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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）
・状態方程式（原始中性子星の冷却）
・元素合成（ニュートリノ反応）

観測からなんとか超新星の情報を引き抜きたい。

Neutrino detector

ν
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超新星ニュートリノ

MSW resonance
~ O(1000 km)

Collective oscillation
~ O(10-100 km) Vacuum oscillation

~ outside SN

�e

�µ

��

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混ぜられる。
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
を失ってしまう。
逆算するにもニュートリノ振動機構が複雑。
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超新星でのニュートリノ振動

4

超新星内部では３種類のニュートリノ振動がある。

「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」
ニュートリノ自己相互作用 & 運動量空間分布Phase dispersion

vs.
Phase synchronization
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超新星でのニュートリノ振動

5

i (@t + v ·r) ⇢i

=


+U

M2

2E⌫
U† +

p
2GFNe +

p
2GF

Z
d�0 (1� cos ✓ik)

�
⇢0⌫k

� ⇢̄0⌫k

�
, ⇢i

�

<latexit sha1_base64="jG28SarBSjY4OJn9O/dTbs+tc6I="></latexit><latexit sha1_base64="jG28SarBSjY4OJn9O/dTbs+tc6I="></latexit><latexit sha1_base64="jG28SarBSjY4OJn9O/dTbs+tc6I="></latexit>

集団振動にも大きく分けて２通り
• Fast mode 山田さんのtalk

Ø 真空振動の項とは独立に進化していく。
Ø (正確には初期摂動として必要)

• Slow mode 今回のtalk

Ø 真空振動の項を介して進化していく。
Ø 質量階層性に依存する。
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質量階層性
Rep. Prog. Phys. 76 (2013) 056201 S F King and C Luhn
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Figure 1. The probability that a particular neutrino mass state
contains a particular SM state may be represented by colours as
shown in the key. Note that neutrino oscillation experiments only
determine the difference between the squared values of the masses.
Also, while m2

2 > m2
1, it is presently unknown whether m2

3 is heavier
or lighter than the other two, corresponding to the left and right
panels of the figure, referred to as normal or inverted mass squared
ordering, respectively. Finally, the value of the lightest neutrino
mass (sometimes referred to as the neutrino mass scale) is presently
unknown and is represented by a question mark in each case.

According to quantum mechanics it is not necessary that the
SM states νe, νµ, ντ be identified in a one-one way with the
mass eigenstates ν1, ν2 and ν3, and the matrix elements of U

give the quantum amplitude that a particular SM state contains
an admixture of a particular mass eigenstate. The probability
that a particular neutrino mass state contains a particular SM
state may be represented by colours as in figure 1. Note
that neutrino oscillations are only sensitive to the differences
between the squares of the neutrino masses #m2

ij ≡ m2
i −m2

j ,
and gives no information about the absolute value of the
neutrino mass squared eigenvalues m2

i . There are basically two
patterns of neutrino mass squared orderings consistent with the
atmospheric and solar data as shown in figure 1.

As with all quantum amplitudes, the matrix elements of
U are expected to be complex numbers in general. The lepton
mixing matrix U is also frequently referred to as the Maki–
Nakagawa–Sakata (MNS) matrix UMNS [3], and sometimes the
name of Pontecorvo is added at the beginning to give UPMNS.
The standard parametrization of the PMNS matrix in terms of
three angles and at least one complex phase, as recommended
by the Particle Data Group (PDG) [5], will be discussed later.

Before getting into details, here is a quick executive
summary of the implications of neutrino mass and mixing
following from figure 1:

• Lepton flavour is not conserved, so the individual lepton
numbers Le, Lµ, Lτ are separately broken

• Neutrinos have tiny masses which are not very hierarchical
• Neutrinos mix strongly unlike quarks
• The SM parameter count is increased by at least seven new

parameters (three neutrino masses, three mixing angles
and at least one complex phase)

• It is the first (and so far only) new physics beyond the SM

The idea of neutrino oscillations was first confirmed in
1998 by the Japanese experiment Super–Kamiokande (SK) [6]
which showed that there was a deficit of muon neutrinos
reaching Earth when cosmic rays strike the upper atmosphere,
the so-called ‘atmospheric neutrinos’. Since most neutrinos
pass through the Earth unhindered, Super-Kamiokande was
able to detect muon neutrinos coming from above and below,
and found that while the correct number of muon neutrinos
came from above, only about a half of the expected number
came from below. The results were interpreted as half the muon
neutrinos from below oscillating into tau neutrinos over an
oscillation length L of the diameter of the Earth, with the muon
neutrinos from above having a negligible oscillation length,
and so not having time to oscillate, yielding the expected
number of muon neutrinos from above.

