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eigenvalue. The corresponding eigenvector gives the direction
of the neutrino energy flux also in this case. It is obvious that
there is a twofold degenerate vanishing eigenvalue in addition
to the unique nonvanishing eigenvalue. Finally, in the
intermediate regime between the optically thick and thin limits,
the ellipsoid is triaxial in general (Figure 8(b)). The longest
principal axis is denoted by L hereafter. The directions of the
neutrino energy flux F and the matter velocity V are also
represented by the arrows with white and black heads,
respectively, in the figure. The angle between F and L is
designated as θFL, and its cosine m q= cosFL FL is used for the
later analysis.

Figure 9 shows the distribution functions f of νe in
momentum space (top panels) and the corresponding ellipsoids
of the Eddington tensors obtained in the Boltzmann simulation
(middle panels) and those evaluated in the M1 approximation
(bottom panels) at three radii from 10 to 40 km for the neutrino
energy = á ñ FR FR , i.e., the average energy. At r=10 km, the
neutrino distribution in momentum space is almost isotropic at
all energies in the fluid rest frame owing to the tight coupling
with matter, and as a result, F is nearly parallel to V in the
laboratory frame (Figure 9(d)). The Eddington tensor that is
evaluated in the laboratory frame is also slightly elongated in
the direction of F. With the increasing radius, high-energy
neutrinos are depleted (Figure 9(b)) and, more importantly,

Figure 5. Isosurfaces of density, electron fraction, and entropy with the fluid velocity vectors are shown in the left column. The isosurfaces of neutrino number
densities with the average velocity vectors for νe (first row), nē (second row), and νx (third row) measured in the laboratory frame (LB) and fluid rest frame (FR) are
also shown in the middle and right columns, respectively. The isosurfaces are cut away above the equatorial plane. The vectors are superimposed on the cut planes.
The vectors of the average velocity for nē are not shown in r<20 km.
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重⼒崩壊型超新星爆発 (CCSN)

postmerger remnant and accretion disk at the end of the
simulation, 10 ms after merger, are shown in Fig. 2. Within
the disk, strong l ¼ 2 perturbations are driven by the
excited massive neutron star. These two spiral arms are
hotter than the rest of the disk, with Tspiral ∼ 9 MeV and
Tdisk ∼ 5 MeV. The spiral arms also show sharp density
jumps, with the density inside the arms being about three
times the density outside the arms. The massive remnant,

which was heated at the time of merger, is even hotter with
Tcore ∼ ð15–20Þ MeV. The spiral arms and hot neutron star
are the main sources of neutrinos, as discussed in Sec. III.
Over the 10 ms of postmerger evolution performed here,
more material is ejected from the outer disk in the
equatorial plane, while neutrino absorption drives a wind
in the polar regions. These outflows are discussed in
Sec. IV. The measured properties of the emitted neutrinos
and of the unbound matter are the main observables which
change with our treatment of the neutrinos, and are the
focus of this work.

III. NEUTRINO RADIATION

A. General properties

Many of the qualitative properties of the neutrino
radiation are independent of our chosen approximation
for the neutrino energy spectrum. In all approximations,
the main emission regions are the hot, dense parts of the
remnant: the central core, and the shocked tidal arms.
The energy density of νe, for example, is shown in Fig. 3
towards the middle of our postmerger evolution (5 ms after
merger). Electron antineutrinos are trapped and advected
with the flow in regions inside the shocked tidal arms. Free-
streaming neutrinos in the outer disk are mostly produced
in those arms, while neutrinos in the polar regions come
from both the core and the tidal arms. Figures 4–6 show the

FIG. 2. Same as Fig. 1, but for the remnant 10 ms after merger.
The hot core of the remnant and shocked tidal arms in the disk are
clearly visible.

FIG. 3. Energy density and normalized flux (αFi=E − βi, i.e.
the effective transport velocity of the neutrino energy density) of
electron antineutrinos ν̄e in the high-density regions of the
remnant (ρ≳ 1011 g=cm3), shown 5 ms after merger. Most of
the neutrino emission comes from the hot core and shocked tidal
arms. In the inner disk, ν̄e are trapped and advected with the fluid.
In the outer disk, they are free streaming away from the remnant.

