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Fast and collisional flavor instabilities possibly occur in the neutrino decoupling regions of core-collapse
supernovae and neutron-star mergers. To gain a better understanding of the relevant flavor dynamics, we
numerically solve for the collisionally unstable evolution in a homogeneous, anisotropic model. In these
calculations collisional instability is precipitated by unequal neutrino and antineutrino scattering rates. We
compare the solutions obtained using neutral-current and charged-current interactions. We then study the
nonlinear development of fast instabilities subjected to asymmetric scattering rates, finding evidence that
the onset of collisional instability is hastened by fast oscillations. We also discuss connections to other
recent works on collision-affected fast flavor conversion.
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I. INTRODUCTION

A bevy of studies from the past several years [1–44]
support the following conclusions: Neutrino radiation
fields are susceptible to fast flavor instabilities, which
grow on temporal and spatial scales roughly given by
GFnν with Fermi constant GF and neutrino number density
nν; a certain type of crossing between the neutrino and
antineutrino angular distributions is a necessary and suffi-
cient condition for fast instabilities occurring; and such
crossings probably exist at various locations in core-
collapse supernovae and neutron-star mergers, notably
including the neutrino decoupling regions in those sites.
Therefore, as neutrinos decouple from the background

medium, their flavor states are potentially exposed to fast
instabilities and collisions operating simultaneously.
Recognition of this possibility has inspired an effort to
understand fast flavor conversion (FFC) in the presence of
collisions [45–56]. These works can be regarded more

broadly as part of an enterprise to determine how collisions
affect oscillation outcomes—or, depending on the view-
point, how oscillations affect collisional outcomes—in the
early universe and compact objects [57–88].
The generic expectation is that collisions counteract flavor

transformation. Conversion occurs through the development
of coherence, but collisions typically cause decoherence.
Contrary to this expectation, and to the findings of other
papers [47,48], several publications [49–52] have reported
scattering-enhanced FFC. Reference [53] explained the
enhancement effect as being a product of homogeneous
modeling. The calculations of Refs. [49–52] evolved initially
anisotropic neutrino flavor distributions. In a homogeneous
setting, however, distributions inevitably isotropize due to
scattering. The calculations consequently exhibit transient
evolution as the distributions come to be isotropic.
Pursuing a separate line of thinking, Ref. [89] proposed a

distinct mechanism—collisional instability—by which col-
lisions might in fact enhance flavor conversion. The study
also explained why collisional instability is not in conflict
with the idea that collisions cause decoherence. The key is
that neutrinos and antineutrinos are decohered differently,
and that the differential effect feeds into the nonlinear part
of the Hamiltonian. This understanding fits a pattern
linking instability types to particular asymmetries between
neutrinos and antineutrinos:
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Slow instabilities

Unequal oscillation frequencies ωEν
≠ ωEν̄

Fast instabilities

Unequal angular distributions gν ≠ gν̄

Collisional instabilities

Unequal collisional rates Γ ≠ Γ̄.

Collective instabilities are driven by the neutrino–neutrino
forward scattering potential, which is an integral of the
neutrino–antineutrino flavor asymmetry. Thus collective
instabilities often originate from asymmetries that cause
neutrinos and antineutrinos to evolve differently in flavor
space. Asymmetric collisional rates are indeed a reliable
feature of compact-object environments. Accordingly,
based on analytic estimates, collisional instabilities might
appear in the neutrino decoupling regions of supernovae
and mergers [89].
Reference [89] established that collisional instabilities

can appear in isotropic models. In such cases transient
isotropization is not a concern. The isotropic calculations of
that paper are self-consistent in the sense of Ref. [53]: the
initial conditions are steady states of the equations of
motion without oscillation terms. It has also been observed,
though, that FFC can kickstart collisional instability (see
Fig. 3 in Ref. [89]). Anisotropy is a prerequisite for FFC,
and so this particular observation does face self-consistency
concerns along the lines of those faced by scattering-
enhanced FFC. Is FFC-hastened collisional instability also
an artifact of modeling collisional, anisotropic flavor
evolution using the homogeneous approximation?
In this paper we elaborate on the development of

collisional instabilities in anisotropic, homogeneous mod-
els. We show that anisotropic collisional instability is
possible without FFC accompanying it, that FFC is capable
of expediting its development, and that in neither case is
collisional instability a result of transient behavior.
To demonstrate this last point, we follow the method of

Ref. [53] and compare the evolution under different imple-
mentations of collisions. In one of these implementations,
we allow collisions to act on the off-diagonal elements of the
density matrices (the flavor coherences) but not on the
diagonal elements (the number densities). This restriction
prohibits collisions from reshaping the angular distributions.
In real compact-object environments, angular distributions
at a given location maintain quasisteady anisotropy due to a
balancing between advection and collisions.We are not even
attempting to capture this aspect of the problem, which
would necessarily require a spatially inhomogeneousmodel.
Instead, we stick to a homogeneous model, artificially turn
on or off collisional isotropization, and check whether the
appearance of collisional instability hinges on this choice.
Since isotropization is not self-consistently treated in a
homogeneous model, it would be concerning if collisional

instability, like scattering-enhanced FFC, turned out to
critically depend on it.
Applying the method described above, we find that

anisotropic collisional instabilities develop whether or not
collisions are isotropizing. Moreover, they can be caused
by neutral-current (NC) or charged-current (CC) scattering.
These findings extend those of Ref. [89], where, in the
numerical results, collisional instability was driven princi-
pally by CC absorption and emission.
Overall, through this work we gain a deeper under-

standing of how collisional instabilities evolve in homo-
geneous environments, which in turn provides clues as to
how they might evolve in more realistic settings. In Sec. II
we lay out the relevant equations of motion. In Sec. III we
present the evolution of collisional instabilities in the
absence of FFC, and in Sec. IV we show the evolution
in its presence. In Sec. V we conclude.

II. EQUATIONS OF MOTION

We adopt a model that is homogeneous, axisymmetric,
and monochromatic. We allow for vacuum oscillations,
coherent neutrino–neutrino forward scattering, and inco-
herent scattering of a kind that we vary for comparative
purposes.
The neutrino and antineutrino flavor density matrices ρv

and ρ̄v, for propagation angle v ¼ cos θ, evolve in accord
with the following equations of motion:

i
d
dt

ρv ¼ ½þHvac þHνν
v ; ρv� þ iC½ρ�

i
d
dt

ρ̄v ¼ ½−Hvac þHνν
v ; ρ̄v� þ iC½ρ̄�: ð1Þ

The vacuum Hamiltonian is

Hvac ¼
ω

2

�− cos 2θ sin 2θ

sin 2θ cos 2θ

�
; ð2Þ

where ω ¼ δm2=2Eν is the vacuum oscillation frequency,
δm2 is the mass-squared splitting, Eν is the neutrino energy,
and θ is themixing angle. The other part of theHamiltonian is