In 2002, the Sudbury Neutrino Observatory (SNO) in
Canada spectacularly confirmed the flavour conversion in
‘solar neutrinos’ [7]. The experiment measured both the flux
of the electron neutrinos and the total flux of all three types of
neutrinos. The SNO data revealed that physicists’ theories of
the Sun were correct after all, and the solar neutrinos νe were
produced at the standard rate but were oscillating into νµ and
ντ , with only about a third of the original νe flux arriving at the
Earth.

Since then, neutrino oscillations consistent with solar
neutrino observations have been seen using man made
neutrinos from nuclear reactors at KamLAND in Japan [8]
(which, for the first time, observed the periodic pattern
characteristic for neutrino oscillations), and neutrino
oscillations consistent with atmospheric neutrino observations
have been seen using neutrino beams fired over hundreds
of kilometres as in the K2K experiment in Japan [9], the
Fermilab-MINOS experiment in the US [10] or the CERN-
OPERA experiment in Europe. Further long-baseline neutrino
beam experiments are in the pipeline, and neutrino oscillation
physics is entering the precision era, with superbeams and a
neutrino factory on the horizon.

Following these results several research groups showed
that the electron neutrino has a mixing matrix element of
|Ue2| ≈ 1/

√
3 which is the quantum amplitude for νe to contain

an admixture of the mass eigenstate ν2 corresponding to a
massive neutrino of mass m2 ≈ 0.008 electronvolts (eV) or

greater (where
√

m2
2 − m2

1 ≈ 0.008 eV). By comparison the
electron has a mass of about half a megaelectronvolt (MeV).
Put another way, the mass state ν2 contains roughly equal
probabilities of νe, νµ and ντ sometimes called trimaximal
mixing, corresponding to the three equal red, green and blue
colours associated with m2

2 in figure 1. The muon and
tau neutrinos were observed to contain approximately equal
amplitudes of the third neutrino ν3 of mass m3, |Uµ3| ≈
|Uτ3| ≈ 1/

√
2, where a normalized amplitude of 1/

√
2

corresponds to a 1/2 fraction of ν3 in each of νµ and ντ , leading
to a maximal mixing and oscillation of νµ ↔ ντ . Put another
way, the mass state ν3 contains roughly equal probabilities of
νµ and ντ called maximal mixing, corresponding to the two
equal green and blue colours associated with m2

3 in figure 1.
Interestingly, the value of m3 is not determined and it could
be anywhere between zero and 0.3 eV, depending on the mass

3

順階層性
Normal Ordering (NO)

逆階層性
Inverted Ordering (IO)

(©King+ RPPh 2013)

Sign(∆m312) > 0

Sign(∆m312) < 0
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ニュートリノ集団振動

原始中性子星

νi

νk
θ

φ

Ψ(t, {r, Θ, Φ}, {E, θ, φ}) : 7-D problem
↓

3-D problem

原始中性子星を抜けたニュートリノ同士が相互作用し、これがフレーバー
交換を引き起こす。

系としては時間変化+座標空間+運動量空間の1+3+3次元問題。
数値計算の際には定常と対称性を課して0+1+2次元問題に (Bulbモデル)。

軸対称球対称定常

(Duan+ PRD 2006)
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1+2次元 Bulbモデル
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de Salas et al. Neutrino Mass Ordering in 2018

TABLE 3 | Neutrino, cosmological and 0νββ parameters used in the analysis, with the adopted priors.

