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Fast pairwise conversions of neutrinos may affect the flavor distribution in the core of neutrino-dense
sources. We explore the interplay between collisions and fast conversions within a simplified framework
that assumes angle-independent, direction-changing collisions in a neutrino gas that has no spatial
inhomogeneity. Counter to expectations, we find that collisions may enhance fast flavor conversions
instead of damping them. Our work highlights the need to take into account the feedback of collisions on
the neutrino angular distributions self-consistently, in order to predict the flavor outcome in the context of
fast pairwise conversions reliably.
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I. INTRODUCTION

Neutrino flavor evolution in dense media, such as core-
collapse supernovae, compact binary mergers, and the early
universe, is one of the most fascinating macroscopic
quantum mechanical phenomena far from being under-
stood [1–3]. In particular, one of the least explored topics in
the context of neutrino mixing concerns the interplay
between neutrino flavor conversions and scatterings.
The coherent forward scattering of neutrinos with the

matter background can lead to a resonant enhancement of
neutrino flavor conversions as first pointed out by Mikheev,
Smirnov, and Wolfenstein [4–6]. Similarly, the flavor
conversion history can be affected by the nonlinear feed-
back induced by the forward scattering of neutrinos among
themselves [1,2,7–10].
The possibility that the flavor evolution history may be

affected by residual collisions with the background medium
was discussed in Refs. [11–13]. It was pointed out that the
random scattering of neutrinos on a stochastic background
medium, in the case of a high collision strength, could
destroy coherence in the flavor evolution; in this case, the
impact of collisions is dictated by the damping rate that
measures the degree at which the coherent development of
the neutrino wave function is halted by collisions. The final
flavor outcome is then connected to the relative ratio
between the effective neutrino conversion rate and the
collisional rate.
The role of collisions has been widely investigated in the

early universe, where it has been found that collisions play
a vital role in the development of flavor asymmetries that,

in turn, are essential to the flavor evolution. Collisions are
taken into account in the early universe by using the
Boltzmann statistics for neutrinos [14–17], along with a
damping approximation for the off-diagonal terms of the
density matrices [18]. Collisions may lead to spectral
distortions of the neutrino energy distributions which, in
turn, may affect the relic density of neutrinos [19].
In the context of core-collapse supernovae, the neutrino

mixing between active flavors has been considered to
happen at relatively low densities, when neutrinos are in
the free streaming regime, and collisions were deemed to
play a negligible role in the context of ν–ν interactions
[20–23]. However, Ref. [24] pointed out that, despite the
fact that only a small fraction of neutrinos undergoes
direction-changing scattering in the free streaming regime,
this may still impact the overall flavor outcome; neutrinos
occasionally scattering on the matter envelope could
broaden their angular distribution with respect to the one
usually assumed by considering neutrinos streaming out of
the supernova core (the so-called “neutrino halo”). The
neutrino halo was found to dominate ν–ν refraction at
distances larger than Oð100Þ km from the core [24]. By
employing the linear stability analysis, Ref. [25] concluded
that multiangle matter suppression [26] of neutrino self-
interactions still holds in the presence of the neutrino halo.
Several other attempts of understanding the role of the
neutrino halo in the context of flavor conversions involve
various degrees of approximation [27–30]; hence, to date, a
self-consistent assessment of the role of the neutrino halo in
the flavor mixing is lacking.
More recently, it has been pointed out that flavor

mixing can also occur at much higher densities because
of pairwise neutrino scattering, leading to fast conversions
[3,31–35]. One of the conditions identified as responsible
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for triggering fast pairwise conversions is the presence of
an effective crossing between the angular distributions of νe
and ν̄e (ELN crossing) [35–38].
The sensitivity of pairwise conversions to the exact shape

of the angular distributions suggests that collisions may
play a fundamental role in preparing the neutrino gas before
fast pairwise conversions. In fact, in the supernova core, the
matter density is so large that neutrinos are trapped and
their angular distribution is isotropic. As the radius
increases and the matter density falls, first the angular
distribution of nonelectron type neutrinos starts becoming
forward peaked, followed by the one of electron antineu-
trinos and neutrinos [39,40]. By exploring the conditions
under which ELN crossings form because of collisions, it
was found that they tend to occur when the number density
of νe approaches the one of ν̄e: nνe=nν̄e ≃ 1 [41]. Hence, as
the angular distribution of neutrinos starts becoming for-
ward peaked, ELN crossings arise [40–52].
The rate of fast neutrino conversions is proportional to