FIG. 1. 3D visualization of the system at the time of merger.
The color scale shows the temperature (in MeV), with denser
regions appearing more opaque. Visible regions have a density
ρ≳ 1011 g=cm3. Cold tidal outflows and a small amount of hot
shocked material are ejected by the merger, while a stable, hot
massive neutron star forms.
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連星中性⼦星合体 (BNSM)

ニュートリノ: 弱い相互作⽤のみ
à エネルギーなどを輸送する媒介として働く
à ダイナミクスやイジェクタなどの天体現象そのも

のに影響する

à 不定性・課題の１つが「ニュートリノ振動」

CCSN/BNSMでのニュートリノ輸送

?

higgstan.com



太陽ニュートリノ問題
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電⼦からの
ポテンシャル

ν?
物質中を伝搬

電⼦からの
ポテンシャル

観測数が少ない︖



極限環境: レプトン/核子の海
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“⾮線形”な
ニュートリノ集団振動 
+ 輸送計算

ニュートリノ⾃⾝
からのポテンシャル

電⼦からの
ポテンシャル

核⼦相互作⽤ (吸収・散乱)
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ニュートリノ振動を含む輸送方程式
古典運動論的⽅程式（ボルツマン⽅程式）with６次元位相空間

量⼦運動論的⽅程式 (~ Schrödinger eq)
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ニュートリノ振動項
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指数関数的に増幅
 à 電⼦型とミュー型の間で
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ニュートリノ振動を含む輸送方程式
古典運動論的⽅程式（ボルツマン⽅程式）with６次元位相空間 (r, θ ,φ ;Eν, θν, φν)

量⼦運動論的⽅程式 (~ Schrödinger eq)
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ニュートリノ振動項

• 天体スケール ：O(10n km)      c.f., 鉄コア ~ 1,000 km
• 物質との相互作⽤：O(km)            ~ (GF2 Eν2 nm)-1

• ν 集団振動          ︓O(cm)      ~ (GF nν)-1

→ 基本的にはスケールを分離して独⽴にモデル化してやればいい。
 しかし中にはスケールが相互作⽤して混ざる場合もある

c.f., １つ前の
       ⾚穗くんのtalk
 ~ FFC



explosion with the maximum shock radius reaching
1000 km in t ∼ 400 ms after bounce. See [74] for the
details of this simulation.

III. RESULTS

A. Overall properties

Top panels of Fig. 1 shows the time-radius maps of CFI
growth rate at θ ¼ 45° and 90°. CFI is expected to occur in
the region with a bright color. In fact, the black regions in
the plots have growth rates smaller than 10−9 cm−1, and we
do not think CFI is important there. It is clear at both angles
(and actually at all angles as shown in Fig. 2) that a CFI
region appears at t ∼ 50 ms for the first time and continues
to exist later on. This unstable region moves to smaller radii
as the protoneutron star contracts. It roughly corresponds to
the region with 1010 ≲ ρ≲ 1012 g cm−3, similar density
range as reported in a 1D study [64]. In the 2D case,
however, the radial extent of the region changes rather
rapidly in time whereas such time variations were absent in
the 1D model. This is due to the turbulence that occurs
commonly on the multidimensional models.
A closer inspection of the plots reveals another CFI

region deeper inside, r ∼ 20 km, at later times, t≳ 200 ms,
(see the magnified figures). It is very narrow but has greater
growth rates than the region mentioned above and was not

found in the 1D model. In fact, this corresponds to the
resonancelike CFI, a feature unique to multidimensional
models, as we discuss later.
For comparison we present the time-radius maps of the

