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超新星ニュートリノ

重力崩壊

ν-トラッピング

コアバウンス

停滞衝撃波

ν-加熱

復活衝撃波

ニュートリノ加熱プロセス:
• 衝撃波は降着物質のせいで停滞する.
• ニュートリノで内側から炙ることで、再度エネルギーを付与させる.

観測から得られるもの (ex. SN1987A):
• 爆発機構, 元素合成, 状態方程式, コンパクト天体, ニュートリノ物理, …etc.

銀河系内イベント ~ O(1/100) yr. 
• 理論的な研究が必要不可欠 !!

大質量星 ≳ 8 M⦿



3

ニュートリノ振動 vs. 超新星爆発

PNS
R ~ 10 km

フレーバー変換
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フレーバー変換
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ニュートリノ加熱

n
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Impact:
1. 爆発機構
2. 元素合成
3. 地上観測
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MSW共鳴

地上観測

外層
r ~ O(1000) km
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超新星内でのフレーバー変換

超新星内部でのニュートリノ振動:

真空振動
(ニュートリノ質量)

物質振動
(背景電子)

集団振動
(ν-ν相互作用)

<latexit sha1_base64="RnZcCad7b/TnHGOcKRrCikDL7v0="></latexit>

i(@t + v ·r)⇢⌫ = [Hvac +Hmat +H⌫⌫ , ⇢⌫ ] + C(⇢⌫ , ⇢̄⌫)

（衝突項）
Γ

振動スケール:
• 真空振動: ω ∝ Eν-1 ~ O(1) km (for 10 MeV neutrinos)

• 物質振動: λ ∝ ne ≲ O(1) cm (in the decoupling region)

• 集団振動: μ ∝ nν ≲O(1) cm (in the decoupling region)

(Kato-san’s talk)
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ニュートリノ集団振動

5

原始中性子星
(ニュートリノ球)

ν

ν

ν
ニュートリノフラックス

<latexit sha1_base64="gCX6VB4+YgFKlg6kZmspV2i5haA="></latexit>

H⌫⌫ =
p
2GF

Z
d3q(1� vp · vq)(⇢⌫ � ⇢̄⌫)

非線形性 & 非対称性Coupling

c.f., Pantalone 1992
Duan+ ‘06

超新星ニュートリノ: Nν ~ 1058 (L ~ 1053erg/s)
ν-ν相互作用が無視できない.



ニュートリノ集団振動は 𝜌 − 𝜌̅ の項が重要.

𝜈と 𝜈̅の運動量空間分布の間に
「クロッシング」が存在することがポイント.

・Slow mode
Ø エネルギー分布間でのクロッシング: ωE

Ø 真空振動からの影響→ O(0.1-10) m.
Ø 𝜈̅は負のエネルギー扱いなので、結果的にグローバルに満たされる.

・Fast mode (Fast Flavor Conversion, FFC)
Ø 角度分布間でのクロッシング: Gv

Ø ニュートリノ密度のみで駆動→ O(1-100) cm.
Ø ローカルな条件.
Ø 停滞衝撃波内部でも条件が満たされる可能性あり.

6
振動モード

6

(Morinaga ’21 and Dasgupta ’21)

e.g., 
・Sawyer ’05 & ‘16
・Izaguirre+ ‘17

e.g., 
・Duan+ ’06
・Chakraborty+ ‘16

Γ

fν ν

ν

–
クロッシング
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Time

Any type of crossings (PNS convection)

Type II crossings
(neutrino absorption)

Type II crossings [Exp-only] 
(asymmetric ν emissions)

Type I crossings [Exp-only] 
(nucleon-scattering + α    1 + cold matter)

Shock wave

Space-time diagram of ELN-angular crossings in CCSNe

�

� 1 s

�200 km

FIG. 4. Space-time diagram for appearance of ELN crossings. The bold red line portrays a time
trajectory for the shock wave in exploding models. The thin and dashed line represents the counterpart
of shock trajectory for non-exploding models. The color code for enclosed regions distinguishes types
of ELN crossing. The green, blue, and brown color denote Type I, Type II, and any type of crossings,
respectively. In each region, we provide some representative characteristics of ELN-crossings. The
remark ”Exp-only” denotes that the ELN-crossing appears only in exploding models. See text for
more detail.

anism for these is di↵erent. In Sec. III B, we conduct an
in-depth analysis of their physical origin.

We provide a schematic space-time diagram of ELN
crossings in Fig. 4. This figure summarizes the over-
all trends of crossings observed in our CCSN models.
We note that crossings relevant to PNS convection and
the pre-shock region drawn in Fig. 4 are not included in
Fig. 3. There is a technical reason why we do not include
the case with PNS convection in Fig. 3. This issue will be
discussed later. To facilitate the readers’ understanding,
the color in Fig. 4 distinguishes types of ELN-crossings.
Below, we turn our attention to the physical origin of
ELN crossing generation.

