 20ms is excluded for the measurements 
to avoid the initial relaxation artifact



Caveat: 	
initial data/grid resolution/floor density dependence

• Jet collimation is characterized primarily by the matter blown-up during the initial relaxation phase	

• ×2 change in Ejet by ×2 change in grid resolution (cf. ΔEν ~1%, ΔEpair~10%, ΔEjetiso~20%)	

• Terminal Lorentz factor is significantly affected by the floor density setup

<latexit sha1_base64="h8QptohhjHysE9ZHzQ0CspAQuX0="></latexit>

�BH = 0.95Higher BH spin model:
Terminal Lorentz factor @ t=50ms, r=3000km

see also Aloy+2005, Just+2016



FFC in MCRHD code
in prep.



Neutrino Flavor Conversion in 
NS binary merger systems

• Neutrino flavor conversion, which is a quantum 
effect beyond classical transport, being studied in 
core collapse supernovae  (e.g., Sawyer 2005, Wu, Ehring)	
and recently more in binary neutron star mergers.	
(Wu et al. 2017, Li & Siegel 2021, Just et al. 2022, Fernandez 
et al. 2022, Richers et al. 2022, Froustey et al. 2024, Nagakura 
et al. 2025, Lund et al. 2025, Qiu et al. 2025) 	

• Flavor conversion can alter the thermodynamical 
property and electron fraction of the ejecta and thus 
can potentially impact nucleosynthesis outcomes.	

• Fast flavor conversion (Sawyer 2005) 	
is triggered by crossings in the angular distributions 
of the electron and heavy lepton numbers 	
(ELN-XLN crossing) and depends sensitively on the 
neutrino distribution functions.	

• Solving Quantm kinemtic equation 	
(off-diagonal component in density matrix)	
+ characteristic growth timescale , 	
posing a major challenge for numerical simulations.
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FIG. 3: Contour plot of |Im(!)|/µ0 in the (x, z) plane above
the ⌫e-surface for k = 0 for our benchmark NS-disk model.
The mirror symmetry preserving and breaking solutions are
shown in panel (a) and (b). Also shown are the MNR lo-
cations obtained by adopting the ne profiles of [12] for neu-
trinos emitted at (x, z) = (0, h⌫e) (solid blue curve) and at
(x, z) = (�R⌫e , h⌫e) (dashed green curve). Fast conversions
occur everywhere above the ⌫e surface and could alter the
otherwise favorable conditions for the MNR.

Because of the broken axial symmetry, we find three
branches of the unstable solutions: two of them preserv-
ing the y-MS (red curves) and the other one breaking this
symmetry (green curves). No real solutions exist for the
selected (x, z) due to the enlarged zone of avoidance (gray
region), where Q(v) would become singular as a result of
larger asymmetry in the x direction (|✏x| = 0.31µ0). Note
that, for g(v) corresponding to other (x, z) above the ⌫e

surface, we find nonzero real solution(s) that sometimes
coexist with the complex ones because of the disk geom-
etry, di↵erently from the findings of Ref. [42].

So far, we have focused on the temporal instabilities
for one specific point (x, z) above the ⌫e surface of the NS
disk. Since the kz = 0 mode is unstable in this studied
case, we adopt it as the benchmark wave number and gen-
eralize our study to any (x, z) above the ⌫e emitting disk
surface. Figure 3 shows contour plots of the growth rate
|Im(!0)|/µ0 in the (x, z) plane. MS preserving (panel(a))
and breaking (panel(b)) flavor instabilities exist in most
of the region above the ⌫e surface. Moreover, |Im(!0)|/µ0

at some vertical distance above the ⌫e surface may be
larger than that at the surface. The growth rate |Im(!)|
is typically large ⇠ 0.1µ0, leading to flavor conversion in
the length scale of cm.

