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Neutrino Transport with Quantum Kinetics:

超新星爆発の中心部ではニュートリノ同士の自己相互作用が卓越し、その結果ニュートリノ集団振動によりフレーバーが入れ替わる現象が
起きる。その中でもニュートリノと物質がまだ結合しているような密度帯では、物質との相互作用によるデコヒーレンス効果がフレーバー間
で差動的に働くことでもフレーバー不安定性が生じることがわかっている。

本研究では、ニュートリノと反ニュートリノの間の反応率の大小関係によってどのエネルギー帯がフレーバー平衡に至るのか、あるいはス
ワップに至るのかが決まることが判明した。今回は簡単のためにニュートリノ反応の対角項を落として、量子論的効果のみからの寄与を考え
てきた。しかし実際の環境では古典的な平衡状態へと向かわせる効果も効くため、この両者の平衡状態を踏まえた進化を考える必要がある。
特に、平衡状態やスワップに至ると、古典的な平衡状態へと戻すフィードバックが大きく働くため、PNS冷却を加速させることが期待される。

The behaviors can be understood through the unstable
modes in the linear regime. As clarified in Fig. 1, this
simulation setup has two types of nonstable modes, minus
ω− and plus modes ωþ. As the antineutrino reaction rate
decreases, the imaginary part Imðω−Þ of the minus mode
reduces and becomes negative. On the other hand, that
ImðωþÞ of the plus mode increases and switches into the
growing mode. This means that the distinction between
the two simulations above stems from the difference in the
dominant growing modes. Comparing the energy distribu-
tions at the asymptotic states also clarifies the distinction as
presented in Fig. 5. In the low-energy side, the order of final

spectra of ν
ð−Þ

e and ν
ð−Þ

x are exchanged because collisional
swap occurs in the case of R̄0 ¼ 0.1 km−1 (bottom). Also,
in the case of R̄0 ¼ 1 km−1 (top), the complete overlap
between two flavors appears in the high-energy side
through a flavor equipartition.
Figure 6 shows the time evolution of the norm kPk and

the angle cos θ3 relative to the z axis of the polarization
vector in the case of R̄0 ¼ 0.1 km−1. Unlike the case of
R̄0 ¼ 1 km−1, the monotonicity in the spectral distribution
of the norm is broken. Also, the bottom panel displays that
the polarization vectors appear to be spectrally split, but the
reason for such distinct behaviors can be clarified by
Eq. (20). In this calculation setup, the flavor coherence
already achieves some spectral structures even in the linear

phase in Fig. 4. Therefore, the evolution of the norm
depends on both reaction rates and flavor coherency over
neutrino energy. The characteristics for each unstable mode
can be read from the eigenvector Q̃E in the subsequent
sections.

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 ¼ ðρee − ρxxÞ
1

ωþ iRE
ð23Þ

and the amplitude is given by

jQ̃Ej ¼ ðρee − ρxxÞ
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ω2
r þ ðωi þ REÞ2

p ; ð24Þ

where ω ¼ ωr þ iωi. The energy dependence can be
produced by reaction rates, except for the neutrino dis-
tributions. Recalling Eq. (16), the real parts of ω% are
approximated to Reðω%Þ ¼ −A% jAj. 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

FIG. 4. Same as Fig. 2, but collision rates R̄0 ¼ 0.1 km−1 for antineutrinos.
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modes switch around hR̄Ei ≃ hREi with the reaction rate
increasing. As can be seen from the definition in Eqs. (15)
and (16), the sign of α changes after that equality, and the
maximum growing mode changes so as to compensate for
that sign. Note that we fix neutrino number densities in this
study, but if not so, the change of the sign of A can bring
similar behaviors [57]. The disparity in the sign between A
and α produces the distinction between the plus and minus
modes. In the subsequent section, the two unstable modes
display quite different behaviors in both linear and non-
linear dynamics.

