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We present a comprehensive study on the occurrences of the collisional flavor instability (CFI) and the
fast flavor instability (FFI) of neutrinos based on a 2D core-collapse supernova simulation performed
with a Boltzmann radiation hydrodynamics code. We find that CFI occurs in a region with the baryon-
mass density of 1010 ≲ ρ≲ 1012 g cm−3, which is similar to the previous results in 1D core-collapse
supernova models. In contrast to 1D, however, the CFI region varies with time vigorously in the 2D
model, whereas it had a quiescent structure in 1D. This is attributed to the fact that the turbulent flows
advected from a gain region account for the temporal variations. Another noticeable difference from the
1D models is the appearance of resonancelike CFI where number densities of νe, ν̄e nearly coincide each
other. The CFI growth rate there is enhanced and can reach ∼108 s−1. As for FFI, on the other hand, it
appears in three different regions: (1) the region overlapped with the resonancelike CFI, (2) neutrino
decoupling regions where ν̄es are strongly emitted, and (3) optically thin regions where neutral-current
scatterings dominate over charged-current reactions. Although overall properties for FFI are consistent
with previous studies, we find that the number of electron-neutrinos lepton number crossing temporarily
becomes multiple, which can be assessed accurately only by multiangle treatments in neutrino transport.
We find that the growth rate of FFI is always higher than CFI if both of them occur, which suggests that
the former is dominant for the linear evolution.

DOI: 10.1103/PhysRevD.109.023012

I. INTRODUCTION

Core-collapse supernovae (CCSNe) are known to occur
at the end of massive star’s lives. Although the quest for
physical process of explosion mechanism is still ongoing,
detailed numerical simulations have suggested that neu-
trinos play key roles in driving explosions (see a recent
review [1]). One thing we need to mention is that most
CCSN simulations assumed that neutrino oscillations (or
flavor conversions) do not occur in postshock regions due

to a high-density matter suppression. However, neutrinos
are also dense in the environment, that can offer another
channel to induce neutrino flavor conversions (see [2,3] for
reviews). Similar as the Mikheyev Smirnov Wolfenstein
mechanism, neutrino self-interactions can also induce
refractive effects. If a certain condition is met, then flavor
instabilities can take place. In this study, we will present
evidence that two distinct flavor instabilities can occur
ubiquitously in postshock regions of the CCSN core, based
on a recent two-dimensional (2D) CCSN model.
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One of the collective neutrino oscillation models,
referred to as the fast flavor instability (FFI) [4–6], has
been attracting great attention. It is expected to evolve in a
very short timescale, and many studies have been per-
formed extensively to investigate its outcome [3,7–27].
Many postprocessing analyses of CCSN simulations dem-
onstrated that FFI is likely to appear in CCSNe [28–34].
The FFI is also studied in the context of binary neutron star
merger remnant [35–43]. The FFI is known to take place
when the neutrino flavor lepton number (NFLN) crosses
zero [44,45]. Mathematically we need full information on
the neutrino distributions in momentum space, such as
the one provided by the simulation with the Boltzmann
neutrino transport. It is worth mentioning that several
methods have been proposed to infer the existence of
angular crossing only from truncated moments [32,46–51].
Effects of FFI on the CCSN dynamics is not fully

understood yet. In [52], the space-dependent and fully
nonlinear flavor conversion was calculated by directly
solving the quantum kinetic equation (QKE) for a realistic
CCSN background. It was demonstrated that the flavor
conversion could greatly reduce the neutrino heating in
the gain region because electron-type neutrinos are mixed
with the heavy-leptonic neutrinos, which has lower
number fluxes.
Possible feedback of the flavor conversions to CCSN

dynamics were studied both in 1D [53] and 2D [54]. In
these papers, the criterion for the flavor mixing was
parametrized by the matter density instead of the neutrino
distribution itself. They observed that the flavor conver-
sions in the gain region enhance matter heating consid-
erably whereas those occurring in the protoneutron star
accelerates the cooling. Although their numerical method
needs to be improved for more physically accurate models
of FFI, these results clearly indicate that the FFI could have
a large impact on the CCSN dynamics.
Recently, a new type of instability called collisional