The eventual occurrence of fast conversions above the
⌫e emitting surface hints towards a change of paradigm
of the current picture of flavor conversions in merger
remnants, in particular concerning the occurrence of
the MNR. In fact, in Fig. 3 we also show the loca-
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FIG. 4: Growth rate of the flavor instability, |Im(!)|/µ0, as
a function of x on the ⌫e-surface for the same NS disk in
Fig. 1 (thick curves) with di↵erent ↵ = �0

⌫̄e/�
0
⌫e for the mir-

ror symmetry preserving solutions [panel (a)] and the mirror
symmetry breaking solutions [panel (b)]. The thin dashed
curves show the corresponding solutions of the BH torus with
R0 = 0.15R⌫e . For any ↵ � 1.1, flavor instabilities exist above
the ⌫e surface.

tions of the MNR for neutrinos emitted from the center
(x = 0, z = h⌫e , solid blue curve) and the opposite side of
the disk (x = �R⌫e , z = h⌫e , dashed green curve), using
the ne profiles from [12] to model the matter potential.
Before these neutrinos reach the MNR locations, they
will traverse the region where the fast conversions can
occur and this would likely alter the MNR conditions.

In order to further generalize our results to any ↵

compatible with existing hydrodynamical simulations,
Fig. 4 shows the temporal instability of k = 0 for the
same disk model with di↵erent values of the flux ra-
tio ↵ = 1.1, 1.5, 2.4, and 4.0 2 covering the range of
(L⌫̄e/hE⌫̄ei)/(L⌫e/hE⌫ei) from hydrodynamical simula-
tions listed in Table 7 of Ref. [34]. For this wide range
of ↵, MS preserving and breaking flavor instabilities are
found in most of the region right above the ⌫e surface.
As one moves from the disk center towards the edge, the
MS preserving unstable solution shifts from one branch
to another (see Figs. 2 and 3), and there is a small region
where no MS preserving unstable solution exists. Never-
theless, the MS breaking unstable solution is nonzero in
this region. We conclude that fast conversions can occur
in most of the region above the merger remnant of the

2 We note that ↵ > 1.78 (↵ < 1.78) corresponds to a net pro-
tonization (neutronization) of the NS–disk system for the as-
sumed R⌫̄e/R⌫e .
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FIG. 7. Left panel: Abundance distributions as functions of the atomic mass number of elements synthesized in the ejected
material in models m1, m1mix1, m1mix1f, m1mix2, and m1mix3 measured at t = 1 d after the birth of the disk. The imprint
of flavor conversions is most visible in the enhanced abundances of lanthanides. Right panel: Kilonova signal powered by
radioactive heating of synthesized material for models m1 (dashed lines) and m1mix1 (solid lines) estimated using spherically
averaged ejecta properties. The top panel shows the bolometric luminosities (black) and e↵ective heating rates (including
thermalization; grey), the bottom panel depicts AB magnitudes in selected bands. Flavor conversions induce more powerful
heating but also higher opacities, causing the peak emission to take place with nearly the same luminosity but for an extended
period of time.

always below 10GK, we start the evolution at the time
t = 0 corresponding to the start of the hydrodynamic
simulation. As anticipated from the previously found re-
duction of Ye in the ejecta, flavor conversions enhance
the production of nearly all r-process elements, while the
largest relative increase (of up to a factor of ⇠ 2 depend-
ing on the model) is observed for the lanthanides. Not
surprisingly, for di↵erent models the size of the impact
of flavor conversions on the mass fractions scales pretty
well with the size of the impact on Ye, i.e. models with
smaller reduction of Ye exhibit a milder increase of XLA

etc.
In order to assess the impact on the kilonova light

curves, we use the trajectories and results from the nu-
cleosynthesis analysis, assume constant velocities beyond
r = 109 cm, and construct spherically symmetric dis-
tributions of mass, heating rates, mass fractions of lan-
thanides plus actinides, and mean atomic mass numbers
as functions of velocity (as was also done in Ref. [38]).
We then plug these data into the spherically symmet-
ric version of the scheme described in Ref. [137], which
solves the radiative transfer equations in the M1 approxi-
mation using simplified, parametrized opacities (see [137]
for technical details of the solver). The right panels of
Fig. 7 provide the results for the two models m1 (dashed
lines) and m1mix1 (solid lines), namely the radioactive
heating rates powering the light curve and bolometric lu-
minosities (top panel) and the broadband magnitudes for
selected frequency bands (bottom panel).