Neutrino mixing and masses Cosmological 0νββ

Parameter Prior Parameter Prior Parameter Prior

sin2 θ12 0.1 – 0.6 $bh
2 0.019 – 0.025 α2 0 – 2π

sin2 θ13 0.00 – 0.06 $ch
2 0.095 – 0.145 α3 0 – 2π

sin2 θ23 0.25 – 0.75 's 1.03 – 1.05 M0ν
76Ge

3.3 – 5.7

δCP/π 0 –2 τ 0.01 – 0.4 M0ν
136Xe

1.5 – 3.7

*m2
21/eV2 5× 10−5 – 10−4 ns 0.885 – 1.04

*m2
31/eV2 1.5× 10−3 – 3.5× 10−3 log(1010As) 2.5 – 3.7

log10(mlightest/eV) −5 – 0

All the priors are linear in the corresponding quantity.

stringent limit on the 82Se half-life. The complete neutrinoless
double beta set of data will be denoted as “0νββ .”

All the previously listed data are coded as likelihood terms in
a full Bayesian analysis. We compute the cosmological quantities
using the Boltzmann solver CAMB Lewis et al. (2000), the
likelihoods using the interface provided by CosmoMC Lewis
and Bridle (2002), modified in order to take into account
the oscillation and neutrinoless double beta decay data, while
the calculation of the Bayesian evidence is committed to
PolyChordHandley et al. (2015a,b).

5.3. Constraints on the Mass Orderings
The main results are depicted in Figure 10. The first data point
corresponds to the Bayesian evidence from oscillation data only.
Notice that the Bayes factor [ln(BNO,IO) = 6.5 ± 0.2 for
concreteness] indicates strong evidence for the normal mass
ordering from oscillation data only. This Bayes factor is translated
into a ∼ 3.2σ evidence favoring normal mass ordering. This
result was expected in light of the results presented in section 2,
arising from the frequentist joint analysis. There it was reported
a *χ2 = 11.7 in favor of the normal mass ordering from the
combination of all long baseline, reactor and atmospheric data,
which corresponds, roughly, to ∼ 3.4σ . Adding information
from neutrinoless double beta decay searches does not affect
the Bayesian analysis, as shown by the second data point in
Figure 10, and as expected from previous work Gariazzo et al.
(2018a).

Once CMB and BAO measurements are also added in the
Bayesian analysis, ln(BNO,IO) = 7.4 ± 0.3 is obtained (see
the third point in Figure 10), improving the significance of
the preference for normal ordering from ∼ 3.2σ to ∼ 3.4σ .
Notice that, even if the preference for the normal neutrino mass
ordering is mostly driven by oscillation data, the information
provided by cosmological observations is more powerful than
that in the analysis carried out in Gariazzo et al. (2018a), as the
Bayesian analyses here also include BAOmeasurements, together
with CMB data. Indeed, from the two Bayes factors obtained
considering oscillation data only [ln(BNO,IO) = 6.5 ± 0.2]
and oscillation plus cosmological measurements [ln(BNO,IO) =
7.4 ± 0.3], it is straightforward to infer the probability odds for
normal ordering arising exclusively from cosmology. By doing
so, one obtains odds of 2.7 : 1 for the normal ordering against the

FIGURE 10 | Graphical visualization of the Bayesian factors comparing normal

and inverted ordering.

inverted one, in perfect agreement with the analyses of Vagnozzi
et al. (2017), where odds of 2.4 : 1 with cosmological data only
were reported when considering the very same data sets adopted
here (albeit the odds were derived with an alternative method).

Finally, the addition of the prior on the Hubble constant
raises the evidence for the normal ordering to ln(BNO,IO) =
7.7 ± 0.3 (i.e., ∼ 3.5σ ). This improvement is expected, as
previously explained in section 4, since a prior on the Hubble
constant breaks the degeneracy between

∑
mν and H0 and,

therefore, sharpens the neutrino mass bounds from cosmology.
By performing a similar exercise to the one previously quoted,

Frontiers in Astronomy and Space Sciences | www.frontiersin.org 21 October 2018 | Volume 5 | Article 36
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質量階層性

