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超新星ニュートリノ

ニュートリノは超新星爆発において重要な関わりを持つ。
・爆発メカニズム（ニュートリノ加熱）
・原始中性子星の冷却（状態方程式）
・元素合成（ニュートリノ反応）

観測で把握できるのが一番だが、稀なので一先ず理論で模索。

Neutrino detector

ν
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超新星ニュートリノ

ニュートリノの厄介な点の１つ：ニュートリノ振動
伝搬するだけで勝手にフレーバーが変わる。
地上に届く頃にはニュートリノは元々持っていたフレーバーの情報
が失われる。
逆算するにもニュートリノ振動機構が複雑。

MSW resonance
~ O(1000 km)

Collective oscillation
~ O(10-100 km)

Vacuum oscillation
~ outside SN
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超新星でのニュートリノ振動

4

超新星内部：３種類のニュートリノ振動
(質量 & 背景電子 & ニュートリノ)

「真空振動」
質量二乗差 & 混合角

「物質振動」
電子密度分布

「集団振動」
ニュートリノ−ニュートリノ相互作用Phase dispersion

vs.
Phase synchronization
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ニュートリノ集団振動
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Coupling
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Non-linearity

ρp : ニュートリノ密度行列

ニュートリノ集団振動：
ニュートリノ同士の相互作用が原因の非線形効果。
コアに近いO(100-1000) kmで振動効果が生じる。
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Bulbモデル

対称性以外の近似:
• 等方ニュートリノ放射 (具体的な運動量角度分布を無視)
• Free-streaming (散乱なし)
• …

ρν({t}, {r, Θ, Φ}, {E, θ, φ}) : (1+3+3)-D, 7次元問題

ρν({r, Θ, Φ}, {E, θ, φ}) : (3+3)-D

ρν({r}, {E, θ, φ}) : (1+3)-D

ρν({r}, {E, θ}) : (1+2)-D

定常仮定

空間球対称

軸対称 (Bulbモデル)
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Bulbモデル

PNS

νi

νk
θi

Ψ(r, E, θ) : 3-D problem

r

空間グリッド：
∆r ~ O(1cm) – O(1m), 振動波長に依存 (外に行くほど長くなる)

物質振動 λ vs. 集団振動 μ

運動量空間：
Nflavor自由度 × NE × Nθ = 16 × 200 × 2048 ~ 6×106 .

(Duan+ 2006)

r ∈ [100, 1000] km
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From a systematic study of the flavor evolution at different
time snapshots during the accretion phase, we find (i) a
complete matter suppression of the self-induced transfor-
mations for tpb & 0:2 s, (ii) partial matter suppression for
0:2 s & tpb & 0:35 s, and (iii) again complete suppression
for 0:35 s & tpb & 0:6 s. This feature suggests a time-
dependent pattern for the ! conversions, i.e., complete-
partial-complete suppression.

The behavior, analyzed for this specific example of the
10:8M! SN explosion model, is generic also for more
massive iron-core SNe. It is independent from the explo-
sion scenarios and applies also for nonexploding models.
Indeed, in any case, the density of the material, enclosed
inside the standing bounce shock, can only increase due to
mass accretion from the iron-core envelope. Only after the
onset of an explosion, when mass accretion vanishes, does
the matter density decrease. However, for the low-mass
O-Ne-Mg-core SNe, where the matter density profile is
very steep, the suppression is never complete. As a con-
sequence, the different features induced by the dense mat-
ter effects on the oscillations may allow us to distinguish
iron-core SNe from O-Ne-Mg-core SNe [25].

Our results have been obtained considering a spherically
symmetric neutrino emission. All the previous analysis in
the field has relied on this assumption to make the flavor
evolution equations numerically tractable. It remains to
be investigated if the removal of a perfect spherical
symmetry can provide a different behavior in the flavor
evolution [26]. Moreover, in multidimensional SN models,
density fluctuations are expected behind the standing
bounce shock, due to the presence of convection and
hydroinstabilities. These can range at most between 10%
to a factor of 2–3 (see, e.g., [14,27]). Therefore, even in this
case, the matter suppression of the collective oscillations
will still remain relevant. This claim is supported by a
recent analysis of the matter suppression, performed with
two-dimensional SN simulations [28].