The kilonova is a↵ected in two ways by the modi-

fied nucleosynthesis pattern in models with flavor oscil-
lations: First, the radioactive heating rates are boosted
at 3 <

⇠ t <⇠ 20 d by several tens of percent mostly as a
consequence of the increased abundance of 2nd-peak ele-
ments, which dominate the heating rates during this pe-
riod of time. The second e↵ect is given by the increased
opacities, which mainly result from the higher abundance
of lanthanides. Since the second e↵ect to some extent
counteracts the first e↵ect, the light curve in the model
with flavor conversions is barely more luminous until the
plateau-like peak epoch at about t ⇡ 10 d than in the
model without conversions. After the plateau the light
curve decays more slowly and reaches the asymptotic be-
havior (given by the radioactive heating rate) several
days later. The broadband light curves exhibit similar
di↵erences between both models. Overall, the impact of
fast flavor conversions on the kilonova predicted by our
models is noticeable mostly in the duration of the high-
luminosity emission.

C. Model dependence

In this section we examine the sensitivity of the find-
ings of the previous section to variations of the flavor-
mixing prescription, the chosen threshold for the onset
of flavor instabilities, the disk mass, and to replacing the
↵-viscosity with an MHD treatment.

Just et al. 2022

Wu & Tamborra 2017



BGK model on MCRHD
• BGK (Bhatnagar-Gross-Krook) model for νFC: 	
a subgrid heuristic method to capture νFC	
(Nagakura et al. 2024)	
→ enables us to approximately capture the FFC by skipping 
detailed conversion process and treating it as a relaxation process 
with asymptotic state models.	

• Only classical distribution function information is needed in the 
BGK model.	

• In the MC method, the neutrinos distribution functions are 
described in the set of Dirac functions. 	
→ need to reconstruct as a smooth function of momentum angular 
space for determine ELN-XLN Crossing 	
(See also Lund et al. 2025 for the  implemention of the BGK model 
in MCRHD)	

• We reconstruct the neutrino angular distribution functions by the 
spherical harmonics expansion 	
	
	

• Flavor of the MC packets are probabilistically converted based on 
the time scale and asymptotic state (survival probability) with 
operator splitting method

G = 4π (
dnνe

dΩp
−

dnν̄e

dΩp
−

1
2

dnνx

dΩp
+

1
2

dnν̄x

dΩp )
A = ∫G<0

G
dΩp

4π
B = ∫G>0

G
dΩp

4π

G

ΩpA
B

alm = ∫
dnνi

dΩp
Y*lmdΩp = ∑ wkY*lm,k

dnνi

dΩp
≈ ∑ almYlm

τa ≈ 2π(AB)−1/2 : (relaxation timescale)

df
dt

= −
1
τa

( f − fa)

fa = fa(G, A, B) : (aymptotic state)

Neutrino angular distribution function

BGK model

ELN-XLN crossing



Numerical Issues
• 1) MC shot noise (Foucart et al. 2025)	
	
MC shot noise induces 	
an artificial ELN-XLN crossing	
→ always plays a role to overestimate the FFI 	

• 2) Tradeoff  between 	
Angular resolution / MC shot noise	
	
large angular resolution 	
(  consider large  modes)	
→ less MC packets per effective angular bin	
→ more dominated by MC shot noise	

• 3) Conservation of total ELN-XLN crossing	
	
total ELN-XLN crossing is conserved during the 
FFC, but it is not numerical guaranteed for the 
naive MC packet-based conversions

⟺ l

G

Ωp

B B B BB

A A A

∫ GdΩp = const .