B. Generation mechanism of ELN crossings

1. Type-II crossings at early post-bounce phase

Let us start by analyzing the Type-II crossings that
appear at the early post-bounce phase (⇠ 100 ms) in all
CCSN models (see the top left panel in Fig. 3). We first
present the result from the 12 solar mass model as a rep-
resentative case. The progenitor-dependence is discussed
later. In Fig. 5, we show Mollweide projections of the
ELN crossing and some important quantities at 130 km
for the 12 solar mass model case. We find that the Type
II crossing has a rather scattered distribution (see the

top left panel). To see the trend more quantitatively, we
show �Gout in the left middle panel in Fig. 5, which cor-
responds to the ELN at µ = 1. Here �Gout and �Gin

are defined as follows. The energy-integrated number of
neutrinos at µ = 1 and �1 are written as

Gout =

Z
d(

"3

3
)fout("),

Gin =

Z
d(

"3

3
)fin("),

(2)

respectively, where " denotes the neutrino energy in units
of MeV. We stress that both fout and fin in Eq. 2 are the
basic output of our angular reconstruction computation
complemented by the ray-tracing method (see Sec. II B).
Here �G is the di↵erence of the ⌫e and ⌫̄e G values:

�G = G⌫e �G⌫̄e , (3)

where we omit the subscript ”out” or ”in” in Eq. 3. As
shown in Fig. 5, we find that ⌫̄e dominates over ⌫e in
some regions (blue-colored area), and these regions are
in one-to-one correspondence to the regions of Type-II
crossings. The one-to-one correspondence is attributed
to the fact that ⌫e always overwhelms ⌫̄e in µ = �1
(incoming) direction.
We find some interesting correlations between the

Type-II crossings and other physical quantities. These
correlations provide useful insight for studying the phys-
ical origin of the crossings. To quantify the correlations,

7
クロッシングの可能性

7Nagakura+ ’21

FFC の指標:
電子レプトン数分布
(Electron Lepton Number, ELN)

<latexit sha1_base64="u2dRRuCQoFaCGhz5esZ+2J7Ylow="></latexit>

Gv / g⌫e(v)� g⌫̄e(v)
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一様空間でのフレーバー進化
Dasgupta+ ‘17, Capozzi+ ’20, Shalgar+ ‘21

FFC はローカルな eLNクロッシング
がトリガーする.

ニュートリノ分布：(t, vz)
一様空間を仮定して落とす.

振動スケールは ns, μsオーダー.

between νμ and ντ (and between their antiparticles as well)
to generate an exponential growth in the μ − τ sector. This
is what is seen in the lower panel, where the μ − τ sector
experiences a flavor instability, while the other two do not.
Indeed, the two-flavor analysis (dashed line) also does not
exhibit any instability due to the lack of a crossing in the
ELN (Ge

v). This example advances the hypothesis that those
regions where no ELN crossing was found in [18,25,28]
might, in reality, have fast instabilities once the differences
between νμ and ν̄μ are taken into account. Another com-
ment is in order: the amplitude of the exponential growth in
our toy model is not enough to cause substantial flavor
conversions. However, the background conditions for these
solutions may dynamically change in a realistic SN
environment, or if spatial evolution is taken into account,
and may result in flavor conversions.
As a final example, we consider a scenario in Fig. 4

where shallow crossings are present in Geμ
v , Geτ

v in the
backward direction, whereas Gμτ

v shows a significant
crossing in the forward direction as well. To contrast with
the two-flavor examples, the setup is constructed such that
the ELN (Ge

v) also has a shallow crossing but in the forward
direction only. We find that such shallow crossings readily
lead to an instability in the three-flavor case, whereas
the two-flavor setup shows no instability (lower panel).

FIG. 2. Panels represent same as in Fig. 1. However, due to
large crossings in Geμ

v , Geτ
v , substantial flavor conversions are

seen in all the sectors.

FIG. 3. Panels represent same as in Fig. 1. Crossing only in Gμτ
v

causes an exponential growth in μ − τ sector (lower panel). The
two-flavor evolution shows no instability.

FIG. 4. Panels represent same as in Fig. 1. However, shallow
crossings are present inGeμ

v ,Geτ
v in the backward direction (upper

panels), leading to exponential growths in jhραβij (lower panel)
for the three-flavor setup. The two-flavor evolution shows no
instability.

PHYSICAL REVIEW LETTERS 125, 251801 (2020)

251801-4

JCAP02(2017)019

Figure 4. Instability rates for di↵erent values of a and b, for evolution in time, without including
inward going modes (left panel) and including inward going modes (right panel). These instabilities
are azimuthally asymmetric, and we found no instabilities if the azimuthal symmetry were to be exact.
There is no dependence on �.
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Figure 5. Growth of instability for evolution in time, as predicted by numerical solution of the
nonlinear evolution of ⌫̄e, for representative values of a and b. The left panel shows quantity Aeµ =
log10 |S| as a measure of the extent of flavor conversion. The right panel shows the angle-integrated
survival probabilities Pee. These instabilities are azimuthally asymmetric and independent of �.

where the ⌫e are emitted isotropically along all zenith angles (see right panel of figure 2). It
is clear that, for the same value of a and b, the presence of the backward travelling modes
of ⌫e greatly amplify the instabilities. What this means in practice is that closer to the
neutrinosphere, the fast instability can be stronger due to the presence of these inward going
neutrinos.