III. MULTIENERGY FLAVOR EVOLUTION

We perform the two representative cases, adopting the
higher and lower sides of reaction rates for antineutrinos,
R̄0 ¼ 1 and 0.1 km−1. These choices correspond to two
unstable modes of CFI, the plus and minus modes, in Fig. 1.
The disparity in the reaction rates between neutrinos and
antineutrinos can be attributed to the properties of back-
ground matter, such as electron fraction Ye. Actually, νe
opacity is about an order of magnitude more dominant than
that of ν̄e at the radii with Ye ∼ 0.1, while in the Ye ∼ 0.5
regions they are comparable [11].
Figure 2 shows the time evolution of transition proba-

bility PexðEνÞ (top panel) of electron-type neutrinos and
flavor coherence jρexðEνÞj (bottom) with energy depend-
ency in the case of reaction rate R̄0 ¼ 1 km−1. Neutrinos
with the highest energy reach a flavor equipartition,
Pex ∼ 0.5, at the asymptotic states, while lower ones have
monotonically weaker transition probabilities in the top
panel. In the bottom, isoenergetic exponential growth
proceeds in the linear phase, and then energy-dependent

collisional decoherence makes the system return to the
flavor eigenstates in the later phase. This result is consistent
with what was reported in the previous work [56]. Note
that, in this figure, the flavor coherence jρexj or kP⊥k is
normalized so as to make the initial P3 unity. This means
that the spectral structure of the transition probability and
the flavor coherence does not include the neutrino distri-
bution functions. Now, since we assume the same reaction
rate for antineutrinos as that for neutrinos, such conversion
properties become similar, and we do not present them in
the figure.
To cultivate the understanding of the nonlinear behav-

iors, we exhibit the time evolution of the norm of the
polarization vector for neutrinos in the top panel of Fig. 3.
The polarization vector with the highest neutrino energy
completely collapses within the Bloch sphere, while the
ones for neutrinos with lower energy remain almost at pure
states. The following equation gives this norm evolution:

dtkPk2 ¼ −2REkP⊥k2: ð20Þ

Since the flavor coherence kP⊥k grows isoenergetically, the
spectral structure of the norm shrinking is determined by the
energy dependence of reaction rates RE. So, the length of
the polarization vector shortens monotonically with ∝ E2

ν in
the energy domain. Meanwhile, the bottom panel of Fig. 3

FIG. 1. Collisional instability modes by linear stability analysis
as a function of reaction rates for antineutrinos. Two solid and
dashed lines are imaginary and real parts of wave frequencies
numerically solved from Eq. (13), respectively. Dotted lines
correspond to approximated scheme in Eq. (17). Dot-dashed lines
correspond to mean collision rates for neutrinos and antineutrinos.

FIG. 2. Time evolution of transition probability Pex (top) of
electron-type neutrinos and flavor coherency jρexj (bottom),
respectively. Collisional rates for antineutrinos are R̄0¼1km−1,
and color contours for lines correspond to neutrino energy
dependence. Dotted lines correspond to unstable modes exhibited
in Fig. 1.
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modes. In the subsequent section, the two unstable modes
display quite different behaviors in both linear and non-
linear dynamics.

III. MULTIENERGY FLAVOR EVOLUTION

We perform the two representative cases, adopting the
higher and lower sides of reaction rates for antineutrinos,
R̄0 ¼ 1 and 0.1 km−1. These choices correspond to two
unstable modes of CFI, the plus and minus modes, in Fig. 1.
The disparity in the reaction rates between neutrinos and
antineutrinos can be attributed to the properties of back-
ground matter, such as electron fraction Ye. Actually, νe
opacity is about an order of magnitude more dominant than
that of ν̄e at the radii with Ye ∼ 0.1, while in the Ye ∼ 0.5
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ency in the case of reaction rate R̄0 ¼ 1 km−1. Neutrinos
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monotonically weaker transition probabilities in the top
panel. In the bottom, isoenergetic exponential growth
proceeds in the linear phase, and then energy-dependent

collisional decoherence makes the system return to the
flavor eigenstates in the later phase. This result is consistent
with what was reported in the previous work [56]. Note
that, in this figure, the flavor coherence jρexj or kP⊥k is
normalized so as to make the initial P3 unity. This means
that the spectral structure of the transition probability and
the flavor coherence does not include the neutrino distri-
bution functions. Now, since we assume the same reaction
rate for antineutrinos as that for neutrinos, such conversion
properties become similar, and we do not present them in
the figure.
To cultivate the understanding of the nonlinear behav-