MC shot noise

G

Ωp

Coase binning Fine binning

2)

3)

1)



Prescriptions
• 1) MC shot noise (see also Lund et al. 2025)	
	
Set a Binning MC packets in neighbor spatial cells (supercell) 	
+ Set threshold on ELN-XLN crossing careful estimating the 
MC shot noise 	
→ Effectively increase MC packet number and only employ 
statistically significant ELN-XLN crossing	
 	

• 2) (Effectively) Adaptive angular resolution	
	
Apply a filter to suppress (discard) the contribution from the 
 modes that are dominated by the MC shot noise 	

• 3) Approximate conservation of 	
the total ELN-XLN crossing	
	
Introduce a procedure that randomly selects and adjusts 
which MC packets actually trigger FFC from among the 
candidates that could cause FFC to minimize violations of 
total ELN–XLN crossing conservation.

l

Lund et al. 2025

Nagakura et al. 2025

Test problems (1d & 1 zone)

*Our scheme tends underestimates the FFI



Application to  BH torus system
• , 	

• , , 	

• 	

• 	

•

MBH = 3 M⊙ χBH = 0.8

Mtorus = 0.1 M⊙ j ∝ Ω−1/5 αvis = 0.05

(Nx, Nz) = (320,320)

(ΔNbin,x, ΔNbin,z) = (4,4)

Npacket per cell ∼ 103 (Npacket per bin ∼ 104 − 105)

Initial profile for a BH-tours system (fiducial model)

Meridional plane

• Updated neutrino transport/ microphysics:	

• 3 species → 4 species ( )	

• EoS: DD2 EoS + Helmholtz EoS 	
(Banik et al. 2014, Timmes et al. 2000,	
 Fujibayashi et al. 2020)	

• + finite electron mass effects	
in absorption rate and emissivity 

νe, ν̄e, νx, ν̄x



Animation (up to ~500ms) w/ FFCw/o FFC

Crossing Ratio = min ( A
B

,
B
A ) nG = [nνe

− nν̄e
−

1
2

(nνx
− nν̄x

)]

Prelim
inary



Neutrino emission

Broadly Consistent with the results of e.g., Just et al. 2022, Lund et al. 2025



Matter profile

*Ejecta is not yet launched significantly (expected for >500ms)
Broadly Consistent with the results of e.g., Just et al. 2022, Lund et al. 2025



Summary
• We develop an axisymmetric (2D) GR-MCνRHD code to investigate BH-torus systems with various 

improvements applied our code to BH-torus systems span a wide range of parameters. In particular, 
neutrino-antineutrino pair annihilation is taken into account for both electron and heavy lepton types, 
considering non-thermal distribution effects.  	

• We find that the evolution of the system and the various key quantities (e.g., ν Luminosity, ejecta mass, 
torus Ye, pair annihilation luminosity) are consistent with the results of the previous studies employing 
the leakage or M1 schemes (and also those employing the MC method) 	

• We found a clear relationship between the pair annihilation energy deposition rate and mass accretion 
rate, consistent with the previous work. We also provide a fitting formula for the pair annihilation energy 
deposition rate as a function of accretion rate.	

• We showed that the pair annihilation leads to the formation of relativistic fireballs and jet launching in 
most cases for the first time employing a full Boltzmann transport scheme.	
The isotropic-equivalent energies of these outflows reach ≲ 1050-51 erg with durations ≲ 0.2 s, which may 
account for low-luminosity sGRBs and GRB precursors.	

• We implemented the BGK model for neutrino fast flavor conversion in dynamical and self-consistent 
manner in time-dependent simulations accounting for the full neutrino distribution function information. 	

• We so far evolved the BH-torus system up to~500 ms, and find that the disk average Ye can be lowered up 
to ~0.04  likely due to higher electron degeneracy of matter resulting from enhanced neutrino cooling.	

• The simulation will be continued until ~1s -> ejecta properties will also be studied.	

• Tasks: realistic ID / accurate jet propagation / NR / MHD / MNS