μ ¼ ffiffiffi
2

p
GFnν, with GF being the Fermi constant and nν the

total (anti)neutrino density. Throughout this paper, we use
μ ¼ 105 km−1, hence the growth rate of the flavor instability
associated to fast flavor conversions is Oð102–103Þ km−1,
while the collision strength is Oð0.1–1Þ km−1. Given the
clear hierarchy among characteristic scales, naively one
would not expect collisions to have any impact on flavor
evolution, but as we will see our results contradict such
expectations. The potential relevance of collisions in this
context was discussed in Ref. [53] where, by employing a
one-dimensional model with two momentum modes, it was
shown that collisions create favorable conditions for flavor
conversions to be triggered.
In this paper, we focus on the high density region, e.g.,

correspondent to the core of supernovae or compact binary
mergers, and by employing a simple benchmark model
explore the role of collisions on the flavor mixing. Given
the major challenges induced by a self-consistent imple-
mentation of the flavor mixing in the presence of collisions,
we adopt a very simple framework with the direction-
changing collisional term having the same intensity for all
neutrino momenta. We assume three different angular
distributions and then explore how they are modified by
the interplay between collisions and flavor mixing.
However, we do not let collisions shape the flavor dis-
tributions, given the simplified treatment of our collisional
term. Our goal is not to make self-consistent predictions of
the flavor mixing in the presence of collisions, but to
explore the new effects in the flavor mixing phenomenol-
ogy determined by collisions.
This paper is organized as follows. In Sec. II, we

introduce the physics of fast neutrino conversions and
motivate the setup adopted for our initial conditions. In
Sec. III we present our simplified implementation of the
scatterings of neutrinos with nucleons. The interplay
between collisions and flavor conversions is explored in

Sec. IV when the collisional term for neutrinos is identical
to the one of antineutrinos and when they differ from each
other. In Sec. V, we discuss and summarize our findings.

II. NEUTRINO EQUATIONS OF MOTION

We can represent the neutrino field in terms of Wigner
transformed density matrices, which we denote by ρ (or ρ̄
for antineutrinos). The flavor evolution can be schemati-
cally expressed as follows:

� ∂
∂tþ v⃗ ·∇

�
ρðp⃗Þ ¼ −i½Hðp⃗Þ; ρðp⃗Þ� þ C½ρ; ρ̄�; ð1Þ

� ∂
∂tþ v⃗ ·∇

�
ρ̄ðp⃗Þ ¼ −i½H̄ðp⃗Þ; ρ̄ðp⃗Þ� þ C̄½ρ; ρ̄�: ð2Þ

The Hamiltonian includes the vacuum term and the con-
tribution due to the coherent forward scattering, while C
and C̄ represent the collision term due to the incoherent part
of the scattering, which is discussed in Sec. III. The left-
hand side of Eqs. (1) and (2) is the covariant derivative
which includes the explicit time evolution as well as the
advective term. Moreover, we neglect neutrino advection in
Eqs. (1) and (2); this implies that we are considering a
system in which the spatial derivatives vanish, although it
has been shown that neutrino advection may smear the
ELN crossings hindering the development of flavor con-
versions [54].
In most studies on neutrino mixing in dense media,

simplifications have to be made in order to make the
problem computationally feasible, see Refs. [1,2] for
reviews on the topic. For ultrarelativistic neutrinos with
momentum p⃗, the Hamiltonian consists of three terms

Hðp⃗Þ ¼ Hvac þHmat þHνν ð3Þ

H̄ðp⃗Þ ¼ −Hvac þHmat þHνν; ð4Þ

the vacuum term (which has opposite sign for neutrinos and
antineutrinos) and the contribution from coherent forward
scattering terms with the matter and neutrino backgrounds.
The three terms of the Hamiltonian are defined as follows

Hvac ¼
ω

2

�− cos 2θV sin 2θV
sin 2θV cos 2θV

�
ð5Þ

Hmat ¼
� ffiffiffi

2
p

GFne 0

0 0

�
ð6Þ

Hνν ¼ μ

Z
d3p0

h
ρðp0!Þ − ρ̄ðp0!Þ

i
ð1 − v⃗ · v0

!Þ; ð7Þ

where, ω ¼ Δm2

2E is the vacuum frequency, with Δm2

corresponding to the neutrino mass difference and E the
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neutrino energy, θV is the vacuum mixing angle, ne is
the electron number density, μ ¼ ffiffiffi

