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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)

爆発天体における極限環境

様々な物質同⼠の相互作⽤が卓越する天体現象

ニュートリノ：流体と「弱く」結合する
à エネルギーやレプトンなどを輸送する媒介になる
à 流体ダイナミクスなど、天体現象に深く関連する。

à 「ニュートリノ振動」が輸送を変える
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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)



１粒子系としてのニュートリノ振動
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From Super-K homepage© 
https://www-sk.icrr.u-tokyo.ac.jp/sk/neutrino/kajita/vibration/

本来は勝⼿にこのフレーバーが変化す
ることはない。

しかし、異なる質量固有状態の重ね合
わせにより
ü 真空中を伝搬するだけで、
 このフレーバーが⼊れ替わる

フレーバーの輸送過程がより複雑に。



背景電子による振動：太陽
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pp-chain MSW効果 (物質振動)
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Borexino collaboration ‘18

ν?
物質
中を
伝搬電⼦からの

ポテンシャル
 (前⽅散乱)

背景電⼦により
振動の振る舞いが変わる

観測数が予測より少ない

12 Chapter 1 Introduction

Figure 1.5. Zenith angle distribution of µ-like events for multi-GeV data sets. The ob-
served number of muon neutrinos incoming through the Earth, Θ < 0, is less
than the expected number in ignoring the vacuum oscillation (shaded region).
(Reprinted figure from Ref. [53]; copyright (1998) by the American Physical
Society.)
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Figure 1.6. Neutral-current (left) and charged-current (middle) interactions with elec-
trons. Right panel shows the diagram in the mean-field approximation for
the background electrons.

need to consider the coherent forward scattering in the equation of motion for propaga-
tion in medium. Neutral-current process is flavor blind and just provides an overall phase
shift. On the other hand, charged-current process with electrons is for only electron neu-
trinos and the asymmetry for the flavor interactions induces the modification of vacuum
oscillation. To treat the scattering process, we adopt the mean-field approximation for
the background electrons [54]. Right panel in Fig. 1.6 is the corresponding mean-field dia-
gram averaging over electrons in background. Then, the coherent forward scattering just
becomes a potential from the background and the Hamiltonian for propagation through



背景ニュートリノによる振動：爆発天体
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輸送計算
+「⾮線形」な
ニュートリノ集団振動 

ニュートリノ⾃⾝
からのポテンシャル

 (前⽅散乱)

ν?

ニュートリノ
⾃⼰相互作⽤

Pantaleone ‘92
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Scattering of neutrinos with other neutrinos

Neutrinos can interact with 
each other only via neutral 

current interactions.

e
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実効的な量子輸送計算
?

higgstan.com

6

Akaho+ PRL ’26 Qiu+ PRL ‘25

集団振動の「ローカル計算」のモデル⼊り

確かに爆発天体を定量的に変化させている。

MZ+ PRD ’23
Nagakura, MZ+ PRD ‘24
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ニュートリノ球

ν

ν

ν⾼密度なニュートリノガス

カップリング

ニュートリノ自己相互作用

⾃⼰相互作⽤項

Θν

Θν

それぞれの⾓度モードが、全モードが作る平均場を感じる。

for nν ~ 1032 cm-3
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量子運動論的ニュートリノ輸送

量⼦運動論的⽅程式 (QKE: Beyond Boltzmann eq.)

座標空間 運動量空間 量⼦状態
(フレーバー空間)



グローバルな輸送計算
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(量⼦運動論的) ニュートリノ輸送：

移流項 (x, p)

νe

νµ

νe
輸送過程
 w/ フレーバー混合

!ν𝒆

!ν𝝁

O(10-100 km)
コア

ニュートリノ振動

= 背景分布が輸送過程中
 にも変化していく。

衝突項
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背景数密度を下げた場合（わざと）
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ニュートリノ：nν (Rin) ~ 1028 cm-3

電⼦：ne (Rin) ~ 1028 cm-3

電⼦分布：勾配なし 電⼦分布：勾配あり

座標空間

運
動
量
空
間

 ⾓
度
⽅
向

⻘：電⼦型が⽀配的
⾚：⾮電⼦型



背景数密度を上げた場合（現実的）
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ニュートリノ：nν (Rin) ~ 1030 cm-3

電⼦：ne (Rin) ~ 1031 cm-3

電⼦分布：勾配あり
より⾼いニュートリノ数密度
  = より強い⾃⼰相互作⽤

座標空間

運
動
量
空
間

 ⾓
度
⽅
向

⻘：電⼦型が⽀配的
⾚：⾮電⼦型



ニュートリノ場と電子場の競合

ニュートリノ⾃⾝
からのポテンシャル

Self-coupling = コヒーレント

電⼦からの
ポテンシャル

Flavor dependent = 相対位相をずらす

ν?

νµ
νe

背景場の変化 à 位相のずれと揃える効果の競合
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数密度
が変化

してい
く



まとめ

• ニュートリノ⾃⼰相互作⽤ vs. グローバルな背景場変動

• ２種類の相互作⽤
• 電⼦：νeとのみ反応する過程
  à フレーバー間の相対的な位相をずらす
• ニュートリノ：⾃⼰相互作⽤
  à 位相の⼲渉によりコヒーレントにする

• 背景場が変化していく中で、
 位相を(集団的に)揃える速度が、
  位相をずらす速度に打ち勝てばいい

• 実際の天体現象でも、⼗分に集団振動が強く効く
   環境であれば、集団振動が起きることが期待される。
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