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Neutrinos are known to undergo flavor conversion processes among the three flavors. The fast flavor
conversion (FFC) has been the central piece of flavor conversions taking place in core-collapse supernovae
(CCSNe) due to its shorter timescale to the completion of flavor conversion compared to other types of
flavor conversion. Although the ordinary collisions between neutrinos and matter were once thought to
decohere neutrinos and thus damp flavor conversions, it was recently realized that they can also induce the
flavor conversion. The linear analysis showed that the so-called collisional flavor instability or CFI occurs
in the absence of FFC. In this paper, we investigate if CFI takes place in of the postbounce core of CCSNe,
using the results of spherically symmetric Boltzmann simulations of CCSNe for four progenitor models
with different masses. We also provide an empirical correlation between matter properties and the
occurrence of CFI in optically thick and semitransparent regions; baryon mass density (p), electron fraction
(Y,), and the degeneracy of electron-type neutrinos (77,,) need to be 10" g/em® < p < 10'% g/cm?,
Y, <04, and 5, <0.5, respectively. This condition allows us to easily locate the place of possible CFI
occurence without detailed stability analyses, which is useful for analyzing CFI in CCSN models

phenomenologically.
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I. INTRODUCTION

A star of mass 2 10M undergoes a catastrophic gravi-
tational collapse in the inner iron core when the matter
density and temperature become high enough to trigger
electron captures or photodisocciations of heavy nuclei,
marking the onset of core-collapse supernova (CCSN).
During the gravitational collapse and the early stage of
postbounce phases (<30 ms after core bounce), electron-
type neutrinos (v,) are produced abundantly through
charged-current processes. They are dominant carriers of
energy and lepton number from the core to the outside of
star. At 7 = 30 ms, other species of neutrinos, electron-type
antineutrinos (7, ) and - and 7 neutrinos and antinneutrinos
(collectively denoted as v,), are also produced and escape
from the hot and dense protoneutron star (PNS) surface.
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The neutrino radiation from the CCSN core continues to
cool down the PNS, dictating the thermal and chemical
evolutions towards the cold neutron star.

The neutrinos emitted from the PNS surface can undergo
interaction with the intervening matter before escaping
from the postshock region. Some of v, and v, are absorbed
via charged-current reactions by nucleons, which transfers
the neutrino energy to matter, a process known as neutrino
reheating, which revitalizes the stagnated shock wave,
being also enhanced by multidimensional fluid instabilities.
According to recent detailed CCSN simulations, the shock
revival has been observed rather commonly for a wide
range of progenitor mass; see, e.g., ([1-7]). Nowadays,
there is emerging a consensus among different CCSN
groups that the delayed neutrino heating mechanism
accounts for a majority of CCSN explosions.

© 2023 American Physical Society
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One thing we should mention, however, is that there
remain many unresolved issues in both micro and macro-
scopic physical processes even in up-to-date multidimen-
sional models. One of the greatest uncertainties in any
modeling of CCSNe is the neutrino quantum Kkinetics
including flavor conversions. When neutrinos are dense,
which is typically the case in the core region of core-
collapse supernovae (CCSNe), neutrino self-interactions
can induce collective flavor oscillations [8]. Since the self-
interactions are intrinsically nonlinear processes, the result-
ant flavor conversion has distinct features from those in
vacuum and/or in matter. Fast neutrino-flavor conversion or
FFC is an example [9-16] and is currently attracting much
attention. It can evolve with the timescale of picosecond in
the CCSN core, which is much shorter than any relevant
timescale of other physical processes, exhibiting the
potential to greatly change the neutrino radiation field. It
is also worth noting that multidimensional fluid instabilities
facilitate the occurrence of FFC in the postshock region. In
fact, whereas angular crossings in the neutrino-flavor-
lepton number (NFLN), corresponding to the necessary
and sufficient condition for FFC (see, e.g., [17]), are
unlikely to appear in spherically symmetric CCSN models
[18], they have been observed rather commonly in multi-
dimensional ones [19-29]. This has motivated the detailed
studies of nonlinear evolution of FFC [30-39], including
their interplay with neutrino-matter collisions [40—49].
Some recent studies also demonstrate that neutrino radia-
tion fields with FFC in the CCSN core are qualitatively
different from those obtained from the classical neutrino
transport [50-52], indicating that fluid dynamics, nucleo-
synthesis, and neutrino signals could be significantly
impacted by FFC.