flavor instability (CFI) [55] was discovered. It is driven by
collisions, which are considered on the right hand side of
the Boltzmann equation, and does not require the NFLN
crossing as FFI does. As such, the CFI growth rate is
determined by the collision rates except when the reso-
nancelike phenomenon [56–58] occurs, in which case the
growth rate is enhanced, being proportional to the square
root of the neutrino number density. The nonlinear dynam-
ics of CFI has been recently studied and many interesting
features have been discovered [56,58–62]. For example, it
was recently found that the resonancelike CFI may lead to
the flavor swap [62]. Moreover, the interplay of CFI and
FFI may enhance the flavor conversion [59,60] (but also
see [63]). The possibility of CFI in realistic CCSN models
was first investigated in [61]. Very recently, a systematic
study of CFI for various progenitors was conducted based
on 1D CCSN models [64]. The results of these studies are
both affirmative.

The study on the possible occurrence of CFI in realistic
CCSN simulations are so far limited to 1D [57,61].
The conclusions may change qualitatively in multi-
dimensions. In addition, the purpose of this study is to
assess the occurrence of CFI and FFI simultaneously.
Multidimensional simulation is crucial because the FFI
tends to be suppressed in 1D [65] for the following reason.
In 1D, the deleptonization is slower due to the absence of
convection, and Ye tends to become higher, which makes
νe dominant over ν̄e in the entire region.
In this paper, we perform the postprocess analyses of CFI

and FFI simultaneously for our 2D CCSNmodel performed
with the Boltzmann radiation hydrodynamics code. We
judge the occurrence of these flavor conversions and
estimate their linear growth rates based on the analytical
formulas we derived in the previous studies, [57] for CFI
and [66] for FFI. In the search of FFI, we employ the full
information on the angular distributions of neutrinos in
momentum space, that is obtained in the Boltzmann
transport. This is a great advantage over other analyses
based on approximate neutrino transport.
This paper is organized as follows. Section II explains

how we evaluate the linear growth rates of CFI and FFI. We
also give a short explanation of the CCSN simulation
model analyzed in this study. We present the results of the
analyses of CFI and FFI in 2D CCSN simulation in Sec. III,
and the conclusions are given in Sec. IV. we use the metric
signature of þ − −−. The natural unit c ¼ ℏ ¼ 1 is
employed, where c and ℏ denote the speed of light and
the Planck constant, respectively.

II. FLAVOR INSTABILITIES AND CCSN MODEL

A. Collisional flavor instability

In this paper, we employ the analytical formulas we
derived in our previous linear analysis on CFI [57,64]. In
the following, we give a quick look at the derivation. For
more details we refer readers to the original papers [57,64].
We start from the QKE

ivμ · ∂μρ ¼ ½H; ρ� þ iC; ð1Þ

where vμ, ρ, H, and C denote the neutrino four-velocity,
density matrix, Hamiltonian, and the collision terms,
respectively. We work in the two flavor framework, where
the μ-type neutrino (νμ) and the τ-type neutrino (ντ) are
assumed to be identical and denoted as νx. The components
of the density matrix are represented as

ρ≡
�
fνe Sex
Sxe fνx

�
: ð2Þ

They are functions of the spatial position x and the
four-momentum P. The Hamiltonian, which has the
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contributions from the vacuum, matter and neutrino self-
interactions, is given as follows:

H ≡M2

2E
þ

ffiffiffi
2

p
GFvμdiagðjμeðxÞ; jμxðxÞÞ

þ
ffiffiffi
2

p
GFvμ

Z
dP0ρðx; P0Þv0μ; ð3Þ

where M2, jμαðxÞ, and GF are the neutrino mass-squared
matrix, the lepton number four currents, and the Fermi
constant, respectively. The integral over momentum is
expressed as Z

dP≡
Z

∞

−∞

E2dE
2π2

Z
dΩp

4π
; ð4Þ

where E and Ωp are the energy and solid angle in
momentum space, respectively. Following the common
practice, the negative energy corresponds to antineutrinos.
Throughout this paper, we ignore the vacuum term.
The collision term is given in the relaxation approxi-
mation [55] as