Hνν
v ¼

ffiffiffi
2

p
GF

Z
dv0ð1 − vv0Þðρv0 − ρ̄v0 Þ; ð3Þ

arising from the forward scattering of neutrinos on each other.
Rather than implementing coherent neutrino–matter for-

ward scattering explicitly, we replace the vacuum mixing
angle by a small matter-suppressed value. This approxima-
tion is consistent with other recent literature on collisional
effects in neutrino flavor evolution [47,49–53,89]. The
rationale is that the potential generated by neutrino–matter
forward scattering is independent of neutrino momentum
and thus affects all flavor states in the same way. The chief
effect is to suppress mixing of all neutrinos equally. Less
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trivial consequences of a matter background, like the multi-
anglematter effect [90], are associatedwith the (momentum-
dependent) advection term, which vanishes here due to the
assumption of homogeneity.
The numerical values of the parameters, which are meant

to represent the conditions in the neutrino decoupling
region during the supernova accretion phase, are chosen
to be nearly identical to those used in Ref. [53]. The
parameters are collected in Table I. The neutrino and
antineutrino scattering rates are taken to be Γ ¼ 50Γνn

and Γ̄ ¼ 5Γνn, respectively, where the neutrino–neutron
scattering rate Γνn is pulled from Ref. [53]. To bring out the
collisional instabilities more clearly in the numerical
results, we use exaggeratedly large and asymmetric scatter-
ing rates. In the results that follow, we compare the normal
and inverted mass hierarchies.
In order to observe collisionally unstable evolution both

with and without FFC, we compare two sets of angular
distributions. In the case where the system is unstable to
collisional and fast instabilities, the angular distributions
are taken to be

nνα;v ¼
1

2
nνα;0L0ðvÞ þ

3

2
nνα;1L1ðvÞ þ

5

2
nνα;2L2ðvÞ; ð4Þ

with nνα;l the lth Legendre moment of the angular dis-
tribution of flavor α, LlðvÞ the lth Legendre polynomial,

and nνα;0 ¼ nνα as specified above. For νe we use the
number-density moments

nνe;1 ¼ 0.050nνe
nνe;2 ¼ 0.002nνe ; ð5Þ

for ν̄e we use

nν̄e;1 ¼ 0.100nν̄e
nν̄e;2 ¼ 0.008nν̄e ; ð6Þ

and for νx we use

nνx;1 ¼ 0.150nνx
nνx;2 ¼ 0.017nνx : ð7Þ

The ν̄x distribution is the same as that of νx. All higher
moments are set to zero. In the other case, where the system
is stable to fast oscillations, we use

nνα;v ¼
1

2
nνα;0L0ðvÞ þ

3

2
nνα;1L1ðvÞ; ð8Þ

which is equivalent to dropping the l ¼ 2moments, keeping
the other moments the same. The distributions are plotted in
Fig. 1. Although zeroing out the l ¼ 2 moments only
changes the distributions slightly, and does not change
the presence of an angular crossing, in a homogeneous
setting it makes the difference between being fast-stable and
fast-unstable [22]. This is related to the fact that homo-
geneity isolates the K ¼ 0 Fourier mode of ρ—all K ≠ 0
being forced to vanish by symmetry—and limits the range of
fast instabilities that can be expressed by the system.
Following Ref. [53], we consider three different colli-

sional prescriptions, implementing them one at a time and
comparing the results. The first is

NC ðisotropizingÞ : iC ¼ ΓðρNC − ρÞ; ð9Þ

where

ρNC ¼ hρi ¼
� hρiee hρiex
hρixe hρixx

�
ð10Þ

and

hρi ¼ 1

2

Z þ1

−1
dvρv: ð11Þ

This is a simplified way of describing, for example,
neutrino–nucleon scattering. The assumption is that the
scattering rate is independent of the ingoing and outgoing
neutrino momenta. This is the collisional form adopted in,
for example, Ref. [49]. Although a more realistic

TABLE I. Parameters adopted for the numerical calculations.
The number density of ν̄x is taken to be the same as that of νx. The
strength of the initial-time neutrino–neutrino forward-scattering
potential is presented as μjD0ð0Þj, μ is the usual self-coupling
parameter and D0ð0Þ is the l ¼ 0 difference vector at t ¼ 0
[Eq. (19)]. Because of the initial symmetry between νx and ν̄x, the
forward-scattering potential is equal to

ffiffiffi
2

p
GF½nνeð0Þ − nν̄eð0Þ�.

See the main text and Fig. 1 for specification of the angular
distributions.

Calculation parameters

Variable Meaning Value

ϱ Density of the medium 1012 g=cm3

T Temperature of the medium 7 MeV
μe Electron chemical potential 20 MeV
Ye Electron fraction 0.13
Eν Neutrino energy 20 MeV
δm2 Mass-squared splitting 2.4 × 10−3 eV2

θ Matter-suppressed mixing angle 10−6

ω Vacuum oscillation frequency 0.3 km−1

nνeð0Þ Initial number density of νe 2.6 × 1033 cm−3

nν̄eð0Þ Initial number density of ν̄e 2.5 × 1033 cm−3

nνxð0Þ Initial number density of νx 1.0 × 1033 cm−3

μjD0ð0Þj Neutrino–neutrino
forward-scattering potential

3 × 105 km−1

Γ Neutrino scattering rate 26 km−1

Γ̄ Antineutrino scattering rate 2.6 km−1
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implementation of NC scattering would involve a
momentum-dependent scattering kernel, the differences
are not qualitatively significant [47].
The second prescription is

CC ðisotropizingÞ : iC ¼ ΓðρCC − ρÞ; ð12Þ

where

ρCC ¼
� hρiee 0

0 hρixx

�
: ð13Þ

This collisional form approximates the effect of CC
neutrino–electron scattering. It is identical to isotropizing
NC scattering except for the vanishing of flavor coherence
in the collisional equilibrium state given by Eq. (13).

Unlike NC scattering, CC scattering is sensitive to the
flavor state of the scattering neutrino and therefore causes
flavor decoherence.
The third and final prescription is

CC ðnonisotropizingÞ : iC ¼ −ΓρT; ð14Þ

where

ρT ¼
�

0 ρex

ρxe 0

�
: ð15Þ

This form is not meant to describe any particular process,
but rather to isolate the effect of collisional decoherence on
the flavor evolution. As is evident from the equations
above, nonisotropizing CC scattering has no direct influ-
ence on the diagonal (i.e., number-density) elements of the
density matrices.
By comparing NC (isotropizing) and CC (isotropizing),

we establish whether the charged- or neutral-current nature
of the interaction is important for the dynamics we observe,
including the development of the collisional instability and
the late-time flavor-conversion outcomes. In comparing to
CC (nonisotropizing), we are additionally checkingwhether
the observed dynamics is a product of the (astrophysically
unrealistic) isotropization that inevitably occurs in a homo-
geneous model with isotropizing collisional processes.
Because CC (nonisotropizing) acts only to damp the off-
diagonal elements of the density matrices, if those elements
already vanish, then the flavor distributions are at an
equilibrium of this collisional term. In all of the calculations
we present, the initial state has no flavor coherence, and so in
the CC (nonisotropizing) calculations, the system begins at
an equilibrium of the collisional part of the equations of
motion. With the other two implementations, the system
begins out of equilibrium due to collisions alone.
The value of this three-way comparison test is described

in more detail in Ref. [53]. There it was found that
scattering-enhanced FFC does not survive in calculations
implementing CC (nonisotropizing), a finding that suggests
that this particular phenomenon is an artifact of isotropiza-
tion of the angular distributions—a feature that is not
expected in real astrophysical settings. Below we report
that collisional instabilities appear in all three collisional
implementations. This finding on its own does not neces-
sarily imply that collisional instabilities develop in real
sites, but it does exclude the possibility that collisional
instabilities are modeling artifacts in the same way that
scattering-enhanced FFC is.
All calculations in this paper were run with 4000 angular

moments, enough to achieve convergence.