2
p

GFnνe is the self-
interaction potential, and v⃗ ¼ p⃗=jp⃗j.
In what follows, for simplicity, we ignore the matter term

in theHamiltonian,Hmat, as it only plays the role of reducing
the magnitude of the effective mixing angle; however, we set
θV ¼ 10−6 to take into account the effective mixing sup-
pression due to matter [26]. Throughout the paper, we
assume μ ¼ 105 km−1.
The neutrino flavor conversion phenomenology due to

ν–ν interactions can be broadly divided into two types:
slow and fast neutrino conversions. Slow conversions are
expected to occur at smaller neutrino densities than fast
conversions and depend on the interplay between ω and μ
[1,2]. Fast pairwise conversions should instead occur at
very large neutrino densities and are driven by μ; in
principle, fast conversions occur for ω ¼ 0 in the presence
of other perturbations that can trigger flavor mixing,
although ω is known to affect the development of flavor
conversions in the nonlinear regime [3,35,55–59].
In what follows, we also assume axial symmetry and

track the flavor evolution in the two flavor basis spanned by
ðνe; νxÞ with x ¼ μ, τ. We consider three illustrative sets of
angular distributions for neutrinos and antineutrinos moti-
vated by the conditions occurring near the decoupling
region: Cases A, B, and C. All three cases have an isotropic
distribution for νe’s, and different shapes for ν̄e:

ρee;Case Aðcos θÞ ¼ 0.5

ρ̄ee;Case A ¼ 0.47þ 0.05 exp ð−ðcos θ − 1Þ2Þ ð8aÞ

ρee;Case Bðcos θÞ ¼ 0.5

ρ̄ee;Case B ¼ 0.47þ 0.05 exp ð−2ðcos θ − 1Þ2Þ ð8bÞ

ρee;Case Cðcos θÞ ¼ 0.5

ρ̄ee;Case C ¼
�
0.45 for cos θ < 0.5

0.55 otherwise;
ð8cÞ

the nonelectron neutrinos are generated through flavor
mixing only. Cases A, B, and C are represented in Fig. 1.

III. COLLISION TERM

Collisions are taken into account in Eqs. (1) and (2)
through the terms depending on C and C̄. If collisions of
neutrinos on nucleons are flavor blind, their main effect is
to modify the momentum of neutrinos (both in direction
and magnitude). When collisions are flavor dependent, they
also have the effect of modifying the flavor ratio. In this
work, for the sake of simplicity, we focus on collisions that
are flavor blind and assume that collisions can only change
the neutrino direction and not the energy. This is a valid
approximation in the limit of small neutrino energy
compared to the nucleon mass.

Our collision term is thus solely determined by the
probability of a neutrino traveling in one direction and then
changing direction, while maintaining the phase informa-
tion. For each given angle bin, there is a finite probability
that neutrinos will be scattered out of that angle bin, and a
finite probability that neutrinos traveling in another direc-
tion will be scattered into that angle bin. These two effects
are encoded in C and C̄ through the “loss” and “gain” terms.
We also further simplify the system, by assuming mono-
energetic neutrinos. This means that Eqs. (1) and (2) can be
written as

dρðcos θÞ
dt

¼ −
Z

1

−1
Clossρðcos θÞd cos θ0

þ
Z

1

−1
Cgainρðcos θ0Þd cos θ0

− i½Hðcos θÞ; ρðcos θÞ�;
dρ̄ðcos θÞ

dt
¼ −

Z
1

−1
C̄lossρ̄ðcos θÞd cos θ0

þ
Z

1

−1
C̄gainρ̄ðcos θ0Þd cos θ0

− i½H̄ðcos θÞ; ρðcos θÞ�: ð9Þ

The characteristic length scales associated to collisions are
ClossðC̄lossÞ and CgainðC̄gainÞ, which are equal in this paper for
simplicity; thus, we assume that the number of neutrinos
and antineutrinos is conserved and

R
dρ=dtd cos θ ¼R

dρ̄=dtd cos θ ¼ 0. The term
R
ClossðC̄lossÞd cos θ0 ¼

2Clossð2C̄lossÞ denotes the inverse of the mean-free-path.
In what follows, we indicate C ¼ 2Closs ¼ 2Cgain and C̄ ¼
2C̄loss ¼ 2C̄gain for neutrinos and antineutrinos, respec-
tively. In addition, although we impose the conservation