Cðx; PÞ≡ 1

2
fdiagðΓνeðx; PÞ;Γνxðx; PÞÞ; ρeq − ρg; ð5Þ

where Γναðx; PÞ and ρeq stand for the collision rates and the
density matrix for the equilibrium state, respectively. The
curly bracket denotes the anticommutator. We take into
account all emission/absorption interactions incorporated
in the CCSN simulation model (see Sec. II C), but scatter-
ing reactions are neglected. In our analyses, we treat
angular-integrated distribution for CFI and the scatterings
are considered to be exactly canceled (see also [64] for
more details). Note that our assumption may not be correct
in the optically thin regions where the neutrino distribution
greatly deviates from isotropic. However, the timescale of
neutrino-matter interactions also becomes longer there,
indicating that CFI would not grow appreciably. Hence,
this region is not of interest in CFI.
Assuming Sex ≪ f, we linearize the QKE for the off-

diagonal component. Adopting the plane wave ansatz:
Sexðx; PÞ ¼ S̃exðx; kÞeikx, we obtain the following homo-
geneous equation

Πμν
exðkÞaνðkÞ ¼ 0; ð6Þ

where the matrix Πμν
exðkÞ and the vector aμðkÞ are defined as

Πμν
exðkÞ ¼ ημν þ

ffiffiffi
2

p
GF

Z
dP

ðfνe − fνxÞvμvν
vλðkλ − Λ0eλ þ Λ0xλÞ þ iΓex

;

ð7Þ

aμðkÞ≡ ffiffiffi
2

p
GF

Z
dPS̃exðk; PÞvμ; ð8Þ

where Λ0α is defined as

Λμ
0α ≡

ffiffiffi
2

p
GF

�
jμαðxÞ þ

Z
dPfναðx; PÞvμ

�
: ð9Þ

Since Λs are real, they do not affect the instability and can
be absorbed into k in the denominator of Πex. The non-
trivial solution exists if and only if the following relation is
satisfied:

detΠexðkÞ ¼ 0: ð10Þ

Note that Eq. (6) is not limited to CFI but FFI can be treated
equally.
In order to consider CFI alone, we assume that the

neutrino distribution is isotropic. NFLN crossing, the con-
dition for FFI, is assumed to be absent from the beginning. In
addition, we only consider the case k ¼ 0. Then only the
tensor v ⊗ v, which is a collection of trigonometric func-
tions [see Eq. (14) in [57] ], depends on the angle Ωp in
momentum space. Only the diagonal components survive
after integration, and the three spatial components are
degenerate. The resultant equation is

I ≡ ffiffiffi
2

p
GF

Z
∞

−∞

E2dE
2π2

fνeðEÞ − fνxðEÞ
ωþ iΓexðEÞ

¼ −1; 3: ð11Þ

The case for I ¼ −1 corresponds to the time (0th)
component and that for I ¼ 3 comes from the spatial
components. Further assuming that the neutrino distribution
is monochromatic

fνeðEÞ−fνxðEÞ¼
2π2ffiffiffi
2

p
GFE2

½gδðE−ϵÞ− ḡδðEþ ϵ̄Þ�; ð12Þ

we obtain the following reduced equations

g
ωþ iΓ

−
ḡ

ωþ iΓ̄
¼ −1; 3; ð13Þ

where g, ḡ are defined as

g≡ nνe − nνx ; ḡ≡ nν̄e − nν̄x : ð14Þ

The solution for I ¼ −1, called the isotropy-preserving
branch, is given as

ωpres
� ¼ −A − iγ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 − α2 þ 2iGα

p
; ð15Þ

and the solution for I ¼ 3, called the isotropy-breaking
branch, is given as

ωbreak
� ¼ −

A
3
− iγ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
A
3

�
2

− α2 −
2

3
iGα

s
: ð16Þ
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Symbols G, A, γ, α are defined as

G≡gþ ḡ
2

; A≡g− ḡ
2

; γ≡Γþ Γ̄
2

; α≡Γ− Γ̄
2

; ð17Þ

where the collision rates Γ, Γ̄ are given as

Γ≡ Γe þ Γx

2
; Γ̄≡ Γ̄e þ Γ̄x

2
; ð18Þ

and nνi and Γi are the number densities, and the energy-
integrated collision rates, respectively. They are expressed
as follows:

ni ¼
ffiffiffi
2

p
GF

Z
E2dE
2π2

fðEÞ; ð19Þ

Γi ≡
ffiffiffi
2

p
GF

Z
E2dE
2π2

ΓðEÞfiðEÞ; ð20Þ

with ΓðEÞ being the energy-dependent emission/
absorption rates.
CFI occurs when the imaginary part of ω is positive.