iors, we exhibit the time evolution of the norm of the
polarization vector for neutrinos in the top panel of Fig. 3.
The polarization vector with the highest neutrino energy
completely collapses within the Bloch sphere, while the
ones for neutrinos with lower energy remain almost at pure
states. The following equation gives this norm evolution:

dtkPk2 ¼ −2REkP⊥k2: ð20Þ

Since the flavor coherence kP⊥k grows isoenergetically, the
spectral structure of the norm shrinking is determined by the
energy dependence of reaction rates RE. So, the length of
the polarization vector shortens monotonically with ∝ E2

ν in
the energy domain. Meanwhile, the bottom panel of Fig. 3

FIG. 1. Collisional instability modes by linear stability analysis
as a function of reaction rates for antineutrinos. Two solid and
dashed lines are imaginary and real parts of wave frequencies
numerically solved from Eq. (13), respectively. Dotted lines
correspond to approximated scheme in Eq. (17). Dot-dashed lines
correspond to mean collision rates for neutrinos and antineutrinos.

FIG. 2. Time evolution of transition probability Pex (top) of
electron-type neutrinos and flavor coherency jρexj (bottom),
respectively. Collisional rates for antineutrinos are R̄0¼1km−1,
and color contours for lines correspond to neutrino energy
dependence. Dotted lines correspond to unstable modes exhibited
in Fig. 1.
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ニュートリノ反応に依存する
ニュートリノ集団振動の振る舞い

(Spectral diversity in collisional neutrino-flavor conversion:
Flavor equipartition or swap)

Abstract:
超新星爆発の中⼼部ではニュートリノ同⼠の相互作⽤が卓越し、その結果ニュートリノ集団振動によりそのフレーバーが⼊れ替わる現象が起きる。近年、

こうした極限環境で集団振動が起きる可能性についての議論が盛んに⾏われ、collisional flavor instability (CFI) と呼ばれる背景物質との相互作⽤を通して⽣じ
る不安性が存在することが⾒つかった。線形安定性解析により、このCFIは他の不安定性と⽐べて⽐較的密度の⾼く、ニュートリノにとってより不透明な領域
で⽣じることが判明した。 本発表では、与えるニュートリノ反応率を変えた際にどのようにこのCFIによるフレーバー変換が呼応していくかに注⽬し、実際の
超新星ダイナミクスへもたらされる影響について議論する。

4. Summary & Conclusion

財前真理

Masamichi ZAIZEN

1. Collective Neutrino Oscillation

3. Results for Collisional Neutrino-Flavor Conversion in Multi Energy
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量子運動論的 + ニュートリノ輸送方程式 ( = beyond Boltzmann)

密度行列 (not 分布関数 fαα )

移流項 振動項 衝突項

ニュートリノ自己相互作用

2. Motivation & Method

これが更にニュートリノ輻射場を変える。

密度行列の非対角項に対する線形安定性解析
à 不安定性の存在 + 線形成長率

親星質量によらず、密度1010-12 g cm-3 程度でまだ物質と
結合している領域で不安定性が発生する。
自己相互作用の振動スケールは ~ GF Nν ~ O(ps - ns) と
非常に短いため、ニュートリノ輸送計算とは別にこの
非線形挙動を理解したい。

15 Msun (1D)

Liu, MZ+ PRD (2023)
Akaho, MZ+ 
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exp(E⌫/T⌫) + 1

Numerical Setup :
エネルギー分布： ニュートリノ反応率：

フレーバー平衡 エネルギー依存性 ニュートリノと反ニュートリノの間で、
数密度と反応率の大小関係が同じ状況

高エネルギー成分のニュートリノは、
フレーバー平衡 (Pex ~ 0.5)に向かう

ニュートリノと反ニュートリノの間で、
数密度と反応率の大小関係が捻れている状況
→ 異なる不安定性モード

低エネルギー成分のニュートリノが、
フレーバースワップ (Pex ~ 1.0)に向かう

レプトンからのポテンシャル→物質振動
・w/ 電子：MSW効果
・w/ ニュートリノ：非線形な「集団振動」

(東大駒場)