There is a caveat, however, to the occurrence of FFC in
the optically thick region. The angular distributions of v,
and 7, are both almost isotropic in this region and NFLN
angular crossings hardly occur unless the number densities
of v, and 7, are very close to each other. According to the
recent studies by [21,23], the convective region in PNS can
offer a possibility, having almost the same v, and 7,
number densities. However, these regions fluctuate in time
violently with the dynamical timescale of PNS (see, e.g.,
[53]), and more importantly, they are usually very narrow,
which may limit the impact of FFC on CCSN dynamics.

Johns [54] recently pointed out that flavor conversions
can be driven by the disparity in collision rates between
different neutrino flavors and called it the collisional flavor
instability or CFIL. Thier properties in both linear and
nonlinear regimes have been investigated from many
different points of view [48,55-60]. There are mainly
two noticeable features in CFI: (1) the timescale of CFI
becomes shorter with increasing neutrino-matter inter-
actions as well as the number density of neutrinos; and
(2) the instability can take place even if neutrino distribu-
tions are isotropic. These properties indicate a possibility

that CFI occurs widely in the optically thick region, which
is a clear advantage over FFC. In fact, the authors in [57]
investigated both the linear and nonlinear properties of CFI
for a few given CCSN fluid background snapshots. They
found that CFIs can occur ubiquitously (including optically
thick regions), and the resultant neutrino radiation field is
very different from those modeled by the classical neutrino
transport.

On the other hand, the authors in [61] also carried out
recently similar simulations of the classical neutrino trans-
port for a fluid profile taken from a CCSN model in [62].
Their results are not consistent with those in [57], however.
The CFI regions in their simulations are much narrower
than those in [57], and CFI is overwhelmed by FFC and
even by slow mode (another type of collective neutrino
oscillations; see, e.g., [11]). There are many potential
sources of the differences between the two works; for
instance, the neutrino radiation field is derived by the
multienergy group treatment in [57] while it is obtained
with the gray approximation in [61] and the hydrodynam-
ical background employed in [57] is taken from a 18M
CCSN model with muons in [63], while that in [61] is
extracted from a 18.6M; CCSN model without muons;
while both works consider spherical symmetric CCSN
models, [61] in addition employs a mixing length-scale
scheme generating multidimensional convection effects
favoring FFC. As such, each work has its own pros and
cons, hampering us from drawing robust conclusions about
the occurrence of CFI in CCSN.

In this study, we attempt to settle the dispute by carrying
out a systematic study on the occurrence of CFI with
modern spherically symmetric CCSN models derived with
the full Boltzmann neutrino transport. We pay an attention
also to the growth rate of CFI if it is detected. We employ
four different progenitor models, 11.2Mq, 15Mq, 27M,
and 40M , and we explore the occurrence of CFI from core
bounce to the late postbounce phase (>400 ms) by sam-
pling a matter profile every ~1 ms. This study is the first
comprehensive survey of the possible occurrence of CFI in
CCSN, which has the ability to answer some intriguing
questions; how common or rare is CFI?, when does CFI
first appear in the postbounce phase?, are there any
progenitor-dependent features or universality?, and does
the unstable region appear persistently or intermittently?
We also make an attempt to find correlation study between
the occurrence of CFI with some matter properties, which
potentially allows us to assess the possibility of CFI easily
without conducting a detailed linear-stability analysis. As
shall be discussed below, however, the nonlocal effects of
heavy-leptonic neutrinos tend to smear out the correlation,
and consequently our analysis can provide only an empiri-
cal condition for the occurrence of CFI. It should be also
mentioned that this work will be a stepping stone for our
forthcoming work to explore CFI in multidimensional
CCSN models (Akaho et al. [64]).
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This paper is organized as follows. In Sec. II, we describe
our method of linear stability analysis for CFL After
summarizing our CCSN models briefly in Sec. III, we
present our results in Sec. IV. Finally, we conclude the
present study with future perspects in Sec. V. Throughout
this paper, we use the metric signature of +———. Unless
otherwise stated, the natural unit ¢ = 7 = 1 is employed
where ¢ and 7 are the light speed and the reduced Planck
constant, respectively, when we discuss the governing
equations for CFI (in Sec. II).