Equations (15) and (16) are obtained under the assumption
that the neutrino distribution is isotropic and monochro-
matic. In [57], it was found that they are reasonable
approximations if the average energies of neutrino and
antineutrino are plugged in ϵ and ϵ̄, respectively, as long as
there is no NFLN crossing.
In this paper, we define the CFI growth rate as

σCFI ≡max ðImðωpres
� Þ; Imðωbreak

� ÞÞ: ð21Þ

The growth rate can be calculated by using the number
densities [Eq. (19) and the energy-integrated collision rates
Eq. (20)], which are provided by the CCSN model.
It is useful to consider the following limits:

maxðImωpres
� Þ ¼

8<
:

−γ þ jGαj
jAj ; ðA2 ≫ jGαjÞ

−γ þ ffiffiffiffiffiffiffiffiffijGαjp
; ðA2 ≪ jGαjÞ

; ð22Þ

for the isotropy-preserving branch and

maxðImωbreak
� Þ ¼

8<
:

−γ þ jGαj
jAj ; ðA2 ≫ jGαjÞ

−γ þ
ffiffiffiffiffiffiffi
jGαj

p ffiffi
3

p ; ðA2 ≪ jGαjÞ
ð23Þ

for the isotropy-breaking branch.
In the typical CCSN situation, A2 ≫ jGαj is satisfied

because A ∼ G ≫ α [64]. However, if nνe and nν̄e are very
close to each other, A becomes small and the lower case
(A2 ≪ jGαj) applies. Then the growth rate is ∼ ffiffiffiffiffiffiffi

Gα
p

, which
is larger than the ordinary CFI growth rate of ∼Gjαj=A.
This is called the resonancelike CFI [56–58]. In contrast,

we will refer to the CFI in the regime of A2 ≫ jGαj as the
“nonresonance” CFI hereafter.

B. Fast flavor instability

As mentioned previously, existence of FFI is known to
occur when NFLN crossing is present in the neutrino
angular distribution in momentum space [44,45]. Since we
employ the three-species neutrino transport for νe, ν̄e, and
νx in the CCSN simulation (see Sec. II C below), we have
only to look at the electron lepton number crossing, i.e., the
crossing between νe and ν̄e. In this paper, the FFI growth
rate is estimated based on the following empirical formula
proposed in [66]:

σFFI ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−
�Z

ΔG>0

dΩp

4π
ΔG

��Z
ΔG<0

dΩp

4π
ΔG

�s
; ð24Þ

where ΔG is defined as

ΔG≡ ffiffiffi
2

p
GF

Z
E2dE
2π2

ðfνe − fν̄eÞ: ð25Þ

It is apparent that the above formula gives nonzero positive
values if and only if there is at least one angular crossing.
The formula was also used in our previous studies of FFI in
Boltzmann CCSN simulations [30,33,34].