We have also numerically solved the fully nonlinear EoMs for the spectrum correspond-
ing to the left panel in figure 4 (no inward going modes). The EoMs were discretized in
vz and ', with 100 modes for 0  vz  1 and 10 modes in ', and the ⌫-⌫ interaction
strength was taken to be µ = 4 ⇥ 105 km�1. In figure 5 we show these numerically evaluated
angle-integrated amplitudes of the flavor conversions for the ⌫̄e,

Aeµ(t) = log10 |S(t)| , (3.18)

– 10 –
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非一様空間でのフレーバー進化
Martin+ ’20 & ‘21, Bhattacharyya+ ‘21, Wu+ ‘21

∂thMni ¼
hM1i
2

!
∂2
nhMniþ

1

n
∂nhMni

"
: ð6Þ

The full derivation is given in the Supplemental Material
[46]. Here hMni denotes the spatially coarse-grained value
of Mn ¼ jMnj. Equation (6) is a diffusion-advection equa-
tion where n plays the role of space and hM1i of the
diffusion constant. Gv and initial conditions for Sv are
smooth in v, so that hMni are initially small for n ≫ 1. As
time passes, the system diffuses from low-n to high-n
multipoles.
One can obtain an analytical solution to the above partial

differential equation if hM1i is approximately constant.
First we note that Eq. (6) remains invariant under the
scaling n → an and t → a2t with a > 0. Therefore, the
solution for hMni can depend on n and t only through the
scaling variable ξ ¼ n2=t. Using ξ as the independent
variable, Eq. (6) becomes an ordinary differential equation,
2d2ξhMniþ ð1=hM1iþ 2=ξÞdξhMni ¼ 0. This has a solu-
tion hMni ¼ c1Ei½−n2=ð2hM1itÞ& þ c2, in terms of the
exponential integral Ei½x& ¼

R
x
−∞ dyey=y. This solution,

valid for large n, predicts how each hMni, starting at
hMniini, grows exponentially, peaks at t

peak
n ≈ n2=ð2hM1iÞ,

and asymptotes to hMnifin at large times. The finite
behavior at large t is crucial to be able to truncate the
multipole expansion. The solution shows that kinematic
decoherence has a strong dependence on hM1i, which is
initially 1 − A=2 for our ELNs. Thus, for small lepton
asymmetry A the effective diffusion coefficient hM1i is
larger. Further, shrinking of hM1i results in less kinematic
decoherence at later times, and as time progresses the
system reaches an almost steady state with no further
diffusion in multipole space. On the other hand for larger
lepton asymmetry, i.e., smaller hM1iini, there is less
diffusion and depolarization throughout.
To verify the above analytical solution, we numerically

solve Eq. (3) for our suite of ELNs. In Fig. 3, we show an
illustrative result for Sk

v, the hM1i for all the ELNs, and
various hMni for A ¼ 0.2. The top left panel shows how the
flavor composition, even for a single v mode, is scrambled
within picoseconds and sub-mm distances. This timescale
depends logarithmically on the initial seed but the final
state is insensitive to it. In the right panel, we see hM1i is
approximately constant at early and late epochs, but
decreases at t ≈ 3.5 ps. We will explain the decrease in
just a moment, but using the approximately constant hM1i
in our analytical solutions for hMni, we find qualitative
agreement with the numerical results shown in the bottom
panel of Fig. 3. The sharp change in hM1iini at t ≈ 3.5 ps
prevents a perfect agreement. Higher multipoles (fainter
curves) rise, peak, and fall asymptotically, one-by-one, as
predicted.
Transverse relaxation.—For the lower-n multipoles,

e.g., hM0i, hM1i, etc., the preceding discussion does not

apply. Rather, comparing the top and bottom panels in
Fig. 4, one sees that hSk

vi shrinks if and when hH⊥
v i ≈ hHk

vi.
We now explain this phenomenon. Naively, the spatial
average of Eq. (3) is dthSvi ¼ hHvi × hSvi, which can be
visualized as a spin hSvi precessing around the magnetic
field hHvi. Note that Hv ≈ −ð13M0 þ vM1Þ in a frame
corotating with the M0-M1 plane, for our choice of

FIG. 3. Multipole diffusion: Evolution of Sk
v for v ¼ 0.5 and

A ¼ 0.2 (top left) and hM1i for various ELNs (top right).
Evolution of hMni for large n and A ¼ 0.2 (bottom panel).

FIG. 4. Relaxation: Evolution of hSk
vi for v ¼ '1, '0.5 (top

panels) for A ¼ 0.9 (left) and A ¼ 0.2 (right). hHk
vi and hH⊥

v i, in
solid and dashed lines, respectively (bottom panels).

PHYSICAL REVIEW LETTERS 126, 061302 (2021)

061302-3

5

FIG. 3. Snapshots of P3(z, vz) at di↵erent simulation times for the same systems shown in Fig. 2 when the initial perturbations
have grown to the non-linear regime. Flavor waves with coherent structures develop and propagate. Small scale structures
form when flavor waves interact and breaks the coherent structure.

B. Non-linear regime: point-source like
perturbations

When the perturbations grow to the non-linear regime,
wave-like oscillatory features develop [37]. In Fig. 3, we
show the snapshots of P3(z, vz) at di↵erent times for
↵ = 0.9 and 1.1 using the same point-source like per-
turbations as in Sec. III A. For the case of ↵ = 0.9, the
flavor evolution behavior of the system is in general sim-
ilar to those reported in Ref. [37]. Flavor waves develop
and mainly propagate toward the positive z direction.
This is consistent with the growth of perturbations in
the linear regime discussed earlier. An interesting fea-
ture shown here is that although the flavor oscillations
initially can a↵ect all vz modes, illustrated by the verti-
cal stripes in the upper two sub-panels in Fig. 3(a), this
e↵ect diminishes when time proceeds and flavor conver-
sions are roughly confined in vz

>
⇠ vz,c ' 0.65.