FFI growth rate in the bottom panels of Fig. 1. The reddish
region is unstable to FFI this time. Note that the radial range
and the color scale are different between top and bottom
panels. The four dashed lines that show the locations of
ρ ¼ 1010, 1011, 1012, 1013 g cm−3 will help the correspon-
dence between the plots. There is a wide FFI region with
located at larger radii much outside than the CFI region in
general. In the late phase, t≳ 400 ms, however, the two
regions are partially overlapped with each other at θ ¼ 90°.
Note that we analyze CFI and FFI independently, assuming
that the latter is absent in the analysis of the former.
The spatial extents of the CFI and FFI regions in the

meridian section are shown in Fig. 2 at t ¼ 404 ms after
bounce. The resonancelike CFI occurs sporadically at r ∼
20 km whereas the nonresonance CFI regions prevail at
30≲ r≲ 40 km. The FFI region is extended at even larger
radii, r≳ 50 km, but also appears at almost the same
positions as the resonancelike CFI. Although the non-
resonance CFI region is mostly separated from the FFI
region, there are some overlaps (see the rightmost panel of
Fig. 2). It is apparent that it occurs in a convective eddy.
The growth rates of CFI and FFI tend to be higher around

FIG. 1. Time-radius map of the growth rate of CFI (top) and FFI (bottom) for the angle θ ¼ 45° and 90°. White broken lines, from top
to bottom, denote the radius for the density 1010, 1011, 1012, and 1013 g cm−3, respectively. Red broken line denote the shock radius.
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不安定領域

ニュートリノが物質との間で平衡に近い状態(β平衡)にあるような領域
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FIG. 17. Color maps of rest-mass density of fluid (ω).

FIG. 18. Same as Fig. 17 but for matter temperature (T).

the envelop of HMNS at T = 1.3 s (the final time snap-
shot in our simulation) is → 20 m to accurately model the
neutrino transport.

On the other hand, such a fine resolution is not re-
quired inside HMNS and in the outer envelope, where
matter gradient is more moderate. We, hence, adopt a
grid structure tailored to the problem. Figure 19 displays
radial grid width as a function of radius for three di!er-

ent cases. The black dotted curve represents the case
used in our previous study [74], while the red solid curve
corresponds to the one adopted in the present study. As
depicted, the new grid structure has a → 20 m resolution
at r → 10 km where the density gradient is the steepest.
On the other hand, the radial grid width at the center is
roughly ten times larger than the finest resolution, and it
increases logarithmically with radius at r >→ 15 km. This

1011 g/cm3

7

FIG. 4. Same as Fig. 3 but for CFI. We note that the color range is narrower than that in Fig. 3.

ing the time interval 0.2 s <→ t <→ 0.4 s; no ELN angu-
lar crossings emerge around the pole (z-axis) at any of
the time snapshots analyzed in this study; CFI becomes
always unstable at the surface of HMNS, while the in-
ner region is always stable; CFI arises in the disk re-
gion persistently but they are suppressed at t >→ 1.3 s.
These results highlight the need for detailed analyses. In
the following, we delve into them for FFI and CFI in
Sec. III B and III C, respectively. To facilitate readers’
understanding, we simplify our argument by illustrating
the key points graphically for complex mechanisms.

B. Mechanisms of ELN angular crossing
generations

1. ELN crossings in optically thick regions

We find that ELN angular crossings persistently occur
in a thin layer near the surface of HMNS; see Fig. 5 as
an example. In these optically thick regions, neutrinos
are trapped and reach in thermal equilibrium with sur-
rounding medium, suggesting that neutrinos are isotropi-
cally distributed. Strictly speaking, however, they have a
slight anisotropy in neutrino momentum space, and their
angular distributions vary depending on neutrino species
due to di!erent opacities. This indicates that ELN angu-
lar crossings should arise in regions where nωe and nω̄e are
nearly equal. We note that the similar type of ELN angu-

FIG. 5. Same as Fig. 3 (a color map of growth rates of FFI)
but we zoom in the central region for the time snapshot of
t = 0.4 s.

lar crossings have already been reported in FFI analyses
on CCSN systems. They appear in convective envelope
of proto-neutron star [90, 91].