II. LINEAR STABILITY ANALYSIS OF
COLLISIONAL FLAVOR INSTABILITY

The most straightforward way to assess the occurrence of
CFI is to solve the dispersion relation, obtained by
linearizing the quantum kinetic equation. In our previous
paper [59], we developed a numerical scheme to solve the
dispersion relation and provided analytic formulas to
quantify growth rates of CFI approximately. These analytic
formulas reduce computational costs and allow us to carry
out a systematic survey of the occurrence of CFI in the
postbounce phase for multiple progenitor models. In this
section, we summarize the essence of our method with the
description of some approximations and assumptions to
derive the analytic formulas. We also refer readers to our
previous paper [59] for more complete explanations of our
stability analysis.

In this study, we work in the two-flavor framework,
which gives the same dispersion relation as that in the
three-flavor one, for the case with v, = v,. This is con-
sistent with our CCSN models, in which all heavy leptonic
neutrinos are assumed to be identical, and they are
collectively denoted by v,. We express the neutrino
quantum kinetics in terms of the neutrino-flavor density
matrix,

12 Sex
MLP):<§9 ; ), (1)

where the arguments x and P = (E, v) are the spacetime
position and the 4-momentum of neutrinos, respectively,
E and v denote the neutrino energy and velocity, respec-
tively, and the four velocity of neutrinos is » = (1,v) in
the relativistic limit. For convenience, the flavor-isospin
convention is used hereafter, so that negative energy
quantities are meant for antineutrinos; p(E) = —p(—E)
for E < 0. The time evolution of the neutrino-flavor
density matrix is governed by the quantum Kkinetic
equation

iv-dp = [H,p| +1iC, (2)

where H represents the neutrino oscillation Hamiltonian
and C is the collision term. The Hamiltonian has the
vacuum (H ,.), matter (H ), and neutrino self-interaction
(H,) contributions, which can be expressed as

H= Hvac + Hmat + Hw

M2

2E°

Hmat(x7 P) = \/EGFU : diag(je(x)’jx<x>)’

H,(x, P) = V3Gyo - / dP'p(x, P, 3)

Hvac (x’ P) =

where M? is the neutrino mass-squared matrix, j,(x) is
the lepton number 4-current of the charged lepton
species a, and the integral over 4-momentum is abbre-

viated as
o E2dE [ dv
dP = — [ —. 4
[or= | 5 | @

The collision term C is written in the relaxation approxi-
mation as

Clx, P) = 3 {diag(T, (5, P).T, (5. P).pg = . (5

where the curly bracket denotes the anticommutator,
[, (x,P) is the collision rate for the neutrino of flavor
@, peq denotes the density matrix for the equilibrium state
of the collisional processes. In this study, we take into
account all emission and absorption interactions
employed in our CCSN models (see Sec. III for more
details), but scattering processes are neglected. This
assumption is in line with our approach deriving analytic
formulas to estimate the growth rates of CFI (see below
for more details). It should be mentioned that pair
processes, e.g., electron-positron pair creation, nucleon-
nucleon bremsstrahlung, and their inverse processes,
cannot be written in the form of Eq. (5), and the exact
expression involves neutrino-momentum integrals (see
[65]). Handling them exactly is hence computationally
expensive, so we utilize an approximate treatment here.
Our CCSN models provide the total absorption neutrino
opacities of each energy and species of neutrinos, in which
the pair processes are also included. We estimate I" from
them for each species of neutrinos, assuming that the
collision term has the same form as Eq. (5). Although this
prescription is pragmatic, it is a reasonable approximation
not only in the optically thick but also in the semitrans-
parent regions where CFI would play an important role.
We also note that the pair processes contribute to the
collision term of v,, indicating that I', is nonzero.
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Assuming |S;| < f,, , the off-diagonal element of Eq. (2)
can be linearized as

v (la - AOe + AOx)Sex

+ (fv(, _fux)\/EGF/dP/U : U/Sex(P/)