Another interesting feature is: When the forward-
traveling wavefront interacts with the slowly backward
propagating part after t >⇠ 1200, it pushes the whole pat-
tern to drift toward positive z direction. Meanwhile, this
interaction breaks the coherent wave-like pattern. Sub-
structures in smaller scale develop such that the orienta-
tion of the neutrino polarization vectors varies rapidly in
z for vz >

⇠ vz,c. Consequently, although at each location
z, neutrinos with di↵erent vz

>
⇠ vz,c still have |P| = 1,

the “average polarization vector” over the z domain can
shrink due to their misalignment. Such a flavor state was

referred as “flavor depolarization” in Ref. [40, 41] and we
will discuss its behavior in more detail in the next section.
For vz <

⇠ vz,c, most neutrinos remain una↵ected.
For ↵ = 1.1 shown in panel (b), flavor conversions

quickly develop toward both the positive and negative z

directions and produces coherent and wave-like structure,
once again consistent with that indicated by the growth
of perturbations in the linear regime. Similarly, when
the forward and backward propagating modes interact
after t >

⇠ 665, smaller structures develop and cause a
major part of vz reaching closer to flavor depolarization.
One important di↵erence from the previous ↵ = 0.9 case
is: now flavor depolarization happens mostly in vz

<
⇠

vz,c ' 0.45. We will also discuss this feature and its
consequences in Sec. IVB.
For the other ⌫ELN spectra with ↵ = 1.0, 1.2 and 1.3,

the behaviors are qualitatively similar to that with ↵ =
1.1. Full simulation animations are available at https:
//mengruwuu.github.io/COSEv1dbox/.

C. Non-linear regime: random perturbations

Now, let us look at how the flavor systems evolve when
we adopt di↵erent seed of random perturbations. We
show again P3(z, vz) at di↵erent time snapshots in Fig. 4
for ↵ = 0.9 and 1.1. With random perturbations, some
locations have larger P? initially such that flavor con-
versions develop faster around those locations (see the

weak collision scenario, the flavor conversion in the strong
collision scenario exists only in a small region away from
where the oscillation wave was originally spawned and is
even more concentrated in the forward direction. Because
most of the neutrino modes do not experience significant
flavor conversion, the overall ELN density remains largely
homogeneous in the strong collision scenario.
In this work we have adopted a convention different

from that in Ref. [31] by normalizing the integral of initialP3

at z ¼ 0 instead of individual polarization vectors [see
Eq. (10)]. Because of the setup of the calculation, jPuðt; zÞj
is approximately described by the solid curve in the upper
panel of Fig. 1 at t ¼ 0 and for all z. In the lower panels of
Fig. 5 we show the magnitudes of the polarization vectors
at t ¼ 900. In the weak collision scenario, jPuj remains
approximately homogeneous even at t ¼ 900, although there
are some minor changes due to the collisions. In the strong
collision scenario, however, jPuj is not only homogeneous
but also nearly isotropic. It has the smallest magnitude for the
neutrino field that has the largest flavor conversion, which is
yet another reason why the neutrino flavor conversion in the
strong collision scenario does not change the ELN density
very much. Because the collision term included in our
calculations changes the direction but not the flavor of the
neutrino, andbecausemost of the neutrinos and antineutrinos
remain in the initial weak-interaction states in the strong
collision scenario, the collisions do not result in a significant
flavor depolarization except for the neutrinos and antineu-
trinos with notable flavor conversions.

In Fig. 6 we show P̄3 at t ¼ 900 in the calculations that
employ the NH and IH calculations, respectively. Because
an antineutrino oscillates in the sameway as a neutrino with
negative energy [49], the similarity between these plots and
those for P3 in Fig. 5 shows the insensitiveness of fast
oscillation waves to the neutrino energies. Figure 6 also
demonstrates that the neutrino mass hierarchy has very
little impact on fast oscillation waves, which confirms the
validity of neglecting the vacuum term in most of the
literature.

V. DISCUSSION AND CONCLUSIONS

We have performed numerical calculations of fast
oscillations in dense neutrino media using monoenergetic
neutrinos and antineutrinos with jωj=μ ¼ 10−5, a typical
value on the neutrino sphere inside a core-collapse super-
nova and for the atmospheric mass splitting, where ω and μ
are the effective vacuum oscillation frequency of the neu-
trinos and the strength of the coherent neutrino-neutrino
forward scattering, respectively. We found that the mass
splitting and the mass ordering of the neutrino have very
little effect on fast oscillations in our calculations. This
result seems to contradict that of Ref. [38], which suggests
that the neutrino energy plays a prominent role in fast flavor
conversions. We also did not observe the fine angular
structures in neutrino flavor conversions as in Ref. [38].
This discrepancy may be because Ref. [38] studied homo-
geneous neutrino gases which can oscillate only in the
K ¼ 0modes instead of producing a propagating oscillation

FIG. 6. The polarization vector components P̄3 of the antineutrinos (normalized by the magnitude of the vector jP̄j) in the calculations
shown in Fig. 5 that employ the normal neutrino mass hierarchy (NH, upper panels) and those in the similar calculations with the
inverted neutrino mass hierarchy (IH, lower panels), respectively.