FIG. 1. Neutrino angular distributions used in this study: nνe;v
(solid), nν̄e;v (dashed), nνx;v ¼ nν̄x;v (dotted), where v ¼ cos θ and
θ is the neutrino propagation angle. The lower panel shows the
same distributions used in Ref. [53]. The distributions in the
upper panel are identical but with the l ¼ 2 Legendre moments
zeroed out. Although the two panels look very similar and both
contain angular crossings, only the lower panel is unstable to fast
flavor conversion [22].
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III. COLLISIONAL INSTABILITY WITHOUT FFC

In this section we employ the angular distributions

shown in the top panel of Fig. 1. The system is stable to

fast instability but unstable to collisional instability.

Results are presented in Figs. 2 and 3. The calculations
underlying these figures use identical parameters except
for the choice of the neutrino mass hierarchy: the first is
normal (NH) and the second is inverted (IH). The
differences between Figs. 2 and 3 are minor. The

FIG. 2. Collisionally unstable flavor evolution without fast instability [angular distributions are given by Eq. (8)] in the normal mass
hierarchy. First row: Evolution of the number densities nνe (top black curve), nν̄e (middle), nνx (bottom), and neutrino coherence density
jP0;T j=2 (teal), where T signifies the part orthogonal to the flavor (z) axis. Second: Evolution of D1;z=D1 (solid) and −D1=D1ð0Þ
(dashed). Third: Snapshots ofDv;z, where v ¼ cos θ, color-coded with the earliest snapshot time in the lightest shade. Fourth: Snapshots
of nνe;v at the same times. The columns correspond to calculations with isotropizing NC scattering (left), isotropizing CC scattering
(middle), and nonisotropizing CC scattering (right), as defined in Sec. II. Note the different scales of the NC and CC cases. For NC
scattering, the displayed snapshot times are t ¼ 0, 0.20, 0.40, 0.60, 0.80, and 1.00 μs. For CC scattering (both isotropizing and
nonisotropizing), they are t ¼ 0, 0.10, 0.20, 0.25, 0.30, and 0.40 μs. All three implementations of scattering exhibit a collisional
instability involving the vector D1 inverting its orientation. See the text for further details.
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comparison is useful nonetheless because it rules out
the possibility that, for example, the multizenith-
angle (MZA) slow instability [91] is responsible for the
observed dynamics. We discuss this point in more
detail below.
While there is variation in the timing and details, all three

implementations of scattering (NC, isotropizing CC, and
nonisotropizing CC) exhibit collisional instability, as seen
in the top rows of Figs. 2 and 3. In calculations with Γ ¼ Γ̄
(not displayed here), all plotted quantities remain nearly
constant. These observations alone extends the numerical

findings of Ref. [89], where the dominant processes were
CC absorption and emission.
The fact that collisional instability can be caused by NC

scattering is especially interesting because this process does
not cause decoherence at the single-particle level. Indeed,
in the isotropic model of Ref. [89], NC scattering has no
effect at all on the dynamics. Yet decoherence is the key to
collisional instability. We see here that the decoherence that
comes from coherently averaging over flavor states (i.e., in
the gain term hρi) is capable of collisionally destabilizing
the system. From a certain viewpoint, CC interactions

FIG. 3. Collisionally unstable flavor evolution without fast instability [angular distributions are given by Eq. (8)] in the inverted mass
hierarchy. The quantities plotted are the same as in Fig. 2. The differences with that figure (which has all the same parameters but
assumes the normal hierarchy) are small, indicating that ω ≠ 0 effects—and in particular slow instabilities—are not responsible for the
main dynamical features witnessed in the two figures. This is as expected for evolution driven by collisional instability.

LUCAS JOHNS and ZEWEI XIONG PHYS. REV. D 106, 103029 (2022)

103029-6



induce decoherence through system–environment coupling
and NC scattering through system–system coupling. It
turns out that collisional instability can result from
either one.
While the overall finding of collisional instability is

consistent across all three scattering implementations, the
quantitative details differ from one implementation to
the next. The instability develops most slowly under the
influence of NC scattering, and the overall flavor con-
version is the least in this case. With nonisotropizing CC
scattering, some residual flavor coherence is left at
t ¼ 0.4 μs, the final time plotted, and in this case flavor
conversion is at its greatest.
The second rows of Figs. 2 and 3 plot the evolution of the

difference vector D1, which is formed in the following way.
Define the polarization vectors Pv and P̄v by

ρv ¼ Pv;0 þ Pv

ρ̄v ¼ P̄v;0 þ P̄v; ð16Þ

such that the traces 2Pv;0 and 2P̄v;0 are the number densities
summed over flavor. Let l denote the lth Legendre moment,
as in

ρl ¼
Z þ1

−1
dvLlðvÞρv: ð17Þ

Then D1 is the l ¼ 1 moment of Dv ¼ Pv − P̄v:

D1 ¼
Z þ1

−1
dvvðPv − P̄vÞ: ð18Þ

Also important is the monopole difference vector

D0 ¼
Z þ1

−1
dvðPv − P̄vÞ; ð19Þ

whose initial magnitude was used in Table I to define the
strength of the self-coupling potential.
For all three implementations of collisions, the instability

is characterized by D1 inverting its position. By contrast,
D0 (not plotted) is always nearly constant in these calcu-
lations. The collisional instabilities in this paper are distinct
from those of Ref. [89] in that they are intrinsically
anisotropic, here being facilitated by the dipole part of Hνν.
The vector D1 is also critical to fast instabilities [22,92]

andMZA instabilities [23,91]. Since the system begins near
the threshold of fast instability, a concern in interpreting our
results is that fast instability might be generated dynami-
cally. This appears not to be the case. In the isotropizing
calculations, the magnitudeD1 shrinks in the lead-up to the
instability, which moves the system more deeply into the
region of parameter space that is stable to fast oscillations.
In the nonisotropizing calculations, there is minuscule
change in Dv;z until the instability sets in. Moreover, we

have checked that a similar inversion of D1;z occurs in
calculations with only three moments, for which FFC is not
possible. A related concern is that the MZA instability is
coming into play. The comparison of mass hierarchies
confirms that this instability is not relevant here either. Thus
the calculations in Figs. 2 and 3 are isolating the collisional
instabilities, as desired.
We can analytically observe how anisotropic collisional

instabilities appear by noting that D1 has equation of
motion

_D1 ¼ ωB× S1 þ
2

3
μð2D0 þD2Þ×D1 − ΓþD1;T − Γ−S1;T ;

ð20Þ

where

Γ� ¼ Γ� Γ̄
2

: ð21Þ

Taking ω ≪ μ;Γ; Γ̄, we have

_D1 ¼ H1 ×D1 − ΓþD1;T − Γ−S1;T : ð22Þ

In introducingH1 ≡ ð2μ=3Þð2D0 þD2Þ, we are emphasiz-
ing that the collisionless part of the evolution is just
precession around a (time-dependent) Hamiltonian vector.
If D1, S1, and H1 are all nearly aligned or antialigned with
z, as they are initially, then the cross product is small and
we can write