P8, UGRP2025, Jun.25-26, 2025

非対角成分のみ
(量子論的な効果のみ抽出)

Phys., Rev. D 111, 103029 (2025)
arXiv:2502.09260

A2 ≫ jGαj, the value of A (or the self-interaction potential)
is much larger than reaction rates. This means that the
amplitude of the eigenvector is jQ̃Ej ∝ jωrj−1 in the minus
mode and becomes independent of neutrino energy because
ωr exceeds the other terms in the denominator in Eq. (24).
On the other hand, the plus mode ωþ becomes almost pure
complex, and so the amplitude has energy dependence
with ðωi þ REÞ−1.
Figure 7 demonstrates the energy dependence of the

eigenvector Q̃E for both the plus and minus modes in the
case of R̄0 ¼ 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 eigen-
vector for antineutrinos becomes flatter because the colli-
sion rate R̄E is weaker than neutrinos. The eigenvector says
that flavor coherency should be evolved with the energy

distribution associated with the corresponding unstable
mode. This fact is consistent with the isoenergetic expo-
nential growth in Fig. 2 for R̄0 ¼ 1 km−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 ¼ 0.1 km−1,
both the minus and plus modes have nonzero 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 homogeneous eigenvector,
which is a damping mode, reduces the flavor coherence at
first, and then the spectral component with ∝ ðωi þ REÞ−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 of the eigenvector is less
dependent on neutrino energy. Note that, when we employ
an initial seed from the vacuum term, not the artificial
perturbation, the damping phase in the early epoch does not
appear much because the perturbation has a spectral
structure with a vacuum frequency ωV ∝ E−2

ν .
The difference in the nonlinear behaviors between

Figs. 2 and 4 can be understood by the spectral structure
in the linear growth phase. In the case of R̄0 ¼ 1 km−1, all
neutrinos with any energy simultaneously reach a linear
saturation, and then collisional decoherence comes to
dominate the system evolution, as can be seen in Fig. 2.
On the other hand, in the case of R̄0 ¼ 0.1 km−1, since the
eigenvector of the growing mode has a low-energy peaked
distribution, neutrinos with lower energy reach the linear
saturation before the higher energetic ones. The nonlinear
power propagates into the other neutrinos via their self-
interactions, and neutrinos with higher energy are forced to
behave as in the nonlinear regime. However, the higher
energetic neutrinos themselves do not have enough sig-
nificant flavor coherence ρex yet, so the resultant collisional
decoherence is still weak. As a consequence, collisional
decoherence in the entire system cannot prevent the low-
energy neutrinos from undergoing a continuous flavor
conversion in the nonlinear order, and they establish a
complete flavor swap.
The balance between flavor coherence and collisional

decoherence can be read out through the energy depend-
ence of the norm collapse presented in Fig. 8. The
distribution has the extremum in the middle of the
considered neutrino energy range because the collision
rate is proportional to E2

ν, whereas the flavor coherency is
peaked at low energy. Actually, in the top panel of Fig. 6,
neutrinos (thick green) with ∼20 MeV and antineutrinos
(red) with ∼70 MeV are completely collapsed within the
Bloch sphere. The fully depolarized (anti)neutrinos estab-
lish a flavor equipartition as shown in Fig. 4. On the other
hand, since neutrinos with the lowest energy continue to
hold the length of the polarization vector, they can reach a

FIG. 5. Energy distribution in the case of R̄0 ¼ 1 (top) and
R̄0 ¼ 0.1 km−1 (bottom). Dotted lines are initial spectra for
electron-type neutrinos. Solid and dashed ones correspond to
the final one for neutrinos and antineutrinos after CFC, respec-

tively. Clearly, the order of colored lines ( ν
ð−Þ

e and ν
ð−Þ

x) is
exchanged on the low-energy side between the two scenarios
due to the presence or absence of collisional swap.
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½vμðKμ −ΦμÞ þ iRE%Q̃