MARTIN, CARLSON, CIRIGLIANO, and DUAN PHYS. REV. D 103, 063001 (2021)

063001-10

頑張って空間分布の時間進化を見る.
ニュートリノ分布：(t, z, vz)

• 角度分布を跨ぐ縞模様.

• フレーバー平衡 ( Pee ~ 0.5 ).
• フレーバー波同士の干渉により小さい
スケールの構造ができる.
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Time

Any type of crossings (PNS convection)

Type II crossings
(neutrino absorption)

Type II crossings [Exp-only] 
(asymmetric ν emissions)

Type I crossings [Exp-only] 
(nucleon-scattering + α    1 + cold matter)

Shock wave

Space-time diagram of ELN-angular crossings in CCSNe

�

� 1 s

�200 km

FIG. 4. Space-time diagram for appearance of ELN crossings. The bold red line portrays a time
trajectory for the shock wave in exploding models. The thin and dashed line represents the counterpart
of shock trajectory for non-exploding models. The color code for enclosed regions distinguishes types
of ELN crossing. The green, blue, and brown color denote Type I, Type II, and any type of crossings,
respectively. In each region, we provide some representative characteristics of ELN-crossings. The
remark ”Exp-only” denotes that the ELN-crossing appears only in exploding models. See text for
more detail.

anism for these is di↵erent. In Sec. III B, we conduct an
in-depth analysis of their physical origin.

We provide a schematic space-time diagram of ELN
crossings in Fig. 4. This figure summarizes the over-
all trends of crossings observed in our CCSN models.
We note that crossings relevant to PNS convection and
the pre-shock region drawn in Fig. 4 are not included in
Fig. 3. There is a technical reason why we do not include
the case with PNS convection in Fig. 3. This issue will be
discussed later. To facilitate the readers’ understanding,
the color in Fig. 4 distinguishes types of ELN-crossings.
Below, we turn our attention to the physical origin of
ELN crossing generation.

B. Generation mechanism of ELN crossings

1. Type-II crossings at early post-bounce phase

Let us start by analyzing the Type-II crossings that
appear at the early post-bounce phase (⇠ 100 ms) in all
CCSN models (see the top left panel in Fig. 3). We first
present the result from the 12 solar mass model as a rep-
resentative case. The progenitor-dependence is discussed
later. In Fig. 5, we show Mollweide projections of the
ELN crossing and some important quantities at 130 km
for the 12 solar mass model case. We find that the Type
II crossing has a rather scattered distribution (see the

top left panel). To see the trend more quantitatively, we
show �Gout in the left middle panel in Fig. 5, which cor-
responds to the ELN at µ = 1. Here �Gout and �Gin

are defined as follows. The energy-integrated number of
neutrinos at µ = 1 and �1 are written as

Gout =

Z
d(

"3

3
)fout("),

Gin =

Z
d(

"3

3
)fin("),

(2)

respectively, where " denotes the neutrino energy in units
of MeV. We stress that both fout and fin in Eq. 2 are the
basic output of our angular reconstruction computation
complemented by the ray-tracing method (see Sec. II B).
Here �G is the di↵erence of the ⌫e and ⌫̄e G values:

�G = G⌫e �G⌫̄e , (3)

where we omit the subscript ”out” or ”in” in Eq. 3. As
shown in Fig. 5, we find that ⌫̄e dominates over ⌫e in
some regions (blue-colored area), and these regions are
in one-to-one correspondence to the regions of Type-II
crossings. The one-to-one correspondence is attributed
to the fact that ⌫e always overwhelms ⌫̄e in µ = �1
(incoming) direction.
We find some interesting correlations between the

Type-II crossings and other physical quantities. These
correlations provide useful insight for studying the phys-
ical origin of the crossings. To quantify the correlations,

10FFCのタイプ/分類
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Nagakura+ ’21

Type-I クロッシング

Type-II クロッシング

positive crossing

negative crossing

<latexit sha1_base64="lvM4p/oER2K8Uid4+Tqx8FhhmmU="></latexit>

⌫e > ⌫̄e

<latexit sha1_base64="lx7wxDxZvSTQBYjHBBQ4GDNwGzw="></latexit>

⌫e < ⌫̄e

<latexit sha1_base64="lvM4p/oER2K8Uid4+Tqx8FhhmmU="></latexit>

⌫e > ⌫̄e

<latexit sha1_base64="lx7wxDxZvSTQBYjHBBQ4GDNwGzw="></latexit>

⌫e < ⌫̄e

Realistic model

Non-realistic model

Distribution 
in Wu+ ‘21

Distribution
in Zaizen & Morinaga ‘21



<latexit sha1_base64="QjW7yxuZ10RGtDjhrdjB8EsXzCA="></latexit>

µ⌫e = 1.5⇥ 104 km�1

tmax = 45000 µ�1
⌫e

⇠ 10 µs

Lz = 10000 µ�1
⌫e

⇠ 0.67 km

⇢(z = +6000) = ⇢(z = �6000)