1
2
g D (MeSe~

{=e.x

Seg“M%X) + irexSex = 0’ (6)

where Ao, =V2Gg[j,(x)+ [dPf, (x.P)v] and T, (E) =
[[,,(E) +T, (E)]/2. We then take a plane-wave ansatz as

Sex(xe) (xv P) = Sex(xe)(kv P)eikw’ (7)

where k = (w, k) is the 4-wave vector. By inserting Eq. (7)
into Eq. (6), the general form of dispersion relation can be
obtained. However, it is computationally demanding to
solve the dispersion relation, while we can obtain simple
analytic formulas by approximating Eq. (6).

First, we set H,,. = Hy, = 0. This condition is in
accordance with the purpose of this study that we quantify
the growth rates of pure CFI mode. Next, we only focus on
the so-called k = 0 mode, which usually offers the maxi-
mum growth rate of CFI [59]. Third, we apply the stability
analysis to angular-integrated neutrino distributions in
momentum space. This prescription is motivated by the
fact that the anisotropy of neutrino distributions plays a
subdominant role for CFI [59]. This approximation is also
in line with our treatment of the collision term, in which the
scattering processes are not included. Since in and out
scatterings are exactly canceled if neutrinos angular dis-
tributions are isotropic, these processes can be safely
ignored. Finally, we use a monochromatic assumption.
As discussed in our previous paper [59], the growth rate of
CFI for a nonmonochromatic energy distribution is almost
identical to the one for the monochromatic distribution, if
we substitute the number density and their mean collision
rates in the former for the counterparts in the latter.

Given these conditions, we can solve the dispersion
relation analytically, and the solutions can be written as

w, = —-A—iy £ VA? - &® +12Ga, (8)

for the isotropy-preserving modes and

A A\? 2
a)i:3—iyj:\/<3> —a? —13Ga (9)

for the isotropy-breaking modes (see [59] to derive these
formulas). In the above equations, the following notations
are introduced:

—-g r+r r-

r
g+ A:gT, y= , a= . (10)

2 ’

=1

G:

where ¢ = v2Gg(n, —n, ) and T = (T, +T,)/2. The
same applies to the overbarred quantities for antineutrinos.
The number density of neutrinos and mean collision rates
are computed by

n,, _/deu,-(P),
ni/dprvu(mfu,-(P)- (11)

i

In this paper, we use Eqgs. (8) and (9) to estimate the growth
rate of CFI. We note that the maximum growth rate is
usually given from the isotropy-preserving branch.

It is note-worthy that flavor conversions associated with
neutrino self-interactions play important roles in the CCSN
dynamics only if they overwhelm the collision rate. In other
words, regions where the inequality g, > T', is satisfied
are of our interest. Assuming the inequality, Eqs. (8) and (9)
can be rewritten in a more concise form,

y +14, if A2>> |Gal,

-y + +/|Ga|,

for the isotropy-preserving branch and

max[Imw] = {
if A?

y+E i a2
max|Imw| = 13
fme {— + Vi A2 < [Gal, "

for the isotropy-breaking branch. It should be also mentioned
that although the obtained growth rates are not exactly the
same as those obtained by directly solving dispersion
relation, we confirm that the error is within a factor around
unity even in extreme cases. These concise expression also
helps us to see if the resonancelike CFI occurs in our models
[58,59], which will be discussed in Sec. IV B.

III. CCSN MODELS

As described in Sec. II, CFI hinges on not only neutrino
distributions but also collision rates, suggesting that an
accurate radiation-hydrodynamic modeling of CCSN is
required to make a robust and reliable analysis of CFI. We
utilize our up-to-date CCSN models, in which all necessary
data for our stability analysis, matter and neutrino distri-
butions and collision rates, are provided. Below, we briefly
summarize our CCSN models.