最近のニュートリノ実験等のデータリリースをまとめると、
質量階層性はどうにも順階層の可能性が高い？

Global analysis favors NO over IO at  3σ level.
・Long-baseline accelerator

(e.g., K2K, MINOS, T2K, NOvA)
・Solar & atmospheric

(e.g., SK, Borexino, SNO)
・Long/Short-baseline reactor

(e.g., KamLAND, Double Chooz)

(e.g., Capozzi+ 2018, de Salas+ 2018)
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質量階層性
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もし順階層性が実際なら、集団振動(slow mode)は一切スペ
クトルに影響を与えないのか？

àそんなことはない。

順階層性においてのみ、非軸対称性(方位角分布)
が成長して新しい振動効果を生み出す。

à Bulbモデルを1+2次元から1+3次元へと拡張する。

(Raffelt+ 2013, Chakraborty+ 2014, 2016)

ν

ν
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軸対称の破れ

ニュートリノの軌跡としてちゃんと方位角の分布を考慮に入れる (運動量空間のφ
を含める)。

PNS

νi

νk
θ

φ
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テスト数値計算

まずテスト計算として、簡易的な超新星モデルを仮定する。

Lν = 1e51 erg/s
〈Eν〉 ~ 10 MeV
Pinching parameter ξ = 3.0
Density ~ Mixing angle in medium ~ Θ = 1e-3 

(ρYe ~ 5e5 g/cm3 相当, 集団振動が抑制されない). 
Neutrino flux: 

Φναà (1+ ε cos φ) Φνα ( ε ~ 10-3 )
わずかな非軸対称性を初期フラックスに与える。理由は後で

低密度条件であれば、角度分解能を下げても許される。(O(103) à O(102))
Nflavor自由度 × NE × Nθ × Nφ = 16 × 100 × 128 × 64 ~ 107.

動径方向の空間グリッドは可変でだいたい ∆r ~ O(cm-m).
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スペクトル比較
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非軸対称性

初期条件としてわずかな非軸対称性をフラックスに与えていた。

Neutrino flux: 
Φναà (1+ ε cos φ) Φνα ( ε ~ 10-3 )

0.1%分の非対称性もあれば当然なのか
・・・というわけでもない。

ε ~ 10-16としてほぼ軸対称な条件にしてもちゃんと非軸対称性が成長して
順階層性でも振動効果を与える。

一方で、ε = 0 として軸対称なものを与えると、

のうちφに関する周回積分のところで という項が数値的に
０にならない (浮動小数点が原因?)。

これが擬似的な非対称性とみなされてずれに相当するεを仮定した場合と
同様の進化をする。
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数値計算

実際の超新星モデルなのでちゃんと角度解像度を用意する必要がある。

Nflavor自由度 × NE × Nθ × Nφ = 16 × 200 × 2048 × 128 ~ 8 × 108.
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電子捕獲型超新星爆発モデル n8.8
- tpb = 100 ms
-手で非軸対称フラックスを

- 1+2D計算で 3 hr.
à 1+3Dでも2 week 程度
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非軸対称性
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観測とのまとめ

ニュートリノの関わる対象：
・爆発メカニズム（ニュートリノ加熱）

(Slow mode はニュートリノ加熱に影響を与えない。)
・状態方程式（原始中性子星の冷却）
・元素合成（ニュートリノ反応）

逆階層性を扱う上であれば、非軸対称性は上の２つに影響を与え
ない。

順階層性を扱うのであれば、非軸対称性が新しい振動効果を呼び
起こして軸対称計算とは異なるスペクトルを与える。
à観測されるスペクトルやcharged-current反応に影響を及ぼす。



• 元来の軸対称を課した集団振動計算では、順階層性において
基本振動効果が見られないことが知られている。

• 最近のニュートリノ実験をまとめるとどうも順階層性を好む
ような結果が出てくる。

• 集団振動に非軸対称性を考慮すると、順階層性でも振動効果
が見られる。

• 実際の超新星は完全な球対称・軸対称を持たないので、この
効果を考慮する必要がある。

• ただし、逆階層性が正しい場合には影響を及ぼさない。
• スペクトルの形状として変化のシャープ差に違いはあれど、
順階層と逆階層である程度似たような形に変化することがわ
かる。

18

まとめ