11

セットアップ

<latexit sha1_base64="/wYzQnuFkP/GE15CvQU3hpliQwQ="></latexit>

P1(t = 0, z, vz) = ✏0 exp[�z2/50]

P2(t = 0, z, vz) = 0

P3(t = 0, z, vz) =
q

1� P 2
1

<latexit sha1_base64="gYd0J5iJySADxwq9vnlzPUzAjj4="></latexit>

✏0 = 10�6

初期空間擾乱計算サイズ for Type-I

<latexit sha1_base64="k2OFd87UUknkqu+VkouYgxapXN0="></latexit>

Pee =
1

2
(1 + P3)

<latexit sha1_base64="VSm05DyPptwiTYLwtA1dz+SDyI4="></latexit>

P? =
q

P 2
1 + P 2

2 = ⇢↵�⌫

<latexit sha1_base64="oKlH1WDJdhv2wOZMbM0G31pcM6o="></latexit>

⇢⌫(t, z, vz) =
Tr(⇢⌫)

2
+

1

2
� · P (t, z, vz)

<latexit sha1_base64="Zku50K9suBY/1lWbcXzR61S+swE="></latexit>

C(⇢⌫ , ⇢̄⌫) = 0衝突項

生存確率

フレーバー不安定性

(衝突項の影響は加藤さんや佐々木さんの方で)
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FFCの局所進化計算

<latexit sha1_base64="k2OFd87UUknkqu+VkouYgxapXN0="></latexit>

Pee =
1

2
(1 + P3)

<latexit sha1_base64="VSm05DyPptwiTYLwtA1dz+SDyI4="></latexit>

P? =
q

P 2
1 + P 2

2 = ⇢↵�⌫
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Type-I & II の比較

Type-I crossing
Type-II crossing

赤線 ELN
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クロッシングと生存確率 for Type-I

<latexit sha1_base64="6BH+n8TZXJo6KUa8GLuXPp7Qz+U="></latexit>

hPee(vz)i =
Z

dz Pee(z, vz)

,Z
dz

ELN crossing
<latexit sha1_base64="lvM4p/oER2K8Uid4+Tqx8FhhmmU="></latexit>

⌫e > ⌫̄e

<latexit sha1_base64="lx7wxDxZvSTQBYjHBBQ4GDNwGzw="></latexit>

⌫e < ⌫̄e

<latexit sha1_base64="BxfRCj69NMQMc1JtQ1Ta+2qG5qQ="></latexit>

↵ =
n⌫̄e

n⌫e

⇠ 0.89

FFC が殆ど vz < vz,cでのみ起きた.
vz < vz,cでフレーバー平衡に.

FFC がクロッシングを消そうと
しているように見える ?

• Type-I クロッシング.
• 𝜈𝑒過剰 (α<1).

空間平均した生存確率.
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クロッシングと生存確率 for Type-II
ELN crossing for α = 0.9

<latexit sha1_base64="lvM4p/oER2K8Uid4+Tqx8FhhmmU="></latexit>

⌫e > ⌫̄e

<latexit sha1_base64="lx7wxDxZvSTQBYjHBBQ4GDNwGzw="></latexit>

⌫e < ⌫̄e • Type-II クロッシング.
• 𝜈𝑒過剰 (α<1).
• 𝜈̅𝑒過剰 (α>1).

for α = 1.3

FFC が vz > vz,cで起きた (for α<1).
vz < vz,c で起きた (for α>1).

同じTypeでも α で反対の傾向に.

同じ α だと、Type-I と反対の傾向に.

(Wu+ ’21 の追計算)
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Type-I & II ELN

Type-I & α < 1

Type-II & α < 1

クロッシングを埋めるようにFFC が角度分布を変化させている.
𝜈𝑒過剰の場合、𝜈𝑒の多いところから少ないところへ移送しているように見
える.
逆もまた然り.
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Type-I & II クロッシング

Type-I クロッシング Type-II クロッシング

α < 1
(𝜈𝑒過剰) FFC at vz < vz,c FFC at vz > vz,c

α > 1
(𝜈̅𝑒過剰)

(未計算だが恐らく)
FFC at vz > vz,c

FFC at vz < vz,c

3

FIG. 1. Evolution of the angle-averaged shock wave as a func-
tion of time for 3D CCSN models. The time is measured from
core bounce. Color distinguishes the CCSN model.

Type I

μ-1 1

ELN
Type II

μ-1 1

ELN

0 0

FIG. 2. Classifying the type of ELN crossings. The horizontal
axis denotes the directional cosine of the neutrino propagation
measured from the radial basis. In the Type-I crossing (left
panel), ⌫e dominates over ⌫̄e at µ = 1 whereas ⌫̄e overwhelms
⌫e at µ = �1. The Type-II crossing (right panel) corresponds
to the opposite case.

consider four non-exploding models: these correspond to
13, 14, 15 solar mass progenitors and a 19 solar mass case
simulated with a low angular resolution. We refer read-
ers to our previous papers (e.g., [8, 47]) for details of
the progenitor- and resolution-dependence of the simu-
lation results. Although these non-explosion outcomes
are not definitive, some characteristic features of failed
CCSNe would be imprinted in these models. As we dis-
cuss in Sec. III A, shock revivals would be an important
factor to facilitate ELN crossings. Although the trend
is consistent with that reported from [31], our analysis
calls into question their interpretation (see See Sec. III B
for more detail). In the next section, we will reveal the
role of multi-D e↵ects such as convection and asymmetric
neutrino emission in the appearances of ELN crossings.
Providing physical insights into the connection between
CCSN dynamics and ELN crossings is the main purpose

of this paper.