¼ −
ffiffiffi
2

p
GFðρee − ρxxÞvμ

Z
dΓ0

νv0μQ̃0; ð8Þ

whereΦμ¼
ffiffiffi
2

p
GF

R
dΓvμðρee−ρxxÞ. Hereafter, we redefine

a phase-shifted wave frequency kμ ≡ Kμ −Φμ, and then the
eigenvector satisfies the following equation:

Q̃ ¼ ðρee − ρxxÞ
vμãμ

vσkσ þ iRE
; ð9Þ

where

ãμ ≡ −
ffiffiffi
2

p
GF

Z
dΓ0

νv0μQ̃0: ð10Þ

Inserting this equation into Eq. (8) yields

Πμνãν ¼ 0; ð11Þ

where

ΠμνðkÞ¼ ημνþ
ffiffiffi
2

p
GF

Z
dΓνðρee−ρxxÞ

vμvν

vσkσþ iRE
: ð12Þ

The dispersion relation, which is a nontrivial solution for
Eq. (11), follows det ½ΠμνðkÞ% ¼ 0. If there are imaginary
parts in kμ, the flavor coherence ρex can exponentially grow
or damp in space and time.
Now, we focus on collision-induced flavor instability in

the isotropic and homogeneous neutrino background.
Under the environment, the self-interaction potential
Φj¼1;2;3 bringing the phase shift to the wave number k is
zero. Thereby, a so-called zero mode k ¼ 0 coincides with
a “true” homogeneous mode K ¼ 0. The dispersion rela-
tion for the homogeneous mode is consequently given by

I ≡ ffiffiffi
2

p
GF

Z
E2
νdEν

2π2
ρee − ρxx
ωþ iRE

¼ −1 or 3: ð13Þ

Complex wave frequency ω possibly appears when flavor-
dependent collisional decoherence is included and leads to
a collisional flavor instability [26].
Equation (13) can be analytically solved for a mono-

chromatic neutrino distribution [26,50], and in the multi-
energy case, the approximated solutions are provided with

mean collision rates hR
ð−Þ

i in Refs. [54,56]. The approxi-
mated solutions are

ω' ¼ −A − iγ '
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 − α2 þ 2iGα

p
ð14Þ

corresponding to an isotropy-preserving mode for I ¼ −1
in Eq. (13), which has larger growth rates compared to an
isotropy-breaking mode for I ¼ 3 in the conditions [54].

Each quantity is defined with (mean) collision rates and
number densities,

γ¼Rþ R̄
2

; α¼R− R̄
2

; G¼ gþ ḡ
2

; A¼ g− ḡ
2

; ð15Þ

with g
ð−Þ

¼
ffiffiffi
2

p
GFð n

ð−Þ
νe − n

ð−Þ
νxÞ. In the following limits,

Eq. (14) is simplified into easier formulas [11,54],

ω' ≈
"−A − iγ ' ðjAjþ i GαjAjÞ if A2 ≫ jGαj

−A − iγ '
ffiffiffiffiffiffiffiffiffiffi
2iGα

p
if A2 ≪ jGαj:

ð16Þ

The limit in the lower line is achieved only when jAj ∼ 0
and is called a resonancelike CFI [53,54,59]. In this work,
we focus only on the corresponding limit to the upper case,
and then the maximum growth rate is given by

max ½Imω'% ≈ −γþ
####
Gα
A

#### if A2 ≫ jGαj; ð17Þ

which is roughly proportional to the collision rates R.

C. Model

Our aims are to understand the asymptotic behaviors of
CFC. To this end, we employ parametric neutrino energy
distributions and flavor-dependent collision rates. We
assume initial neutrino systems are composed only of pure
electron-type neutrinos for simplicity, though previous
studies have revealed the contribution from heavy-leptonic
flavors stabilizes the system in the CFI case [55]. Following
Ref. [56], initial neutrino Fermi-Dirac distribution is

fν ∝
1

exp½ðEν − μνÞ=Tν% þ 1
ð18Þ

with μν a chemical potential set by zero and choosing
Tνe ¼ 4 and T ν̄e ¼ 5 MeV. And instead of the chemical
potentials that arrange the hierarchy of neutrino number
densities, the asymmetric parameter of ν̄e to νe is set
αasym ≡ nν̄e=nνe ¼ 0.8. We set the self-interaction strength
to μ0 ¼ 104 km−1 and an initial perturbation of 10−3 in
the off-diagonal component instead of the vacuum term.
Energy dependence of collision rates is for simplicity
adopted by