Details on our CCSN code can be found in [66-68].
Although it has the ability to perform multidimensional sim-
ulations (see a series of our previous papers, [4,28,69-73]),
in this study we employ only its spherically symmetric
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capability. The code obtains the time evolution of neutrino
radiation field by solving the Boltzmann equation under
multienergy, multiangle, and multispecies (v,, U,, and v,)
treatments. Hydrodynamics with Newtonian self-gravity is
simultaneously solved with the self-consistent feedback
from neutrino transport and its matter interactions. We
employ Togashi-Furusawa equation of state based on a
variational method, first developed by Togashi et al
[74,75] and later extended to include an ensemble of
nuclei by Furusawa et al. [76]. Various neutrino-matter
interactions are incorporated in these simulations; electron-
positron pair annihilation, nucleon-nucleon bremsstrah-
lung, and electron and positron captures by nucleons,
heavy and light nuclei as emission processes, their inverse
reactions as absorption ones, nucleon scatterings, electron
scatterings, and coherent scatterings with heavy nuclei as
scattering processes. The detailed numerical implementa-
tions and approximations for these neutrino-matter inter-
actions can be found in [77,78].

In [77], we ran CCSN simulations for four different
progenitor models in [79] with zero age main sequence
progenitor masses of 11.2M, 15M, 27M, and 40M .
Although all these fail to explode, both matter and neutrino
dynamics are substantially different among models. For
instance, the shock radius in the early postbounce phase is
remarkably larger in the 11.2M 5 model than other models,
while it has the lowest neutrino luminosity and PNS
mass. We also note that the 40M model undergoes the
highest mass accretion rate onto PNS, leading to the highest
mass of PNS among models (which seems to eventually
create a black hole even in multidimensional models;
see, e.g., [1,80]). As such, these four models give some
representative progenitor dependence of CCSN, and we
will delve into whether they have an influence on the
occurrence of CFI in this study.

IV. RESULTS

A. Overall properties

Figure 1 displays the two-dimensional color map of
maximum growth rate of CFI as functions of time (measured
from core bounce) and radius, while different panels dis-
tinguish CCSN models. To guide the eye, we show the shock
radius by the red solid line, gain radius by the purple solid
line, isodensity radii of p = 10'°, 10'! gecm™3, 10'?, and
103 gecm™ (p denotes the mass density of baryons) as the
dashed red lines. As another remark, we find that CFI can
become unstable in the pre-shock regions. However, the
growth rate is too small <10~ ¢m™! to give any impacts on
CCSN dynamics. For this reason, we set a minimum value of
the growth rate at 10~ ¢m™! in these plots.

As shown in this figure, CFI is commonly detected in the
region of 10'% gem™ <p <102 gem™ and they can
exist rather stably regardless of progenitors, suggesting
that CFI will take place universally in postshock regions.

We also find that CFI can occur from the early phase
(~20 ms) and subsequently expands its region with time
for both in and outward radial directions. In the late phase,
however, the CFI region with >107 cm™! shrinks with
time. One might think that this is due to the failure of shock
revival in our CCSN models, i.e., artifacts due to spherical
symmetry. It should be noted, however, that CFI is dictated
by neutrino-matter interactions in addition to the neutrino
distributions and hence the time evolution of the CFI region
is associated with matter distributions. As observed also in
multidimensional successful explosion models, the CCSN
core shrinks with time, to form a neutron star, suggesting
that the contraction of the CFI region in the late phase is
mainly a consequence of this shrinkage of the core and will
be generic even in multidimensional models.

We also find that CFI is not detected in very optically
thick regions (p = 10'3 gcm™3). The absence of CFI inside
the PNS ( < 15 km) is rather obvious, since v, is highly
degenerate, leading to an extreme disparity of number
densities between v, and 7,. In addition to this, v, is also
much less populated than v, due to low matter temperatures
inside PNS. This implies that A becomes nearly equal to G,
resulting in the suppression of CFI [see Eqgs. (12) and (13)].
On the other hand, the matter temperature is higher in the
regions of r 2 15 km (since they experienced shock heat-
ing), indicating that both 7, and v, can be populated. As
shown below, v, plays an important role on suppressing
CFI in the region of p > 10" gcm™.