FIG. 1. Angular distributions of νe and ν̄e as functions of cos θ
adopted as inputs for our simulations. Three different configu-
rations are explored (Cases A, B, and C); the νe angular
distribution for neutrinos is the same for all three Cases and is
shown by the black solid line, the angular distributions of ν̄e are
different for each Case and are defined in Eq. (8a)–(8c).
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of total number density, Eqs. (9) are not unitary for any
given angle, if C ≠ 0.
It should be noted that the first term on the right-hand

side of Eq. (9) is an integration that can be performed
trivially as the integrand is independent of cos θ0, but we
write it in this form for two reasons: First, it lets us write the
equations of motions such that the equality between Closs
and Cgain implies particle number density conservation.
Second, explicitly performing this trivial integration
numerically in the simulations aids the numerical stability

of the code by introducing the same magnitude or number
error in the loss and the gain term.

IV. IMPACT OF COLLISIONS ON FAST
PAIRWISE CONVERSIONS

The numerical evolution of the neutrino flavor field is
challenging in the case of fast pairwise conversions, as in
most cases the angular distribution of neutrinos acquires
finer structures as time increases. For all our results,

FIG. 2. Left: angle-averaged flavor transition probability for the three Cases described in Eqs. (8a)–(8c) for E ¼ 50 MeV and
Δm2 ¼ 2.5 × 10−6 eV2, and C ¼ C̄. Right: initial and final (t ¼ 2 × 10−5 s) angular distributions for C ¼ C̄ ¼ 1.0 km−1. As the
collision strength increases, flavor conversions are enhanced and a sharp feature appears in the angular distributions of νe ’s and ν̄e’s.
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we use 2000 angle bins, which we have verified that are
sufficient to achieve numerical convergence for the tem-
poral range presented in this work. In the following, we first
discuss the interplay between collisions and flavor con-
versions for the same collision strength between neutrinos
and antineutrinos and then explore the case when the
neutrino collision strength is different from the one of
antineutrinos.

A. Identical collision strength for neutrinos
and antineutrinos

Reference [59] has shown that flavor conversions can be
affected by the vacuum term, especially in the nonlinear
regime. In this case, finer and less regular structures appear
in the angular distributions. Hence, in the numerical results
reported below, we fix Δm2 ¼ 2.5 × 10−6 eV2, which is
much smaller than the real value of Δm2, in order to
preserve the periodic structure of flavor mixing [59]. We
also assume E ¼ 50 MeV, i.e., ω ¼ 1.27 × 10−4 km−1.
The simplest case for which we can study the effect of

collisions is for C ¼ C̄. It should be noted that this is not
self-consistent with the initial angular distributions of νe
and ν̄e, i.e., the fact that the ν̄e angular distribution is
forward peaked while the νe one is isotropic implies that the
collision term for neutrinos is larger than the one for

antineutrinos. However, this benchmark case with C ¼ C̄
helps to gain intuition on the interplay between flavor
conversions and collisions.
In order to gauge the amount of flavor mixing, we

introduce the flavor transition probability averaged over the
angles:

hPexiðtÞ¼ 1−
R
ρeeðθ; tÞdcosθ−

R
ρxxðθ;0ÞdcosθR

ρeeðθ;0Þdcosθ−
R
ρxxðθ;0Þdcosθ

: ð10Þ

The left panels of Fig. 2 show the temporal evolution of
hPexi for Cases A, B, and C from top to bottom, and for
C ¼ C̄ ¼ 0, 0.1, and 1 km−1. One can clearly see that, for
Cases A and B, the inclusion of the collision term enhances
flavor conversions beyond the maximum value that is
otherwise reached in the absence of collisions; however
the collision strength is so weak that it does not affect the
onset of the non-linear regime. The enhancement of the
flavor conversion probability, mostly prominent in Cases A
and B, is due to the fact that collisions reshuffle the neutrino
densities across angular modes, creating a configuration
prone to larger flavor mixing. The right panels of Fig. 2
show the initial (t ¼ 0 s) and final (t ¼ 2 × 10−5 s) angular
distributions, and one can see that the final angular
distribution is such that it shows a sharp drop in the same