_D1;T ≅
�
−Γþ ∓ jS1j

jD1j
Γ−

�
D1;T ; ð23Þ

where the choice of sign must be consistent with Ŝ1 ∼�D̂1.
An exponentially growing solution is possible if D1 and S1

are nearly antialigned.
This instability is very similar to a collisional instability

in D0 that was pointed out in Ref. [89]. While the D0

instability is probably not relevant to supernovae (note that
Ref. [89] identified an additional monopole collisional
instability that is potentially relevant), the D1 instability is
plausible because we typically have a hierarchy of number
densities

nνe > nν̄e > nνx ð24Þ

and a hierarchy of flux factors

fνx > fν̄e > fνe : ð25Þ

Indeed, with the parameters we have chosen, z · Ŝ1ð0Þ ¼
þ1 and z · D̂1ð0Þ ¼ −1. Accordingly, collisions cause D1

to flips its orientation in all of the results we present.
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The bottom two rows of Figs. 2 and 3 show Dv;zðtÞ and
nνe;vðtÞ. The D1 inversion is reflected here. In the left two
columns, features flatten out over time as the angular
distributions isotropize.
Once the instability sets in, the curves all change sharply

at the location of the initial angular crossing, i.e., the
direction v at which Dv;zð0Þ ¼ 0. For nonisotropizing CC
scattering, narrow dips freeze in just behind this location. In
all cases, when the collisional instability is first developing,
it manifests as dips right at the angular crossings. This can
be understood using the resonant-trajectory analysis of
Ref. [22] (see, in that paper, Eq. 10 and the dips in the top
row of Fig. 2). According to that analysis, with the l ≥ 2
moments vanishing, the resonant trajectory and the cross-
ing location coincide. In the isotropizing calculations, the
dips broaden as time progresses.
Because the neutrino–neutrino Hamiltonian has the form

Hνν
v ∝ D0 − vD1, the dynamics of D1 does not influence

the flavor states at v ¼ 0 (θ ¼ π=2). In the plots with
nonisotropizing CC scattering, these points are frozen at
their initial values.
Still focusing on the nonisotropizing case, we observe

ripples appearing beyond θ ¼ �π=2 at later times.
Additional crossings in Dv;z are generated as D1 flips.
Ripples start at these crossings and spread outward. We
hypothesize that the reason may be the following. For a
given trajectory v, we have

_Sv ¼ ωB ×Dv þ μðD0 − vD1Þ × Sv − ΓþSv;T − Γ−Dv;T

_Dv ¼ ωB × Sv þ μðD0 − vD1Þ ×Dv − ΓþDv;T − Γ−Sv;T :

ð26Þ

As before, we consider the limit of small ω. We assume
further that the relevant vectors are all close enough to
being (anti)aligned that the cross products with Hνν

v can be
ignored. Then, dropping the oscillation terms,

_Sv;T ¼ −ΓþSv;T − Γ−Dv;T ;

_Dv;T ¼ −ΓþDv;T − Γ−Sv;T : ð27Þ

If

Γ−

Γþ
≳ jDvj

jSvj
; ð28Þ

then Sv is collisionally unstable due to the growing
solution of

S̈v;T þ Γþ _Sv;T − Γ2
−Sv;T ¼ 0: ð29Þ

This analysis is once again very similar to the one given in
Ref. [89] for the isotropic collisional instability, but here a
single propagation direction is being picked out. The

instability is most likely to occur where Dv ∼ 0, i.e., at
or near the angular crossings. In this manner the D1

instability can perhaps generate new angular crossings,
which generate new collisional instabilities, which in turn
generate ripples. Ripples do not form in the dips them-
selves, however, presumably because these trajectories
have already expressed collisional instability.
We offer the analysis in the previous paragraph only as a

possible mechanism behind the fluctuations, leaving the
development of a thorough and verified explanation—of
the ripples and of other nuanced features of the numerical
results—to future work. The main conclusion we draw in
this section is that collisional instability appears in all cases
studied.

IV. COLLISIONAL INSTABILITY WITH FFC

In this section we study the evolution of systems that are
unstable to both fast and collisional instabilities. We now
adopt the angular distributions shown in the bottom panel
of Fig. 1.
Results of the calculations are presented in Fig. 4.

Significant flavor conversion is initially instigated by the
growth of the fast instability, and sets in nearly an order of
magnitude faster than in the preceding section.
The magnitude of conversion from FFC itself is indi-

cated by the depth of the first dip in nνeðtÞ. It is not large.
The first fast oscillation period, however, gives way to the
collisional instability, which produces far more flavor
transformation. Other than the small-amplitude fast oscil-
lations, which decay as the collisional instability takes over,
the evolution in Fig. 4 is quite similar to what we observed
in Figs. 2 and 3. The similarity speaks to the fact that we are
witnessing FFC-initiated collisional instability rather than
FFC processed in some other way by scattering [47–53].
The second row of Fig. 4 reveals that D1 remains critical

to the dynamics. In each case, the time elapsed during its
flip, from pointing along −z to pointing along þz, is
comparable to the time elapsed in the fast-stable calcu-
lations. On the other hand, because theD1 instability sets in
much faster here,D1 decays much less in the lead-up to the
instability than it did in the previous figures.
The bottom two panels likewise show many of the same

features as before, with differences mainly attributable to
the durations of the calculations. For the NC and isotrop-
izing CC cases, less isotropization occurs in Fig. 4, which
terminates at 0.15 μs, than in Figs. 2 and 3, which extend
out to 0.4 μs. As a result, the angular features of Fig. 4 are
less flattened out. For the nonisotropizing CC case, the
shorter duration allows less time for ripples to form in the
Dv;z ∼ 0 region beyond θ ¼ �π=2.
The most important point is that the waiting period prior

to the visible onset of the collisional instability is greatly
shortened, in agreement with Ref. [89]. Since only the
onset (i.e., the linear growth phase) is expedited, and not the
post-onset development, we infer that FFC hastens
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collisional instability by generating large seed coherence on
a short timescale. Thus much of the linear-phase growth—
which involves flavor coherence growing by several orders
of magnitude—takes place at a rate proportional to μjD0j
rather than Γ.

V. DISCUSSION

We have presented numerical results showing collisional
instabilities developing in a homogeneous, axisymmetric
model. When the system is unstable to fast oscillations as
well, FFC rushes the collisional instability though its linear