C. CCSN model

We give here only basic information on the CCSNmodel
we employ in this paper. It is a result of the 2D CCSN
simulation under axisymmetry for the progenitor with
the zero-age main sequence mass of 11.2M⊙ [67]. The
Boltzmann equations are faithfully solved for three neu-
trino species (νe, ν̄e, and νx) by discretizing the entire phase
space, i.e., by the SN method. Newtonian hydrodynamics
equations are solved simultaneously with the feedback
from/to neutrinos fully taken into account. The radial range
of ½0∶5000� km is divided into 384 grid points, and the
zenith angle θ∈ ½0∶π� is divided into 128 grid points. The
energy range of ½0∶300� MeV is divided into 20 logarithmi-
cally spaced grid points. The zenith angle in momentum
space θν ∈ ½0∶π� and the azimuth angle ϕν ∈ ½0∶2π� are
divided into 10 and 6 grid points, respectively. The
neutrino-matter interactions are based on the so-called
standard set [68] with a few modifications: the inelastic
scattering off electrons and the nucleon-nucleon brems-
strahlung [69] are implemented. Note that the emission/
absorption rates in Eq. (20) for the CFI growth rates are the
same as those employed in the simulation. The details
of the numerical code are described in our series of
papers [70–72]. In this simulation, Lattimer-Swesty equa-
tion of state [73] with the incompressibility parameter
K ¼ 220 MeV is employed. The simulation was conducted
up to ∼400 ms after bounce when we observed a successful

AKAHO, LIU, NAGAKURA, ZAIZEN, and YAMADA PHYS. REV. D 109, 023012 (2024)

023012-4



explosion with the maximum shock radius reaching
1000 km in t ∼ 400 ms after bounce. See [74] for the
details of this simulation.

III. RESULTS

A. Overall properties

Top panels of Fig. 1 shows the time-radius maps of CFI
growth rate at θ ¼ 45° and 90°. CFI is expected to occur in
the region with a bright color. In fact, the black regions in
the plots have growth rates smaller than 10−9 cm−1, and we
do not think CFI is important there. It is clear at both angles
(and actually at all angles as shown in Fig. 2) that a CFI
region appears at t ∼ 50 ms for the first time and continues
to exist later on. This unstable region moves to smaller radii
as the protoneutron star contracts. It roughly corresponds to
the region with 1010 ≲ ρ≲ 1012 g cm−3, similar density
range as reported in a 1D study [64]. In the 2D case,
however, the radial extent of the region changes rather
rapidly in time whereas such time variations were absent in
the 1D model. This is due to the turbulence that occurs
commonly on the multidimensional models.
A closer inspection of the plots reveals another CFI

region deeper inside, r ∼ 20 km, at later times, t≳ 200 ms,
(see the magnified figures). It is very narrow but has greater
growth rates than the region mentioned above and was not

found in the 1D model. In fact, this corresponds to the
resonancelike CFI, a feature unique to multidimensional
models, as we discuss later.
For comparison we present the time-radius maps of the

FFI growth rate in the bottom panels of Fig. 1. The reddish
region is unstable to FFI this time. Note that the radial range
and the color scale are different between top and bottom
panels. The four dashed lines that show the locations of
ρ ¼ 1010, 1011, 1012, 1013 g cm−3 will help the correspon-
dence between the plots. There is a wide FFI region with
located at larger radii much outside than the CFI region in
general. In the late phase, t≳ 400 ms, however, the two
regions are partially overlapped with each other at θ ¼ 90°.
Note that we analyze CFI and FFI independently, assuming
that the latter is absent in the analysis of the former.
The spatial extents of the CFI and FFI regions in the

meridian section are shown in Fig. 2 at t ¼ 404 ms after
bounce. The resonancelike CFI occurs sporadically at r ∼
20 km whereas the nonresonance CFI regions prevail at
30≲ r≲ 40 km. The FFI region is extended at even larger
radii, r≳ 50 km, but also appears at almost the same
positions as the resonancelike CFI. Although the non-
resonance CFI region is mostly separated from the FFI
region, there are some overlaps (see the rightmost panel of
Fig. 2). It is apparent that it occurs in a convective eddy.
The growth rates of CFI and FFI tend to be higher around

FIG. 1. Time-radius map of the growth rate of CFI (top) and FFI (bottom) for the angle θ ¼ 45° and 90°. White broken lines, from top
to bottom, denote the radius for the density 1010, 1011, 1012, and 1013 g cm−3, respectively. Red broken line denote the shock radius.
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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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other hand. As already mentioned, the abundance of ν̄e
tends to be underestimated in 1D due to the lack of
convection. As a result, A ¼ 0, which is equivalent to
resonancelike CFI, is unlikely to be realized. This clearly
indicates the importance of multidimensionality for CFI.