Oscillated SN neutrino fluxes.—Figure 4 shows the !!e

distribution function at the neutrinosphere (solid thin
curve), as well as after self-induced and matter effects at
r ¼ 2# 103 km (solid thick curve). We compare the case
of complete matter suppression at tpb ¼ 0:1 s (left panel,
where the thin and thick solid curves coincide) and com-
plete flavor mixture at tpb ¼ 0:3 s (right panel). We also

show the oscillated flux for ne ¼ 0, where a complete
!!e ! !!x swap occurs (dashed curve). The difference in
the final !!e flux with or without matter suppression is
striking. It is plausible that a high-statistics detection of a
future galactic SN ! signal would monitor the abrupt
spectral changes between the phases of complete and
partial matter suppression, probing this scenario. These
peculiar time variations in the ! signal during the accretion
would represent also a new tool to extract information
on the ! mass ordering, since the effects of dense
matter would show up only in the case of inverted mass
hierarchy.
Earth matter effect.—A further consequence of the mat-

ter suppression is a significant change in the interpretation
of the Earth matter effect on the SN ! signal during the
accretion phase, occurring when !’s oscillate inside the
Earth before being detected (see, e.g., [29]). In the case of
complete matter suppression of the self-induced oscilla-
tions (at tpb & 0:2 s for iron-core SNe), the observable SN
! fluxes at Earth have been already calculated in the
literature, antecedent to the inclusion of the collective
effects. For definiteness, here we consider the Earth effects
on the !!e spectrum, observable through inverse beta decay
reactions !!e þ p ! nþ eþ at large volume Cherenkov or
scintillation detectors (see, e.g., [19]).
The !!e flux at Earth, FD

!!e
in the normal mass hierarchy

for any value of the mixing angle "13, is given by FD
!!e
¼

cos2"12F !!e
þ sin2"12F !!x

[19], where "12 is the 1–2 mixing
angle, with sin2"12 ’ 0:3 [21]. In the inverted mass
hierarchy case, for ‘‘large’’ "13 (i.e., for sin

2"13 * 10%3),
FD

!!e
¼F !!x

, while, for ‘‘small’’ "13 (i.e., for sin
2"13&10%5),

FIG. 3 (color online). Radial profiles of the !!e survival proba-
bility Pee at selected postbounce times from multiangle simula-
tions in matter (dark gray continuous curves) and for ne ¼ 0
[light gray (pink) curve].

FIG. 4. Distribution functions for !!e at the neutrinosphere
(solid thin curve) and after self-induced and matter effects at
r ¼ 2# 103 km (solid thick curve) in the case of complete
matter suppression (Pee ¼ 0 at tpb ¼ 0:1 s, left) and complete

flavor mixture (Pee ¼ 1=2 at tpb ¼ 0:3 s, right). For comparison,

the oscillated !!e spectra obtained for ne ¼ 0 are also shown
(dashed thin curve).

PRL 107, 151101 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

7 OCTOBER 2011

151101-3

(Chakraborty+ 2011, Zaizen+ 2018)

Fig. 4. This means that the single-angle approximation
enhances the flavor conversion in spite of the high electron
density. In order to obtain physically reliable results for
neutrino oscillation, we must adopt the multiangle approxi-
mation including the matter suppression.
Figure 6 shows the radial evolution of the survival

probability of electron neutrinos Pee at 20 MeVat the other
time steps, tpb ¼ 30, 100, 500 ms. We find that the multi-
angle matter suppression dominates over collective neutrino
oscillation at all time steps. In the low-density case, flavor
conversion starts at r ∼ 400 km for tpb ¼ 100 ms. The onset

of collective neutrino oscillation is delayed, compared with
tpb ¼ 500 and 600 ms. Figure 7 shows the strength of the
neutrino self-interaction and the matter effect at the corre-
sponding time steps. As the shock wave is still located
around r ∼ 100 km at tpb ¼ 100 ms, the radius satisfying
μ ∼ λ=100 is large. However, it is small at tpb ¼ 500 and
600 ms. Therefore, the development of the flavor instability
is slow at tpb ¼ 100 ms.
On the other hand, at tpb ¼ 30 ms, when the neutroni-

zation burst occurs, the flavor transition cannot be seen
for both cases in Fig. 6. In this phase, the excess of νe
flux, ΦðνeÞ ≫ ΦðνxÞ ≫ Φðν̄eÞ, is achieved [49]. We can
describe bipolar oscillations as the simultaneous pair
conversion of νe ↔ νx and ν̄e ↔ ν̄x. This excess situation
suppresses the bipolar conversions and causes only
synchronized oscillations due to the large neutrino-anti-
neutrino asymmetry [13]. These synchronized oscillations
are also suppressed by the high density. Therefore, collec-
tive neutrino oscillations do not occur at the neutroniza-
tion burst.