FIG. 4. Collisionally unstable flavor evolution with fast instability [angular distributions are given by Eq. (4)] in the normal mass
hierarchy. The evolution in the inverted hierarchy, not shown, is virtually identical. The plotted quantities are the same as in Fig. 2, except
that in this figure the displayed snapshot times are t ¼ 0, 0.06, 0.08, 0.10, 0.12, and 0.14 μs for NC scattering and t ¼ 0, 0.02, 0.04, 0.06,
0.08, and 0.10 μs for both implementations of CC scattering. The dynamics is qualitatively similar to that seen in Fig. 2. The main
difference is in the timing: FFC, though bringing about little flavor conversion directly, prompts the development of the collisional
instability at much earlier time. FFC is visible here as the rapid, small-amplitude oscillations in the densities that start right as the densities
begin to deviate from their initial values. In the collisionless version of these models, those small-amplitude oscillations would be nearly
periodic, without much deviation from the initial values on the timescale shown here. See Refs. [22,23,40], for example, for plots of
comparable evolution in collisionlessmodels. Almost all of the flavor conversion that has occurred by the final time, t ¼ 0.15 μs, is caused
by the collisional instability. The predominant effect of FFC is to shorten the growth period of the collisional instability.
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phase. Qualitatively similar results are observed with NC
and CC scattering. This effect could be important in regions
that are unstable to both fast and collisional instabilities, but
where the mean free path is such that collisional insta-
bilities only grow out of the linear regime with the
assistance of FFC.
Our findings are consistent with those of Ref. [89],

which claimed that FFC could expedite the development of
collisional instabilities. We have expanded on the analysis
there by making different collisional processes the dom-
inant ones and by providing more numerical and analytic
details on how collisional instabilities develop in aniso-
tropic settings.
Because the model in this study combines collisions,

anisotropy, and homogeneity, self-consistency is a concern
[53]. In a realistic environment, anisotropy in the neutrino
angular distributions is a product of collisions (which tend
to isotropize) and inhomogeneity (which tends to make
distributions more forward-peaked as a function of distance
from the center of the compact-object environment).
Without actually modeling the supernova or merger geom-
etry, initially anisotropic distributions eventually isotropize.
In this paper we have followed in the spirit of Ref. [53] by
comparing to nonisotropizing CC scattering, to ensure that
our findings are not compromised by this limitation of
homogeneous models.
The anisotropic calculation of Ref. [89], on the timescale

plotted in that paper’s Fig. 3, is insensitive to whether
collisions are isotropizing or not. That self-consistency test
was neither shown nor described, however. Here we show
explicitly that the major qualitative features occur inde-
pendently of isotropization and that they are therefore not
artifacts of homogeneous modeling.
Recent studies have focused on the alleged enhancement

of FFC by scattering. As shown in Ref. [53], this effect
disappears when isotropization is taken out of the mix.

Reference [49] presented calculations with Γ ¼ Γ̄
and Γ ≠ Γ̄, finding enhancement in both cases. While their
Γ ¼ Γ̄ calculations probably show enhancement due to
isotropization, the calculations with unequal NC scattering
rates may show additional enhancement due to collisional
instability.
Following previous studies, we here take scattering to be

the dominant process. Singling out scattering is not a
realistic choice, especially when adopting highly disparate
values of the neutrino and antineutrino rates, but it allows
us to compare more directly to past analyses. For calcu-
lations with more realistic parameters, including contribu-
tions from different collisional processes, we refer
to Ref. [89].
In this paper we have presented new results on the

development of collisional instabilities in some of the
simplest models in which they occur. These results provide
insights into the flavor phenomenology in scenarios where
both oscillations and collisions are important. Making
definitive claims about the role of collisional instabilities
in real supernovae and neutron-star mergers will require
more sophisticated modeling. This effort will be taken up in
future work.

ACKNOWLEDGMENTS

We thank Hiroki Nagakura for valuable conversations.
L. J. was supported by NASA through the NASA Hubble
Fellowship Grant No. HST-HF2-51461.001-A awarded by
the Space Telescope Science Institute, which is operated by
the Association of Universities for Research in Astronomy,
Incorporated, under NASA contract No. NAS5-26555.
Z. X. was supported by the European Research Council
(ERC) under the European Union’s Horizon 2020 research
and innovation program (ERC Advanced Grant
KILONOVA No. 885281).

[1] R. F. Sawyer, Speed-up of neutrino transformations
in a supernova environment, Phys. Rev. D 72, 045003
(2005).

[2] R. F. Sawyer, Multiangle instability in dense neutrino
systems, Phys. Rev. D 79, 105003 (2009).

[3] R. F. Sawyer, Neutrino Cloud Instabilities Just Above the
Neutrino Sphere of a Supernova, Phys. Rev. Lett. 116,
081101 (2016).

[4] S. Chakraborty, R. S. Hansen, I. Izaguirre, and G. Raffelt,
Self-induced flavor conversion of supernova neutrinos on
small scales, J. Cosmol. Astropart. Phys. 01 (2016) 028.

[5] S. Chakraborty, R. S. Hansen, I. Izaguirre, and G. Raffelt,
Self-induced neutrino flavor conversion without flavor
mixing, J. Cosmol. Astropart. Phys. 03 (2016) 042.

[6] I. Tamborra, L. Hüdepohl, G. G. Raffelt, and H.-T. Janka,
Flavor-dependent neutrino angular distribution in core-
collapse supernovae, Astrophys. J. 839, 132 (2017).

[7] B. Dasgupta, A. Mirizzi, and M. Sen, Fast neutrino flavor
conversions near the supernova core with realistic flavor-
dependent angular distributions, J. Cosmol. Astropart. Phys.
02 (2017) 019.

[8] M.-R. Wu and I. Tamborra, Fast neutrino conversions:
Ubiquitous in compact binary merger remnants, Phys.
Rev. D 95, 103007 (2017).

[9] M.-R. Wu, I. Tamborra, O. Just, and H.-T. Janka, Imprints of
neutrino-pair flavor conversions on nucleosynthesis in
ejecta from neutron-star merger remnants, Phys. Rev. D
96, 123015 (2017).

LUCAS JOHNS and ZEWEI XIONG PHYS. REV. D 106, 103029 (2022)

103029-10

https://doi.org/10.1103/PhysRevD.72.045003
https://doi.org/10.1103/PhysRevD.72.045003
https://doi.org/10.1103/PhysRevD.79.105003
https://doi.org/10.1103/PhysRevLett.116.081101
https://doi.org/10.1103/PhysRevLett.116.081101
https://doi.org/10.1088/1475-7516/2016/01/028
https://doi.org/10.1088/1475-7516/2016/03/042
https://doi.org/10.3847/1538-4357/aa6a18
https://doi.org/10.1088/1475-7516/2017/02/019
https://doi.org/10.1088/1475-7516/2017/02/019
https://doi.org/10.1103/PhysRevD.95.103007
https://doi.org/10.1103/PhysRevD.95.103007
https://doi.org/10.1103/PhysRevD.96.123015
https://doi.org/10.1103/PhysRevD.96.123015


[10] B. Dasgupta, A. Mirizzi, and M. Sen, Simple method of
diagnosing fast flavor conversions of supernova neutrinos,
Phys. Rev. D 98, 103001 (2018).

[11] B. Dasgupta and M. Sen, Fast neutrino flavor conversion as
oscillations in a quartic potential, Phys. Rev. D 97, 023017
(2018).

[12] S. Airen, F. Capozzi, S. Chakraborty, B. Dasgupta, G.
Raffelt, and T. Stirner, Normal-mode analysis for collective
neutrino oscillations, J. Cosmol. Astropart. Phys. 12 (2018)
019.

[13] S. Abbar and H. Duan, Fast neutrino flavor conversion:
Roles of dense matter and spectrum crossing, Phys. Rev. D
98, 043014 (2018).

[14] S. Abbar and M. C. Volpe, On fast neutrino flavor con-
version modes in the nonlinear regime, Phys. Lett. B 790,
545 (2019).

[15] F. Capozzi, G. Raffelt, and T. Stirner, Fast neutrino flavor
conversion: Collective motion vs. decoherence, J. Cosmol.
Astropart. Phys. 09 (2019) 002.