2. Nonresonance CFI

We now move on to the nonresonance CFI. The inner
edge of the CFI region (r ∼ 30 km) corresponds to the
position where nν̄e exceeds nνx . Then G > jAj holds above
this radius. Since γ ≈ α is satisfied, it leads to the occur-
rence of the ordinary nonresonance CFI there. At larger
radii (r≳ 40 km), however, the CFI ceases to exist
despite G > jAj is sustained. This is because the ratio
α=γ gets smaller as shown in the panels on the third row
of Fig. 3. The two ratios G=A and γ=α dictate the

emergence/extinction of the CFI region: the growth rate
becomes positive (and hence the CFI occurs) only when
they are comparable or larger than unity.
The behavior of γ and α can be understood from the

panels in the fourth row of Fig. 3, where the collision rates
[Eq. (20)] are plotted together with α and γ. It is found that
Γe is dominant over Γ̄e and Γx at 10≲ r≲ 30 km, which
results in γ ∼ α there. At larger radii r≳ 40 km, on the
other hand, Γ̄e becomes comparable to Γe. As a result,
α gets smaller than γ.
In order to understand the behavior of Γe and Γ̄e further,

we plot the contributions of individual neutrino-matter
interactions in Fig. 4. As can be seen, the electron capture
on proton and the antielectron capture on neutron dominate
other interactions at r≳ 10 km, which means that they
mainly drive Γe and Γ̄e, respectively.

FIG. 3. From top to bottom, radial profiles of (1) the growth rates of CFI and FFI, (2) ratios G=A and α=γ, (3) number densities and G,
jAj, and (4) collision rates for each species of neutrinos and γ, α. Left and right panels are for the angle θ ¼ 45° and θ ¼ 90°, respectively.
The snapshot is at t ¼ 404 ms after bounce.
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It is interesting to compare Γs with the Ye distribution
shown in the bottom panels of Fig. 4. At 10≲ r≲ 30 km,
Ye is low ∼0.1. This corresponds to the region where νe
opacity dominates over ν̄e, i.e., Γe > Γ̄e. On the other hand,
at r≳ 40 km, Ye is ∼0.5. In this region, electron capture on
proton and antielectron capture on neutron have similar
collision rates, which yields Γe ∼ Γ̄e. This analysis is in line
with the 1D result that CFI was observed only for a rather
low-Ye region.

C. FFI

We turn our attention to the FFI region found in our
model. Top panels of Fig. 5 shows the growth rates of FFI
for θ ¼ 45 and 90°. Different colors distinguish the types of
angular crossing. Here, we use the terminology of [32];
type-I crossing means νe is dominant over ν̄e in the
outgoing direction (μν ¼ 1), whereas ν̄e is dominant over
νe in the incoming direction (μν ¼ −1). Type-II crossing
means the opposite. Note that it is possible that FFI exists
but the type cannot be categorized into either of them. We
call this case type-III hereafter. There are two possible
reasons: (1) the number of crossing is even, or (2) shallow
crossing appears for some energy or ϕν, but the integration
smear it out. Note that we judge the crossing type by the
energy-integrated and ϕν-averaged distribution function. It
should be pointed out that the detection scheme proposed
previously for results obtained with the truncated moment
method [32] assumed an odd number of crossings. The FFI
region with even number of crossings may have been
overlooked with such a scheme.
In the middle panels of Fig. 5, we exhibit the energy-

integrated and ϕν-averaged distribution functions defined as

Gin ≡
Z

E2dE
Z

dϕν

2π
fνeðμν ¼ −1Þ ðincomingÞ; ð26Þ

Gout ≡
Z

E2dE
Z

dϕν

2π
fνeðμν ¼ 1Þ ðoutgoingÞ; ð27Þ

and Ḡin=out for ν̄e. The bottom panels give the difference of
Gin=out between νe and ν̄e. Since it is a logarithmic plot, a line
is shown only if the value is positive. Note that the colors
distinguish the signatures. The combination of blue solid line
and red dashed line means type-I crossing exists there,
whereas the pair of blue dashed line and red solid line
corresponds to type-II crossing. Other combinations indicate
either no crossing or type-III crossing. There are several
types and reasons of FFI in the semitransparent and optically
thin region. The angular distributions for three representative
radii are shown in Fig. 6.
Type-I crossing is observed at r≳ 60 km for both angles