In the following discussion, we focus on 40M 5 model,
since we confirm that other progenitor models have the
same trend. Figure 2(a) displays a 2D color map for the
ratio of G to A. One noticeable feature in this figure is that
|G/A| can be smaller than unity in the inner region (colored
blue). This is a clear indication that v, becomes abundant.
We note that |G/A| should be higher than unity if there are
no v, and their antipartners [see Eq. (10)]. We also note that
G becomes smaller when v, appears, whereas A remains
constant under the condition of v, =v,. As shown in
Fig. 2(b), |G/A| distributions have a clear correlation with
the n, distribution.

Let us corroborate our claim that CFI is suppressed by v,
in the optically thick region. In Fig. 3(a), we portray a color
map of G/G, where G, represents G with n, assumed to
be zero. The deviation of G/G, from unity hence corre-
sponds to the contribution of v, to G. As clearly seen in the
figure, the ratio in the region at p = 103 gem™ with
r 2 15 km is remarkably smaller than unity, indicating that
n,_ plays an important role. To strengthen this discussion,
we carry out the same stability analysis of CFI by replacing
G with G,. The result of the growth rate is shown in
Fig. 3(b). As shown clearly in the figure, the inner
boundary of the CFI region is located at much smaller
radii than the case with v, # 0 [see panel (d) in Fig. 1]. This
provides strong evidence that v, hampers an occurrence of
CFI in the optically thick region.
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Radius-time diagram for the maximum growth rate of CFI (max[Im w]) estimated from Egs. (8) and (9) for progenitors of 11.2

[panel (a)], 15 [panel (b)], 27 [panel (c)], and 40M [panel (d)]. In each panel, red and purple solid lines portray time trajectories of the
shock and gain radius, respectively. The red dashed lines traces the isodensity radii of mass density: 10> gecm™, 10'2 gcm™3,

10'" gem™3, and 10" gem™.

B. Resonancelike collisional flavor instability

One of the unique properties of CFI is a resonancelike
feature, in which the growth rate can be remarkably higher
than the typical nonresonance value. If the resonancelike
CFI occurs, the complete flavor swaps between v, and v,,
may take place [60], which potentially leads to a radical
change in the neutrino radiation fields.

We do not find the resonancelike CFI in our CCSN
models, however. We reached this conclusion by the
following analysis. Before going into details, we briefly
summarize the property of resonancelike CFI from
Egs. (12) and (13). The growth rate of CFI is comparable
to the collision rate when A? < G|a|. In the region, where
the neutrino self-interaction potential is larger than the
collision rate, the condition A? > G|a/ is usually satisfied.

However, if the number densities of v, and 7, approach
each other, A becomes lower and A? < G|a| may be
realized. Then the growth rate is proportional to v/Ga.
Since G is much larger than a, the growth rate of CFI can be
significantly larger, which accounts for the resonancelike
feature.

In Fig. 4, we show the radial profiles of A?/G|al and its
associated quantities for all progenitor models. We find that
A?/G|al is much greater than unity in the entire postbounce
region, suggesting that the resonance condition is hardly
achieved. It is interesting to note that G/A can be larger
than unity in the optically thick region, which facilitates the
occurrence of the resonancelike CFI. As shown in Fig. 4,
however, A/|a| is significantly higher than G/A, leading to
A?/G|a| > 1. This analysis suggests that A needs to be at
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least ~a for the resonancelike CFI. On the other hand, the
self-interaction potential is usually several orders of mag-
nitude higher than the collision rate, implying that A needs
to be essentially zero for the resonancelike CFI, which is
not realized in our CCSN models.

To strengthen our discussion, we also make a plot for
Glal/|Aly for the 40My model in Fig. 5. Note that the
isotropy-preserving branch gives the maximum growth rate
for the CFI out of resonance. This ratio of Gla|/(|Aly) is
associated with the growth rate of nonresonance CFI [see
Eq. (12)] and needs to be greater than unity for the
occurrence of CFI. As clearly shown in this figure, the
region of Gla|/|Aly > 1 matches exactly that of CFI,
indicating that CFI is not resonancelike.