B. ELN crossing search

Here, we briefly describe the essence of our ELN cross-
ing search. We refer readers to [40] for the details. We
start by using the zeroth and first angular moments of
neutrinos obtained from CCSN simulations to compute
the energy-dependent flux factor (). The flux factor is
one of the key quantities in our method. By using it, we
construct angular distributions of neutrinos. Although
the finite number of moments, in general, preclude full
reconstruction of angular distributions, adequately de-
tailed distributions can be obtained by using the recon-
struction method developed in [39]. The success of this
method can be attributed to the fact that the neutrino
radiation field in CCSNe has specific characteristics that
relate  to higher angular moments. In [39], we devel-
oped a fitting formula with which to determine the shape
of angular distributions of neutrinos from ; the coe�-
cients are chosen so as to minimize the deviations from
those obtained by full Boltzmann neutrino transport in
[48]1. We confirmed that our method is capable of pro-
viding reasonable angular distributions of neutrinos even
in cases with multi-D CCSN models2. This was validated
by making detailed comparisons to the results of axisym-
metric CCSN simulations with full Boltzmann neutrino
transport [49]. We refer readers to [39] for details of this
validation.
As we have already pointed out, however, angular dis-

tributions of incoming neutrinos in optically thin regions
are not well reconstructed. Consequently, we do not
adopt the reconstructed distributions; instead, they are
complemented with a ray-tracing method. Although ray-
tracing neutrino transport is, in general, very computa-
tionally expensive, we solve them only along the radial
ray in the inward direction (at µ = �1, where µ denotes
the cosines of the angles measured from the radial basis),
which substantially reduces the computational cost. The
neutrino-matter interaction rates are computed by using
the fluid data taken from the CCSN simulations.
The ray-tracing computation provides the neutrino dis-

tribution function for µ = �1 (fin)3. The ELN at µ = �1

1
The best fit parameters are publicly available: https://www.
astro.princeton.edu/~hirokin/scripts/data.html

2
There is a caveat, however. The fitting formula provided in our

method [39] corresponds to the azimuthal-averaged angular dis-

tribution of neutrinos, i.e., the non-axisymmetric structures are

abundant. On the other hand, in our previous study [22], we

found that ELN crossings occur in the non-axisymmetric direc-

tion. Although this shortage can be overcome, we do not improve

it. See text for details.
3
It should be mentioned that the ELN at µ = �1 at optically

thick region can be computed accurately from the reconstructed

angular distributions computed from zeroth and first angular mo-

ments; hence, we adopt them in the region. For the intermediate

Nagakura+ ’21

漸近的な FFC の振る舞い：α に応じてクロッシングを埋める.
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まとめ

18

ü 超新星内部の高いニュートリノフラックス
→ニュートリノ集団振動.

ü 角度分布における𝜈と𝜈̅間のクロッシング
→ Fast Flavor conversion (FFC).

ü フレーバー波同士の干渉によるフレーバー平衡.
Ø Type-I & II クロッシングを簡単にカテゴライズできる？
Ø より一般的なケースで分類すればCCSN計算に組み込めそう？

Ø （衝突項の取り扱い等々問題はまだ山積み.）
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Note



<latexit sha1_base64="PplL3erhvCinBC1YtEgOP8eiCEU="></latexit>

Htot = U
M

2

2E
U

† + v
µ⇤µ +

p
2GF

Z
d�0

v
µ
v
0
µ gv0⇢

0
⌫
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Slow vs. Fast
<latexit sha1_base64="Llj/SrhBgD21+3n4XjpDYFcpQzg="></latexit>

i(@t + v ·r)⇢⌫ = [Htot, ⇢⌫ ] + C[⇢⌫ , ⇢̄⌫ ]

クロッシングニュートリノエネルギー
(in 真空振動)

エネルギー分布でのクロッシング:
à真空振動が slow mode に影響を与える. Long-scale になる.

角度分布でのクロッシング:
à Fast mode は真空振動と独立に進化できる (はず) .
à FFC のみ調べたいなら、真空振動項を落とせばよい.

<latexit sha1_base64="Qqxosd2fvytawo61yNP3r3ZvO9M="></latexit>

H⌫⌫(v) =
p
2GFv

µ

Z
d� vµg�⇢⌫

ハミルトニアンとしては
角度依存性しか残らない.

EoM:
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Time

Any type of crossings (PNS convection)

Type II crossings
(neutrino absorption)

Type II crossings [Exp-only] 
(asymmetric ν emissions)

Type I crossings [Exp-only] 
(nucleon-scattering + α    1 + cold matter)

Shock wave

Space-time diagram of ELN-angular crossings in CCSNe

�

� 1 s

�200 km

FIG. 4. Space-time diagram for appearance of ELN crossings. The bold red line portrays a time
trajectory for the shock wave in exploding models. The thin and dashed line represents the counterpart
of shock trajectory for non-exploding models. The color code for enclosed regions distinguishes types
of ELN crossing. The green, blue, and brown color denote Type I, Type II, and any type of crossings,
respectively. In each region, we provide some representative characteristics of ELN-crossings. The
remark ”Exp-only” denotes that the ELN-crossing appears only in exploding models. See text for
more detail.

anism for these is di↵erent. In Sec. III B, we conduct an
in-depth analysis of their physical origin.