Before moving on to discussions of other mechanisms,
two important points should be noted. First, the spa-
tial regions where these ELN angular crossings occur are

フレーバー
不安定領域
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ここでは振動スケールが物質との相互作⽤に⼲渉されることで、似たよ
うなスケールでフレーバー変換が進⾏する振動モード
 (Collisional flavor instability, CFI) が発現する。

→ 同時に取り扱ってその振る舞い + フィードバックを⾒てやる。

衝突フレーバー不安定性

2D-CCSN 3D-BNSM

c.f., １つ前の
       ⾚穗くんのtalk
 FFC よりも内側



量子運動論における吸収放出項

8

e.g., 荷電カレント反応 (電⼦ニュートリノの吸収放出)

密度⾏列としての寄与 (⾮対⾓成分)
・フレーバー相関を⼩さくする項
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この衝突項も正しく量⼦論的に取り扱うことで、
CFI (衝突フレーバー不安定性) が引き起こされる。
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ローカル計算 (CFI)
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FIG. 4. Same as Fig. 3 but for CFI. We note that the color range is narrower than that in Fig. 3.
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the time snapshots analyzed in this study; CFI becomes
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B. Mechanisms of ELN angular crossing
generations

1. ELN crossings in optically thick regions

We find that ELN angular crossings persistently occur
in a thin layer near the surface of HMNS; see Fig. 5 as
an example. In these optically thick regions, neutrinos
are trapped and reach in thermal equilibrium with sur-
rounding medium, suggesting that neutrinos are isotropi-
cally distributed. Strictly speaking, however, they have a
slight anisotropy in neutrino momentum space, and their
angular distributions vary depending on neutrino species
due to di!erent opacities. This indicates that ELN angu-
lar crossings should arise in regions where nωe and nω̄e are
nearly equal. We note that the similar type of ELN angu-

FIG. 5. Same as Fig. 3 (a color map of growth rates of FFI)
but we zoom in the central region for the time snapshot of
t = 0.4 s.

lar crossings have already been reported in FFI analyses
on CCSN systems. They appear in convective envelope
of proto-neutron star [90, 91].

Before moving on to discussions of other mechanisms,
two important points should be noted. First, the spa-
tial regions where these ELN angular crossings occur are

explosion with the maximum shock radius reaching
1000 km in t ∼ 400 ms after bounce. See [74] for the
details of this simulation.

III. RESULTS

A. Overall properties

Top panels of Fig. 1 shows the time-radius maps of CFI
growth rate at θ ¼ 45° and 90°. CFI is expected to occur in
the region with a bright color. In fact, the black regions in
the plots have growth rates smaller than 10−9 cm−1, and we
do not think CFI is important there. It is clear at both angles
(and actually at all angles as shown in Fig. 2) that a CFI
region appears at t ∼ 50 ms for the first time and continues
to exist later on. This unstable region moves to smaller radii
as the protoneutron star contracts. It roughly corresponds to
the region with 1010 ≲ ρ≲ 1012 g cm−3, similar density
range as reported in a 1D study [64]. In the 2D case,
however, the radial extent of the region changes rather
rapidly in time whereas such time variations were absent in
the 1D model. This is due to the turbulence that occurs
commonly on the multidimensional models.
A closer inspection of the plots reveals another CFI

region deeper inside, r ∼ 20 km, at later times, t≳ 200 ms,
(see the magnified figures). It is very narrow but has greater
growth rates than the region mentioned above and was not

found in the 1D model. In fact, this corresponds to the
resonancelike CFI, a feature unique to multidimensional
models, as we discuss later.
For comparison we present the time-radius maps of the