An important remark must be made here. No detection of
the resonancelike CFI in our models may be an artifact of

40 Mg progenitor

103

104

H
<
&

.,
Q
I8

radius [km]
max qrowth rate [1/cm]

=
o
]

~

._.
2
&

100 150 200 250 300 350 400
time after bounce [ms]

(b)

0 50

Same as Fig. 2 but for G/G [panel (a)] and maximum growth rate of CFI estimated from Eqs. (8) and (9) with G, (n,_is

spherical symmetry. As shown in multidimensional CCSN
models, PNS convections accelerate deleptonization of the
inner core [53] and reduces the degeneracy of v, and leads
to n, ~ny,ie., A~0.On the other hand, v, seems to be
populated also in this region, implying that G becomes also
lower (see Sec. IV A) and the growth rate of the resonance-
like CFI, if any, will be suppressed. These considerations
indicate a need of detailed and quantitative analyses of CFI
based on realistic multidimensional CCSN models. We
defer this intriguing study to a future work.

C. Correlation between matter properties and CFI

Our stability analysis suggests that CFI commonly
occurs in the postshock region of CCSN. The CFI region
straddles the transition layer between the optically thick
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FIG. 4. Radial profiles of G/A (red), A/« (blue), and A%/(G/|al) (gold) at times t = 100, 200, 400 ms after bounce, while the line type
denotes the time. Each panel distinguishes progenitor model.

and the semitransparent regions, where neutrinos and
matter are interacting with each other frequently. One then
40 M, progenitor expects that the CFI region has correlations with some local
matter properties. The investigation of such correlations is
highly beneficial to those assessing CFI in the phenom-

100 2 enological CCSN models, in which the neutrino radiation
80 - field may not be well-modeled. The result can also be used
_ 60 _ to narrow down searching regions before performing a
% o Lo ;f detailed stability analysis, which will reduce the computa-
-§ 5 tional cost of the search, in particular for multidimensional
B os e CCSN models.
20 ' As mentioned already, the matter density seems to be a
s good indicator; CFI tends to occur in 100 gem™ <

p <102 gecm™3. We also explore possible correlations of
CFI with two other thermodynamic quantities; the electron
0 50 100 150 200 250 300 350 400 fraction (Y,) and the electron neutrino degeneracy

time after bounce {m] (n,, = w,,/T), where yu, denotes the chemical potential of

FIG. 5. Same as Fig. 2 but for (G|a|)/(|A]y). We display the Ve, Whichis defined as y, — p,, + . (p, n, and e denote free
result of 40My model as a representative case. protons, neutrons, and electrons, respectively). We selected

10
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these quantities because they are the quantities to character-
ize v, and 7, in the optically thick region. Previous works
showed positive correlations between the two quantities and
FFC (see, e.g., [21,26]).

In Fig. 6, we show the Y, and 7, distributions for the
40M , model. Although positive correlations can be seen, it
seems hard to assess the occurrence of CFI only with these
quantities. For instance, although we find CFI in the
regions of Y, < 0.4, stable regions are also existent there.
A similar trend is also found in p, ; CFI can occur in the
regions of |y, | < 0.5, but not always.

Much of the complexity comes from v,. As is well known,
the v, distributions do not affect the occurrence of FFC (as
long as v, = v,), but they affect the occurrence of CFI (see
Sec. IVA). We also note that v, does not have charged-
current reactions with matter and their energy sphere is
located at smaller radii than those of v, and 7,.. This indicates
that the v, number density can not be determined by the local
equilibrium condition. This consideration suggests that the
local matter property may not provide a sufficient condi-
tion. Nevertheless, our result suggests that conditions of
10" gem™ < p <102 gem™, ¥, <04, and |p,, | $0.5
need to be satisfied for the occurrence of CFI in the optically
thick and semitransparent regions, which is useful to locate
possible CFI regions. As an important remark, one needs to
keep in mind that this condition could be altered in
multidimensional cases, though.

D. Comparison with previous studies

As shown above, we find that CFI can occur rather
commonly regardless of progenitors at 10!1% gecm™ < p <
10" gem™3 and forms a durable layer. This location
corresponds to the transition layer for v, and 7, from
the optically thick to the semitransparent regions. This
result supports the claim in [57] that CFI can occur in the

postshock regions. The obtained growth rate is also
qualitatively consistent with theirs.