FIG. 3. Angular distributions of νe and ν̄e at four representative times for Case A and C ¼ C̄ ¼ 1.0 km−1. All the other parameters are
same as the ones used in Fig. 2.
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angular region where the initial flavor distribution has an
ELN crossing. Case C has a slightly different behavior, in
the sense that the flavor conversion probability reaches an
asymptotic value that is lower than the maximum allowed
value that can be reached in the absence of collisions (see
bottom left panel), but the time-averaged flavor conversion
probability still shows a marginal enhancement. This
should be considered as an example of the fact that
collisions do not always enhance conversions, but the final
outcome depends on the subtle interplay between collisions
and neutrino mixing. Moreover, as the strength of collisions

increases to very large values (larger than the ones shown in
Fig. 2), the ELN crossings are erased before flavor
conversions set in.
The trend displayed in Fig. 2 can be better grasped by

looking at the snapshots of the temporal evolution for Case
A in Fig. 3 and the animations provided as Supplemental
Material [60]; the latter show the temporal evolution of the
νe and ν̄e angular distributions is shown together with the

temporal evolution of the polarization vectors, P⃗ and ⃗P̄
defined as

FIG. 4. Same as Fig. 2 but for Δm2 ¼ 2.5 × 10−3 eV2. The increase in Δm2 is responsible for the appearance of small scale structures
in the transition probability as well as in the angular distributions.

SHASHANK SHALGAR and IRENE TAMBORRA PHYS. REV. D 103, 063002 (2021)

063002-6



Pa ¼ TrðρσaÞ and P̄a ¼ Trðρ̄σaÞ; ð11Þ

where a ¼ x, y, z and σa are the Pauli matrices. From the
movies, we can see that we start with the polarization
vectors of neutrinos and antineutrinos that are aligned to the
z direction; however, while in the absence of collisions they
would keep precessing around the z axis [59], collisions are
responsible for pushing the polarization vectors away from
their original direction. The temporal evolution is such that
the polarization vectors (and the angular distributions) do
not go back to their original configurations, as it would
happen in the absence of collisions.

At first, because of collisions, the difference between the
νe and ν̄e distributions tends to decrease and the two
distributions tend to become similar to each other. This, in
turn, is responsible for creating conditions that trigger fast
pairwise conversions and the system tends to evolve toward
a configuration where the two angular distributions are
similar to each other, while developing a sharp feature
in the angular distributions that is similar to the spectral
split found in the energy distributions for slow ν–ν
conversions [61–63].
In other words, in the absence of collisions, the total

neutrino number density at each angle is conserved, but the

FIG. 5. Same as Fig. 2 but for C ¼ 2C̄. The different collision term for neutrinos and antineutrinos fosters the development of a second
sharp feature in the angular distributions (see Fig. 2 for comparison) as well as an enhancement of flavor mixing.
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inclusion of collisions lifts this restriction. This allows for a
relaxation of the system to a natural steady-state, if it exists.
The limit of small vacuum frequency is useful to study

due to the lack of small scale angular or temporal structures.
However, it is far from what one would expect in a realistic
scenario. One of the key effects of a realistic value of the
vacuum frequency is the emergence of small scale angular
structures [59]. This is clearly evident in Fig. 4, where
Δm2 ¼ 2.5 × 10−3 eV2 (ω ¼ 0.127 km−1) makes the pic-
ture more complex. However, the overall tendency of the
system to achieve more flavor conversions in the presence
of collisions remains. Similar to Fig. 2, the enhancement of
flavor conversions in Fig. 4 is much more noticeable in
Cases A and B, as opposed Case C. In fact, for Case C,
significant flavor conversion is possible even in the absence
of collisions. This leaves less scope for collisions to
enhance flavor conversions.

B. Different collision strength for neutrinos
and antineutrinos

The study of flavor evolution for C ¼ C̄ is illuminating,
but it is not expected to be present in a real astrophysical
scenario, where C > C̄. Figure 5 is the analogous of Fig. 2
but for C ¼ 2C̄. The different collision strength for neu-
trinos and antineutrinos further enhances the transition
probability, but the overall physics picture is unchanged.
Intriguingly, the different collisional strength between
neutrinos and antineutrinos is responsible for the develop-
ment of a second sharp feature in the angular distributions
at t ¼ 2 × 10−5 s (see right panels of Fig. 5), in addition to
the one developing in correspondence of the initial ELN
crossing as also discussed in Fig. 2.
A trend is seen in all the results presented in this paper. In

the collective regime, all (anti)neutrino momentum modes
evolve in sync in the absence of collisions. Collisions break
the collectiveness of the evolution and, as more avenues
for breaking the collective behavior are included, there
is an enhancement in the conversion probability of neu-
trinos. This is also evident in the animations of the evolu-
tion of the polarization vectors provided as Supplemental
Material [60].