R
ð−Þ

νðEνÞ ¼ R
ð−Þ

0

$
Eν

10 MeV

%
2

; ð19Þ

where we fix R0 ¼ 1 km−1 for neutrinos and parametrize
R̄0 for antineutrinos from 0 to 2 km−1.
Figure 1 demonstrates collisional modes in flavor insta-

bility obtained numerically from Eq. (13) and solved
analytically as Eq. (17) as a function of reaction rate R̄0

for antineutrinos. It is clearly found that dominant growing
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the equator than near the poles. This comes from the
stronger ν̄e emission in the lower latitudes, induced by the
large-scale fluid motion. The morphology of fluid motion
is known to be qualitatively different between 2D and
3D [75], and the degree of asymmetry may be exaggerated
in this study. However, the qualitative trend will be
unchanged in 3D.
In the following Secs. III B and III C, we look into CFI

and FFI individually. The growth rates of CFI and FFI are
compared in Sec. III D.

B. CFI

The CFI growth rates are shown as solid lines in the top
panels of Fig. 3, for θ ¼ 45° and 90° at t ¼ 404 ms. Both
the resonancelike CFI (sharp peaks) and the nonresonance
CFI (30≲ r≲ 40 km) are observed in both plots. The
maximum growth rate of ∼10−3 cm−1 is reached by the
resonancelike CFI whereas the nonresonance CFI has a
typical growth rate of ∼10−6 cm−1.
In the same plots we present the CFI growth rate when

we artificially set the number density νx to zero. In this case
the CFI region is much extended, with the nonresonance
CFI region merged with the resonancelike CFI region.
Moreover, the growth rate becomes higher by orders with
the maximum growth rate reaching ∼1 cm−1 for the
resonancelike CFI. This experiment clearly demonstrates
that the existence of νx suppress CFI. This is in sharp
contrast with FFI, on which νx has no effect as long as νx
and ν̄x do not have angular crossing.
In the following we look into the resonancelike CFI and

nonresonance CFIs more closely in turn.

1. Resonancelike CFI

The resonancelike CFI occurs when the situation A ≈ 0
is realized [57,64]. This is vindicated in the panels in the
second row of Fig. 3, where we plot the radial profiles
of the number densities of all neutrinos as well as G ¼
ðnνe þ nν̄e − 2nνxÞ=2 and jAj ¼ jnνe − nν̄e j=2 [see
Eq. (17)]. The very sharp dips in A correspond to the
peaks in the growth rate (see the top panels) indeed. It is
also found that G has dips at the same positions, but so as
deep as A. By definition, the situation A ≈ 0 occurs
when the number densities of νe and ν̄e become close to
each other. On the other hand, G becomes zero if
nνe þ nν̄e ¼ 2nνx , which is not completely the case at
A ¼ 0. As a result, G=jAj gets very large at the points,
creating the resonancelike CFI as observed in the plots
on the third row of Fig. 3. Note that we assume nνx ¼ nν̄x .
If this assumption is not valid due to muonization, then it
may prevent A to become zero at the point where nνe ¼ nν̄e ,
and might hinder the resonancelike CFI. Wewill investigate
it in the future.
Here we comment on the possible artifact of the low

radial resolution. With a finite number of grid points, it is
impossible to have A ¼ 0 on one of the grid points. As a
result, the CFI growth rate is underestimated in the vicinity
of the resonancelike CFI. The insufficient resolution also
explains the absence of the resonancelike CFI at r ∼ 10 km
for θ ¼ 45° in spite of nνe ∼ nν̄e . As a matter of fact, matter
is more compressed and the scale height at this angle is
shorter than at θ ¼ 90°.
The nondetection of the resonancelike CFI in the 1D

study [64] is not an artifact by the low resolution, on the

FIG. 2. Meridian map of CFI growth rate (left), FFI growth rate (middle), and the dominant instability (right) at t ¼ 404 ms after
bounce.
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