On the other hand, resonancelike CFIs are not detected in
our CCSN models (although this may be artifacts of
spherical symmetry), implying that the growth rate of
CFI is of the same order of magnitude as the collision
rate. This also means that CFI is overwhelmed by FFC, if
NFLN crossings appear, which is in line with suggestions
by [52,61]. We note in addition that the growth rate of slow
mode could be higher than that of CFI as suggested by [61].
However, the slow modes seem to be hampered by high
mass densities in the postshock region during the accretion
phase [81-84]. Some (unknown) mechanisms are required
then to trigger the slow instability.

V. CONCLUSION

In this paper, we carry out a systematic study on the
occurrence of CFI based on the spherically symmetric CCSN
models developed with the modern input physics and full
Boltzmann neutrino transport. We use the approximate ana-
lytic formulas obtained in our previous study [59] to quantify
the growth rate of CFI. They are reasonable accurate and also
much more computationally efficient than the numerical
solution of the dispersion relation. We find that CFI occurs
universally in the postshock region regardless of progenitors.

The CFl region is roughly bounded by isodensity lines of
10" gem™ and 10'° gem™. It continues to exist rather
stably at =20 ms after bounce. We also find that v, plays an
important role to hamper CFI in the optically thick region,
which is a feature of CFI that distinguishes it from FFC.
This implies the importance of accurate modeling of the v,
distribution, and v, should be taken into account appro-
priately in the CFI analyses.

It is worth noting that our results do not show any signs
of resonancelike CFI. As a consequence the growth rate of
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CFl is of the same order as the collision rate. However, this
result seems to be artifacts of spherical symmetry we
imposed and may be qualitatively changed in multidimen-
sional models. This is because convection in PNS layers
enhances deleptonization there and will facilitate the
occurrence of resonancelike CFI as well as FFC. On the
other hand, it has been also suggested that the PNS
convection will amplify the v, diffusion and may suppress
CFL. These competing effects to CFI inherent in the
multidimensional models should be investigated in detail
with sophisticated CCSN models, which is the top priority
in our future works.

The present study also reveals a difficulty of assessing CFI
only by matter properties. We find that v, is mainly
responsible for the complexity. It is attributed to the fact
that the v, diffusion is greater than that of v, and ,, due to the
lack of charged-current reactions. However, we find that CFI
tends to occur in regions of 10! gecm™ < p <102 gem ™3,
Y, <04,andn,, < 0.5, suggesting that these conditions are
useful to narrow down the possible location of CFL

Our systematic study of CFI provides independent and
robust information, useful to settle the dispute in the previous
works on CFI in the CCSN environments (see [57,61]). Our
study supports the results of [57] that CFI occurs in a wide
spatial range across the optically thick and semitransparent
regions. On the other hand, no occurrences of resonancelike
CFI suggests that CFI would be overwhelmed by FFC or
even by the slow instability (although the latter seems
unlikely to be developed) if they occur [61]. This is also
consistent with our previous study [52], in which the flavor
conversions in the nonlinear phase are mainly characterized
by FECs. It should be stressed again, however, that these
results may be altered in multidimensions, where FFC will
likely take place. We, hence, should postpone the final
conclusion on the impacts of CFI on CCSN dynamics until
we can carry out detailed study of CFI and other flavor
conversions based on multidimensional models.

There remain other intriguing open questions about CFIL.
As has been reported recently, muonization may happen
notably in CCSNe [85—88]. The existence of muons changes
the playground of muon and antimuon neutrinos signifi-
cantly and induces a number density disparity between
them. We also note that the distribution of v, and 7, are also,
in general, different from each other due to high-order
corrections in neutrino-matter interactions (e.g., weak mag-
netism). This suggests that we need to analyze CFI with all
six species of neutrinos distinguished. Otherwise some
important features of CFI might be missed. We also note
that stellar rotation can change the global matter distribution
in the postshock region. According to the study in [27], FFC
preferentially occurs in the equatorial region, since low
values of Y, prevails there by the centrifugal force. This
indicates that CFIs including the resonancelike mode may

take place there. We deem the present work to be a necessary
step to address these remaining issues and to quantify the
impacts of CFI on CCSN dynamics.
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