(see Fig. 5 and the top panel of Fig. 6). As already pointed
out in [32], this is produced by the backscattering of ν̄e.
Since ν̄es tend to have higher energies than νes as they
come from deeper inside, the nucleon scattering occurs
more frequently for ν̄e than for νe. It produces a larger
population of the former in the inward direction. It is
mentioned that type-I crossing produced this way was
observed only for the exploding models in [32].
We find a type-II crossing at r ∼ 40 km only for θ ¼ 90°

(also see the middle panel of Fig. 6). It actually corresponds
to the mushroom-shaped FFI region in Fig. 2, which is
produced by convective motions. As may be inferred from
theGin=out distributions in Fig. 5, it is located in the neutrino
decoupling region. Because ν̄e decouples from matter

FIG. 4. Radial profiles of collision rates for individual neutrino interactions (top) and Ye (bottom). The angles and the time snapshot is
same as Fig. 3. The abbreviations of neutrino interactions are as follows: electron capture (ecp), antielectron capture (aecp), neutrino pair
production (pap), and the nucleon bremsstrahlung (nbr).
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deeper inside than νe, its angular distribution in momentum
space is more forward peaked. As a result, ν̄e is more
abundant than νe for the outgoing direction while the
opposite is true for the incoming direction. The generation
of type-II crossing by this mechanism was already dis-
cussed in previous studies [32–34]. It did not happen in
other angles including θ ¼ 45°, because νe is clearly
dominant over ν̄e there.
Type-III crossings are found at θ ¼ 90°. They are

actually separated into two regions: (1) the very narrow
strip at the inner boundary of type-II crossing and (2) the
domain between type-I and type-II crossing regions. The
former corresponds to the shallow crossing mentioned
earlier. On the other hand, the latter domain has two
crossings instead of one. The typical angular distribution
is presented in the bottom panel of Fig. 6. In fact, We find
that ν̄e is dominant over νe at both μν ¼ −1, 1 but opposite
for μν ∼ 0. Since this domain is sandwiched by the type-II
crossing region at smaller radii and the type-I crossing
region at larger radii, both mechanisms operate in this
region, creating the two crossings. As mentioned earlier,
the detection of FFI based on moments, assuming that the
number of crossings is odd [32], will fail to find this region.
In this respect, the Boltzmann neutrino transfer is certainly
advantageous.

We find very narrow spikes in the FFI growth rate at both
θ ¼ 45° and 90°. They are located at the same position as
the resonancelike CFI, as we will see later. This is natural
because the condition nν̄e=nνe ∼ 1 is favorable not only for
the resonancelike CFI but also for the FFI, as already
reported previously [47,76]. The absence of the inner peak
for θ ¼ 45° is due to the low radial resolution, just as for the
resonancelike CFI. The type of crossing at this point is
rather meaningless because both νe and ν̄e have almost
isotropic distributions at these points.

D. Comparison between CFI and FFI

Finally, we compare the growth rates of CFI and FFI in
Fig. 7. It is clear that the growth rate of FFI is higher than
CFI by many orders if both of them exist. This is as
expected because the dependence of the growth rate on the
neutrino number density n is different between the two
modes: σFFI ∝ n and σCFI ∝

ffiffiffi
n

p
. However, it is worth

mentioning that the relation σFFI ≫ σCFI is not the universal
relationship and may be opposite if the angular crossing is
shallow or the collision rates are large.
The above comparison indicates that CFI is subdominant

in the linear evolution even the resonancelike CFI occurs.
However, it does not mean that CFI is unimportant. As long

FIG. 5. Radial profiles of the FFI growth rate (top) andGin=out, Ḡin=out (middle) and the differences betweenGin=out and Ḡin=out (bottom)
at t ¼ 404 ms after bounce.
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as the growth rate is shorter than the typical timescale of the
background evolution, the flavor conversion will reach the
nonlinear phase anyway. The subsequent evolution and
possible saturation are currently under extensive investi-
gations [56,58–61]. For example, the Monte Carlo simu-
lations in [62] found that the resonancelike CFI induces
the flavor swap rather than the settlement to the flavor
equilibrium. It will be eventually needed to somehow
incorporate these results in the supernova simulations
and see their effects on the fluid dynamics, neutrino signals,
and nucleosynthesis in CCSNe.