[16] C. Yi, L. Ma, J. D. Martin, and H. Duan, Dispersion relation
of the fast neutrino oscillation wave, Phys. Rev. D 99,
063005 (2019).

[17] S. Abbar, H. Duan, K. Sumiyoshi, T. Takiwaki, and M. C.
Volpe, On the occurrence of fast neutrino flavor conversions
in multidimensional supernova models, Phys. Rev. D 100,
043004 (2019).

[18] M. Delfan Azari, S. Yamada, T. Morinaga, W. Iwakami, H.
Okawa, H. Nagakura, and K. Sumiyoshi, Linear analysis
of fast-pairwise collective neutrino oscillations in core-
collapse supernovae based on the results of Boltzmann
simulations, Phys. Rev. D 99, 103011 (2019).

[19] H. Nagakura, T. Morinaga, C. Kato, and S. Yamada, Fast-
pairwise collective neutrino oscillations associated with
asymmetric neutrino emissions in core-collapse supernovae,
Astrophys. J. 886, 139 (2019).

[20] M. Chakraborty and S. Chakraborty, Three flavor neutrino
conversions in supernovae: Slow and fast instabilities, J.
Cosmol. Astropart. Phys. 01 (2020) 005.

[21] J. D. Martin, C. Yi, and H. Duan, Dynamic fast flavor
oscillation waves in dense neutrino gases, Phys. Lett. B 800,
135088 (2020).

[22] L. Johns, H. Nagakura, G. M. Fuller, and A. Burrows,
Neutrino oscillations in supernovae: Angular moments and
fast instabilities, Phys. Rev. D 101, 043009 (2020).

[23] L. Johns, H. Nagakura, G. M. Fuller, and A. Burrows, Fast
oscillations, collisionless relaxation, and spurious evolution
of supernova neutrino flavor, Phys. Rev. D 102, 103017
(2020).

[24] S. Bhattacharyya and B. Dasgupta, Late-time behavior of
fast neutrino oscillations, Phys. Rev. D 102, 063018 (2020).

[25] S. Abbar, Searching for fast neutrino flavor conversion
modes in core-collapse supernova simulations, J. Cosmol.
Astropart. Phys. 05 (2020) 027.

[26] S. Shalgar, I. Padilla-Gay, and I. Tamborra, Neutrino
propagation hinders fast pairwise flavor conversions, J.
Cosmol. Astropart. Phys. 06 (2020) 048.

[27] F. Capozzi, M. Chakraborty, S. Chakraborty, and M. Sen,
Fast Flavor Conversions in Supernovae: The Rise of Mu-
Tau Neutrinos, Phys. Rev. Lett. 125, 251801 (2020).

[28] Z. Xiong, A. Sieverding, M. Sen, and Y.-Z. Qian, Potential
impact of fast flavor oscillations on neutrino-driven winds
and their nucleosynthesis, Astrophys. J. 900, 144 (2020).

[29] S. Shalgar and I. Tamborra, Dispelling a myth on dense
neutrino media: Fast pairwise conversions depend on en-
ergy, J. Cosmol. Astropart. Phys. 01 (2021) 014.

[30] S. Bhattacharyya and B. Dasgupta, Fast Flavor Depolari-
zation of Supernova Neutrinos, Phys. Rev. Lett. 126,
061302 (2021).

[31] T. Morinaga, H. Nagakura, C. Kato, and S. Yamada, Fast
neutrino-flavor conversion in the preshock region of core-
collapse supernovae, Phys. Rev. Res. 2, 012046 (2020).

[32] R. Glas, H.-T. Janka, F. Capozzi, M. Sen, B. Dasgupta, A.
Mirizzi, and G. Sigl, Fast neutrino flavor instability in the
neutron-star convection layer of three-dimensional super-
nova models, Phys. Rev. D 101, 063001 (2020).

[33] S. Abbar, H. Duan, K. Sumiyoshi, T. Takiwaki, and M. C.
Volpe, Fast neutrino flavor conversion modes in multidi-
mensional core-collapse supernova models: The role of the
asymmetric neutrino distributions, Phys. Rev. D 101,
043016 (2020).

[34] I. Padilla-Gay, S. Shalgar, and I. Tamborra, Multi-
dimensional solution of fast neutrino conversions in binary
neutron star merger remnants, J. Cosmol. Astropart. Phys.
01 (2021) 017.

[35] M. George, M.-R. Wu, I. Tamborra, R. Ardevol-Pulpillo,
and H.-T. Janka, Fast neutrino flavor conversion, ejecta
properties, and nucleosynthesis in newly-formed hyper-
massive remnants of neutron-star mergers, Phys. Rev. D
102, 103015 (2020).

[36] L. Johns and H. Nagakura, Fast flavor instabilities and the
search for neutrino angular crossings, Phys. Rev. D 103,
123012 (2021).

[37] H. Nagakura and L. Johns, Constructing angular distribu-
tions of neutrinos in core collapse supernova from zero-th
and first moments calibrated by full Boltzmann neutrino
transport, Phys. Rev. D 103, 123025 (2021).

[38] H. Nagakura and L. Johns, New method for detecting fast
neutrino flavor conversions in core-collapse supernova
models with two-moment neutrino transport, Phys. Rev.
D 104, 063014 (2021).

[39] H.Nagakura, A. Burrows, L. Johns, andG. M. Fuller,Where,
when, and why: Occurrence of fast-pairwise collective
neutrino oscillation in three-dimensional core-collapse
supernova models, Phys. Rev. D 104, 083025 (2021).

[40] I. Padilla-Gay, I. Tamborra, and G. G. Raffelt, Neutrino
Flavor Pendulum Reloaded: The Case of Fast Pairwise
Conversion, Phys. Rev. Lett. 128, 121102 (2022).

[41] A. Roggero, E. Rrapaj, and Z. Xiong, Entanglement and
correlations in fast collective neutrino flavor oscillations,
Phys. Rev. D 106, 043022 (2022).

[42] S. Abbar and F. Capozzi, Suppression of fast neutrino flavor
conversions occurring at large distances in core-collapse
supernovae, J. Cosmol. Astropart. Phys. 03 (2022) 051.

[43] A. Harada and H. Nagakura, Prospects of fast flavor
neutrino conversion in rotating core-collapse supernovae,
Astrophys. J. 924, 109 (2022).

[44] B. Dasgupta, Collective Neutrino Flavor Instability Re-
quires a Crossing, Phys. Rev. Lett. 128, 081102 (2022).