FFI growth rate in the bottom panels of Fig. 1. The reddish
region is unstable to FFI this time. Note that the radial range
and the color scale are different between top and bottom
panels. The four dashed lines that show the locations of
ρ ¼ 1010, 1011, 1012, 1013 g cm−3 will help the correspon-
dence between the plots. There is a wide FFI region with
located at larger radii much outside than the CFI region in
general. In the late phase, t≳ 400 ms, however, the two
regions are partially overlapped with each other at θ ¼ 90°.
Note that we analyze CFI and FFI independently, assuming
that the latter is absent in the analysis of the former.
The spatial extents of the CFI and FFI regions in the

meridian section are shown in Fig. 2 at t ¼ 404 ms after
bounce. The resonancelike CFI occurs sporadically at r ∼
20 km whereas the nonresonance CFI regions prevail at
30≲ r≲ 40 km. The FFI region is extended at even larger
radii, r≳ 50 km, but also appears at almost the same
positions as the resonancelike CFI. Although the non-
resonance CFI region is mostly separated from the FFI
region, there are some overlaps (see the rightmost panel of
Fig. 2). It is apparent that it occurs in a convective eddy.
The growth rates of CFI and FFI tend to be higher around

FIG. 1. Time-radius map of the growth rate of CFI (top) and FFI (bottom) for the angle θ ¼ 45° and 90°. White broken lines, from top
to bottom, denote the radius for the density 1010, 1011, 1012, and 1013 g cm−3, respectively. Red broken line denote the shock radius.
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ローカル計算 (中性子過剰領域)
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FIG. 4. Same as Fig. 2, but collision rates R̄0 = 0.1 km→1 for antineutrinos.

IV. FLAVOR ANALYSIS

A. Flavor Analysis by Eigenvector

Under the assumptions of isotropic and homogeneous
neutrino background, the eigenvector associated with the
unstable mode in Eq. (9) can be recast into

Q̃E = (ωee → ωxx)
1

ε + iRE
(23)

and the amplitude is given by
∣∣∣Q̃E

∣∣∣ = (ωee → ωxx)
1√

ε2
r + (εi + RE)2

, (24)

where ε = εr + iεi. The energy dependence can be
produced by reaction rates, except for the neutrino dis-
tributions. Recalling Eq. (16), the real parts of ε± are
approximated to Re(ε±) = →A ± |A|. When the sign
of A is positive, the real part of the plus mode vanishes,
while the minus mode has →2A in the real part. In the
limit of A

2
↑ |Gϑ|, the value of A (or the self-interaction

potential) is much larger than reaction rates. This means

that the amplitude of the eigenvector is
∣∣∣Q̃E

∣∣∣ ↓ |εr|
→1

in the minus mode and becomes independent of neutrino
energy because εr exceeds the other terms in the denom-
inator in Eq. (24). On the other hand, the plus mode ε+

becomes almost pure complex, and so the amplitude has
energy dependence with (εi + RE)→1.

Figure 6 demonstrates the energy dependence of the
eigenvector Q̃E for both the plus and minus modes in
the case of R̄0 = 0.1 km→1. As noted above, the minus
mode is homogeneous in neutrino energy, and the plus
mode has a distribution peaked at lower energy. Note
that the eigenvector for antineutrinos becomes flatter be-
cause the collision rate R̄E is weaker than neutrinos. The
eigenvector says that flavor coherency should be evolved
with the energy distribution associated with the corre-
sponding unstable mode. This fact is consistent with the
isoenergetic exponential growth in Fig. 2 for R̄0 = 1km→1

because the plus mode is stable and only the minus mode
is active in this setup. On the other hand, in the case of
R̄0 = 0.1 km→1, both the minus and plus modes have non-
zero imaginary parts. Also, in our simulation setup, the
initial seed of flavor coherence is homogeneously given in
neutrino energy. Hence, the minus mode with the homo-
geneous eigenvector, which is a damping mode, reduces
the flavor coherence at first, and then the spectral compo-
nent with ↓ (εi+RE)→1 following the plus mode appears
excited. As confirmed from the bottom panel of Fig. 4,
neutrinos with the lower energy begin to grow before the
higher-energy neutrinos. Also, in the antineutrino sector
(right panel), the spectral deviation is smaller than in
the neutrino sector (left) because the spectral structure

6
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