V. DISCUSSION AND OUTLOOK

In this work, we explore the interplay between fast
pairwise conversions and collisions. Ours is among the first
attempts to explore the intricate feedback of collisions on
the fast flavor conversion physics and the related dynamical
change of the (anti)neutrino angular distributions due to
collisions. As such, there are several limitations in our
approach. Some are inherent to the formalism used in this
paper, while others are deliberate simplifications which are
instrumental to ensure that our results are not cluttered by
too many variables.

We focus on the simplest possible scenario which
consists of an angle-independent collision term, whose
main function is to change the (anti)neutrino direction, and
treat the strength of the collision term and the shape of the
angular distribution as independent of each other. This
assumption is made for purely pedagogical purposes and
can be easily relaxed by promoting the collision term
anticommutator as shown in [20,23,64,65].
We assume that the neutrino number density is conserved

by the collision term. This is true only in the case of elastic
scattering of neutrinos, but collisions may also absorb or
emit neutrinos, most notably though beta and inverse beta
reactions [66]. Moreover, we do not let collisions set the
initial angular distributions, which is an approximation
since the angular distributions of neutrinos are shaped by
the collision term, probably simultaneously to the develop-
ment of flavor conversions. However, including this feed-
back self-consistently in the calculations increases the
computational complexity of the problem dramatically,
while our focus is to consider the simplest possible setup
to explore the phenomenology of this interplay.
The feedback effect of collisions on the angular distri-

butions is not as simple as one might imagine at first.
Within our simplified setup, we show that the neutrino
flavor evolution is significantly affected by the collision
term, and fast conversions can be enhanced in the presence
of collisions, contrary to naive expectations.
When the collision strength is much larger than what we

have considered in Sec. IV, the ELN crossings can be erased
before the system reaches the nonlinear regime. Whether
this happens or not depends on the value of the initial
perturbation that is provided by the vacuum frequency. As
shown in Fig. 6, collisions damp flavor conversions for
Δm2 ¼ 2.5 × 10−6 eV2, but the suppression is less effective
forΔm2 ¼ 2.5 × 10−3 eV2. The different trend is due to the
difference in the time required for the system to approach the

FIG. 6. Evolution of the angle-averaged flavor transition
probability as a function of time for C ¼ C̄ ¼ 10 km−1. A
spurious dependence on the initial conditions occurs in the limit
of large collision strength.
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nonlinear regime. In this case, the collision strength is such
that the onset time of the nonlinear regime depends on CðC̄Þ.
We restrict our analysis to the single energy case.

However, we have verified that, even in the case of a
multienergy spectrum, the effect of collisions is qualitatively
similar to the single-energy scenario. This is consistent with
the results reported in the literature for fast flavor con-
versions [59]. The relaxation of this assumption leads to the
possibility of energy changing collisions, which can be
incorporated in our formalism. Another possibility that
arises in a multienergy system is the one of a collision term
that is energy preserving, but has a strength that depends on
energy. The latter can be easily implemented numerically.
We have performed such a calculation and find that the
results are qualitatively similar to the single energy case.
An effect of practical importance is that the inclusion of

the collision term suppresses the formation of structures at
small angular scales. This reduces the number of angle bins
required to reach convergence in numerical simulations.
Contrary to what one may naively expect, the numerical
simulations including collisions are computationally much
more efficient than in the case without collisions in our
framework. This may play a major role in the ultimate
goal of tracking the flavor evolution in the context of
hydrodynamic simulations of compact objects. However, it

should be noted that we solve an initial value problem with
a unique mathematical solution. When the full feedback
between the collision term and neutrino flavor evolution is
included, the problem becomes a time-dependent boundary
problem, and there would be no guarantee that it has a
unique solution. Our findings also highlight that a self-
consistent analysis cannot be complete without taking in to
account in the interplay of three effects simultaneously:
neutrino flavor evolution, advection, and collisions.
An important question regarding fast flavor conversions

is whether the system reaches a steady-state configuration.
The answer to this question continues to elude us, but the
inclusion of collisions sheds a new light on the matter.
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