COLLISIONAL INSTABILITIES OF NEUTRINOS AND THEIR … PHYS. REV. D 106, 103029 (2022)

103029-11

https://doi.org/10.1103/PhysRevD.98.103001
https://doi.org/10.1103/PhysRevD.97.023017
https://doi.org/10.1103/PhysRevD.97.023017
https://doi.org/10.1088/1475-7516/2018/12/019
https://doi.org/10.1088/1475-7516/2018/12/019
https://doi.org/10.1103/PhysRevD.98.043014
https://doi.org/10.1103/PhysRevD.98.043014
https://doi.org/10.1016/j.physletb.2019.02.002
https://doi.org/10.1016/j.physletb.2019.02.002
https://doi.org/10.1088/1475-7516/2019/09/002
https://doi.org/10.1088/1475-7516/2019/09/002
https://doi.org/10.1103/PhysRevD.99.063005
https://doi.org/10.1103/PhysRevD.99.063005
https://doi.org/10.1103/PhysRevD.100.043004
https://doi.org/10.1103/PhysRevD.100.043004
https://doi.org/10.1103/PhysRevD.99.103011
https://doi.org/10.3847/1538-4357/ab4cf2
https://doi.org/10.1088/1475-7516/2020/01/005
https://doi.org/10.1088/1475-7516/2020/01/005
https://doi.org/10.1016/j.physletb.2019.135088
https://doi.org/10.1016/j.physletb.2019.135088
https://doi.org/10.1103/PhysRevD.101.043009
https://doi.org/10.1103/PhysRevD.102.103017
https://doi.org/10.1103/PhysRevD.102.103017
https://doi.org/10.1103/PhysRevD.102.063018
https://doi.org/10.1088/1475-7516/2020/05/027
https://doi.org/10.1088/1475-7516/2020/05/027
https://doi.org/10.1088/1475-7516/2020/06/048
https://doi.org/10.1088/1475-7516/2020/06/048
https://doi.org/10.1103/PhysRevLett.125.251801
https://doi.org/10.3847/1538-4357/abac5e
https://doi.org/10.1088/1475-7516/2021/01/014
https://doi.org/10.1103/PhysRevLett.126.061302
https://doi.org/10.1103/PhysRevLett.126.061302
https://doi.org/10.1103/PhysRevResearch.2.012046
https://doi.org/10.1103/PhysRevD.101.063001
https://doi.org/10.1103/PhysRevD.101.043016
https://doi.org/10.1103/PhysRevD.101.043016
https://doi.org/10.1088/1475-7516/2021/01/017
https://doi.org/10.1088/1475-7516/2021/01/017
https://doi.org/10.1103/PhysRevD.102.103015
https://doi.org/10.1103/PhysRevD.102.103015
https://doi.org/10.1103/PhysRevD.103.123012
https://doi.org/10.1103/PhysRevD.103.123012
https://doi.org/10.1103/PhysRevD.103.123025
https://doi.org/10.1103/PhysRevD.104.063014
https://doi.org/10.1103/PhysRevD.104.063014
https://doi.org/10.1103/PhysRevD.104.083025
https://doi.org/10.1103/PhysRevLett.128.121102
https://doi.org/10.1103/PhysRevD.106.043022
https://doi.org/10.1088/1475-7516/2022/03/051
https://doi.org/10.3847/1538-4357/ac38a0
https://doi.org/10.1103/PhysRevLett.128.081102


[45] F. Capozzi, B. Dasgupta, A. Mirizzi, M. Sen, and G. Sigl,
Collisional Triggering of Fast Flavor Conversions of Super-
nova Neutrinos, Phys. Rev. Lett. 122, 091101 (2019).

[46] S. Shalgar and I. Tamborra, On the occurrence of crossings
between the angular distributions of electron neutrinos and
antineutrinos in the supernova core, Astrophys. J. 883, 80
(2019).

[47] J. D. Martin, J. Carlson, V. Cirigliano, and H. Duan, Fast
flavor oscillations in dense neutrino media with collisions,
Phys. Rev. D 103, 063001 (2021).

[48] G. Sigl, Simulations of fast neutrino flavor conversions with
interactions in inhomogeneous media, Phys. Rev. D 105,
043005 (2022).

[49] S. Shalgar and I. Tamborra, Change of direction in pairwise
neutrino conversion physics: The effect of collisions, Phys.
Rev. D 103, 063002 (2021).

[50] C. Kato, H. Nagakura, and T. Morinaga, Neutrino transport
with the Monte Carlo method. II. Quantum kinetic equa-
tions, Astrophys. J. Suppl. Ser. 257, 55 (2021).

[51] H. Sasaki and T. Takiwaki, Dynamics of fast neutrino flavor
conversions with scattering effects: A detailed analysis,
Prog. Theor. Exp. Phys. 2022, 073E01 (2022).

[52] R. S. L. Hansen, S. Shalgar, and I. Tamborra, Collisional
dilemma: Enhancement or damping of fast flavor conver-
sion of neutrinos, Phys. Rev. D 105, 123003 (2022).

[53] L. Johns and H. Nagakura, Self-consistency in models of
neutrino scattering and fast flavor conversion, Phys. Rev. D
106, 043031 (2022).

[54] S. Shalgar and I. Tamborra, Supernova neutrino decoupling
is altered by flavor conversion (2022).

[55] S. Shalgar and I. Tamborra, Neutrino flavor conversion,
advection, and collisions: The full solution (2022).

[56] C. Kato and H. Nagakura, Effects of energy-dependent
scatterings on fast neutrino flavor conversions (2022).

[57] L. Stodolsky, Treatment of neutrino oscillations in a thermal
environment, Phys. Rev. D 36, 2273 (1987).

[58] M. J. Savage, R. A. Malaney, and G. M. Fuller, Neutrino
oscillations and the leptonic charge of the universe, As-
trophys. J. 368, 1 (1991).

[59] G. Sigl and G. Raffelt, General kinetic description of
relativistic mixed neutrinos, Nucl. Phys. B406, 423 (1993).

[60] B. H. J. McKellar and M. J. Thomson, Oscillating neutrinos
in the early universe, Phys. Rev. D 49, 2710 (1994).

[61] N. F. Bell, R. Sawyer, and R. R. Volkas, Synchronisation
and msw sharpening of neutrinos propagating in a flavour
blind medium, Phys. Lett. B 500, 16 (2001).

[62] C. Lunardini and A. Y. Smirnov, High-energy neutrino
conversion and the lepton asymmetry in the universe, Phys.
Rev. D 64, 073006 (2001).

[63] A. D. Dolgov, S. H. Hansen, S. Pastor, S. T. Petcov, G. G.
Raffelt, and D. V. Semikoz, Cosmological bounds on
neutrino degeneracy improved by flavor oscillations, Nucl.
Phys. B632, 363 (2002).

[64] K. N. Abazajian, J. F. Beacom, and N. F. Bell, Stringent
constraints on cosmological neutrino-antineutrino asymme-
tries from synchronized flavor transformation, Phys. Rev. D
66, 013008 (2002).

[65] Y. Y. Y. Wong, Analytical treatment of neutrino asymmetry
equilibration from flavor oscillations in the early universe,
Phys. Rev. D 66, 025015 (2002).

[66] G. Mangano, G. Miele, S. Pastor, and M. Peloso, A
precision calculation of the effective number of cosmologi-
cal neutrinos, Phys. Lett. B 534, 8 (2002).

[67] G. Mangano, G. Miele, S. Pastor, T. Pinto, O. Pisanti, and
P. D. Serpico, Relic neutrino decoupling including flavour
oscillations, Nucl. Phys. B729, 221 (2005).

[68] P. Strack and A. Burrows, Generalized Boltzmann formal-
ism for oscillating neutrinos, Phys. Rev. D 71, 093004
(2005).

[69] S. Pastor, T. Pinto, and G. G. Raffelt, Relic Density of
Neutrinos with Primordial Asymmetries, Phys. Rev. Lett.
102, 241302 (2009).

[70] J. Gava and C. Volpe, Cp violation effects on the neutrino
degeneracy parameters in the early universe, Nucl. Phys.
B837, 50 (2010).