We provide a schematic space-time diagram of ELN
crossings in Fig. 4. This figure summarizes the over-
all trends of crossings observed in our CCSN models.
We note that crossings relevant to PNS convection and
the pre-shock region drawn in Fig. 4 are not included in
Fig. 3. There is a technical reason why we do not include
the case with PNS convection in Fig. 3. This issue will be
discussed later. To facilitate the readers’ understanding,
the color in Fig. 4 distinguishes types of ELN-crossings.
Below, we turn our attention to the physical origin of
ELN crossing generation.

B. Generation mechanism of ELN crossings

1. Type-II crossings at early post-bounce phase

Let us start by analyzing the Type-II crossings that
appear at the early post-bounce phase (⇠ 100 ms) in all
CCSN models (see the top left panel in Fig. 3). We first
present the result from the 12 solar mass model as a rep-
resentative case. The progenitor-dependence is discussed
later. In Fig. 5, we show Mollweide projections of the
ELN crossing and some important quantities at 130 km
for the 12 solar mass model case. We find that the Type
II crossing has a rather scattered distribution (see the

top left panel). To see the trend more quantitatively, we
show �Gout in the left middle panel in Fig. 5, which cor-
responds to the ELN at µ = 1. Here �Gout and �Gin

are defined as follows. The energy-integrated number of
neutrinos at µ = 1 and �1 are written as

Gout =

Z
d(

"3

3
)fout("),

Gin =

Z
d(

"3

3
)fin("),

(2)

respectively, where " denotes the neutrino energy in units
of MeV. We stress that both fout and fin in Eq. 2 are the
basic output of our angular reconstruction computation
complemented by the ray-tracing method (see Sec. II B).
Here �G is the di↵erence of the ⌫e and ⌫̄e G values:

�G = G⌫e �G⌫̄e , (3)

where we omit the subscript ”out” or ”in” in Eq. 3. As
shown in Fig. 5, we find that ⌫̄e dominates over ⌫e in
some regions (blue-colored area), and these regions are
in one-to-one correspondence to the regions of Type-II
crossings. The one-to-one correspondence is attributed
to the fact that ⌫e always overwhelms ⌫̄e in µ = �1
(incoming) direction.
We find some interesting correlations between the

Type-II crossings and other physical quantities. These
correlations provide useful insight for studying the phys-
ical origin of the crossings. To quantify the correlations,
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コヒーレント散乱
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ν

Neutrino sphere
Shock front

⌫ +A(Z,N) ! ⌫ +A(Z,N)
<latexit sha1_base64="pY9axeMOVy8G92Ny+94Ie5RsJno="></latexit><latexit sha1_base64="pY9axeMOVy8G92Ny+94Ie5RsJno="></latexit><latexit sha1_base64="pY9axeMOVy8G92Ny+94Ie5RsJno="></latexit>

コヒーレントニュートリノ-原子核散乱:
• 散乱断面積 ∝ Eν2. 
• 反νの方が平均エネルギーが高い.

→内向き方向で支配的になる.
• 内向きと外向きの間でクロッシングができる.

• (散乱なしなら νが一般的に支配的になる).
Morinaga+ ‘20

<latexit sha1_base64="KkonphJFuYhSekWyqAuIBG9SaJw="></latexit>

�A(E⌫ , (A,Z)) ⇡ G2
FE

2
⌫

4⇡
A2


1� 2Z

A
(1� 2 sin2 ✓W)

�2 Nagakura+ ’21
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セットアップ

σ : Pauli matrices
P : Polarization vector

<latexit sha1_base64="QVe4swLaZshPdL/QzFUHuJDoiWs="></latexit>

(@t + vz@z)P (t, z, vz) = H(t, z, vz)⇥ P (t, z, vz)

=


µ⌫e

Z
dv0z(1� vzv

0
z)Ge(v

0
z)P (t, z, v0z)

�
⇥ P (t, z, vz)

<latexit sha1_base64="oKlH1WDJdhv2wOZMbM0G31pcM6o="></latexit>

⇢⌫(t, z, vz) =
Tr(⇢⌫)

2
+

1

2
� · P (t, z, vz)

<latexit sha1_base64="8BWt6SvXBsh/nMN2Ig4lIepwWTY="></latexit>

Ge(vz) ⌘ g⌫e(vz)� ↵g⌫̄e(vz)

𝑔𝜈 : 角度分布
Ge : eLN角度分布

Hvac , Hmat , 衝突項 Γを無視.

Type-Iクロッシング

衝撃波前方領域でのコヒー
レント散乱
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線形 & 非線形フェイズ
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0.6 0.8 1.0 1.2
0.0

0.5

1.0

1.5

2.0

2.5

K [m-1]

Im
Ω
[μ
s-
1 ]

途中から非線形領域に突入. カスケードが見える.

線形安定性解析から得られるフレーバー変換
の成長率.

(黒線が今回の条件.)
左下の線形フェイズと一致.

(赤線は他条件のものなので気にせず.)

線形成長

空間フーリエ分布