IV. CONCLUSIONS

We conducted the postprocess analyses of one of our
2D CCSN simulations performed with the Boltzmann
neutrino radiation hydrodynamics code to search for the
regions where the collisional and/or fast flavor instabil-
ities will possibly happen. We employed the criterion for
these flavor instabilities that were derived in the previous
studies [57,66] based on the linear analysis.
We found that the nonresonance CFI would occur in the

region with the density of 1010 ≲ ρ≲ 1012 g cm−3, which is
consistent with the previous findings in the 1D study [64].
In the multidimensional model, however, the radial extent
of the CFI region changes in time on the dynamical
timescale, which was absent in the 1D model. This is
due to the turbulence in the supernova core. Nonresonance
CFI region is likely to be separated from FFI region most of
the time, but they can be overlapped with each other at
some angles depending on the asymmetry of fluid motions.

FIG. 6. Angular distribution of the distribution function of
16.5 MeV neutrinos at 74 km (top), 35 km (middle), 55 km
(bottom). The angle is θ ¼ 90° and the snapshot time is
t ¼ 404 ms after bounce.

FIG. 7. Radial profiles of the CFI and FFI growth rates for
θ ¼ 45° (top) and θ ¼ 90° (bottom) at t ¼ 404 ms after bounce.
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The nonresonance CFI region is characterized as follows:
the inner boundary corresponds to the points where the
number density of ν̄e becomes equal to that of νx, i.e.,
G ¼ jAj. On the other hand, the outer boundary corre-
sponds to the positions where ν̄e opacity becomes com-
parable to that of νe. It is also noted that the outer edge
roughly corresponds to Ye ≈ 0.5.
We found that the resonancelike CFI occurs when the

value of A is close to zero, which happens in turn if the
number densities of different species of neutrinos almost
coincide with one another. This is in contrast with the
previous 1D study [64]. As mentioned earlier, abundance
of ν̄e tend to be artificially suppressed in 1D, which makes
it hard to realize A ≈ 0. Our result clearly indicate the
importance of multidimensional effect for CFI.
The overall properties of the appearance of FFI regions

we observed in this study are consistent with those of the
previous study in [32]: (1) in the optically thick region, the
FFI occurs if nνe=nν̄e ∼ 1, (2) in the decoupling region,
type-II crossing occurs if ν̄e emission is strong, and (3) in
the optically thin region, type-I crossing is produced due to
nucleon scattering. However, we found that multiple
angular crossing can be realized in the domain between
the regions with type-I and type-II crossings. Note that this
detection was made possible by the exploitation of the
results of Boltzmann neutrino transport, where the full
information on the angular distribution in momentum space
is available.
The linear growth rate of CFI is always lower than that of

FFI by many orders. This is true of the resonancelike CFI
also but its growth rate is larger than that of the non-
resonance counterpart by orders. It should be pointed out
that whether CFI or FFI have larger linear growth rates may
not be so important. As a matter of fact, as long as they are
shorter than the typical timescale of background evolutions
and the neutrino crossing time over the background scale
height, the flavor conversions reach the nonlinear stage
anyway. The eventual outcomes should then be explored
with different approaches [59,60,62,63,77].
We wrap up this paper by noting the limitations of this

study and giving some future prospects. First, as we have
just mentioned, this study is based on the linear analysis,
which can address only the trigger of flavor conversions.
The subsequent evolution and the asymptotic state should
be investigated, for example, by directly solving the QKE.
Second, flavor conversions at a certain spatial position
propagate in space, leading to a qualitative change of global
neutrino radiation field in CCSNe [52,78–80]. However,
our postprocess analysis does not have the ability to
incorporate the feedback of global neutrino advection,
which should be kept in mind as a caveat. We are updating

our Boltzmann radiation-hydrodynamics code to incorpo-
rate the possible outcomes of FFI and CFI and the results
will be reported in the future.
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