[71] G. Mangano, G. Miele, S. Pastor, O. Pisanti, and S. Sarikas,
Constraining the cosmic radiation density due to lepton
number with big bang nucleosynthesis, J. Cosmol. Astro-
part. Phys. 03 (2011) 035.

[72] G. Mangano, G. Miele, S. Pastor, O. Pisanti, and S. Sarikas,
Updated fBBNg bounds on the cosmological lepton asym-
metry for non-zero, Phys. Lett. B 708, 1 (2012).

[73] E. Castorina, U. Franca, M. Lattanzi, J. Lesgourgues, G.
Mangano, A. Melchiorri, and S. Pastor, Cosmological
lepton asymmetry with a nonzero mixing angle θ13, Phys.
Rev. D 86, 023517 (2012).

[74] J. F. Cherry, J. Carlson, A. Friedland, G. M. Fuller, and A.
Vlasenko, Neutrino Scattering and Flavor Transformation in
Supernovae, Phys. Rev. Lett. 108, 261104 (2012).

[75] S. Sarikas, I. Tamborra, G. Raffelt, L. Hüdepohl, and H.-T.
Janka, Supernova neutrino halo and the suppression
of self-induced flavor conversion, Phys. Rev. D 85,
113007 (2012).

[76] A. Vlasenko, G. M. Fuller, and V. Cirigliano, Neutrino
quantum kinetics, Phys. Rev. D 89, 105004 (2014).

[77] C. Volpe, Neutrino quantum kinetic equations, Int. J. Mod.
Phys. E 24, 1541009 (2015).

[78] A. Kartavtsev, G. Raffelt, and H. Vogel, Neutrino propa-
gation in media: Flavor, helicity, and pair correlations, Phys.
Rev. D 91, 125020 (2015).

[79] D. N. Blaschke and V. Cirigliano, Neutrino quantum kinetic
equations: The collision term, Phys. Rev. D 94, 033009
(2016).

[80] E. Grohs, G. M. Fuller, C. T. Kishimoto, M.W. Paris, and A.
Vlasenko, Neutrino energy transport in weak decoupling
and big bang nucleosynthesis, Phys. Rev. D 93, 083522
(2016).

[81] E. Grohs, G. M. Fuller, C. T. Kishimoto, and M.W.
Paris, Lepton asymmetry, neutrino spectral distortions,
and big bang nucleosynthesis, Phys. Rev. D 95, 063503
(2017).

[82] G. Barenboim, W. H. Kinney, and W.-I. Park, Resurrection
of large lepton number asymmetries from neutrino flavor
oscillations, Phys. Rev. D 95, 043506 (2017).

LUCAS JOHNS and ZEWEI XIONG PHYS. REV. D 106, 103029 (2022)

103029-12

https://doi.org/10.1103/PhysRevLett.122.091101
https://doi.org/10.3847/1538-4357/ab38ba
https://doi.org/10.3847/1538-4357/ab38ba
https://doi.org/10.1103/PhysRevD.103.063001
https://doi.org/10.1103/PhysRevD.105.043005
https://doi.org/10.1103/PhysRevD.105.043005
https://doi.org/10.1103/PhysRevD.103.063002
https://doi.org/10.1103/PhysRevD.103.063002
https://doi.org/10.3847/1538-4365/ac2aa4
https://doi.org/10.1093/ptep/ptac082
https://doi.org/10.1103/PhysRevD.105.123003
https://doi.org/10.1103/PhysRevD.106.043031
https://doi.org/10.1103/PhysRevD.106.043031
https://doi.org/10.1103/PhysRevD.36.2273
https://doi.org/10.1086/169665
https://doi.org/10.1086/169665
https://doi.org/10.1016/0550-3213(93)90175-O
https://doi.org/10.1103/PhysRevD.49.2710
https://doi.org/10.1016/S0370-2693(01)00050-8
https://doi.org/10.1103/PhysRevD.64.073006
https://doi.org/10.1103/PhysRevD.64.073006
https://doi.org/10.1016/S0550-3213(02)00274-2
https://doi.org/10.1016/S0550-3213(02)00274-2
https://doi.org/10.1103/PhysRevD.66.013008
https://doi.org/10.1103/PhysRevD.66.013008
https://doi.org/10.1103/PhysRevD.66.025015
https://doi.org/10.1016/S0370-2693(02)01622-2
https://doi.org/10.1016/j.nuclphysb.2005.09.041
https://doi.org/10.1103/PhysRevD.71.093004
https://doi.org/10.1103/PhysRevD.71.093004
https://doi.org/10.1103/PhysRevLett.102.241302
https://doi.org/10.1103/PhysRevLett.102.241302
https://doi.org/10.1016/j.nuclphysb.2010.04.024
https://doi.org/10.1016/j.nuclphysb.2010.04.024
https://doi.org/10.1088/1475-7516/2011/03/035
https://doi.org/10.1088/1475-7516/2011/03/035
https://doi.org/10.1016/j.physletb.2012.01.015
https://doi.org/10.1103/PhysRevD.86.023517
https://doi.org/10.1103/PhysRevD.86.023517
https://doi.org/10.1103/PhysRevLett.108.261104
https://doi.org/10.1103/PhysRevD.85.113007
https://doi.org/10.1103/PhysRevD.85.113007
https://doi.org/10.1103/PhysRevD.89.105004
https://doi.org/10.1142/S0218301315410098
https://doi.org/10.1142/S0218301315410098
https://doi.org/10.1103/PhysRevD.91.125020
https://doi.org/10.1103/PhysRevD.91.125020
https://doi.org/10.1103/PhysRevD.94.033009
https://doi.org/10.1103/PhysRevD.94.033009
https://doi.org/10.1103/PhysRevD.93.083522
https://doi.org/10.1103/PhysRevD.93.083522
https://doi.org/10.1103/PhysRevD.95.063503
https://doi.org/10.1103/PhysRevD.95.063503
https://doi.org/10.1103/PhysRevD.95.043506


[83] L. Johns, M. Mina, V. Cirigliano, M.W. Paris, and G. M.
Fuller, Neutrino flavor transformation in the lepton-
asymmetric universe, Phys. Rev. D 94, 083505 (2016).

[84] L. Johns and G. M. Fuller, Strange mechanics of the
neutrino flavor pendulum, Phys. Rev. D 97, 023020 (2018).

[85] V. Cirigliano, M. Paris, and S. Shalgar, Collective neutrino
oscillations with the halo effect in single-angle approxima-
tion, J. Cosmol. Astropart. Phys. 11 (2018) 019.

[86] S. A. Richers, G. C. McLaughlin, J. P. Kneller, and A.
Vlasenko, Neutrino quantum kinetics in compact objects,
Phys. Rev. D 99, 123014 (2019).

[87] J. F. Cherry, G. M. Fuller, S. Horiuchi, K. Kotake, T.
Takiwaki, and T. Fischer, Time of flight and supernova
progenitor effects on the neutrino halo, Phys. Rev. D 102,
023022 (2020).

[88] J. Froustey and C. Pitrou, Primordial neutrino asymmetry
evolution with full mean-field effects and collisions, J.
Cosmol. Astropart. Phys. 03 (2022) 065.

[89] L. Johns, Collisional flavor instabilities of supernova
neutrinos, arXiv:2104.11369.

[90] A. Esteban-Pretel, A. Mirizzi, S. Pastor, R. Tomàs, G. G.
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