B. The MAA instability

Next, we show the linearized analysis results in the
normal mass ordering at tpb ¼ 600 ms as a representative
case. Figure 8 shows the density profile for our failed
supernova model and the unstable regions with the growth
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FIG. 5. The strength of the matter interaction λ and neutrino
self-interaction μ with the radial coordinate at tpb ¼ 600 ms.
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FIG. 6. The radial evolution of Pee at 20 MeV in the standard case (red solid line) and the low-density case (green dotted line) at 30
(left), 100 (middle), and 500 ms (right).
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FIG. 7. The strength of the matter interaction λ and neutrino self-interaction μ with the radial coordinate at 30 (left), 100 (middle), and
500 ms (right).

ZAIZEN, YOSHIDA, SUMIYOSHI, and UMEDA PHYS. REV. D 98, 103020 (2018)

103020-6

Failed SNe with 40 M☉CCSNe with 10.8 M☉

背景電子の密度が高いと、集団振動が抑制される効果が多く報告され
ている。 (Esteban-Pretel+ 2008, Dasgupta+ 2012, MZ+ 2020, Sasaki+ 2020)

親星の質量が大きいと集団振動が効く半径帯の背景密度が高くなる。

実はCCSNeで影響は小さい・・・？

tpb = 50 - 850ms
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対称性の破れ

対称性以外の近似:
• Isotropic emission à Fast flavor conversions
• Free-streaming propagation à Halo effects
• …

ρν({t}, {r, Θ, Φ}, {E, θ, φ}) : (1+3+3)-D, 7次元

ρν({r, Θ, Φ}, {E, θ, φ}) : (3+3)-D

ρν({r}, {E, θ, φ}) : (1+3)-D,  This work!!

ρν({r}, {E, θ}) : (1+2)-D

Temporal instability

Spatial symmetry breaking

Axial symmetry breaking (Bulb model)

高次元へ！
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軸対称の破れ

PNS

νi

νk
θi

φk

(Raffelt+ 2013, Mirrizi+ 2013, Chakraborty+ 2014)

不安定性解析：

→非軸対称性の成長が物質抑制を幾
らか打ち破れる？

不安定領域が密度1桁ぐらい上に。
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(1+3)-D 計算

電子捕獲型超新星爆発モデル
8.8 M⦿
密度分布の時間変化。
黒線は衝撃波半径。

100msで衝撃波が大きく成長し、
巻き上げられた物質により
150ms周辺では密度分布が一時
的に高くなっている。

初期条件 +非軸対称な摂動
（空間は1次元で計算しているので摂動を与えて代用）

Neutrino flux:
Φναà (1+ ε cos φ) Φνα ( ε ~ 10-2 )

運動量空間：
Nflavor自由度 × NE × Nθ × Nφ = 16 × 200 × 2048 × 64 ~ 4×108 .

計算量おおよそ100倍
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遷移確率

100msでの電子ニュートリノの遷移
確率 P(e→α)の動径進化。

MZA :軸対称 (Bulb model)
(Multi-Zenith-Angle)

MAA :非軸対称 (拡張モデル)
(Multi-Azimuthal-Angle)

(x, y)は非電子型(μ, τ)の線形結合

100ms：
・ 軸対称 (MZA)：振動効果なし
・非軸対称 (MAA)：数100kmあたりで振動効果あり

150ms：
・非軸対称な場合でも振動効果が見られず (グラフなし)

(⌫e, ⌫x, ⌫y)
T = R†

23(✓23) (⌫e, ⌫µ, ⌫⌧ )
T
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非軸対称性の成長

P (↵) =

Z
d�0|⇢e↵| cos'0
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ρeαがO(1)近くまで成長するとフレーバー変換が起きる。
もし非軸対称性が成長していないなら𝜑に対して一様なのでP(α) ≪ 1になる。

150msでは密度分布が高く、非軸対称性すら成長できなくなっている。

急成長なし
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スペクトル変化 @100ms, 1500km
軸対称 (1+2D)非軸対称 (1+3D)

ニュートリノ

反ニュートリノ

Spectral splits

⌫̄fe ⇠ ⌫̄iX
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• 超新星においてニュートリノは重要な役割を持つ。
• 観測するにもニュートリノ振動の考慮が厄介。

– 特にニュートリノ集団振動が７次元問題で複雑。対称性でなんとか。

• 背景密度が高いと物質振動が集団振動を阻害する。
• 対称性を破る効果でこれを打ち破れる可能性が。
• 集団振動に非軸対称性を考慮すると、軸対称での物質抑制を
超えて振動効果が見られる場合がある。

• 一方で、それでも超えられないレベルも存在する。

• 今後更なる高次元化で抑制の状況が変わるかも。
– 不安定性解析によれば、特に非定常にすると物質振動をキャンセルす
る周波数が発生するらしい (Dasgupta+ 2015, Capozzi+ 2016, )

– 問題は計算量。
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まとめ


